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Abstract This study focused on optimization of pro-

cessing conditions of enzymatic degumming process for

soybean oil using phospholipase A1 immobilized onto

magnetic nanoparticles. A response surface methodology

was developed and used to obtain optimum processing

conditions. Four variables (temperature, reaction time,

enzyme dosage, and added water) were investigated based

on two response functions (phosphorus and free fatty acids

(FFA) contents in degummed soy oil). For each response,

second-order polynomial models were developed using

multiple linear regression analysis. The optimum operating

parameters of enzymatic degumming process were as fol-

lows: temperature of 56 �C, reaction time of 6.3 h, enzyme

dosage of 0.10 g/kg, and added water of 2.13 ml/100 g.

According to these optimum conditions, final residual

phosphorus and FFA contents of degummed soy oil were

reduced, respectively, to 10.38 mg/kg and 1.09/100 g using

magnetic immobilized phospholipase A1. This finding is

applicable for the physical refining of soybean oil or

refining crude oils from field- and frost-damaged beans

which have high content of non-hydratable phosphatides.
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Introduction

The complete edible oil refining process comprises a series

of discrete processing steps, such as degumming, neutral-

ization, bleaching and deodorization, and so on. The general

objective of refining is to remove undesirable components

(phosphatides, gums, free fatty acids, colors, undesirable

flavors and odors, trace metals and oxidation products, etc.)

that have an adverse effect on the overall oil quality. De-

gumming is the first step in the refining process of vegetable

oils, which mainly removes phospholipids and mucilagi-

nous gums [1]. The presence of substantial amounts of

phospholipids can cause oil discoloration and serve as

precursor of off-flavors. Therefore, the removal of nearly all

of the phospholipids is essential for the production of high-

quality finished oil [2]. Phosphatides can be present in crude

oils in the free hydratable (HP) or in the non-hydratable

form (NHP). Phosphatidylcholine (PC) exists in oils as a

hydratable zwitterion, while phosphatidylinositol (PI) exists

as a complex with potassitol and magnesium, which is fully

hydratable due to the hydrophilic inositol group. The non-

hydratable phosphatides are present mainly as calcium and/

or magnesium (Ca/Mg) salts of phosphatidic acid (PA) and

PE. The non-hydratable phosphatides are more difficult to

remove and have to be transformed by treatment with a

concentrated acid. In industrial practice, edible oils may be

refined by a series of processes that can be grouped together

as ‘‘chemical refining’’ or ‘‘physical refining.’’ The former

involves degumming, chemical neutralization, bleaching,

and deodorization, while the latter requires only bleaching
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and steam distillation (deodorization). The physical refining

process can offer important advantages to the refiner, such

as higher oil yield, reduction of the use of chemicals

(phosphoric acid, sulfuric acid, caustic soda, etc.), and

reduction in water use and effluent of 75 and 95 %,

respectively. This may reduce effectively the environmental

impact [3]. Degumming is especially critical in the case of

physical refining, which requires almost 100 % removal of

the phosphatides [4].

In addition, since unfavorable weather conditions, soy-

beans are not harvested promptly after maturity but are left

exposed to rain or damp weather frequently in Heilongji-

ang Province of China. The field- and weather damages

result in very high moisture content of the beans and a lot

of green beans or immature-harvested beans. As a result of

severe frost-damaged beans, refining crude oils from field-

and frost-damaged beans is more costly and more difficult

than normal because of high content of non-hydratable

phosphatides. In very severe cases, the soybean oil from

frost- and field-damaged beans would not degum properly

by normal degumming method or adding chemicals and

finally yielded poor quality products.

Enzymatic degumming is suitable for physical refining

process, because the degumming is especially critical in the

case of physical refining which requires very low phos-

phorus (preferably \10 ppm) and iron (prefera-

bly \0.2 ppm) contents in the pretreated oil [5]. Therefore,

the enzymatic degumming process is necessary to be used

for physical refining process or refining crude oils from

field- and frost-damaged beans which have high content of

non-hydratable phosphatides.

Enzymatic degumming was firstly reported in 1990s by

Roehm and Lurgi concerning the commercial ‘‘EnzyMax@

process’’ [6, 7], in which the phospholipase A1 or A2 was

used to convert non-hydratable phospholipides into their

hydratable forms (lysophospholipids). This process con-

sists of three important steps: adjusting the pH of the oil

with buffer, the addition of the enzyme solution and car-

rying out the enzyme reaction, and separating gum/sludge

from the oil. Enzymatic degumming process has many

advantages than traditional degumming, i.e., in addition to

the reduction in the amounts of acid and base used, and a

reduction in wastewater generated during the refining

process, an enhancement in product yields and a reduction

in operating costs can be achieved [8]. Therefore, enzy-

matic degumming process offers a safe biological route and

eco-friendly solution for the industrial process, since it can

successfully reduce phosphorus levels to less than 10 mg/

kg on the degumming process of vegetable oils [9–11].

Because immobilized enzymes are more efficient than

free enzymes in industrial practice, many techniques have

been used for enzyme immobilization, such as attachment,

embedding, and encapsulation. The nanoparticle can provide

a larger surface area for the attachment of enzymes, leading

to higher enzyme loading per unit mass of particles [12].

Magnetic nanoparticles are a new type of functional polymer

materials developed recently, and they are easy and rapid to

separate the enzyme from the reaction medium in a magnetic

field, increasing loading amount of the biomolecules

immobilized on magnetic particles and improving the sta-

bility of immobilized biomolecules [13–15].

The response surface methodology (RSM) has been

demonstrated to be a powerful tool for determining the

factors and their interactions, which allow process opti-

mization to be conducted effectively [16]. This method is

the preferred experimental design for fitting polynomial

model and to analyze the response surface of multifactor

combinations. Furthermore, it is fast and more economical

method for gathering research results than classic, one

variable at a time or full-factors experimentation.

In this study, the magnetic immobilized phospholipase A1

and a response surface methodology were used to evaluate

the effects of four factors on enzymatic degumming process

of soybean oil. These factors are temperature, reaction time,

enzyme dosage, and added water. The two response func-

tions were the residual phosphorus and FFA contents of

soybean oil. The main goal is to optimize the conditions of

enzymatic degumming process and to obtain the minimum

phosphorus and FFA contents of enzymatic degumming oil.

Materials and methods

Materials

Water-degummed soybean oil with a phosphorus content of

138 mg/kg and FFA content of 0.93/100 g as oleic acid

was supplied by the Fukang Oil and Fat Co. (Harbin,

China). Phospholipase A1 (Lecitase@ Ultra EC 3.1.1.3) was

obtained from Novozymes A/S (Bagsvaerd, Denmark),

with the activity of 6,800 U/g. All other chemicals were of

analytical grade.

Immobilization of phospholipase A1

A 1 g magnetic nanoparticle was immersed in sodium

phosphate buffer (0.01 M, pH 7.0) for 24 h, and then, the

magnetic nanoparticles were separated from the buffer.

After the mixture of 50 ml of sodium phosphate buffer

(0.01 M, pH 7.0) was mixed with 5-ml-diluted phospholi-

pase A1 solution at a speed of 180 rpm, the magnetic

nanoparticles were separated. Next, the magnetic immo-

bilized phospholipase A1 was washed by the buffer, and the

obtained magnetic immobilized phospholipase A1 was

dried in a vacuum desiccator at 30 �C for 4 h and was

storied at 4 �C before use.
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The efficiency of magnetic immobilized phospholipase

A1 has been reported previously by Yu et al. [17]. The

immobilized phospholipase A1 process retained 2,066.67 U/

g activity with 64.7 % immobilization efficiency.

The operational stability of magnetic immobilized phos-

pholipase A1 was tested by recycling in water degumming

oil. The activity of the first cycle was defined as 100 %. The

activity of the immobilized phospholipase A1 decreased

continuously with increasing number of cycles. In a previous

investigation of phospholipase A1 recycling, results showed

that after 10 cycles through the soybean oil degumming

process at 55 �C, the immobilized phospholipase A1 still

possessed more than 80 % of its initial activity [17] .

Enzymatic degumming process

A 300 ml of soybean oil and 0.13 ml of citric acid solution

(45 %) were placed into reactor, and the oil was heated at

80 �C and stirred at 900 rpm for 5 min. Then, the oil was

cooled to 60 �C and added to NaOH solution (4 %) adjusting

the pH approximately 5.0 in the water/sludge phase while

stirring at 900 rpm. Afterward, about 3 ml of water was

added to the oil and stirred at 30 rpm for 20 min. After that,

the magnetic immobilized phospholipase A1 solution was

added to the oil, and then, the mixture was maintained at

60 �C and stirred at 30 rpm for 10 h. The samples for

phosphorus and FFA analysis were drawn at 1 h intervals,

and the reaction mixture was centrifuged (approximately

6,000 g) to separate the magnetic immobilized phospholi-

pase A1, mucilaginous gums, and degummed soy oil.

Analysis of phosphorus and FFA contents

The residual phosphorus content of the oil samples was

determined according to AOCS method ca 12–55 [18]. FFA

content of the degummed oil was assayed by AOCS ca 5a-

40 [19]. All experiments were carried out in triplicate.

pH determination

About 2 ml of water in oil emulsion was mixed with dis-

tilled water of 2 ml. After phase separation, top layer oil

was pipetted off. The pH in aqueous phase was measured

with pH meter electrode. Measurements were transformed

to corrected pH values by formula (pHcorrected = pHmea-

sured - 0.26), to compensate for the dilution effect.

Experimental design and statistical analysis

Response surface methodology was performed to optimize

the process of enzymatic oil degumming. The four selected

factors were temperature (X1), reaction time (X2), enzyme

dosage (X3), and added water (X4). The phosphorus and

FFA contents were taken as the responses. A set of 32

experiments with four variables were required. For statis-

tical calculations, the relation between the coded values

and actual values is described by Eq. (1):

vi ¼
Xi � X0

DX
ð1Þ

where vi is the coded value of the independent variable, Xi

is the actual value of the variable, X0 is the actual value at

the center point, and DX is the step change in the variable

Xi. The design matrix is shown in Table 1. The phosphorus

Table 1 Box-Behnken experimental design in coded and actual

levels of variations

Run. X1 X2 X3 X4 P (mg/kg) FFA (g/100 g)

1 -1 -1 0 0 15.28 1.006

2 1 -1 0 0 12.35 1.048

3 -1 1 0 0 13.18 1.0478

4 1 1 0 0 14.62 1.0785

5 0 0 -1 -1 17.73 0.992

6 0 0 1 -1 12.93 1.055

7 0 0 -1 1 17.80 1.015

8 0 0 1 1 11.05 1.080

9 -1 0 0 -1 15.18 1.020

10 1 0 0 -1 12.21 1.055

11 -1 0 0 1 11.00 1.045

12 1 0 0 1 11.65 1.082

13 0 -1 -1 0 18.65 0.986

14 0 1 -1 0 16.73 1.015

15 0 -1 1 0 11.95 1.048

16 0 1 1 0 10.93 1.878

17 -1 0 -1 0 16.13 0.980

18 1 0 -1 0 17.90 1.015

19 -1 0 1 0 13.25 1.0455

20 1 0 1 0 11.40 1.080

21 0 -1 0 -1 14.80 1.023

22 0 1 0 -1 12.85 1.055

23 0 -1 0 1 12.2 1.048

24 0 1 0 1 11.18 1.079

25 0 0 0 0 10.60 1.075

26 0 0 0 0 10.43 1.074

27 0 0 0 0 12.57 1.078

28 0 0 0 0 11.23 1.076

29 0 0 0 0 10.89 1.075

30 0 0 0 0 11.90 1.073

31 0 0 0 0 12.00 1.081

32 0 0 0 0 11.34 1.072

X1, temperature (�C); X2, reaction time (h); X3, enzyme dosage (g/kg);

X4, added water (ml/100 g)

-1, 1, and 0 represent the encoding of the data values corresponding

to each optimized single factor, respectively
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and FFA contents are taken as the responses. The quadratic

equation for the variables is shown in Eq. (2):

Y ¼ b0 þ
X

bivi þ
X

biiv
2
i þ

X
bijvivj

ð2Þ

where Y = predicted response. b0 represents interception.

bi, bii, and bij are the linear, quadratic, and interaction

coefficients, respectively. vi and vj are the independent

variables.

Equation (2) was used to build surfaces for variables. A

software Box-Behnken 7.1.3 (USA) was used to obtain the

coefficients of the quadratic polynomial model. The quality

of the fitted model was expressed by the coefficient of

determination R2, and its statistical significance was

checked by F test. By keeping two variables at their central

levels, 3D and contour plots of two factors against the

responses (phosphorus or FFA contents) of oil were drawn.

Result and discussion

Prior to RSM design, the single factor studies have been

conducted and obtained suitable ranges of each indepen-

dent variable. The results indicate that optimum ranges

were as follows: the temperature (X1) from 50 to 60 �C;

reaction time (X2) from 5 to 7 h; enzyme dosage (X3) from

0.08 to 0.12 %; and added water (X4) from 1.5 to 2.5 %.

Fitting models and contour plots

The effects of temperature (X1), reaction time (X2), enzyme

dosage (X3), and added water (X4) on the phosphorus and

FFA contents for enzymatic degumming process were

investigated with RSM. The observed values for the

phosphorus and FFA contents at different combinations of

the independent variables are presented in Table 1.

An analysis of variance (ANOVA) was conducted to

determine the significant effects of process variables on

each response. Table 2 presents the ANOVA table for two

response functions. The coefficient of determination (R2) of

the model for phosphorus content was 0.9374 and Adj-R2

was 0.8858 which indicated that the model adequately

represented the real relationship between the chosen

parameters. The coefficient of determination (R2) of the

model for FFA content also indicated better results than the

model for phosphorus contents, i.e., R2 was 0.9967 and

Adj-R2 was 0.9940. Furthermore, the results of the error

analysis for the both phosphorus and FFA contents indi-

cated that the lack of fit was insignificant (P \ 0.05). The

coefficient variation (C.V.) for both phosphorus and FFA

contents was less than 7 % which indicated the reproduc-

ibility of the model.

The regression coefficients of the intercept, linear,

quadratic, and interaction terms of the model were calcu-

lated using the least square technique and are given in

Table 3. It was evident that all the independent variables

considered exhibited significant effects (P [ 0.05). There

were significant interaction (P \ 0.05) between tempera-

ture, reaction time, enzyme dosage, and added water for the

phosphorus and FFA contents, respectively.

Optimization of enzymatic degumming parameters

Phosphorus content

The phosphorus content of water-degummed soybean oil

(138 mg/kg) was reduced to 10.38 mg/kg after enzymatic

Table 2 Results of analysis of

variance for phosphorus and

FFA contents

SS sum of squares, DF degree of

freedom, MS mean squares

Source SS DF MS F value P value

P

Model 175.02 14 12.50 18.18 \0.0001

Residual 11.69 17 0.69 – –

Lack of fit 7.85 10 0.78 1.43 0.3269

Pure error 3.85 7 0.55 – –

Total 186.71 31 – – –

R2 0.9374 Adj-R2 0.8858

C.V. % 6.26 PRESS 50.21

FFA

Model 0.031 14 2.197 9 10-3 367.25 \0.0001

Residual 1.017 9 10-4 17 5.981 9 10-6 – –

Lack of fit 4.019 9 10-5 10 4.019 9 10-6 0.46 0.8734

Pure error 6.150 9 10-5 7 8.786 9 10-6 – –

Total 0.031 31 – – –

R2 0.9967 Adj-R2 0.9940

C.V. % 0.23 PRESS 3.118 9 10-4
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degumming. The ANOVA table (Table 3) for phosphorus

content shows a high Adj-R2 which indicates the suitability

of second-order polynomial to predict. Among the four

variables, reaction time had the highest effect on phos-

phorus content. As presented in Fig. 1, the phosphorus

content decreased with increasing reaction time. The

residual phosphorus content of the degummed oil

decreased to less than 10.40 mg/kg when the reaction time

was increased to 6.0 h. These results are in close agreement

with our earlier results of immobilized phospholipase A1 in

which Yu et al. [20] described that the phosphorus content

was reduced to less than 10 mg/kg over 6 h using immo-

bilized phospholipase A1–CAC. Figure 2 indicates that the

residual phosphorus content decreased when enzyme dos-

age increases.

Figure 3 shows the significant quadratic effect of tem-

perature on residual phosphorus content. In the range of

temperature from 50 to 56 �C, the content of residual phos-

phorus decreased with temperature increasing, probably due

to the increased hydrolytic activity of the enzyme. The

content of residual phosphorus increased with the further

increasing of temperature, which could be due to partial

denaturation of the enzyme and loss of its hydrolytic activity.

From the results, the phospholipase A1 immobilized on

magnetic nanoparticles improved the thermal stability of

Table 3 Regression coefficients of the second-order polynomial

model for the responses variables

Coefficients P (mg/kg) FFA (g/100 g)

b0 324.179 -2.83325

Linear

b1 -5.42250 0.077213***

b2 -26.93583* 0.19762***

b3 -860.70833*** 15.23833***

b4 -27.86167* 0.17487 ***

Quadratic

b11 0.038433* -6.41167 9 10-4***

b22 1.03208* -0.013554***

b33 6,245.83333*** -72.32292***

b44 2.05833 -0.040917***

Interaction

b12 0.21850* -5.65000 9 10-4*

b13 -9.05000* -1.25000 9 10-3

b14 0.36200* 2.00000 9 10-4

b23 11.25000 0.13875*

b24 0.465000 -4.00000 9 10-4

b34 -48.75000 0.050000

Analysis has been performed using coded units

* P value \0.05, *** P value \0.01

Time (h)
Temperature (°C)

P
 (

m
g

/k
g

)

Fig. 1 Response surface and contour plots for the effect of temper-

ature (X1) and reaction time (X2) on the residual phosphorus content,

enzyme dosage (X3), and added water (X4) kept in central points

P
 (

m
g

/k
g

)

Temperature (°C)Enzyme
dosage (g/kg)

Fig. 2 Response surface and contour plots for the effect of temper-

ature (X1) and enzyme dosage (X3) on the residual phosphorus

content, added water (X4), and reaction time (X2) kept in central

points
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Fig. 3 Response surface and contour plots for the effect of added

water (X4) and temperature (X1) on the residual phosphorus content,

reaction time (X2), and enzyme dosage (X3) kept in central points
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immobilized enzyme. Bornscheuer [21] reported that the

shift in optimal temperature toward higher values could be

due to the immobilization of the enzyme. Immobilization

improved thermal stability and resulted in formation of the

enzyme substrate complex which hindered the access of

substrates to the active site. Figure 3 also illustrates the

negative effect of added water on residual phosphorus

content in the oil. This can be attributed to hydrolase nature

of the used enzyme and direct contribution of water in the

hydrolysis of phospholipids.

FFA content

Figure 4 indicates that the reaction time had the significant

effect on FFA content. FFA content increased with

increasing reaction time: The increase of FFA content from

0.93 to 1.09/100 g was due to the fatty acids released

during enzymatic hydrolysis of the phospholipids present

in the oil. Yang et al. [9] reported that enzymatic degum-

ming process caused slight increase of FFA content in the

rapeseed and soybean oils. Reaction temperature shows

significant effect on FFA content: FFA content increased

with increasing added water level as presented in Fig. 4. In

the other hand, Fig. 5 shows that the reaction time and

enzyme dosage both had significant effect on FFA content,

and it increased with increasing reaction time and enzyme

dosage.

Figure 6 shows the overly plot for optimization of

residual phosphorus and FFA contents. The zone of opti-

mization as shown in the overly plot depicts the reaction

time to be in the range of 5.5–7 h, and the temperature

between 53 and 60 �C.

Conclusion

Optimum operating parameters of enzymatic degumming

process for soybean oil were determined to obtain mini-

mum residual phosphorus and FFA contents. The second-

order polynomial model was sufficient to describe and

predict the response variable of residual phosphorus and

FFA contents to change in the process parameters within

the experimental ranges. The graphical optimization

method was adopted to find the best enzymatic degumming

conditions. Based on current results, the optimum enzy-

matic degumming parameters within the experimental

ranges would be as follow: reaction time of 6.3 h, enzyme

dosage of 0.1 g/kg, added water of 2.13 ml/100 g, and

temperature of 56 �C. From these optimum results, final

residual phosphorus and FFA contents of degummed soy

oil were reduced to 10.38 mg/kg and 1.09/100 g using

F
F

A
 (

g
/1

00
g

)

Time (h)
Temperature (°C)

Fig. 4 Response surface and contour plots for the effect of reaction

time (X2) and temperature (X1) on the FFA content, added water (X4),

and enzyme dosage (X3) kept in central points
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g
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Time (h)

FFA (g/100g)

Fig. 5 Response surface and contour plots for the effect of reaction

time (X2) and enzyme dosage (X3) on the FFA content, temperature

(X1), and added water (X4) kept in central points

T
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e 
(h

)

Overlay Plot
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Fig. 6 Response surface and contour plots for optimum region

identified by overlaying plots of the two responses (P and FFA) as

functions of reaction time and temperature
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magnetic immobilized phospholipase A1. Therefore, it is

concluded that magnetic immobilized phospholipase A1,

with a significant thermal stability and reusability, is suit-

able for the soybean oil degumming process.
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