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Abstract: The factors affecting the efficiency of micelle-mediated extraction of phenolic compounds
from apple pomace was investigated. Higher extraction efficiency by using as a solvent an aqueous
solution of Tween 80 in comparison to Triton X-100, Span 20, Tween 20, 70% ethanol, and water was
shown. Four independent variables (Tween 80 concentration, time, solvent-to material ratio, and pH)
to enhance the recovery of polyphenols from apple pomace was investigated. Applying response
surface methodology, the second order polynomial regression equation showing dependence of the
yield of polyphenols on the extraction parameters was derived. The adjusted regression coefficient
(R2 = 98.73%) and the lack-of-fit test (p > 0.05) showed a good accuracy of the developed model.
The difference between observed and predicted values was no more than 3%. The optimal extraction
conditions were found to be Tween 80 concentration of 1.14%, time of 65 min, solvent-to-material
ratio of 104 mL g−1, pH of 3.8. Under optimal conditions the predicted total phenolic compounds
content was 7.75 mg g−1. The obtained apple pomace extracts were characterized in terms of their
antioxidant activity. The proposed extraction technology by using Tween 80 aqueous solution as a
solvent allows obtaining the extracts with high content of polyphenols which are suitable for the
applications in food, cosmetic, and pharmaceutical products requiring a surfactant to stabilize them.

Keywords: surfactant; extraction; apple pomace; phenolic compounds; response surface
methodology; antioxidants

1. Introduction

Apples are one of the most consumed fruits worldwide and are among the other the major source
of bioactive compounds, such as flavonoids, phenolic acids, carotenoids, minerals, and vitamins with
various health benefits [1]. Approximately 70 million tons of apples are produced worldwide [2].
A significant amount (around 30%) of this fruit is industrially processed, mainly to produce juices.
During this process, a large volume of solid residues accumulates, comprised mainly of peels, seeds,
and pulp, which are collectively known as ‘apple pomace’, account for approximately 25–30% of the
weight of the original fresh fruit [3]. The use of these wastes for production of high value bioproducts
is economically as well as environmental important. Nowadays, various options for using apple
pomace are being developed. For example, apple pomace can be used as substrates for the microbial
production of carboxylic acids, enzymes, biofuels, biopolymers, and for the direct extraction of bioactive
compounds, such as phenolic compounds with antioxidant properties [4–6].

The composition of apple pomace greatly varies depending on the apple cultivar, the conditions
for their cultivation and the technological conditions for their processing. However, most compounds
in apples remain in the apple pomace including dietary fibers, starch, glucose, fructose, sucrose,
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triterpenoids, malic acid, polyphenols, vitamins, amino acids, macro- and microelements [7].
The polyphenols from apple pomace are being the most studied and best-known due to their
human health beneficial effects.

Polyphenols in apple pomace include flavan-3-ols such as (−)-epicatechin, (+)-catechin, and their
polymers defined as procyanidins, flavonols (quercetin glycosylated derivatives), dihydrochalcones
(phloretin glucosides) and hydroxycinnamic acids (mainly caffeoylquinic acids, chlorogenic acid, and
p-coumaroylquinic acid) [8,9]. Due to the presence of phenolics apple pomace shows strong antioxidant
and has been linked to the prevention of several diseases. It has been reported that phenolics rich extract
of pomace exhibit anticarcinogenic activity by preventing colon cancer [10], anti-inflammatory [11],
antimicrobial [12], antiviral [13], and hepatoprotective [14] activities.

Polyphenols are predominantly located in the skin of apple and, therefore, most polyphenols
remain in the pomace [15]. To obtain phenolic compounds from apple pomace, various extraction
methods are described including so-called conventional methods—solid-liquid extraction by
maceration, stirring, shaking [16–18], and modern green extraction techniques—ultrasound-assisted
extraction [19,20], microwave-assisted extraction [20,21], supercritical fluid extraction [2,22].

However, the implementation process of green extraction on an industrial scale consists of
three tiers related to the optimization of process variables: raw materials, energy, and solvent
consumption [23]. As indicated above, apple pomace satisfies the first requirement and is a suitable
raw material for the extraction of polyphenols. Regarding the second tier, despite all the advantages
of microwave- and ultrasound-assisted extraction, they require additionally equipment costs and
energy by the implementation of these extraction techniques on an industrial scale. In this connection,
the exploration of new alternatives to conventional solvents seems to be very important component
in the development of green technologies. Among the possible alternatives surfactants, especially
neutral (nonionic or anionic/cationic systems), are of great interest due to their chemical and physical
properties. In several studies, it has been reported that using surfactant leads to increased efficiency
of extraction of different biological active compounds, including polyphenols, from plant-based raw
materials [24–27].

In study by Malinowska et al. [1] was shown that water solution of surfactant could be used to
isolate polyphenols from apple pomace. However to the best of our knowledge the study of optimal
parameters for micelle-assisted extraction of phenolic compounds from apple pomace was never done
before. In this case, the purpose of present study was to evaluate the best surfactant as solvent for
the extraction of polyphenols from apple pomace and the optimal parameters of extraction using
surface response methodology. Moreover, the extracts obtained under optimum conditions were also
investigated for their antioxidant properties.

2. Materials and Methods

2.1. Reagents, Chemicals, and Solvents

The surfactants including Triton X-100, Span 20, Tween 20, Tween 80, as well as Folin-Ciocalteu
reagent, gallic acid, sodium carbonate, Trolox, 1,1-diphenyl-2-picrylhydrazyl radical (DPPH),
2,2’azinobis(3)ethylbenzthiazoline-6-sulfonic acid (ABTS), 2,4,6-tripyridyls-triazine (TPTZ) were
purchased from Sigma–Aldrich (Steinheim, Germany). All other reagents and solvents were analytical
grade from Vecton (Saint Petersburg, Russia).

2.2. Materials

In this study apple pomace from apple (Malus domestica Borkh. fruit cv. “Champion”, cv. “Ligol”,
cv. “Imant”, cv. “Gloster”, cv. “Jonagored”) cultivated in Kaliningrad region (Russia) was used.
Directly after juice production, obtained byproduct was dried at 60 ◦C up to constant weight. Dried
apple pomace was ground using a mortar, sieved (1 mm), and stored in a refrigerator at −20 ◦C until
extraction procedures and analyses.
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2.3. Extraction Procedure

Test tubes with accurately weighed dried apple pomace powder (200 mg) had surfactants added
as solvents with a required volume (8–24 mL), concentration (0.1–1.9%), and pH-value. In control
treatments, distilled water and 70% ethanol/water solution as solvent was used. The pH-values of
solvents (2.0, 4.0, 6.0) was adjusted with HCl solution and controlled on initial stage of extraction
process at room temperature using a pH-meter S47 SevenMulti (Mettler Toledo, Zurich, Switzerland).
The extraction was performed for a strictly defined time (from 40 to 80 min) with constant stirring
using an automatic rotator Multi Bio RS-24 (Biosan, Riga, Latvia). The combinations of extraction
parameters described below (Table 1). After extraction, the mixture was centrifuged at 6000× g for
30 min, and collected supernatant was used for total phenolic content and antioxidant activity analysis.

2.4. Determination of Total Phenolic Content (TPC)

Total polyphenol content in apple pomace extracts was determined with Folin–Ciocalteu
method [1]. 5 mL of Folin–Ciocalteu reagent solution was added to 1 mL of analyzed extract sample.
After 4 min 4 mL of 7.5% (m/m) sodium bicarbonate solution was added and the mixture was stored
for 2 h in a dark place. After centrifugation (4500× g, 20 min) the supernatant absorbance values
were measured at 765 nm (UV-3600, Shimadzu, Kyoto, Japan). TPC was expressed as mg gallic acid
equivalent per gram dry weight.

2.5. Experimental Design

For the optimization experiments, apple pomace from apple cv. “Champion” was used. Before the
optimization of extraction parameters using response surface methodology the appropriate surfactant
for extraction of phenolic compounds was determined. Based on previously published data [26,28,29]
four non-ionic surfactants (Triton X-100, Span 20, Tween 20, and Tween 80) in 1% concentration was
more effective for the extraction of polyphenols and least hazardous for humans and the environment.
For the control, distilled water and 70% ethanol we used is the most commonly used solvent for
phenolic compound extraction. Since the highest yield of phenolic compounds was observed using
Tween 80 (Figure 1), further experiments were carried out with Tween 80 as a solvent.

A Box–Behnken design (BBD) was used to evaluate the effect of the combinations of four
independent variables (pH, time, surfactant concentration, and solvent-to-material (SM) ratio) in the
extraction of phenolic compounds from apple pomace. The different variables such as type of solvents,
temperature, extraction time, solvent-to-material ratio, pH, etc. are known to affect extraction yield of
polyphenols [30]. Therefore, all of these variables, with the exception of temperature, were selected for
the present study. In order to study the efficiency of the extraction of polyphenols without additional
heating, the temperature was not included in the list of variables. The experiments were carried out at
ambient temperature. Proper ranges of extraction factors were preliminarily determined on the basis
of one-factor-at-a-time experiments (data shown in Appendix A, Figures A1–A4). The input variables
and their levels of the BBD are given in Table 1.

Table 1. Levels of variables for the experimental design.

Symbols Independent Variables
Levels

−1 0 +1

X1 Surfactant concentration, % 0.1 1.0 1.9
X2 Time, min 40 60 80
X3 Solvent-to-material (SM) ratio, mL g−1 40 80 120
X4 pH 2.0 4.0 6.0

The response variable was total phenolic content. The experimental design consists of
27 experiments with three center points for each of the three replicates. Each set of replicates
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was put in separate block. Experiments within the block were performed randomized in order to
minimize the effects of unexplained variability in the observed responses due to extraneous factors.

A second-order polynomial equation (Equation (1)) was used to fit the experimental data.
The general form of mathematical quadratic response equation was given as

Y = β0 +
k∑

i=1

βiXi +
k∑

i=1

βiiXii +
k∑

i=1

k∑
j=i+1

βi jXi j (1)

where Y indicates the response i.e., TPC; β0 denotes the model intercept; βi, βii, and βij represent
the coefficients of the linear, quadratic, and interactive effect, respectively; Xi, and Xj are the coded
independent variables; and k is equal to the number of the tested factors (k = 4 in this study).

2.6. Validation of the Optimized Conditions

To determine the validity of the optimized conditions, triplicate experiments were performed
under the optimal conditions. The average value of the experiments was compared with the predicted
values of the optimized conditions and find out the accuracy and suitability of the optimized conditions.

2.7. Determination of Antioxidant Activity

The optimized extract conditions were applied to obtain extracts from apple pomace of different
apple varieties (“Champion”, “Ligol”, “Imant”, “Gloster”, and “Jonagored”). In the extracts besides,
the total phenolic compounds content, measured as described above, the total antioxidant activity
was determined.

The total antioxidant activity of extracts was measured using three assays (DPPH, ABTS, and
FRAP). The first two based on reaction the antioxidants with 1,1-diphenyl-2-picrylhydrazyl and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid respectively. The third indicates the ability of
antioxidant to reduce ferric ions. The detailed protocols of analysis were reported previously by
authors [31]. Briefly, for the DPPH-assay 30–100 µL of investigated extract was added to 2.85 mL of
0.1 mM DPPH-solution. The reduction of absorbance was measured at 515 nm after 30 min incubation
of reaction mixture at room temperature in darkness. For the ABTS-assay, 2.85 mL of ABTS+ solution
was mixed with 150 µL of obtained extracts. ABTS radical was generated by mixing aliquot parts of
7.0 mM ABTS-solution and 2.45 mM potassium persulfate solution. After exactly 15 min the absorbance
of reaction mixture was measured at 734 nm. In the FRAP-assay, the reaction was started by mixing
3.0 mL of FRAP reagent with 100 µL of investigated extract. The FRAP reagent was freshly prepared
by mixing 10 parts of 0.3 M acetate buffer (pH 3.6), 1 part of 10 mM 2,4,6-tripyridyl-triazine (TPTZ)
in 40 mM HCl, and 1 part of 20 mM FeCl3 × 6H2O in dH2O. After 10 min incubation at 37 ◦C in
darkness, the absorbance was measured at 593 nm. The absorbance in all assays was measured by
using a UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan). As a blank solution in DPPH-, ABTS-
and FRAP-assays a mixture containing the appropriate reagent and 1% surfactant solution was used
instead of extract. The antioxidant activity was expressed as mg Trolox equivalents (TE) per gram dry
weight of apple pomace. The antioxidant activity was expressed as mg Trolox equivalents (TE) per
gram dry weight of apple pomace.

2.8. Statistical Analysis

All experiments were performed in three replicates. The results of analyses were reported as
mean ± standard deviation (SD). Statistical comparisons were performed using the Tukey’s multiple
comparison test. Differences were considered significant at p ≤ 0.05. The Tukey’s test and graphs with
means and SD were performed using OriginPro 2019b (OriginLab Corporation, Northampton, MA,
USA). Box–Behnken experimental design and data analyzing using response surface methodology
were performed in Minitab 18 (MINITAB Inc., State College, PA, USA).
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3. Results

3.1. Selection of Extraction Solvent

In this study, four 1% water solutions of surfactants, namely of Triton X-100, Span 20, Tween 20,
and Tween 80, and distilled H2O and 70% EtOH were used in a one-factor-at-a-time (OFAT) approach.
This method of designing experiments involving the testing of factors one at a time instead of multiple
factors simultaneously, to investigate extraction efficiency was applied. As shown in Figure 1, Tween
80 achieved the highest yield of phenolic compounds and was selected as the extraction solvent for
subsequent work.
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Figure 1. The impact of different types of solvents on phenolic compounds extraction from apple
pomace. Extraction parameters: time—60 min, surfactant concentration—1%, solvent-to material ratio
—80 mL g−1, pH—4. Different lower case letters indicate significant differences among solvents (p≤ 0.05)
based on post hoc Tukey’s test.

3.2. Box–Behnken Design Results

To identify the effects of process variables on the extraction of phenolic compounds from
apple pomace, the three-level Box–Behnken design was conducted using four variables (surfactant
concentration ratio, extraction time, solvent-to-material ratio, and pH). The various combinations of
uncoded experimental conditions with their respective experimental observed data (mean from three
replicates), the predicted values from the mathematical model, and residual and percentage errors are
presented in Table 2. The total phenolic content was in range from 3.70 ± 0.03 mg g−1 (C(Tween 80)
1.0%, time 40 min, SM ratio 40 mL g−1, pH 4) to 7.42 ± 0.04 mg g−1 (C(Tween 80) 1.0%, time 60 min,
SM ratio 80 mL g−1, pH 4). The difference between observed and predicted values was no more than
3%.
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Table 2. Box–Behnken design with observed experimental and predicted data.

Run
Order

Surfactant
Concentration, % (X1)

Time,
min (X2)

SM Ratio,
mL g−1 (X3) pH (X4)

TPC 1, mg g−1 Residual
Error

Error, %
Observed 2 Predicted

1 1.9 80 80 4 6.25 ± 0.04 6.17 0.08 1.30
2 1.0 40 40 4 3.70 ± 0.03 3.75 −0.05 1.43
3 1.0 80 120 4 6.94 ± 0.11 6.89 0.05 0.69
4 1.0 60 80 4 7.30 ± 0.01 7.35 −0.05 0.73
5 1.9 60 40 4 4.55 ± 0.06 4.45 0.10 2.23
6 0.1 80 80 4 5.05 ± 0.05 5.15 −0.11 2.12
7 1.0 60 80 4 7.34 ± 0.05 7.35 −0.01 0.18
8 1.0 40 80 6 4.72 ± 0.03 4.84 −0.12 2.55
9 1.0 40 80 2 5.29 ± 0.08 5.25 0.03 0.65

10 1.0 60 80 4 7.42 ± 0.04 7.35 0.07 0.90
11 1.9 60 80 2 6.03 ± 0.05 6.13 −0.10 1.58
12 0.1 60 80 2 5.24 ± 0.02 5.10 0.14 2.59
13 1.0 60 120 2 6.82 ± 0.08 6.90 −0.08 1.19
14 0.1 60 40 4 4.19 ± 0.02 4.13 0.06 1.40
15 1.9 40 80 4 4.71 ± 0.07 4.59 0.12 2.53
16 1.0 60 40 2 4.69 ± 0.04 4.80 −0.11 2.28
17 0.1 60 120 4 6.04 ± 0.04 6.15 −0.11 1.80
18 1.0 80 80 2 6.17 ± 0.04 6.06 0.11 1.83
19 1.0 60 120 6 6.83 ± 0.03 6.71 0.12 1.74
20 1.0 80 40 4 4.81 ± 0.05 4.90 −0.09 1.95
21 1.0 80 80 6 5.99 ± 0.12 6.03 −0.04 0.70
22 1.9 60 120 4 6.63 ± 0.13 6.70 −0.07 1.00
23 1.0 60 40 6 4.64 ± 0.04 4.54 0.09 2.01
24 1.9 60 80 6 5.18 ± 0.03 5.32 −0.14 2.71
25 1.0 40 120 4 6.13 ± 0.03 6.04 0.09 1.45
26 0.1 60 80 6 5.56 ± 0.06 5.47 0.09 1.63
27 0.1 40 80 4 4.67 ± 0.14 4.74 −0.07 1.49

1 TPC—Total Phenolic Content. 2 Mean values of replicates (n = 3) ± SD.

3.3. Fitting of Second Order Polynomial Equation

Applying response surface methodology, the regression equation (Equation (2)) for total phenolic
content is expressed as

TPC = −13.143 + 2.54·X1 + 0.329·X2 + 0.118·X3 + 1.406·X4 − 1.374·X1·X1 − 0.00268·X2·X2

− 0.000550·X3·X3 − 0.182·X4·X4 + 0.0162·X1·X2 + 0.00162·X1·X3 − 0.163·X1·X4 −

0.000094·X2·X3 + 0.0024·X2·X4 + 0.000219·X3·X4

(2)

The equation was averaged over blocks of replicates (n = 3) and presented in uncoded units.

3.4. Statistical Analysis and Estimation of Adequacy of the Developed Model

The experimental data was analyzed by analysis of variance (ANOVA) and the significance of the
regression coefficients were evaluated by their corresponding p-values. The results of this analysis
are presented in Table 3. The model F-value of 390.06 and p-value of less than 0.0001 indicated that
the model was significant. There was no significant difference (p > 0.05) between blocks of replicates,
which indicates that all three data replicates belong to the same sample and can be averaged.

From the p-values of each model terms, it could be concluded that four linear coefficients (X1,
X2, X3 and X4), all quadratic coefficients (X1X1, X2X2, X3X3, X4X4) and four interactive coefficients
(X1X2, X1X4, X2X3, and X2X4) were significant and indicate the presence of the interaction effects of the
studied variables.
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Table 3. Analysis of variance for the response surface model of the independent variables of
micelle-mediated extraction of total phenolic compounds from apple pomace.

Source DF 1 Adj SS Contribution, % Adj MS F-Value p-Value

Model 16 85.6364 98.98 5.3523 390.06 0.000
Blocks 2 0.0131 0.02 0.0066 0.48 0.622
Linear 4 52.2353 60.38 13.0588 951.70 0.000

X1 1 1.7096 1.98 1.7096 124.59 0.000
X2 1 8.9700 10.37 8.9700 653.72 0.000
X3 1 41.1202 47.53 41.1202 2996.76 0.000
X4 1 0.4356 0.50 0.4356 31.75 0.003

Quadratic 4 31.1145 35.96 7.7786 566.89 0.000
X1·X1 1 19.8248 7.68 19.8248 1444.79 0.000
X2·X2 1 18.4327 9.99 18.4327 1343.34 0.000
X3·X3 1 12.4080 8.45 12.4080 904.27 0.000
X4·X4 1 8.5167 9.84 8.5167 620.68 0.000

Two-Way Interaction 6 2.2734 2.63 0.3789 27.61 0.001
X1·X2 1 1.0179 1.18 1.0179 74.18 0.000
X1·X3 1 0.0408 0.05 0.0408 2.98 0.089
X1·X4 1 1.0325 1.19 1.0325 75.25 0.000
X2·X3 1 0.0683 0.08 0.0683 4.97 0.029
X2·X4 1 0.1102 0.13 0.1102 8.03 0.006
X3·X4 1 0.0037 0.00 0.0037 0.27 0.607
Error 64 0.8782 1.02 0.0137

Lack-of-Fit 58 0.8532 0.99 0.0147 3.54 0.057
Pure Error 6 0.0249 0.03 0.0042

Total 80 86.5146 100.00
R2 = 98.98%

R2(adj) = 98.73%
R2(pred) = 98.35%

1 DF—degree of freedom, Adj SS—Adjusted sum of squares, Adj MS—Adjusted mean square.

Based on the sum of squares obtained from the ANOVA, the percentage contributions for each
individual process variables were calculated. The linear terms showed the highest level of contribution
(60.38%) on the phenolic compounds extraction compared with the other terms quadratic (35.96%) and
two-way interactive (2.63%).

The lack-of-fit test (p > 0.05) showed that no inadequacy was detected and the model adequately
describes the functional relationship between the experimental factors and the response variable [32].

Determination coefficients (R2), adjusted R2 (R2(adj)), and predicted R2 (R2(pred)) was calculated
to check the goodness of the fit of the model. The determination value of the quadratic regression model
coefficient (R2) was 98.98%, indicating that only about 1% of the total variations was not explained by
the model. The value of R2(adj) was also high and supported a high correlation between the observed
and the predicted value. R2(pred) is a measure of how good the model predicts a response value.
The R2(adj) and R2(pred) should be within approximately 0.20 (or 20%) of each other to be in reasonable
agreement. If they are not, there may be a problem with either the data or the model [33]. In this study,
the value of R2(pred) was also high (98.35%) and in reasonable agreement with the R2(adj).

Some diagnostic plots for the assessment the adequacy of the model were constructed. Figure 2a
represents normal probability plot of residuals. The normal probability plot of the residuals should
approximately follow a straight line. In this study, the inverted S-curve implying a distribution
with long tails was detected. However, no outliers were observed and all points are distributed
symmetrically and within the range ± 2SD. Because of nonnormal pattern in normal probability plot
the other residual plots to check adequacy of the model were constructed. In Figure 2b,c, the plots of
residuals against fitted values and against run order are presented respectively. In these plots, the data
points fallen randomly on both sides of 0, with no recognizable patterns. These results indicate that the
residuals are independent from one another, randomly distributed and have constant variance.
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Figure 2. Model adequacy diagnostic plots: normal probability plot of residuals (a), plot of residuals against fitted values (b), plot of residuals against run order (c),
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The data points on plot of predicted values against observed values (Figure 2d) lie close to the
straight line which indicates an adequate agreement between real experimental data and the data
obtained from the developed mathematical model. The residuals for the prediction of the responses
are less than 5%. Thus the results obtained from model adequacy diagnostic plots suggested that the
developed model was suitable to identify effects of process conditions for total phenolic compounds
from apple pomace.

3.5. Influence of Process Variables

To investigate the interactive effects of process variables on the total phenolic compounds extraction
from apple pomace, three-dimensional surface plots were constructed according to Equation (2).
Figure 3 showed the effect of Tween 80 concentration, time, solid-to-materials ratio, pH, and their
mutual interaction on TPC value in obtained extracts.
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Figure 3. Response surface plots (a–f) showing effect of Tween 80 concentration, time, solid-to-material
(SM) ratio, and pH on extraction of phenolic compounds from apple pomace.

The Figure 3a–c indicate that concentration of Tween 80 had a positive linear effect and negative
quadratic effect on efficiency of extraction of phenolic compounds from apple pomace. The highest
TPC values were obtained in the midpoint. An increase in Tween 80 concentration up to 1.0% increased
the extraction of phenolic compounds but further increase in surfactant concentration did not lead to
the enhancement of the yield of phenolic compounds. The acidity of extraction mixture also had a
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similar effect. As shown in Figure 3c,e,f the maximum yield of total phenolic compounds was observed
in midpoint at a pH of 4. The TPC value in studied extracts was increased when extraction time was
increased from 40 to 65 min but slowly decreases, when the duration continued (Figure 3a,d,e) to
be extended with higher concentration of Tween 80 (Figure 3a). According to the ANOVA results,
the most influential factor on the extraction process in this study was the solvent-to-material ratio.
The percentage contribution of this process variable was 47.53% in linear model (Table 3). An increase
in SM ratio increased the extraction of phenolic compounds (Figure 3b,d,f). After reaching the SM
ratio of about 100 mL g−1, a slight decrease in the yield of phenolic compounds was observed.

3.6. Determination of Optimum Conditions and Model Validation

The optimal extraction parameters were found by using optimization choice in Minitab software
to maximize the response. The parameters are presented in Table 4. Under optimal conditions the
predicted TPC-value was 7.75 mg g−1. Triplicate experiments were carried out under the optimized
conditions and mean value of experimental results was 7.68 ± 0.24 mg g−1. No significant difference
(p > 0.05) was estimated between the experimental and predicted value that proved a good predictive
capacity of mathematical model and suitability of this model for optimizing the micelle-mediated
extraction of phenolic compounds from apple pomace.

Table 4. Optimal parameters for maximum extraction yield of phenolic compounds from apple pomace.

Levels C (Tween 80), % Time, min SM Ratio, mL g−1 pH

High 1.90 80.0 120.0 6.0
Optimal 1.14 64.6 103.8 3.8

Low 0.10 40.0 40.0 2.0

Optimization plots
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3.7. Determination of Total Phenolic Content and Antioxidant Activity of Optimized Extracts

Under optimized extraction condition the extracts from pomace of different apple varieties
were obtained. The total phenolic compounds content and antioxidant activity of these extracts were
evaluated. The results of analysis are presented in Table 5. TPC-values were in range from 6.85
to 10.23 mg g−1 in depending of variety. The data recorded on antioxidant activity support the
trend established for TPC. In general, extracts with a higher content of phenolic compounds were
characterized by higher values of antioxidant activity regardless of the assay for its determination.
The antioxidant activity values were in ranges from 4.36 to 6.48 mg TE g−1, from 8.26 to 15.23 mg TE
g−1, from 2.42 to 4.52 mg TE g−1 determined according to DPPH, ABTS, and FRAP assays respectively.
The highest antioxidant activity was established for extracts from pomace of “Gloster” and “Jonagored”
apples. For all studied apple varieties by using Tween 80 as extraction solvent the yield of polyphenols
was in 1.5–2.2 times higher compared to ethanol. The data recorded on antioxidant activity support
the trend established for TPC.
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Table 5. Total phenolic content and antioxidant activity of optimized extracts of pomace from different apple varieties

Apple Varieties
TPC, mg g−1

Antioxidant Activity, mg TE g−1

DPPH 1 ABTS FRAP

Ethanol 2 Tween 80 Ethanol Tween 80 Ethanol Tween 80 Ethanol Tween 80

“Champion” 3.42 ± 0.04 c 3 7.68 ± 0.24 c * 2.97 ± 0.10 d 5.12 ± 0.14 b * 6.53 ± 0.23 bc 10.12 ± 0.34 c * 1.27 ± 0.09 c 2.63 ± 0.10 c *
“Ligol” 4.48 ± 0.11 b 8.12 ± 0.29 c * 3.24 ± 0.09 c 5.21 ± 0.18 b * 6.42 ± 0.24 c 9.03 ± 0.21 d * 1.68 ± 0.04 b 3.12 ± 0.15 b *
“Imant” 3.12 ± 0.09 d 6.85 ± 0.19 d * 1.92 ± 0.07 e 4.36 ± 0.12 c * 5.98 ± 0.19 d 8.26 ± 0.26 d * 1.12 ± 0.06 c 2.42 ± 0.09 c *

“Gloster” 5.98 ± 0.12 a 10.23 ± 0.32 a * 3.86 ± 0.10 a 6.23 ± 0.23 a * 7.25 ± 0.31 a 15.23 ± 0.42 a * 2.13 ± 0.08 a 4.52 ± 0.18 a *
“Jonagored” 6.09 ± 0.21 a 9.26 ± 0.23 b * 3.64 ± 0.11 b 6.48 ± 0.31 a * 6.84 ± 0.27 b 11.26 ± 0.38 b * 2.21 ± 0.07 a 4.47 ± 0.13 a *

1 DPPH—1,1-diphenyl-2-picrylhydrazyl, ABTS—2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic), FRAP—ferric reducing antioxidant power. 2 70% Ethanol/water solution was used for
extraction. 3 The data are presented as mean values of replicates (n = 3) ± SD. Different superscript letters in each column indicate significant differences among apple varieties for each
extract solvent separately; asterisks * indicate significant differences between solvents based on post-hoc Tukey’s test (p ≤ 0.05).
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4. Discussion

The use of surfactant aqueous solutions as solvents is one of the directions in the extraction
process intensification of biologically active components taken from plant materials. Previous work
confirmed its effective use for extraction of phytocomponents of differing chemical natures, in particular
polysaccharides [27], lectins [34], alkaloids [35], anthraquinones [36], isoflavones [37], hydroxycinnamic
acids [38], and the sum of phenolic compounds and antioxidants [24,26,28,39].

Despite the fact that some authors are of the opinion that surfactants are “eco-friendly” [28,35,39,40],
many of these compounds are still harmful to human health and the environment [41,42]. Due to the
fact that extracts with a high polyphenol content obtained from apple processing wastes are supposed
to be used in the food, cosmetic, and/or pharmaceutical industries; in this work, water solutions of four
nonionic surfactants were studied as possible solvents, namely Triton X-100, Span 20, Tween 20, and
Tween 80. These activity compounds are used in the food industry as emulsifiers, in particular Tween
20 and Tween 80 are valid food additives (E432 and E433, respectively) and are approved for use in
the EU. It was found that when using surfactants, the yield of phenolic compounds was significantly
higher compared with such classical solvents as water (1.5 times on average) and 70% ethanol (1.2 times
on average). The higher extraction efficiency of polyphenols when using surfactants is explained by
their physicochemical properties. Surfactants are amphiphilic molecules with long hydrophobic chain
and ionic hydrophilic head. Above their critical micelle concentration (CMC), surfactants formed
micelles composed of a hydrophilic surface and hydrophobic core. This specific structure makes the
micelles capable of establishing chemical and physical interactions with either hydrophilic or lipophilic
substances and extract phenolic compounds, which are very diverse and have different chemical
structures with a large range of polarity, with high efficiency of extraction. In earlier studies, the
efficiency of polyphenol extraction was studied using various types of surfactants (cationic, anionic,
and nonionic). The authors found that the use of nonionic surfactants in the extraction of phenolic
compounds led to a higher yield of target components [28,29]. In addition, nonionic surfactants are
characterized by lower values of critical micelle concentration, which allows them to be used in lower
concentrations. Based on these published data, in this study we examined only nonionic surfactants.
The surfactants studied in this work belong to different groups of nonionic surfactants and are
characterized by different physicochemical properties. Triton X-100 is an octylphenol polyethoxylate,
a member of the group of alkylphenol ethoxylates. Span 20 is a sorbitan monolaurate and Tween
20 is ethoxylated derivate of Span 20. Tween 80 belongs as Tween 20 to the group of sorbitan ester
ethoxylates, but instead of laurate has oleate. According to hydrophilic–lipophilic balance (HLB) all
studied surfactants can be ranged: Span 20 (8.6) < Triton X-100 (13.4) < Tween 80 (15.0) < Tween
20 (16.7). Among tested surfactants Tween 80 aqueous solution was the most effective followed by
Tween 20, Span 20, and Triton X-100. Span 20 has the least hydrophilic-lipophilic balance among
studied surfactants, but showed the medium ability to enhance extraction process of polyphenols
from apple pomace. So the efficiency of surfactant by the extraction of polyphenols depends not
only on its hydrophilic–lipophilic properties, but also on the composition of phenolic compounds
in plant material. The use of Tween 80 for the extraction of antioxidant polyphenols was previously
proposed for rattan tea (Ampelopsis grossedentata) [39]. However, the Brij-58 [24] and Brij-35 [29]
solutions were the most effective in the extraction of phenolic compounds from fruits, and the Triton
X-100 solution was the most effective for the extraction of conjugated phenolic compounds from black
tea [26]. Thus, by choosing a surfactant effective for micellar-mediated extraction, it is necessary to
take into account the matrix of the plant raw materials used and the qualitative composition of the
extracted phenolic compounds.

Regardless of the type of extraction, one of the decisive factors affecting the yield of the target
product is the extraction time. In this study, the level of phenolic compounds in the extracts increased
extraction with increasing extraction time from 40 to 65 min. Then, a decrease in extraction efficiency
was observed, which is probably associated with the destruction of phenolic compounds during a
longer extraction procedure. The degradation process could be attributed to several factors such as
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exposure time to light and air, presence of the oxidative enzymes and free radicals released during
the extraction [43]. The optimal extraction time of 65 min established in this work was slightly higher
than, for example, that determined in studies on the ultrasonic extraction of polyphenols—from 30 to
45 min [1,44]. However, using micellar extraction does not require additional costs for equipment and
electricity compared to ultrasonic extraction.

According to the results of analysis of variance obtained in this study, the ratio of solvent to the
mass of raw materials was one of the main factors determining the yield of phenolic compounds
from apple pomace. The influence of this factor on the polyphenol extraction efficiency taken from
various raw materials has been studied by many authors [21,28,45]. Regardless of the used solvent,
with an increase in the solvent-to-mass ratio, the yield of phenolic compounds increased, which is fully
consistent with the law of mass transfer.

Solution pH is another important factor affecting the extraction of phenolic compounds.
Theoptimal pH values obtained by us (nearly 4), located in the acidic region, correspond to the
data already available in the literature [29,38,46]. Depending on the acidity, phenolic compounds are
present either in neutral form or in ionic form. Simple phenolic compounds are known to be weakly
acidic with pKa values from 2.5 to 4.9. Because of their predominant undissociated state at acidic pH
the phenolic compounds are more prone to interact with the more hydrophobic micellar phase [29].

In this work, the maximum yield of phenolic compounds from apple pomace (variety “Champion”)
under optimal conditions of micellar-mediated extraction was 7.68 ± 0.24 mg g−1 (experimental) and
7.75 ± 0.035 mg g−1 (predicted). For other studied apple varieties the content of phenolic compounds
was in the range from 6.85 to 10.23 mg g−1. Due to the fact that different varieties of apples were used in
various articles, it is difficult to compare the yield of phenolic compounds obtained in our work with the
data of other authors. Additionally, originating apple cultivar and seasonal or environmental conditions
during apple growth are the major factors that mediate the presence and content of compounds in
apple pomace [7]. For example, in the work of Chandrasekar et al. [21] on optimizing the conditions for
microwave extraction of phenolic compounds from Red Delicious and Jonathan apple pomace, it was
shown that the maximum total phenol compounds’ content for Red Delicious was 15.8 mg GAE g−1,
and for Jonathan—7.65 mg GAE g−1, which is comparable with the results obtained in our study.
When using ultrasonic extraction, the yield of phenolic compounds ranged from 4.53 to 9.71 mg g−1

(expressed either as catechin equivalent or gallic acid equivalent) [7,20]. As it was established by
Massias et al. [2] when applying the technology of supercritical fluid extraction, the maximum yield of
phenolic compounds reaches 8 mg g−1.

The data obtained in our work also prove the advantage of using water solution of surfactant
for the extraction of antioxidants. In work by Candrawinata et al. [18] the optimization of extraction
phenolic compounds and antioxidants from apple pomace by using water as solvent and heating
(85–95 ◦C) was performed. The authors found that the yield of phenolic compounds in optimized
extracts was 1.19 mg g−1, and antioxidant activity values were 1.55, 2.28, and 1.37 mg TE g−1 measured
by DPPH, ABTS, and FRAP assays, respectively. The results obtained in our work for TPC-values
as well as for antioxidant activity exceed these values by 2.5–7.1 times on average. Additionally,
despite the comparability of the data on phenolic compound content and antioxidant activity in the
extracts obtained in present study, it is necessary to carefully refer to the results of measurements of
antioxidant activity in a micellar medium. Previously in some studies, it was shown that the presence
of surfactants in the reaction mixture can affect both the antioxidant properties of phytocomponents
and the mechanism of the reaction between them and free radicals [47–49]. In this case, both an
increase in antioxidant activity and its inhibition has been observed. At the same time, in a study by
Pérez-Rosés, it was confirmed that Tween 20 and Tween 80 did not show scavenging activity on DPPH
radical and its presence in the medium does not distort the antioxidant activity analysis results [50].
In this regard, for a more accurate interpretation of the data on antioxidant activity obtained in this
work, additional studies on the effect of Tween 80 not only on the yield of polyphenols, but also on its
effect on the antioxidant properties of the recovered substances are required.
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In recent decades, attention in functional and nutraceutical foods has been on the rise. Fortification
of food with biological active substances is one possibility for producing products with high nutritional
value and functional properties. For example, for yogurt—in the production of which emulsifiers,
including Tween 80, are used—a number of technologies have been proposed for enriching them with
plant extracts containing polyphenols and other antioxidants [51–53]. Almeida et al. suggested to use
the Tween 80 by the procedure of nanoencapsulation of curcumin (polyphenol derived), for use as
a dietary supplement in yoghurts [54]. Another way to use the plant extract prepared on surfactant
solution is produce nanoemulsions encapsulating polyphenols and other biological active substances.
Some published studies have presented the advantages of such colloid systems by drug delivery [55–57].
Therefore the use of Tween 80, which is a valid food additive (emulsifier), enables the application of the
obtained extracts with a high content of phenolic compounds in the food, cosmetic, and pharmaceutical
industries, especially for the production of products in which Tween 80 is already used. However, for
the implementation of the extracts obtained by the proposed method in the present study, the industrial
technology requires additional research, in particular investigating of their safety, microbiological
characteristics, and stability of the end products.

5. Conclusions

Thus, in this study, it was shown that the use of micelle-mediated extraction using an water
solution of Tween 80 as a solvent allows efficient extraction of phenolic compounds from apple pomace
without the use of additional equipment (ultrasonic or microwave devices) with a comparable yield of
the target product.
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Figure A1. Effect of Tween 80 concentration in water on the extraction of phenolic compounds from
apple pomace (time 60 min, solvent-to-material ratio 80 mL g−1, pH 4). Different lower case letters
indicate significant differences among treatments (p ≤ 0.05) based on post hoc Tukey’s test.
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Figure A3. Effect of solvent-to-material ratio on the extraction of phenolic compounds from apple
pomace (C(Tween 80) 1%, time 60 min, pH 4). Different lower case letters indicate significant differences
among treatments (p ≤ 0.05) based on post hoc Tukey’s test.
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