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Featured Application: The present results provide the optimal conditions (size of the restriction
die, pressing temperature, and duration of dry heat exposure) to extract chia seed oil via the screw
press method.

Abstract: Chia seeds play an important role in human health and nutrition since they contain dietary
fiber, lipids, protein, polyphenolic compounds, and polyunsaturated fatty acids. The present study
aimed to evaluate the yield and quality of chia seed oil (extracted using the screw press method)
in terms of total phenolic content, acid, and peroxide levels. A central composite design was used
to optimize the extraction procedure, and the response surface methodology was used to assess
the results. The restriction die size of 1 cm, pressing temperature of 53 °C, and no dry heat were
the optimal conditions for extracting the desired quality of chia seed oil according to the predicted
response surface methodology model. The conditions were evaluated and a 29.47% yield was
achieved, with a TPC of 2.20 ug GAE/g of 0il, acid content of 0.96 mg KOH/g of oil, and peroxide
content of 2.87 mEq/Kg of oil. The extraction process exceeded 45.10 min. Antioxidant activities of
19.21 ug TE/g of oil (ABTS radical scavenging activity), 5.69 ug TE/g of oil (DPPH radical scavenging
activity), and 186.68 ug CE/g of oil (nitric oxide free radical scavenging activity) were observed. The
fatty acid composition of the chia seed oil samples is also reported herein. We report the optimal
conditions for extracting oil from local cultivar chia seeds, thus helping to analyze changes in the
composition and impact due to geographical differences in oil quality. The extracted chia seed oil
could be utilized for functional foods, cosmetics, and pharmaceutical applications.

Keywords: chia seed oil; response surface methodology; phenolic content; antioxidants; fatty acids

1. Introduction

Salvia hispanica L., popularly known as chia, is a member of the Lamiaceae family [1].
Chia is an annual plant widely cultivated because of its culinary and medicinal uses [2].
This plant can be grown in various climates, from tropical to subtropical [3]. The chia plant
can reach a height of 1 m and has oppositely arranged leaves with small white or purple
hermaphrodites. The oval, smooth, and shiny seeds can be gray, black, black spotted, or
white, with sizes ranging from 1 to 2 mm [4]. When soaked in water, chia seeds become
gelatinous and absorb much water [5].

An early study reported the composition of chia seeds grown in several geograph-
ical locations under different climatic conditions [6]. Chia seeds have high antioxidant
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potential [7] and are widely recognized for their high amounts of alpha-linolenic acid
(ALA), dietary fiber, minerals, omega 3 (n — 3), proteins, phytochemicals such as phenolic
compounds [8] (such as caffeic acid, daidzin, gallic acid, protocatechuic ethyl ester, and
rosmarinic acid) [7], and vitamins [8]. Quercetin and kaempferol are the main substances in
hydrolyzed and crude chia seed extracts, but caffeic and chlorogenic acids are only found
in trace amounts [9]. Fatty acids, including alpha-linolenic acid, linoleic acid (L), oleic acid,
palmitic acid, and stearic acid, are predominantly observed in chia seed oil (CSO) [3,6].

CSO is extracted using various methods, resulting in varying quality of the oil in terms
of fatty acid content, antioxidant activity, and functional properties. Conventional solvent
extraction, the cold-pressing method, the ultrasound-assisted method, and the supercritical
fluid extraction are techniques used to extract CSO [10]. The cold-press extraction method
is a mechanical extraction technique using a screw press without organic treatment or heat
application on the expeller. This technique is a cheap, nontoxic, environmentally friendly,
and green method. Some parameters such as barrel temperature, restriction die, screw
press speed, and seed moisture content can affect CSO extraction [11].

The biochemical components of chia seeds increase the satiety index, improve serum
lipid levels, prevent inflammation and cardiovascular diseases, and decrease the risk of
chronic diseases due to chia’s antioxidant properties [2,12,13]. Chia has also been studied
for its cosmetic benefits. Preliminary findings indicate that chia seed exhibits biological
functions in the skin, including maintenance of the stratum corneum epidermal barrier, the
prevention of transepidermal water loss, and disruption of melanogenesis in epidermal
melanocytes [13].

However, many studies have also been conducted to assess the influencing factors of
the quality and quantity of CSO. The results could be more consistent due to the variety
of chia seeds and culture location. Currently, chia is popular in Thailand due to its health
benefits, but there is no experimental design to extract the oil from local chia seeds. Thus,
the purpose of this study was to extract CSO using the screw-pressing method and evaluate
the quality of the oil. The response surface methodology (RSM) and central composite
design (CCD) were used to optimize the conditions to achieve high-quality CSO.

2. Materials and Methods
2.1. Materials

Chia seeds were purchased from a local market in Chiang Mai province. The following
chemicals were used in this study: Folin-Ciocalteu reagent, sulfanilamide, K;HPOy, and
KH,PO4 were purchased from Loba Chemie (Maharashtra, India). Naphthyl ethylene-
diamine dihydrochloride and Na,COs; were bought from HiMedia (Maharashtra, India)
and RCI Labscan (Bangkok, Thailand), respectively. Merck (Darmstadt, Germany) sup-
plied gallic acid, methanol, and phosphoric acid. Acetic acid, hexanes, sodium thiosulfate
pentahydrate, NaCl, KI, ethanol, and KOH were purchased from RCI Labscan (Bangkok,
Thailand). Lastly, 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) di-ammonium salt
and 2,2-diphenyl-1-picrylhydrazyl (£)-6-hydroxy-2,5,7,8-tetramethyl were purchased from
Sigma-Aldrich (Oakville, Canada).

2.2. Moisture Content, Extraction, and Variables

The moisture content of the chia seeds was analyzed before the experiments were de-
signed. Seeds were incubated at 100 °C for 0, 15, and 30 min [14], and the moisture content
was measured using a Moisture Analyzer (Moisture HC103, Mettler Toledo, Switzerland).

Chia seed oil (CSO) was obtained via the screw press extraction method (FEA-101ss-
M-H-Tc-2015, Energy Friend Ltd., Chiang Mai, Thailand) [15].

The extraction conditions were optimized through a central composite design (CCD)
with three independent variables: the restriction die size, the pressing temperature, and the
duration of dry heat exposure at 100 °C. The influence of the variables on CSO extraction
was studied through response surface methodology (RSM).
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The levels of the duration of dry heat exposure at 100 °C (0, 15, and 30 min), size of
the restriction die (1.0, 1.2, and 1.4 cm), and pressing temperature (40, 50, and 60 °C) were
chosen as variable factors to attain a high yield and high quality of CSO. An experimental
diagram of the chia seed oil extraction is shown in Figure 1. About 600 g of chia seeds were
used for the extraction process.

Chia seed

l

Incubated at 100° C for 0, 15, and 30 min

Extracted the CSO by screw press with various size of restriction die (1.0, 1.2, and 1.4 cm)

and pressing temperature (40, 50, and 60° C)

: s

Evaluated the yield and oil quality Y

~———

Figure 1. The procedure followed for chia seed oil extraction.

The evaluated responses presented the yield and quality of the oil and time. The an-
tioxidant activities (ABTS, DPPH, and nitric oxide radical scavenging assay) were evaluated
by selecting a treatment that affected the total phenolic content (TPC).

2.3. RSM and CCD

To achieve the highest yield and quality of chia seed o0il, RSM and CCD were used
to optimize the conditions. Design Expert, version 10.0 (Stat-Ease Inc., Minneapolis, MN,
USA), was used for the statistical analysis. The objective outcomes were the oil yield and
quality. As mentioned previously, the duration of dry heat exposure at 100 °C (0, 15, and
30 min), the size of the restriction die (1.0, 1.2, and 1.4 cm), and the pressing temperature
were chosen as the variable factors.

Seventeen tests were carried out, including 14 combinations and 3 center-point repli-
cates (Table 1). The variation in the response values (Y) versus the independent variables
was fit into a response surface model and presented (Equation (1)):

Y =Bo+ ) BiXi+ Y BiXi + ) BiiXiX; @
i#]

where Y is the dependent response; B, B;, Bi;, and B;j are the regression coefficients for
the intercept, linear, quadratic, and interaction terms, respectively; and X; and Xj are
independent variables.
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Table 1. Details of the standard orders (STDs), size of the restriction die, pressing temperature, and
duration of dry heat exposure at 100 °C.

STD Size of the Restriction Die (cm) Temperature (°C) Duration of Dry Heat Exposure at 100 °C (min)
1 1 40 0
2 1.4 40 0
3 1 60 0
4 1.4 60 0
5 1 40 30
6 14 40 30
7 1 60 30
8 1.4 60 30
9 1 50 15
10 1.4 50 15
11 1.2 40 15
12 1.2 60 15
13 1.2 50 0
14 1.2 50 30
15 12 50 15
16 12 50 15
17 1.2 50 15

2.4. Extraction and Determination of Total Phenolic Content (TPC)

The phenolic compounds in CSO were extracted [16]. In brief, 2.5 g of CSO was mixed
with 5 mL hexane and 3 mL of methanol/water (60:40, vol/vol) and vortexed for 2 min.
The samples were centrifuged at 3500x ¢ rpm for 10 min, and the methanolic phase was
collected. The samples were further extracted twice with a methanol/water solution, and
the methanolic phase was collected to determine the TPC [16].

The Folin—-Ciocalteu colorimetric technique [17] was used to evaluate the TPC of CSO,
and results are expressed as the mg gallic acid equivalent (mg GAE)/g of oil [17].

2.5. Acid and Peroxide Values of CSO

CSO’s acid and peroxide values were determined based on US Pharmacopeia 37, as
detailed previously [14]. The acid values are expressed as the mg KOH equivalent/g of oil
(Equation (2)) [14]:

mg KOH/g 0il =V x 5.61/W 2)

where V and W represent the volume of KOH (mL) and weight of oil (g), respectively, and
5.61 is a constant value (equivalent to a mass of 0.1 M KOH).
The peroxide value is expressed in milliequivalents of oxygen per kg of CSO (mEq/Kg)
(Equation (3)) [14]:
mEq/kg =2 x (A — B)/CSO sample (g). 3)

where A and B represent the sodium thiosulfate (mL) volume in the test and blank, respectively.

2.6. Antioxidant Capacity of CSO

The free radical scavenging activities of CSO were determined using 1,1-diphenyl-
2picrylhydrazyl (DPPH), 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) [18],
and a nitric oxide (NO) radical scavenging assay [19], as detailed in our previous studies.

The DPPH and ABTS radical scavenging activity of CSO is expressed as pg Trolox
equivalent antioxidant capacity (TEAC)/g of oil. CSO’s nitric oxide scavenging activity is
expressed in terms of the ug curcumin equivalent (CE)/g of oil.

2.7. Fatty Acid Content of CSO

As reported in our previous study, the fatty acid content of CSO was analyzed via
gas chromatography [14]. The analysis was performed at the Halal Science Center of
Chulalongkorn University, Bangkok, Thailand.
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2.8. Statistics

The quality evaluation of CSO was performed in duplicate. All values were recorded
as the mean & standard deviation (SD). One-way ANOVA was used to evaluate the
differentiation between groups. The differences were considered significant when p < 0.05.

3. Results

The results obtained for the extraction of CSO using the screw press method with
different conditions such as the size of the restriction die, pressing temperature, and
duration of dry heat exposure are shown in Table 2. Outlier trials were excluded from the
analysis. The oil yield varied from 23.86% to 30.15%, and the maximum yield was observed
in STD 17. However, when both the quality and amount of oil were considered, STD 13
was found to be suitable.

Table 2. The observed and predicted oil yields, acid and peroxide values, total phenolic content,

and time.
Yield (%) Acid Value Peroxide Value TPC Pressing Time
STD (mg KOH/g of Oil) (mEq/Kg of Oil) (ug GAE/g of Oil) (min)
Observed Predicted Observed Predicted Observed Predicted Observed Predicted Observed Predicted
1 29.86 29.88 1.02 1.02 3.58 3.54 1.60 1.87 50.00 51.71
2 27.74 27.81 0.85 0.86 3.71 3.47 1.61 1.71 69.00 69.31
3 27.59 27.66 0.84 0.84 3.53 3.35 1.72 1.52 58.00 59.11
4 28.44 28.46 0.91 0.91 4.38 4.26 1.39 1.38 60.00 62.21
5 26.70 26.77 0.85 0.50 3.89 3.96 1.94 1.52 74.00 72.10
6 29.16 29.17 0.91 0.91 3.94 3.87 1.29 1.38 105.00 104.20
7 23.86 23.87 0.85 0.84 4.23 4.50 0.97 1.22 80.00 46.00
8 28.52 28.60 0.80 1.48 6.22 5.83 1.21 1.10 65.00 63.60
9 28.82 28.63 0.80 0.80 5.97 5.79 1.23 2.44 58.00 57.23
10 29.11 28.92 1.06 1.04 5.47 6.55 2.29 2.24 75.00 74.83
11 28.24 28.06 0.85 0.82 8.08 8.71 1.66 1.61 68.00 74.33
12 29.08 28.89 0.90 1.02 4.20 4.47 1.29 1.30 54.00 57.73
13 28.35 28.84 0.88 0.91 3.12 3.64 2.60 2.57 70.00 60.58
14 29.83 30.35 0.88 0.93 4.48 4.46 1.87 211 59.00 71.48
15 29.48 29.58 1.18 0.92 6.37 6.15 2.86 2.33 80.00 66.03
16 29.75 29.58 0.93 0.92 6.64 6.15 2.09 2.33 51.00 66.03
17 30.15 29.58 0.95 0.92 7.39 6.15 2.31 2.33 68.00 66.03

3.1. Moisture Content

The moisture content of chia seeds was determined before the variables for RSM
were designed. The seeds were dried at 100 °C for different durations. About 4.64 & 0.17,
4.49 4 0.18, and 4.01 + 0.50 % MC was observed in the seeds dried for 0, 15, and 30 min,
respectively. There were no significant changes observed in the moisture content of the
seeds processed for 0 and 15 min, whereas seeds dried for 30 min showed a significant
difference in their moisture content (Table 3).

Table 3. The average moisture content (% MC) of chia seeds.

Duration (min) Moisture Content (% MC)
0 464 +0.172
15 449 +0.182
30 4.014+050b

ab indicates a significant difference (at p < 0.05) between times analyzed using Duncan’s multiple range test.

3.2. Yield of CSO

The predicted yield of CSO in the three center-point STDs (size of the restriction die:
1.2 cm; pressing temperature: 50 °C; and duration of dry heat exposure at 100 °C: 15 min)



Appl. Sci. 2023, 13, 6600 6 of 20

was 29.58%. The observed yield of the three center-point STDs was 29.48, 29.75, and 30.15%
(Table 2). The highest predicted yield was observed in STD 14, followed by STD 1. However,
the observed maximum yield was obtained in STD 17, followed by STD 1. The changes
between STDs 1 and 14 were insignificant. The lowest yield was observed (23.86%) and
predicted (23.87%) in STD 7 (size of the restriction die: 1 cm; pressing temperature: 60 °C;
and duration of dry heat exposure at 100 °C: 30 min) (Table 2). A reduced cubic model
used to evaluate variance in the yield of CSO is presented in Table 4.

Table 4. Analysis of variance for the studied variables.

Model Lack of Fit

Response Models (p-Value) (p-Value) R?  Adjusted R> Predicted R*  Adequate Precision
Yield (%) Reduced Cubic 0.0021 0.2967 0.9771 0.9268 0.7595 18.9895
Acid value 2F1 0.0056 0.2351 0.9139 0.8279 0.6874 10.5796
Peroxide value Reduced Cubic 0.0005 0.2604 0.9094 0.8389 0.7110 11.7801
TPC Reduced Quadratic 0.0004 0.7247 0.8205 0.7553 0.5608 10.2480
Pressing time 2F1 0.0233 0.9798 0.7814 0.6175 0.5119 8.9976

The reduced cubic model for oil extraction was significant (p = 0.0021) with adjusted
R? and predicted R? values of 0.9268 and 0.7595, respectively, and a nonsignificant lack of fit
(p = 0.2967). These results indicated that the reduced cubic model equation was appropriate
for the prediction of oil extraction.

The CCD-generated reduced cubic model equation for the yield of CSO (%) was as
follows (Equation (4)):

Yield = ! 4)
037 (—0.1545 + 1.1648A-0.0031B + 0.0144C-0.0134AB-0.0235AC
+7.6562 x 10 — 6BC—-0.5828 A2 + 0.0002B2 + 0.0104A2B + 0.0092A2C-0.0001AB2)

where A is the size of the restriction die, B is the pressing temperature, and C is the duration
of dry heat exposure.

The size of the restriction die and temperature (p = 0.0059), size of the restriction die
and dry heat exposure time (p = 0.0008), size of the restriction die? (p=0.0265), ’cempera’cure2
(p = 0.0076), size of the restriction die? and temperature (p = 0.0244), and size of the restric-
tion die? and dry heat exposure time (p = 0.0082) significantly affected the yield of CSO
(Table 5). However, the restriction die, temperature, dry heat exposure time, and interaction
between temperature and dry heat exposure time did not significantly affect the yield of
CSO (Figure 2).

Table 5. Estimated coefficients of coded factors for CSO extraction and other desirable factors.

Variable Yield p-Value Acid Value p-Value Peroxide Value p-Value TPC p-Value Time p-Value
A —0.0005  0.6673 0.1187 0.0007 —0.0098 0.1463  —0.0102 03742 8.7998 0.0258
B —0.0016  0.2378 0.0968 0.0032 0.0528 0.0039  —0.0233 0.0465 —82998  0.0328
C —0.0027  0.0680 0.0121 0.3457 —0.0181 0.0161  —0.0232  0.0470 5.4478 0.1623
AB —0.0027  0.0059 0.0573 0.0058 —0.0117 0.1223 —3.6253  0.3600
AC —0.0042  0.0008 0.1400 0.0008 3.6247 03601
BC 0.0011 0.1056 0.1297 0.0012 —0.0081 0.2680 —83747  0.0552
A2 0.0029 0.0265

B2 0.0041 0.0076 —0.1082  <0.0001

2 0.0712 <0.0001

A’B 0.0041 0.0244

A2C 0.0055 0.0082

AB? —0.0026  0.1070

BC2 —0.0676 0.0017

A: size of the restriction die; B: pressing temperature; C: dry heat exposure time; TPC: total phenolic content.
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Figure 2. Response surface plot illustrating the influence of restriction die size, temperature, and
duration of dry heat time on the yield of CSO. (a) Influence of restriction die and temperature
(b) restriction die and dry heat time, and (c) temperature and dry heat time on the yield of the CSO.

3.3. Total Phenolic Content of CSO

The predicted TPC of CSO in the three center-point STDs (size of the restriction
die: 1.2 cm; temperature: 50 °C; and duration of dry heat exposure at 100 °C: 15 min)
was 2.33 ug GAE/g of oil. The observed TPC of CSO center-point STDs was 2.86, 2.09,
and 2.31 ug GAE/g of oil (Table 2). The maximum TPC was recorded in the predicted
(2.57 ng GAE/g of 0il) and observed values (2.60 ug GAE/g of oil) for STD 13 (size of the
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restriction die: 1.2 cm; temperature: 50 °C; and duration of dry heat exposure at 100 °C:
0 min) (Table 2). The reduced quadratic model used to evaluate variances in the TPC of
CSO is presented in Table 4.

The reduced quadratic model for the TPC of CSO was significant (p = 0.0004) with
adjusted R? and predicted R? values of 0.7553 and 0.5608, respectively, and a nonsignificant
lack of fit (p = 0.7247). The results indicated that the reduced quadratic model equation was
suitable for predicting the TPC of CSO.

The CCD-generated reduced quadratic model equation used for the TPC of CSO
(ug GAE/g of oil) was as follows (Equation (5)):

1
~22/(—1.3199 — 0.0512A + 0.1060B — 0.0015C — 0.0011B2)

Total phenolic acid =

©)

where A is the size of the restriction die, B is the pressing temperature, C is the duration of
the dry heat exposure.

The temperature (p = 0.0465), dry heat exposure time (p = 0.0470), and temperature?
(p < 0.0001) significantly affected the TPC of CSO (Table 5). An increase in the duration of
dry heat exposure reduced the TPC of CSO. The low (40 °C) and high (60 °C) temperatures
affected the TPC of CSO. High TPC was observed in the samples treated at 50 °C. The size
of the restriction die did not influence the TPC of CSO (Figure 3).
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Total phenolic content (ug GAE/g of Oil)

5 C: Dry heat time (min)
B: Temperature (°C)

40 30

Figure 3. Response surface plot illustrating the influence of restriction die size, temperature, and
duration of dry heat time on the total phenolic content of CSO. (a) Influence of restriction die and
temperature (b) restriction die and dry heat time, and (c) temperature and dry heat time on the total
phenolic content of the CSO.

3.4. Acidity of CSO

The predicted acid value of CSO in the three center-point STDs was 0.92 mg KOH/g
of oil. The observed acid values of CSO center-point STDs were 1.18, 0.93, and 0.95 mg
KOH/g of oil (Table 2). The smallest acid values of CSO were predicted (0.50 mg KOH/g
of o0il) and observed (0.85 mg KOH/g of o0il) in STD 5 (size of the restriction die: 1 cm;
temperature: 40 °C; and duration of dry heat exposure at 100 °C: 30 min), STD 8 (size of
the restriction die: 1.4 cm; temperature: 60 °C; and duration of dry heat exposure at 100 °C:
30 min), and STD 9 (size of the restriction die: 1 cm; temperature: 50 °C; and duration of
dry heat exposure at 100 °C: 15 min) (Table 2). The 2FI model was employed to evaluate
variances in the acid value of CSO (Table 4).

The 2FI model for the acid value of CSO was significant (p = 0.0056) with adjusted R?
and predicted R? values of 0.8279 and 0.6874, respectively, and a nonsignificant lack of fit
(p = 0.2351). The results showed that the 2FI model equation was suitable for predicting the
acid value of CSO.

The CCD-generated 2FI model equation for the acid value of CSO (mg KOH/g of oil)
was as follows (Equation (6)):

Acid value = 2.9194 -1.5386A — 0.0377B — 0.0984C + 0.0286AB + 0.0467AC+ 0.0009BC (6)

where A is the size of the restriction die, B is the pressing temperature, and C is the duration
of dry heat exposure.

The size of the restriction die (p = 0.0007), temperature (p = 0.0032), size of the restriction
die and temperature (p = 0.0058), size of the restriction die and dry heat exposure time
(p = 0.0008), and temperature and dry heat exposure time (p = 0.0012) significantly affected
the acid value of CSO (Table 5). RSM prediction indicated that a lower temperature and
reduced size of the restriction die could produce CSO with a lower acid value. All factors
greatly influenced the acid value, while dry heat exposure time was not an influencing
factor for the acid value (Figure 4).
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Figure 4. Response surface plot illustrating the influence of restriction die size, temperature, and
duration of dry heat time on the acid value of CSO. (a) Influence of restriction die and temperature
(b) restriction die and dry heat time, and (c) temperature and dry heat time on the acid value of
the CSO.
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Peroxide value =

3.5. Peroxide Value of CSO

The predicted peroxide value of CSO in the three center-point STDs was 6.15 mEq/Kg
of oil. The observed peroxide values of CSO center-point STDs were 6.37, 6.64, and
7.39 mEq/Kg of oil (Table 2). The smallest peroxide value of CSO was predicted
(3.35 mEq/Kg of 0il) and observed (3.53 mEq/Kg of oil) in STD 3 (size of the restriction
die: 1 cm; temperature: 60 °C; and duration of dry heat exposure at 100 °C: 0 min) and
STD 13 (size of the restriction die: 1.2 cm; temperature: 50 °C; and duration of dry heat
exposure at 100 °C: 0 min) (Table 2). The reduced cubic model was employed to evaluate
variances in the peroxide value of CSO (Table 4).

The reduced cubic model for the peroxide value of CSO was significant (p = 0.0005)
with adjusted R? and predicted R? values of 0.8389 and 0.7110, respectively, and a nonsignif-
icant lack of fit (p = 0.2604). The results revealed that the reduced cubic model equation
was suitable for predicting the peroxide value of CSO.

The CCD-generated reduced cubic model equation for the acid value of CSO (mEq/Kg
of 0il) was as follows (Equation (7)):

! @)

°%/(0.4650 + 0.2438A + 0.0063B — 0.0530C — 0.0059AB + 0.0008BC + 0.0018C2 — 3.0026 x 10 — 5BC2)

where A is the size of the restriction die, B is the pressing temperature, and C is the duration
of dry heat exposure.

The temperature (p = 0.0039), dry heat exposure time (p = 0.0161), dry heat exposure
time? (p < 0.0001), and temperature and dry heat exposure time? (p < 0.0017) significantly
influenced the peroxide value of CSO (Table 5). RSM prediction indicated that a high
temperature could produce CSO with a lower peroxide value. Additionally, the high
(30 min) and low (0 min) durations of dry heat exposure presented lower peroxide values.
However, the size of the restriction die did not significantly affect the peroxide values
(Figure 5).

3.6. Pressing Time

The pressing time for CSO extraction in the three center-point STDs was 66.03 min.
The observed pressing times for CSO extraction in center-point STDs were 80.00, 51.00, and
68.00 min (Table 2). The lowest pressing times for CSO extraction were predicted (46 min)
and observed (80.00 min) in STD 7 (size of the restriction die: 1 cm; temperature: 60 °C; and
duration of dry heat exposure at 100 °C: 30 min) and STD 1 (size of the restriction die: 1 cm;
temperature: 40 °C; and duration of dry heat exposure at 100 °C: 0 min) (Table 2). The 2FI
model was utilized to evaluate variances in the pressing time for CSO extraction (Table 4).

The 2FI model for the pressing time of CSO extraction was significant (p = 0.0233) with
adjusted R? and predicted R? values of 0.6175 and 0.5119, respectively, and a nonsignificant
lack of fit (p = 0.9798). The results revealed that the 2FI model equation was suitable for
predicting the pressing time of CSO extraction.

The CCD-generated 2FI model equation for the pressing time of CSO extraction (min)
was as follows (Equation (8)):

Time = —79.6031 + 116.5072A + 2.1827B + 1.7049C — 1.8126AB + 1.2082AC — 0.0558BC (8)

where A is the size of the restriction die, B is the pressing temperature, and C is the duration
of dry heat exposure.

The size of the restriction die (p = 0.0258) and temperature (p = 0.0328) influenced the
extraction time of CSO significantly (Table 5). RSM prediction showed that the reduced size
of the restriction die and high temperature could reduce the pressing time needed for CSO
extraction. However, the duration of dry heat exposure time did not affect the pressing
time (Figure 6).
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Figure 5. Response surface plot illustrating the influence of restriction die size, temperature, and
duration of dry heat time on the peroxide value of CSO. (a) Influence of restriction die and temperature
(b) restriction die and dry heat time, and (c) temperature and dry heat time on the peroxide value of
the CSO.
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Figure 6. Response surface plot illustrating the influence of restriction die size, temperature, and
duration of dry heat time on the pressing time for CSO extraction. (a) Influence of restriction die
and temperature (b) restriction die and dry heat time, and (c) temperature and dry heat time on the
pressing time for CSO extraction.
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3.7. Fatty Acid Composition

CSO extracted under optimal conditions (based on the design-expert-recommended
conditions for the desirable traits) and STD 13 (based on the observed desirable traits) were
selected for the fatty acid analysis. The fatty acid composition of the representative CSO
samples was reported (Table 6). The order of fatty acid abundance in CSO observed in
the study was as follows: «-linolenic acid > linoleic acid > palmitic acid > oleic acid >
stearic acid > eicosenoic acid > palmitoleic acid > myristic acid. About 1.49% and 1.54% of
unidentified peaks were observed in the CSO extracted under optimal conditions and STD
13, respectively. Other fatty acids were not detected.

Table 6. The fatty acid content of representative CSO samples.

Fatty Acid Content (%)

Fatty Acid Oil Extracted under the Oil Extracted under the

Optimal Condition * Condition of STD 13 **
a-Linolenic acid (C18:3 n — 3) 58.62 58.46
Linoleic acid (C18:2 n — 6 cis) 20.81 20.93
Palmitic acid (C16:0) 7.84 7.73
Oleic acid (C18:1 n — 9 cis) 749 7.52
Stearic acid (C18:0) 3.55 3.64
Eicosenoic acid (C20:1 n — 9) 0.13 0.10
Palmitoleic acid (C16:1) 0.04 0.04
Myristic acid (C14:0) 0.03 0.03

* Optimal condition: size of the restriction die = 1 cm, temperature = 53 °C, and no dry heat. ** STD 13: restriction
die size = 1.2 cm, temperature = 50 °C, and no dry heat.

3.8. Antioxidant Capacity of CSO

The treatments that had an impact on the TPC were selected to evaluate their antioxi-
dant capacity. STD 13 (size of the restriction die: 1.2 cm; temperature: 50 °C; and duration
of dry heat time: 0 min) presented the greatest ABTS and DPPH scavenging activities. The
maximum value of 19.21 ug TE/g of oil was observed in the ABTS assay, and the values
were significantly different from those of other STDs. The smallest value of 8.18 ug TE/g
of oil was observed in STD 5 (size of the restriction die: 1.0 cm; temperature: 40 °C; and
duration of dry heat time: 30 min) (Figure 7A). In the DPPH assay, the highest (STD 13) and
lowest (STD 4) values of 5.69 & 0.21 and 2.66 ug TE/g of oil, respectively, were detected
(Figure 7B). The maximum NO scavenging activity of 186.68 ug CE/g of oil was observed
in STD 7 (size of the restriction die: 1 cm; temperature: 60 °C; and duration of dry heat
time: 30 min). The NO scavenging activity of the CSO samples of STD 7 did not differ
significantly from that of the other STDs (Figure 7C).
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Figure 7. Cont.
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Figure 7. Antioxidant capacity of CSO: (A) ABTS, (B) DPPH, and (C) NO radical scavenging assays.
a—d: Significant differences (p < 0.05) between the standard runs.

4. Discussion

Previous studies reported the influence of several factors in CSO extraction and its
quality. Fernandes et al. (2012) reported the influence of different methods on the yield
of CSO. The cold solvent, pressing, and supercritical CO, methods yielded 19.28 &+ 0.74,
20.01 £ 0.95, and 24.64% of oil, respectively [20]. Similarly, the effects of different extrac-
tion methods (solvent extraction, Soxhlet extraction, and screw-pressing methods) were
reported. The results showed that solvent extraction was the optimal method for high-
quality oil extraction [21]. Maximum (92.8%) oil yield was obtained from Mexican chia
seed using the supercritical CO, method (with a pressure of 450 bar and extraction time of
300 min) [22]. Uribe et al. (2011) reported that high oil yield was obtained from chia seeds
via the supercritical CO, method (at a pressure of 408 bar and temperature of 80 °C). The
study stated that pressure had a greater influence on oil yield [23]. The type of solvents
and solvent and seed ratio affected the yield of CSO [24].

The optimal conditions to extract the maximum residual oil from partially defatted
chia flour were 10.2% moisture content and a 58.5 °C pressing temperature [25]. Ghafoor
et al. (2020) reported that roasting temperature affects the yield of CSO. Maximum oil
was extracted from chia seeds roasted at a high temperature (180 °C) [2]. Martinez et al.
(2012) [11] discovered that seed moisture and pressing speed affected oil yield when using
a Komet screw press but that the pressing temperature and restriction die had no effect.
Chia seed by-products (chia seed meal and fibrous fractions) subjected to the pressing
extraction method produced a high yield of residual o0il [26]. The maximum yield (30.15%)
of CSO was observed with the following conditions: size of the restriction die: 1.2 cm;
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temperature: 50 °C; and duration of dry heat exposure at 100 °C: 15 min (Table 2). The
size of the restriction die, temperature, and duration of dry heat exposure had no effect
on the yield, while the interaction and quadratic model influenced the yield (Figure 2).
Additionally, the moisture content of the chia seed did not affect the CSO yield.

Martinez-Cruz and Paredes-Lopez (2014) [7] reported on chia seed extract (from chia
powder) containing 1.63 mg GAE/g of chia seed and revealed that the primary phenolic
compounds were rosmarinic, protocatechuic, caffeic, and gallic acids and daidzin. Chia
seeds roasted at different temperatures were subjected to oil extraction. The TPC of CSO
varied depending on the roasting temperature. TPC was found to be decreased in samples
undergoing high-temperature roasting [2]. The TPC of roasted CSO was lower than that of
non-roasted oil, although cold-press extraction was not different from Soxhlet extraction
in terms of TPC [27]. However, Ixtaina et al. (2011) reported that total polyphenolic
compounds were higher in CSO extracted using the pressing method than those obtained
via the solvent extraction method [3]. The size of the restriction did not affect the TPC of
CSO. The increase in the duration of dry heat exposure reduced the TPC of CSO, indicating
that prolonged heat exposure might degrade the phytocompounds in the oil. Pressing
temperature also affected the TPC (Figure 3). The experimental data revealed that maximum
TPC was observed in one of the center-point STDs. In detail, the restriction die size (1.2 cm),
temperature (50), and duration of dry heat treatment (15 min) aided in producing CSO
with a TPC of 2.86 ug GAE/g of oil (Table 2).

The breakdown of triacylglycerol could contribute to an increase in the total acidity of
CSO [2]. CSO had higher acid values when extracted with a solvent (using a Soxhlet appa-
ratus and thermal cycles at 80 °C for 8 h) than when extracted via pressing (using a Komet
screw press at 25 to 30 °C) [3]. This result could be explained by the fact that heating causes
oil oxidation, which raises the acid value. The results demonstrated that high temperatures
influenced the acid values. Acid values of CSO extracted by the cold solvent, pressing,
and supercritical methods were 1.13 + 0.21, 1.18 & 0.06, and 1.41 & 0.46 mg KOH/g oil,
respectively [20]. However, in the present study, none of the samples exceeded the upper
limit of the acid value (4 mg KOH/g of oil) established by the Thai community product
standards (Thailand Ministry of Public Health (No. 421), B.E. 2564 Issued under the Food
Act B.E. 2522 on oils and fats) (Table 2). RSM prediction showed that a low temperature,
lowered restriction die size, and high dry heat exposure time (i.e., low moisture content)
aided in the extraction of CSO with a lower acid value (Figure 4). The experimental data
indicated that die size (1 or 1.4 cm), temperature (50 or 60), and dry heat time (15 or 30 min)
produced CSO with 0.80 mg KOH/g of oil (Table 2).

According to the study on oil quality, the peroxide value trends for canola, corn,
and sunflower oils fluctuate. This fluctuation is caused by the primary oxidation prod-
ucts of lipid oxidation and hydroperoxides, which are formed from unsaturated fatty
acids. The initial increase in the peroxide value demonstrated a larger concentration of
hydroperoxides. However, the peroxide value was reduced in the secondary oxidation
products [28,29]. The peroxide values of oil decreased with an increase in temperature
under microwave treatments [30]. According to Ghafoor et al. (2020) [2], increasing the
roasting temperature led to a rise in the peroxide values of CSO from 3.21 meqO,/kg
(control) to 18.42 meqO2/kg (180 °C). Peroxide content was used to estimate the degree
of oxidation of edible oils. Applying heat during chia seed roasting may influence the
oxidation reaction, thus increasing the peroxide index of CSO [2]. CSO extracted from pre-
treated (water boiling, microwave roasting, oven drying, and autoclaving) chia seeds with
pressing methods presented peroxide values ranging from 0.69 to 2.67 mEq/Kg o0il [12]. The
peroxide index values of CSO ranged from 3.12 to 8.08 mEq/Kg of oil (Table 2), which were
higher than the values previously reported [31]. These changes may be associated with the
cultivar of chia and processing conditions. The peroxide values of CSO extracted using the
cold solvent, pressing, and supercritical methods were 0, 10.98 £ 0.61, and 0.37 meq O, /Kg
oil, respectively [20], indicating that CSO extracted via pressing had a higher peroxide



Appl. Sci. 2023, 13, 6600

17 of 20

value. These results indicated that the extraction methods greatly influenced the quality
of CSO.

However, further comparative studies are required to confirm the above statement. In
the present study, none of the samples exceeded the upper limit of the peroxide index value
(10.0 mEq active oxygen/kg oil) established by the Thai community product standards
(Thailand Ministry of Public Health (No. 421), B.E. 2564, issued under the Food Act B.E.
2522 on oils and fats) (Table 2). Additionally, the RSM prediction showed that a high
temperature would aid in the extraction of CSO with a lower peroxide value. The moisture
content of the seed also affected the peroxide value, while the size of the restriction die
had no effect on the peroxide value (Figure 5). The experimental data indicated that a die
size of 1.2 cm, a temperature of 50 °C, and no dry heat treatment helped extract CSO with
3.12 mEq/Kg of oil (Table 2).

The restriction die and temperature significantly affected the pressing time (Figure 5).
The pressing time increased as the size of the restriction die was raised, while the pressing
time decreased as the temperature was raised. Because of insufficient friction during
pressing, high seed moisture content resulted in poor oil recovery. This effect could be
attributed to the development of an external gelatinous structure with water-retaining
properties [11]. According to Santoso and Inggrid (2014) [32], the average oil yield increases
as pressing time increases. In the present study, the RSM prediction demonstrated that
a reduced size of the restriction die (1 cm), no dry heat exposure, and high temperature
might reduce the pressing time needed for CSO extraction (Figure 6). The experimental
data also demonstrated the above statement (Table 2).

Several studies have indicated that Mexican CSO extracted via solvent and supercrit-
ical CO, methods is rich in «-linolenic acid, linoleic acid, palmitic acid, oleic acid, and
stearic acid [22,23,33]. Fernandes et al. (2019) revealed that Brazilian CSO extracted via dif-
ferent extraction methods (cold solvent, pressing, and supercritical CO,) also showed high
a-linolenic acid content, followed by linoleic and oleic acids and saturated fatty acids [20].
Chilean CSO contains about 62.8% «-linolenic acid; other fatty acids include linoleic, oleic,
palmitic, and stearic acids [31]. The present study also revealed that Thai CSO had a high
content of x-linolenic acid, followed by linoleic acid, palmitic acid, oleic acid, stearic acid,
eicosenoic acid, palmitoleic acid, and myristic acid (Table 6), indicating that the fatty acid
profile of Thai CSO was also like that in the previous report.

Compared to the other oils (sunflower, safflower, canola, and soybean oil), CSO pre-
sented the lowest DPPH and ABTS radical scavenging capabilities [33,34]. The composition
and proportion of fatty acids, including myristic, palmitic, palmitoleic, stearic, oleic, linoleic,
linolenic, behenic, arachidonic, lignoceric, trianoic, and arachidic acids [2,3,11,27,33,35],
as well as tocopherols and phenolic compounds, in CSO may affect its NO scavenging
activities. Roasting harmed the TPC and antioxidant activity of CSO, as these properties
were significantly lower in oil extracted from roasted chia seeds using the Soxhlet and cold-
press extraction methods compared to non-roasted seeds, which could be attributed to the
degradation or polymerization of phytocompounds during thermal treatments [27]. CSO
extracted through solvent extraction (rn-hexane) had an antioxidant activity of 33.94 ICsg
mg/mL (DPPH assay) and 28.51 ICy5 mg/mL (ABTS assay) [33]. Our data also revealed
that avoiding dry heat treatment produced high-quality CSO in terms of ABTS, DPPH, and
NO radical scavenging activities. Additionally, pressing temperature affected the ABTS
and DPPH values of CSO (Figure 7).

The literature revealed that the seed cultivar; extraction methods; extraction conditions
such as pretreatments, temperature, and pressure; and seed physical conditions such as
moisture influenced the yield and quality of CSO. The quality and quantity of oil extracted
by the solvent or through physical methods varied. Thus, the results are inconsistent, and a
single optimal condition to achieve high-quality CSO has yet to be determined. However,
the results suggest that edible oil could be stored with natural antioxidants to prevent
oxidation and reduce acid and peroxide values.
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5. Conclusions

This study reported the influence of the restriction die size, temperature, and dry heat
exposure time on the quantity and quality of Thai CSO. The restriction die size of 1 cm,
pressing temperature of 53 °C, and absence of dry heat were the optimal conditions for
extracting the desired quality of CSO, according to the predicted RSM model. The result
showed that the average yield, TPC, acid value, peroxide value, and pressing time were
29.47%, 2.20 ng GAE/g of oil, 0.96 mg KOH/g of oil, 2.87 mEq/Kg of oil, and 45.10 min,
respectively. The size of the restriction die influenced the extraction time and acid value of
CSO. The pressing temperature affected the extraction time, acid and peroxide values, and
TPC of CSO. The duration of dry heat exposure affected the TPC and peroxide value of CSO.
The fatty acid composition did not change significantly between the predicted and real-time
experimental setup. The fatty acid composition of Thai CSO was comparable to that of
previously reported studies. The results obtained from the present study demonstrated that
chia seeds contain several phytochemicals, some of which are sensitive to heat treatment
and thus require proper attention when selecting a processing technique. Further studies
are required to confirm these findings and evaluate other parameters influencing CSO
quality and quantity.
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