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Abstract: This study aimed to optimize phenolic antioxidant extraction from
Polyalthia longifolia leaves using hot maceration with 70% ethanol and to
characterize the extraction kinetics under optimal conditions. Response surface
methodology was used to evaluate the effects of extraction time and temperature on
extraction yield, total phenolic content (TPC), and ferric reducing antioxidant power
(FRAP). Both factors significantly influenced all responses, with the extraction yield
and TPC increasing progressively with temperature and time. FRAP, however,
exhibited a dome-shaped response, peaking at intermediate temperatures before
declining under prolonged high-temperature conditions, consistent with the thermal
degradation of heat-labile antioxidants. The highest phenolic recovery and
antioxidant activity were achieved at the upper boundary of the experimental
domain, suggesting that the true optimum may lie beyond the conditions tested.
Kinetic analysis further revealed that antioxidant-active compounds were mobilized
faster than the bulk extractable mass, with implications for reducing extraction time
and energy consumption at scale. These findings provide a statistically guided and
kinetically informed foundation for the valorization of Polyalthia longifolia leaves,
supporting future process optimization across broader solvent systems and
extraction techniques for functional food and nutraceutical applications.

Introduction
Polyalthia longifolia (false Ashoka), a tropical ornamental
tree with extensive traditional medicinal use, has emerged
as a candidate source, its leaves employed in Ayurveda for
fever, skin disorders and diabetes (4), contain alkaloids,
terpenoids, flavonoids, and phenolic acids (5). However
systematic understanding of how extraction conditions
influence both the yield and antioxidant activity of these
phenolics remains limited, particularly under hot
maceration, a simple technique well-suited to
thermostable compounds.

Extraction efficiency is strongly affected by time and
temperature, which often interact non-linearly. Response
surface methodology (RSM) overcomes the shortcomings
of one-factor-at-a-time approaches by evaluating multiple
variables and their interactions simultaneously, and has
been applied to phenolic extraction from diverse plant
matrices (6). In the case of P. longifolia, previous process
optimization employed orthogonal experimental designs
(7); however, these studies lacked corresponding kinetic
insights. Kinetic studies on this species have concentrated

on unrelated systems, such as pyrolysis (8) and adsorption
processes (9). Broader research on hot phenolic extraction
indicates first-order or pseudo-second-order behavior,
although these models are largely empirical and rarely
connect rate parameters to antioxidant functionality (10).
To date, there have been no reports on the combined use
of RSM-driven optimization and kinetic modeling for P.
longifolia leaf extraction under hot maceration. This
combination is relevant because it enables the
simultaneous mapping of extraction yield and bioactivity,
which is key to developing standardized extracts that
retain functional properties during scale-up.

A critical review of the kinetic literature on heat-
assisted phenolic extraction from leafy and lignocellulosic
matrices reveals three recurring shortcomings that
motivate the present study. First, kinetic models are often
reported in isolation: rate constants and activation
energies are estimated, but their relationship with retained
antioxidant capacity is rarely quantified. As a result, it
remains unclear whether the conditions that maximize
extraction yield also optimize functional antioxidant
activity (11). Second, in studies where multi-response
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optimization has been applied, such as those on artichoke
bracts, apple pomace, and Feijoa peels, the temperature
ranges investigated are often narrow, typically ≤20 °C,
which may limit the reliability of Arrhenius-derived
activation energies (12). Third, single-component first-
order or pseudo-second-order models are frequently
fitted to total phenolic data without sufficient
consideration of the multicomponent nature of phenolic
release or the analytical nonspecificity of the Folin–
Ciocalteu assay (13). The present study addresses the first
gap by linking RSM-derived response surfaces with first-
order kinetic parameters for yield, TPC, and FRAP, while
explicitly recognizing the remaining two issues as
methodological limitations.

The case for jointly optimizing yield, total phenolic
content (TPC), and ferric reducing antioxidant power
(FRAP) is built on three key considerations. (i)
Operationally, antioxidant-rich extracts intended for
functional food and nutraceutical applications need to be
defined not only by quantity (extract mass per unit
feedstock) but also by quality (bioactivity per unit extract),
as either parameter alone is insufficient for establishing a
commercially viable ingredient. (ii) Economically, the
kinetic parameters derived in this study, such as rate
constants, half-lives, and activation energies, directly
inform batch time and energy budgets at the pilot scale.
Thus, a kinetic model based on bioactivity, rather than
mass alone, offers a more realistic basis for cost modeling.
(iii) Regulatory and label-claim documentation for this
product class often require proof that the bioactive
fraction is preserved under the extraction conditions. This
is feasible only when the extraction kinetics and
antioxidant retention are mapped on the same time–
temperature grid, as is done in the present study.

Accordingly, this study used a face-centered central
composite design to evaluate the effects of extraction time
(2–6 h) and temperature (50–70 °C) on the extraction yield,
total phenolic content (TPC), and ferric reducing
antioxidant power (FRAP) of P. longifolia leaf extracts
obtained by hot maceration with 70% ethanol. The
optimized conditions were then employed to derive kinetic

parameters (rate constants, half-lives, and activation
energies) and to model extraction behavior. By integrating
statistical optimization with kinetic analysis, this study
offers a model-dependent yet comprehensive framework
to support the valorization of P. longifolia leaves in
functional foods and nutraceuticals.

Materials And Methods

Materials
Polyalthia longifolia leaves were collected in Kiagbodo,
Ughelli, Delta State, Nigeria. The specimen was
taxonomically verified by the Botanical Survey Unit of the
Department of Forestry and Wood Technology at the
Federal University of Technology, Akure (voucher specimen
reference no: 2026/FUTA/HRB 0417). All solvents and
reagents were of analytical grade and purchased from
Jemok Nigeria Limited, Egbeda, Lagos. Folin-Ciocalteu
reagent, gallic acid, 2, 4, 6-tripyridyl-s-triazine (TPTZ), and
other antioxidant assay chemicals were obtained from
Merck (Darmstadt, Germany).

Sample Preparation
Fresh leaves were washed with deionized water to remove
surface contaminants and air-dried in the shade at
ambient temperature (25 ± 2 °C) until a constant weight
was achieved, to minimize the degradation of thermolabile
phytochemicals (14). The dried leaves were ground into a
fine powder using a manual grinder. The powdered
material was sieved to obtain a uniform particle size and
stored in airtight containers at ambient temperature until
analysis.

Solvent Preparation
Seventy percent (v/v) ethanol was freshly prepared on the
day of extraction by diluting analytical-grade 95% (v/v)
ethanol with distilled water. This prepared solvent was
then immediately transferred into tightly capped amber
glass bottles, stored at 25 ± 2 °C in the dark, and
effectively used within 2 h of preparation.

Table 1. Face-centered CCD for extraction time and temperature.

Run A (coded) B (coded) Time, h (actual) Temp, °C (actual)

1 +1 0 6 60
2 0 0 4 60

3 0 0 4 60
4 0 −1 4 50
5 0 0 4 60

6 −1 −1 2 50
7 −1 0 2 60
8 0 +1 4 70

9 0 0 4 60
10 0 0 4 60
11 −1 +1 2 70
12 +1 −1 6 50

13 +1 +1 6 70
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(Eq. 1)

(Eq. 2)

(Eq. 3)

(Eq. 4)

(Eq. 5)

Extraction Procedure
Extraction was performed using a hot maceration
(digestion) technique. Ground plant material (20 g) was
placed in a sealed, heat‑resistant borosilicate glass bottle
(Schott®) to minimize solvent loss during heating.
Subsequently, 70 % ethanol (400 mL) was added to obtain
a solid-to-liquid ratio of 1: 20 (w/v). The vessel was
immersed in a thermostatically controlled water bath set
to the temperature specified by the RSM experimental
design, with continuous agitation at 150 rpm to enhance
solvent penetration and mass transfer. Extraction time and
temperature were varied according to the design
described in Section 2.4. After extraction, the mixture was
filtered through Whatman No. 1 filter paper, and the
filtrate was concentrated under reduced pressure using a
rotary evaporator (Büchi, Switzerland) at 40 °C until a
constant weight was obtained. The concentrated extract
was stored in airtight amber bottles at 4 °C until analysis.

Experimental Design and Optimization
A face-centered central composite design (CCD; α = 1)
within the framework of response surface methodology
(RSM) was employed to model and optimize the extraction
conditions and evaluate the effects of independent
variables on the response (s). Two factors were
investigated: extraction time (A: 2–6 h) and extraction
temperature (B: 50–70 °C). The design comprised 13
experimental runs, including factorial, axial (star), and
replicated center points, to estimate the pure experimental
error and assess the model adequacy. The design matrix,
which shows both the coded and actual factor levels, is
presented in Table 1. Center points (runs 2, 3, 5, 9, and 10)
were replicated to evaluate the method reproducibility
and estimate the experimental variability.

The coded levels of the independent variables were
−1 (low), 0 (center), and +1 (high). The relationship
between the coded and actual values of each variable was
established using Equation 1, where represents the coded
value of the independent variable, is the actual value, is
the center-point value, and ΔX denotes the step change
(half the range of the variable).

Analytical Methods

Determination of Extraction Yield
Extraction yield was determined gravimetrically by
evaporating the solvent from a known volume of extract
under reduced pressure. The residue was dried to a
constant weight, and the extraction yield (%) was

calculated using Equation 2, where    = mass of
dried extract (g) and   = mass of initial plant
material (g).

Determinations were performed in triplicate. The
mean values were used as Response 1 in the response
surface methodology (RSM) analysis. Triplicate
measurements were adopted in line with common RSM
practice to improve reliability and support error estimation
(15).

Ferric Reducing Antioxidant Power (FRAP) Assay
The Ferric Reducing Antioxidant Power (FRAP) assay was
performed as described by Clark et al. (16), with slight
modifications. Briefly, 0.5 mL of the extract obtained from
each experimental run was mixed with 0.5 mL of
phosphate buffer (0.2 M, pH 6.6) and 0.5 mL of potassium
ferricyanide solution (1%, w/v). The reaction mixture was
incubated at 50 °C for 20 min to facilitate the reduction of
ferricyanide (Fe³⁺) to ferrocyanide (Fe²⁺). Following
incubation, 0.5 mL of trichloroacetic acid (10%, w/v) was
added to stop the reaction, and the mixture was
centrifuged at 3000 rpm for 10 min. A 0.5 mL aliquot of
the supernatant was then mixed with 0.5 mL distilled water
and 0.1 mL ferric chloride solution (0.1%, w/v). After
standing for 10 min at room temperature, the absorbance
was measured at 700 nm using a UV-Vis
spectrophotometer.

All measurements were performed in triplicate. Ferric-
reducing activity was expressed as the percentage FRAP
according to Equation 3, where ​is the absorbance of the
extract and ​is the maximum absorbance recorded among
all experimental runs. The calculated percentage values
were used as Response 2 (FRAP, %) in the response surface
methodology (RSM) analysis.

Total Phenolic Content (TPC)
Total phenolic content was determined using the Folin–
Ciocalteu colorimetric method (17) with slight
modifications. Absorbance was measured at 765 nm using
a precise UV–Vis spectrophotometer. Results are
expressed as milligrams of gallic acid equivalents per gram
of dry extract (mg GAE/g) using Equation 4, where C
represents the concentration derived from the established
standard gallic acid calibration curve (mg/mL), V is the
total volume of the extract used (mL), and m is the mass of
the dried extract (g). All experimental measurements were
carefully performed in triplicate, and the calculated mean
values were consistently used as the defined Response 3 in
the subsequent detailed RSM statistical analysis.

Kinetic Analysis

First-Order Kinetic Model
Extraction kinetics were fitted to a first-order kinetic model
described by Equation 5, where Y(t) is the extraction yield
at time t (%), Y₍∞₎ is the equilibrium extraction yield (%), k
is the extraction rate constant (h⁻¹), and t is the extraction
time (h).

Model parameters (Y₍∞₎ and k) were estimated for
each temperature using non-linear regression analysis with
the MATLAB lsqcurvefit function (MathWorks, Inc. , Natick,
MA, USA). Goodness of fit was evaluated using the
coefficient of determination (R²) and root mean square
error (RMSE).

X =1
​

Δ ​X

X ​ − X ​1 O

Y (%) = ​ ×
M ​sample

M ​extract 100

FRAP (%) = ​ ×
A ​max

A ​sample 100

TPC = ​

m

c × v

Y (t) = Y ​(1 −∞ e )−kt

M
​extract

M
​sample
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(Eq. 6)

(Eq. 7)

(Eq. 8)

Linearization and Validation
The linearized form of the first-order kinetic model
(Equation 6) was used for validation. A plot of

 versus time (t) should yield a straight line
with slope -k if the extraction follows first-order kinetics.

Arrhenius Analysis
The temperature dependence of the extraction rate
constant was evaluated using the Arrhenius Equation 7,
where k is the rate constant (h⁻¹), A is the pre-exponential
factor (h⁻¹), E  is the activation energy (J/mol), R is the
universal gas constant (8.314 J mol⁻¹ K⁻¹), and T is the
absolute temperature (K). The activation energy was
determined from the slope of the plot of ln (k) versus 1/T,
and the pre-exponential factor was calculated from the
intercept.

Half-Life Calculation
The half-life, defined as the time required to achieve 50%
of the equilibrium extraction yield, was calculated using
Equation 8.

Statistical Analysis
All experiments were performed in triplicate, and the
results are expressed as the mean ± standard deviation.
The experimental design and response surface analysis
were conducted using Design-Expert® software version 13
(Stat-Ease Inc., Minneapolis, MN, USA). Analysis of variance
(ANOVA) was performed to evaluate the significance of
the model terms, and the lack-of-fit test was used to
validate model adequacy. Statistical significance was set at
p < 0.05. Kinetic and Arrhenius analyses were performed

using MATLAB R2023b (MathWorks, Inc. , Natick, MA,
USA).

Results and Discussion
This study optimized the extraction of phenolic
compounds from P. longifolia leaves using response
surface methodology. The extraction kinetics were
evaluated under the optimal conditions identified in the
design. The findings from the experimental design,
statistical analysis, response surface optimization, and
kinetic modeling are presented in Tables 2 and 3 and
Figures 1-6.

Experimental Design and Model Fitting
A face-centered central composite design comprising 13
runs was used to evaluate the effects of extraction
temperature (50–70 °C) and time (2–6 h) on extraction
yield, total phenolic content (TPC), and FRAP using 70%
(v/v) aqueous ethanol (Table 2). Both temperature and
time increased phenolic recovery within the studied range,
consistent with the expectation that higher temperatures
lower solvent viscosity and increase solute diffusivity (18).
Good reproducibility at the center points (4 h, 60 °C)
supported the reproducibility of the design (yield: 15.16 ±
0.96%; TPC: 11.24 ± 0.17 mg GAE/g; FRAP: 67.36 ± 0.48%).

The ANOVA results (Table 3) support model adequacy
(R² = 0.9928; adjusted R² = 0.9877; predicted R² = 0.9522;
adequate precision = 48.07; CV = 0.97%). The close
agreement between the adjusted and predicted R² values
supports the reliability of the model for predicting
responses within the studied range, a prerequisite for
process optimization. Temperature (F = 439.67, p <
0.0001) and extraction time (F = 362.02, p < 0.0001) were
the dominant contributors to all responses. The significant
interaction term AB (F = 29.05, p < 0.0010) indicates that
neither factor can be optimized independently, reinforcing
the practical advantage of RSM over one-factor-at-a-time
approaches. Significant quadratic terms A² and B² indicate
curvature consistent with a true optimum within the
studied range, and the non-significant lack-of-fit (p =

ln(Y ​ −∞ Y (t)) = ln(Y ​) −∞ kt

k = Ae−E ​/RTa

ln(k) = ln(A) − ​ ⋅
R

E ​a
​

T

1

ln(Y ​ −∞ Y (t))

a

Table 2. Experimental design matrix and responses for optimization of extraction parameters.

Std
Run

Run
Order

Factor 1 A:
Time (h)

Factor 2 B:
Temperature (°C)

Response 1
Extraction Yield (%)

Response 2
FRAP (%)

Response 3 Phenolics
(mg GAE/g)

6 1 6 60 17.3 70.2 12.8
12 2 4 60 15.1 67.4 11.2

9 3 4 60 16.5 67.9 11.5
7 4 4 50 10.7 58.3 9.8
13 5 4 60 15.3 67.7 11.3

1 6 2 50 7.2 50.6 7.5
5 7 2 60 11.4 60.2 10.1
8 8 4 70 15.8 69.1 12.0

10 9 4 60 13.9 66.8 11.1
11 10 4 60 15 67 11.1
3 11 2 70 12.5 63.3 10.8
2 12 6 50 13.6 65.2 10.5

4 13 6 70 19.8 71.1 13.5
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0.1564) further supports model adequacy. Given the
limited number of experimental runs in the face-centered
CCD, the model, while robust within the tested domain,
may be sensitive to extrapolation beyond this range;
external validation using additional data points or a more
design-efficient strategy (e. g., Box–Behnken) would
further test its generalizability.

Effect of Time and Temperature on Extraction
Responses
The extraction yield increased with both temperature and
time across the entire experimental range (Figure 1a),
consistent with enhanced solvent diffusivity and solute
solubility at elevated temperatures. FRAP, by contrast,
exhibited a dome-shaped response surface (Figure 1b),
rising from 50 to approximately 60–65 °C before
plateauing and declining slightly at 70 °C, particularly
during extended extraction times. Total phenolic content
(TPC) followed the same upward trend as yield (Figure 1c),
increasing progressively across the studied range. The
significant interaction term (AB, p< 0.001) confirmed that
the two factors acted synergistically, reinforcing the
advantage of multivariate optimization over one-factor-at-
a-time approaches.

This non-monotonic FRAP behaviour indicates a
thermal trade-off between enhanced phenolic
solubilization and concurrent antioxidant degradation (19

– 20). At least three mechanisms may contribute to this
behavior. First, compounds such as gallic acid and catechin
derivatives undergo oxidative coupling and quinone
formation above 50 °C, yielding polymeric products with
diminished radical-scavenging and reducing capacity (21 –
22). Second, endogenous polyphenol oxidase (PPO) and
peroxidase (POD) may retain activity during the early
stages of heating before thermal denaturation occurs,
catalyzing phenolic degradation in situ. This is particularly
relevant at the 50–60 °C transition, where enzyme activity
and thermal extraction overlap. Third, flavonoid glycosides
and anthocyanins undergo hydrolytic cleavage and
oxidative ring-opening at sustained elevated
temperatures, directly reducing measurable FRAP activity
(23). Thermal degradation of heat-labile phenolics,
accompanied by concurrent oxidation reactions, plausibly
accounts for the FRAP plateau (21 – 23). Notably, TPC
continued to increase under prolonged high-temperature
conditions, even as FRAP plateaued. This divergence
reflects an analytical contrast between the two assays: the
Folin–Ciocalteu reagent measures total reducing capacity
and is not selective for intact phenolics. Therefore,
oxidation products, polymerized phenolics, and non-
phenolic reductones formed during prolonged heating
may continue to register as apparent “phenolics,” even
though they contribute little to electron-donating activity
at the FRAP assay pH of approximately 3.6 (17). The TPC

Table 3. Analysis of variance (ANOVA) for the response surface quadratic model.

Source Sum of Squares Df Mean Square F-value P-value

Model 385.19 5 77.04 193.60 < 0.0001
A-Temperature 174.96 1 174.96 439.67 < 0.0001
B-Extraction time 144.06 1 144.06 362.02 < 0.0001

AB 11.56 1 11.56 29.05 < 0.0010
A² 7.72 1 7.72 19.41 < 0.0031
B² 27.80 1 27.80 69.85 < 0.0001

Residual 2.79 7 0.3979 - -
Lack of Fit 1.93 3 0.6445 3.03 0.1564
Pure Error 0.8520 4 0.2130 - -

Cor Total 387.98 12 - - -
Note: C.V. = 0.9707 %; R²= 0.9928; Adjusted R²= 0.9877; Predicted R²=0.9522; Adeq Precision = 48.0684.

Figure 1. 3D Response surface plots illustrating the combined effects of time and temperature on (A) extraction yield, (B)
FRAP activity, and (C) total phenolics.
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trend should therefore be interpreted as a measure of
total reducing matter rather than as evidence that
bioactive phenolics accumulate indefinitely with
temperature. Compound-specific verification, such as
HPLC analysis of marker phenolics under matched thermal
stress, would be required to attribute the FRAP plateau to
specific degradation pathways.

The plateau rather than a sharp decline suggests that
extraction and degradation rates are competing rather
than one dominating within the 50–70 °C window. This
interpretation is consistent with reports that 60–65 °C
represents a practical optimum for phenolic recovery from
Annonaceae species (24). However, the relative
contributions of individual degradation pathways cannot
be quantified from the present data. The absence of time-
resolved HPLC profiling or compound-specific thermal
stability experiments means that the degradation narrative
remains plausible but unvalidated.

The predicted versus actual plots (Figure 2) further
support the adequacy of the models developed in this
study. For the extraction yield, FRAP, and total phenolics,
the data points closely aligned with the 45° reference line,
indicating a strong agreement between the experimental
and predicted values. The tight clustering and minimal
dispersion reflect a low residual error and high predictive
accuracy across the studied range. Slight deviations

observed under intermediate and extreme conditions are
consistent with the previously discussed curvature and
interaction effects observed in the 3D response surfaces
(25). Importantly, no systematic bias (over- or under-
prediction) was evident, indicating that the quadratic
models captured the time–temperature effects governing
the yield, phenolic recovery, and antioxidant activity.

Having established that extraction yield, TPC, and
FRAP respond differently to temperature and time within
the design space, with FRAP plateauing while yield and
TPC continue to rise, the next step was to characterize the
underlying rate behavior. Kinetic analysis was therefore
conducted at the upper-boundary temperature (70 °C) to
quantify how rapidly each response approaches
equilibrium and to determine whether antioxidant-active
compounds are mobilized on a similar time scale as the
bulk extractable mass. This approach provides the rate-
based information necessary to translate optimization
outcomes into practical extraction times for scale-up.

Extraction Kinetics of Phenolic Antioxidants

Fitting to First-Order Kinetic Model
The first-order kinetic model described the extraction
profiles at 70 °C with high R² values for all responses
(0.9930–0.9968, Figure 3), and the biphasic pattern, rapid

Figure 2. Predicted versus actual response plots for (A) extraction yield, (B) FRAP activity, and (C) total phenolics showing
model adequacy.

Figure 3. First-order kinetic model fitting of (A) extraction yield, (B) FRAP activity, and (C) total phenolics at 70 °C.
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initial extraction followed by a slower approach to
equilibrium, was consistent with the solid–liquid extraction
theory (26, 27). However, the linearized first-order plot
(Figure 4) revealed response-dependent deviations that
warrant critical examination. Extraction yield (R² = 0.9622)
and FRAP (R² = 0.9226) showed acceptable linearity,
supporting approximately first-order behavior for these
responses. In contrast, TPC linearity was considerably
weaker (R² = 0.7598), reflecting fundamental limitations of
applying a single-component first-order model to a
chemically heterogeneous extract, as examined in detail
below.

Linearized Model Validation
The linearized first-order plots (Figure 4) indicate
predominantly first-order behavior, with conformity
varying among responses. The extraction yield (R² =
0.9622, k = 0.4045 h⁻¹) and FRAP (R² = 0.9226, k = 0.6067
h⁻¹) show strong fits that support a diffusion-controlled

mechanism (28). The higher rate constant for FRAP than
for yield suggests that antioxidant-active components are
more readily mobilized. This practical insight indicates that
shorter extraction times (approximately 1–2 h) may be
adequate for recovering antioxidants, thus minimizing
energy and solvent use without significantly compromising
activity.

TPCs exhibited considerably weaker linearity (R² =
0.7598, k = 0.4890 h⁻¹). This weaker TPC linearity (R² =
0.7598, k = 0.4890 h⁻¹) is attributable to two concurrent
mechanistic factors. First, phenolic compounds exist in
structurally and locationally diverse pools; low-molecular-
weight phenolics are extracted quickly in an approximately
first-order manner, whereas cell wall-bound condensed
tannins and lignin-linked hydroxycinnamic acids require
longer diffusion paths or preliminary hydrolysis, producing
a multi-compartment extraction profile incompatible with
single-component first-order kinetics (29). Second, as
noted in the discussion of the FRAP response surface

Figure 4. Linearized first-order kinetic plots of (A) extraction yield, (B) FRAP activity, and (C) total phenolics at 70 °C.

Figure 5. Arrhenius plots of (A) extraction yield, (B) FRAP activity, and (C) total phenolics illustrating the temperature
dependence of first-order rate constants.
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above, simultaneous thermal degradation of heat-labile
phenolics, anthocyanins, and certain flavonoid glycosides
at 70 °C means that net TPC reflects a dynamic equilibrium
between release and degradation that cannot be captured
by a single first-order equation (22). Therefore, a two-
compartment or bi-exponential kinetic model would more
accurately describe total phenolic extraction from complex
plant matrices and should be prioritized in future kinetic
studies on P. longifolia; the present first-order approach is
best regarded as a practical approximation.

Temperature Dependence: Arrhenius Parameters and
Half‑Life
The Arrhenius plots (Figure 5) revealed markedly different
degrees of linearity across responses, thereby challenging
the assumption of uniform temperature dependence. The
FRAP response showed acceptable Arrhenius linearity (R²
= 0.9387, E  = 19.09 kJ mol⁻¹). Within the narrow 50–70 °C
window tested, this estimate is internally consistent but
should not be extrapolated outside the studied range
without additional data. TPC showed intermediate linearity
(R² = 0.7113, E  = 15.45 kJ mol⁻¹), with the weaker fit
reflecting the competing effects of enhanced diffusion and
thermal degradation discussed above. Critically, extraction
yield produced a poor Arrhenius fit (R² = 0.5613),
rendering the estimated E  of 21.25 kJ mol⁻¹ of limited
physical meaning for thermodynamic scale-up
calculations. This weak correlation likely reflects the narrow
20 °C temperature range, the composite nature of
extraction yield as an integrator of multiple parallel mass-
transfer mechanisms each with distinct temperature
coefficients, and temperature-dependent changes in
solvent properties that may shift the dominant extraction
mechanism across the studied range (22,30).

Mechanistic Interpretation and its Limits
The low activation energies (15–22 kJ mol⁻¹) are consistent
with diffusion-limited behavior, which has already been
supported by linearized kinetic data (Figure 4). However,
classifying the mechanism as diffusion-controlled based
on this alone is provisional. Definitive confirmation would
require independent measurements of the effective
diffusion coefficients, intraparticle diffusion modelling, or
particle-size-dependent kinetic experiments, none of
which were performed in this study. Therefore, the
mechanistic interpretation advanced herein should be
regarded as a working hypothesis rather than an
established conclusion. Further rigorous investigations,

such as varying the solid-to-solvent ratio or utilizing
advanced microscopic surface analysis, would be
necessary to validate this assumption. While the observed
kinetic trends strongly suggest diffusion dominance, the
influence of potential chemical reactions occurring at the
interface cannot be entirely dismissed without additional
empirical evidence, thereby necessitating a more cautious
approach when interpreting the complex mass transfer
phenomena within this specific extraction system.

Half-Life Comparison
The half-life (t₁/₂) at 70 °C varied considerably among the
responses (Figure 6); FRAP exhibited the shortest half-life
(t₁/₂ = 0.62 h), indicating rapid mobilization of antioxidant-
active compounds, likely low-molecular-weight phenolic
acids and flavonoids with high solubility and surface
accessibility (28,31). TPC showed an intermediate half-life
(t₁/₂ = 0.84 h), consistent with the heterogeneity of the
phenolic pool. Extraction yield recorded the longest half-
life (t₁/₂ = 1.65 h), reflecting the slower mass transfer of
less soluble or matrix-bound constituents (32). These
differential half-lives reinforce the kinetic insight noted
above: the more rapid mobilization of antioxidant-active
compounds relative to the total extractable mass supports
the use of shorter extraction times at the pilot scale,
without substantial loss of bioactivity.

Conclusion
Hot maceration at the experimentally tested conditions (70
°C, 6 h, and 70 % ethanol) yielded 19.8 % extract, with
13.5 mg GAE/g total phenolics and 71.1 % FRAP activity
from P. longifolia leaves. These findings, analyzed using
response surface methodology and first-order kinetics
(R² > 0.96), adequately described the extraction behavior
within the studied domain. However, the optimum lies at
the upper boundary of the experimental range, suggesting
that the true maximum may exist beyond the conditions
tested.

Scale-up predictions are constrained by the weak
Arrhenius fit for extraction yield (R² = 0.5613) and by
unexamined process factors, including solvent recovery,
energy consumption, and extract stability under prolonged
heating. The dome-shaped FRAP response further cautions
against simply maximizing the temperature, as antioxidant
degradation offsets gains in phenolic solubilization. This
study was limited to a single technique (hot maceration),
one solvent system, and two process variables. Future
work should validate the kinetic model under pilot-scale

a

a

a

Figure 6. Comparative half-life (t₁/₂) profiles of extraction yield, FRAP activity, and total phenolics at 70 °C.
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conditions, test alternative models (e. g., bi-exponential or
diffusion-based forms), extend the temperature–time
domain to locate the true optimum, and benchmark the
results against ultrasound-or microwave-assisted
extraction. Compound-specific profiling (HPLC or LC-MS)
is needed to identify the phenolics responsible for
antioxidant activity and their individual thermal stability.
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