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Abstract Rheological behavior of six crude rapeseed

oils with different extraction methods including hot-

pressing, solvent-extraction and cold-pressing were stud-

ied. Viscosities of the oils were measured with shear rates

ranging from 0.1 to 200 s-1 at three different tempera-

tures. The Casson model was used to fit the experimental

data and the Arrhenius equation was applied to estimate

the energy of activation for viscosity (Ea). The extraction

methods affected the total tocopherol, total phytosterols,

total phenols, phosphorus and fatty acid composition. The

hot-pressed medium-erucic rapeseed oil (HMRO) had the

greatest viscosity, and the cold-pressed low-erucic rape-

seed oil (CLRO) had the lowest viscosity among all the

oils with shear rates [5 s-1 at 10 �C. The crude rapeseed

oils exhibited Newtonian behavior at higher shear rates.

The significant difference of viscosity of the six oils was

reduced with increasing temperature, and there was no

significant change (P [ 0.01) among the oils with a shear

rate of 100 s-1 at 50 �C. According to the values of Ea,

the following order of a change in viscosity was obtained

as follows: CMRO [ SMRO [ HMRO [ CLRO [ SL-

RO [ HLRO(C, cold pressed; S, solvent extracted; H, hot

pressed; M, medium erucic; L, low erucic; RO, rapeseed

oil). Minor components may be the contributing factors

for the values of Ea of rapeseed oils. The higher shear

limiting viscosity (gc) values calculated by the Casson

model decreased as the temperature increased, but no

significant change (P [ 0.01) was observed for gc by

using different extraction methods at 50 �C.
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Introduction

Rheology is the study of the deformation and flow of a

material under a given stress. It has applications in foods

and food ingredients for quality control during manufacture

and processing. The rheological properties of food oils and

fats are relevant to product quality and applications such as

the stability of emulsions during storage, crystallization of

oil blends and suitability for fuel additives or alternatives

[1–3].

Rapeseed oil obtained from rapeseed has become the

third leading source of vegetable oils. The edible oils

industry’s predominant methods for extracting rapeseed oil

are primarily physical pressing and solvent extraction. The

characteristics of rapeseed oils extracted by various

approaches have been evaluated by previous research

workers. Recently, research has been directed toward the

rheological behavior of oils. It has been reported that the

rheological properties of oils normally depend upon several

factors including temperature, shear rate, concentration and

pressure [4]. Nevertheless, the fatty acid composition,

refining steps and extended frying times could lead to

the changes in flow characteristics of food oils [5–9]. There

are mathematical models for predicting the rheological

behavior of oils, such as Newtonian, Bingham, Casson,

Herschel-Bulkley, Cross and Carreau [4, 8]. Soybean,

C. Liu � M. Yang � F. Huang (&)

Department of Product Processing and Nutriology,

Oil Crops Research Institute, Chinese Academy of Agricultural

Sciences, Wuhan 430062, China

e-mail: oiljgzx@gmail.com

C. Liu

e-mail: jasonberg@163.com

M. Yang

e-mail: yangmei612@yahoo.com.cn

123

J Am Oil Chem Soc (2012) 89:73–78

DOI 10.1007/s11746-011-1892-y



sunflower, olive, rapeseed, corn and rice oils all exhibit

Newtonian behavior [10]. However, the oils can have non-

Newtonian flow at shear rates less than 6 s-1, and exhibit

Newtonian behavior above 10 s-1 shear rates [11–13].

However, little attention has been paid to the rheological

properties of crude rapeseed oils obtained by different

extraction methods. The objective of the present study is to

evaluate the effects of different extraction processes on the

rheological properties of crude rapeseed oils. Furthermore,

the suitability of the Casson model for describing rheo-

logical behavior of crude rapeseed oils is also investigated.

Materials and Methods

Reagents

a-Tocopherol, c-tocopherol and folin phenol were pur-

chased from Sigma-Aldrich. Standard samples of phytos-

terols were supplied by Xi-an Lantian Biological

Engineering CO., Ltd. (Xi-an, China). Acetonitrile and

methanol of chromatographic grade were purchased from

Merck (Darmstadt, Germany). Other chemicals and

reagents were of analytical grade and were used without

further purification.

Samples and Sample Preparation

Low-erucic rapeseed (LR), hot-pressed low-erucic rapeseed

oil (HLRO) and solvent-extraction low-erucic rapeseed oil

(SLRO) were supplied by Hulunbeier Jinjiao Bio-chem.

Co., Ltd. Medium-erucic rapeseed (MR), hot-pressed

medium-erucic rapeseed oil (HMRO) and solvent-extraction

medium-erucic rapeseed oil (SMRO) were provided by

Wuhan Zhongpai Oils and Grains Co., Ltd. The cold-

pressed low-erucic rapeseed oil (CLRO) and cold-pressed

medium-erucic rapeseed oil (CMRO) were obtained in our

laboratory. The rapeseed was fed from the hopper to the

single screw press (CA59G, Komet, Germany) at ambient

temperature. The crude oil was separated from the cake

particles by centrifuging at 6,000 rpm (15,9009g) for

15 min, and then the cold-pressed oil was filtered and

collected until used.

Fatty Acid Composition

The fatty acid methyl esters (FAME) of the samples were

obtained by vigorous mixing of a solution of oil in hexane

(0.1 g in 2.5 mL) with 0.2 mL of 0.5 N methanolic potas-

sium hydroxide at room temperature for 5 min. FAME were

then injected into the GC system (Hewlett-Packard 6890 N,

Agilent Technologies, USA) with a HP-88 capillary column

(100 m 9 0.25 mm i.d. 9 0.2 lm film thickness). Helium

was used as carrier gas, at a flux of 2 mL/min, and the split

ratio was 1:50. The injector and flame ionization detector

(FID) temperatures were set at 250 and 280 �C respectively.

The temperature program was as follows: 120 �C for 1 min,

heated to 175 �C at a rate of 10 �C/min and held for 10 min;

then the temperature was increased to 210 �C at a rate of

5 �C/min and held for 5 min; then it was increased at a rate

of 5 �C/min to 230 �C and held for 5 min. The results of the

fatty acid composition are given in Table 1.

Determination of Phosphorus

Oil samples (5 g) added with zinc oxide (0.5 g) were

weighted in the crucibles, and they were heated on an

electric stove at 600 �C for 2 h until they tuned into

white ashes. The total phosphorus content in the ashes

was determined by applying AOCS Official Method

Ca12-55 [14].

Determination of Tocopherols

Oil samples (5 g) were dissolved in 30 mL of anhydrous

ethanol with 20 mL of a 1 g/L potassium hydroxide

Table 1 Main FA compositions of rapeseed oils after different processing

FA HLRO SLRO CLRO HMRO SMRO CMRO

Palmitic (16:0) 3.79 ± 0.01A 3.87 ± 0.04A 3.70 ± 0.03A 3.26 ± 0.09B 3.51 ± 0.04C 3.22 ± 0.06B

Stearic (18:0) 2.17 ± 0.02A 2.16 ± 0.01AB 2.10 ± 0.03B 1.45 ± 0.02C 1.57 ± 0.02D 1.52 ± 0.01D

Oleic (18:1) 63.57 ± 0.39A 63.30 ± 0.20A 63.38 ± 0.29A 45.01 ± 0.08B 46.00 ± 0.26C 47.67 ± 0.12D

Linoleic (18:2) 17.99 ± 0.05A 18.31 ± 0.03B 17.44 ± 0.18C 15.64 ± 0.02D 16.31 ± 0.06E 15.44 ± 0.05D

Linolenic (18:3) 9.12 ± 0.23A 9.37 ± 0.19A 9.52 ± 0.31A 7.08 ± 0.10B 7.36 ± 0.06B 7.36 ± 0.02B

Arachidic (20:0) 2.66 ± 0.22A 2.16 ± 0.24A 2.50 ± 0.45A 7.99 ± 0.12B 7.34 ± 0.03B 7.26 ± 0.16B

Erucic (22:1) 0.67 ± 0.05A 0.67 ± 0.04A 0.72 ± 0.08A 19.57 ± 0.17B 17.91 ± 0.14C 17.05 ± 0.19D

Each value is an average of three determinations, mean ± SD, and is expressed as a relative percentage of FAME

Values within each row with different letters differ significantly (P \ 0.01)
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solution, and 5 mL of ascorbic acid (10%) was added.

Then the mixture was heated at 100 �C for 30 min, and the

saponification solution was transferred to a separatory

funnel and extracted by 100 mL of diethyl ether. After-

wards, the ether layer was washed with deionized water

and dehydrated using anhydrous sodium sulfate. The ether

extract was evaporated with nitrogen at room temperature,

and the residue was redissolved in 2 mL of ethanol. The

ethanol solution was centrifuged at 5,000 rpm for 10 min.

2 lL of the supernatant was injected into a BEH C18

column (100 9 2.1 mm, 1.7 lm particle size, Acquity,

Waters, USA) and analyzed by a UPLC system (Acquity,

Waters) with an autosampler and a photodiode array (PDA)

detector at a wavelength of 300 nm. The mobile phase was

a mixture of methanol and high-purity water (95:5, vol/

vol%) at a flow rate of 0.3 mL/min. The concentrations of

tocopherols were acquired with Empower 2 software

(Waters).

Determination of Total Phytosterols

Oil samples (5 g) were dissolved in 50 mL of potassium

hydroxide-ethanol (1 mol/L) and heated at 100 �C for 1 h.

Then the saponification solution was collected in a separ-

atory funnel and extracted by 100 mL of diethyl ether. The

ether extract was washed with 40 mL potassium hydroxide

solution (0.5 mol/L) of and 40 mL of deionized water in

turn for three replicates. The ether extract was transferred

to a 100 mL volumetric flask and made up to volume with

ether. 10 mL of the ether extract from the flask was

evaporated with nitrogen at room temperature, and the

residue was redissolved in 1 mL of ethanol for analysis.1

lL of the ethanol solution was injected into the GC

(Hewlett-Packard 6890 N, Agilent Technologies) with a

DB-5 capillary column (15 m 9 0.32 mm i.d. 9 0.1 lm

film thickness). Nitrogen was used as carrier gas, at a flux

of 1.5 mL/min, and the split ratio was 1:10. The injector

and FID temperatures were both set at 350 �C. The tem-

perature program was as follows: heated to 243 �C

from180 �C at a rate of 3 �C/min and held for 0.5 min;

then the temperature was increased to 340 �C at a rate of

50 �C/min and held for 0.5 min.

Determination of Total Phenols

Oil samples (2.5 g) were dissolved in 5 mL of hexane and

extracted with 5 mL of methanol/water solution (80:20,

vol/vol%). The mixture was centrifuged at 3,500 rpm for

10 min to collect the aqueous phase, which was dried under

vacuum at room temperature. The dried sample was

redissolved in 5 mL of methanol solution and transferred to

a 50 mL volumetric flask. Then 2.5 mL of Folin-phenol

reagent and 10 mL of saturated sodium carbonate solution

were added, and made up to volume with deionized water.

The absorbance was measured at 765 nm with a UV/VIS

spectrometer (2802PCS, UNICO, China) after 30 min. The

concentrations of total phenols (TP) were calibrated with

tannic acid (TA).

Color Measurement

Color measurement of oil samples was carried out using a

Lovibond colorimeter (WSL-2A, Shanghai Suoguang Light

& Electricity Tech. co., Ltd., China). The color values were

expressed as Y (yellow), R (red) and B (blue) with Lovi-

bond tintometer of 25.4 mm.

Rheological Properties

The rheological characteristics of oils were determined by

a rotator rheometer (AR2000, TA Instruments Ltd., USA)

equipped with a 40 mm cone-plate sensor and 40 mm

parallel sensor. The parallel sensor was for temperature

ramps. Each sample was place on the temperature-con-

trolled vessel and allowed to equilibrate to the required

temperatures (10, 30 and 50 �C). Viscosity was measured

at various shear rates from 0.1 to 200 s-1. The influence of

temperature on viscosity (l) for rapeseed oils can be

expressed in an Arrhenius type of equation [5] involving

absolute temperature (T), the universal gas constant (R), the

equation constant (A) and the energy of activation for

viscosity (Ea):

l ¼ AeEa=RT ð1Þ

Rheological Model

The Casson equation was used to describe the flow

behavior of food oils because it works well at various shear

rates by Eq. 2 [8]:

s0:5
xy ¼ s0:5

o þ g0:5
c dVx=Dy

� �0:5 ð2Þ

where sxy = shear stress (Pa), so = yield stress (Pa),

gc = higher shear limiting viscosity (Pa s) and dVx/Dy is

shear rate.

Statistical Analysis

The analyses were performed with three repetitions. Statis-

tical analysis was conducted by the PASW Statistics, version

18.0. The significances of difference between the means

were determined by ANOVA, using Tukey test (P \ 0.01).

The rheological data and mathematical model were carried

out by Rheology Advantage Data Analysis, V5.7.0 (TA

Instruments Ltd., USA). The software calculated the stan-

dard error (SE) of the model fit and a reasonable fit gave a

value of less than about twenty.
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Results and Discussion

The amounts of linoleic acid (LA) in the HLRO, SLRO and

CLRO samples were statistically significantly different

(P \ 0.01). The LA content of the SMRO sample was

greater than those of HMRO and CMRO, as demonstrated

in Table 1. According to the contents of oleic acid and

erucic acid, the results showed significant changes

(P \ 0.01) for the three medium-erucic rapeseed oils. But

no significant differences (P [ 0.01) were observed among

the LROs. Although the extraction process seems to have a

very small effect on the fatty acid composition, the fatty

acid composition as a whole could indicate a stable trend.

Similar results were reported by Zeng [15], in that the fatty

acid composition of tea-seed oils varied according to the

extraction methods, especially the amounts of LA.

The minor constituents and color of the rapeseed oils

are listed in Table 2. The rapeseed oils were rich in

c-tocopherol and a-tocopherol, which also was described

previously by Szydłowska-Czerniak et al. [16]. As can be

seen, the concentrations of TTC, TPS, TP and phosphorus

in the hot-pressed and solvent-extracted oils were signifi-

cantly greater (P \ 0.01) in comparison than in the cold-

pressed oils. Table 2 also reports that the contents of TTC

and phosphorus of SLRO and SMRO were significantly

lower (P \ 0.01) than those of the HLRO and HMRO

samples, respectively. On the other hand, the color of

HLRO was darker than that of SLRO and CLRO, and the

MROs showed the similar results for color. It could be that

the heat-treatment and solvents lead to a greater release of

the minor components from rapeseed cells into the oil

phase. Prior et al. [17] obtained the similar results that heat

treatment increased the contents of non-triglyceride com-

ponents in canola oils. Knuth and Homann [18] also

reported that cold-pressed oils contained lower amounts of

non-triglyceride constituents than oils prepared by con-

ventional processes.

The flow behavior of the six rapeseed oils was measured

at 10 �C showed in Fig. 1. As the shear rate increases, the

shear stress is enhanced gradually. The similar trends were

shown at 30 and 50 �C. A linear relation was observed

between the shear stress and shear rate at higher shear

rates, when the crude rapeseed oils extracted by different

methods behaved as a Newtonian fluid. This result is

shown in Fig. 2. Geller and Goodrum [11] reported, similar

results that viscosity of triglyceride mixtures showed a

transition from non-Newtonian to Newtonian behavior at

shear rates [7 s-1.

Figure 2 shows that HMRO had the highest viscosity at

shear rates [5 s-1, and CLRO had the lowest viscosity

among all the oils at 10 �C. Between MROs and LROs, the

viscosities of HMRO and CMRO were significantly greater

(P \ 0.01) than those of HLRO and CLRO, respectively at

shear rates [5 s-1. The differences in the oil viscosities

may be due to the fatty acid composition, because MROs

Table 2 Influence of extraction processing on minor components and color of rapeseed oils

HLRO SLRO CLRO HMRO SMRO CMRO

a-Tocopherol (mg/kg) 237.9 ± 2.6A 161.43 ± 1.5B 180.7 ± 5.2C D 259.2 ± 5.5E 184.1 ± 0.8D 170.1 ± 1.6B C

c-Tocopherol (mg/kg) 447.2 ± 1.1A 474.8 ± 6.6B 286.8 ± 7.4C 347.7 ± 9.1D 460.4 ± 1.9A B 255.6 ± 3.2E

TTCa (mg/kg) 685.0 ± 3.7A 636.2 ± 8.0B C 467.5 ± 12.6D 606.9 ± 14.5B 644.5 ± 2.3C 425.7 ± 4.9E

TPSb (mg/100 g) 885.9 ± 9.5A 827.1 ± 14.3B 587.6 ± 8.7C 853.1 ± 10.9A B 828.0 ± 5.5B 550.1 ± 16.7C

Phosphorus (mg/100 g) 15.5 ± 0.2A 12.3 ± 0.2B 1.8 ± 0.1C 13.6 ± 0.2D 8.5 ± 0.2E 0.9 ± 0.1F

TP (mg TA/100 g) 36.8 ± 1.2A 34.8 ± 1.0A 25.4 ± 2.8B 35.7 ± 1.4A 33.2 ± 1.7A 21.9 ± 0.9B

Color (25.4 mm) Y50R3B2 Y50R3B2 Y40R3B1 Y50R3.5 Y45R3.2 Y35R2.5

Each value is an average of three determinations, mean ± SD

Values within each row with different letters differ significantly (P \ 0.01)

TP Total phenols, TA tannic acid, TTC total tocopherol TPS total phytosterols
a Sum of a-tocopherol and c-tocopherol
b Sum of brassicasterol, stigmasterol, campesterol, b-sitosterol and D5-avenasterol
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Fig. 1 Flow behavior of different rapeseed oils at 10 �C
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contain much more erucic acid than other oils. Noureddini

et al. [19] measured the viscosities of eight fatty acids from

C9 to C22, and observed that the chain length of fatty acids

positively correlated with viscosity. That viscosity of

vegetable oils was due to the fatty acid composition more

than triacyglycerol species, which was suggested by Boyaci

et al. [20].

However, a comparison of the viscosities of SMRO and

SLRO listed in Fig. 2 indicates that they had no significant

difference (P [ 0.01) at shear rates greater than 100 s-1.

The greater concentration of phosphatides in the SLRO

shown in Table 2 could contribute to an increase in the

viscosity even if SLRO contained lower amounts of erucic

acid than SMRO. As shown in Fig. 3, viscosity decreased

with increase in temperature at 100 s-1 for the six oils. The

results are similar to those of Wang and Briggs [5]. The

curves of Fig. 3 also suggest that the significant differences

in viscosity between the oils could be reduced with

increase in temperature, which means that the method of

oil extraction could have little effect on the viscosity of oils

at higher temperatures. Santos et al. [10] reported that the

edible vegetable oils including rapeseed oil had Newtonian

behavior during heating and cooling, and the viscosity of

edible vegetable oils decreased as the temperature

increased. It was explained that there were the greater

molecular movement and a reduction in the intermolecular

bond forces contributing to promoting flux increases and

reduced viscosity. Ennouri et al. [12] suggested that the

aggregates of crude oils were destroyed by increasing

shearing and temperature and the oils could form a stable

structural state at high shear stress.

The thermodynamic parameters calculated by Eq. 1 are

listed in Table 3. It could be found that the values of Ea of

two kinds of hot-pressed and solvent-extraction rapeseed

oils were lower than those of cold-pressed rapeseed oils,

respectively. It seems to indicate that the amounts of minor

constituents in oils could affect the Ea values of the oils.

Also, the value of Ea of CMRO was significantly greater

(P \ 0.01) than those of the other five oils, which suggests

that CMRO had a more rapid change in viscosity with

temperature. In addition, the data of Table 3 illustrates that

the values of Ea of MROs were greater than those of LROs.

The results are consistent with those of Wang and Briggs

[5]. They described that the longer the chain of the fatty

acyl groups, the greater the value of Ea.

According to the results in Table 4, the yield stresses of

HMRO and HLRO were significantly greater (P \ 0.01)

than those of CMRO and CLRO at different temperatures,

respectively. But the yield stresses of SMRO were lower

(P \ 0.01) that those of SLRO. Sathivela et al. [8] used

four models to fit the crude and refined catfish oils, and

suggested that the Casson model is best for predicting the

rheological behavior of the catfish oils. Additionally, it can

be found that the gc values of the crude rapeseed oils

decreased as the temperature increased. There was no

significant difference (P [ 0.01) in the gc values of the oils

at 50 �C based on the extraction methods.
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Table 3 Thermodynamic parameters derived form Eq. 1 for rape-

seed oils

A (pa s) Ea/R Ea(cal/mol) SE

HLRO 7.44E-07 3344.23 6641.65 10.34

SLRO 6.31E-07 3389.90 6732.34 9.82

CLRO 5.93E-07 3411.47 6775.17 9.13

HMRO 6.80E-07 3407.87 6768.02 10.00

SMRO 5.09E-07 3458.37 6868.32 9.79

CMRO 5.13E-07 3493.17 6937.43 9.63

Each value is an average of three determinations, mean

R universal gas constant = 1.986 cal/mol K, SE standard error
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HLRO 8.91E-03 0.117 3.212 2.78E-03 0.047 2.295 2.81E-03 0.024 3.651

SLRO 9.62E-03 0.118 1.379 5.34E-03 0.046 3.445 9.60E-04 0.024 1.654

CLRO 2.51E-04 0.114 0.629 2.38E-06 0.047 0.250 8.24E-05 0.025 1.107

HMRO 3.92E-03 0.131 1.875 3.77E-03 0.052 3.074 3.36E-03 0.026 4.044

SMRO 1.58E-04 0.116 1.337 2.85E-05 0.050 0.751 1.41E-04 0.025 2.117

CMRO 2.33E-04 0.127 0.606 1.61E-05 0.054 0.354 1.39E-04 0.026 1.987

Each value is an average of three determinations, mean

so yield stress, gc higher shear limiting viscosity, SE standard error
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