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Abstract

This study presents the statistical modelling of ultrasound-assisted extraction (UAE) of (poly)phenolic compounds from yar-
row flowers (Achillea millefolium L.) using a central composite design (CCD). The effects of ethanol content in the solvent
(21.36-88.64 %v/v, including extremes), solid-to-solvent ratio (1 : 9.77-60.23 w/v, including extremes), and initial solution pH
(1.95-12.05, including extremes) on extraction efficiency of total (poly)phenols, flavonoids, and anthocyanins were examined.
The results showed that the responses were most significantly influenced by the solid-to-solvent ratio and ethanol content
in the solvent, while the effect of pH of the initial solution was weak. Regression analysis yielded highly reliable models with
coefficients of determination (R?) close to unity. The highest contents of total (poly)phenols (=30.31 mg GAE/g) and flavonoids
(=12.21 mg CTH/g) were achieved at a high solid-to-solvent ratio (1 : 60.23 w/v) and a medium ethanol content (55 %v/v). In
contrast, the highest anthocyanin content (=0.157 mg Cy3C/g) was achieved at the highest ethanol content (88.64 %v/v) and
a medium solid-to-solvent ratio (1 : 35 w/v). Regardless of the response, the highest yields were achieved in a neutral environ-
ment, though acceptable results could also be achieved under alkaline conditions. ANOVA analysis confirmed the proposed
quadratic models had high statistical significance (p < 0.0001 for all responses), validating their use in predicting extraction

efficiency under varying conditions.
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1 Introduction

Polyphenolic compounds are a potent natural source of
antioxidants, and are increasingly used in the production
of bio-based products, including food additives, cosmet-
ics, pharmaceuticals and dietary supplements." Yarrow
(Achillea millefolium L.) is a plant rich in these compounds.
It typically grows in meadows and along roadsides, and
is recognisable by its delicate leaves, hairy stems, and a
height ranging from 20 to 90 cm.?* A member of the As-
teraceae family, yarrow thrives in the temperate regions of
Eurasia and North America, and has a long history in tradi-
tional medicine.*

Numerous bioactive compounds have been identified in
yarrow, including phenolic acids, flavonoids, terpenoids,
acetylcholine, sterols, thiamin, tannins, coumarins, lignans,
alkadiamides, polyacetylenes, sesquiterpenes, amino ac-
ids, ascorbic acid, and various sugars.>*~ Its essential oil
is known to contain a-terpineol, piperitone, pinene, bor-
neol, piperitone, 1,8-cineole, p-micin, artemisia ketone,
bornyl acetate, camphor, linalyl acetate, D-limonene,
and sabinene.*>'%"* Yarrow is well-known in tradition-
al medicine and is used to treat wounds, headaches, in-
flammation, digestive issues, respiratory infections, and as
a mild sedative.>* Due to its stimulant, gastroprotective,
antispasmodic, analgesic, anti-inflammatory, and antimi-
crobial effects, yarrow has potential applications in the

* Corresponding author: Nebojsa Vasiljevi¢, MSc in Chem. Eng.
Email: nebojsa.vasiljevic@tfzv.ues.rs.ba

pharmaceutical industry.” Its astringent, antioxidant and
antimicrobial activities also support its use in the cosmet-
ics industry.'? Conventional extraction methods such as
percolation, maceration, and Soxhlet extraction are often
time-consuming and require large volumes of solvent to
achieve high vyields of bioactive compounds.>' ' In re-
sponse, green extraction techniques have been developed
allowing shorter processing and retention times, faster heat
and mass transfer, improved product quality, and reduced
solvent use. In addition, green extraction reduces energy
consumption and lowers environmental impact.''® One
widely adopted green method is ultrasound-assisted ex-
traction (UAE)."-22 Ultrasound has both mechanical and
thermal effects on the extraction of plant material.?* Ther-
mally, ultrasound energy is converted to heat and then ab-
sorbed by plant tissues. Mechanically, it induces acoustic
cavitation, which leads to the splitting of plant cells.?*** In
fact, acoustic cavitation is a phenomenon where the pas-
sage of waves through a liquid leads to the formation and
growth of bubbles in the liquid, which eventually burst.
Due to the bursting of the bubbles, at the molecular level,
the temperature rises to 5000 K and the pressure rises to
50 MPa. Such a sharp increase in temperature and pres-
sure causes the disintegration of plant cell walls and easier
diffusion of dissolved substances into the solvent.? Initially,
extraction studies often used the “one factor at a time” ex-
perimental design to evaluate the influence of factors (pro-
cess parameters) on a certain response (e.g., yield, content
of a certain component in the product...). However, this
method is time-consuming, expensive due to the large
number of experiments required, and does not account for
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interactive effects among the selected parameters.?® The
response surface methodology (RSM) offers a more effi-
cient alternative. RSM is a set of mathematical techniques
used in data processing, which aim to determine how pro-
cess parameters affect the response, and then to determine
the mathematical model that best fits the obtained data.?”
RSM provides a large amount of relevant data while re-
ducing the time required to conduct experiments.?® The
main types of RSM are factorial design (FD), optimal de-
signs (D-optimal, 1-optimal), Box-Behnken Design (BBD),
Doehlert Design and Central Composite Design (CCD).%
Among them, the Central Composite Design, developed
in 1951 by Box and Wilson, is especially popular.?® CCD
consists of: 1. factorial design, which includes basic combi-
nations of factors at high (+1) and low (=1) levels; 2. cen-
tral points, which include the mean values of the factors
(0) to assess replicability, and 3. axial points, which include
points at a specific distance from the centre (usually o),
to assess the quadratic effects of the factors.>°

This work investigates the influence of solids-to-solvent ra-
tio, ethanol content in the extraction solvent, and initial
solution pH on the ultrasound-assisted extraction (UAE) of
(poly)phenols from yarrow flowers (Achillea millefolium L.).
By observing the interactions of process parameters and
statistical analysis, this study aims to determine their effects
on the extraction of (poly)phenolic compounds and identi-
fy the optimal extraction conditions.

2 Experimental

Statistical modelling of ultrasound-assisted extraction (UAE)
of (poly)phenolic compounds from yarrow flowers (Achil-
lea millefolium L.) was conducted. The study evaluated the
total (poly)phenol, flavonoid, and anthocyanin content in
the extracts as response variables. Further is a brief over-
view of the reagents used, methods, process conditions,
and design of the experiments.

2.1 Materials and methods

Dried yarrow flowers were purchased from a local health
food store. The crushed plant material was extracted using
ethanol solutions of varying concentrations. After UAE, the
spent drug was separated from the newly formed extract
by vacuum filtration. Total polyphenol, flavonoid, and an-

Table 1

N. VASILJEVIC et al.: Statistical Modelling of Ultrasound-assisted Extraction of..., Kem. Ind. 74 (11-12) (2025) 475-485

thocyanin contents in the extracts were analysed spectro-
photometrically using a Shimadzu UV-1800 spectropho-
tometer (Cole Parmer, USA).

Total (poly)phenols were determined using the Folin-Cio-
calteu method at 765 nm following the procedure of Sin-
gleton and Rossi; flavonoids were quantified using AlCI,
complexation at 510 nm, according to Zhishen et al., and
anthocyanins were measured by the pH differential meth-
od at 520 and 700 nm, as outlined by Giusti and Wrol-
stad.>'* The Folin-Ciocalteu reagent (Carlo Erba, Germa-
ny) was used for the determination of total phenols, with
sodium carbonate (Lach:ner, Czech Republic) providing
the necessary basic environment. Aluminum chloride
(Lach:ner, Czech Republic) was used to form complexes
with flavonoids, assisted by sodium hydroxide (Lach:ner,
Czech Republic) and sodium nitrite (Zorka Sabac, Serbia).
For the determination of anthocyanins, an acetate buffer
(pH = 4.5) and a potassium chloride buffer (pH = 1.0)
were used. Results were expressed in mg gallic acid equiv-
alents (GAE)/g of dry plant material for polyphenols, mg
catechin hydrate (CTH)/g of dry plant material for flavo-
noids, and mg cyanidin-3-glucoside (Cy3G)/g of dry plant
material for anthocyanins. Throughout the remaining text,
only the abbreviated units, mg GAE/g, mg CTH/g, and mg
Cy3C/g, will be used to avoid unnecessary repetition.

2.2 Design of experiments

To determine the responses as efficiently as possible, re-
sponse surface methodology (RSM) was applied. In our
case, it was used to fit a second-order quadratic model to
the data, thereby identifying optimal response conditions.
Given that we wanted to include extreme values of process
variables in the study, the Central Composite Design (CCD)
was chosen as one of the most common types of RSM. Sta-
tistical analysis was conducted using Design-Expert 13 (trial
version), Stat-Ease Inc, USA. Responses in the study were
influenced by three independent variables: ethanol con-
tent in solvent — X, (35-75 %v/v), solid-to-solvent ratio — X,
(1 : 20-1 : 50 w/v), and initial solution pH- X; (4-10). All
extractions were performed in an ultrasonic bath at room
temperature for 30 min.

The design included 15 different process condition com-
binations and 5 replicates at the central point to assess
variability, totalling 20 experiments. Table 1 shows the val-
ues of the independent variables used for the extraction of
(poly)phenolic compounds from yarrow flowers.

— Values of independent variables used for RSM* modelling for the ultrasound-assisted extraction of yarrow flowers

Tablica 1 — Vrijednosti neovisnih varijabli koje se primjenjuju za RSM* modeliranje za ultrazvu¢nu ekstrakciju cvjetova stolisnika

Independent variable - Level
Coded Uncoded —-1.68 =1l 0 +1 +1.68
X Ethanol content in solvent %v/v 21.36 35 55 75 88.64
X, Solid-to-solvent ratio w/v 1:9.77 1:20 1:35 1:50 1:60.23
X, Initial solution pH - 1.95 4 7 10 12.05

‘Study type: Response Surface, Subtype: Randomised, Design Model: Quadratic.
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The input and output variables are related through a sec-
ond-order polynomial equation, as shown in Eq. (1).3*

(1)

Y = ﬁo + iﬁoxi + izn:ﬂijxixj + Zn:ﬂﬁxiz
i=1 i=1

i=1j=2

Y is the response value, n is the number of independent
variables in the model, X; and X; are the independent varia-
bles, B, is a constant coefficient, and B, B; and f3; represent
the coefficients for the linear, quadratic, and interaction
terms, respectively, in the quadratic model. The values of
the B coefficients were obtained by regression analysis us-
ing the least squares method on the experimental data.
The magnitude of these coefficients measures the influ-
ence of each term on the response and allows predicting
the behaviour of the system.

The adequacy of the developed model was evaluated by
calculating the lack of fit, the coefficient of determination
(R?), F-value, and the p-value. The F-value is the ratio of
the mean squared deviation between groups to the mean
squared deviation within the group. The p-value is derived
from the F-value and the degrees of freedom. A high F-val-

Table 2 — Measured and predicted values for all responses
Tablica 2 — 1zmjerene i predvidene vrijednosti za sve odzive
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ue combined with a low p-value indicates a significant dif-
ference between the groups. Analysis of variance (ANOVA)
was also used for regression analysis and to generate con-
tour plots.

3 Results and discussion

The results of the study are presented in Table 2. In addi-
tion to the actual values (measured using a spectrophotom-
eter), the table also includes predicted values that fit more
closely with the proposed model.

The measured values in Table 2 were analysed using the
ANOVA method to determine the polynomial coefficients
for the response surface model. For each point of the re-
gression model, an F-value and a p-value were determined,
with a confidence level greater than 95 % (i.e., a p-value
greater than 0.05 is not statistically significant).

To evaluate the adequacy of the model after eliminating
parameters that had no significant effect, and to assess its
ability to accurately predict responses under various pro-

Factor Response
std | Run Total (poly)phenol content | Flavonoid content/mg  Anthocyanin content/mg
X, /%VIv | Xo/WIV X/ /mg GAE/g CTH/g Cy3G/g
Actual Predicted Actual Predicted Actual Predicted
14 1 55 35 12.05 16.82 17.33 10.15 10.52 0.1181 0.1119
10 2 88.64 35 7 15.80 16.38 7.12 7.06 0.1894 0.1967
2 3 75 20 4 12.64 13.64 6.12 6.42 0.1523 0.1442
11 4 55 9.77 7 11.77 11.24 5.03 5.09 0.0744 0.0902
17 5 55 35 7 19.30 19.37 9.21 9.34 0.0608 0.0823
3 6 35 50 4 28.36 28.98 9.53 9.85 0.0718 0.0782
5 7 35 20 10 8.37 9.43 5.34 5.27 0.0842 0.0875
4 8 75 50 4 21.08 19.67 8.90 8.99 0.2021 0.1945
15 9 55 35 7 19.12 19.37 9.30 9.34 0.0713 0.0823
7 10 35 50 10 28.64 27.29 11.33 11.06 0.0985 0.1024
13 11 55 35 1.95 19.27 19.26 9.78 9.37 0.0877 0.0999
16 12 55 35 7 19.80 19.37 8.43 9.34 0.0737 0.0823
1 13 35 20 4 18.30 17.83 7.06 7.06 0.0608 0.0461
9 14 21.36 35 7 21.26 21.18 6.65 6.68 0.0608 0.0595
20 15 55 35 7 1712 19.37 9.14 9.34 0.1041 0.0823
6 16 75 20 10 14.00 13.03 6.87 6.58 0.1449 0.1343
18 17 55 35 7 19.30 19.37 10.47 9.34 0.0818 0.0823
8 18 75 50 10 25.65 25.78 12.12 12.15 0.1570 0.1674
19 19 55 35 7 21.64 19.37 9.50 9.34 0.1029 0.0823
12 20 55 60.23 7 30.31 31.33 12.21 12.12 0.1549 0.1451
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— ANOVA results for the quadratic model of the Response Surface Method for all responses in the process of ultrasound-as-

Tablica 3 — Rezultati ANOVA za kvadratni model metode odzivne povrsine za sve odzive za ultrazvu¢nu ekstrakciju cvjetova stolisnika

Total (poly)phenol content Flavonoid content Anthocyanin content
Source df
F-value p-value F-value p-value F-value p-value
Model 9 33.33 < 0.0001 31.25 < 0.0001 13.70 0.0002
X 1 13.98 0.0039 0.6044 0.4549 82.06 < 0.0001
X, 1 245.29 < 0.0001 207.83 < 0.0001 13.09 0.0047
X3 1 2.26 0.1633 5.56 0.0401 0.6289 0.4462
XX, 1 6.59 0.0280 0.0804 0.7825 0.5978 0.4573
XiXs 1 15.26 0.0029 6.58 0.0281 4.74 0.0545
XoXs 1 11.33 0.0072 15.60 0.0027 0.5338 0.4818
X;? 1 0.3155 0.5867 38.36 0.0001 13.66 0.0041
X5? 1 3.34 0.0975 3.43 0.0939 8.15 0.0171
X5? 1 1.05 0.3303 2.30 0.1604 3.63 0.0860
Lack of fit 3 0.8981 0.5455 0.3133 0.8858 0.7823 0.6029
R?> =0.9677 R? = 0.9657 R? = 0.9250
Fitting statistics Adj. R? = 0.9387 Adj. R* = 0.9348 Adj. R? = 0.8575
& Pred. R? = 0.8440 Pred. R? = 0.8976 Pred. R? = 0.6805
AP = 219737 AP = 18.6288 AP = 12.7967

*df — degrees of freedom, Adj. R? — Adjusted R?, Pred. R? — Predicted R?, AP — Adequate Precision

cess conditions, the adjusted R? and predicted R* were an-
alysed. The results of the ANOVA analysis are presented
in Table 3.

The lack-of-fit analysis (Table 3) confirmed the validity of
the model for all responses. In each case, the p-value was
significantly greater than 0.05, indicating that the models
were adequately fitted to the experimental data. The ade-
quate precision (signal-to-noise ratio) for all three respons-
es exceeded 4, suggesting that the model was suitable for
navigating the design space.

The very high R? values for the total (poly)phenol, flavo-
noid and anthocyanin contents in the extracts, as shown
in Table 3, indicate that the generated model effectively
explains response variability, and demonstrate a strong
correlation between the independent variables and the
corresponding responses. The proposed models were able
to explain 96.77 % of the variation in total (poly)phenol
content, 96.57 % of the variation in flavonoid content, and
92.50 % of the variation in anthocyanin content in the ex-
tracts.

By eliminating points in the model that do not have a sig-
nificant impact on the responses, a reduced regression
model was obtained. ANOVA analysis of this reduced
model yielded adjusted R? values of 0.9387 for total (poly)
phenols, 0.9348 for flavonoids, and 0.8575 for anthocya-
nins in the extracts. These values are very close to the R?
values, indicating that even the reduced regression models
could effectively explain the variations. Subsequently, the
predictive performance of the regression model for some
other experimental results was assessed. The predicted R?
values for total (poly)phenols and flavonoids in the extracts

were 0.8440, and 0.8976, respectively, confirming that the
models were capable of providing good predictions even
with different experimental results. However, the predict-
ed R? for total anthocyanins (0.6805) was considerably
lower than R? value (0.925), suggesting that while the mod-
el fit the experimental data well, its predictive accuracy
was limited.

The regression coefficients, along with the p-values for
the terms in the proposed quadratic model for all three
responses, were obtained through ANOVA analysis. The
results are presented in Table 4.

These results were used to generate the regression equa-
tion and create the contour diagrams.

Fig. 1 shows the correlation between actual and predicted
data. Predicted vs actual data (Fig. 1) show that there is a
linear relationship between the experimental data (all val-
ues are close to the line y=x) and the predicted data. This
implies that the responses are significantly affected by each
component of the model (process variables), i.e., there is a
“goodness of fit”.>>

The studentised residual represents the difference between
the actual and predicted values, divided by the standard
error of that difference. Fig. 2 shows the correlation be-
tween studentised residuals and predicted data. It can be
observed that the residuals are distributed around zero,
without a negative pattern (e.g., systematic increase or de-
crease, or grouping of data. From Fig. 2, it is evident that all
data points lie within the upper and lower limits, indicating
that the process is not influenced by any external factor
and that the experimental procedure is stable.
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Table 4

— Regression coefficients and p-values for all responses

Tablica 4 — Regresijski koeficijenti i p-vrijednosti za sve odzive
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Variabl Total (poly)phenol content Flavonoid content Anthocyanin content
ariable
Coded Uncoded p-value Coded Uncoded p-value Coded Uncoded p-value
Constant = +19.37 = +24.15204 | < 0.0001 +9.34 +3.33240 | < 0.0001 | +0.0823 | +0.083402 | < 0.0001
X; —1.43 —0.091840 0.0039 +0.1128 | +0.195753 0.4549 +0.0408 | —0.001452 | < 0.0001
X, +5.98 +0.160869 | < 0.0001 +2.09 | +0.114147 = < 0.0001 | +0.0163 | —0.002973 0.0047
X3 —0.5741 —2.69008 0.1633 +0.3421 | —1.24715 0.0401 +0.0036 | +0.003291 0.4462
XX, —1.28 —0.004267 0.0280 —0.0537 | —0.000179 0.7825 +0.0046 = +0.000015 0.4573
XiX3 +1.95 +0.032458 0.0029 +0.4862 | +0.008104 0.0281 —0.0128 | —0.000214 0.0545
X,X3 +1.68 +0.037278 0.0072 +0.7488 | +0.016639 0.0027 —0.0043 | —0.000096 0.4818
X,? —0.2086 | —0.000521 0.5867 —0.8748 | —0.002187 0.0001 +0.0162 | +0.000041 0.0041
X,? +0.6788 | +0.003017 0.0975 —0.2614 | —0.001162 0.0939 +0.0125 | +0.000056 0.0171
Xy? —0.3801 | —0.042230 0.3303 +0.2141 | +0.023793 0.1604 +0.0084 | +0.000928 0.0860
*Coded — Coded regression coefficients, Uncoded — Uncoded regression coefficients
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the response ((poly)phenol content in the extract) were ex-
amined based on the quadratic model (Eq. (1)). ANOVA
analysis revealed that the content of total (poly)phenols in
the extract has a significant influence (p < 0.05) on the
following parameters: ethanol content in the solvent (X,),
solid-to-solvent ratio (X,), mutual interaction of the ethanol

Fig. 2 - Studentised residuals vs predicted. Model validation for:
a) (poly)phenoals, b) flavonoids, and c) anthocyanins.

Slika 2 — Studentizirani reziduali u odnosu na predvidene. Vali-
dacija modela za: a) (poli)fenole, b) flavonoide i ¢) an-
tocijane



480

U1
=)

S
N

38

ratio/w/v
w
N

X, — solid-to-solvent &
N
(o)}

35 65 75
X; — ethanol content in
solvent/vol.%

N. VASILJEVIC et al.: Statistical Modelling of Ultrasound-assisted Extraction of..., Kem. Ind. 74 (11-12) (2025) 475-485

b

=

X; — pH value

20 26 32 38 44 50

X, — solid-to-solvent
ratio/ w/v

Fig. 3 — Contour diagrams of the content of (poly)phenols for: a) mutual
interaction of X; and X,, and b) mutual interaction of X, and X,

Slika 3 — Konturni dijagrami sadrzaja (poli)fenola za: a) medusobnu inte-
rakciju X; and X, i b) medusobnu interakciju X, and X,

content in the solvent and the solid-to-solvent ratio (X;X,),
mutual interaction of the ethanol content in the solvent
and initial solvent pH value (X;X;), and the mutual interac-
tion of the solid-to-solvent ratio and pH value (X,X;). Using
Table 4, and retaining only those terms that have an impact
on the response, the regression equation takes the follow-
ing form (Eq. (2)):

Y = 24.15204 — 0.09184 - X; + 0.16087 - X, —

—0.04267 - XX, + 0.032458 - X,X, + 0.037278 - X,x, @

For a clear visual representation of the effect of process
parameters on the output value, contour diagrams were
constructed (Fig. 3).

Fig. 3a illustrates the interaction of the solid-to-solvent ra-
tio (X,) and the content of ethanol in the solvent (X;) on
the total (poly)phenol content in the extracts, while the
initial solvent pH (X;) is held constant. It was observed
that the response value was lowest at a low solid-to-sol-
vent ratio, regardless of the ethanol content in the solvent
(<15 mg GAE/g). Increasing the solid-to-solvent ratio re-
sulted in a corresponding increase in the response value,
with this increase being more pronounced at a low ethanol
content in the solvent. Thus, increasing the solid-to-sol-
vent ratio from 1 : 20 w/v to 1 : 50 w/v using a solvent
with low ethanol content (35-45 %v/v) raised the response
value from < 15 mg GAE/g of sample to > 25 mg GAE/g
of sample. In contrast, using solvents with higher ethanol
content (70-75 %v/v) led to an increase in the response
value from < 15 mg GAE/g of sample to only 20 mg GAE/g
of sample. This indicated that the solid-to-solvent ratio sig-
nificantly influenced the extraction of (poly)phenols, as it
was the main driving force for mass transfer (the difference
in concentration between the solid and liquid phases).?”
Increasing the solid-to-solvent ratio increased the contact
surface area between the plant material and the solvent,
thereby accelerating the transfer of target compounds into
the extraction medium and enhancing extraction efficien-
cy.*® On the other hand, the use of solvents with high eth-
anol content leads to rapid dehydration of plant cells; this
causes aggregation of small structures within the cells (such
as organelles or membrane fragments), which hinders the
diffusion of compounds into the solvent.*

Fig. 3b depicts the influence of the pH value (X;) and the
solid-to-solvent ratio (X,) on the response value at the mean
value of ethanol content in the solvent (X,). It is evident that
the total (poly)phenol content increased with an increasing
solid-to-solvent ratio. The total (poly)phenol content was
lowest at a low solid-to-solvent ratio and pH values rang-
ing from 7.5-10 (< 15 mg GAE/g). With a further increase
in the solid-to-solvent ratio, the effect of pH became less
pronounced, and at the highest solid-to-solvent ratio, pH
had almost no influence on the response value. As shown
in Fig. 3b, pH is not as dominant a factor as the other pro-
cess parameters. Few studies have highlighted the negative
influence of low pH on (poly)phenol extraction as clearly
as this one.*

3.2 Influence of independent variables
on the content of flavonoids

ANOVA analysis identified the parameters that significant-
ly affect (p < 0.05) the extraction of flavonoids from the
yarrow flower: solid-to-solvent ratio (X,), pH value (X),
mutual interaction of ethanol content in the solvent and
pH value of initial solvent (X,X;), mutual interaction of the
solid-to-solvent ratio and pH value of initial solvent (X,X5),
and the square of the ethanol content in the solvent (X;?).
Using Table 4, the abbreviated regression equation for the
flavonoid content in the extract is presented by Eq. (3).

Y =3.33240 + 0.114147 - X, — 1.24715 - X; +

1 0.008104 - X,X, + 0.016639 - X,X, — 0.002187 - X,2®)

Contour plots for the flavonoid content in the extract, as
the Response, are shown in Fig. 4.

Fig. 4a shows the influence of the solid-to-solvent ratio (X5)
and the ethanol content in the solvent (X;) on the flavonoid
content in the extracts based on the mean level (0) of the
pH value (X3). As in the case of total (poly)phenol content,
an increase in the solid-to-solvent ratio resulted in an in-
crease in the response (from 7 to 11 mg CTH/g at the cen-
tral values of ethanol in the solvent). On the other hand,
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an optimal ethanol content in the solvent was observed.
It is evident from Fig. 4a that the extraction of flavonoids
was best when using 55 %v/v ethanol, and this phenom-
enon was consistently observed across all solid-to-solvent
ratios. The existence of an optimal ethanol concentration
in the solvent aligns with findings from some other stud-
ies, which also observed that a combination of water and
alcohol yields higher extraction efficiency than using pure
ethanol as a solvent.***' If the extraction were performed
using only water, the high dielectric constant of the solu-
tion would hinder efficient extraction. Gradually adding
alcohol to the solvent reduces the dielectric constant of
the solution, allowing for rapid transfer of flavonoids from
the cells to the solvent. However, exceeding the optimal
ethanol content in the solvent can lead to cell wall damage
and structural changes to proteins, ultimately impeding fla-
vonoid diffusion.®

Fig. 4b confirms the results from Fig. 4a, i.e., that an in-
crease in the solid-to-solvent ratio (X,) results in a higher
flavonoid content in the extract. The pH value of the sol-
vent had minimal effect on the output at low solid-to-sol-
vent ratio. On the other hand, its effect of the pH value
became more pronounced at a solid-to-solvent ratio of

1 : 50 w/v. At this ratio, the response value increased from
10 to 12.5 mg CTH/g as the pH value increased from 4 to
10.

3.3 Influence of independent variables
on the content of anthocyanins in the extract

ANOVA analysis demonstrated that the following parame-
ters had a p-value less than 0.05, and as such were consid-
ered statistically significant for the extraction of anthocya-
nins from yarrow flowers: ethanol content in the solvent
(X,), solid-to-solvent ratio (X,), square of the ethanol con-
tent in the solvent (X;?), and the square of the solid-to-sol-
vent ratio (X,%). Based on Table 4, and by retaining only
those factors that are significant, the regression equation
for the anthocyanin content in the extract takes the form
shown in Eq. (4):

Y = 0.008202 — 0.001452 - X; — 0.002973 - X, +

+0.000041 - X,2 + 0.000056 - X,2 @)

Contour plots for anthocyanin content in the extract, as the
response, are shown in Fig. 5.
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From Fig. 5a (which shows the influence of the solid-to-sol-
vent ratio (X,) and the ethanol content in the solvent (X;)
on anthocyanin content), it can be seen that anthocyanin
extraction was most efficient within a specific range of pro-
cess parameters. Only at high values of the solid-to-solvent
ratio (1 : 45-1 : 50 w/v) and a high ethanol content in the
solvent (70-75 %v/v) could a significant yield of anthocya-
nins in the extract be achieved (> 0.16 mg Cy3G/g). Suffi-
ciently high yields (0.10-0.16 mg Cy3G/g can be achieved
by using a solvent with over 65 %v/v ethanol, regardless
of the solid-to-solvent ratio. Favourable conditions cannot
be achieved with other process parameters. Similar con-
clusions have been drawn in other studies.**** Ethanol ex-
hibits a weaker polar character than water, which makes it
more effective in degrading non-polar compounds present
in the cell wall and seed, thereby facilitating the release of
anthocyanins.**

In Fig. 5b, a pronounced decrease in anthocyanin content
can be observed with decreasing ethanol content in the
solvent from 75 to 35 %v/v in acidic conditions (from 0.14
to 0.06 mg Cy3G/g) compared with a smaller decrease in
base medium (from 0.12 to 0.08 mg Cy3G/g). As in the
case of total (poly)phenols and flavonoids as responses,
the third contour diagram was not processed, as it was de-
pendent on the other two.

4 Conclusion

This research confirms that ultrasound-assisted extraction
(UAE) is an effective method for extracting bioactive com-
pounds from Achillea millefolium L. Statistical modelling
and response surface methodology identified the influence
of various process parameters on the extraction process.
The proposed models were able to explain the observed
variations well, even after excluding the regression terms
with minimal effect on the response value. Predicted R
values were high for (poly)phenols and flavonoids, but not
for anthocyanins as response, suggesting that while the
model aligns well with the original data, its predictive ac-
curacy is limited. The content of total (poly)phenols and
flavonoids in the extracts mostly depended on the sol-
id-to-solvent ratio and the ethanol content in the solvent,
while the pH value had no great influence. Increasing the
solid-to-solvent ratio had a positive effect on extraction,
as it provided more solvent for hydration of the sample
matrix, and increased the contact surface between the
sample and the solvent, further accelerating mass transfer.
Medium values of ethanol in the solvent were optimal for
extracting polyphenols and flavonoids, as further increases
in alcohol concentration could lead to denaturation of cell
wall proteins, which inhibits extraction. Unlike the other
responses, extraction of anthocyanins was most effective at
a high ethanol content in the solvent; the reason for this is
that ethanol exhibits a weaker polar character compared to
water, making it more effective in breaking down non-po-
lar anthocyanins present in the cell wall and seeds. The
proposed models can be used to optimise the process in
real conditions, enabling the production of extracts rich in
bioactive compounds with rational costs. Future research
should investigate the influence of additional process pa-
rameters, such as extraction temperature and duration, on
ultrasound-assisted extraction.
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List of symbols and abbreviations
Popis simbola i kratica

Adj. R? - adjusted coefficient of determination

ANOVA - analysis of variance

AP — adequate precision

BBD - Box-Behnken Design

CCD - central composite design

CTH - catechin hydrate equivalents, used to express
flavonoid content

Cy3G - cyanidin-3-glucoside equivalents, used to express
anthocyanin content

df — degrees of freedom

GAE  —gallic acid equivalents, used to express total (poly)

phenol content
p-value — probability value, indicating statistical significance

Pred. R* — predicted coefficient of determination

R? — coefficient of determination

RSM - response surface methodology

UAE - ultrasound-assisted extraction

vol.%  —volume percent, used for expressing solvent
composition (e.g., ethanol content)

w/v — weight-to-volume ratio (e.g., 1 : 20 w/v indicates 1 g
of solid per 20 ml of solvent)

X — ethanol content in the solvent

X, — solid-to-solvent ratio

X, — pH value of the initial solvent
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SAZETAK

Statisticko modeliranje ultrazvucne ekstrakcije bioaktivnih spojeva
iz stolisnika (Achillea millefolium L.)
Nebojsa Vasiljevic,* Milorad Tomic,>< Sanja Panic,® Tijana Ljubinac?i Vladan Mici¢?

U ovom radu provedeno je statisticko modeliranje ultrazvuéne ekstrakcije (poli)fenolnih spojeva
iz cvjetova stolisnika (Achillea millefolium L.) pomocu central-composite dizajna eksperimenta
(CCD). Ispitivan je utjecaj sadrzaja etanola u otapalu (21,36 — 88,64 %v/v, ukljuCujudi ekstreme),
omjera krutine i otapala (1 : 9,77 — 60,23 w/v, ukljuCujuéi ekstreme) i pH vrijednosti pocetne
otopine (1,95 — 12,05, ukljucujudi ekstreme) na ucinkovitost ekstrakcije ukupnih (poli)fenola, fla-
vonoida i antocijanina. Rezultati su pokazali da na odzive najvise utje¢u omjer ¢vrste tvari i otapala
te sadrzaj etanola u otapalu, dok je utjecaj pH pocetne otopine slab. Modeli dobiveni regresij-
skom analizom pokazali su visoku pouzdanost, s koeficijentima determinacije (R?) blizu jedinici.
Maksimalni sadrzaj ukupnih (poli)fenola (= 30,31 mg GAE/g) i flavonoida (= 12,21 mg CTH/g)
postignut je pri visokom omjeru cvrste tvari i otapala (1 : 60,23 m/v) i srednjem sadrzaju etanola
(55 %vV/v). Za razliku od prethodnog, najvedi udio antocijanina (= 0,157 mg Cy3G/g) postignut
je pri najvisem udjelu etanola (88,64 %v/v) i srednjem omjeru krutine i otapala (1 : 35 w/v). Bez
obzira na odziv, najveci prinosi postizu se u neutralnom okruzenju, iako se zadovoljavajuci prinos
moze posti¢i i u alkalnim uvjetima. ANOVA analiza pokazala je da predlozeni kvadratni model
imaju visoku statisticku znacajnost (p < 0,0001 za sve odzive), $to potvrduje njihovu valjanost za
predvidanje ucinkovitosti ekstrakcije u razli¢itim uvjetima.

Kljucne rijeci
ANOVA, ultrazvucna ekstrakcija (UAE), (poli)fenoli, cvjetovi stolisnika, flavonoidi
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