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To meet the challenges of sustainability and nutritional quality, innovative food processing technologies are
essential. This study investigates the application of ultrasound and thermosonication- emerging non-thermal
preservation techniques- to improve the functional properties of broccoli juice. Using Response Surface Meth-
odology (RSM) and Adaptive Neuro-Fuzzy Inference System (ANFIS), the processes were optimised to maximize
chlorophyll and ascorbic acid content. Optimal ultrasound parameters (4 min, 91.1 % amplitude) achieved
12.29 mg/100 mL chlorophyll and 79.38 mg/100 g ascorbic acid. Thermosonication (6.9 min, 66 % amplitude,
40 °C) gave comparable results. Both treatments significantly improved phenolic composition and mineral
content, demonstrating superior preservation of bioactive compounds and reduced nutrient degradation
compared to traditional methods. The results highlight the potential of ultrasound and thermosonication for
sustainable food systems by improving nutritional quality and shelf life, thereby contributing to reduced food
waste and environmentally friendly processing. This research provides valuable insights into the integration of
non-thermal technologies in the production of functional beverages, supporting the development of circular food
systems and sustainable innovation.

1. Introduction specific phytochemical, diets high in consumption of foods such as

broccoli are linked to reduced inflammation and cancer risk (Li et al.,

Plant and its parts contain different type of bioactive coimpounds,
which has beneficial impact of human and animals (Abduallah et al.,
2023; Choudhary & Tahir, 2023; Dalal et al., 2023; Turan et al., 2023)
Amogn these, Cruciferous vegetables are recognized as being abundant
in bioactive compounds. These include fibre, flavonoids, and other an-
tioxidants (Kurilich et al., 1999; Plumb et al., 1997). Rich in nutrients
and bioactive compounds such as vitamins, fibre, phenolics and gluco-
sinolates, broccoli is scientifically known as Brassica Oleracea L. var.
Italica (Miao et al., 2020; Thomas et al., 2018). Due to glucosinolates, a

* Corresponding authors.

2010; Li et al., 2011; Tse & Eslick, 2014). Brassica includes broccoli,
cauliflower, cabbage and mustard (Guo et al., 2014). Glucosinolates,
compounds containing sulphur and nitrogen, are found in these vege-
tables. Various glucosinolates have differing pendant groups, resulting
in different biological effects (Tang et al., 2013).

As a new technique to reduce the number of processing steps,
improve the safety and quality of food and beverages, ultrasound (UT) is
gaining popularity (Awad et al., 2012). Ultrasound treatment is widely
recognized as an eco friendly, innovative, cost effective, rapidly
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developing and scalable technology (Tahir et al., 2024; Wen et al.,
2018). Thermosonication (TS), also known as ultrasonic or acoustic
heating, involves applying acoustic energy and heat to cell structures.
While preserving the nutritional and physiological benefits of vegetables
and fruit, this technique facilitates the elimination of pathogens,
spoilage micro-organisms and endogenous micro-enzymes (Abdulstar
et al., 2023; Urango et al., 2022). The beneficial effects of thermosoni-
cation have been demonstrated on freshly squeezed verjuice (Vitis
vinifera L.) (Col et al., 2023), orange juice (Oliveira et al., 2022), hog
plum (Spondias mombin L.) juice (Oladunjoye et al., 2021), black grape
juice (Vitis vinifera L) (Yikmis et al., 2023), parsley juice (Dulger Altiner
etal., 2024). A number of researchers have been using thermosonication
and ultrasound to preserve and improve the quality of fresh fruit juices
(Das et al., 2023; Hoque et al., 2024; Rios-Romero et al., 2021).

RSM combines statistical and mathematical techniques to build
models, estimate the impact of multiple independent parameters, and
determine the optimal values of these parameters (Breig & Luti, 2021).
ANFIS is prominent among neuro-fuzzy techniques, seamlessly
combining the structural design and learning abilities typical of artificial
neural networks. ANFIS leverages a pre-existing dataset throughout the
training process and employs a fuzzy inference system to analyze and
interpret the learned weight parameters (Karaboga et al., 2019).

In this study, innovative non-thermal treatments such as ultrasound
and thermosonication were used to enhance the functional properties of
broccoli juice while preserving its nutritional value. In order to evaluate
the nutritional value and functional properties of broccoli juice, chlo-
rophyll, ascorbic acid (vitamin C), total phenolic compounds and min-
eral contents were examined. These nutrients are directly related to the
health benefits of broccoli and are known for their strong antioxidant
and bioactive properties. The literature search did not identify any
studies on the optimization by RSM of ascorbic acid and total chloro-
phyll content in broccoli juice. The aim of this research is to optimize the
content of chlorophyll and ascorbic acid in broccoli juice by combining
RSM and ANFIS with exposure to ultrasound and thermosonication. In
addition, the aim of the research is to investigate the phenolic com-
pounds, the total bioactive, and the minerals present in C-BJ, P-BJ, UT-
BJ, and TS-BJ.

2. Materials and methods
2.1. Preparation of broccoli juice

Broccoli juice samples were obtained from local producers in
Tekirdag, Tiirkiye. They were stored at 4 °C until the experiments. Stems
and mature parts were removed. The broccoli was blended using a
Waring commercial blender (model HGB2WTS3, USA). Sample was then
filtered, vortex-mixed and labeled as control (C-BJ).

2.2. Ultrasound processing

The broccoli juice samples were subjected to different ultrasonic
parameters. Ultrasonic processing was performed on 100 mL of juice
using a Hielscher Ultrasonics UP200St unit (Berlin, Germany). The unit
was operated at 26 kHz and 200 W power. The procedure included
different amplitudes (60 %, 70 %, 80 %, 90 % and 100 %) and processing
times in continuous mode (4, 6, 8, 10 and 12 min). An ice water bath was
used during the process to avoid overheating. After ultrasonic treatment,
the samples were immediately cooled in an ice bath. They were stored at
—18 £+ 1 °C until further analysis. Once optimised, the samples were
referred to as ultrasonically treated broccoli juice (UT-BJ).

2.3. Thermal pasteurization
The collected broccoli juice samples were transferred into 100 mL

glass containers and pasteurized at 85 + 1 °C for 2 min using a water
bath system (Wisd model WUC-DO6H, Daihan, Wonju, Korea). After
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pasteurization, the samples were cooled to 20 + 1 °C at room temper-
ature, labeled as pasteurized broccoli juice (P-BJ), and stored at —20 +
1 °C until subsequent analysis.

2.4. Thermosonication treatment

For thermosonication (TS) treatment, 100 mL of P-BJ was subjected
to ultrasound using a Hielscher Ultrasonics device (model UP200St,
Berlin, Germany) operating at 26 kHz and 200 W. Process variables
included amplitude settings of 60 %, 70 %, 80 %, 90 % and 100 %;
treatment times of 4, 6, 8, 10 and 12 min; and temperatures of 40, 45,
50, 55 and 60 °C, all performed in continuous mode. An ice water cooled
bath was used throughout the procedure to prevent overheating.
Following the TS treatment, the samples (TS-BJ) were quickly quenched
in an ice bath and stored at —18 + 1 °C before further evaluation.

2.5. Ultrasound modeling procedure for RSM and ANFIS

This study aimed to evaluate the effect of ultrasound processing on
the chlorophyll and ascorbic acid content in broccoli. For this purpose,
RSM and ANFIS were utilized. In the case of ultrasound treatment, the
independent variables were processing time (X;: 4-12 min) and ampli-
tude (Xo: 60-100 %), while the response variables included total chlo-
rophyll (mg/100 mL) and ascorbic acid (mg/100 g). To optimize the
ultrasound process for RSM, the Box-Behnken design was employed
using Minitab software (version 19, Minitab Inc., State College, PA,
USA). 13 experimental runs were generated based on the 2-factor Box-
Behnken design. The results are shown in Table 1. Each experiment
was performed in triplicate.

2.6. Thermosonication modeling procedure for RSM and ANFIS

This study used RSM and ANFIS to investigate the influence of
thermosonication on broccoli chlorophyll and ascorbic acid levels. In-
dependent variables for the thermosonication process included time (Xj:
4-12 min), amplitude (X3: 60-100 %), and temperature (X3: 40-60 °C).
The dependent variables were the total chlorophyll (mg/100 mL) and
ascorbic acid (mg/100 g). To optimize the thermosonication process
using response surface methodology (RSM), Minitab software applied a
central composite design (version 19, Minitab Inc., State College, PA,
USA). The design generated 20 experimental runs based on three factors,
with each experiment run in three times. The results are shown in
Table 2. The model’s statistical relevance was examined through vari-
ance analysis (ANOVA) with a significance level of p < 0.05. Model fit
was evaluated using lack-of-fit tests, Rz, adjusted RZ, and ANOVA re-
sults. Within the time (X;), amplitude (X2), and temperature (X3) ranges,
the independent variables were optimised. A numerical optimization
approach was applied to maximize the values of ascorbic acid (mg/100
mL) and total chlorophyll (mg/100 mL), which were set as target
responses.

2.7. Modeling procedure for ANFIS

ANFIS is an important machine learning method that uses a combi-
nation of neural networks and fuzzy logic systems to work effectively on
uncertain data sets, especially in complex data analysis and system
modeling. In this hybrid model, fuzzy logic rules, usually expressed
using sugeno-type rules, define the input variables and the output var-
iable in an if-then format (Tokatli Demirok et al., 2024). This study
examined the effects of ultrasound and thermosonication on chlorophyll
(mg/100 mL) and ascorbic acid (mg/100 mL) concentrations in broccoli,
using these two parameters as the dependent variables. In the context of
the preliminary investigation to ascertain the predictive capacity of ul-
trasound processing on dependent variables, the proposed ANFIS model
operated with two variables: amplitude (%), and time (in minutes). In
this second phase of the investigation, the ANFIS model was employed to
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Table 1
Ultrasound RSM and ANFIS analysis of dependent and independent variables and ascorbic acid and total chlorophyll results.

Run no. * Independent variables Dependent variables

Time (X;) Amplitude (X3) Total chlorophyll (mg/100 mL) AA (mg/100 mL)

(min) %) Experimental RSM ANFIS Experimental RSM ANFIS

data predicted predicted data predicted predicted
1 4 80 11.76 11.71 11.76 76.250 75.84 76.06
2 8 80 10.96 10.87 10.82 71.280 70.71 70.82
3 8 80 10.65 10.87 10.82 70.150 70.71 70.82
4 8 60 9.67 9.63 9.96 62.860 62.37 63.57
5 8 80 11.02 10.87 10.82 71.580 70.71 70.82
6 10 90 8.92 8.82 8.92 58.130 57.34 57.36
7 12 80 8.85 8.91 8.56 57.252 57.43 57.84
8 8 80 10.82 10.87 10.82 70.356 70.71 70.82
9 8 100 8.76 8.81 8.55 56.948 57.20 56.95
10 6 90 11.40 11.41 11.40 74.118 73.99 75.13
11 6 70 10.54 10.63 10.27 68.480 69.13 68.49
12 8 80 10.88 10.87 10.82 70.752 70.71 70.82
13 10 70 10.43 10.42 10.43 67.386 67.37 67.39
UT-BJ (RSM optimization 4 min 91.1 % 12.29 79.38
parameters) amplitude
Experimental values 12.55 75.63
% Difference 2.07 % 4.72 %
UT-BJ (ANFIS optimization 4 min 91.1 % 12.50 75.70
parameters) amplitude

Experimental values 12.55 75.63
% Difference 0.00 % 0.00 %

*X;: time; Xo: amplitude; RSM: Response surface methodology; AA: Ascorbic acid; ANFIS: adaptive neuro-fuzzy inference system; UT-BJ: ultrasound-treated broccoli
juice.

Table 2
Results of thermosonication using RSM and ANFIS analysis of dependent and independent parameters, total chlorophyll, and ascorbic acid.

Run no Independent variables Dependent variables

Time Amplitude Tempature Total chlorophyll (mg/100 mL) AA (mg/100 mL)

XD Xa) Xs) Experimental RSM ANFIS Experimental RSM ANFIS

data predicted predicted data predicted predicted
1 6 70 45 9.79 9.69 9.790 72.26 71.61 72.260
2 8 80 50 9.34 9.48 9.494 64.78 65.56 65.429
3 6 920 45 7.34 7.40 7.335 63.91 63.44 63.910
4 10 90 45 7.21 7.19 7.205 59.37 58.79 59.370
5 6 70 55 8.62 8.68 8.790 69.44 70.24 69.680
6 10 70 55 6.88 6.86 6.960 55.42 56.11 54.940
7 6 90 55 9.47 9.41 9.270 70.22 69.61 69.170
8 8 80 50 9.55 9.48 9.494 65.68 65.56 65.429
9 8 80 50 9.52 9.48 9.494 65.37 65.56 65.429
10 10 90 55 7.88 8.02 7.880 56.70 57.58 56.700
11 4 80 50 8.44 8.45 8.440 68.02 68.67 68.020
12 12 80 50 6.53 6.42 6.525 50.59 49.89 50.590
13 8 60 50 7.71 7.68 7.710 61.35 60.71 61.350
14 8 100 50 6.62 6.54 6.740 53.40 54.00 52.920
15 8 80 40 9.24 9.21 9.240 74.61 75.22 74.610
16 8 80 60 9.12 9.04 9.170 73.30 72.64 72.380
17 8 80 50 9.37 9.48 9.494 65.66 65.56 65.429
18 8 80 50 9.64 9.48 9.494 66.38 65.56 65.429
19 8 80 50 9.64 9.48 9.494 65.38 65.56 65.429
20 10 70 45 8.95 9.05 8.950 64.03 64.87 64.03
TS-BJ (RSM optimization 6.9 min 66 40 °C 10.46 79.27
parameters) amplitudes
Experimental values 10.18 75.33
% Difference 2.67 % 4.97 %
TS-BJ (ANFIS optimization 6.9 min 66 40 °C 10.4 75.7
parameters) amplitudes

Experimental values 10.18 75.33
% Difference 212 % 317 %

*RSM: Response surface methodology AA: ascorbic acid ANFIS: adaptive neuro-fuzzy inference system; TS-BJ: thermosonication-treated broccoli juice.

predict the dependent variables based on the thermosonication process. 2.8. RSM and ANFIS comparison

The model utilized amplitude (%), duration (min), and temperature as

input variables for the prediction. The data partitioning method was to A comparison between ANFIS and RSM models was performed to
allocate 80 % of the data set for ANFIS model building and the evaluate their predictions, focusing on metrics such as power, coefficient
remainder for model evaluation. of determination (Rz), root mean square error (RMSE) and mean
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absolute percentage error (MAPE). Based on the literature (Table 3),
models with MAPE values below 10 %, R? values approaching 1, and
RMSE values near 0 are considered to demonstrate high accuracy and
validity.

2.9. Total chlorophyll

The Hiscox and Israelstam estimation method was used to estimate
chlorophyll content. (Hiscox & Israelstam, 2011). Broccoli juice (3 mL)
was combined with 3 mL of 80 % (v/v) acetone and passed through
Whatman filter paper three times for filtration. The absorbance at 645
nm and 663 nm was observed in the resulting filtrate. The total chlo-
rophyll content was determined according to the formula below:

Chlorophylla = (11.85 x A664) — (1.54 x A647) 4)
Chlorophyllb = (21.03 x A664) — (5.43 x A647) 5)
Total chlorophyll = (chlorophylla) — (chlorophylib) (6)

2.10. Ascorbic acid

The method described was used to determine the ascorbic acid
content (Ordonez-Santos & Vazquez-Riascos, 2010). Thirty ml of broc-
coli juice was combined with 0.2 g of oxalic acid (CoH204). Then, 10 ml
of this solution was titrated with 2,6-dichloroindophenol (DPIP) reagent
until a stable dark purple color appeared. The concentration of ascorbic
acid was calculated from Eq. 7.

Ascorbic acid (mg/100ml) = MVC x MDPIP x VDPIP/10 x VS @)

Myc = molar mass (g/mol) of ascorbic acid, CDPIP = molar con-
centration (mol/L) of 2,6-dichloroindophenol (DPIP), VS = sample
volume (1), VDPIP = volume of DPIP (1).

2.11. Total phenolic compounds (TPC)

The quantification of the TPC was performed according to the Folin-
Ciocalteau method. (Singleton & Rossi, 1965). TPC in broccoli juice
samples, 2 ml of each was premixed with 8 ml of 80 % methanol and
centrifuged at 4000 rpm for 20 min using a fivefold concentration
dilution factor (calculated as 10/2). After centrifugation, add 100 pL
Folin-Ciocalteu reagent and 1500 pL deionized water to 50 pL super-
natant. This mixture was left to stand for 10 min. At the end of the in-
cubation period, 50 pL of a 20 % sodium carbonate solution (NazCOs3)
was added. The mixture was then left to react in the dark for 2 h. The
absorbance of the broccoli juice samples was measured at 765 nm using
a blank for calibration. Results are expressed as mg gallic acid equiva-
lents per 100 ml sample.

2.12. Antioxidant activity
Antioxidant activity was evaluated using the DPPH (2,2-diphenyl-1-

picrylhydrazyl) method, which blocks the DPPH by making certain
modifications. (Grajeda-Iglesias et al., 2016). 2.9 mL of a 0.1 mM DPPH
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solution (dissolved in ethanol) was combined with 0.1 mL of broccoli
juice. The mixture was vortexed thoroughly and then left to incubate for
30 min at room temperature, shielded from light. The procedure was as
follows: First, 2.9 mL of a 0.1 mM DPPH solution (prepared in ethanol)
was combined with 0.1 mL of the broccoli juice sample. This mixture
was thoroughly vortexed and then incubated in the dark at room tem-
perature for 30 min. After incubation, the absorbance was measured at
517 nm wusing a UV-VIS spectrophotometer (SP-UV/VIS-300SRB,
Australia). The activity of the DPPH radical quenching system was then
calculated according to Eq. 8.

DPPH radical scavenging activity (%) = (Ao — A1)/Ao x 100 ®

AQ stands for the absorbance of the control sample, whereas Al re-
fers to the absorbance measured for the broccoli juice.

2.13. Total flavonoid content (TFC)

In this study, the total flavonoid content (TFC) was assessed using the
colorimetric method (Zhishen et al., 1999). To assess the total flavonoid
content, begin by adding 4 mL of distilled water and 0.3 mL of a 5 %
sodium nitrite (NaNOz) concentration solution to 1 mL of the diluted
broccoli juice sample in each test tube. Allow the mixture to incubate for
5 min. Add 0.3 mL of 10 % aluminum chloride (AlCls) reagent, mix well,
and leave for 6 min. Then, add 2 mL of 1 M sodium hydroxide (NaOH) to
the mixture and adjust the final volume to 10 mL with distilled water.
Measure the absorbance of the samples using a UV-VIS spectropho-
tometer (SP-UV/VIS-300SRB, Australia) at a wavelength of 510 nm.
Perform the analyses in triplicate. The total flavonoid content is reported
as catechin equivalents (mg CE/L).

2.14. Analysis of phenolic compounds

Chromatography was conducted on a C-18 (250 x 4.6 mm; 5 pm
packing; Agilent) ACE genix column (Portu et al., 2017). The analysis of
the polyphenols was carried out on an Agilent 1260 chromatograph
equipped with a DAD. The sample flow rate was 0.80 mL/min. The
column temperature was fixed at 30 °C. Gradient elution was performed
using eluent A and eluent B. Solution A was water containing 0.1 %
phosphoric acid. The gradient used was 17 % B (0 min), 15 % (7 min),
20 % (20 min), 24 % (25 min), 30 % (28 min), 40 % (30 min), 50 % (32
min), 70 % (36 min) and 17 % (40 min). The injection volume for
phenolics was 10 pL. The study was carried out at 280, 320, and 360 nm.
The UV-Vis spectrophotometer was used. The readings are expressed as
pg/mL of sample.

2.15. ICP-OES analysis of minerals

Elemental analysis using ICP-OES was performed on the broccoli
juice. All chemicals used were of analytical grade and were used without
further purification. A solution of 65 % (v/v) nitric acid (HNO3) from
Sigma-Aldrich Corporation, St. Louis, MO, and 30 % (m/v) hydrogen
peroxide (H0;) from Merck, Darmstadt, Germany, was used for
digestion. A multi-element standard solution from Merck (Darmstadt,

Table 3
The statistical defect values are described in the following section.*
Parameter Equation Eqn. Num. Expected Value Ref.
Correlation coefficient . S 1 (Voredicted — Yﬂxpeﬁmmm)z 1) Close to 1
RE=1-"=1 3 (Onu et al., 2022)
Sty (Yaverage — Yexperimental)
Root means square error 1 3 (@3] Close to 0 (Onu et al., 2022)
n 2
RMSE = (HZH (Ypredicted — Yaxperimental) >
Mean absolute percentage error MAPE — 1 Zn Yexperimental — Ypredicted 100 3) Less than %10 (Lewis, 1982)
n &~i=1 Yexperimental

" Where n. Yaverage: Ypredicted- @Nd YExperimental are @ number of data points. Are the predicted and experimental scores, respectively.
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Germany), catalog number 1.11355, was used for the analysis. Sample
digestion was carried out with a microwave digestion system (Anton
Paar Multiwave Go Model, USA). A 0.5 mL aliquot of broccoli juice was
transferred to Teflon digestion vessels. To each vessel, 6 mL of 65 %
nitric acid (HNOs) and 1 mL of 35 % hydrogen peroxide (H202) were
added. The microwave digestion protocol included: (i) heat at 120 °C for
5 min, then (ii) increase the temperature to 200 °C and maintain for 10
min. After digestion, the vessels were allowed to cool. The resulting
colorless solutions were then transferred to polypropylene tubes and
diluted with 5 % nitric acid (HNOs) if necessary, especially for
concentrated element analysis. An ICP-OES instrument was used to
determine the concentrations of Fe, K, Mg, Ca, Na, and Zn. The following
analysis spectra were employed: Fe at 259.9 nm, K at 766.5 nm, Mg at
279.5 nm, Ca at 317.9 nm, Zn at 213.8 nm, and Na at 589.5 nm (Sezer
et al., 2019).

2.16. Statistical analysis

All tests were performed in triplicate and the results are presented as
mean with standard deviation (SD). Data were analyzed using one-way
analysis of variance (ANOVA), with differences between means assessed
using Tukey’s her mentally significant deviation (HSD) test at a signif-
icant value of p < 0.05. Statistical analysis was done using SPSS 22.0
software (SPSS Inc., Chicago, IL, USA). Three-dimensional RSM plots
were generated using Sigma Plot 12.0 statistical analysis software
(Systat Software Inc., San Jose, California, USA).

3. Results and discussion
3.1. Total chlorophyll and ascorbic acid optimization

Experimental and calculated results of ascorbic acid and total chlo-
rophyll for broccoli samples treated with ultrasound at several levels and
periods are shown in Table 4. The coefficient of determination [R?
exceeds 99 %, demonstrating that the model effectively validates the
experimental results. The impact of the two independent variables,
amplitude and duration, on the total chlorophyll (as described in Eq. 9)
and ascorbic acid (as detailed in Eq. 10) properties of broccoli is illus-
trated in the following equations.

Table 4
Corrected p-values of linear, interaction and quadratic terms of RSM regression
factors of total chlorophyll and ascorbic acid answers as a result of ultrasound.

Total chlorophyll (mg/ AA (mg/100 mL)

100 mL)

Source DF  F-Value P- F- P-
Value Value Value

Model 5 147.87 0.000 237.27 0.000

Linear 2 201.71 0.000 323.18 0.000

X1 1 371.47 0.000 599.26 0.000

X 1 31.96 0.001 47.10 0.000

Square 2 123.48 0.000 204.27 0.000

X1X3 1 28.38 0.001 56.40 0.000

XoXo 1 246.12 0.000 405.03 0.000

2-Way 1 88.94 0.000 131.46 0.000

Interaction

X1Xo 1 88.94 0.000 131.46 0.000

Error 7

Lack-of-Fit 3 0.48 0.713 1.37 0.373

Pure Error 4

Total 12

R? 99.06 % 99.41 %

Adj. R? 98.39 % 98.99 %

Pred. R? 96.47 % 96.56 %

*X;: time; X,: amplitude; DF: degrees of freedom; R2coefficient of determi-
nation; AA: Ascorbic acid; p <0.05, significant differences; p <0.01, very sig-
nificant differences

Food Chemistry: X 27 (2025) 102412

Total chlorophyll = — 32,33 + 2,585 X, + 0, 8771 X, — 0,03503 X, X;
—0,004126 X,X, — 0,02968 X, X,
(C))

Ascorbic acid = —210,8+16,67 X; +5,730 X2 — 0,2547 X1 X,

10)
—0,02731X,X; — 0,1862 X1 X,

According to the equations, the total chlorophyll and ascorbic acids
in broccoli juice had a linear positive effect when the variables X; (time)
and X5 (amplitude) were increased. This increase in the total chlorophyll
content of broccoli juice can be attributed to acoustic and hydro-
cavitation, where microbubbles form, expand and collapse abruptly in
the solvent. Ultrasound treatment increases the accessibility of solid
particles to the solvent, alters the interior architecture of the plant cell,
intensifies mass transfer rates and thereby increases extraction effi-
ciency (Anticona et al., 2020; Raghavendra et al., 2022). Pooja et al.
(2023) similarly concluded in their research on pea pods that the total
chlorophyll value increases with the duration of ultrasound treatment,
akin to the findings of our study (Pooja et al., 2023). Dadan et al. (2021)
noted in their study that applying ultrasound to basil plants reduced the
amount of chlorophyll a (Dadan et al., 2021). The second-order effects of
both variables X; and X; and the interaction between those two nega-
tively affect the total chlorophyll and ascorbic acid levels of broccoli
juice. Ascorbate is extremely sensitive too light and too different con-
ditions of processing. Its degradation mechanism can be either aerobic
or anaerobic (Vieira et al., 2000). Ultrasound processing subjects the
juice to air, and oxidation processes are enhanced as the processing time
increases. This is likely to increase the depletion of ascorbic acid. In their
study, Ordonez-Santos et al. (2017) provided evidence that ascorbic acid
was significantly degraded in ultrasound-treated gooseberry juice
compared to the untreated study sample (Ordonez-Santos et al., 2017).
Nevertheless, our study found that increasing the duration and ampli-
tude of the ultrasound treatment positively affected the ascorbic acid
level in broccoli juice. Similarly, in a strawberry juice study, Wang et al.
(2019) reported that all ultrasound treatments (4, 8, 12, 16 min)
increased ascorbate content in strawberry juice specimens compared to
controls (Wang et al., 2019). Increase in ascorbic acid in fruit juices
treated with ultrasound may be attributed to the rupturing of the cell
wall by mechanical means. As a result, more ascorbic acid is released
into the juice, although some of it may be oxidised. This increase in
ascorbic acid may also be due to the removal of dissolved oxygen during
ultrasound treatment by the cavitation process (Cheng et al., 2007).

Table 1 shows the experimental and predicted responses and results
for samples following ultrasound treatment using RSM and ANFIS. RSM
modeling was carried out in order to determine the optimal values of the
independent variables for their effects on the total ascorbic acid and on
the chlorophyll content. ANOVA was applied to evaluate the statistical
significance of the model (p < 0.05). The model’s fitness was further
assessed using lack of fit tests, R2, and adjusted R2 coefficients, in
conjunction with the ANOVA findings. Time (X1) and amplitude (X2)
were identified as the independent variables. The ultrasound parameters
were optimised using a numerical optimization approach. The goal was
to maximize the values of ascorbic acid (mg/100 mL) and total chloro-
phyll (mg/100 mL). For the broccoli samples, the ANOVA for the total
chlorophyll and the ascorbic acid showed that the model was highly
significant (p < 0.05) with a high coefficient of determination (R2)
(Table 4). This suggests that for total chlorophyll and ascorbic acid in
broccoli, there is a strong correlation between the measured and pre-
dicted data. According to the results of the ANOVA, the linear effects of
parameters X1 and X2 on both responses are significant (p < 0.05). This
shows that total chlorophyll and ascorbic acid content are strongly
influenced by the ultrasound parameters.

As a conclusion of the optimisation, the ultrasound treated for 4 min
and with an amplitude of 91.1 % gave the best results for the values of
total chlorophyll and ascorbic acid. Therefore, total chlorophyll was
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determined to be 12.29 mg/100 mL and ascorbic acid was determined to
be 79.38 mg/100 mL for UT-BJ by RSM and total chlorophyll was ob-
tained to be 12.5 mg/100 mL and ascorbic acid was determined to be
75.70 mg/100 mL for UT-BJ by ANFIS (Table 1). For both methods, the
prediction values from the modeling results were quite consistent with
the experimental results. The ANFIS technique yielded a more consistent
prediction of the optimization parameters.

Fig. 1 compares the effects of ultrasound amplitude and duration on
ascorbic acid and total chlorophyll levels using two different modeling
techniques (RSM and ANFIS). RSM results generally show smoother and
more predictable surfaces. ANFIS models more flexible and complex
relationships, resulting in sharper surface changes. The amplitude and
duration of the increase in chlorophyll and ascorbic acid levels can be
seen in both the RSM and ANFIS plots. The more intricate predictions
ANFIS offers indicate that this model better captures flexible and com-
plex relationships.

The calculated and measured values of total chlorophyll and ascorbic
acid for broccoli samples thermosonicated at different times (X;), am-
plitudes (X5) and temperatures (X3) are given in Table 5. The coefficient
of determination (R?) is over 99 %, indicating that the model is in good
agreement with the experimental results. The effects of the three inde-
pendent variables (time, amplitude, and temperature) on the total
chlorophyll (Eq. 11) and ascorbic acid (Eq. 12) properties of broccoli are
shown in the equations below.

Time (min)
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Table 5

Correlated p-values of the linear, interaction and quadratic terms of the
regression coefficients obtained by RSM of the responses for total chlorophyll
and ascorbic acid as a result of thermosonication.

Total chlorophyll (mg/100 mL) AA (mg/100 mL)

Source

DF F-Value P-Value F-Value P-Value
Model 9 164.15 0.000 115.13 0.000
Linear 3 112.30 0.000 173.68 0.000
X3 1 255.82 0.000 454.33 0.000
X2 1 79.33 0.000 58.00 0.000
X3 1 1.75 0.215 8.72 0.014
Square 3 269.47 0.000 146.91 0.000
X1X1 1 409.20 0.000 79.79 0.000
XoXo 1 546.62 0.000 136.33 0.000
X3X3 1 12.25 0.006 141.55 0.000
2-Way Interaction 3 110.67 0.000 24.80 0.000
X1X2 1 5.74 0.038 2.82 0.124
X1X3 1 43.17 0.000 35.08 0.000
XoX3 1 283.09 0.000 36.51 0.000
Error 10
Lack-of-Fit 5 0.92 0.534 4.67 0.058
Pure Error 5
Total 19
R? 99.33 % 99.04 %
Adj. R? 98.72 % 98.18 %
Pred. R? 97.09 % 93.39 %

*X;: time; Xo: amplitude; DF: degrees of freedom; R%—coefficient of determi-

nation; AA: Ascorbic acid; p < 0.05, significant differences; p < 0.01, very sig-
nificant differences.
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Fig. 1. Response surface plots (3D) for ascorbic acid (mg/100 mL) and total chlorophyll (mg/100 mL) and amounts of ultrasound treated broccoli juice as a function

of the significant factors for RSM and ANFIS.
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Total chlorophyll = 11,33 + 2,842 X; +0,1207 X, — 0,627 X3
—0,12815 X;X; —0,005925 X,X, — 0,00355 X35X3
+0,00538 X;X,; —0,02951 X;X3+0,015117 X,X3

an

Ascorbic acid = 250,5+ 11,07 X; +1,024 X, — 10,034 X3
—0,3927 X;X; —0,02053 X,X, +0,08368 X5X3  (12)
40,0262 X;X; —0,1846 X, X3+ 0,03767 X5X3

The results show that increasing X; (time) and X, (amplitude) has a
linear positive effect on total chlorophyll and ascorbic acids in broccoli
juice, whereas increasing X3 (temperature) has a decreasing effect on
both. The response of the RSM and ANFIS to the thermosonication
treatment was determined experimentally and by prediction. To eval-
uate the effects of the independent variables on the total chlorophyll and
the ascorbic acid, the RSM modeling was carried out and the optimal
values were determined. Statistical significance of the model (p < 0.05)
was assessed using ANOVA. As indicators of model fit, the goodness of fit
test, R2 and adjusted R? coefficients were evaluated in conjunction with
the ANOVA results. Time (X;), amplitude (X»), and temperature (X3)
were determined as the independent variables. A numerical optimiza-
tion approach was used to optimize the thermosensation parameters.
ANOVA for broccoli samples indicated that model was highly significant
(p < 0.05) with a high coefficient of determination (R?) for total chlo-
rophyll and ascorbic acid (Table 5). Result is indicative of a high level of
correspondence as between experimental data and prediction data for
the total chlorophyll and ascorbic acid content of broccoli. This shows
that ascorbic acid is strongly influenced by the thermosonication pa-
rameters. The linear effects of the parameters X; and X5 on the chloro-
phyll response are significant (p < 0.05), while the linear effect of X5 on
the chlorophyll respond is not so significant (p > 0.05). ANOVA analysis
showed that the significant linear impact of parameters X; and X, on the
chlorophyll yield was significant (p < 0.05), while the linear impact of
parameter X3 on the chlorophyll yield was not significant (p > 0.05) in a
study conducted by Dulger Altiner et al. (2024) on parsley juice using
thermosonication (Dulger Altiner et al., 2024).

As shown in Eq. (12), there was a linear positive effect on ascorbic
acid levels as broccoli juice was thermally treated for longer periods.
Similarly, Yikmis et al. (2022) found that increasing the duration of
thermosonication had a linear and positive effect on the ascorbic acid
value in freshly squeezed pomegranate juice (Yikmis et al., 2022).

After optimization, the thermosonication treatment of 6.9 min, 66
amplitude and 40 °C temperature yielded the best performance for total
chlorophyll and ascorbic acid levels. The total chlorophyll and ascorbic
acid content of UT-BJ were 10.46 mg/100 mL and 79.27 mg/100 mL,
respectively, using the RSM and 10.4 mg/100 mL and 75.7 mg/100 mL,
respectively, using the ANFIS (Table 2). Although these values are quite
in agreement with the experiments, the ANFIS method shows less de-
viation in the estimation of the optimisation parameters.

Fig. 2 compares the RSM and ANFIS approaches to modeling the
impact of ultrasound amplitude, duration, and temperature parameters
on the total chlorophyll and ascorbic acid levels. Both models demon-
strate that increased amplitude and duration positively affect
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chlorophyll and ascorbic acid levels. While RSM presents more pre-
dictable and regular surfaces, the ANFIS model reflects the effects of
these parameters with more intricate variations and dynamic surface
structures. Particularly when examining the effect of temperature, it is
evident that the ANFIS model captures more complex interactions,
whereas RSM provides a simpler structure. This highlights ANFIS’s
ability to better capture nonlinear relationships in multivariate systems
by offering a more flexible modeling approach.

3.2. Comparison of RSM and ANFIS models

Although the RSM method seems superior based on R%, RMSE, and
MAPE values according to the ultrasonication experiment results, it does
not provide superiority according to the thermosonication experiment
results (Table 6). According to the thermosonication experiment results,
the RMSE value of the RSM method is closer to 0, while the MAPE value
is farther from 0. In this case, the necessity of using more than one
parameter in measuring the model performance arises. In addition,
although the model performance of the RSM method in the ultrasonic
environment seems slightly superior, the ANFIS method is superior
under all conditions in optimum parameter estimation since the RSM

Table 7
Phenolic properties of C-BJ, P-BJ, UT-BJ and TS-BJ samples.
Phenolic Compounds Samples
(ug/mL) CBJ P-BJ UT-BJ TS-BJ
Gallic acid 47.36 + 34.39 + 49.43 + 49.01 +
2.35° 1.65" 0.47° 0.18°
Protocatechuic acid 0.02 + 0.02 + 0.07 + 0.02 +
0.01° 0.01° 0.00° 0.00°
Hydroxybenzoic acid 0.70 + 0.67 + 0.44 + 1.04 £
0.417 0.04% 0.02? 0.05%
Vanillic acid 0.52 + 0.23 + 0.53 + 0.53 +
0.01° 0.01° 0.03? 0.05°
Gentisic acid 0.15 + 0.43 + 0.00 + 0.30 +
0.20%° 0.01° 0.00 0.04%
P-coumaric acid 0.39 + 0.43 £ 0.40 + 0.48 +
0.057 0.04% 0.047 0.03%
Naringin 3.84 + 2.78 + 3.67 + 4.57 +
0.61%° 0.04° 0.15% 0.04°
O-coumaric acid n.d n.d n.d n.d
Coumarin 0.09 + 0.13 + 0.04 + 0.00 £
0.13% 0.022 0.00? 0.00
Quercetin 0.95 + 1.29 + 1.25 + 0.90 +
0.18%° 0.03° 0.04%° 0.02°
Trans-cinnamic acid 0.46 + 0.18 + 0.47 + 0.53 +
0.02° 0.01° 0.05° 0.02?
Hesperidin 0.10 = 0.11 + 0.12 + 0.07 +
0.05% 0.012 0.00? 0.012
Alirazin 0.71 + 0.56 + 0.65 + 0.72 +
0.05° 0.02° 0.04%° 0.01°
Total 55.29 + 41.20 + 57.04 + 58.14 +
1.45° 1.63" 0.17 0.29°

*C-BJ: Untreated broccoli juice; P-BJ: thermal pasteurized broccoli juice; UT-BJ:
ultrasound-treated broccoli juice; TS-BJ: thermosonication-treated broccoli
juice. Mean =+ standard deviation. Letters of different types indicate significant
differences between results within the lines (p < 0.05). n.d.: not detected.

Table 6
Comparison of the RSM and ANFIS performance in predicting AA (mg/100 mL) and total chlorophyll (mg/100 mL) using ultrasound and thermosonication.
Ultrosound Thermosonication
Parameters Total chlorophyll AA Total chlorophyll AA
(mg/100 mL) (mg/100 mL) (mg/100 mL) (mg/100 mL)
RSM ANFIS RSM ANFIS RSM ANFIS RSM ANFIS
R? 0.9907 0.9744 0.9941 0.9930 0.9933 0.9932 0.9904 0.9959
RMSE 0.0920 0.1701 0.4875 0.5520 0.0915 0.0937 0.7752 0.5488
MAPE 0.0535 0.0973 0.0470 0.0505 0.0092 0.0072 0.0704 0.0315

*RMSE: root mean square error; MAPE: mean absolute percentage error R% R-squared; AA: ascorbic acid.
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method examines only linear relationships, unlike the ANFIS method
(Table 1, Table 2).

3.3. Phenolic compounds

Phenolic compounds, widely present in plant-based foods, have
attracted growing interest for their potential health benefits (Amna
et al., 2023). Found mainly in fruits, legumes, vegetables, tea and coffee,
phenolics significantly contribute to the organoleptic properties of plant
foods. Simple phenols (e.g. caffeic acid), flavonoids (the most diverse
and widespread class, e.g. catechin, quercetin), stilbenes (e.g. resvera-
trol), lignans and tannins are the main classes of phenols in foods. Fla-
vonoids constitute the main polyphenols in human diets, with the most
common flavonoids being quercetin, catechin, naringenin, cyanidin-
glucoside, and daidzein. Phenolic acids may be divided into two clas-
ses: benzoic acid derivatives (e.g. gallic acid) and cinnamic acid de-
rivatives (e.g. p-coumaric and ferulic acids) (Alara et al., 2021; Delgado
et al., 2019). In this research, the effects of different processing methods
P-BJ, UT-BJ, and TS-BJ on the phenolic compound content in broccoli
juice were quantitatively evaluated. The results in Table 7 indicate how
the concentrations of various phenolic compounds change with different
processing methods compared to C-BJ.

In this study, 12 different phenolic compounds, coded as C-BJ, P-BJ,
UT-BJ and TS-BJ, were analyzed in broccoli juice samples. Gallic acid
has been found to be a major phenolic compound in the juice of broccoli,
together with significant amounts of naringin derivatives. Gallic acid
concentration in C-BJ sample was 47.36 + 2.35 pg/mL. However, in the
P-BJ sample, this value then decreased by 27.3 % to 34.39 + 1.65 pg/mL
(p < 0.05). In the UT-BJ and TS-BJ samples, the gallic acid content
increased to 49.43 + 0.74 pg/mL and 49.01 + 0.18 pg/mlL, corre-
spondingly, keeping the gallic acid levels comparable to the untreated
sample. Naringin content then decreased by 27.6 % in the P-BJ sample to
a concentration of 2.78 + 0.40 pg/mL. On the other hand, naringin
levels increased to 3.67 + 0.15 pg/mL and 4.57 + 0.04 pg/mL in UT-BJ
and TS-BJ samples, correspondingly (p < 0.05).

For total phenols, the total phenol content in C-BJ sample was found
to be 55.29 + 1.45 pg/mL. The broccoli sample showed a 25.48 %
reduction to 41.20 + 1.65 pg/mL, indicating that heat pasteurization
substantially reduced the total phenolic content of broccoli juice.
Ultrasonication and thermosonication processes increased the total
phenolic amount. For example, in UT-BJ sample, total phenolic content
increased by 38.62 % to 57.04 + 0.17 pg/mL, and in TS-BJ sample, it
increased by 1.85 % to 58.14 + 0.29 pg/mL. This shows that the pro-
cessing methods led to an increase in the total phenolic substances
compared to the unprocessed ones (p < 0.05). In addition, thermal
pasteurization decreased the number of specific fragments such as pro-
tocatechuic acid and hydroxybenzoic acid, while ultrasonication and
thermosonication increased these volume amounts. These data reveal
that ultrasonication and thermosonication processes are effective
methods in preserving and increasing the number of phenolic com-
pounds. Similarly, research by Xie et al. (2022) on grape pomace showed
that the yield of anthocyanins obtained by ultrasound extraction was
significantly higher compared to non-ultrasound extraction methods,
except for peoniflorin pigm-3-glucoside (P < 0.05) (Xie et al., 2022). In
addition, ultrasound-assisted extraction improved the extraction yield of
polyphenols and flavonoids by 19 % and 40 %, respectively, and showed
greater antioxidant activity than traditional extraction methods, ac-
cording to a study by Santos et al. (2023) on blackberry pomace (S. S.
Santos et al., 2023). Phenolic compounds such as chlorogenic acid (3.47
+ 0.06 mg/g), kaempferol (1.39 + 0.02 mg/g), quercetin hydrate (1.92
+ 0.01 mg/g) were reported to be obtained in high amounts by the
ultrasound-assisted water extraction method in a study conducted on
mulberry leaves (Algan Cavuldak et al., 2019). In contrast, in the present
study, the amount of quercetin was found to be 0.95 + 0.18 pg/ml in the
C-BJ sample. Higher amounts were found in other samples such as P-BJ
(35.79 % increase) and UT-BJ (31.58 % increase). However, it was
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observed that the amount of quercetin in the TS-BJ sample was reduced
by 5.26 % in comparison with the C-BJ sample.

These findings highlight that the stability of phenolic compounds
varies with different processing methods (Geraldi et al., 2021; Makila
et al., 2017; Salazar-Orbea et al., 2023). The concentration of phenolic
compounds was found to be significantly reduced by thermal pasteuri-
zation. In contrast, ultrasonication and thermosonication methods were
effective in maintaining and, in some cases, increasing the levels of
phenolic compounds. The effectiveness of ultrasonication and thermo-
sonication in improving the extraction and stability of phenolic com-
pounds was demonstrated by the increase in compounds such as gallic
acid and naringin. Many studies, like ours, show that individual phenolic
compounds were retained in heat-treated fruit juices over control or
thermally treated fruit juices (Cheng et al., 2020; Santhirasegaram et al.,
2015). This increase in total phenolic content suggests that these pro-
cessing techniques may be beneficial in the preparation of these func-
tional foods, contributing to the preservation and enhancement of their
nutritional value. In conclusion, there is promising potential for the
preservation and enrichment of phenolic compounds in broccoli juice
production using alternative processing techniques, including sonicat-
ion and thermal sonication. In order to assess the practical implications
of these findings, future studies focusing on the integration of these
methods into large-scale production processes and the evaluation of
consumer acceptance will be essential.

3.4. Bioactive compounds

Due to its content of antioxidant and anticarcinogenic compounds,
broccoli has many health benefits (Mahn & Reyes, 2012). The amount
and effectiveness of these compounds may vary depending on process-
ing methods. This study examined the total chlorophyll, antioxidant
capacity (DPPH % inhibition), ascorbic acid, and total phenolic content
of the C-BJ, P-BJ, UT-BJ, and TS-BJ samples. Food colorants, especially
those found on fruits and vegetables, consist of different chemical
compounds that have different color, stability, dissolution, and sensi-
tivities to the presence of other substances in the environment (Nowacka
et al., 2021).

UT-BJ with 12.55 mg/100 mL has the greatest total chlorophyll
content, according to Fig. 3. Ultrasound treatment of hemp (Cannabis
sativa L.) seed oil was found to have a linear effect on the color index,
while extraction time had a quadratic effect, in a study by Esmaeilzadeh
Kenari and Dehghan (2020) (Esmaeilzadeh Kenari & Dehghan, 2020).
Color is used to assess the aesthetic value and perceived desirability of
food. The color intensity and visual appearance of many foods have been
improved by ultrasound treatment. This is due to the transient high local
temperatures and pressures generated by the acoustic cavity. These can
trigger specific reactions that accelerate the generation of certain more
stable types of pigment (Kutlu et al., 2022). C-BJ exhibited 9.54 mg/100
mL, TS-BJ showed 10.18 mg/100 mL, and P-BJ had 8.67 mg/100 mL
chlorophyll content. These results indicate that ultrasound treatment
effectively increases chlorophyll levels, whereas thermal processing
leads to chlorophyll degradation. Chlorophyll is highly vulnerable to
heat damage (Hu et al., 2020). Thermosonication treatment did not
cause chlorophyll degradation compared to untreated broccoli juice.
Statistical analyses revealed that P-BJ had significantly lower chloro-
phyll content than all other groups (p < 0.01). Reduced chlorophyll was
detected following the thermal treatment administered to broccoli juice.

C-BJ showed the highest antioxidant capacity with 63.085 % DPPH
inhibition as shown in Fig. 3B. P-BJ showed 60.07 %, UT-BJ 65.47 %,
and TS-BJ 66.275 % inhibition. These results indicate that thermoso-
nication effectively preserved antioxidant capacity, while thermal pro-
cessing led to a significant reduction. No statistically substantial
different was detected between C-BJ and TS-BJ, while P-BJ and UT-BJ
showed significantly lower inhibition (*p < 0.001). Similarly, also
observed an apparent reduction in DPPH in pasteurized parsley juices in
comparison to the control sample. The sensitivity of these compounds to
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Fig. 3. Total chlorophyll (A), DPPH (B), ascorbic acid (C) and total phenolic content (D) results of broccoli juice samples. C-BJ: Control broccoli juice; P-BJ:
Pasteurized treated broccoli juice; UT-BJ: Ultrasound-treated broccoli juice; TS-BJ: Thermosonication-treated broccoli juice n.d: Not detected Letters superimposed
indicate statistically significant differences. Analyses used two replicates (*p < 0.05; **p < 0.01; ***p < 0.001).

thermal processing may explain the marked reduction in DPPH levels in
pasteurized parsley juice (Dulger Altiner et al., 2024). Sensitivity to heat
treatment may have caused the decrease in DPPH in broccoli juice.

According to the data in Fig. 3C, C-BJ exhibited the highest ascorbic
acid (vitamin C) content, with 80.29 mg/100 mL. P-BJ and UT-BJ
broccoli juices showed ascorbic acid contents of 71.88 mg/100 mL
and 75.63 mg/100 mL, respectively. The thermosonication process
minimized this loss, with 75.28 mg/100 mL. These findings suggest that
thermal processing may lead to ascorbic acid degradation, while ultra-
sound and thermosonication treatments can help reduce this loss. Sta-
tistically, the P-BJ group had significantly lower ascorbic acid levels
than all other groups (p < 0.05).

As indicated in Fig. 3D, P-BJ and UT-BJ showed significant increases
in total phenolic content. P-BJ had 124.36 mg GAE/100 mL, while UT-
BJ contained 141.56 mg GAE/100 mL of total phenolic compounds.
Similarly, Alongi et al. (2019) reported a 7.5-fold increase of total
phenolic content in apple juice after ultrasound treatment when tested
against a control group (Alongi et al., 2019). Regardless of the pro-
cessing time, ultrasound treatment did not affect the physical parame-
ters or antioxidant properties of calcots in the research by Zudaire et al.
(2019) on calcots. However, thermal processing was observed to pro-
duce a notable change in TPC (Zudaire et al., 2019). Similarly, no sig-
nificant changes in kiwi juice after exposure to ultrasound compared to
fresh fruit juice were reported (Bhutkar et al., 2024). The effect of ul-
trasound on TPC levels has been documented to be dependent on
application duration and temperature (Nayak et al., 2020). Wang et al.
(2019) reported an increase in the amount of TPC after ultrasound
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treatment of strawberry juice, in comparison to the control group (Wang
et al., 2019). These conclusions are in line with those of our research. C-
BJ and TS-BJ have phenolic compounds of 136.99 mg GAE/100 mL and
143.87 mg GAE/100 mlL, respectively. These findings suggest that
certain processing methods can enhance the release or extraction of
phenolic compounds. Bhutkar et al. (2024) concluded that thermoso-
nication applied to fresh kiwi juice likely slightly improved the total
phenolic content, possibly due to the longer processing time. This in-
crease in total phenolics was reported to be related to the liberation of
compounds due to cell wall breakdown by cavitation during thermo-
sonication (Bhutkar et al., 2024). In general, the phenolic content is
found in a soluble form in the tissues of the plant. High energy ultrasonic
processing can cause the breakdown of cell walls and vacuoles in plant
tissues, which can potentially lead to an increase in the total phenolic
content of fruit juices (Hoque et al., 2024). Improvements in extract-
ability associated with thermosonication and the release of the bound
phenolic acid forms due to cavitation effects also contributed to these
increases (Nayak et al., 2020). Likewise, Shokri et al. (2022) reported
that the total phenolic content of untreated broccoli puree increased
significantly after thermosonication treatment (Shokri et al., 2022). In a
similar study, significantly higher levels of TPC and DPPH were
observed in ultrasonically treated tangerine juice as against pasteurized
tangerine juice. This is in line with the results of our study, which found
that (Priyadarshini & Priyadarshini, 2018). Bioactive compounds have
been further preserved using ultrasonic treatment in food processing,
especially in fruit juices. Ultrasound’s ability to generate high-impact
shock waves and shear forces. This promotes enhanced enzymatic
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protein degradation (Mintah et al., 2019). Statistical analysis showed
that the P-BJ and UT-BJ groups had significantly higher total phenolic
content than all other groups (p < 0.001).

The frequency range of 20 kHz-100 kHz used during food processing
enables the extraction of bioactive substances. Ultrasound application
increases the efficiency of extraction of bioactive compounds from
different parts of plants, fruits, and vegetables by supporting the inter-
face transfer of molecules (Jadhav et al., 2021). Different fruit and
vegetable juice matrices also affect the ultrasound process. Sonication
has been reported to increase the TPC content as it generates hydroxyl
radicals and increases DPPH activity (Roobab et al., 2023). Similarly, an
increase in ascorbic acid and phenolic compound release due to cavi-
tation was reported in black carrot juice treated with ultrasound (US) (at
50 % amplitude for 4, 8 and 12 min) (Hasheminya & Dehghannya,
2022). In our study, after optimization, the thermosonication treatment
(at 66 % amplitude for 6.9 min, 40 °C temperature) yielded the best
performance for total chlorophyll and ascorbic acid levels.

In a study, the yield of bioactive substances increased from 88 % to
94 % in an optimal 39.5 min 54.8 °C ultrasonication treatment applied
to extract bioactive substances from Croton heliotropiifolius Kunth leaves
(Cheila et al., 2020). Similar results were reported for the ultrasound-
assisted extraction of phenolic compounds from mango peels, where
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the TPC content increased by 630 % on average (Martinez-Ramos et al.,
2020). It was reported that higher TPC content can be obtained in juice
obtained from Araticum (Annona crassiflora) fruit when ultrasound with
a processing time longer than 8 min and low power density (<80 W) is
applied (Santos et al., 2024). Wang et al. (2021) reported that the loss of
ascorbic acid content of fresh mango juice fermented with ultraviolet-
assisted ultrasound during storage for 30 days decreased from 89.47
% to 66.46 %. This was explained by the fact that fresh mango juice is
sensitive to temperature, pH, sugar, minerals and enzymes, which af-
fects the stability of ascorbic acid during processing and storage (Wang
et al., 2021).

Yikmis et al. (2025) applied a thermosonication process in black
carrot juice and reported optimum processing conditions of 48.68 °C,
11.15 min and 82.62 % amplitude in RSM results. Similar to our study,
the thermosonication process increased the TPC content (thermosoni-
cation group: 414.28 mg/GAE/L, pasteurized group (P-BCJ) 360.905 mg
GAE/L). The anthocyanin content was reported as 123.565 mg C3Ge/L
in the pasteurized sample and 129.44 mg C3Ge/L in the thermosonicated
sample and similar to our study, it was determined that pasteurization
was not effective in anthocyanin preservation and caused loss (Yikmis
et al., 2025). In the probe ultrasonically assisted extraction of phenolic
compounds from Punica granatum peel, optimum process conditions at
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Fig. 4. Results for Mg (A), Cu (B), Fe (C), K (D), Ca (E), Mn (F), P (G), Zn (H), and Na (I) minerals of C-BJ, P-BJ, UT-BJ and TS-BJ samples. C-BJ: Control broccoli
juice; P-BJ: Pasteurized-treated broccoli juice; UT-BJ: Ultrasound-treated broccoli juice; TS-BJ: Thermosonication-treated broccoli juice n.d: Not detected. Letters at

the top of the bars indicate significant differences (n = 3 &+ SD).
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15.12 min extraction time and 30 % amplitude resulted in 42.45 % yield
and TPC was reported as 354.67 mg GAE/g (Foujdar et al., 2020).

When ultrasonic energy propagates in the liquid, cavitation bubbles
are formed due to pressure changes, collapse of the bubbles with the
sound wave, and high temperature-pressure zones are formed. As seen in
the results of the studies, this causes the release of bioactive compounds
found in plant tissues and cell walls (Foujdar et al., 2020; Santos et al.,
2024; Yikmuis et al., 2025). With the increasing cavitation pressure with
ultrasound (US) application, phenolic compounds increase by breaking
the cell wall, and the increase of free hydroxyl radicals increases anti-
oxidant activity (Roobab et al., 2023). When US application is combined
with other techniques, it increases the stability of bioactive compounds
as in thermosonication application. In a study with combined treatment,
it was reported that the TPC content of Custard apple juice with ther-
mosonication treatment (20 kHz, 67.84 W, 0-40 min at 30 °C) increased
from 70.9 to 81.7 mg GAE/g (Nikoo & Gavlighi, 2022). The positive
content increase in bioactive compounds in thermosonicated broccoli
juice samples is also observed in our study results.

3.5. Analysis of minerals

Broccoli (Brassica oleracea L. var.) is high in minerals, vitamins and
bioactive components, and has high nutritional value among similar
vegetable groups (Sardar et al., 2022). Potassium (427-644 mg/100 g),
magnesium (66 mg/100 g), calcium (90 mg/100 g) and iron (7.3 mg/
100 g) have been reported as the mineral content of broccoli (Mandelova
& Totusek, 2006). It has been suggested that vegetable and fruit juices
made from broccoli will garner increased interest in the future (Houska
et al., 2006). The mineral analysis results of the broccoli juices used in
this study are presented in Fig. 4. The C-BJ, P-BJ, UT-BJ and TS-BJ
samples were found to contain 9 minerals. Statistically significance
differences (p < 0.05) were observed between the concentrations of
magnesium (Mg), potassium (K), phosphorus (P) and zinc (Zn) in the
pasteurized, optimally ultrasound treated and optimally thermosonic
treated broccoli juices compared to the untreated control sample. The
calcium (Ca), copper (Cu), iron (Fe), manganese (Mn), and sodium (Na)
contents of the broccoli juices were found to be similar (p > 0.05). The
most abundant minerals in the broccoli juices were identified as
K>P>Na>Ca>Mg>Fe>Zn>Cu>Mn. Potassium (K), sodium (Na), calcium
(Ca), and magnesium (Mg) are critically important for the maintenance
of bone and dental structure, nerve transmission, enzyme activity, blood
pressure regulation, and fluid-electrolyte balance in humans (Shokunbi
et al., 2023). According to the analysis results, the highest contents of K
(923.385 mg/L), P (380.265 mg/L), Fe (5.25 mg/L), and Zn (3.27 mg/L)
were found in the T-BJ sample. Similar to our study, research conducted
on different vegetable juices reported the highest results for the macro
minerals Na and K, and the micro minerals Zn and Mn (El-Shatanovi
et al., 2012). In our study, after thermosonication treatment, the Zn
content in broccoli juice increased 1.5 times in the TS-BJ sample (3.27
mg/L) compared to the C-BJ sample (1.85 mg/L). Increases were also
observed in the contents of P, Zn, Fe, K and Mn. Similar results were
observed in a study of broccoli juice treated with non-thermal technol-
ogy and pulsed electric fields. The mineral contents of iron (214.2 %),
manganese (117.7 %) and zinc (148.4 %) were increased (Sanchez-Vega
et al., 2020). It has been shown that thermal treatment of fruit and
vegetable juices has a negative effect on the color and flavour of the
product and reduces its nutritional properties, so ultrasound applica-
tions, a type of green technology, are preferable as they retain more
components in the product (Zhang et al., 2024). It has been emphasized
that these technologies, along with other non-thermal processing tech-
niques, enhance the nutritional content of foods (Lan et al., 2023).
Therefore, in order to preserve and improve the quality of fresh fruit
juices, thermosonication and ultrasound are considered alternatives to
thermal processing. Similar results have been observed in studies on the
juice of posotia (Vitex negundo) (Das et al., 2023), pineapple juice
(Hoque et al., 2024), wheat plantlet juice (Ahmed et al., 2021), tomato
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juice (Zhang et al., 2019) and orange-fleshed sweet potato juice (Rios-
Romero et al., 2021). The effect of ultrasound varies depending on the
fruit and vegetable tissue, food matrix, and processing conditions (Lan
et al., 2023). Literature research into the mineral composition of broc-
coli juice is scarce (Sanchez-Vega et al., 2020) with most research
focusing on bioactive compounds, total phenol content, and antioxidant
capacity (Saavedra-Leos et al., 2021; Sanchez-Vega et al., 2015).

4. Conclusion

Broccoli juice is an essential health drink because it contains nutri-
tious ingredients and bioactive compounds such as vitamins, fibre,
phenolics and glucosinolates. These components contribute to its
beneficial health effects. This investigation shows the promise of ultra-
sound and thermosonication as innovative non-thermal processing
techniques for preserving bioactive compounds and increasing mineral
content in broccoli juice. RSM and ANFIS models enabled precise opti-
mization of processing parameters, with significant improvements in
chlorophyll, ascorbic acid and phenolic content. The highest levels of
potassium (K), phosphorus (P), iron (Fe), and zinc (Zn) in broccoli juices
were achieved with the thermosonication method. While thermosoni-
cation significantly increases mineral content, pasteurization results in a
depletion of certain mineral contents. To preserve the chlorophyll and
antioxidant capacity of broccoli juice, ultrasound and thermosonication
treatments were found to be effective. In particular, the thermosonica-
tion process enhanced chlorophyll and total phenolic content, thereby
preserving bioactive components. In contrast, thermal processing was
observed to cause a noticeable reduction in chlorophyll and ascorbic
acid content. For total phenolics, ultrasound and thermosonication
increased the release of bioactive compounds and improved total phe-
nolics. These results show that ultrasound and thermosonication may
serve as an effective, sustainable and scalable alternative to traditional
thermal processes. They may also offer improved preservation and
enrichment of nutritional value.

Ultrasound technology is preferred by producers as a new processing
method to improve functional properties and quality in fruit juices,
providing long shelf life in cold storage and providing innovative
products for consumers. It is important to provide the necessary lines
and equipment for the applicability of US and combined applications to
large-scale enterprises in the future in terms of optimizing the sensory
and nutritional properties of the products and enabling the development
of healthier products and increasing the bioavailability of some bioac-
tive components. However, our study was conducted at laboratory scale
and scale-up studies are needed for industrial applications. Additionally,
some manufacturing factors such as temperature, pH and pressure were
not evaluated. Future research should include optimization of these
variables, shelf-life studies and consumer acceptance.
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