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Abstract: The present study described the optimization of the extraction process with carbon
dioxide in supercritical state for obtaining extractives, especially polyphenols from softwood bark,
Norway spruce (Picea abies (L.) Karst.). Using a full 23 factorial design of experiments, the effect of
varying the working parameters on the yield of extractives was studied for the following ranges:
temperature 40–100 ◦C, pressure 1050–9000 psi (7.2–62 MPa), and concentration of EtOH/water
co-solvent mixture 40–96.6%. In addition, total phenolics content and the antioxidant capacity of the
spruce bark extract were determined. The optimum operating conditions for the yield of extractives
were identified as 73 ◦C, 6465 psi (44.5 MPa), and 58% EtOH/water cosolvent concentration for
a yield of 8.92%. The optimum conditions for achieving a total phenolics content of 13.89 mg gallic
acid equivalent (GAE)/g dry extract were determined as: 45 ◦C, 1050 psi (7.2 MPa), and 96.6%
EtOH/water mixture.

Keywords: supercritical extraction; polyphenolic compounds; extractives; experimental design
optimization; spruce bark

1. Introduction

Today, the increasing consumption of nonrenewable resources, such as oil, coal, and natural
gas, is a worldwide problem. The supplies of these resources are limited and are expected to
run out in a few years. The supply of natural gas is estimated to last for about 65 more years,
while oil supply is expected to last 40 years and coal is expected to last 300 years. One of the
solutions to avoid the exhaustion of fossil fuel is to find a sustainable method, using abundant
resources, to obtain equivalent products—materials and chemicals made from lignocellulose materials.
Currently, significant emphasis is placed on maximizing the exploitation of industrial biomass waste,
such as tree bark, turning it into value-added products. Tree bark is gaining attention due to its unique
composition and content of valuable biochemicals, i.e., extractives, and also as an economically and
ecologically significant material due its biodegradability, renewability, low cost, and large potential
availability [1]. Unfortunately, the wood processing industry does not currently use tree bark to its
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full potential. Most of the bark resulting from the wood, pulp, and paper industries is burnt for the
production of energy and heat. The remaining part of the bark is used in traditional applications,
e.g., as mulching material, in horticulture, and as ornamental bark [2,3].

The Slovak forest covers 41.1% of the country’s land area. The most abundant tree species in the
Slovak republic include European beech (33.5%), Norway spruce (23.1%), sessile/English oak (10.6%),
and Scots pine (6.8%) [1]. The industries log, on average, 5 Mm3 of Norway spruce per year, producing
0.5 Mm3 of spruce bark, considering a 10–12% volumetric bark content in logs. Since approximately
32% of the bark represents extractives, the valorization of this byproduct is highly important [4].
Such exploitation of the bark consists in extracting bark components, thus achieving higher value
bio-based materials and bioactive compounds that could be used in a variety of pharmaceutical,
chemical, cosmetic, and food applications. At the end of its lifecycle, bark could be combusted for
generating electricity [5–8].

Extractives are derived from the metabolic processes of plants and include a wide range of
phytochemicals with different physical properties. Spruce bark is rich in extractives, such as phenolic
compounds, that make up one of the major families of secondary metabolites. In general, more than
8000 phenolic structures are currently known [9], including a diverse group of compounds of soluble
phenolics such as flavonoids, phenolic acids, stilbenes, and nonsoluble compounds, such as lignins and
condensed tannins [10]. Several studies have reported that these chemical compounds have a wide range
of bioactive properties, such as cytotoxic, antibacterial, repellent, fungicidal, antimycotic, antitumor,
anti-inflammatory, antiviral, antimalarial, antimutagenic, and growth-inhibiting effects [11–17].
The work of Jablonsky et al. [13] summarized the properties of 237 compounds extracted from coniferous
bark and reported in various studies. The following activities have been established for the substances
extracted from bark: Cytotoxic (25 identified substances), antioxidant (26 substances), fungicidal
(20 substances), antibacterial (42 substances), anti-inflammatory (10 substances), antimutagenic
(5 substances), pharmacokinetic (5 substances), pheromone (10 substances), and inhibiting
(22 substances) [13]. For obtaining specific bioactive compounds with the desired properties, it is
essential to find suitable experimental conditions of isolation, since the extraction parameters determine
a qualitative and quantitative representation of individual components. The isolation method can
provide a simple way to separate the desired extractives from components of the matrix while keeping
the original matrix usable for ultimate energy production. Based on the literature survey, the following
extraction methods have been investigated for phytochemicals: Solvent extraction ultrasound-assisted
extraction (UAE) [18,19], supercritical fluid extraction (SFE) [20,21], microwave-assisted extraction
(MAE) [22,23], accelerated solvent extraction (ASE) [24], and subcritical water extraction (SWE) [25,26].

The aim of this study was to optimize the working parameters (i.e., temperature, pressure,
and cosolvent concentration) for isolating extractives from spruce bark using supercritical extraction
with carbon dioxide (CO2).

The method of experimental design (DOE) was applied for statistical evaluation of the
measurements. These measurements were used for optimizing the extraction conditions to achieve the
maximum extraction yield from spruce bark. In addition, the isolated extractives were determined
to evaluate their total phenolics content and their antioxidant capacity. Based on the findings of this
study, we concluded that the selected extraction conditions (pressure, temperature, and concentration
of the solvent), as well as their interaction with other parameters, have a significant impact on the
monitored properties.

2. Results and Discussion

In this study, the method of experimental design was applied to investigate the effects of
temperature, pressure and cosolvent concentration on the yield of extractives. In addition, total
phenolics content and the antioxidant capacity was assessed. A full 23 factorial design of experiments
was performed for a comprehensive description of the selected physical parameters affecting the
extraction process. The effects of the selected variables were determined in the following ranges:
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temperature t = 40–100 ◦C, cosolvent concentration c = 40–96.6% and pressure p = 1050–9000 psi
(7.2–62 MPa). The extraction time (50 min), particle size (1–1.4 mm) and the ratio between the raw
material and cosolvent (1:5 (w/v)) were kept constant during the experimental procedures. The complete
DOE consisted of twenty combinations, including six replicates of the center point for the reported
standard deviation from the overall mean. The levels of the independent variables under investigation
are listed in Tables 1 and 2.

The method of experimental design mathematically evaluates of measurement using analysis
of variance. The analysis of variance (ANOVA) was employed to assess the statistically
significant factors. The mathematical relationship of each response to the selected variables is
approximated by the general quadratic polynomial shown in Equation (1):

Y = β0 +
∑

βjXj +
∑

βjjXj
2 +
∑

βjkXjXk (1)

where Y is the response, β0 is a constant, βj is the linear coefficient, βjk is the interaction or crossed
coefficient, and βjj is the quadratic coefficient [27].

The output of the method of experimental design is a system of regression equations that are
used for optimization of the system. Statistical and analysis data were evaluated using the STATIS
software [27] and for optimisation of yield of extractives was used subprogram Solver, MS Excel.

First of all, the effect of temperature was examined between 40–100 ◦C. The minimum extraction
temperature (Tmin = 40 ◦C) was defined in the vicinity of the critical point of carbon dioxide
(Tc CO2 = 31.3 ◦C) and the maximum temperature was set at Tmax = 100 ◦C to avoid possible
degradation of thermally labile compounds, which occurs during heating [28,29]. Ethanol was used
as co−solvent in various concentrations to extract polar compounds, whereas pure carbon dioxide is
useful in the extraction of non-polar to slightly polar compounds. Ethanol is recognized safe, with low
environmental impact, and due it is low toxicity it is currently used in food and nutraceutical extraction
processes [30–32]. According Monrad et al. [33], and Santos et al. [34], a lower concentration of ethanol
cosolvent allows obtaining a higher yield of extractives. Still, a wide concentration range of the ethanol
cosolvent was examined for assessing its effect on the yield of the extractives. The maximum value of
ethanol was limited to its affordable concentration (96.6%). Regarding the maximum and minimum
values of pressure (1050–9000 psi), they were established according to the limits of the equipment.
The particle size of the matrix also has an important impact on the overall extraction efficiency.
The particle size of spruce bark in the range 1–1.4 mm, as used for the experiment, was determined
based on our previous research [23,35]. The obtained results have shown that, to achieve a higher
yield, particle size should be greater than 0.3 mm and smaller than 2 mm. In this respect, it has been
established that the surface area increases as the particle size decreases, due to better solute-solvent
interaction [36]. A particle size greater than 2 mm offers a smaller surface area for mass transfer,
compared with a particle size smaller than 2 mm. On the other hand, a particle size smaller than
0.3 mm leads to lower yield of extractives because of particle can agglomerated in an extractor [37].

Table 1. The experimental design conditions.

Name of Factors Factors
Coded Variable Level

−1.682 −1 0 1 1.682

Temperature (◦C) x1 40 52 70 88 100

Cosolvent concentration (%) x2 40.0 51.5 68.3 85.1 96.6

Pressure (psi) x3 1050 2660 5025 7390 9000
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Table 2. Coded and real values of design of experiment (DOE).

Run
Coded Levels of Factors Real Levels of Factors

x1 x2 x3
t

(◦C)
c

(%)
p

(psi)
YE
(%) TPC a TEAC b

1 −1 −1 −1 52.16 51.47 2661.74 7.78 6.61 0.75
2 1 −1 −1 87.84 51.47 2661.74 6.68 4.41 0.75
3 −1 1 −1 52.16 85.13 2661.74 4.14 9.22 0.71
4 1 1 −1 87.84 85.13 2661.74 4.94 8.46 0.74
5 −1 −1 1 52.16 51.47 7388.26 7.80 5.82 0.74
6 1 −1 1 87.84 51.47 7388.26 9.20 5.24 0.79
7 −1 1 1 52.16 85.13 7388.26 3.73 9.23 0.75
8 1 1 1 87.84 85.13 7388.26 3.99 8.46 0.69
9 −α 0 0 40.00 68.30 5025.00 3.78 7.39 0.76

10 α 0 0 100.00 68.30 5025.00 4.54 4.47 0.75
11 0 −α 0 70.00 40.00 5025.00 5.70 10.32 0.76
12 0 α 0 70.00 96.60 5025.00 2.15 9.61 0.70
13 0 0 α 70.00 68.30 1050.00 7.82 11.30 0.74
14 0 0 α 70.00 68.30 9000.00 6.99 5.46 0.75
15 0 0 0 70.00 68.30 5025.00 8.14 6.24 0.74
16 0 0 0 70.00 68.30 5025.00 8.69 6.40 0.74
17 0 0 0 70.00 68.30 5025.00 8.71 6.50 0.75
18 0 0 0 70.00 68.30 5025.00 8.70 6.10 0.74
19 0 0 0 70.00 68.30 5025.00 8.19 6.34 0.73
20 0 0 0 70.00 68.30 5025.00 8.67 6.83 0.74

−α = −1.682, α = 1.682, a TPC in mg GAE/g dry extract; b TEAC in µM TE/ mg dry extract.
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2.1. Yield of Extractives

The general equation describing the yield of extractives as a function of the variables is shown
in Equation (2).

YE = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3 + b11x12 + b22x22 + b33x32 (2)

Tables 3 and 4 present the results obtained by ANOVA analysis.

Table 3. Analysis of variance for yield of extractives.

Source of Variability s f s ˆ 2 F Fc

s1 29.89 3 9.96 133.01 5.41
s2 51.84 6 8.64 115.34 4.95
SE 0.37 5 0.07 1.00 -
SLF 6.76 5 1.35 18.05 5.05

Table 4. Regression analysis for yield of extractives and total phenolics content.

Coefficients
Yield of Extractives (%) TPC (mg GAE/g Dry Extract)

bi bc bi bc

b0 8.49 0.29 6.30 0.32
b1 0.25 0.19 −0.67 0.21
b2 −1.46 0.19 0.89 0.21
b3 −0.07 0.19 −0.68 0.21
b11 −1.33 0.19 −0.33 0.20
b12 0.00 0.25 0.16 0.27
b13 0.33 0.25 0.20 0.27
b22 −1.42 0.19 1.10 0.20
b23 −0.4 0.25 −0.004 0.27
b33 −0.19 0.19 0.49 0.20

The statistically significant regression coefficients are pointed in bold bc—The critical value of the coefficient on 95%
probabilistic level.

According to the results obtained, both linear parameters b1 and b2 and both interaction parameters
b11 and b22 strongly influenced the yield of extractives. Figure 1 shows the response surface of the yield
of extractives for temperature and cosolvent concentration. The response surface passed through the
global maximum. In this case, it is interesting that the lowest cosolvent concentration led to a higher
value of yield of extractives compared to YE, which was achieved by the highest cosolvent concentration.
These findings are in agreement with those reported in previous investigations [33,34]. This behavior
proves the significant role of the cosolvent polarity, also confirmed by our regression analysis results,
which indicated that the linear terms of cosolvent concentration played the main role in the system.
In Figure 1, the strong interaction for both factor at medium temperature and at medium cosolvent
concentration is shown. This effect is explained by the dissolution of valuable compounds in the
system. An increase in the temperature caused a decrease in the surface tension and viscosity of the
system, increasing the hydrophilicity of target analytes, hence the dissolving power was higher [38].
Thus, temperature was evaluated to be the second most important factor influencing the yield of
extractives, as can be noted in Table 4. Higher temperature stimulated the diffusion of carbon dioxide
and the fluidity of the membrane increased. It improved the isolation of cellular material from the
cells [39–41]. However, overly high temperature can lead to sample agglomeration. The yield of
extractives at the highest temperature (100 ◦C, 68.3%, 5025 psi) used in this study was 4.54%, which is
twice lower compared to that reached at the temperature of 70 ◦C (68.3%, 5025 psi, YE = 8.7%).
The results listed in Figure 1 also point out that the amount of ethanol was a significant parameter.
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In fact, its effect was more important than that of increasing the temperature by several degrees Celsius.
Ethanol enhanced the yield of extractives more than twofold.
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Figure 1. Response surface of extractives yield (%) as a function of temperature in range of 40–100 ◦C
and cosolvent concentration of 40–96.6% EtOH/water, in coded values, at constant pressure of 5025 psi
(coded value 0).

The response surface for the yield of extractives of cosolvent concentration and pressure is shown
in coded values from −1.681 to +1.681 (Figures 2–4). In these figures, the synergic effect between
cosolvent concentration and pressure is shown. As can be seen, at temperature 100 ◦C, the yield
of extraction increased with increasing pressure, but at temperature 40 ◦C, the yield of extractives
decreased with increasing pressure. The pressure as a single factor has been evaluated as factor with
minor positive effect on the yield of extractives. In addition to the linear term of pressure, the quadratic
term b22 had a minor effect on the system. The synergic effect between temperature and pressure,
as shown in Figure 5, was also confirmed.Molecules 2019, 24, x FOR PEER REVIEW 8 of 17 
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of 40–100 ◦C and pressure in the range of 1050–9000 psi, in coded values, at constant EtOH/water
cosolvent concentration of 68.3% (coded value 0).

2.2. Total Phenolics Content and Antioxidant Capacity of Extracts

Phenolic compounds represent a large group of molecules with a variety of functions in plants.
Some are used as antioxidants to prevent the oxidation of fatty acids. The ability of an antioxidant
to scavenge DPPH radicals is attributed to their hydrogen donating ability [42,43]. Total phenolics
content was evaluated using a calibration curve obtained with gallic acid and expressed in mg GAE/g
dry extract. The regression equation from the standard curve was y = 0.142x + 0.0142 (R2 = 0.9994).
The antioxidant capacity of the extracts was quantified using a calibration curve obtained with Trolox.
The regression equation from standard curve was y = −0.0099x + 0.8607 (R2 = 0.9947). The obtained
data for TPC and the antioxidant capacity were determined for each sample and the results are
presented in Table 2. As can be seen, the total phenolics content of the extracts was in the range of
4.41–11.03 mg GAE/g dry extract and the antioxidant capacity was in the range of 0.68–0.79 µM TE/mg
dry extract. The visualization of the effect of working parameters on total phenolics content, using
3D response surface plots, is presented in Figures 6–8. In this case, based on the ANOVA results in
Table 4, the linear terms of all the independent variables had a positive effect on TPC. From the highest
to the lowest, the influencing parameters were ranked in the following order: Cosolvent concentration,
temperature, and pressure. According to the results, the interaction of factors, namely, cosolvent
concentration–pressure, also exerted a strong influence on total phenolics content. The other interaction
of factors had a minor effect on TPC. Cosolvent concentration was confirmed to have the main
effect on the system, with temperature having the other significant effect. The response surface of
TPC as a function of temperature and cosolvent concentration at a constant pressure 5025 psi is
shown in Figure 6. According to the results obtained, using lower temperature gives higher total
phenolics content. At the temperature 100 ◦C, total phenolics content of 4.47 mg GAE/g dry extract was
reached, which is about 2.9 mg lower than that achieved at the temperature of 40 ◦C (7.38 mg GAE/g
dry extract). These results can be attributed to the thermal degradation of polyphenols using higher
temperature. According to the literature [44], rutin degrades sharply above to 100 ◦C. Figure 8 shows
the interaction between cosolvent concentration and pressure. Both factors showed a strong interaction
at high co-solvent concentration and at high pressure, as well as at high cosolvent concentration and
low pressure. In addition, the relationship between TPC and TEAC was discussed. From the obtained
result, the correlation between TPC and TEAC was not found, since the temperature has a significant
effect on the stability of polyphenols and their biological activities. According to the literature [44],
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the degradation of flavonoids depends on structural solidity and the modifications of structure of
polyphenols lead to changes in antioxidant capacity.
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2.3. Extraction Optimization

The operating conditions for supercritical extraction with carbon dioxide were determined in order
to obtain the maximum yield of extractives. The optimal conditions for extractives yield in the ranges of
the selected parameters were found as follows: 73 ◦C, 58% EtOH/water, 6465 psi (44.5 MPa), for which
the statistically validated regression models provided a yield of extractives of 8.92%. The standard
error was ± 0.2736 %. In addition, in the study, the optimum conditions for TPC were determined.
According to the statistical calculations, the optimum conditions for TPC (13.89 mg GAE/g dry extract)
were limited to value 45 ◦C, 96.6%, and 1050 psi, whereas the maximum value of TPC was not reached.
The standard error for TPC was ± 0.3014 %.

3. Materials and Methods

3.1. Chemicals

All the reagents, standards, and solvents were of analytical grade and were purchased from
Sigma-Aldrich (Saint-Louis, MO, USA), Centralchem (Bratislava, Slovak Republic), VWR International
(Radnor, PA, USA), and Alfa Aesar (Haverhill, MA, USA). Carbon dioxide of 99.5% purity was supplied
by Messer Tatragas (Bratislava, Slovak Republic).

3.2. Plant Materials

Spruce bark (Picea abies) was provided as an industrial waste by the timber company Bioenergo Ltd.
(Ruzomberok, Slovakia). The spruce bark was air-dried until a constant weight was reached,
homogenized by grinding using a knife mill with a motor power of 7.5 kW, and separated into different
fractions using sieves. The spruce bark fraction of 1–1.4 mm was extracted using a supercritical
extraction with carbon dioxide and analyzed to determine the content of holocellulose (52.0 ± 0.2%),
lignin (26.4 ± 1.3%), ash (3.6 ± 0.4%), and extractives (12.7 ± 0.01%). The moisture content of the
material (8.77 ± 0.08%) was determined by drying approximately 1 g of spruce bark at 105 ◦C for 6 h
until complete moisture removal according to ISO 3130:1975 [45].
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3.3. Supercritical Extraction with CO2

The extraction was performed using a Supercritical Fluid Extractor model SFT-150 from
Supercritical Fluid Technologies, Inc., Newark, NJ, USA. The schematic diagram of the SFT-150 is shown
in Figure 9. Supercritical extraction has several advantages over conventional extraction techniques,
e.g., the elimination of polluting organic solvents and reduced product contamination, thus being
an environment-friendly, safe, fast, and cost-effective technique to yield high-purity products [36,38].
Carbon dioxide was used as supercritical fluid. As a supercritical fluid, carbon dioxide manifests
higher diffusion coefficients and lower viscosities than a liquid solvent. Consequently, the diffusivity
and solubility in such fluids tend to be much higher than in compared with liquids, resulting in fast
reaction kinetics. Besides carbon dioxide is generally recovered as a safe, nontoxic, nonflammable,
low-cost and high-purity solvent, which can easily reach supercritical conditions [46–48].
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Approximately 40 g of air-dried samples were filled into the extractor vessel, together with
the cosolvent (mixture of ethanol and water, V = 200 mL). Then, the extraction conditions were set
according to the Design of Experiments. The samples were extracted in the static mode with pure CO2

for 50 min.

3.4. Determination of Extractives Yield

The yield of extractives (YE, %) in each experiment was determined by drying the bark samples at
105 ◦C to a constant weight. The results are expressed on the basis of the dry matter weighed before
and after extraction, as shown in Equation (3):

YE (%) = 100 × (mi −mj)/mi (3)

where mi is the dry mass (g) of the bark before extraction and mj is the mass (g) of the bark after
extraction and drying.

3.5. Determination of Total Phenolics Content

Total phenolics content (TPC) of the extracts was determined by the Folin-Ciocalteu assay, based
on the redox reactions of phenolic compounds [50]. A volume of 0.5 mL of Folin-Ciocalteu reagent and
0.5 mL of the extract or ethanol (as blank sample) were pipetted into a test tube. After 3 min, 1.5 mL
of 20% sodium carbonate solution and distilled water were added into the test tube. After stirring,
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the mixture was incubated in a closed dark colored flask at room temperature for 120 min, and then
the absorbance of the solution was recorded at 765 nm. The TPC in the extracts was determined using
the calibration curve based on the absorbance at 765 nm and expressed as gallic acid equivalent (GAE)
in mg per 1 g of dry extract.

3.6. Determination of Antioxidant Capacity

The antioxidant activity of the extracts was determined using the Trolox equivalent antioxidant
capacity (TEAC) method using 2,2-diphenyl-1-picrylhydrazyl (DPPH; C18H12N5O6, M = 394.33 g/mol)
as a free radical Figure 10. This assay is based on the ability of the antioxidant to neutralize the DPPH
radical via electron donation. The odd electron of the nitrogen atom in the DPPH radical is reduced by
receiving a hydrogen atom from the antioxidant to the corresponding hydrazine. The DPPH radical
produces deep purple-colored solutions. The purple color of the initial solution turns yellow when the
free radical is blocked by the substance that can donate a hydrogen atom [51].
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Figure 10. Reaction mechanism of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical with an antioxidant [52].

This assay was performed according to the method modified by Mareček at al. (2017) [53].
An amount of 200 µL sample (1 mg of dry extract diluted in 10 mL of 95% ethanol), mixed with
75 µL of DPPH (0.5 mM in 95% ethanol) or 75 µL of ethanol (as blank sample), was used for the
measurement at 517 nm. It was determined by the calibration curve that the concentration of Trolox
ranged from 0.5–80 µM. The antioxidant activity was expressed as Trolox equivalents (µM TE) on 1 mg
of dry extract.

4. Conclusions

Based on the analysis of the experiment, our findings lead to the conclusion that the extraction
conditions have a significant impact on the extraction yield, especially the cosolvent concentration and
temperature used. The cosolvent concentration had the most significant effect on the yield of extractives,
followed by the temperature, while the pressure had a minimal effect on the yield of extractives.
Higher temperature enabled an easier passage of the target analytes through the pores on the surface
of the natural matrix. The use of ethanol and water as SFE modifier is suitable to extract a significant
share of valuable compounds from spruce bark, containing of polyphenols, which were found to
exhibit antioxidant capacity. Results also reveal that the antioxidant capacity of the spruce bark extract
cannot be defined solely its total phenolics content. Therefore, the antioxidant properties depend on
the sample and differ among the phenolic compounds. Moreover, the amount of all the phenolics
occurring in spruce bark still remains unknown, requiring further detailed studies.
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