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To satisfy consumers’ requirement of less smoke, vegetable oils should possess certain thermal stability,
which was evaluated by smoke point and dependent on the content of the minor compounds. As the proposal
of the moderate refining technology, contents of the minor compounds such as free acid, peroxide,
phosphorus, solvent, water and other volatile matters under the condition would change interactively, leading
the establish of the vegetable oil standards difficult. The purpose of this work was to investigate the effects of
the minor compounds on the smoke point. Soybean oil and rapeseed oil samples with different contents of
free fatty acid, peroxide, phosphorus, solvent, moisture and volatile matter were collected and their
mathematical relationships with smoke point was analyzed by principal component regression. Based on
these results, a regression equation was obtained: Ln smoke point=4.790-0.021xLn (acid value) + 0.014%Ln
(peroxide value)-0.051xLn (content of phospholipids)-0.105xLn (moisture and volatile matter) (R2=O.848).
Furthermore, according to the correlation coefficient of the calculated and measured smoke point (0.972), the
suitability of the regression model in terms of its ability to predict the smoke point of different oil samples was
good.

1. Introduction

Vegetable oils played an important role in our diet. Although there were large difference between the diet
culture of eastern and western countries, vegetable oils were mainly used by heating or frying. The high
temperature during cooking would lead to the production of smoke containing the degradation products of oils,
which were uncomfortable and harmful to health. To satisfy consumers’ requirement, the refining technology
of vegetable oils need to ensure the thermal stability of vegetable oils.

Smoke point was used to evaluate the thermal stability of vegetable oils, which corresponded to the lowest
temperature when the thermal decomposer or impurities volatilize continuously. There are several non-
triglyceride components in crude oils with a boiling point lower than that of triglycerides, such as free fatty acid,
peroxide, phosphorus, solvent, water and other volatile matters (Yen et al., 1997). Refining process of
vegetable oils could remove these non-triglyceride components, increasing the smoke point and the stability
significantly (Akoh and Min, 2008).

The existing technology aimed to maximum remove the minor compounds to extend the shelf-life and thermal
stability of vegetable oils, however, it also led to the loss of the micronutrients such as tocopherols and sterols,
formation of the harmful trans fatty acids, polymeric triacylglycerols, and oxidized triacylglycerols (Alpaslan et
al., 2001; De et al., 1999; Farhoosh et al., 2009). As the widely acceptance of moderate refining, the criteria
for vegetable oils was discussed to relax, such as the acid value and the temperature and time during
deodorization. Due to the refining process contained several consecutive steps, change of one technology
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may influence several compounds, making the establishing of new vegetable oil standards difficult, especially
the consistency of each quality indexes.

To maintain the thermo stability of vegetable oils under the moderate refining technology, it was necessary to
clarify the effects of the changes of minor compound contents on smoke point. Although there were studies
about the influences of certain minor compound on smoke point, such as free fatty acid and phosphorus, the
synthetic effect of these non-triglyceride compounds and their mathematical relationship were unsolved.
Therefore, in this study, we collected 69 soybean oil (SO) and 80 rapeseed oil (RO) samples with different
contents of free fatty acid, peroxide, phosphorus, solvent, moisture and volatile matter from the main oil plants
in China. Based on the results of the contents of these minor compounds and smoke point, a mathematical
model was established using the principal component regression analysis.

2. Materials and Methods

2.1 Materials and Equipments
SO and RO samples were collected from the main oil plants in China, including Wilmar, Huifu and COFCO. All
the other chemicals and solvents were from China.Ultraviolet-Visible spectrophotometer (UV2450, Shimadzu,

Kyoto, Japan), Smoke point instrument (HLY-III, Qianjiang, Hangzhou, China).

2.2 Chemical analysis

Acid value, peroxide value, content of phospholipids, residual solvent, moisture and volatile matter of the 149
oil samples were measured according to the AOCS method Cd 3d-63, Cd 8-53, Ca 19-86, Ba 14-87 and Ac 2-
41, respectively. Smoke point was measured according to AOCS method Cc 9a-48. All experiments were
conducted with repeated treatments.

2.3 Principal components regression

Principal components regression was analyzed using the SPSS 16.0 software. Data was first converted into
the logarithmic form and then the multicollinearity for each independent variable was diagnosed. Based on the
standardized principal component results, the ‘best’ regression equation was established.

2.4 Validation of the regression equation

Besides the 149 samples, we also collected another 14 samples to evaluate the validation of the regression
equation. The validation of the regression equation was evaluated by the bivariate correlation analysis of the
calculated and measured value using the SPSS 16.0 software.

3. Results and Discussion

3.1 Measurement of the component and smoke point

The acid value (AV, X1, mg KOH/g oil), peroxide value (PV, X2, meg/kg), content of phospholipids (CP, X3,
mg/100 g oil), content of residual solvent (RS, X4, mg/kg), content of moisture and volatile matter (MCM, X5,
%) and smoke point (SP, Y, °C) of the total 149 samples were list in Table 1. It can be seen from Table 1 that
the samples have a range of acid value, peroxide value, content of phospholipids, content of residual solvent,
content of moisture and volatile matter and smoke point between 0.080-2.760 mg KOH/g oil, 1.400-
7.800meq/kg, 0.001-155.000mg/kg, 0.064-2.302 mg/100g oil, 0.010-0.075% and 151.0-220.0 °C, respectively.
sample 1-69 was soybean oil, sample 70-149 was rapeseed oil.

3.2 Principal components regression results

After running the SPSS linear regression procedure, obtain the results of correlation coefficientand collinearity
diagnostics. The partial regression coefficients beta value of independent variables (X1, X4, and X5) are
highly significant (p<0.05). Beta value of X2 is equal to 0.046, indicating there is a positive correlation between
peroxide value and smoke point (Y). The result is contrary to the common sense, which was due to the
multicollinearities among the independent variables. Meanwhile, tolerance of X1, X2, X4, and X5 (0.042,
0.060, 0.051, and 0.120) was small (close to 0), the variance inflation factors (VIF) of these variables were
large (24.011, 16.587, 19.751, and 8.299) (Liu et al,2003). The eigenvalue of X5 is close to 0 (0.001),
indicating the variables are highly inter-correlated and the matrix is said to be ill-conditioned. (Hao and Li,
2011). Furthermore, the condition index of X5 is more than 15 (66.117), indicating the variables were highly
inter-correlated.
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Table 1: Smoke points and chemical analysis results of SO and RO samples

No. SP AV PV RS CP MVM No SP AV PV RS CP MVM

1 220.0 0.081 1.438 1.538 0.119 0.010 2 220.0 0.092 2.160 30.995 0.122 0.018
3 219.5 0.080 1.425 1.023 0.119 0.010 4 219.5 0.082 1.623 5.000 0.119 0.011
5 219.0 0.083 1.581 7.391 0.120 0.012 6 219.0 0.097 2.486 44.280 0.123 0.021
7 218.5 0.085 1.745 14.084 0.120 0.014 8 218.5 0.080 1.408 0.313 0.119 0.010
9 218.0 0.089 1.943 22.143 0.121 0.016 10 217.0 0.180 4.401 0.132 0.064 0.030
1" 217.5 0.144 5.127 140.900 0.126 0.048 12 216.0 0.179 4.410 1.964 0.065 0.030
13 215.5 0.180 4.400 0.001 0.064 0.030 14 215.0 0.180 4.401 0.001 0.064 0.030
15 215.0 0.179 4.420 3.878 0.066 0.031 16 214.5 0.181 4.435 0.001 0.067 0.030
17 214.0 0.177 4.451 9.843 0.068 0.031 18 213.0 0.184 4.488 0.001 0.072 0.030
19 213.0 0.175 4.500 19.413 0.073 0.033 20 212.0 0.188 4.586 0.001 0.081 0.030
21 212.0 0.173 4.534 25.908 0.075 0.033 22 211.0 0.170 4.600 38.757 0.081 0.035
23 210.5 0.167 4.650 48.510 0.085 0.036 24 209.5 0.190 4.634 0.001 0.086 0.030
25 209.0 0.165 4.700 58.118 0.089 0.037 26 209.0 0.104 2.920 62.003 0.124 0.026
27 207.5 0.160 4.800 77.494 0.098 0.040 28 207.0 0.195 4.750 0.001 0.097 0.030
29 207.0 0.199 4.838 0.001 0.105 0.030 30 206.0 0.157 4.851 87.289 0.102 0.041
31 205.0 0.203 4.925 0.001 0.114 0.030 32 205.0 0.210 5.100 0.001 0.130 0.030
33 204.5 0.155 4.900 96.883 0.107 0.043 34 203.5 0.214 5.187 0.001 0.138 0.030
35 203.0 0.150 5.000 116.250 0.115 0.045 36 203.0 0.147 5.067 129.19 0.121 0.047
37 202.5 0.145 5.100 135.667 0.124 0.048 38 202.5 0.080 1.400 0.001 0.119 0.030
39 202.5 0.172 4.560 30.995 0.078 0.034 40 202.5 0.135 4.855 140.92 0.131 0.046
41 201.5 0.174 4.514 22.152 0.074 0.033 42 201.0 0.217 5.275 0.001 0.146 0.030
43 201.0 0.080 1.403 0.139 0.119 0.030 44 201.0 0.179 4.413 2.541 0.065 0.030
45 201.0 0.130 4.566 129.158 0.130 0.043 46 200.5 0.176 4.473 14.083 0.070 0.032
47 200.0 0.081 1.450 2.045 0.119 0.030 48 200.0 0.178 4.438 7.383 0.067 0.031
49 200.0 0.164 4.720 62.002 0.091 0.038 50 199.0 0.082 1.495 3.885 0.119 0.031
51 198.5 0.221 5.363 0.001 0.155 0.030 52 198.5 0.180 4.408 1.5639 0.065 0.030
53 197.5 0.084 1.638 9.703 0.120 0.031 54 195.5 0.225 5.450 0.001 0.163 0.030
55 195.5 0.088 1.875 19.382 0.121 0.033 56 195.5 0.180 4.405 1.026 0.064 0.030
57 195.5 0.179 4.426 4.995 0.066 0.031 58 195.0 0.232 5.625 0.001 0.179 0.030
59 192.5 0.090 2.033 25.817 0.121 0.033 60 192.5 0.180 4.402 0.314 0.064 0.030
61 188.5 0.095 2.351 38.787 0.122 0.035 62 184.0 0.099 2.588 48.454 0.123 0.036
63 180.5 0.103 2.830 58.312 0.124 0.038 64 176.0 0.110 3.301 77.523 0.126 0.040
65 172.0 0.114 3.540 87.309 0.126 0.041 66 168.0 0.118 3.776 96.899 0.127 0.043
67 163.5 0.121 4.014 106.626 0.128 0.044 68 159.5 0.125 4.250 116.26 0.129 0.045
69 156.0 0.132 4.725 135.622 0.130 0.047 70 218.5 0.121 1.005 0.003 0.249 0.010
7 217.0 0.122 1.005 0.001 0.250 0.010 72 217.0 0.122 1.008 0.005 0.249 0.010
73 216.5 0.121 1.003 0.001 0.249 0.010 74 215.0 0.120 1.000 0.001 0.247 0.010
75 215.0 0.123 1.012 0.008 0.251 0.010 76 214.5 0.123 1.007 0.001 0.251 0.010
7 213.5 0.127 1.017 0.001 0.257 0.010 78 213.5 0.133 1.056 0.037 0.263 0.011
79 213.0 0.133 1.035 0.001 0.268 0.010 80 212.5 0.136 1.042 0.001 0.272 0.011
81 211.5 0.136 1.071 0.047 0.268 0.011 82 210.5 0.146 1.112 0.074 0.280 0.011
83 209.5 0.146 1.067 0.001 0.287 0.011 84 207.0 0.162 1.110 0.001 0.313 0.011
85 205.0 0.184 1.281 0.185 0.329 0.014 86 204.5 0.182 1.163 0.001 0.346 0.012
87 202.5 0.200 1.350 0.231 0.349 0.014 88 202.0 0.201 1.213 0.001 0.375 0.013
89 200.0 0.235 1.505 0.334 0.394 0.016 90 198.5 0.239 1.310 0.001 0.435 0.014
91 196.5 0.219 1.432 0.285 0.373 0.015 92 196.0 0.280 1.701 0.463 0.451 0.019
93 195.5 0.283 1.427 0.001 0.505 0.015 94 195.0 0.211 1.400 0.264 0.363 0.015
95 193.0 0.335 1.938 0.620 0.520 0.022 96 193.0 0.262 1.623 0.412 0.428 0.018
97 191.0 0.440 2.400 0.925 0.654 0.028 98 190.5 0.303 1.800 0.528 0.480 0.020
99 189.5 0.337 1.567 0.001 0.590 0.017 100 186.5 0.353 2.018 0.666 0.543 0.023
101 185.0 0.546 2.862 1.230 0.789 0.033 102 185.0 0.376 2121 0.741 0.573 0.024
103 180.0 0.760 3.800 1.850 1.062 0.045 104 179.0 0.520 2.750 1.156 0.756 0.032
105 177.5 0.445 1.851 0.001 0.761 0.020 106 176.5 0.486 2.600 1.057 0.712 0.030
107 175.5 0.594 3.074 1.370 0.850 0.036 108 175.0 0.553 2.133 0.001 0.932 0.023
109 175.0 0.632 3.240 1.480 0.899 0.038 110 173.5 0.702 3.546 1.682 0.988 0.042
111 171.0 0.831 4111 2.055 1.152 0.049 112 170.0 1.080 5.198 2.774 1.468 0.062
113 169.5 0.770 2.700 0.001 1.275 0.030 114 167.0 0.920 4.500 2.313 1.265 0.054
115 165.0 1.400 6.600 3.700 1.876 0.080 116 163.5 0.973 4.733 2.467 1.333 0.057
117 161.0 1.234 3.914 0.001 2.008 0.044 118 160.5 0.987 3.267 0.001 1.617 0.037
119 160.5 1.184 3.784 0.001 1.930 0.046 120 160.5 1.144 5.480 2.960 1.550 0.066
121 160.0 1.302 4.091 0.001 2.115 0.046 122 159.5 1.160 3.720 0.001 1.891 0.042
123 159.5 1.320 4.139 0.001 2.144 0.047 124 159.5 1.217 5.800 3.171 1.643 0.070
125 159.5 1.258 5.978 3.289 1.695 0.072 126 159.5 1.302 6.169 3.415 1.751 0.075
127 159.0 1.187 5.667 3.083 1.605 0.068 128 159.0 1.284 6.091 3.364 1.728 0.074
129 157.5 1.443 4.408 0.001 0.714 0.030 130 157.0 1.407 5.867 2.467 2.018 0.070
131 156.5 1.095 3.550 0.001 1.788 0.040 132 156.5 1.881 5.537 0.001 0.869 0.037
133 156.5 1.410 5.500 1.850 2.089 0.065 134 155.5 1.853 7.000 1.233 1.644 0.070
135 155.5 1.417 4.767 0.617 2.231 0.055 136 155.0 1.420 4.400 0.001 2.302 0.050
137 155.0 2.319 6.664 0.001 1.023 0.043 138 155.0 1.643 4.967 0.001 2.115 0.050
139 155.0 1.867 5.534 0.001 1.927 0.050 140 155.0 2.313 6.667 0.001 1.5563 0.050
141 155.0 1.417 4.767 0.617 2.231 0.055 142 155.0 1.403 6.233 3.083 1.947 0.075
143 154.5 2.537 7.233 0.001 1.366 0.050 144 153.5 1.446 4.467 0.001 2.280 0.050
145 153.5 2.533 7.600 3.083 1.295 0.055 146 153.0 2.638 7.491 0.001 1.281 0.050
147 152.5 2.519 7.180 0.000 1.094 0.046 148 151.5 2.307 7.400 2.467 1.411 0.060
149 151.0 2.760 7.800 0.001 1.179 0.050
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To solve the multicollinearity of variables, we use principal component regression to establish the regression
model. The principal component regression is the method of selecting some principal components and then
constructs a regression model regarding them as new explanatory variables (Liu et al., 2003; Wibowo and
Yamamoto, 2012). The principal component analysis can gather highly correlated independent variables into a
principal component, and all principal components are independent of each other (Kawano et al., 2015;
Sainani et al., 2014).

Variables were first transformed to the standardized variables first using the SPSS descriptive statistics
procedure and the factor of phospholipids was excluded. It was reported that smoke point decreased as the
increasing of phospholipids, however, it needs to get to a certain value such as 30 mg/kg (Wang et al., 1999),
even 100 mg/kg (Han et al., 2015), which was unpractical in refined vegetable oils. The standardized variables
were then subjected to the factor analysis. The variance proportion of the first three principal components was
68.944%, 27.178%, and 3.463%, respectively, and the cumulative variance proportion was 99.584%.
Therefore, we choose Component 1 (C1), Component 2 (C2) and Component 3 (C3) as the independent
factor when subjected to the regression analysis. In Table 4-2, obtain coefficients related the four standardized
independent variables to three principal components to create expressions of three principal components: C1=
0.916xZ(X1) + 0.800xZ(X2) + 0.719xZ(X4) + 0.872xZ(X5) (Eq (1)); C2= 0.353xZ(X1) — 0.569xZ(X2) +
0.684xZ(X4) — 0.413xZ(X5) (Eq (2)); C3= —=0.171xZ(X1) — 0.177xZ(X2) + 0.098xZ(X4) + 0.261xZ(X5) (Eq
(3)):

After running the SPSS linear regression procedure using the principal components C1, C2, and C3 as the
independent factor, a equation was obtained Z(Y) = -0.318xC1 — 0.222xC2 — 1.135xC3 (Eq (4)) (R2=0.847).
The tolerances and VIFs of principal components C1, C2, and C3 are equal to 1, and their eigenvalues and
condition indices are close to 1. These suggested that C1, C2, and C3 are independent of each other. Applied
Equation 1-3 to Equation 4 and then get the standardized linear regression equation: Z (Y) = —=0.176xZ (X1) +
0.072xZ (X2) — 0.492xZ (X4) — 0.482xZ (X5) (Eq (5)).

Table 2: Correlations of variables

Y X1 X2 X4 X5
Pearson Correlation 1.000 -0.864 **  -0.534*  -0.807** -0.707 **
Sig. (2-tailed) 0.000 0.000 0.000 0.000
Y
Sum of Squares and Cross-products 2.264 -16.759 -5.981 -17.693 -7.355
Covariance 0.015 -0.113 -0.040 -0.120 -0.050
Pearson Correlation -0.864*  1.000  0558*  0.878*  0.611*
Sig. (2-tailed) 0.000 0.000 0.000 0.000
X1
Sum of Squares and Cross-products -16.759 166.078 53.524 164.862 54.468
Covariance -0.113 1.122 0.362 1.114 0.368
Pearson Correlation -0.534 **  0.558 ** 1.000 0.174 * 0.884 **
Sig. (2-tailed) 0.000 0.000 0.034 0.000
X2
Sum of Squares and Cross-products -5.981 53.524 55.425 18.828 45,530
Covariance -0.040 0.362 0.374 0.127 0.308
Pearson Correlation -0.807 **  0.878 ** 0.174 * 1.000 0.367 **
Sig. (2-tailed) 0.000 0.000 0.034 0.000
X4
Sum of Squares and Cross-products -17.693 164.862 18.828 212.128 37.019
Covariance -0.120 1.114 0.127 1.433 0.250
Pearson Correlation -0.707 **  0.611*  0.884*  0.367 ** 1.000
Sig. (2-tailed) 0.000 0.000 0.000 0.000
X5
Sum of Squares and Cross-products -7.355 54.468 45.530 37.019 47.835
Covariance -0.050 0.368 0.308 0.250 0.323

Note: ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-
tailed)
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3.3 Establish of the linear regression equation

To obtain the general linear regression equation, standardized variables should be transformed to the normal
variables. After running the bivariate correlations procedure, we can get the value of Sum of Squares and
Cross-products of variables: LYY=2.264, Lx1x1=166.078, Lx2x2=55.425, Lxaxa=212.128 and Lxsxs=47.835 (Table
2). Calculate the general partial regression coefficients b; with b1'= —0.176, by’= 0.072, bs’= -0.492, and bs'= —
0.482 in the light of Equation 5: b1 = b1’ (Lyy / Lxix1)"? = —0.176x(2.264/166.078)"? = —0.021, b2 = b2’ (Lyy /
Lxaxz)? = 0.072x(2.264/55.425) 2= 0.015, b4 = b4'(Lyy / Lxaxa)"? = —0.492x(2.264/212.128)"? = 0.051, and b5
= b5'(Lvy / Lxsxs)"? = —0.482x(2.264/47.835)"2 = —0.105. The constant by in accordance with Equation 5 and
Table 4, bo =Ymean —ZbiXmean= 5.238 — [(=0.021) x (-0.1237) + 0.015x1.134 + 0.051x (—1.1747) + (-0.105) x (—
3.5224)] = 4.790, and finally obtain the general linear regression equation: Y = 4.790 — 0.021xX1 + 0.014xX2
— 0.051xX4 — 0.105xX5 (R2=0.848), that is Ln smoke point= 4.790 — 0.021xLn (acid value) + 0.014xLn
(peroxide value) — 0.051xLn (content of phospholipids) — 0.105xLn (moisture and volatile matter) (R*=0.848)
(Eq (6)).

3.4 Evaluation the validation of the regression equation

14 samples were left to evaluate the validation of the regression equation. The values of acid value, peroxide
value, phospholipids content, residual solvent content, moisture and volatile matter content were applied to
Equation 6 to obtain the calculated smoke point value (Table 3). The quality of the fit between the model-
predicted and experimental values, and the suitability of the regression model in terms of its ability to describe
the data were measured by the bivariate correlation of the calculated and measured value. The correlation
coefficient of the calculated and measured smoke point was equal to 0.972 with high significance (p< 0.001),
indicating a good predictive ability of the smoke point regression.

Table 3: Smoke points and chemical analysis results of soybean oil and rapeseed oil samples

smoke point (°C) acid peroxid
residual  phospholipid moisture
value (mg e value

calculate  measure solvent s (mg/100g  and volatile
KOH/g (meq/kg
d d (mg/kg) oil) matter (%)
oil) )

1 228.9 219.5 0.081 1.462 2.545 0.119 0.011
2 2114 215.0 0.181 4.418 0.001 0.066 0.030
3 198.9 203.5 0.152 4.950 106.576 0.111 0.044
4 194.8 201.0 0.140 5.200 155.000 0.132 0.050
5 205.5 200.5 0.169 4.629 44.296 0.083 0.036
6 199.5 191.5 0.240 5.800 0.001 0.196 0.030
7 217.7 213.5 0.127 1.029 0.019 0.255 0.010
8 2114 207.0 0.162 1.183 0.121 0.300 0.012
9 186.9 185.0 0.405 2.245 0.822 0.609 0.026
10 163.8 175.0 0.974 4738 2470 1.334 0.057
1 162.6 159.5 1.275 4.022 0.001 2.074 0.046
12 161.8 156.5 2.090 6.100 0.001 1.741 0.050
13 158.8 155.0 2.080 7.200 1.850 1.528 0.065
14 156.0 153.5 1.627 6.800 0.617 1.760 0.075

4. Conclusions

In conclusion, this study provides a predicted equation to evaluate the smoke point according to the contents
of minor compounds, which laid a theoretical basis for the determination of the quality indexes of vegetable
oils under moderate refining technology. The general linear regression equation was obtained using the
principal component regression analysis: Y = 4.790 — 0.021xX1 + 0.014xX2 — 0.051xX4 — 0.105xX5
(R2=0.848), that is Ln smoke point= 4.790 — 0.021xLn (acid value) + 0.014xLn (peroxide value) — 0.051%Ln
(content of phospholipids) — 0.105xLn (moisture and volatile matter) (R2=0.848). Based on the correlation
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coefficient of the calculated and measured smoke point (R2=0.972), the predicted equation indicated a good
predictive ability.
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