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Graphical abstract

(a)                                                                                                      (b)

Response surface (a) and contour (b) plots for α-tocopherol extraction recovery (R) from AVG as a function of 
coded values of pressure (P) and temperature (T) at SC-CO2 flow rate of 1 ml/min and dynamic time of 100 min.
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 SC-CO2 was used for α-Tocopherol extraction from Aloe vera gel and skin.

 Influence of operating conditions was investigated on the recovery of α-Tocopherol.

 Response surface method was applied to optimize effective operating conditions.

 53.41% α-tocopherol recovery was obtained from AVG at optimum operating conditions.
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Abstract

Supercritical fluid extraction (SFE) was studied as an alternative technology in the 

pharmaceutical industry for the separation of α-tocopherol from gel and skin of 

Aloe vera and almond leaves. The influence of operating conditions was 

investigated on the recovery of supercritical carbon dioxide (SC-CO2) extraction of 

α-tocopherol from three-year old Aloe vera (Aloe barbadensis Miller) leaf gel. The 

obtained results were compared with the conventional Soxhlet extraction. 

Response surface methodology (RSM) was applied to optimize effective variables 

on the extracted recovery of α-tocopherol. The maximum α-tocopherol recovery of 

53.41% from Aloe vera gel was obtained with employing RSM predicted optimal 

operating conditions of 32 MPa, 45.91 °C, 0.84 ml SC-CO2 /min and 140 min for 

extraction. The α-tocopherol extraction yield for gel and skin of Aloe vera and 

almond leaves at these optimal operating conditions were obtained 1.53, 16.29 and 

2.61 mg/100 g dry sample, respectively.
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1. Introduction

Aloe vera is a member of Liliaceae family. One of the greatest nutritional 

and therapeutic types of the Aloe vera is Aloe barbadensis Miller which is rich in 

antioxidants. The plant has elongated and pointed leaves. Each leaf of Aloe vera

consists of three main parts: the inner clear gel of Aloe vera (AVG), the middle 

layer of latex and the green outer thick skin of Aloe vera (AVS). The AVG is the 

major part of the leaf by volume, appears to be clear and mucilaginous and the 

AVS is sometimes marked with white-colored flecks [1]. Hu et al. [2] showed that 

among two, three and four-year-old Aloe vera, three-year-old species has a higher 

antioxidant effect. The various vitamins (such as E, C, and A) and low fat and high 

fiber content exist in Aloe barbadensis Miller which have therapeutic and 

beneficial effects on humans [1]. 

Vitamin E is the natural most effective lipid soluble antioxidant, and it is 

protective against many diseases, such as cancer and cardiovascular diseases. The 

most common form of vitamin E present in nature is α-tocopherol which is the 

extremely valuable compound because of the highest vitamin E activity and 

application of this important additive to all kind of food products, cosmetics and 

other uses. Some of the sources of α-tocopherol which is not synthesized by the 
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human body are vegetable oils, fruits, seeds, nuts, cereals, and products derived 

from them [3,4].

At present, new extraction methods are being replaced instead of classical 

approaches such as solvent extraction and vacuum distillation. One of the most 

prominent of new methods is SFE, specifically SC-CO2 extraction. This technique 

has proved to be effective for applications in chemical, petrochemical, 

environmental pharmaceutical and food processes because of particular CO2

properties that are non-explosive, non-toxic, and available in high purity with low 

cost and no-solvent residues [3,5]. SFE is capable of conserving the antioxidant 

properties of the extracts and this point is very important in pharmaceutical and 

food industry [6]. As CO2 has low critical temperature (30.9 °C), it can also be 

used as supercritical fluid to extract thermally labile compounds such as 

tocopherols which are sensitive to heat, light and oxygen. In addition to, the 

control of the solvent power is possible to a high efficiency of extraction by 

pressure change beyond critical value of CO2 (7.38 MPa). Therefore, the SC-CO2

extraction is suitable for the food processing industry such as extraction of 

essential oils from various plant materials [6,7].

There are several reports in literature on the supercritical CO2 extraction of 

tocopherols from natural materials. The Table 1 presents the tocopherols extraction 
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yield from some natural sources by SC-CO2 extraction and their optimal conditions 

of extraction. 

In this study, the main objectives were α-tocopherol extraction from three-

year-old AVG by SC-CO2 and conventional Soxhlet extraction in a series of bench 

scale experiments and obtain optimum operation condition to maximize α-

tocopherol extraction. Subsequently, α-tocopherol SC-CO2 extraction at these 

optimal operation conditions was employed for AVS and almond leaves. The 

experiments of α-tocopherol SC-CO2 extraction from AVG were designed by 

response surface methodology (RSM) because this technique is appropriate to

investigation the effect of multiple variables and their interactions on response 

variables. RSM, the mathematical and statistical technique, originally described by 

Box and Wilson [13] involves three steps: (1) experimental design by well-

established statistical approach such as the central composite (CCD), three level 

factorial, Box–Behnken [14], and Doehlert [15] design; (2) fitting a second-order 

equation with the experimental data to provide a reasonable response surface 

modeling through regression analysis; and (3) determination of optimized response 

using the response surface model. A good response surface model fitted to 

experimental data must present low residuals values which are the difference 

between the calculated and experimental result in determined conditions [5,16-18]. 

In recent years, RSM has been successfully employed for the investigation of 
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operating conditions in the food and pharmaceutical processes (Ghoreishi et al. 

[5,16], Ge et al. [8], Nyam et al. [10] , Huang et al. [19], Liu et al. [20], Şanal et al. 

[21]). 

In this work, the experimental design via RSM was applied to investigate the 

individual and interactive effects of operating pressure, temperature, SC-CO2 flow 

rate and  dynamic time of SC-CO2 extraction from AVG in the range of 20-32 

MPa, 40-60 °C, 0.5-1.5 ml/min and 60-140 min, respectively, on the recovery of α-

tocopherol.

2. Materials and Methods

2.1. Materials and sample pre-treatment

The used leaves were three-year-old Aloe barbadensis Miller obtained from 

the farms of Isfahan suburb. The gel and skin of Aloe vera leaves was separated 

from each other and were freeze dried immediately for 36 h to obtain the stable 

moisture content. Also, the almond leaves were freeze dried in the same manner. 

Subsequently, the lyophilized powders (mesh size 30–40; 0.595–0.420 mm) of 

AVG, AVS and almond leaves were stored at −18◦C. Industrial grade carbon 

dioxide (≥99%, Zamzam) was used as the supercritical fluid. The mixture of 98% 

n-hexane (99.6%, Merck) and 2% ethanol (99%, Merck) were used as the Soxhlet 

extraction solvent. The α-tocopherol standard (≥96%) was obtained from Sigma 

Chemical Co. and it was analyzed by high performance liquid chromatography 
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(HPLC) to obtain standard spectrum. All of the chemicals (95–99%) used for 

HPLC analyses were obtained from Merck Co.

2.2. Soxhlet extraction of α-tocopherol

In order to compare the extracted α-tocopherol of SFE method with 

conventional solvent extraction, a 100 ml Soxhlet apparatus with 98% n-hexane 

and 2% ethanol as the solvent was used. Hence 4±0.05 g of the lyophilized gel 

powder of Aloe vera leaves was loaded in Soxhlet extractor and then continuously 

extracted for 8 hr as the mass of extracted α-tocopherol was not increased after this 

time. Afterwards, the extracted materials were immediately used for further 

analyses or stored in the dark at -20 ◦C.

2.3. Extraction of α-tocopherol by SC-CO2

The schematic diagram of pilot apparatus used for SC-CO2 extraction of 

AVG, AVS and almond leaves is shown in Fig. 1 and it has also been described 

previously in Ref. [6]. The stored CO2 in a CO2 cylinder (1) was cooled in a cooler 

(3) (LAUDA ecoline), after passing through a column of molecular sieve beads (2) 

for CO2 purification. Then, CO2 was compressed by a reciprocating piston HPLC 

type pump (4) and the pressure was regulated by a back-pressure regulator (BPR) 

(Jasco) (10). A valve (5) was placed at the pump effluent therefore the CO2 stream 

could be easily controlled and saved properly for further use. The compressed CO2

was heated before entering the vertically mounted extractor (7) by using a coil 
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preheater (6) which was placed in an oven (9). The extractor was a stainless steel 

cylinder (7) (0.9 cm ID×12.5 cm) which was fitted with glass wool (8) at each ends 

to avoid losses of small particles. The restrictor heater (11) was used to increase 

the effluent temperature of the back pressure to 80◦C to avoid the CO2 freezing.

To keep the extractor temperature at the desired value, a digital controller 

regulated the electric current through a resistor that surrounded the extractor 

cylinder. The extractor was filled by mixture of 0.6-0.65 g of the lyophilized 

powder of AVG, AVS or almond leaves and glass beads (mesh size 30–40; 0.84–

0.60 mm) in a ratio of 40–60 (w/w%), respectively. After setting the desired 

pressure by BPR and pump and temperature by oven, the flow of SC-CO2 was 

interrupted, and a constant static extraction time (15 min) was allowed to dissolve 

α-tocopherol in SC-CO2. Then, the dynamic extraction with constant flow rate of 

SC-CO2 was continued at fixed desired pressure and temperature. The dissolved α-

tocopherol in SC-CO2 at static time and subsequent dynamic extraction was 

discharged from the extraction column, trapped and collected via depressurized 

supercritical fluid  in a cooled receiver (-10°C). All the extracted samples were 

kept in the refrigerator (−18°C) for further HPLC analysis. The α-tocopherol 

extraction recovery (R) and yield (Y) were calculated using the following 

equations:
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100
tocopherol-extractedSoxhlet   of  Mass

tocopherol-extractedof  Mass
=(%) 




R        (1)

sampledry ofMass

tocopherol-extractedofMass
=


Y

       
(2)

2.4. Determination of α-tocopherol concentration of the extract

The α-tocopherol analysis was performed by HPLC according to the method 

of Koskas et al. [22]. The applied column was a 5 μm RP-8 column 4.6×150 mm 

(Shimadzu Co.) as the stationary phase. The conditions for HPLC analysis are as 

follows: the mobile phase volumetric composition: 96% methanol, 4% distilled 

deionized water; the flow rate of mobile phase: 1.0 ml/min; injection volume: 20 μl 

filtered sample; UV–Vis detector: 293 nm; temperature: 298 K (isocratic). 

Preparation of standard solution: 1.5–150 mg/l, with pure α-tocopherol and 

methanol.

3. Experimental design

In this study, the effects of four independent variables (pressure, 

temperature, SC-CO2 flow rate and dynamic time) on the SC-CO2 extraction of α-

tocopherol from AVG were studied using RSM. In order to obtain the highest R, 

the central composite rotatable design (CCRD) was employed and the levels of the 

independent parameters were chosen based on the preliminary experimental 

results. Each of the four independent variables was considered at five levels with 8 
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axial points and 7 replicate at the center point. Therefore, this procedure required 

31 experimental runs in randomized order to minimize the effect of unexplained 

variability in the observed response defined as R in each extraction run. The 

variables might be chosen as coded or uncoded, although this experimental design 

was based on the coded variables because it is possible to investigate the variables 

with different orders of magnitude. The four variables, levels and experimental 

design in terms of coded and uncoded are given in Table 2.

The second-order polynomial of RSM model provides a correlation which 

includes linear and quadratic variables with interaction terms as follows in Eq. (3):

                                    
  
(3)

Where represent response, coded variables, residual 

associated to the experiments, regression coefficient for the constant term, the 

square term and the interaction term, respectively. The coded variable is defined by 

the following equation:

where  and  are the real value, the real value at the center point and the 

step change in the variable, respectively. 

The unknown coefficients in Eq. (3) were determined by fitting the second 

order model. The model validity was evaluated by analysis of variance (ANOVA), 
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coefficient of determination (R2) and adjusted coefficient of determination (Adj. 

R2). After the determination of best quadratic model, the optimum operating 

conditions were specified. 

4. Results and discussion 

In order to investigate the effects of operating variables such as temperature, 

pressure, flow rate of SC-CO2 and dynamic time, an experimental procedure based 

on the central composite rotatable design (CCRD) and Soxhlet extraction was 

carried out. 

4.1. Soxhlet extraction

According to Eq.1, R has been calculated through mass value of Soxhlet 

extraction yield of α-tocopherol which was obtained to be 2.87 (mg α-tocopherol 

/100 g dry gel) from AVG in 8 h. The obtained α-tocopherol extraction yield from 

Soxhlet extraction was considered to be one hundred percent extraction of α-

tocopherol. It is imperative to realize that this extraction yield is obtainable via 

long period of extraction time (8 hr) and considerable toxic solvent consumption 

which makes it environmentally unsuitable.

4.2. SC-CO2 extraction

The set of 31 experimental runs based on CCRD and multiple regression 

coefficients in quadratic model by Minitab software, (version 16) is shown in 

Table 3. The last column of Table 3 contains the percent of α-tocopherol extraction 
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recovery (R) from AVG. The calculated regression coefficients of quadratic model 

of α-tocopherol extraction recovery from AVG are presented in Table 4. Also, the 

absolute t-value and p-value columns in this table are the indicative of significance 

of different coefficients. In this work, each coefficient which has p-value<0.001, 

0.001≤p-value<0.05 and p-value≥0.05 is highly significant, significant and 

insignificant, respectively. Therefore, the second-order polynomial model 

including significant and highly significant terms was obtained for the α-

tocopherol extraction recovery (R) as a function of independent variables (Eq. 3) as 

follows:

     (5)

The first-order terms of pressure and dynamic time, the second-order term of 

temperature and the interactive term of pressure and temperature are highly 

significant (p-value<0.001) on the α-tocopherol extraction recovery. Also, the 

second-order term of SC-CO2 flow rate and dynamic time and the interaction term 

of temperature and SC-CO2 flow rate had significant (0.001<p-value<0.05) effect 

on R and others were insignificant.

The statistical method of ANOVA was applied to analyze the response 

surface model. The results presented in Table 5 show that the model predicted for 
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α-tocopherol extraction recovery was appropriate as indicated by ANOVA (p-

value>0.05 for the lack-of-fit and 0.001≤p-value for the regression model of R).

The comparison of experimental data and predictive modeling by RSM was 

performed by coefficient of determination (R2) and adjusted coefficient of 

determination (Adj.R2), which were calculated to be 92.98% and 86.84%, 

respectively. These values indicate that the developed model by RSM is 

satisfactorily compatible with the experimental results. 

4.3.  Optimization of 

extraction operating conditions

Adequacy of RSM model equation for predicting optimal extraction 

operating condition was studied in the triplicate experiments using the pressure of 

32 MPa, temperature of 45.91 °C, SC-CO2 flow rate of 0.84 ml/min, dynamic time 

of 140 min, and static time of 15 min. These operating conditions resulted in α-

tocopherol extraction recovery of 53.41±0.01 % which as very compatible with the 

model prediction of R equal to 92.98 %.

4.4. Implementation of 

optimal SFE to Aloe vera skin and almond leaves

SFE at the obtained optimum operating conditions (32 MPa, 45.91 °C, 0.84 

ml SC-CO2 /min, 140 min) was employed for extraction of α-tocopherol from two 

different raw materials of AVS and almond leaves. The results of experimental 
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study showed that the obtained α-tocopherol extraction yields were 16.29 and 2.61 

mg /100 g dry sample for AVS and almond leaves, respectively. In these 

experiments, the dry mass ratio of AVS-to-AVG and almond leaves-to-AVG were 

0.8 and 1.5, respectively. Obviously these results indicate that the α-tocopherol 

extraction yield in the AVS is much higher than almond leaves and AVG.

4.5. Response surface 

analysis

Some graphical capability of RSM are three dimensional response surface 

and contour plots drawn to indicate the interactive effects of the independent 

variables corresponded to R. The three dimensional Figure 2.a and Figure 3.a, are 

the plots of the R value (z-axis) versus two independent variables (x and y axes) 

while keeping the other two independent variables at their zero level. In the 

contour plot (Figure 2.b and Figure 3.b), lines of constant response (R values) are 

drawn versus the two independent variables with considering the other two 

independent variables at their zero level. 

The reciprocal effects of pressure and temperature on R at the fixed SC-CO2 

flow rate of 1 ml/min and dynamic time of 100 min is presented in Figure 2. Since 

pressure increase result in SC-CO2 density enhancement, the solubility of α-

tocopherol increased and caused higher recovery. However, pressure increase can 

reduce α-tocopherol diffusivity and convective mass transfer coefficient which 
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decreases the R value. As shown in Figure 2, in the whole range of temperature, 

especially in lower temperature from 40°C (code=−2) to 50°C (code=0), the 

positive effect of higher pressure on the R value becomes dominant. As illustrated 

in Table 4, the extraction pressure has a positive linear effect (p-value<0.001) and 

a negative quadratic effect (p-value<0.001) on R. Therefore it is reasonable that 

beyond 26 MPa, two opposite effects of SC-CO2 density enhancement with 

positive effect on R and lower α-tocopherol diffusivity and convective mass 

transfer coefficient with negative effect on R, cancel each other and thus the R 

value becomes approximately constant.

On the other, temperature reduction with higher SC-CO2 density causes R 

value enhancement. However, increasing temperature has a positive influence on R 

with higher α-tocopherol vapor pressure. Based on which of these two effects is 

dominant, the temperature influence on the extraction recovery will be different. 

Increasing temperature has a positive effect on R up to a maximum value 

(retrograde solubility) and subsequently R decreases with further higher 

temperature.  Figure 2 illustrates that in pressure less than 26 MPa, a considerable 

R enhancement is observed with increasing temperature, because higher α-

tocopherol vapor pressure is more effective than that of decrease in solvent density. 

The similar trend of the reciprocal effects of pressure and temperature on the 

vitamin E extraction from wheat germ was reported by Ge et al. [8].



Page 17 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 3 illustrates the effects of extraction dynamic time and SC-CO2 flow 

rate on α-tocopherol extraction recovery at fixed 26 MPa and 50 °C. Overall, 

considering 10 to 20 minutes for static prior to dynamic extraction improved the 

SFE recovery due to allowed equilibrium between solid and fluid phase [23]. In 

this research as mentioned previously, the static time was considered 15 min for all 

experiments. Table 4 illustrates that the increasing dynamic time has a highly 

significant positive linear effect (p-value<0.001) and significant negative squared 

effect (p-value<0.05) on R. Positive effect of increasing dynamic time on R is 

because of higher consumed fresh SC-CO2 for α-tocopherol extraction and thus 

higher recovery can be obtained until there is effective mass transfer driving force 

between the solid and fluid phases. Beyond the dynamic time of 100 min (code=0) 

in Figure 3, the positive and negative effects on R cancel each other and therefore 

recovery is almost constant.

With increasing SC-CO2 flow rate, two phenomena take place with counter 

effects on R value. One of them is lower residence time in extraction column 

which decreases R, and the other is the film thickness reduction around the solid 

particles which leads to lower external mass transfer resistance and consequently R 

enhancement is observed. The trend of R in Figure 3 shows that in the SC-CO2

flow rate range of 0.5 (code=-2) to 0.84 ml/min positive effect on R is dominant. 

Beyond SC-CO2 flow rate of 0.84 ml/min, the negative effect of SC-CO2 flow rate 
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with lower residence time is dominant and thus R reduction is observed. Literature 

research indicates similar results for the trend of dynamic time [5,16,20,24]. 

The interaction plot of independent variables on the α-tocopherol extraction 

recovery is presented in Figure 4. As shown in Figure 4, when the lines are 

parallel, the independent variables do not have interaction effect on each other. On 

the other hand, whenever the deviation from parallel lines mode are higher and the 

lines have intersection, this phenomenon is the indication of two variables 

interactions. For instance, the square in the top right side of Figure 4 shows that 

SC-CO2 flow rate has no significant interaction with dynamic time on R.

5. Conclusion

RSM was successfully applied for SC-CO2 extraction optimization of α-

tocopherol from AVG. The effect of four independent variables (pressure, 

temperature, SC-CO2 flow rate and dynamic time) at five levels was investigated 

by CCRD. The obtained regression coefficients close to 1 for the quadratic model 

showed that this model was adequate to predict the α-tocopherol extraction 

recovery as the response variable. The linear terms of pressure and dynamic time, 

the second-order term of temperature and the interaction terms of pressure and 

temperature had the most significant effects on α-tocopherol extraction recovery. 

The optimum operation conditions within the experimental ranges was determined 

to be 32 MPa, 45.91 °C, 0.84 ml/min and dynamic time of 140 min. By applying 
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these operating conditions on α-tocopherol SC-CO2 extraction obtained 1.53, 16.29 

and 2.61 mg/100 g dry sample for AVG, AVS and almond leaves, respectively.

Therefore, AVS is the richer source of α-Tocopherol among these raw materials. 

Overall, the results indicated that supercritical extraction is a reliable and

promising technique for mass production of very valuable pharmaceutical anti-

cancer compounds such as α-tocopherol. Moreover, this method is superior with 

respect to liquid solvent extraction due to the advantages of supercritical carbon 

dioxide compared to toxic liquid solvents.
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tTable 1. The tocopherols extraction yield from some natural sources by SC-CO2

extraction and their optimal conditions of extraction

Natural source of 
tocopherol

Optimal conditions
(P, T, F, td, ts, Pd)

a
Tocopherols extraction yield 

in optimal conditions
Ref.

Wheat germ
P =34.47 MPa 
T =42.85 ◦C

 F = 1.7 ml/min
2307 mg α-tocopherol /100 g [8]

Roasted wheat 
germ

P = 33.6 MPa
T =58 ◦C 

td = 10 min
670 mg TTCb/100 g extract [9]

Kalahari melon and 
roselle seeds

P = 29 MPa
 T =58 ◦C 

F = 20 ml/min

274.74 and
 89.75 mg TTC/100 g oil [10]

Milk powder

P = 37 MPa 
T = 80 ◦C 

F = 1.0 ml /min modified with 
5% methanol
td = 15 min
ts = 15 min

0.34 mg TTC /100 g sample [11]

Olive tree leaves

P = 25 MPa
T = 39.85 ◦C
F = 1 Sl/minc

td = 120 min
Pd=1.5 mm

10.10 mg TTC /100 g sample [3]

Wheat bran P = 30 MPa
T = 60 ◦C

148.105 and 73.509 mg α- and 
β-tocopherols /100 g oil

[12]

a P, extraction pressure; T, extraction temperature; F, flow rate of carbon dioxide in extraction; td,  

extraction  dynamic time; ts, extraction static time; Pd, particle sizes.

b TTC, Total tocopherol content.

c Sl/min, l/min at standard conditions
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Table 2- Coded and uncoded levels of independent variables used in the 

RSM design

Coded

 variables

Pressure,

 P [MPa]

Temperature, 

T [°C]

SC-CO2 flow rate, 

F [ml/min]

Dynamic time,

 td [min]

-2 20 40 0.5 60

-1 23 45 0.75 80

0 26 50 1 100

1 29 55 1.25 120

2 32 60 1.5 140
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Table 3. CCRD and recovery for SFE extracted α-tocopherol

Run No. Coded variable Uncoded variable R (%)
Z1 Z2 Z3 Z4 P[MPa] T [°C] F [ml/min] td [min]

1 -1 -1 1 1 23 45 1.25 120 48.29
2 0 0 -2 0 26 50 0.5 100 48.89
3 1 -1 -1 -1 29 45 0.75 80 49.69
4 0 2 0 0 26 60 1 100 49.31
5 -1 -1 -1 1 23 45 0.75 120 47.22
6 0 -2 0 0 26 40 1 100 46.78
7 1 1 -1 1 29 55 0.75 120 51.41
8 -1 -1 -1 -1 23 45 0.75 80 45.03
9 0 0 0 0 26 50 1 100 51.74

10 1 1 1 1 29 55 1.25 120 49.83
11 0 0 0 0 26 50 1 100 51.30
12 -1 1 1 1 23 55 1.25 120 49.40
13 0 0 0 2 26 50 1 140 51.91
14 1 -1 1 -1 29 45 1.25 80 50.61
15 0 0 0 0 26 50 1 100 50.34
16 -1 1 -1 1 23 55 0.75 120 50.19
17 1 1 1 -1 29 55 1.25 80 47.15
18 0 0 0 -2 26 50 1 60 48.89
19 1 -1 1 1 29 45 1.25 120 51.84
20 -1 -1 1 -1 23 45 1.25 80 48.31
21 -1 1 -1 -1 23 55 0.75 80 47.91
22 0 0 2 0 26 50 1.5 100 50.16
23 2 0 0 0 32 50 1 100 52.46
24 0 0 0 0 26 50 1 100 51.07
25 1 1 -1 -1 29 55 0.75 80 48.93
26 0 0 0 0 26 50 1 100 50.48
27 1 -1 -1 1 29 45 0.75 120 50.86
28 0 0 0 0 26 50 1 100 51.16
29 -2 0 0 0 20 50 1 100 48.73
30 -1 1 1 -1 23 55 1.25 80 47.72
31 0 0 0 0 26 50 1 100 51.14
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Table 4. Calculated regression coefficients for quadratic model of α-tocopherol 

extraction recovery (R)

Term Coefficient SEa coefficient t-value p-value
Constant 51.0311 0.2419 210.990 0.000

Z1 0.9866 0.1306 7.553 0.000
Z2 0.2389 0.1306 1.829 0.086
Z3 0.1852 0.1306 1.418 0.175
Z4 0.8222 0.1306 6.295 0.000
Z1

2 -0.2118 0.1197 -1.770 0.096
Z2

2 -0.8487 0.1197 -7.093 0.000
Z3

2 -0.4797 0.1197 -4.008 0.001
Z4

2 -0.2602 0.1197 -2.175 0.045
Z1Z2 -0.7535 0.1600 -4.710 0.000
Z1Z3 -0.3010 0.1600 -1.882 0.078
Z1Z4 0.0887 0.1600 0.554 0.587
Z2Z3 -0.6630 0.1600 -4.144 0.001
Z2Z4 0.2839 0.1600 1.775 0.095
Z3Z4 -0.1600 0.1600 -1.000 0.332

a Standard error
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Table 5. Analysis of variance (ANOVA) of the fitted quadratic polynomial model 

of SFE extraction

Source DFa Seq SSb Adj SSc Adj MSd F-value p-valuee

Regression 14 86.8212 86.8212 6.2015 15.14 0.000
Linear 4 41.7783 41.7783 10.4446 25.51 0.000
Square 4 25.6517 25.6517 6.4129 15.66 0.000

Interaction 6 19.3912 19.3912 3.2319 7.89 0.000
Residual error 16 6.5519 6.5519 0.4095

Lack of fit 10 5.1620 5.1620 0.5162 2.23 0.170
Pure error 6 1.3899 1.3899 0.2316

Total 30 93.3731
                a  Degree of freedom, b Sequential sums of squares, c Adjusted sum of squares, d Adjusted mean squares 

           e p-value < 0.001 highly significant; 0.001 ≤ p-value < 0.05 significant; p-value ≥ 0.05 not significant
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Figure captions

Figure 1. The experimental set up for the supercritical extraction system: (1) CO2

cylinder, (2) molecular sieve column, (3) cooler, (4) HPLC pump, (5) valve, (6)

coil preheater, (7) extraction column, (8) glass wool filter, (9) oven, (10) back 

pressure regulator, (11) restrictor heater, (12) collection vessel and PG: pressure 

gauge, TC: temperature controller.

Figure 2. Response surface (a) and contour (b) plots for α-tocopherol extraction 

recovery (R) from AVG as a function of coded values of pressure (P) and 

temperature (T) at SC-CO2 flow rate of 1 ml/min and dynamic time of 100 min.

Figure 3. Response surface (a) and contour (b) plots for α-tocopherol extraction 

recovery (R) from AVG as a function of coded values of SC-CO2 flow rate (F) and 

dynamic time (td) at pressure of 26 MPa and temperature of 50 °C.

Figure 4. The interaction plot of independent variables on the α-tocopherol 

extraction recovery from AVG.
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Figure 1
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Figure 2.a
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Figure 2.b
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Figure 3.a
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Figure 3.b
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Figure 4




