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odynamic characterization of
thermosonication-assisted extraction of bioactives
from lapsi fruit juice optimized by ANN-GA

Puja Das,ab Prakash Kumar Nayaka and Radha krishnan Kesavan *a

The present study focuses on an extensive investigation into thermosonication as a novel process for

enhancing the extraction of bioactive functional compounds from lapsi fruit juice. Process optimization

was achieved by using artificial neural networks (ANN) coupled with a genetic algorithm (GA), finding

optimum conditions to be 75% amplitude, 40 °C, and 60 minutes. The release performance of principal

functional compounds, such as total phenolic content, total flavonoid content, antioxidant activity, and

ascorbic acid, was also investigated under these optimized conditions. Among all the kinetic models

used, the pseudo-second-order model demonstrated the best correlation (R2 = 0.99, c2 = 0.09), which

indicated that compound release occurred by chemisorption processes. The process also revealed an

initial rapid extraction phase, which was then followed by a steady plateau at 60 minutes. The activation

energies were in the range of 29.45 to 35.23 kJ mol−1, and this indicated the temperature dependence

of the process. Thermodynamic studies revealed that the extraction was spontaneous under all tested

temperatures (DG: −5.45 to −18.46 kJ mol−1), endothermic in nature (DH: 5.44 to 15.64 kJ mol−1),

entropy-guided (DS: 18.03 to 57.23 J mol−1 K−1) and, therefore, capable of efficiently breaking down the

cell walls and facilitating mass transfer. Optimal extraction efficiency was achieved at 40 °C, beyond

which heat-induced degradation of labile compounds was observed. Kinetic and thermodynamic studies

confirm that thermosonication enables efficient, spontaneous, and temperature-dependent extraction of

bioactives from Lapsi juice. The findings support its feasibility for energy-efficient, scalable industrial

applications.
Sustainability spotlight

Thermosonication is a new green technology that holds great potential in improving the nutritional and functional values of underutilized fruits, such as lapsi
(Choerospondias axillaris), by supporting sustainable food processing objectives. Through the employment of synergistic combinations of mild heat and
ultrasonic waves, this method supports the effective release of bioactive compounds without degradation, which is usually linked with traditional thermal
approaches. Unlike using only high temperatures, thermosonication provides a more gentle and controlled extraction condition, with the added benet of
protecting heat-sensitive nutrients and thus enhancing the total yield. Its use for nutrient extraction from lapsi, a fruit native to Sikkim and the Himalayan hilly
regions, highlights its potential in unearthing the value of non-conventional plant resources that are oen underutilized because of market or processing
constraints. By kinetic and thermodynamic modeling, this work gives better mechanistic insights into the mass transfer behavior, energy demand, and
compound stability during processing, which are the factors critical to assessing its potential for industrial scalability. Results show that careful control of
parameters like temperature and sonication amplitude is important in achieving maximum efficiency without compromising the product quality. Therefore,
this study not only emphasizes the technological strengths of thermosonication but also opens the doors for the widespread implementation of sustainable,
nutrient-protecting technologies in food supply chains. Finally, this study promotes the translation of regional biodiversity into viable food innovations that
benet the human health as well as environmental sustainability.
1 Introduction

Thermosonication (TS), which integrates the use of ultrasound
with mild thermal treatments, has drawn attention because it
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335
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25, 3, 1624–1635
can preserve bioactive components, inactivate enzymes, and
inactivate bacteria in fruit juices, improving the juice quality
while consuming lesser energy than traditional approaches.1

Despite its many advantages, a deeper comprehension of the
fundamental concepts governing the extraction kinetics and
thermodynamic laws of thermosonicated juices is still
required.2 Computer simulation studies using ANN-GA and
other methods not only bridge the gap between application and
maximizing the efficiency but also provide a scientic basis for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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commercial use and scaling up.3,4 Fruits are essential compo-
nents of a healthy diet. They have vital vitamins, minerals, and
bers to support general health and well-being. Eating a range
of fruits and vegetables has been associated with a decreased
risk of coronary artery disease, stroke, and some types of
cancer.5

A lesser-known fruit, lapsi (Choerospondias axillaris), is
indigenous to Nepal, Bhutan, and some states of Northeast
India, including Arunachal Pradesh, Sikkim, and Assam.6 The
lapsi tree bears tiny, light-greenish blooms at the start of spring,
followed by tiny, oval fruits that are around two to three centi-
meter in diameter. The fruit has a sour, tangy avor and turns
yellow or crimson when it is fully mature. It contains a variety of
nutrients (such as dietary ber, vitamin C, and vitamin A), has
several health advantages, and is well-known for its anti-
inammatory, antibacterial and antioxidant qualities.7 In
order to comprehend the improved extraction of bioactive
components when heat and ultrasonic waves are applied to
plant materials, the complicated topic of extraction kinetics of
thermosonicated juices integrates concepts from thermody-
namics, mass transport processes, and sonochemistry.2 To
describe the kinetics of thermosonication-based extraction,
researchers have used a variety of mathematical models
(Table 1). The industrial application of thermosonication
technology is greatly advanced by the use of kinetic models,
Table 1 Various extraction kinetic models

Model name Equations

Second order model dCt

dt
¼ kðCe � CtÞ2

Two-site kinetic model Mt

MN
¼ 1� Fe�k1t � ð1� FÞe

Peleg's model or hyperbolic model
Ct ¼ t

k1 þ k2t

Fick's model
1� Mt

MN
¼ 6

p2
exp

��Dp2t

R2

�

Parabolic diffusion model y = A0 + A1t
1/2

First-order reaction model dCt

dt
¼ kðCe � CtÞ

© 2025 The Author(s). Published by the Royal Society of Chemistry
which allowed for process optimization, better quality control,
and economical scale-up strategies for manufacturing excellent,
nutrient-rich juices that retain the bioactive substances from
fruits and vegetables and offer a prolonged shelf life.8

Thermodynamic examination of the thermosonication
processes entails important parameters, including enthalpy
change (DH), entropy change (DS), and Gibbs free energy
change (DG). The change in enthalpy (DH) is linked with the
energy for breaking and forming bonds during the processes.
The change in entropy (DS) indicates the increase in molecular
disorder because of cell disruption. Gibbs free energy change
(DG) denes the spontaneity of the extraction process and the
equilibrium of the reaction. Furthermore, compared with
traditional approaches, thermosonication generally lowers the
activation energy (Ea) by 15–30%, thus improving the efficiency
of the extraction reactions.9 Thermodynamics constants exhibit
non-Arrhenius behaviour at the water–solid interface where
cavitation effects are most noticeable, are proof that thermo-
sonication modies reaction pathways by offering substitutes
with lower energy barriers.10 In contrast to traditional thermal
processing methods, the energy efficacy of thermosonication
comes from its capacity to concentrate energy in microscopi-
cally precise locations where cell disruption occurs.11 This
results in signicantly higher extraction yields despite the lower
overall electrical inputs; studies have shown savings in energy
Terms Reference

K is the pseudo-second-order
extraction rate constant, Ct is the
extract amount at time t (g L−1), and
Ce is the equilibrium concentration
(g L−1)

27

�k2t Mt and MN are concentrations of
the extracted compound at time t
and innity, F is the fraction of
solute released during rapid
extraction, (1 − F) represents the
portion of solute released during
slower extraction, and k1 and k2 are
the rst-order rate constants that
represent the two stages of the
extraction process

28

k1 is the Peleg's rate constant at the
beginning of the extraction, and k2
is Peleg's capacity constant

29

Mt and MN are concentrations of
the extracted compound at time t
and innity, D is the effective
diffusion coefficient, and R is the
radius

30

A0 is the washing coefficient, which
indicates the amount of extract
extracted instantaneously; A1 is the
diffusion rate constant

31

K is the rst-order extraction rate
constant, Ct is the amount extracted
at time t (g L−1), and Ce is
equilibrium concentration (g L−1)

32

Sustainable Food Technol., 2025, 3, 1624–1635 | 1625
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consumption of 20–45% while accomplishing similar or better
extraction of bioactive substances.12 Enhancing the power-to-
mass ratio, controlling the loss of heat during sound energy
conversion, striking a balance between the residence duration
and energy intensity, and creating accurate mathematical
models that can forecast phase changes and compound stability
under various thermosonication conditions are examples of
practical thermodynamic factors in industrial applications.13

The signicance of this research extends beyond lapsi fruit
to the broader context of underutilized plant resources.
Globally, numerous fruits and vegetables remain under-
exploited due to the challenges in processing and market
integration. Thermosonication offers a versatile platform to
valorize such resources, aligning with the Sustainable Devel-
opment Goals by reducing the waste, enhancing the nutri-
tional availability, and promoting the biodiversity in food
systems.14 For lapsi, the application of TS not only addresses
these goals but also taps into its cultural and economic
potential in regions where it is a traditional staple. However,
realizing this potential requires a detailed understanding of
how TS inuences the extraction process at a mechanistic
level, which is the focus of this study. Kinetic models, such as
the pseudo-second-order model and Fick's diffusion model,
have been widely used to describe the solid–liquid extraction
in food systems, but their adaptation to TS-processed juices,
in which liquid–liquid interactions also play certain roles,
remains underexplored.15 Similarly, thermodynamic analyses
have been applied to ultrasound-assisted extraction of
phytochemicals from herbs and seeds, revealing endothermic
processes with positive entropy changes, but data that are
specic to fruit juices under TS conditions are limited.

This study builds directly on the foundation laid by an ANN-
GA optimization, extending the investigation to the extraction
kinetics and thermodynamics of thermosonicated lapsi juice.16

Herein, kinetic models such as pseudo-second-order, Peleg's,
two-site kinetic, pseudo-rst-order, parabolic diffusion, and
Fick's models were employed to characterize the extraction rates
and patterns, complemented by thermodynamic calculations of
DH, DS, and DG to assess process feasibility and compound
behavior.17 The choice of these models is based on their proven
applicability in food extraction studies and their ability to
capture the complex interplay between ultrasound and heat in
TS. The experimental design focuses on a temperature range of
30 °C to 50 °C, with measurements taken at 5 minutes intervals
for up to 60 minutes and maintaining the optimized 75%
amplitude.

2 Materials and methods
2.1 Sample collection and preparation

Fresh lapsi fruits (Choerospondias axillaris) were obtained from
the local markets in Ranipool, Sikkim. The fruits were packed in
insulated containers at 4 °C to maintain their freshness. The
fruits were hand-sorted when they arrived at the laboratory to
eliminate damaged and overripe specimens and cleaned with
potable water, and juice was extracted using a domestic mixer
grinder (brand: Bajaj).
1626 | Sustainable Food Technol., 2025, 3, 1624–1635
2.2 ANN-genetic optimization

The extraction rates for three outcomes were evaluated at
various combinations of temperature and extraction duration. A
feedforward backpropagation network with one hidden layer
consisting of [X] neurons was used for the optimization which
was based on performance metrics. The tansig activation
function was used in the hidden layer, and purelin was applied
in the output layer. The Levenberg–Marquardt algorithm was
employed for training. Following the determination of the
optimal processing parameters for TSLJ as per the integrated
ANN-GA model (75% amplitude, 40 °C, and 60 minutes), the
responses were assessed across a temperature range spanning
from 30 °C to 50 °C, with measurements taken at 5 minutes
intervals, i.e. at 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and
60 min of the sonication time.16 The amplitude parameter was
maintained at the optimized level determined by the ANN-GA
model (75%) during the entire extraction process for the
kinetic analysis. The ANN model optimized the conditions for
juice extraction among the amplitudes of 50%, 75%, and 100%.
Fixing the amplitude at 75% for the extraction kinetics study
mitigated the added complexity of changing the amplitude and
allowed for a focused investigation into the specic inuence of
temperature and treatment time on extraction kinetics, which
was essential for further process optimization and scale-up.

A mutation rate of 0.02 was applied, introducing small,
random alterations to the solutions. This low rate ensured that
the population maintained diversity and avoided getting trap-
ped in the local optima, allowing the algorithm to explore
beyond the immediate vicinity of current solutions without
excessively disrupting the evolutionary progress. The GA iter-
ated over 300 generations, providing ample opportunity for the
population to evolve toward an optimal solution.18

Given that GA is oriented towards minimizing the tness
function, eqn (1) was minimized to achieve the optimization
objective.19

F ¼ 1

1þ Y
(1)

In the context of GA optimization, Y denotes the juice quality
attributes predicted by the ANN model, while F stands for the
tness function.
2.3 Chemicals utilized

The chemicals used in the analysis were of analytical or HPLC
grade to ensure the accuracy and reliability. For measuring the
total phenolic content (TPC), Folin–Ciocalteu reagent ($98%,
Merck), sodium carbonate (Na2CO3, $99.5%, AR grade), and
a gallic acid standard ($99%, Sigma-Aldrich) were used. For
assessing the total avonoid content (TFC), aluminum chloride
(AlCl3, $98%, AR grade), potassium acetate (CH3COOK, $99%,
AR grade), methanol ($99.9%, HPLC grade), and a quercetin
standard ($98%, Sigma-Aldrich) were utilized. Ascorbic acid
(AA) content was measured using potassium iodate (KIO3,
$99.5%, AR grade), potassium iodide (KI, $99%, AR grade),
sulfuric acid (H2SO4, 95–98%, AR grade), and a freshly prepared
© 2025 The Author(s). Published by the Royal Society of Chemistry
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starch solution as an indicator. The antioxidant activity (AOA)
was assessed using DPPH (2,2-diphenyl-1-picrylhydrazyl,
$95%, Sigma-Aldrich) and methanol ($99.9%, HPLC grade).
2.4 Total phenolic content (TPC)

TPC was determined using the Folin–Ciocalteu reagent
method.20 0.5 mL of the juice sample was combined with 2.5 mL
of 10% (v/v) Folin–Ciocalteu reagent ($98%, Merck). The
contents were incubated at room temperature for 5 minutes.
Then, 2.0 mL of a 7.5% (w/v) solution of sodium carbonate was
added to the mixture. The reaction mixture was then stored in
the dark at room temperature for 30minutes. The absorbance at
765 nm was recorded using a UV-Vis spectrophotometer. A
calibration curve was plotted using gallic acid, and the values
were expressed as milligrams of gallic acid equivalents (mg
GAE) per mL of juice.
2.5 Total avonoid content (TFC)

TFC was determined using the aluminum chloride colori-
metric method.21 0.5 mL of the juice sample was mixed with
2.0 mL of distilled water and 0.15 mL of a 5% aluminum
chloride solution. Aer 5 minutes of incubation, 0.15 mL of
1 M potassium acetate and 1.2 mL of methanol were added to
the mixture. The nal volume was adjusted to 5.0 mL with
distilled water. The solution was incubated at room tempera-
ture in the dark for 30 minutes, and the absorbance was
measured at 415 nm using a UV-Vis spectrophotometer.
Quercetin was used to construct a standard calibration curve,
and the results were expressed as milligrams of quercetin
equivalents (mg QE) per mL of juice.
2.6 Ascorbic acid (AA) content

The AA concentration in LJ was analysed using the iodometry
method.22 10 mL of each juice sample was mixed with 20 mL of
2% hydrochloric acid and ltered through a Whatman No. 1
lter paper to remove the particulates. The clear ltrate was
then titrated against a standardized iodine solution (prepared
by dissolving potassium iodate (KIO3) and potassium iodide
(KI)) using a freshly prepared 1% starch solution as the indi-
cator. The endpoint was identied by the appearance of
a persistent blue-black color. The volume of iodine solution
consumed was used to calculate the ascorbic acid content,
which was expressed as milligrams of ascorbic acid per 100 mL
of juice. All titrations were carried out in triplicate for accuracy.
2.7 Antioxidant activity (AOA)

The AOA of the samples was determined using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) radical-scavenging method.23 A
0.1mM solution of DPPHwas prepared inmethanol. In a typical
assay, 1.0 mL of the juice sample was mixed with 3.0 mL of the
DPPH solution. The mixture was vortexed for 30 seconds and
incubated in the dark at room temperature for 30 minutes. The
absorbance was measured at 517 nm using a UV-Vis
spectrophotometer.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.8 Extraction kinetics of functional compounds in juice
samples during the TS treatment

The pseudo-second-order model, two-site kinetic model, Peleg's
model, hyperbolic model, Fick's Model, parabolic diffusionmodel,
and rst-order reaction model were used to study the extraction
kinetics of various functional compounds (EP), including EPP (total
phenolic content), EPF (total avonoid content), EPA (ascorbic
acid), EPAOA (antioxidant activity), EPTCC (total carotenoid content),
EPTCH (total chlorophyll content), and EPTAC (total anthocyanin
content), retained in LJ during the TS process (Table 1).24–26

The pseudo-second-order model proved to be suitable and
apparent during the extraction studies of different prod-
ucts.3,34,38 Eqn (2) presents the kinetic model that was used to
calculate the extraction rate of functional compounds in TSLJ.

dy

dt
¼ kðSc � yÞ2: (2)

where y represents the concentration of the functional
compounds in the liquid extract at a specic time t, Sc is the
saturation concentration of the functional compounds in the
liquid extract and k is the pseudo-second-order rate constant.

Boundary conditions: y = 0 at t = 0; y = y at t = t.
Under these boundary conditions, eqn (3) can be formulated

from the pseudo-second-order model given in eqn (2).

y ¼ Sc
2kt

1þ Sckt
: (3)

Further, eqn (3) can be simplied into a linear form, as
presented in eqn (4)

t

y
¼ 1

h
þ t

Sc

: (4)

where h represents the initial extraction pace as t approaches
zero, which is the aggregate of k and Sc. The extraction rate
constant (k) is associated with temperature using the Arrhenius
equation, as illustrated in eqn (5).

2.9 Activation energy

Activation energy is an important thermodynamic parameter
because it is the lowest energy threshold that needs to be sur-
passed so that a reaction can take place. For thermosonication,
the assessment of Ea allowed the estimation of the energy effi-
ciency of the process. A lower activation energy relative to
conventional processes means that the ultrasound-enhanced
treatment enabled quicker extraction or degradation reactions
with a lesser heat input, thereby maintaining quality charac-
teristics and boosting process sustainability.

k ¼ k0 exp

�
� Ea

RT

�
: (5)

where Ea is the activation energy and R is the gas constant (8.314
J mol−1 K−1). Eqn (5) can be expressed in a linear form, as
shown in eqn (6).

lnðkÞ ¼ lnðk0Þ þ
�
� Ea

RT

�
1

T
: (6)
Sustainable Food Technol., 2025, 3, 1624–1635 | 1627
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2.10 Thermodynamic properties during the TS of juice
samples

In the liquid–liquid extraction process, the transfer of solute
from one liquid phase to another is a critical step that inu-
ences the extraction efficiency. To determine the Gibbs free
energy change (DG) during this process, it is necessary to
ascertain the free energies of the individual components
involved.2

Gibbs free energy provides a deeper understanding of the
energy changes occurring during the process, aiding the opti-
mization of conditions, such as temperature, time, and soni-
cation intensity, for achieving maximal efficiency.9 This
optimization not only enhances extraction yields but also
ensures that energy is used efficiently, contributing to sustain-
able processing practices. The standard free energy of forma-
tion (DG°) of a compound is a measure of the stability of that
compound compared with its elements in their standard states.
It can be estimated using the standard enthalpy of formation
(DH°) and standard entropy (S°) of the compound according to
eqn (7).

DG˚ = DH˚ − TDS˚ (7)

The thermodynamic characteristics of the solute extraction
were studied by calculating DG°, DH°, and DS°. Eqn (8) presents
the Gibbs free energy (thermodynamic) equation.

DG˚ = −RT lnKe (8)

Eqn (9) presents the van't Hoff equation, which was used to
calculate DH° and DS° by combining eqn (7) and (8):

ln Ke ¼ �DH�

RT
þ DS�

RT
: (9)

where Ke, which is represented in eqn (9) as the ratio of the
amount of phytochemical compound that has been extracted to
the amount that remains unextracted, is the equilibrium
constant for extracting the desired component.

Ke ¼ EPs

EPmax � EPs

(10)

EPs denotes the functional compounds extracted aer 30
minutes of ultrasonic extraction at temperature T (K), while
EPmax denotes the functional compounds retrieved aer
comprehensive extractions with optimal sonication time,
temperature, and amplitude.
2.11 Statistical analysis

Numerous statistical parameters, including the mean square
error (MSE), coefficient of determination (R2), and chi-square
(c2), were calculated using eqn (11)–(13), respectively.35

R2 (coefficient of determination) shows the percentage of
variance in the experimental data accounted for by the model.
The values nearest to 1 imply a good t. MSE (mean square
error) is a quadratic estimate of the error and gives more weight
to larger differences than MAE. It can be helpful in determining
1628 | Sustainable Food Technol., 2025, 3, 1624–1635
which models generate large outliers. c2 (chi-square statistic)
measures the agreement between the predicted and experi-
mental values in terms of the scale of the experimental values.
Lower values correspond to better agreement of the model with
the experimental data.

R2 ¼
Pn
i¼1

ðEPei � EPeÞðEPpi � EPpÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðEPei � EPeÞ2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1

ðEPpi � EPpÞ2
s (11)

MSE ¼ 1

n

Xn

i¼1

ðei � piÞ2 (12)

c2 ¼
Pn
i¼1

ðEPei � EPpiÞ2

EPei
(13)

The variables utilized in this context are ei for experimental
data, pi for predicted values, n for the total number of obser-
vations, p for the mean value of the predicted data and e for the
mean value of the experimental data. EP stands for extracted
functional compounds.
3 Results and discussions
3.1 Genetic algorithm optimization of thermosonicated
lapsi fruit juice

The TSLJ dataset obtained from ANN conguration (tness
function) with GA optimization was divided into three subsets:
70% for training, 15% for validation, and 15% for testing. A GA
optimization graph depicting the variations in tness values
across 300 generations was obtained. The best tness values
converged around generation 200, achieving an optimal tness
value of −3.4. This indicates that the combination of 75%
amplitude, 40 °C, and 60 minutes was the most effective for
optimizing the 10 dependent variables. Themean tness closely
followed the best tness, showing a consistent optimization
process.36,37

Fig. 1 depicts the hybrid articial neural network (ANN) and
genetic algorithm (GA) system designed to optimize the ther-
mosonication process parameters, namely, the sonication
amplitude (X1), temperature (X2), and time (X3). The ANN
predicted values for process outcomes, including the yield of
bioactive functional compounds, were initially derived with
ANN modeling utilizing the input–output relations learned
from the network training. These forecasts were then combined
with the genetic algorithm, which was used to train the ANN
weights and biases to minimize the tness function, main-
taining the forecasted outputs within ±0.044 of the target
values.36,37 The GA used standard evolutionary procedures, such
as population initialization, tness assessment, selection,
crossover, mutation, and convergence, to achieve the optimal
solutions. This combined ANN–GA method improved the
predictive accuracy and global optimization, and hence, it was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Artificial neural network (ANN) and genetic algorithm (GA) framework developed to optimize the thermosonication process parameters.
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very efficient for the modeling and optimization of sophisti-
cated nonlinear processes, such as thermosonication.

Fig. 2 demonstrates the convergence pattern of the genetic
algorithm (GA) for the optimization of the thermosonication
parameters obtained from the ANN model-predicted values.
The y-axis was plotted with tness values, where greater nega-
tive values signied improved model tting, and the x-axis was
plotted with the number of generations.38 The best tness and
mean tness values initially oscillated around −3.2 with
a restricted improvement. Nonetheless, there was a steep
decline in the mean tness at the 200th generation, tending
towards the optimal value of −3.4. The optimum tness was
obtained at 75% amplitude, 40 °C temperature, and 60 minutes
Fig. 2 GA optimization: variations in the fitness value across generation

© 2025 The Author(s). Published by the Royal Society of Chemistry
of sonication time, as annotated on the graph. The steady low
tness variation in values thereaer proves the stability and
efficacy of the optimisation process.15

3.2 Extraction kinetics and thermodynamics of functional
compounds in LJ during TS

Table 2 shows the tting performance of different extraction
kinetic models in predicting the extraction behavior of func-
tional compounds of thermosonicated lapsi fruit juice (TSLJ).
The models were compared with respect to three important
statistical parameters, namely, chi-square (c2 × 10−2), coeffi-
cient of determination (R2), and root mean square error (RMSE).
Amongst the models that were tested, the pseudo-second-order
s of TSLJ.
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Table 2 Fittings of TSLJ (functional compounds) data to various
extraction kinetic modelsa

Sl. no Model
c2

(×10−2) R2 RMSE

1 Pseudo second-order model 0.93 0.98 0.03
2 Pseudo rst-order model 1.35 0.93 0.37
3 Peleg's model or hyperbolic model 1.54 0.88 0.30
4 Two-site kinetic model 1.92 0.83 0.38
5 Fick's model 2.89 0.80 0.41
6 Parabolic diffusion model 2.96 0.80 0.40

a Abbreviations: R2 = Coefficient of determination; RMSE = root mean
square error; c2 = chi-square statistics.

Fig. 4 Pseudo-second-order kinetic plot for the total flavonoid
content extracted from TSLJ at different ultrasonication temperatures.

Fig. 5 Pseudo-second-order kinetic plot for the ascorbic acid content
extracted from TSLJ at different ultrasonication temperatures.
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model tted the best, with the lowest c2 (0.93), highest R2 (0.98),
and lowest RMSE (0.03) values, indicating its outstanding
predictability with little deviation between the experimental
and predicted values.39 The pseudo-rst-order model also tted
quite well (R2 = 0.93) but with increased error (RMSE = 0.37).
Other models, such as Peleg's, two-site, Fick's, and the parabolic
diffusion models, exhibited successively worse ts, as indicated
by the declining R2 values (0.88 to 0.80) and rising c2 and RMSE
values.38 This comparison veries that the extraction kinetics of
functional compounds in TSLJ are most accurately explained by
the pseudo-second-order model, implying that the rate-
determining step could be chemisorption or square-
proportional material concentration interactions.

Extraction kinetics demonstrated R2 values of 0.99, 0.99, 0.99,
and 0.99 with the lowest c2 values, and Ea values of 32.04, 35.23,
30.09, and 29.45 for TPC, TFC, AOA and AA, respectively. A
pseudo-second-order model was employed to examine the char-
acteristics of the model for EPP, EPF, EPAOA, and EPA (Fig. 3–6).40

All the responses exhibited a rapid initial increase with rising
temperature and extraction time during the early stages of the TS
process.41 This was followed by a more gradual rise, eventually
plateauing towards the end of the extraction process, approxi-
mately aer 55–60 minutes, reaching a saturation stage.42
Fig. 3 Pseudo-second-order kinetic plot for the total phenolic
content extracted from TSLJ at different ultrasonication temperatures.

Fig. 6 Pseudo-second-order kinetic plot for the antioxidant activity of
TSLJ at different ultrasonication temperatures.

1630 | Sustainable Food Technol., 2025, 3, 1624–1635 © 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3 Inuence of thermosonication on total phenolic content

A rapid initial increase in the rst 10 to 15 minutes, followed by
a more gradual rise, and eventually approaching a plateau
toward the end of the 60 minutes period was observed. This
pattern aligned with the pseudo-second-order kinetic model,
which typically describes processes where the rate of extraction
is proportional to the square of the remaining unextracted
compound concentration.43 The initial rapid phase (0–15
minutes) reected the immediate effect of thermosonication,
where ultrasonic cavitation and moderate heat disrupted the
plant cell matrix, releasing phenolic compounds into the
juice.38 The subsequent slower phase indicated that as more
phenolics were extracted, the remaining compounds became
harder to access, possibly due to the diffusion limitations or
depletion of easily extractable phenolics.

TPC increased with time at all temperatures, with the
maximum extraction efficiency at 40 °C, followed by 50 °C and
30 °C. This trend suggested that a moderate heat input (40 °C)
increased the phenolic compound solubilization and diffusion,
probably due to better cell wall permeability and penetration of
the solvent, while a high heat (50 °C) resulted in partial degra-
dation or structural rearrangement, which lowered the extract-
ability.44 The PSO model was a good t for the data over all
temperatures, indicating that the extraction process is governed
by chemisorption phenomena, and the slowest step occurs via
chemical bonding interaction rather than diffusion alone. The
high predictability of the model highlights its applicability to
modeling the extraction behavior of phenolics under various
thermal conditions, which is essential for process parameter
optimization in functional foods and nutraceuticals.

The graph shown in Fig. 3 depicts the pseudo-second-order
kinetics of the extraction of TPC from thermosonicated lapsi
juice, with a rapid initial increase at 40 °C due to ultrasonic
cavitation disrupting the cell walls, followed by a plateau caused
by diffusion limitations and potential thermal degradation at
50 °C, which reduces the extraction rate.45 This reects
a mechanism where thermosonication enhances the mass
transfer by breaking down the plant matrix, with temperature
inuencing the balance between the compound release and
stability.
3.4 Inuence of thermosonication on total avonoid content

Fig. 4 provides a detailed overview of the extraction kinetics of
the total avonoid content (TFC) in terms of mg quercetin
equivalents per mL (mg QE per mL) within a 60 minutes time
span at three different temperatures (30 °C, 40 °C, and 50 °C),
with both experimental data and respective model ttings
according to the pseudo-second order (PSO) kinetic model.20

The TFC increased consistently with time at all temperatures,
indicating a time-dependent adsorption and diffusion-
controlled extraction process. Among the three temperatures,
40 °C gave the highest avonoid concentration across the entire
extraction period, indicating it to be the best condition for the
maximum recovery of thermolabile avonoids, while extraction
at 50 °C exhibited lower efficiency, presumably because of the
thermal decomposition of avonoid compounds.46 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
experimental points tted well with the pseudo-second order
kinetic model, as shown by the close proximity of the model
with actual data points. This is based on the argument that the
rate-controlling step can include chemical sorption or valence
forces through sharing or exchange of electrons, and this
accurately ts when the extraction process is controlled by both
external mass transfer and intramolecular interactions. The
best model t, especially at 40 °C, underscores the strength of
the PSO model in predicting intricate phytochemical extraction
behavior, thus serving as a reliable tool for process scale-up and
optimization.44 Overall, the graph indicates that intermediate
temperatures, when combined with adequate time and PSO-
based kinetic insights, can effectively optimize avonoid
extraction without inducing compound degradation, a nding
that is very useful for practical uses in food, nutraceutical, and
phytopharmaceutical industries.

3.5 Inuence of thermosonication on ascorbic acid content

Ultrasound waves create cavitation bubbles that collapse,
generating localized high-pressure and -temperature zones.
This disrupts the cell walls in the food matrix, releasing more
ascorbic acid into the solution, which explains the steeper
initial increase in the PSO model.46 Ascorbic acid is highly
sensitive to oxygen, heat, and light, which can cause it to
degrade via oxidation. Thermosonication alleviates this by
degassing the solution, that is, by removing dissolved oxygen
that would otherwise react with ascorbic acid, thus preserving
its concentration over time. Thermosonication at higher
temperatures (PSO 40 °C and 50 °C) accelerates this release,
leading to faster ascorbic acid accumulation than that in the
sample thermosonicated at 30 °C as heat aids in cell disruption
and ultrasound minimizes degradation (Fig. 5).

Ascorbic acid extraction is highly dependent on time and
temperature, as reected in the graph. In the beginning, the
content of ascorbic acid increased exponentially as a result of
the rapid release of surface-bound molecules and effective
penetration by the solvent, but later on (aer 30–40 minutes),
the rate of extraction tended to decrease and plateau, signifying
equilibrium.47 Temperature is an important parameter inu-
encing this behavior, and extraction at 40 °C yielded the
maximum ascorbic acid content, most probably due to
increased diffusion and cell membrane permeability without
much degradation. At 30 °C, the lower temperature caused
retardation in mass transfer and yield, whereas at 50 °C, while
diffusion might be quicker, thermal degradation of heat-
sensitive ascorbic acid takes place most probably, lowering
the nal content.48 These ndings emphasize the need for
optimizing the extraction temperature and time for maximal
recovery with minimal nutrient loss, with 40 °C identied as the
best extraction temperature condition in this work.

3.6 Inuence of thermosonication on antioxidant activity

The plateau in antioxidant activity (around 40–50 °C) suggested
that the extraction reached the maximum as the available
antioxidants were fully released or only minor degradation
occurred over time. Additionally, while thermosonication at 50 °
Sustainable Food Technol., 2025, 3, 1624–1635 | 1631
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C could degrade heat-sensitive antioxidants, thermosonication
at 40 °C mitigated this by using moderate heat.49 Antioxidant
activity is maximized with temperature due to enhanced solu-
bility, diffusion, and cell disruption, while thermosonication
further boosts extraction through cavitation, improved mass
transfer, deaeration, and synergy with heat, leading to the
highest activity in the PSO 40 °C sample (Fig. 6). The antioxidant
activity of TSLJ during extraction showed denite time and
temperature dependence. In the beginning, the antioxidant
activity increased with time at a faster rate because bioactive
compounds like phenolics and avonoids are easily liberated
from the plant matrix. Among the temperatures tested, 40 °C
gave the highest antioxidant activity because there was
maximum mass transfer and lowest thermal degradation of
thermally sensitive antioxidants. At 30 °C, lower diffusion rates
led to lower extraction efficiency, while at 50 °C, although the
activity was greater than that at 30 °C, it failed to exceed the
performance at 40 °C, perhaps because of the degradation of
thermolabile antioxidants at high temperatures.48 With time,
the rise in activity started to taper off at all temperatures,
meaning the system reached a point of equilibrium. These
results indicate that 40 °C is the ideal temperature for optimum
antioxidant extraction in the available time.

Both the saturation concentration (Sc) of functional
compounds in the liquid extract and the pseudo-second-order
rate constant (k) increased at 40 °C for all the four responses.
The SC values were in the following ranges: TPC (85.89–
592.50 mg GAE per mL), TFC (126.64–200.61 mg QE per mL),
AOA (57.02–108.01%) and AA (59.63–68.77 mg/100 mL). The k
value ranges were found to be as follows: TPC (0.00003–
0.00009 mg GAE per mL), TFC (0.00003–0.00008mg QE per mL),
AOA (0.00013–0.00061%) and AA (0.00004–0.00013 mg/100 mL)
(Table 3).50 The rise in Sc with increasing temperature could be
linked to the dynamic interactions between the juice and cell
matrix of the sample. The rate constant also increased with
temperature, possibly due to the greater thermal energy
required for the extraction of EP.51 Escalating saturation
concentrations and rate constants were observed in the extrac-
tion of antioxidant compounds, which were comparable with
those of the trends observed during the microwave-assisted
extraction of fenugreek leaves52 and bioactive compounds of
moringa leaves9 within the 30–45 °C temperature range.

Data tting to the pseudo-second-order model in this study
indicates that the extraction process of bioactive compounds
from LJ followed a pseudo-second-order kinetic behaviour. This
nding is crucial as it provides insights into the mechanisms
underlying the extraction process.53 The high R2 values (>0.99)
obtained for TFC, AOA, TPC and AA at 40 °C suggested that the
model accurately tted with the experimental data, indicating
a strong correlation between the predicted and observed values.
This indicated that the extraction process was well-described by
the pseudo-second-order model, and temperature had a signif-
icant impact on the extraction kinetics.2 The activation energy
values obtained for the four responses (TPC, TFC, AOA, and AA)
were around 29.45 to 32.04 kJ mol−1, suggesting that similar
energy inputs were required for the extraction of these
compounds. This implied that the extraction mechanisms of
1632 | Sustainable Food Technol., 2025, 3, 1624–1635
these compounds were likely similar, possibly involving similar
rate-limiting steps, such as diffusion through the cell walls or
desorption from solid particles.54 The consistency of the Ea
values across different compounds further supported this
hypothesis.

The increase in saturation concentration (Sc) at the temper-
ature of 40 °C can be explained by the greater thermal energy
available at 75% amplitude. This increased thermal energy
helped in breaking down the cell matrix of the sample more
effectively, leading to greater release of functional compounds
into the liquid phase. As the temperature increased, the mole-
cules in the sample gained more kinetic energy, which
enhanced the mobility of the compounds within the sample
and promoted their diffusion into the liquid phase.33 This
increased mobility and diffusion rate resulted in higher satu-
ration concentrations of the compounds in the liquid phase.
Similarly, the increase in the rate constant (k) with temperature
reected the greater thermal energy requirement for the
extraction process.9 The rate constant is a measure of the speed
of the extraction process, with higher values indicating a faster
rate of extraction. As the temperature increased, more thermal
energy was available to drive the extraction process, leading to
a higher rate constant. This suggested that the extraction
process became more efficient at higher temperatures as more
compounds were extracted in a shorter period due to the
increased thermal energy, facilitating the breakdown of the cell
matrix and release of the compounds.9
3.7 Thermodynamic properties of TSLJ extraction process

For TPC in the thermosonicated lapsi juice (TSLJ), the enthalpy
change (DH) was calculated as 15.01 kJ mol−1, indicating an
endothermic process that required energy input to release
phenolic compounds from the plant matrix. The positive
entropy change (DS = 28.63 J mol−1 K−1) suggested increased
molecular randomness during the extraction process. Gibbs
free energy (DG) values were negative at all the temperatures,
with values of −8.65 kJ mol−1, −8.94 kJ mol−1, and
−9.23 kJ mol−1 at 30 °C, 40 °C, and 50 °C, respectively (Table 4).
The increasingly negative DG values indicated that the extrac-
tion of TPC became more spontaneous at higher temperatures.
This trend highlighted the favorable effect of increased
temperature in facilitating the extraction of phenolic
compounds during thermosonication.13

The enthalpy change (DH= 7.22 kJ mol−1) for TFC extraction
indicated a lower energy requirement compared to TPC,
reecting the different molecular structures and extraction
mechanisms of avonoids.55 The entropy change (DS = 25.03 J
mol−1 K−1) also pointed to a moderate increase in system
disorder. The negative DG values across all the temperatures,
ranging from −7.57 kJ mol−1 to −8.07 kJ mol−1, conrmed the
spontaneity of the extraction process (Table 4). The more
negative DG values at higher temperatures suggested that
increasing the temperature enhanced the extraction efficiency
of avonoids in TSLJ.56

For AOA, the thermodynamic parameters revealed a signi-
cantly higher enthalpy change (DH = 15.64 kJ mol−1) compared
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The pseudo-second-order model parameters for the optimized extraction conditions of functional compounds from TSLJ (75%
amplitude) at different temperaturesa

Response Temperature k SC c2 (×10−2) R2 RMSE Ea (kJ mol−1)

TPC 30 °C 9 × 10−5 85.89 � 3.03 1.19 0.98 0.30 32.04
40 °C 3 × 10−5 592.50 � 1.81 1.47 0.99 0.33
50 °C 8 × 10−5 334.39 � 1.44 1.44 0.99 0.33

TFC 30 °C 3 × 10−5 126.64 � 2.84 1.16 0.98 0.29 35.23
40 °C 5 × 10−5 200.61 � 44.66 0.12 0.99 0.09
50 °C 8 × 10−5 160.13 � 3.85 1.04 0.98 0.28

AOA 30 °C 2 × 10−4 57.02 � 1.25 2.83 0.98 0.46 30.09
40 °C 1 × 10−4 108.01 � 1.51 1.30 0.99 0.31
50 °C 6 × 10−4 57.17 � 1.92 3.66 0.96 0.53

AA 30 °C 4 × 10−5 62.29 � 2.92 1.21 0.98 0.30 29.45
40 °C 1 × 10−4 68.77 � 2.10 0.78 0.99 0.24
50 °C 7 × 10−5 59.63 � 2.40 3.57 0.98 0.52

a Abbreviations: Temperature 30, 40 and 50 °C, TPC = total phenolic content; TFC = total avonoid content; AOA = antioxidant activity; AA =
ascorbic acid; R2 = Coefficient of determination; RMSE = root mean square error; c2 = chi-square statistic; k = pseudo-second-order rate
constant; SC = saturation concentration; and Ea = activation energy.

Table 4 Thermodynamic parameters for the extraction of TPC, TFC,
AOA and AA from TSLJa

Response Temperature
DH
(kJ mol−1)

DS
(J mol−1 K−1)

DG
(kJ mol−1)

TPC 30 °C 15.01 28.63 −8.65
40 °C −8.94
50 °C −9.23

TFC 30 °C 7.22 25.03 −7.57
40 °C −7.82
50 °C −8.07

AOA 30 °C 15.64 57.23 −17.32
40 °C −17.89
50 °C −18.46

AA 30 °C 5.44 18.03 −5.45
40 °C −5.63
50 °C −5.81

a Abbreviations-DH: Enthalpy; DS: Entropy; DG: Gibbs free energy.
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with TFC, indicating a higher energy requirement for the release
of antioxidant compounds. The entropy change (DS = 57.23 J
mol−1 K−1) was notably higher, suggesting a substantial
increase in molecular disorder during the extraction process.57

Gibbs free energy (DG) values were strongly negative, ranging
from −17.32 kJ mol−1 to −18.46 kJ mol−1, indicating a highly
favorable and spontaneous extraction process (Table 4). The
increasingly negative DG values with rising temperature
affirmed that higher temperatures promoted the efficient
extraction of antioxidant compounds during
thermosonication.58

For ascorbic acid, the enthalpy change (DH = 5.44 kJ mol−1)
was the lowest among all the responses, indicating minimal
energy requirements for its extraction. The entropy change (DS
= 18.03 J mol−1 K−1) reected a modest increase in molecular
randomness. The negative DG values, ranging from
−5.45 kJ mol−1 to −5.81 kJ mol−1, conrmed the spontaneity of
the extraction process (Table 4).59 However, the smaller
© 2025 The Author(s). Published by the Royal Society of Chemistry
magnitude of DG compared with TPC, TFC, and AOA suggested
that the spontaneity of ascorbic acid extraction was less
temperature-dependent, likely due to its inherent solubility and
stability under thermosonication conditions.

The thermodynamic parameters for TSLJ demonstrated that
the extraction of TPC, TFC, AOA, and AA during thermosoni-
cation was spontaneous at all the studied temperatures, with
increasingly favorable DG values at higher temperatures. TPC
and AOA exhibited higher DH, indicating greater energy
requirements, while TFC and AA required comparatively less
energy for extraction. The positive DS values across all the
responses suggested that the thermosonication process
increases the molecular randomness, likely due to the break-
down of cellular structures and enhanced mass transfer.60

These results highlighted the efficacy of thermosonication in
facilitating the extraction of bioactive compounds from lapsi
juice, with temperature playing a crucial role in optimizing the
yield and efficiency.

4 Conclusion

This study highlights the effectiveness of thermosonication in
extracting functional compounds by assessing the total
phenolic content (TPC), total avonoid content (TFC), antioxi-
dant activity (AOA), and ascorbic acid (AA) content from lapsi
fruit juice. The process kinetics followed a pseudo-second-order
model, demonstrating high R2 values (0.99743–0.99856) and
low c2 values, indicating a precise t. Activation energy (Ea)
ranged from 29.46 to 35.23 kJ mol−1, conrming its tempera-
ture dependency and moderate energy requirement. The ther-
modynamic parameters revealed spontaneous extraction at all
temperatures, with negative Gibbs free energy (DG) values that
became increasingly favorable as temperature increased.
Enthalpy (DH) and entropy (DS) changes suggested the process
was endothermic, with enhanced molecular randomness
promoting the extraction efficiency. The ndings demonstrate
that thermosonication is a sustainable and efficient technique
Sustainable Food Technol., 2025, 3, 1624–1635 | 1633
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for maximizing bioactive compound recovery, particularly at
optimized conditions (75% amplitude, 40 °C temperature, and
60 minutes of sonication time), with signicant potential in
industrial and nutritional applications. It provides a robust
framework for scale-up, emphasizing the need for precise
temperature and time management to preserve quality. The
adaptability of this approach to lapsi fruit suggests its broader
applicability to other underutilized species, paving the way for
sustainable food processing innovations. Future efforts could
rene these parameters further and explore additional fruits to
maximize the potential of TS in delivering nutrient-rich
products.
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