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Abstract: This study investigated the impact of subcritical water extraction parameters on the
polyphenols and flavonoids content in extracts made of the bark of walnut (Juglans regia L.), as well
as antioxidant activity measured using the DPPH and FRAP methods. The total polyphenols (TPC)
and flavonoid (TFC) were determined using the spectrophotometric (UV-Vis) method. The response
surface methodology (RSM) was employed to optimize the yield of bioactive compounds. On the
basis of developed model, the highest polyphenols (192.2 mg (GAE)/100 g (dry mass)) (GAE—gallic
acid equivalent), flavonoids (88.3 mg(QE)/100 g (dry mass)) (QE—quercetin equivalent) contents
and antioxidant activity (21.3 × 10−6 MTE/1 g (dry mass)) (TE-Trolox equivalent) were obtained
under the following extraction conditions: temperature 131.6 ◦C, raw material fraction size 0.9 mm
and process time 10 min. The greatest impact on the extraction yield was observed in the case of the
temperature, whereas the raw material fraction size and the process time had a secondary impact.
Obtained results indicate that a smaller particle size and a shorter time may improve the process;
however, a reduction in particle size can be challenging for a pressure cell filtration system and
consequently increase the cost of the raw material pretreatment process. With the reduction in the
process time, a lower cost of extract production can be achieved. This study confirmed the importance
of a proper selection of extraction parameters to obtain the demanded extract composition.

Keywords: subcritical water; extraction; polyphenols; flavonoids; antioxidant activity; response
surface methodology; Box-Behnken; Juglans regia L.; optimization

1. Introduction

Phenolic compounds are secondary metabolites present in various parts of plants [1,2].
They belong to the group of biologically active compounds and their production depends
on various enzymes participating in metabolic reactions [3]. The metabolism of these
compounds is integrated with the biochemical and morphological regulatory patterns
of plants [4]. Phenolic compounds in plants are used as protective substances against
various types of stress that can be caused by environmental conditions, pathogens and
injuries [1]. They have a key role in plant defense mechanisms [5,6]. Green walnut, shell,
husk, kernel, bark, root and leaves of Juglans regia L. are widely used in the pharmaceutical
and cosmetic industries [7]. The research carried out showed that walnuts have a higher
antioxidant activity than pistachios and hazelnuts [8]. Walnuts are considered a good
source of tocopherols and essential fatty acids [9,10]. Moreover, walnuts contain other
compounds that may be beneficial in promoting human health, including polyphenols,
tannins, folate [11], dietary fiber, protein, melatonin [12] and sterols [9,13]. The leaves and
bark of walnuts are used as a natural dye for wool colorization [14]. Extracts prepared
with different parts of the walnut have anti-inflammatory, blood purifying, anticancer,
cleansing and detergent properties [15]. The water extract made with walnut bark protects
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mice against biochemical toxicity caused by cyclophosphamide [16]. It contains several
therapeutically active ingredients, especially polyphenols [17,18]. The bark of Juglans regia
L. contains chemical components such as β-sitosterol, ascorbic acid, juglone, folic acid,
gallic acid, regiolone, and quercetin-3-O-α-l-arabinoside [19]. The results of several other
studies demonstrated that in most cases the extracts obtained from different parts of the
walnut using alcohols, water or a mixture of them demonstrated a higher content of phenols
than the extracts of other non-polar solvents such as petroleum ether, chloroform, n-butanol,
benzene and cyclohexane. Polar solvents such as methanol, ethanol, water, acetone and
ethyl acetate are believed to be the best solvents for polyphenols extraction [20]. The dried
bark of walnut contains significant amounts of polyphenols. The extraction of Juglans regia
L. bark using ethyl acetate allowed us to obtain polyphenols in the amount of 34.83 mg
GAE/g (dry mass) [21]. Other studies indicated the possibility of obtaining 138.5 mg
GAE/g (dry mass) (using ethyl acetate as a solvent), 311.5 mg GAE/g (dry mass) (using
diluted acetone), 172.5 mg GAE/g (dry mass) (using methanol extract), 182 mg GAE/g
(dry mass) (using water extract) [22].

Subcritical water extraction is one of the most promising, scalable to industrial capacity
and environmentally friendly isolation methods of biologically active compounds from
plant raw materials [23–25]. The unique properties of water in a subcritical state are mainly
due to a relatively high boiling point, high dielectric constant and high polarity [26]. With
the increase in the water temperature, its electric permittivity decreases, diffusion rate
increases and viscosity together with surface tension decreases. Consequently, materials
with a high polarity and high solubility in water under normal conditions are extracted more
efficiently at low temperatures, while low-polar and non-polar compounds require less
polar medium to be present at elevated temperatures [1,27,28]. Nastić et al. [28] described
the correlation of an increase in the phenols content in the extract with an increase in the
temperature, as a result of the water polarity decrease. An increase in the water temperature
increases the diffusion rate and desorption kinetics, and increases the dissociation of
compounds. A reduction in viscosity and the surface tension of water, as a result of a
temperature increase, improves the quality of contact between the solvent and the raw
material. A combination of the above-mentioned changes in the properties of water as a
solvent increases mass transfer coefficients, resulting in a higher process rate and efficiency.

Study of the subcritical extraction process indicates a higher antioxidant activity of
extracts obtained by this method compared to other extraction methods, emphasizing at the
same time the strong influence of the process temperature on antioxidant activity [28–33].

Knowledge about the influence of process parameters such as temperature, raw mate-
rial fraction size and process time on the composition and bioactivity of obtained extracts
for selected parts and plant species is a key factor for the development of the optimal
design of devices for the extraction process, allowing us to increase the process efficiency
and reduce the production cost.

The available literature data describe in detail the bioactivity of individual parts of
the walnut, such as the green walnut, shell, husk, kernel, and leaves, but do not contain
information on the flavonoid content and antioxidant activity of bark extracts. There are
also no studies available on the influence of the parameters of the water extraction process
under subcritical conditions on the biological activity of the obtained extracts. For this
reason, the aim of this study was to investigate the effect of process parameters on the
content of polyphenols, flavonoids, and antioxidant activity of obtained extracts as well as
the determination of optimal parameters.

2. Materials and Methods
2.1. Raw Material

The bark of a walnut (Juglans regia L. variety Resovia) for research was obtained from
an organic farm, “Leśne zacisze”, located in Puławy, Poland. The bark for the study was
taken from branches of 20-year-old trees. The raw material was pre-dried for 24 h using a
Memmert ULM 500 dryer at 45 ◦C. The pre-dried raw material was crashed in a RETSCH
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SM100 cutting mill with a rotor diameter of 129.5 mm and a cutting blade speed of 9.4 m/s,
then using a laboratory shaker MULTISERV LPzE-2e sieved for 20 min, with an amplitude
of vibration of 2.5 mm and frequency of 50 Hz. Selected fractions 0.9, 1.4 and 1.9 mm were
subjected to a further drying process until the moisture content reached 8.99%. The raw
material after the pre-drying process is presented in Figure 1.
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2.2. Reagents

The following chemical reagents were used for spectrophotometrical tests: Folin-
Ciocalteu reagent (AKTYN, Suchy Las, Poland), methanol (≥99%, Stanlab, Lublin, Poland),
sodium carbonate (≥99%, Stanlab, Lublin, Poland), gallic acid (≥98%, Sigma Aldrich,
Merck, Germany), 2,2-diphentyl-1-picrylhydrazyl (DPPH, Sigma Aldrich, Merck, Ger-
many), 2,3,5-Triphenyltetrazolium chloride (TPTZ, Sigma Aldrich, Merck, Germany), 6-
hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid (Trolox, >98%, Sigma Aldrich,
Merck, Germany), quercetin (≥95%, Sigma Aldrich, Merck, Germany), aluminum chloride
(>98%, Sigma Aldrich, Merck, Germany).

2.3. Methods
2.3.1. Box-Behnken Experimental Design and Statistical Analyses

The investigation was performed on the basis of the Box-Behnken experiment design
in the Design-Expert v13. A three-level, three-factor design of experiment (DoE) was used
to determine the best combination of subcritical water extraction parameters for Juglans
regia L. Three levels were defined as the lowest analyzed value of the process parameter,
the average and the highest value. The process temperature (F1), fraction size (F2), and
process time (F3) were independent variables (three DoE factors), whereas the dependent
variables were the total polyphenols content, the total flavonoids content, antioxidant
activity (DPPH), and antioxidant activity (FRAP).

The experiment consists of 15 combinations, including three center points to estimate
the pure error, and was carried out in randomized order. Coded and real values of process
parameters of each set of variables according to the design of experiment are presented
in Table 1. Coded values represent the minimum value of a variable (coded value −1),
average (coded value 0) and maximum (coded value 1).

The experimental data were assessed via analysis of variance (ANOVA). The statistical
significations of the regression coefficients were verified with an F-test, and p-values of less
than 0.05 were assumed as significant.

The optimal extraction conditions were estimated through Derringer’s desirability
prediction tool, aiming at a maximum attainable response for each independent factor.
The validity of the developed model was assessed by comparing the experimental with
predicted values.
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Table 1. Design of Experiment (DoE)—coded and real values of process parameters.

Set

Factor 1
A:

Temperature
[◦C]

Factor 2
B: Fraction

Size
[mm]

Factor 3
C: Process

Time
[min]

Factor 1
A:

Temperature
Coded

Factor 2
B: Fraction

Size
Coded

Factor 3
C: Process

Time
Coded

1 110 1.4 10 −1 0 −1
2 140 1.4 30 0 0 0
3 170 1.4 50 1 0 1
4 170 1.9 30 1 1 0
5 140 0.9 10 0 −1 −1
6 140 1.9 10 0 1 −1
7 140 1.9 50 0 1 1
8 110 1.9 30 −1 1 0
9 140 1.4 30 0 0 0

10 140 0.9 50 0 −1 1
11 110 1.4 50 −1 0 1
12 170 0.9 30 1 −1 0
13 110 0.9 30 −1 −1 0
14 140 1.4 30 0 0 0
15 170 1.4 10 1 0 −1

2.3.2. Subcritical Water Extraction

Subcritical water extraction was performed with the use of an automatic extraction
system Dionex ASE350 (accelerated solvent extractor) equipped with a 100 mL volume
pressure cell protected by the use of fiberglass filters at the inlet and outlet sections. The
extraction process was carried out using 10 g of plant raw material with the specified in
DoE fraction size for each set of process parameters. During the extraction process, the
pressure cell was filled with ultrapure water for analytical applications with a conductivity
of 0.09 µS/cm, heated to the required temperature, for the time specified in the DoE. At the
end of the process, water with dissolved compounds was released into a laboratory vessel.
Obtained aqueous extract was dried using a vacuum evaporator under a temperature
of 40 ◦C. Obtained extracts were stored in a refrigerator (2 ◦C) and collected for further
chemical analysis.

2.3.3. Total Polyphenols Content (TPC)

TPC was determined with spectrophotometry using gallic acid as the reference stan-
dard. The total polyphenol content was measured according to the method described by
Sahin et al. [28]. The results are expressed as mg(GAE)/100 g DM(dry mass) of raw material.
The following calibration curve was used to determine the total polyphenols content.

TPC = 0.110A + 0.007
(

R2 = 0.998
)

(1)

where: TPC—total polyphenols content [10−6 g(GAE)/mL], A—absorbance [dim].

2.3.4. Total Flavonoid Content (TFC)

TFC was determined with spectrophotometry using quercetin as the reference stan-
dard, described by Aryal et al. [34] with some modifications [35]. The extract sample
(1.0 mL) was mixed with 1 mL of a 2% AlCl3·6H2O solution (in methanol). The mixture
was made up to 10 mL with distilled water. After 10 min of incubation of the mixture
at room temperature in the dark, the absorbance was measured at 430 nm. A calibration
curve was created based on the quercetin and the results were expressed as mg quercetin
equivalent per 100 g of dry mass (mg QE/100 g dry mass) [35]. The following calibration
curve was used to determine the total flavonoids content.

TFC = 0.092A − 0.032
(

R2 = 0.998
)

(2)

where: TFC—total flavonoids content [10−6 g(QE)/mL], A—absorbance [dim].
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2.3.5. Antioxidant Activity

DPPH assay

The antioxidant activity of the obtained extracts was assessed using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) assay described by Blois [36] with modifications [35]. For this
analysis, 0.2 mL of the extract was mixed with an aliquot of 5.8 mL of freshly prepared
6·10−5 M DPPH radical in methanol. The mixture was stored for 30 min at room temperature
and then the spectrophotometric absorbance was measured at 516 nm using methanol as a
blank. Three replicates of the measurement were performed for each sample. Antioxidant
activity was expressed as a Trolox equivalent: 10−6 MTE/1 g (dry mass) [35]. The following
calibration curve was used to determine antioxidant activity using the DPPH method.

ACDPPH = −3.494A + 3.304
(

R2 = 0.999
)

(3)

where: AC—Trolox equivalent antioxidant activity [10−6 MTE/mL]; A—absorbance [dim].

FRAP assay

The ferric-reducing antioxidant power of the obtained extract was evaluated according
to the method described by Benzie [37] with modifications [35]. The working reagent was
prepared as a mixture of 20 mM FeCl3, 300 mM acetic acid, and 10 mM of TPTZ in 10:1:1
(v/v/v) proportion in 40 mM HCl. Subsequently, 30 µL of the evaluated extracts was mixed
with 5 mL of the FRAP solution. After a 10 min incubation period at 37 ◦C, absorbance
of the mixture was measured at 593 nm. The FRAP values of the evaluated extracts were
expressed as a Trolox equivalent: 10−6 MTE/1 g (dry mass) [35]. The following calibration
curve was used to determine antioxidant activity using the FRAP method.

ACFRAP = 1.626A + 0.007
(

R2 = 0.999
)

(4)

where: AC—Trolox equivalent antioxidant activity [10−6 MTE/mL]; A—absorbance [dim].

2.3.6. Optimization of Subcritical Water Extraction Parameters

Based on the experimental data, a multi-criterial optimization of the process parame-
ters was carried out. Process variables were selected as (independent variables): tempera-
ture, raw material fraction size and process time. Whereas optimization parameters were
defined as (dependent variables): total polyphenols, total flavonoids, antioxidant activity
measured by DPPH and FRAP methods. Optimization goals and limits are presented in
Table 2.

Table 2. Optimization goals and limits.

Process/Optimization Parameters Lower Limit Upper Limit Goals

A: Temperature [◦C] 110 170 is in range
B: Raw material fraction size [mm] 0.9 1.9 is in range
C: Process time [min] 10 50 is in range

Total polyphenols [mg(GAE)/100 g (dry mass)] maximize
Total flavonoids [mg(QE)/100 g (dry mass)] maximize
Antioxidant activity (DPPH) [10−6 MTE/1 g (dry mass)] maximize
Antioxidant activity (FRAP) [10−6 MTE/1 g (dry mass)] maximize

3. Results and Discussion
3.1. Extraction Yield and Results of Chemical Analysis

Efficiency of the subcritical water extraction process of walnut (Juglans regia L.) bark
expressed as a percentage relation between the mass of dry extract and the mass of dry
raw material ranged from 15.3 to 31.8%, varying according to the experimental conditions.
Results obtained for each DoE set are presented in Table 3, whereas Table 4 presents the
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obtained response for dependent variables such as total polyphenols, total flavonoids,
antioxidant activity (DPPH), and antioxidant activity (FRAP).

Table 3. The extraction yield in relation to dry mass of raw material.

Set
Factor 1

A: Temperature
[◦C]

Factor 2
B: Fraction Size

[mm]

Factor 3
C: Process Time

[min]

Extract
(Dry Mass)

[g]

Extraction Yield
(Dry Mass)

[%]

1 110 1.4 10 1.533 16.8
2 140 1.4 30 1.947 21.4
3 170 1.4 50 2.907 31.8
4 170 1.9 30 1.979 21.7
5 140 0.9 10 1.605 17.6
6 140 1.9 10 1.791 19.7
7 140 1.9 50 1.906 20.9
8 110 1.9 30 2.406 26.4
9 140 1.4 30 2.786 30.4
10 140 0.9 50 1.574 17.3
11 110 1.4 50 2.687 29.5
12 170 0.9 30 1.391 15.3
13 110 0.9 30 1.891 20.7
14 140 1.4 30 1.523 16.7
15 170 1.4 10 1.960 21.5

Table 4. Results of chemical analysis.

Set

Response 1
TPC 1

mg(GAE)/100 g
(Dry Mass)

Response 2
Flavonoids Content

mg(QE)/100 g
(Dry Mass)

Response 3
Antioxidant Activity
(DPPH 2) 10−6 MTE/1 g

(Dry Mass)

Response 4
Antioxidant Activity
(FRAP 3) 10−6 MTE/1 g

(Dry Mass)

1 171.541 77.528 16.888 20.48
2 178.222 80.142 17.252 21.39
3 128.304 28.042 11.479 17.86
4 143.484 34.470 12.407 16.87
5 192.141 88.333 21.298 29.69
6 175.907 80.600 18.444 24.66
7 158.031 63.568 17.252 21.39
8 164.791 71.959 16.184 18.64
9 170.720 79.908 17.499 26.77
10 180.000 74.832 16.881 20.75
11 174.976 77.351 17.136 22.10
12 162.455 48.381 14.548 22.95
13 166.858 79.350 16.298 19.96
14 172.055 73.850 15.645 18.69
15 153.127 52.602 13.328 19.91

1 TPC—Total Polyphenolic Content. 2 DPPH—2,2-diphentyl-1-picrylhydrazyl. 3 FRAP—Ferric Reducing Antioxi-
dant Power.

3.2. Total Polyphenols Content (TPC)

The total polyphenols content extracted from the bark of the walnut (Juglans regia L.)
ranged from 128.3 to 192.1 mg(GAE)/100 g (DM), varying according to the experimental
conditions. Polyphenols contents as a function of extraction temperature, raw material
fraction size and process time are presented in Figure 2.
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Multivariable analysis of variance (ANOVA) performed with the use of the analytical
results of total polyphenols content shows that the total polyphenols were influenced by:
process temperature, raw material fraction size and process time. As mentioned above, the
influence of the temperature can be represented by a second-order equation. The content
of polyphenols increases with the increasing temperature value up to 131.6 ◦C and then
decreases. The impact of the raw material fraction size and process time changes is linear.
Details of ANOVA analysis are presented in Table 5.

Table 5. The analysis of variance for polyphenols content.

Sum of
Squares df Mean

Square F-Value p-Value

Model 2891.73 4 722.93 12.53 0.0007 significant
A—Temperature 1030.49 1 1030.49 17.86 0.0018
B—Fraction size 438.69 1 438.69 7.60 0.0202
C—Process time 330.31 1 330.31 5.73 0.0378
A2—Temperature2 1092.25 1 1092.25 18.93 0.0014

Residual 576.85 10 57.68

Lack of Fit 544.81 8 68.10 4.25 0.2043 not significant

Pure Error 32.03 2 16.02

Cor Total 3468.58 14

Std. Dev. = 7.60; Mean = 166.17; C.V. % = 4.57, R2 = 0.8337; Adjusted R2 = 0.7672;
Predicted R2 = 0.5864; Adeq Precision = 11.3318

An F-value of 12.53 indicates that the model is significant. There is only a 0.07% chance
that an F-value this large could occur due to noise. p-values less than 0.05 indicate the
significance of the model terms. Significant model terms are A, B, C, A2. The lack of fit F-
value of 4.25 implies the lack of fit is not significant relative to the pure error. The predicted
R2 (0.5864) and adjusted R2 (0.7672) are in reasonable agreement. The signal-to-noise ratio
is referred as Adeq Precision. A ratio of 11.3318 indicates an adequate signal. The obtained
model is statistically significant and can be used to navigate the analyzed space.

The total polyphenols content can be determined using Equation (5).

TPC = −0.019005 T2 + 4.94311 T − 14.81025 Fs − 0.321281 t − 113.86586 (5)
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where: TPC—total polyphenols content [mg(GAE)/100 g (dry mass)]; T—temperature [◦C];
Fs—fraction size of raw material [mm]; t—process time [min].

There are no studies available on the polyphenols content in the subcritical water
extracts of Juglans regia L. bark. The available data indicate that extraction of Juglans regia L.
bark using ethyl acetate allowed us to obtain polyphenols in the amount of 34.83 mg GAE/g
(dry mass) [21]. Other studies indicated the possibility of obtaining 138.5 mg GAE/g (DM)
(using ethyl acetate as solvent), 311.5 mg GAE/g (DM) (using diluted acetone), 172.5 mg
GAE/g (DM) (using methanol extract), 182 mg GAE/g (DM) (using water extract) [22].
During the research conducted as part of this study, the total polyphenols content extracted
from the bark of walnut (Juglans regia L.) ranged from 128.3 to 192.2 mg(GAE)/100 g (DM).
Differences in the content of polyphenols can be caused by factors such as: different extrac-
tion method, process parameters, type of solvent, collection time of material for research
and raw material pretreatment method. The chemical composition of phytonutrients varies
with changes in geographic location, climatic conditions and the nature of the soil [38]. It
should also be emphasized that the aim of this study was to investigate the effect of pro-
cess parameters on the total polyphenols, flavonoids and antioxidant activity of obtained
extracts and the determination of optimal parameters for subcritical water extraction, not
to study the maximum yield of polyphenols extraction.

3.3. Total Flavonoids Content (TFC)

The total flavonoids content in extracts from the bark of walnut (Juglans regia L.) ranged
from 28.0 to 88.3 mg(QE)/100 g (DM), varying according to the experimental conditions.
Flavonoids contents as a function of the extraction temperature, raw material fraction size
and process time are presented in Figure 3.

Appl. Sci. 2022, 12, x FOR PEER REVIEW  8  of  14 
 

An F‐value of 12.53  indicates  that  the model  is  significant. There  is only a 0.07% 

chance that an F‐value this large could occur due to noise. p‐values less than 0.05 indicate 

the significance of the model terms. Significant model terms are A, B, C, A2. The lack of fit 

F‐value of 4.25 implies the lack of fit is not significant relative to the pure error. The pre‐

dicted R2  (0.5864) and adjusted R2  (0.7672) are  in  reasonable agreement. The signal‐to‐

noise ratio is referred as Adeq Precision. A ratio of 11.3318 indicates an adequate signal. 

The obtained model is statistically significant and can be used to navigate the analyzed 

space. 

The total polyphenols content can be determined using Equation (5). 

𝑇𝑃𝐶 0.019005 𝑇 4.94311 𝑇 14.81025 𝐹𝑠 0.321281 𝑡 113.86586  (5)

where:  TPC—total  polyphenols  content  [mg(GAE)/100  g  (dry mass)];  T—temperature 

[°C]; Fs—fraction size of raw material [mm]; t—process time [min.]. 

There are no studies available on  the polyphenols content  in  the subcritical water 

extracts of Juglans regia L. bark. The available data indicate that extraction of Juglans regia 

L. bark using ethyl acetate allowed us to obtain polyphenols in the amount of 34.83 mg 

GAE/g  (dry mass)  [21]. Other  studies  indicated  the  possibility  of  obtaining  138.5 mg 

GAE/g (DM) (using ethyl acetate as solvent), 311.5 mg GAE/g (DM) (using diluted ace‐

tone), 172.5 mg GAE/g (DM) (using methanol extract), 182 mg GAE/g (DM) (using water 

extract) [22]. During the research conducted as part of this study, the total polyphenols 

content extracted  from  the bark of walnut  (Juglans regia L.) ranged  from 128.3  to 192.2 

mg(GAE)/100 g (DM). Differences in the content of polyphenols can be caused by factors 

such as: different extraction method, process parameters, type of solvent, collection time 

of material for research and raw material pretreatment method. The chemical composition 

of phytonutrients varies with changes in geographic location, climatic conditions and the 

nature of the soil [38]. It should also be emphasized that the aim of this study was to in‐

vestigate the effect of process parameters on the total polyphenols, flavonoids and antiox‐

idant activity of obtained extracts and the determination of optimal parameters for sub‐

critical water extraction, not to study the maximum yield of polyphenols extraction. 

3.3. Total Flavonoids Content (TFC) 

The  total  flavonoids  content  in extracts  from  the bark of walnut  (Juglans  regia L.) 

ranged from 28.0 to 88.3 mg(QE)/100 g (DM), varying according to the experimental con‐

ditions. Flavonoids contents as a function of the extraction temperature, raw material frac‐

tion size and process time are presented in Figure 3. 

     

(a)  (b)  (c) 

Figure 3. Flavonoids content for different subcritical extraction parameters (a) Flavonoids content 

as a function of extraction temperature; (b) Flavonoids content as a function of raw material fraction 

size; (c) Flavonoids content as a function of process time. 

Figure 3. Flavonoids content for different subcritical extraction parameters (a) Flavonoids content as
a function of extraction temperature; (b) Flavonoids content as a function of raw material fraction
size; (c) Flavonoids content as a function of process time.

Multivariable analysis of variance (ANOVA) performed based on analytical data
shows that the flavonoids content in subcritical water extracts strictly depends on the
temperature, raw material fraction size and process time. The relationship between the
temperature and flavonoids content was described by a second-order equation. The content
of flavonoids increases with an increasing temperature value up to 131.6 ◦C and then
decreases. The impact of raw material fraction size and process time changes is linear.
Details of ANOVA analysis are presented in Table 6.
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Table 6. The analysis of variance for total flavonoids.

Sum of
Squares df Mean

Square F-Value p-Value

Model 4571.42 5 914.28 162.42 <0.0001 significant
A—Temperature 2545.16 1 2545.16 452.14 <0.0001
B—Fraction size 203.00 1 203.00 36.06 0.0002
C—Process time 381.85 1 381.85 67.83 <0.0001
AC 148.63 1 148.63 26.40 0.0006
A2—Temperature2 1292.78 1 1292.78 229.66 <0.0001
Residual 50.66 9 5.63

Lack of Fit 25.21 7 3.60 0.2831 0.9130 not significant

Pure Error 25.45 2 12.72

Cor Total 4622.09 14

Std. Dev. = 2.37; Mean = 67.39; C.V. % = 3.52; R2 = 0.9890; Adjusted R2 = 0.9829;
Predicted R2 = 0.9744; Adeq Precision = 40.9157

An F-value of 162.42 indicates that the model is significant. There is only a 0.01%
chance that an F-value this large could occur due to noise. p-values less than 0.05 indicate
the significance of the model terms. The significant model terms are A, B, C, AC, A2. The
lack of fit F-value of 0.2831 implies the lack of fit is not significant relative to the pure
error. The predicted R2 (0.9744) and adjusted R2 (0.9829) are in reasonable agreement. The
signal-to-noise ratio is referred as Adeq Precision. A ratio of 40.916 indicates an adequate
signal. The obtained model is statistically significant and can be used to navigate the
analyzed space.

The total flavonoids content can be determined using Equation (6).

TFC = −0.02067 T2 + 5.4995 T − 0.01016 T·t − 10.0747 Fs + 1.0769 t − 262.9 (6)

where: TFC—total flavonoids content [mg(QE)/100 g (dry mass)]; T—temperature [◦C];
Fs—fraction size of raw material [mm]; t—process time [min].

There are no studies available on the flavonoids content in the subcritical water
extracts of Juglans regia L. bark. Taking into account the main goal of this study, that is to
investigate the effect of process parameters on the chemical composition and antioxidant
activity of obtained extracts, changes in flavonoids and polyphenols contents in relation
to process parameters were compared. Flavonoids content varies with a temperature
change in a similar manner to polyphenols. In the temperature range from 110 to 131.6 ◦C,
both flavonoids and polyphenols contents increase; with a further temperature increase,
both flavonoids and polyphenols contents decrease. Similar trends in both flavonoids
and polyphenols contents were observed in relation to the raw material fraction size and
process duration. An increase in the raw material size and process duration negatively
affects both the polyphenols and flavonoid contents. This phenomenon can be caused by
the worst contact of the solvent with desired compounds in the case of a larger raw material
size, whereas a longer process duration at elevated temperatures may be the reason for the
occurrence of thermal degradation of the extract.

3.4. The Antioxidant Activity

The antioxidant activity of obtained extracts ranged from 11.5 to 21.3 × 10−6 MTE/1 g
(DM) while tested by use of the DPPH method and from 16.9 to 29.7 × 10−6 MTE/1 g (DM)
using the FRAP method, varying according to the experimental conditions. The obtained
antioxidant activity is more than 100 times lower than the antioxidant activity of the extract
from Juglans regia L. flowers. The antioxidant activity of the extract obtained from Juglans
regia L. flowers was 3.33 × 10−3 MTE/1 g (DM) [39]. Antioxidant activities as a function of
extraction temperatures are presented in Figure 4.
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Multivariable analysis of variance (ANOVA) performed with use of the results of
antioxidant activity assessment using DPPH and FRAP methods shows that the antioxi-
dant activity is strictly dependent on the temperature only. The influence of temperature
mentioned above can be represented by a second-order equation. With the DPPH method,
antioxidant activity increases with an increasing temperature value up to 131.6 ◦C and then
decreases, whereas with the FRAP method the maximum point was observed at 134.7 ◦C.
Details of ANOVA analysis are presented in Table 7 for the DPPH method and Table 8 for
the FRAP method.

The F-value of 14.66 indicates that the model is significant. There is only a 0.06%
chance that an F-value this large could occur due to noise. p-values less than 0.05 indicate
significance of the model terms. Significant model terms are A and A2. The lack of fit F-
value of 2.23 implies the lack of fit is not significant relative to the pure error. The predicted
R2 (0.5762) and adjusted R2 (0.6611) are in reasonable agreement. The signal-to-noise ratio
is referred as Adeq Precision. A ratio of 7.516 indicates an adequate signal. The obtained
model is statistically significant and can be used to navigate the analyzed space.

Table 7. Analysis of variance for antioxidant activity measured using DPPH method.

Sum of
Squares df Mean

Square F-Value p-Value

Model 60.09 2 30.05 14.66 0.0006 significant
A—Temperature 27.17 1 27.17 13.25 0.0034
A2 32.92 1 32.92 16.06 0.0017

Residual 24.60 12 2.05

Lack of Fit 22.57 10 2.26 2.23 0.3494 not significant

Pure Error 2.03 2 1.01

Cor Total 84.70 14

Std. Dev. = 1.43; Mean = 16.17; C.V. % = 8.86; R2 = 0.7095; Adjusted R2 = 0.6611;
Predicted R2 = 0.5762; Adeq Precision = 7.5156.
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Table 8. Analysis of variance for antioxidant activity measured using FRAP method.

Sum of
Squares df Mean

Square F-Value p-Value

Model 45.42 1 45.42 4.96 0.0443 significant
A2—Temperature2 45.42 1 45.42 4.96 0.0443

Residual 119.15 13 9.17

Lack of Fit 85.31 11 7.76 0.4584 0.8408 not significant

Pure Error 33.84 2 16.92

Cor Total 164.58 14

Std. Dev. = 3.03; Mean = 21.47; C.V. % = 14.10; R2 = 0.2760; Adjusted R2 = 0.2203;
Predicted R2 = 0.0244; Adeq Precision = 3.1552.

An F-value of 4.96 indicates that the model is significant. There is only a 4.43%
chance that an F-value this large could occur due to noise. p-values less than 0.05 indicate
significance of the model terms. A significant model term is A2. The lack of fit F-value
of 0.46 implies the lack of fit is not significant relative to the pure error. The predicted R2

(0.0244) and adjusted R2 (0.2203) are in reasonable agreement.
The mathematical relation between the extraction temperature and antioxidant activity

can be presented in the form of Equation (7) for the DPPH method and Equation (8) for the
FRAP method.

ACDPPH = −0.003299 T2 + 0.862411 T − 38.31544 (7)

ACFRAP = −3.49 T2 + 23.33 (8)

where: AC—Trolox equivalent antioxidant activity [10−6 MTE/1 g (DM)]; T—temperature [◦C].
When we compare the antioxidant activity determined by both methods with the total

polyphenols content obtained in previous evaluations, a similar trend of changes in the
reference to the change in process temperature can be observed. Antioxidant activity assessed
by use of the DPPH method increases with a temperature increase up to 131.6 ◦C, then
decreases. The same trend was observed with polyphenols and flavonoid contents. A slight
deviation with respect to this behavior was observed in relation to the FRAP method. The
antioxidant activity determined by the FRAP method increases with an increase in temperature
up to 134.7 ◦C, then decreases. The discrepancy in the temperature of occurrence of the
maximum content of polyphenols and antioxidant activity measured by the FRAP method is
2.3%. Statistical data (e.g., coefficient of determination R2) for both analyses of antioxidant
activity indicate a better adjustment of the regression curve in the case of the DPPH method
(R2

DPPH = 0.7095 vs. R2
FRAP = 0.2760). Due to the uncertainty of the mathematical model

build based on FRAP method, this model was used for qualitative assessment only.

3.5. Optimization of the Extraction Conditions

The optimization of subcritical water extraction parameters us to determine values of
the process temperature, raw material fraction size and time (process duration) at which
polyphenols and flavonoids content together with the antioxidant activity measured using the
DPPH and FRAP methods reached maximum value. The highest polyphenols and flavonoids
contents together with the antioxidant activity were reached at a temperature of 131.6 ◦C, a
raw material fraction size of 0.9 mm and a process duration of 10 min. Table 9 shows the
values of the maximum content of polyphenols, flavonoids and the maximum antioxidant
activity of the extracts obtained, together with the corresponding extraction parameters.

The strength of the conducted research work is the determination of the optimal
parameters of the walnut bark extraction process using water under subcritical conditions.
Walnut bark has never been researched in this respect before. Subsequent research work
should determine the variability of the chemical composition of the obtained extracts by
examining selected bioactive compounds using chromatographic methods.
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Table 9. Maximum test values with corresponding process parameters.

Optimization Parameter
Maximum
Obtained

Value

Process
Temperature

[◦C]

Raw Material
Fraction Size

[mm]

Process Time
(Duration)

[min]

Total polyphenols content
[mg(GAE)/100 g (dry mass)] 192.1 131.6 0.9 10

Total flavonoids content
[mg(QE)/100 g (dry mass)] 88.3 131.6 0.9 10

Antioxidant activity (DPPH)
[10−6 MTE/1 g (dry mass)] 21.3 131.6 0.9 10

Antioxidant activity (FRAP)
[10−6 MTE/1 g (dry mass)] 29.7 134.7 * 0.9 10

* Due to the uncertainty of the mathematical model (R2 = 0.2760) build based on FRAP method, this model was
used for qualitative assessment only.

4. Conclusions

This study investigated the effect of subcritical water extraction parameters on the
total polyphenols, flavonoids content and antioxidant activity of walnut (Juglans regia L.)
bark extract using the Box-Behnken methodology. The total polyphenols and flavonoids
extracted from walnut (Juglans regia L.) bark using a subcritical water extraction process are
dependent on the temperature of the process, raw material fraction size and process dura-
tion. The optimal conditions (on the basis of the model) for the extraction of polyphenols
and flavonoids from walnut (Juglans regia L.) bark were as follows: process temperature of
131.6 ◦C, particle size of 0.9 mm, extraction time of 10 min.

The antioxidant activity was affected by the extraction temperature only. The highest
antioxidant activity was achieved at a process temperature of 131.6 ◦C.

The results obtained indicate how important is the optimal selection of subcritical
water extraction parameters with regard to the quality of the extract. Obtained results
indicate that a smaller particle size and shorter time may improve the process, but a
reduction in the particle size can be challenging for a pressure cell filtration system and
increase the cost of raw material pretreatment. By reducing the process time a lower cost
of extract production can be achieved; additionally, a longer process time under elevated
temperatures may lead to thermal degradation of the extract.
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