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The global demand for sustainable food ingredients has driven interest in fruit by-product valorization into
high-value compounds. Rambutan (Nephelium lappaceum L.) peel, an underutilised fruit by-product,
contains abundant pectin, which is suitable for various industrial applications such as gelling and
emulsifying agents. This study explored a green extraction strategy combining pulsed electric field (PEF)
pretreatment with optimization by response surface methodology (RSM) to recover high-quality pectin
while minimising thermal degradation and processing time. Three identified key factors influencing
extraction performance, such as electric field strength, extraction time, and solid-to-solvent ratio, were
optimized using a Central Composite Design (CCD). The optimum condition (20 kV cm™? 12.69 min,
30 mL g7} produced pectin with 4.37% vield, 8.76% methoxyl content, 75.72% galacturonic acid, and
65.66% degree of esterification, classifying it as high methoxyl pectin. Structural characterisation via

Received 7th October 2025 Fourier Transform Infrared Spectroscopy confirmed functional groups consistent with commercial
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standards, while Scanning Electron Microscopy revealed extensive cell wall disruption induced by PEF.

DOI: 10.1035/d5fb00658a This approach not only enhances extraction efficiency but also provides an eco-friendly valorisation

rsc.li/susfoodtech pathway for tropical fruit waste, contributing to circular economy practices in the food industry.

Sustainability spotlight

This study advances sustainability by valorizing rambutan peel, an underutilized agro-waste, through pulsed electric field (PEF)-assisted extraction of pectin. The
method reduces energy use and chemical inputs while enhancing efficiency, aligning with SDG 12 (Responsible Consumption and Production) and SDG 13
(Climate Action).

rambutan peels, are a notable source of several important food-
grade compounds, including pectin. Pectin is a hetero-

1 Introduction

Rambutan (Nephelium lappaceum L.) is a red, round tropical
fruit with soft spines on its skin, which is widely cultivated in
Southeast Asia, particularly Indonesia, and has lots of varieties,
such as the Binjai cultivar, which has medium-thick skin.*
National statistics show consistently high yields—884 702 tons,
855162 tons, and 845 107 tons from 2021 to 2023—indicating
its abundant availability.” Rambutan skin, also known as
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polysaccharide naturally present in the primary cell wall and
middle lamella of most plants, comprising about 70% gal-
acturonic acid monomers, which may be acetylated or methyl-
esterified.? In food sector, it serves as an emulsifier, film-former,
and viscosity enhancer, commonly used in products such as
jams, jellies, and fruit juices.* It also holds potential as
a biodegradable food packaging material.> Commercial pectin
is typically extracted via conventional acid hydrolysis (pH 1.5-3,
75-100 °C), a method that poses environmental concerns.® In
contrast, greener extraction methods aim to reduce extraction
time, lower chemical use, and minimize energy consumption
while preserving extract quality and are increasingly needed.®
Sustainable techniques include Supercritical Fluid Extraction
(SFE), Ultrasound-Assisted Extraction (UAE), Microwave-
Assisted Extraction (MAE), Enzyme-Assisted Extraction (EAE),
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and Pulsed Electric Field (PEF), to name a few, are being
applied across food processing.®* Each employs distinct mech-
anisms—SFE operates under supercritical conditions;” UAE
generates cavitation to disrupt cells;** MAE uses microwave-
induced frictional heating;'® EAE applies specific enzymes for
selective release; and PEF enhances intracellular diffusion
through cell membrane permeabilization."* Among these, PEF
offers notable advantages, including reduced energy use,
shorter processing times, and operation at relatively low
temperatures.'

Optimizing electric field strength, extraction time, and
solvent ratio is critical in Pulsed Electric Field (PEF)-assisted
pectin extraction, as these parameters directly influence the
yield and functional properties of the extracted pectin.
Increasing electric field strength generally improves yield;
however, excessive intensity can damage and degrade essential
components.” Extraction time is inversely related to field
strength—higher intensities reduce the duration required.*

A
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Solvent properties such as solubility, conductivity, and polarity
also play key roles, as higher conductivity enhances membrane
electroporation.” Previous studies have explored electric field-
assisted pectin extraction in citrus peels. For example, De Oli-
veira et al., (2015) used a Moderate Electric Field (MEF) of 100 V,
which produced a lower yield (6.70%) compared to conventional
extraction (10.90%)."* In contrast, Du et al, (2024) demon-
strated that High Intensity Pulsed Electric Field (HIPEF) at 30
kV cm " as a pre-treatment yielded more pectin (18.81%) than
conventional methods (17.34%)."> A quite similar study with
more concern on extraction time was also carried out in (ref. 1),
which showed that pectin extraction is most efficient at 20
kV cm ™" with just 10 minutes of processing, yielding 3.48% and
proving that a short, targeted process can match the effective-
ness of optimized solvent ratios. However, no studies have yet
applied PEF to Binjai rambutan peel, presenting an opportunity
for innovation and new contributions in this area. This research
was conducted in two stages: a preliminary study and an
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Fig. 1 Histograms of (A) pectin yield test results, (B) equivalent weight, (C) methoxyl content, (D) galacturonic acid content and (E) degree of

esterification.
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optimization study. The preliminary stage uses the One Factor
at a Time (OFAT) approach to determine operational limits for
each factor." Optimization is performed using Response Surface
Methodology (RSM) with a Central Composite Design (CCD) in
Design Expert 13 software. RSM was selected due to its effi-
ciency in significantly reducing the number of experiments
compared to simple factorial designs.’®* CCD is particularly
advantageous for exploratory studies, as its axial points allow
for broader prediction of optimal conditions.*"” The optimiza-
tion focuses on three main factors—PEF electric field strength
(kv em ™), extraction time (minutes), and solid-to-solvent ratio
(w/v)—with responses in terms of yield (%), equivalent weight
(mg), methoxyl content (%), galacturonic acid content (%), and
degree of esterification (%).*® This study aims to determine the
optimal voltage, extraction time, and solid-to-solvent ratio for
PEF-assisted pectin extraction from Binjai rambutan peel using
RSM, while evaluating their effects on yield, equivalent weight,
methoxyl content, galacturonic acid, degree of esterification,
proximate composition, functional groups, and structural
integrity of the optimized product.

2 Materials and methods
2.1 Materials and chemicals

Fresh rambutan (Nephelium lappaceum L., Binjai cultivar) peels
were collected from a local market in Sidoarjo, East Java,
Indonesia. The chemicals used in this study included citric acid
(Ce¢HgO5, 0.1 M, technical grade; Bohr chemical), hydrochloric
acid (HCl, 0.1 N and 37%, analytical grade; SAP chemical),
ethanol (96%, technical grade), sodium chloride (NaCl, analyt-
ical grade; SAP chemical), sodium hydroxide (NaOH, analytical
grade; SAP chemical), and phenolphthalein (PP, indicator; SAP
chemical). Distilled water was wused throughout the
experiments.

2.2 Equipment

The instruments used included a food dehydrator, a household
blender (Panasonic), an 80-mesh sieve, and an analytical
balance (Sartorius, precision 0.0001 g). Additional equipment
comprised a magnetic stirrer hot plate, a water bath shaker
(Daihan scientific), and a lab-scale pulsed electric field (PEF)
system operating at 0-20 kV cm ™, 8.197 kHz frequency, 66 s

Table 1 Fit and model summary statistics of pectin®
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pulse width, and 50 rpm stirring speed. A centrifuge (Corona,
12-place rotor) with 15 mL tubes, a 400-mesh filter cloth, pH
indicator strips (Merck), and an oven dryer were also used.
Pectin characterization was performed using a Fourier Trans-
form Infrared Spectrophotometer (FTIR, IRTracer-100, Shi-
madzu, Japan) and a Scanning Electron Microscope (SEM,
SU3500, Hitachi, Japan).

2.3 Preparation of Rambutan peel flour

Rambutan peel flour was prepared following the methods of
Laiya et al., (2020) with modifications.” Rambutan peels were
washed under running water, cut into small pieces, and dried at
70 °C for 8 h in a food dehydrator. The dried peels were ground
into powder, sieved through an 80-mesh screen, and stored in
sealed polyethylene bags with silica gel until use.

2.4 Extraction of pectin

2.4.1 PEF-assisted extraction. Rambutan peel powder was
dispersed in 0.1 M citric acid and treated using a PEF system
under varying voltage and time conditions according to the
experimental design. The treated suspension was incubated in
a water bath shaker at 70 °C for 60 min, filtered, and centrifuged
at 3500 rpm for 20 min. The supernatant was precipitated with
96% ethanol (1:1, v/v) and allowed to stand for 24 h. The
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Fig. 2 Normality graph of yield response.

Yields EwW MC KGalA DE

Source Quadratic  Cubic Quadratic  Cubic Quadratic  Cubic Quadratic  Cubic Quadratic  Cubic
Sequential p-value <0.0001 0.7305 <0.0001 0.3665 <0.0001 0.3163 <0.0001 0.3919  <0.0001 0.4574
Lack of Fit p-value 0.4278 0.1361 0.4955 0.5662 0.4948 0.8221 0.5843 0.942 0.3763 0.2249
R* 0.987 0.9903 0.979 0.9888 0.9816 0.9908 0.9824 0.9903 0.9616 0.9774
Adjusted R? 0.9752 0.9692  0.9601 0.9644 0.9651 0.9708 0.9666 0.9693 0.9271 0.9283
Predicted R* 0.9375 0.1636  0.9044 0.8114 0.9143 0.9643 0.9247 0.9836  0.8026 —0.406
PRESS 0.4906 6.57 8325.9 16421.61 1.54 0.6427 80.43 17.52 6.47 46.05
Adequate precision value  34.15 25.51 24.93 25.49 18.84

% EW: equivalent weight; MC: methoxyl content; KGalA: galacturonic acid content; DE: degree of esterification.
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precipitate was washed with ethanol until colorless and dried at
45 °C for 5 h. The dried extract was collected as pectin. This
method was adapted from De Oliveira et al., (2015) and Du et al.,
(2024) with modifications.****

2.4.2 Conventional extraction. For comparison, conven-
tional acid extraction was performed using a protocol adapted
from Laiya.” 10 g of rambutan peel powder was mixed with
300 mL of 0.1 N HCI solution (1:30, w/v). The mixture was
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heated at 80 °C for 2 h, centrifuged at 3500 rpm for 20 min, and
the supernatant was precipitated with ethanol (1:1, v/v) for
24 h. The precipitate was washed with ethanol, dried at 45 °C for
5 h, and collected as pectin.

2.5 Optimization study

A two-stage optimization strategy was applied. Preliminary trials
used a One Factor at a Time (OFAT) approach to establish
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Fig. 3 Two-dimensional (2-D) contour plots of factor interactions on pectin yield response: (A) electric field strength—extraction time, (B)
electric field strength—solvent ratio, and (C) solvent ratio—extraction time. Three-dimensional (3-D) surface plots of factor interactions on pectin
yield response: (D) electric field strength—extraction time, (E) electric field strength—solvent ratio, and (F) solid-to-solvent ratio—extraction time.
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operational ranges for PEF voltage (5-20 kV cm™'), extraction
time (5-20 min), and solid-to-solvent ratio (1:20-1:50, w/v).
Optimization was then performed using Response Surface
Methodology (RSM) with a Central Composite Design (CCD),
generating 20 experimental runs. The optimization process was
modeled using a second-order response surface methodology
(RSM) equation.*® The general form of the model is:

k k k=1 &

Y =60+ Bixi+ Y Biixi’+ > > Bijxi xj,
i=1 i=1 =1 j=itl
where Y represents the predicted response, (0 is the constant
term, (i denotes the linear coefficients, §ii represents the
quadratic coefficients, and (ij denotes the interaction coeffi-
cients. The independent variables are expressed as xi and xj.
This quadratic polynomial model allows simultaneous evalua-
tion of linear, quadratic, and interactive effects of the process
parameters on the response, thereby providing a robust
framework for optimization.

2.6 Evaluation of pectin properties

Pectin yield, moisture content, and ash content were deter-
mined using AOAC**® methods. Equivalent weight, methoxyl
content, galacturonic acid, and degree of esterification were
analyzed following established protocols."* Functional groups
were identified using FTIR (IRTracer-100 Shimadzu), while
surface morphology was examined with SEM (SU3500 Hitachi).

2.7 Statistical analysis

The experimental design and optimization were conducted
using Design Expert version 13 (Stat-Ease Inc., Minneapolis,
USA). The statistical software was employed to develop the
Response Surface Methodology (RSM) model, perform model
fitting, and evaluate the significance of linear, quadratic, and
interaction effects through Analysis of Variance (ANOVA).
Model adequacy was validated by Analysis of Variance (ANOVA),
with the following criteria: (i) a significant regression model (p <
0.05), (ii) non-significant lack of fit (p > 0.05), (iii) adjusted and
predicted R” values differing by <0.2, and (iv) adequate precision
>4. Predicted optimal conditions were verified by comparison
with experimental results within a 95% confidence interval.

3 Results and discussion
3.1 Optimization of pectin extraction from rambutan peel

As depicted in Fig. 1, the experimental design generated 20
treatment runs, with pectin yield ranging from 1.90% to 4.30%.
The lowest yield (1.90%) was observed at 6.59 kv cm ™" for 10
minutes with a solvent ratio of 1: 25, whereas the highest yield
(4.30%) occurred at 20 kV em™* for 15 minutes with a 1:30
solvent ratio. This confirmed that stronger electric fields and
balanced extraction times enhance cell wall permeabilization
and release of pectic substances, while excessively low or pro-
longed conditions reduced efficiency. Equivalent weight values
ranged between 666.67 and 909.09 mg, with the highest found
at lower field intensities (10 kv cm™", 5 minutes, 1:20 ratio),
indicating higher molecular stability of pectin under milder
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extraction conditions. Galacturonic acid content, a marker of
pectin purity, varied from 51.04% to 78.32%. All galacturonic
acid results found in this study were well above the minimum
international standard of 35%,* with the highest content
recorded under conditions of 20 kV ecm ™" for 15 minutes ata 1 :
30 ratio. The degree of esterification ranged from 61.54% to
66.29%, consistently classifying the pectin as high-methoxyl
pectin (HMP, >50%), which is known for its superior gelling
ability in conventional jam and jelly formulations.

Overall, the RSM model demonstrated that the combined
effects of high electric field intensity, moderate extraction time,
and an optimal solid-to-solvent ratio significantly enhanced
both pectin yield and quality. The optimized condition—20
kV em™', 15 minutes, and a 1:30 ratio—yielded pectin with
high purity (GalA > 75%), favorable methoxyl content (9%), and
strong gelling properties (DE > 65%). These findings high-
lighted the potential of rambutan peel as a sustainable source of
functional pectin, aligning with the broader goals of valorizing
agro-industrial by-products for food technology applications.
The optimization analysis indicated that the maximum
response was obtained at an electric field strength and solid-to-
solvent ratio of 20 kV em ™" and 1 : 30 (w/v), corresponding to the
upper boundary of the investigated experimental range. This
suggests that a stationary point was not fully captured within
the studied domain, and the true optimum may lie beyond the
current experimental limits.

3.2 Optimized condition of pectin yield

The analysis of pectin yield demonstrated that the quadratic
regression model provided the best fit for describing the
response behavior. As summarized in Table 1, the quadratic
model showed a significant effect on yield (p < 0.0001), a non-
significant lack of fit (p = 0.4278), and the lowest PRESS value
of 0.4906, confirming its predictive accuracy compared to
linear, 2FI, or cubic models. Normality of residuals was
confirmed, as illustrated in Fig. 2. ANOVA results confirmed
that the main effects of electric field strength (A), extraction
time (B), and solid-to-solvent ratio (C), along with their

Normal Plot of Residuals
EW

Color points by value of

EW:
666.667 [ 909.091 p a
954
90 - »
]
2 o
= 80 71
< 704 B
3 <
a
50 g
2 B
£ 30 'Y
5 1 5
ZO 20 o
10 "
o

T T T T T T
-3.00 -2.00 -1.00 000 1.00 200
Externally Studentized Residuals

Fig. 4 Normality graph of Equivalent Weight (EW) response.
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quadratic terms (A%, B?, and C?), significantly influenced pectin
yield (p = 0.05). In contrast, interaction terms (AB, AC, and BC)
were not significant. Model adequacy was further supported by
the high coefficient of determination (R* = 0.9870), a small gap
between adjusted R*> (0.9752) and predicted R* (0.9375), and
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a high adequate precision value (34.15), which exceeds the
threshold of 4, confirming a strong signal-to-noise ratio.”® The
resulting quadratic regression equation describing the yield
response was:
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Fig. 5 Two-dimensional (2-D) contour plots of factor interactions on equivalent weight response: (A) electric field strength—extraction time, (B)
electric field strength—solvent ratio, and (C) solvent ratio—extraction time. Three-dimensional (3-D) surface plots of factor interactions on equivalent
weight response: (D) electric field strength—extraction time, (E) electric field strength—solvent ratio, and (F) solvent ratio—extraction time.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Sustainable Food Technol., 2026, 4, 2760-2776 | 2765


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00658a

Open Access Article. Published on 29 January 2026. Downloaded on 6/10/2026 9:56:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Food Technology

Normal Plot of Residuals
Mc

Color points by value of

EW:
666.667 [ 909.091 u
95
90 ol
=}
2 o
= 80 - H
‘ =}
Q 70 =
o .ﬁ
a
50
B (C]
£ 304 o
5 1 a
ZO 20 a

T T T T T T
-3.00 -2.00 -1.00 0.00 1.00 200

Externally Studentized Residuals

Fig. 6 Normality graph of Methoxyl Content (MC) response.

Y =3.66 + 0.6661X, + 0.1962X, + 0.0838.X3
—0.0363X, X, + 0.0577X, X5 + 0.0201 X, X5
—0.2211X,% — 0.1342X,° + 0.0653X3>

Contour and surface plots (Fig. 3) revealed that increases in
electric field strength, extraction time, and solid-to-solvent ratio
positively affected pectin yield. Stronger electric fields facili-
tated cell wall disintegration, enhancing solvent penetration
and pectin release, which was consistent with previous findings
on PEF-assisted extraction.’” Extended extraction time and
higher solvent ratios further promoted protopectin hydrolysis
and solubilization, although excessive treatment risked yield
decline due to structural degradation.** Overall, the combined
analysis demonstrated that yield improvement primarily resul-
ted from independent factor effects rather than factor interac-
tions. The quadratic model not only fulfilled statistical
assumptions but also aligned with previous studies on pectin
optimization from tropical fruit peels,” supporting its suit-
ability for predicting and optimizing extraction conditions in
sustainable food processing.

3.3 Optimized condition of equivalent weight

RSM analysis for pectin equivalent weight (EW) (Table 1) iden-
tified the quadratic model as most suitable, showing a signifi-
cant effect on yield (p < 0.0001), non-significant lack of fit (p =
0.4955), high adjusted R*> (0.9601), close predicted R*> (0.9044),
and lowest PRESS (8325.90), confirming superior predictive
accuracy over other models.”® Normality of residuals was
confirmed through the normal probability plot (Fig. 4), where
points aligned closely with the reference line, indicating that
the data met the normal distribution assumptions.?”*® Subse-
quent ANOVA showed that electric field strength, extraction
time, and solid-to-solvent ratio significantly affected EW (p =
0.05), while interactions were non-significant.>

The model adequacy was validated by the high R* value
(0.9790), the minimal difference between adjusted R* and pre-
dicted R* (0.0557 < 0.2), and an adequate precision value of
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25.51. The regression equation derived from the quadratic
model was:

Y =702.12 — 55.07X; — 21.40X, — 32.55X5 + 3.57X,X>»
+5.75X1X3 + 9.62X,X5 + 16.00X,% + 34.13X,> + 18.53X5>

The positive constant (702.12) indicated that in the absence
of treatment factors, the baseline EW of pectin was within the
acceptable range (600-800 mg) defined by IPPA,* whilst the
negative coefficients for main factors suggested that higher
electric field strength, longer extraction time, and greater
solvent ratio decreased EW, reflecting pectin degradation into
smaller fragments and free galacturonic acid units, consistent
with previous findings.* Conversely, positive coefficients for
quadratic and interaction terms indicated that moderate factor
levels could stabilize or enhance EW. Contour and 3D surface
plots (Fig. 5) further illustrated these relationships. Increasing
electric field intensity promoted cell wall disruption and solvent
penetration, which facilitated de-esterification and lowered
EW." Similarly, higher solvent ratios increased solubilization
but promoted de-esterification into pectic acid, reducing EW.*
Prolonged extraction time progressively reduced equivalent
weight (EW) through hydrolysis and impurity release, yielding
smaller molecular weight fractions and underscoring the trade-
off between extraction efficiency and structural preservation.*
Overall, the quadratic model reliably described the response of
equivalent weight, confirming that stronger electric fields,
extended extraction times, and higher solvent ratios led to
significant reductions in EW. These findings align with estab-
lished mechanisms of pectin degradation under electro-
permeabilization and acid hydrolysis and provide a robust
statistical basis for optimizing extraction conditions to main-
tain EW within functional ranges for gel formation in sustain-
able food applications.

3.4 Optimized condition of methoxyl content

The response surface methodology (RSM) analysis for methoxyl
content of pectin identified the quadratic model as the most
suitable representation of the data. Fit summary results (Table
1) showed that both linear (p < 0.0001) and quadratic (p <
0.0001) models were significant, but the quadratic model was
preferred due to its non-significant lack of fit (p = 0.4948),
higher adjusted R* (0.9651), and closer agreement with pre-
dicted R” (0.9143), compared to other models.

PRESS statistics confirmed this selection, as the quadratic
model exhibited a low prediction error (1.54), supporting its
superior predictive accuracy.”® Normality of residuals was veri-
fied by the normal probability plot (Fig. 6), where residuals
closely followed the reference line, indicating that the
assumption of normal distribution was met.*”**

ANOVA results further demonstrated that the main factor
significantly influenced methoxyl content (p < 0.05), while their
interaction terms were not significant. Quadratic effects of
electric field strength and extraction time were also significant,
whereas the solvent ratio was not. Model adequacy was
confirmed by the high R? value (0.9816), minimal difference

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Two-dimensional (2-D) contour plots of factor interactions on methoxyl content response: (A) electric field strength—extraction time, (B)
electric field strength—solvent ratio, and (C) solvent ratio—extraction time. Three-dimensional (3-D) surface plots of factor interactions on m-
ethoxyl content response: (D) electric field strength—extraction time, (E) electric field strength—solvent ratio, and (F) solvent ratio—extraction

time.

between adjusted and predicted R* (0.0508 < 0.2), and adequate
precision (24.93 > 4), reflecting robustness and reliability. The

regression equation derived from the quadratic model was:

Y = 8.03 + 0.7898X; + 0.394X, + 0.4174X;
— 0.0581X, X5 + 0.1356.X,.X5 + 0.0969 X>.X;
— 0.2425X,% — 0.5165X,% — 0.0781X52

© 2026 The Author(s). Published by the Royal Society of Chemistry

The positive constant (8.03) indicated that in the absence of

treatment factors, methoxyl content was within the functional
range for pectin, confirming its baseline gel-forming capacity.**
Positive coefficients of main factors (X;, X,, and X;3) suggested
that increases in electric field strength, extraction time, and
solvent ratio enhanced methoxyl content, while negative
quadratic terms indicated that excessive factor levels could
reduce the response. Contour and surface plots (Fig. 7)
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Fig. 8 Normality graph of Galacturonic Acid (KGalA) response.

illustrated these relationships. Stronger electric fields disrupted
cell walls, accelerating methanol release, which provided
methyl groups for esterification with galacturonic acid, thereby
increasing methoxylation." Higher solvent ratios improved
pectin solubilization and promoted methyl ester formation,
consistent with previous studies.® Prolonged extraction times
also increased esterification reactions, yielding higher methoxyl
content, as reported by Lestari.* The response surfaces gener-
ally formed plateau-like curves, indicating gradual increases
rather than sharp optima and suggesting balanced interactions
among the factors.”**° Overall, the quadratic model adequately
described the methoxyl content response, confirming that
moderate increases in electric field strength, solvent ratio, and
extraction time significantly enhanced methoxylation of pectin.
These findings highlight the potential of pulsed electric field-
assisted extraction in improving functional properties of
pectin for sustainable food application.

3.5 Optimized condition of galacturonic acid

The analysis of galacturonic acid content in extracted pectin
demonstrated that the quadratic model was the most appro-
priate for representing the response, as indicated by its signif-
icant sequential p-value (<0.0001), non-significant lack of fit (p
= 0.5843), high adjusted R* (0.9666), and close agreement with
predicted R* (0.9247). Although the cubic model showed the
lowest PRESS value (Table 1), it was aliased and therefore
unsuitable. The quadratic model fulfilled the statistical
requirements with adequate precision (25.49), confirming its
predictive reliability.?*,** Normality of residuals was confirmed
using the normal probability plot (Fig. 8), where the residuals
aligned with the reference line, indicating that they followed
a normal distribution. ANOVA further revealed that electric field
strength (PEF), extraction time, and solvent ratio, along with
their quadratic terms, significantly influenced galacturonic acid
levels (p = 0.05), while their interactions were not significant.
The positive regression coefficients of the main factors indi-
cated that increasing electric field strength, extraction duration,
and solvent ratio enhanced galacturonic acid release, consistent
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with previous findings that higher PEF intensities disrupt cell
walls and facilitate pectin solubilization.*>**** Similarly, higher
solvent ratios improved contact with pectin polymers,
promoting bond cleavage,* while prolonged extraction allowed
more extensive hydrolysis of homogalacturonan chains.*
Conversely, negative quadratic coefficients suggested di-
minishing returns at excessive levels of these factors, consistent
with the findings of Nieminen.* Visualization through contour
and 3D surface plots (Fig. 9) confirmed these trends, showing
a plateau-like response surface where galacturonic acid content
increased with treatment factors but reached a curvature indi-
cating stabilization at higher levels. This response pattern
suggests that optimization of PEF-assisted extraction lies in
balancing electric field intensity, extraction time, and solvent
ratio to maximize galacturonic acid purity, aligning with IPPA
standards of >35% galacturonic acid for high-quality pectin.*”

3.6 Optimized condition of esterification degree

The degree of esterification (DE) is a critical parameter influ-
encing the gelling functionality of pectin.***® Model fitting
(Table 1) through Design Expert 13 indicated that the quadratic
model best represented the DE response, supported by its
significant sequential p-value (<0.0001), non-significant lack of
fit (p = 0.3763), high adjusted R* (0.9271), close agreement with
predicted R” (0.8026), and the lowest PRESS value (6.47). These
metrics confirm its predictive reliability, aligning with the
recommendation that models with minimal PRESS and non-
significant lack of fit are most appropriate.”® Residual
normality analysis (Fig. 10) further confirmed the adequacy of
this model, as data points closely followed the normal distri-
bution line, suggesting no deviation from statistical assump-
tions.*” ANOVA results demonstrated that electric field strength,
extraction time, and solid-to-solvent ratio, along with their
quadratic terms, significantly influenced DE (p = 0.05). More-
over, the interactions also showed significant effects, indicating
synergistic contributions of the extraction factors. The regres-
sion model (Y = 64.53 + 0.8632X; + 0.7023X, + 0.3038X; —
0.3213X,X, + 0.3434X,X, + 0.4531X,X; — 0.4107X,% — 0.6277X,>
+ 0.3158X;%) confirmed that most coefficients were positive,
meaning that higher electric field strength, longer extraction
time, and greater solvent ratios enhanced esterification. Nega-
tive quadratic coefficients suggested diminishing returns at
excessive levels, consistent with the findings in ref. 29. Adequate
precision (18.84) exceeded the threshold of 4, confirming strong
signal-to-noise performance.** As portrayed by Fig. 11, response
surface and contour plots revealed that DE increased with rising
electric field strength and extraction duration, reflecting
improved cell wall disruption and methanol-mediated esterifi-
cation.*® Similarly, higher solvent ratios facilitated methanol
release and esterification.” The plateau-like 3D surfaces sug-
gested that while DE improved with treatment intensification,
further increases approached stabilization rather than decline,
likely because experimental conditions remained within the
optimal range before de-esterification dominated.*® Overall,
these findings demonstrate that pulsed electric field-assisted
extraction effectively enhances pectin esterification, yielding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DE values consistent with high-quality functional pectin
standards.

3.7 Response optimization using RSM-CCD

Optimization of pectin extraction from rambutan peel using
pulsed electric field (PEF) and citric acid solvent was conducted
through RSM-CCD with the aid of statistical software (Design

© 2026 The Author(s). Published by the Royal Society of Chemistry

Exper t 13), considering electric field strength, extraction time,
and solvent ratio as the main factors. The optimization aimed to
maximize yield, methoxyl content, galacturonic acid, and
degree of esterification (DE), while maintaining equivalent
weight within the acceptable IPPA range (600-800 mg). Among
these, methoxyl content and DE were assigned the highest
importance, as both parameters determine the functional
gelling properties and classification of pectin.’***’ The software
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Fig. 10 Normality graph of degree of esterification.

generated 36 possible solutions, with the optimal point deter-
mined based on desirability values, which range from 0 to 1 and
indicate the suitability of variable combinations for achieving
target responses. As shown in Table 2, the highest desirability
value (0.995) was achieved at an electric field strength of 20
kv em ™!, extraction time of 12.7 minutes, and solvent ratio of
1:30 (w/v), yielding predicted values of 4.4% for yield, 660.3 mg
for equivalent weight, 9.1% for methoxyl content, 78.5% for
galacturonic acid, and 66.2% for DE. These results confirm the
system's recommendation that optimal extraction conditions
combine high electric field intensity and adequate solvent ratio
within moderate extraction times, consistent with previous
findings that desirability values close to 1 represent the most
reliable optimization outputs.

3.8 Verification of optimum extraction conditions

Verification of the optimum extraction conditions predicted by
Design Expert 13 was conducted by comparing wet-lab results
with the predicted values. All experimental outcomes fell within
the 95% prediction interval (PI), confirming that the model was
accurate and reliable for application under real conditions.
Table 3 shows the pectin properties obtained from the optimum
condition using PEF (20 kV cm ™', 12.7 min, solvent ratio 1: 30),
which were 4.4% yield, 677.83 equivalent weight, 8.9% methoxyl
content, 76.49% galacturonic acid, and 66.05% degree of
esterification. As shown in Table 4, conventional extraction (HCI
0.1 N, 80 °C, 2 h) provided higher yield than PEF-extracted
pectin, which demonstrated lower yield (4.4% vs. 7.35%) but
superior quality in terms of methoxyl content, galacturonic
acid, and degree of esterification. The relatively lower yield in
this study is likely due to the moderate electric field strength (20
kV ecm™'), as previous studies on citrus peel using higher
intensities (30 kv cm ™) achieved higher yields,'> whereas lower
intensities resulted in reduced yields.'* Equivalent weight under
PEF (677.83 mg) was lower than conventional extraction(748.97
mg), suggesting that PEF facilitated greater contact between
pectin and the acid solvent through cell disintegration, leading
to partial hydrolysis and reduced equivalent weight.***
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Conversely, methoxyl content under PEF (8.9%) exceeded
conventional extraction (6.17%). This categorizes the extracted
pectin as High Methoxyl Pectin (HMP), consistent with the
International Pectin Producers Association (IPPA) classifica-
tion.”® Similarly, galacturonic acid content was higher under
PEF (76.49%) than conventional extraction (58.51%), reflecting
greater purity and compliance with IPPA standards (>35%)."
The elevated galacturonic acid content also aligns with findings
that HIPEF extraction produces pectins richer in galacturonic
acid and lower in neutral sugars compared to conventional
methods.” Degree of esterification followed the same trend,
with PEF pectin reaching 66.05% versus 59.83% under conven-
tional extraction, further confirming its classification as
HMP.*>*¢ PEF treatment exerts a dual effect on pectin. While
partial depolymerization may occur, as reflected by reduced
equivalent weight, electroporation primarily enhances mass
transfer and preserves native esterified carboxyl groups.
Consequently, the high methoxyl content and degree of esteri-
fication are attributed to improved release and retention of
naturally esterified pectin rather than PEF-induced de-
esterification.

Overall, while yield under PEF extraction was slightly lower
than conventional extraction, the higher methoxyl content,
galacturonic acid concentration, and degree of esterification
demonstrate that PEF not only produces functionally superior
pectin but also yields material of higher purity, underscoring its
potential as a sustainable extraction technology.

3.9 Physicochemical and structural characteristics

In this study, the physicochemical and structural characteristics
of the optimum pectin obtained from rambutan peel using
Pulsed Electric Field (PEF) extraction were compared with those
extracted conventionally. The moisture content of PEF-extracted
pectin (9.78%) was slightly higher than that of the conventional
method (9.51%), which may be attributed to the lower
temperature and shorter duration applied during PEF treat-
ment. Higher temperatures and longer extraction times, as in
conventional methods, can shorten pectin chains and reduce
the amount of water entrapped within the polymer.*»*> Despite
this difference, the moisture content of both samples complied
with the IPPA standard, which sets the maximum limit at 12%.
The ash content of PEF-extracted pectin (4.98%) was nearly
twice that of conventional pectin (2.59%), but remained within
the acceptable IPPA threshold (<10%). The higher ash content
in PEF samples likely reflects greater mineral release from di-
srupted cell walls, where divalent ions such as magnesium and
calcium are displaced during acid hydrolysis.

The relationship between moisture and ash content in PEF-
extracted pectin is rooted in the intensity of cell wall disinte-
gration. The higher ash content (4.98% in PEF vs. 2.59% in
conventional extraction) is attributed to the enhanced release of
minerals (such as calcium and magnesium) from the cell walls
due to electroporation. However, the slightly higher moisture
(9.78%) is linked to the lower temperatures and shorter pro-
cessing times of PEF. High temperatures in conventional
methods tend to shorten pectin chains and reduce the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Two-dimensional (2-D) contour plots of factor interactions on degree of esterification response: (A) electric field strength—extraction time,
(B) electric field strength—solvent ratio, and (C) solvent ratio—extraction time. Three-dimensional (3-D) surface plots of factor interactions on
equivalent weight response: (D) electric field strength—extraction time, (E) electric field strength—solvent ratio, and (F) solvent ratio—extraction time.

Table 2 Optimum points suggested by the design expert 13 system”

EFS ET SR Y EW MC Gal. DE Des.

20.0 12.7 30.0 4.4 660.3 9.1 78.5 66.2 0.995
20.0 12.8 30.0 4.4 661.1 9.1 78.5 66.2 0.994
20.0 12.6 29.9 4.4 659.6 9.1 78.5 66.2 0.993
19.9 12.0 30.0 4.4 657.2 9.1 78.6 66.2 0.992
20.0 11.4 30.0 4.4 655.2 9.1 78.6 66.1 0.990
19.0 12.8 30.0 4.3 664.3 9.1 77.8 66.2 0.981
20.0 13.5 29.3 4.3 663.6 9.0 77.9 66.0 0.972

@ EFS: electric field strength (kv cm™"); ET: extraction time (min); SR: solvent ratio (w/v); Y: yield (%); EW: equivalent weight (mg); MC: methoxyl
content (%); Gal: galacturonic acid content (%); DE: degree of esterification (%); Des: desirability.
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Table 3 Comparison between actual experimental data and model
predictions generated by design expert®

Response Prediction mean 95% PIlow Actual data 95% PI high
Yield (%) 43.711 41.528 44.000 45.893
EW (mg) 660.242 631.058 677.830 689.427
MC (%) 91.407 87.486 89.000 95.329
Gal (%) 775177 755.613 764.900 814.742
DE (%) 662.118 654.468 660.500 669.769

% EW: equivalent weight (mg); MC: methoxyl content (%); Gal:
galacturonic acid content (%); DE: degree of esterification (%).

structure's ability to entrap water. Thus, PEF creates a more
porous and disrupted structure (increasing ash via mineral
release) while preserving the polymer's integrity at lower

View Article Online
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temperatures (increasing moisture via water entrapment). This
finding aligns with reports that increasing solvent intensity
during extraction promotes mineral solubilization, thereby
elevating ash content.”

Functional group analysis using FTIR confirmed that the
PEF-extracted pectin exhibited characteristic absorption peaks
corresponding to hydroxyl (-OH), methyl (-CHj3), carbonyl (C=
0), and ether (-O-) groups (Fig. 12), consistent with the spectral
signatures of commercial citrus pectin (Fig. 13) and literature
reports.*»** These peaks validate the structural integrity of the
extracted pectin and its classification as a high-quality
polysaccharide.

It is confirmed by the result that, the peak range for carbonyl
(C=0) groups at 1636.37-1751.14 cm™ " is critical. Specifically,
the vibration near 1735 cm ' signifies esterified carboxyl

Table 4 Comparative characteristics of optimum pectin extracted by PEF and conventional methods

Characteristic Optimum pectin (PEF) Conventional pectin
Yield (%) 4.40 £ 0.09 7.35 £ 0.02
Equivalent weight (mg) 677.83 £ 0.19 748.97 & 0.14
Methoxyl content (%) 8.90 + 0.13 6.17 + 0.03
Galacturonic acid (%) 76.49 £ 0.72 58.51 + 0.22
Degree of esterification (%) 66.05 + 0.33 59.83 + 0.14
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Fig. 12 FTIR spectrum of optimized PEF-extracted Rambutan peel pectin.
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Fig. 13 FTIR spectrum of commercial pectin.

Table 5 FTIR analysis of pectin functional groups

Wavenumber (cm ™)

No. Rambutan peel pectin Commercial pectin Functional group
1 3443.11 3464.44 -OH

2 2925.42 2924.25 CH

3 1636.37-1751.14 1614.7 C=0

4 1436.67 1419.81 -CH3

5 1148.22 1157.17 -O-

groups. This spectral evidence directly supports the high degree
of esterification (66.05%) found in the chemical analysis. When
it comes to the structural integrity, the presence of the hydroxyl
(-OH) peak at 3443.11 cm ' and ether (-O-) bonds at
1148.22 cm ™' confirms that the PEF treatment, despite its
intensity, did not destroy the fundamental polygalacturonic
acid backbone of the pectin.

3.9.1 Comparative purity. The near-identical match
between the rambutan peel pectin and commercial pectin
fingerprints (Table 5) validates that PEF-assisted extraction
produces a product functionally equivalent to industry
standards.

Finally, SEM micrographs demonstrated that PEF treatment
caused visible disruption of the rambutan peel cell walls, with

© 2026 The Author(s). Published by the Royal Society of Chemistry

cracks and pores clearly evident compared to the intact struc-
ture of untreated samples (Fig. 14). This morphological alter-
ation highlights the electroporation effect of PEF, where pulsed
electric fields create transmembrane potential differences that
weaken cell wall integrity and facilitate mass transfer.** Such
structural damage corroborates the enhanced release of intra-
cellular pectin observed in this study. Taken together, these
results indicate that while PEF extraction yields pectin with
slightly higher moisture and ash contents, it preserves essential
structural features and facilitates improved cell disruption,
thereby producing functionally and structurally comparable
pectin compared to that obtained by conventional methods,
with potential for higher efficiency and sustainability.
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Fig. 14 SEM micrographs of rambutan peel powder: (a) before treatment at 150x magnification, (b) after optimum PEF treatment at 150x
maghnification, (c) before treatment at 500x magnification, and (d) after optimum PEF treatment at 500 x magnification.

4 Conclusion

Based on this study, three main conclusions can be drawn.
First, electric field strength, extraction time, and solid-to-
solvent ratio significantly influenced pectin extraction from
rambutan peel. Preliminary OFAT trials established effective
working ranges (10-20 kv cm ™', 5-15 min, and 1 : 20-1 : 30 w/v),
which were subsequently refined using RSM. Second, the
optimal conditions predicted by design-expert (20 kV cm™,
12.69 min, 1:30 w/v) yielded pectin with favorable physico-
chemical characteristics, including a yield of 4.4%, a equivalent
weight of 677.83 mg, a methoxyl content of 8.9%, a galacturonic
acid content of 76.49%, and a degree of esterification of 66.05%,
classifying it as high-methoxyl pectin. Third, compositional
analysis confirmed acceptable moisture (9.78%) and ash
content (4.98%), while FTIR spectra verified characteristic
functional groups consistent with commercial pectin. SEM
observations further demonstrated substantial cell wall
disruption following PEF treatment, confirming -effective
electroporation-driven mass transfer enhancement.

Although the PEF-assisted method produced a lower yield
than conventional extraction, it offered superior pectin quality
and clear sustainability advantages. Future challenges lie in
process scale-up, economic feasibility, and standardization.
Successful industrial translation will require improved yield-
energy balance, consistent feedstock management, regulatory
compliance, and validation of functional performance across
food, packaging, and biomedical applications, supported by
comprehensive life-cycle assessments. While this study
successfully optimized PEF-assisted pectin extraction in terms
of yield and some of the key parameters, comprehensive

2774 | Sustainable Food Technol., 2026, 4, 2760-2776

physicochemical characterization was beyond its scope and will
be addressed in ongoing and future studies. A limitation of this
study is that the optimal conditions for electric field strength
(20 kv em ™) and solid-to-solvent ratio (1 : 30 w/v) were identi-
fied at the upper boundary of the experimental design. Conse-
quently, the reported value represented an optimum within the
investigated range. Future studies should extend the experi-
mental domains to determine the global optimum.
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