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This study demonstrates the valorization of robusta coffee husk as a sustainable source of pectin via

ultrasound-assisted extraction (UAE). The optimized process yielded 16.4% pectin with favorable gelling

and physicochemical properties, comparable to commercial citrus pectin. In food application,

incorporation of 0.5% coffee husk pectin into roselle marmalade, together with 1.0% citric acid and 50%

sucrose, produced a desirable texture and sensory quality. In packaging application, the extracted pectin

was blended with chitosan to form biofilms enriched with curcumin (CPC) or pomegranate peel extract

(CPP). These composite films exhibited enhanced stability and antioxidant activity, with CPP showing the

strongest effect. Postharvest trials confirmed that CPP coatings extended the storage of lychee and

Japanese plum by reducing weight loss and preserving texture compared to CPC and uncoated controls.

This work highlights the multifunctional potential of coffee husk-derived pectin as a food ingredient and

active packaging material, contributing to waste upcycling and circular bioeconomy strategies.
1 Introduction

Robusta coffee (Coffea canephora), one of the most widely
cultivated coffee species globally, generates signicant quanti-
ties of agricultural waste during post-harvest processing.1

Coffee husks (including pulp and peel), constituting approxi-
mately 45–50% of the coffee cherry by weight, are a major
byproduct and represent a growing environmental concern due
to their high organic load and limited utilization pathways.2,3

Approximately 10 million tons of coffee husk waste is discarded
into the environment annually as a byproduct of the coffee
industry worldwide.4,5 Moreover, the sustainable conversion of
coffee husk into value-added by-products has gained increasing
attention within the circular economy framework.6 In countries
with large-scale robusta production, such as Vietnam, improper
disposal of coffee husks contributes to soil acidication, water
eutrophication, and greenhouse gas emissions.7 However, these
residues contain valuable bioactive compounds, notably pectin
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and polyphenols, which have promising applications in food
science and technology.8,9

Pectin, a complex polysaccharide rich in galacturonic acid
residues, is widely used in the food industry as a natural gelling,
stabilizing, and thickening agent.10 While conventional sources
of commercial pectin include citrus peels and apple pomace,
coffee husks offer a sustainable, underexplored alternative. In
particular, ultrasound-assisted extraction (UAE) has emerged as
an efficient, green technology for improving pectin yield and
functionality from plant-based biomass.11–14

Roselle (Hibiscus sabdariffa) is a widely consumed functional
plant known for its vivid red calyces, which are rich in organic
acids, anthocyanins, and other phenolic compounds.15 These
bioactive constituents contribute not only to its characteristic
color and tart avor but also to its antioxidant, antihyperten-
sive, and lipid-lowering properties.16–18 Due to its high acid
content and favorable phytochemical prole, roselle owers are
well-suited for the preparation of jams and marmalades, espe-
cially as a natural alternative to synthetic colorants and
preservatives in food formulations.19,20 The formulation of
marmalade products, however, requires a suitable gelling agent
to achieve the desired texture, stability, and spreadability.
Pectin plays a critical role in this process, typically interacting
with sugar and acid to form a stable gel network.21 In this
context, the use of pectin extracted from waste robusta coffee
husks offers a novel and sustainable gelling solution. The gal-
acturonic acid content and degree of esterication (DE) of this
pectin can be tailored through extraction parameters,
RSC Adv., 2025, 15, 36625–36641 | 36625
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particularly with the use of ultrasound-assisted techniques, to
match the gelation requirements of high-acid fruit products,
likely roselle.

Chitosan (CS), a deacetylated derivative of chitin, is widely
applied in food packaging, biomedical, and agricultural elds
owing to its biocompatibility, biodegradability, non-toxicity,
and antimicrobial activity.22 Its primary amino groups enable
electrostatic and hydrogen-bond interactions with anionic
polysaccharides such as pectin, leading to the formation of
polyelectrolyte complexes.22,23 These interactions yield
composite lms with enhanced lm-forming ability, barrier
properties, and mechanical strength. In particular, chitosan/
pectin (CP) lms exhibit improved integrity, exibility, and
biodegradability, making them suitable for sustainable food
packaging.23,24 Moreover, their semi-permeable structure
retains moisture while permitting gas exchange, a key require-
ment for fresh produce coatings.25

Despite these advantages, CP lms may still face limitations
such as low bioactive activity.26,27 To further enhance the
bioactivity and functionality of CP lms, recent studies have
incorporated natural antioxidants and antimicrobial agents
into the biopolymer matrix. Among these, curcumin, a poly-
phenolic compound, and pomegranate (Punica granatum)
extract, rich in ellagitannins and anthocyanins, have attracted
signicant attention due to their potent antioxidant, anti-
inammatory, and antimicrobial properties.28–30

Curcumin, despite its health-promoting potential, suffers
from low water solubility and stability under ambient condi-
tions. However, its encapsulation or dispersion within
a biopolymer lm matrix can enhance its stability and facilitate
its controlled release.31,32 Chitosan, in particular, offers a favor-
able environment for curcumin binding through hydrogen
bonding and hydrophobic interactions, while pectin contrib-
utes to matrix cohesion and lm exibility. Similarly, pome-
granate extract, composed of a complex mixture of polyphenols
and avonoids, can be uniformly distributed in the CP network,
providing additional antimicrobial functionality and free
radical scavenging capacity.33 The resulting bioactive CP lms
loaded with curcumin and pomegranate extract present
a multifunctional platform for active food coatings, capable of
extending shelf life and maintaining product quality. Addi-
tionally, the natural origin and safety prole of both additives
support their use in edible coatings or compostable
packaging.34

Although coffee husk represents an abundant agro-waste
riching in pectic substances, previous studies on its utiliza-
tion have reported low extraction yields, insufficient structural
characterization, and limited demonstration of practical appli-
cations beyond basic compositional analysis.35,36 In this study,
pectin was extracted from waste robusta coffee husk via UAE
method, with conditions optimized to enhance yield and
functionality. The pectin was characterized and applied as
a gelling agent in roselle (Hibiscus sabdariffa) marmalade, and
as a lm-forming biopolymer in edible coatings enriched with
curcumin and pomegranate extract, targeting lychee (Litchi
chinensis) and Japanese plum (Prunus salicina). These bioactive
lms were evaluated for structural and functional properties to
36626 | RSC Adv., 2025, 15, 36625–36641
support fruit preservation. The study offers a sustainable
strategy for agro-waste valorization and bio-based material
development within a circular economy context.
2 Materials and methods
2.1 Materials

The robusta coffee (Coffea canephora) husk was collected from
Dak Lak province, Vietnam. The scientic name of the plant was
authenticated by the botanist Dang Van Son, Institute of Trop-
ical Biology, Vietnam Academy of Science and Technology. The
husk samples were washed with cold tap water, followed by with
distilled water. Then the husks were dried to remove any
moisture. The dried husks weremilled and the resulting powder
was stored in low-density polyethylene bags at room tempera-
ture for further uses. Moisture content of dried husks was
determined to be 13.57 ± 0.18%.

Chemicals including NaOH, phenolphthalein, starch, HCl,
citric acid, sodium acetate, acetic acid, CaCl2, NaCl purchased
from Xilong, China. Ethanol (96%) obtained from Vietchem
Co., Vietnam were used as chemical reagents. Chitosan with
molecular weight of 100 000–300 000 was purchased from
Thermo Scientic (USA). Curcumin (95%) was purchased from
Oxford Lab Fine Chem (India). Distilled water was used thor-
oughly. Commercial lemon and orange peel high methoxyl
pectin with DE > 50% (Cargill, Incorporated, USA) required
a high soluble solids content (above 60%) and a low pH (2.8–3.5)
to form a gel, was used in the production of gummy candies and
rm jams.

Raw material processing method: roselle (Hibiscus sabdar-
iffa) calyces were washed, then ground with water at a 1 : 1 ratio
to form a paste. The resulting mixture was ltered to remove
solid residues, and the clear ltrate was collected for further
use. Hardness measurements were performed using a texture
analyzer (ZwickRoell, Germany). Sensory evaluation by quality
scoring analysis method (TCVN 3215:1979). The color of food
samples was determined using a colorimeter (Chroma Meter
CR-400, Minolta, Japan). Determination of acidity by acid–base
titration method (TCVN 5483-2007).

Pomegranate peel extract was prepared following the
previous method37 with slight modications. Briey, dried
pomegranate peel was combined with distilled water at a solid-
to-liquid ratio of 1 : 10 (w/v) and extracted using microwave-
assisted treatment at 800 W for 15 minutes. The resulting
mixture was centrifuged, and the supernatant was concentrated
under reduced pressure using vacuum evaporation. The
concentrated extract was stored in amber bottles at room
temperature (25 ± 2 °C) until further use. The extraction yield
was 24.8% (w/w), and the total polyphenol content was deter-
mined to be 450.3 ± 13.5 mg gallic acid equivalents (GAE) per
gram of extract.
2.2 Ultrasound-assisted extraction of pectin from coffee
husk

2.2.1 Heating extraction. 5 g of coffee husk powder were
placed into an Erlenmeyer ask (250 mL) containing citric acid
© 2025 The Author(s). Published by the Royal Society of Chemistry
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extraction solution (100 mL) with the pH adjusted to 2.0. The
mixture was heated at 85 °C for 120 minutes and ethanol was
added to the extract. The precipitate was ltered and washed
several times with ethanol (96%). The collected precipitate was
dried at 60 °C for 20 hours.

2.2.2 Ultrasound-assisted extraction using ultrasonic
cleaning bath. 5 g of coffee husk powder were placed into an
Erlenmeyer ask (250 mL) containing citric acid extraction solu-
tion (100 mL) with the pH adjusted to 2.0. The ask was placed in
an ultrasonic cleaning bath, with the temperature set at 50 °C for
30 minutes. Ethanol was added to the citric acid extract. The
precipitate was ltered and washed several times with ethanol
(96%). The collected precipitate was dried at 60 °C for 20 hours.

2.2.3 Ultrasound-assisted extraction of coffee husk pectin
using ultrasonic homogenizer. 5 g of coffee husk powder were
placed into a cylindrical glass tube (250 mL) containing citric
acid extraction solution (100 mL) with the pH adjusted to 2.0.
An ultrasonic homogenizer probe at ultrasonic frequency of 20
kHz was immersed 2 cm into the solution in the glass tube. UAE
was conducted using the optimized amplitude (20–35%),
temperature (40–70 °C), and time (5–20 min) conditions.
Ethanol was added to the extract. The precipitate was ltered
and washed several times with ethanol (96%). The collected
precipitate was dried at 60 °C for 20 hours. All experimental
procedures were conducted in triplicate.

2.2.4 Degree of esterication (DE). Degree of esterication
(DE) was determined via a previous method.38 Briey, pectin
sample (0.5 g) was dispersed in a 250 mL beaker with 5 mL
ethanol, 1 g NaCl, and 1–2 drops of phenolphthalein. Aer
adding 100 mL of warm water and mixing thoroughly, the
solution was titrated with NaOH solution (0.1 N) to the rst
persistent pink endpoint (V1). Next, 25 mL of NaOH solution
(0.25 N) was added, and the mixture was le at room temper-
ature for 30 min for saponication. The excess alkali was
neutralized with 25 mL of HCl solution (0.25 N), and the solu-
tion was titrated again with NaOH solution (0.1 N) to the second
pink endpoint (V2). The degree of esterication (DE) is calcu-
lated using eqn (1).

DE ð%Þ ¼ V2

V1 þ V2

� 100% (1)

where V1 is the volume of NaOH (0.1 N, mL) consumed to
neutralize free carboxyl groups, and V2 is the volume of NaOH
(0.1 N, mL) consumed to neutralize the carboxyl groups released
aer saponication of esteried groups.
2.3 Preparation of roselle marmalade using coffee husk
pectin

Roselle calyces (100 g) were deseeded, washed, and cut into 1 cm
pieces. The prepared samples were heated with 200 mL of water at
varying temperatures (80–90 °C) for different times (2–4 minutes).
The heated mixture was subsequently blended and passed
through a 0.5mmmesh sieve to obtain a smooth puree. The puree
was then formulated with different concentrations of citric acid,
sugar, and pectin. The pectin concentrations investigated were
0.5%, 1.0%, 1.5%, and 2.0%, while sugar levels were adjusted to
© 2025 The Author(s). Published by the Royal Society of Chemistry
40%, 45%, 50%, and 55%. Citric acid was incorporated at
concentrations of 0.5%, 1.0%, 1.5%, and 2.0%. To evaluate the
effectiveness of coffee husk pectin, commercial citrus-derived
pectins, including orange and lemon peel pectin, were also used
for comparison. The mixture was concentrated to achieve a total
soluble solids content of 60–65° Brix, followed by hot lling. The
nal product was then pasteurized at 90 °C and stored in
a controlled freezing chamber at 18–20 °C for 24–48 hours.
2.4 Analytical methods of roselle marmalade

2.4.1 Color analysis. The color of food samples was deter-
mined using a colorimeter (Chroma Meter CR-400, Minolta,
Japan). The color attributes L*, a*, and b* were recorded to
evaluate the sample color. Here, L* indicates lightness,
a* represents the transition from red to green, and b* denotes
the transition from yellow to blue. The total color difference
(DE) was calculated by eqn (2).

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*

0 � L*
�2 þ ða*0 � a*Þ2 þ �

b*0 � b*
�2q

(2)

where, L0*, a0* and b0* represent the color parameters of the
sample on day 0 (before storage) while L*, a*, and b* are
measured on the analysis day.

2.4.2 Hardness prole analysis. The hardness of jam
samples was determined using a Texture Analyzer (ZwickRoell,
Germany) equipped with a TA44 cylindrical probe. Samples
were molded into uniform blocks (15–20 mm in height and 20–
25 mm in width/diameter) and equilibrated at room tempera-
ture prior to testing. The instrument was calibrated by zeroing
the load (0 N) and probe position (zero distance), followed by
verication of load cell sensitivity. Test parameters were set in
the TestXpert soware as follows: pre-test speed, 1.0 mm s−1;
trigger force, 0.05 N; test speed, 1.0–2.0 mm s−1; deformation
distance, 30–50% of sample height; and post-test speed, 1.0 mm
s−1. Duringmeasurement, the probe descended until the trigger
force was detected, compressed the sample to the dened
deformation, and subsequently withdrew. For Texture Prole
Analysis (TPA), a two-cycle compression was applied with
a short interval between cycles. Force–distance curves were
recorded, and hardness was expressed as the maximum force
(N) during the rst compression cycle. Each measurement was
performed in triplicate, and mean values were reported.

2.4.3 Sensory evaluation. The sensory properties of the
marmalade samples were evaluated by 20 panelists. Each
sample (20 g) was served on a paper plate. Panelists were
instructed to refrain from consuming any food for at least 30
minutes prior to the evaluation. They were asked to assess the
color, aroma, avor, and texture (including toughness and
breaking strength), as well as the overall acceptability of the
samples. A 5-point hedonic scale was used to rate their prefer-
ence, where 1= strongly dislike, 2= dislike, 3= neither like nor
dislike, 4 = like, and 5 = strongly like.39
2.5 Preparation of biolm

Biolms comprising coffee husk pectin and chitosan were
prepared following a previous methodology,27 with minor
RSC Adv., 2025, 15, 36625–36641 | 36627
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modications. Briey, pectin powder (2 g) were dissolved in
50 mL of distilled water, while chitosan (1 g) was dissolved in
50 mL of acetic acid solution (1%). The two solutions were then
combined at a 1 : 1 volume ratio (v/v). The mixture was typically
maintained at a pH range of 3.5–4.5. Glycerol was incorporated
at 40% (w/w) as a plasticizer, and the resulting mixture was
continuously heated at 70 °C for 120 minutes to achieve
homogeneity. The homogeneous chitosan/pectin (CP) solution
was cast into the mold and dried at 60 °C for 24 hours.

For functionalized lms, curcumin (0.1%, w/w) or pome-
granate peel extract (1%, w/w) was added to CP solution prior to
casting, yielding chitosan/pectin/curcumin (CPC) and chitosan/
pectin/pomegranate peel extract (CPP) lms, respectively. Upon
completion of the drying process, the biolms were carefully
peeled from the Petri dishes and stored in a desiccator until
further analysis and application.

2.6 Physicochemical characterizations

2.6.1 Measurement. Surface measurements were conduct-
ed using an optical microscope with iphone 10 (Carson Micro-
Mini 20× Pocket Microscope) at a magnication of 10×.

The morphological characteristics were examined using
a scanning electron microscope (SEM) (Hitachi Fe-SEM S4800,
Tokyo, Japan). Images were captured at an accelerating voltage
of 10.0 kV with magnications of 40× and 5000×.

Fourier-transform infrared spectroscopy (FTIR) (Bruker
Tensor 27, Germany) was used to analyze functional groups over
a wavelength range of 450–4000 cm−1.

1H NMR (Brucker Advance NEO_600 MHz, D2O) were
measured to identify the pectin structure.

Molecular weight (MW) distribution of coffee husk pectin
was determined by GPC using a Hewlett–Packard 1050 HPLC
system (Agilent Technologies, USA) equipped with an ELSD
detector. Separation was performed on a Shodex KB-804 column
with deionized water as the mobile phase at a ow rate of 1.0
mL min−1 and an injection volume of 20 mL. ELSD parameters
were set at 35 °C (nebulizer), 70 °C (evaporator), and N2 ow at
1.8 mL min−1. Samples were dissolved in water (1 mg mL−1),
ltered through 0.22 mmmembranes, and injected in duplicate.
Calibration was achieved with a series of pullulan standards
(MW 5–800 kDa) and glucose. Mn, Mw, and polydispersity index
(PDI) were calculated from the calibration curve.

2.6.2 Swelling ratio and water solubility of biolms. The
swelling ratio was determined following the method outlined by
Jiatong Yan et al.,40 with minor modications. Biolms were cut
into squares measuring 20 mm × 20 mm to record their initial
mass. The samples were then exposed to the environment to
allow natural swelling. Aer swelling, the biolms were weighed
and the swelling ratio was calculated by eqn (3).

Swelling ratio ð%Þ ¼ m1 �m0

m0

� 100% (3)

where,m0 andm1 is the mass of biolm before and aer swollen
lms, respectively.

To study water solubility, the water solubility of the biolm
was assessed based on a previous method,41 with slight modi-
cations. The biolms dried in an oven at 105 °C for 8 hours
36628 | RSC Adv., 2025, 15, 36625–36641
were cut into 3–5 cm pieces and weighed to determine their
initial dry mass. Each sample was immersed in a beaker con-
taining 30 mL of distilled water and incubated at room
temperature for 24 hours. Aer incubation, the biolm was
removed and dried again at 105 °C for 8 hours. Water solubility
was calculated using eqn (4).

Water solubility ð%Þ ¼ m0 �m1

m0

� 100% (4)

where m0 and m1 are weight of the initial biolm and nal
weight aer the drying process.

2.6.3 Water vapor permeability. Water vapor permeability
(WVP) was carried out by a previous method,42 with slight
modications. This method was designed to assess the capa-
bility of the pectin-chitosan biolms to inhibit water vapor
transmission. To conduct the experiment, a test tube contain-
ing dry silica gel (10 g) was sealed with the biolm and placed in
a desiccator lled with distilled water. The setup was main-
tained at a constant temperature of 32 °C. The increase in the
tube's weight was recorded every 24 hours. The WVP value of
each biolm was calculated using the following eqn (5).

WVP
�
g mm�1 s�1 Pa�1

� ¼ w� x

A� t� ðP2 � P1Þ (5)

where w is the weight loss of the test tube (g) over the duration
of the time t (s); x is the tested biolm's thickness (m); A is the
testing biolm's exposed area (m2); (P2–P1) is the water vapor
pressure differential over the biolm under test (Pa). For the
blank, a tube containing 10 g of silica was used without sealing
it with the biolm.
2.7 Antioxidant activity of biolms

2.7.1 DPPH method. The antioxidant activity of the bi-
olms was determined using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay, based on the reduction of the stable DPPH free
radical exhibiting an absorption maximum at 517 nm.43 Briey,
a biolm sample with an area of 1.0 cm2 was immersed in
5.0 mL of an ethanolic DPPH solution (0.05 mM). The mixture
was gently agitated at room temperature for 30 minutes in the
dark to prevent photo-induced degradation. Aer incubation,
the absorbance was recorded at 517 nm using a spectropho-
tometer. A control used ethanol under the same conditions. The
radical scavenging activity (RSA) was calculated according to the
following eqn (6).

RSA ð%Þ ¼ A0 � A1

A0

� 100 (6)

where A0 and A1 is the absorbance of the control and sample,
respectively.

2.7.2 Hydrogen peroxide scavenging assay. The hydrogen
peroxide scavenging assay was performed as described by
a previous method with minor modications.44 Briey, 0.25 mL
of ferrous ammonium sulfate (1 mM) was mixed with 1.5 mL of
the sample. Next, 62.5 mL of hydrogen peroxide (5 mM) was
added, and the mixture was incubated at room temperature in
the dark for 5 minutes to prevent hydrogen peroxide photo-
bleaching. Aer incubation, 1.5 mL of 1,10-phenanthroline (1
© 2025 The Author(s). Published by the Royal Society of Chemistry
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mM) was added to the mixture, which was thoroughly mixed
and le to stand at room temperature for 10 minutes. The
absorbance was measured at 510 nm using a spectrophotom-
eter. A blank solution, comprising 1.5 mL of 1,10-phenanthro-
line (1 mM), 1.562 mL of water, and 0.25 mL of ferrous
ammonium sulfate (1 mM), was prepared, and its highest
absorbance value was used as a reference. The hydrogen
peroxide scavenging capacity of the biolms was calculated
using eqn (7).

% H2O2 scavenging activity ¼ ASample

ABlank

� 100 (7)

2.8 Fruit coating

The preservation ability of biolms was carried for life of lychee
(Litchi chinensis) and Japanese plum (Prunus salicina). Solutions
of CP, CPC, and CPP were prepared for the experiment, utilizing
pesticide-free, thoroughly washed, and clearly labeled Litchi
chinensis and Prunus salicina. Each sample was immersed in the
prepared solutions and air-dried on a rack at room temperature
to ensure no risk of biolm contamination. Aer drying for 24
hours, the samples were gently wrapped in biolm to simulate
the “shipping environment” typically encountered during
export, following the previous method.45 The change in sample
mass aer 24 hours was calculated using eqn (8).

Mass reduction ð%Þ ¼ m0 �mt

m0

� 100% (8)

wherem0 (g) is the initial mass of the fresh fruit at day 0, andmt

(g) is the mass of the same fruit at each time interval.

2.9 Statistical methods

All experimental procedures were conducted in triplicate, and
the mean values were used for reporting and analysis. Statistical
differences among the results were evaluated using analysis of
variance (ANOVA) at a 95% condence level (p # 0.05). Data
analysis was performed using Statgraphics soware.

3 Results and discussion
3.1 Optimizing ultrasound extraction

Fig. S1 illustrates that ultrasound-assisted extraction (UAE)
signicantly enhances pectin yield compared to conventional
thermal methods. Specically, thermal extraction at 85 °C for 2
hours yielded 7.8 ± 2.6%, whereas the UAE method using an
ultrasonic bath at 50 °C for only 30 minutes produced a higher
yield of 10.2± 2.5%. Remarkably, the use of an ultrasonic probe
within 10 min further increased the yield to 16.4 ± 2.4%. These
ndings underscore the efficiency of ultrasound technology in
maximizing pectin recovery while markedly shortening extrac-
tion time from coffee husk residues. The lower yield observed
with the ultrasonic bath is likely due to the indirect application
of ultrasonic energy, where sound waves are partially attenuated
by the liquid medium. In contrast, the ultrasonic probe delivers
direct and intense mechanical energy, effectively disrupting the
plant cell wall and membrane structures. This mechanical
© 2025 The Author(s). Published by the Royal Society of Chemistry
disruption enhances solvent penetration and facilitates the
release of intracellular pectin, demonstrating the advantage of
ultrasonic homogenization in extraction processes. The yield
obtained from robusta coffee husk pectin is lower than that of
citrus pectin (12.93–29.05%)46 but remains valuable due to the
rapid and environmentally friendly extraction achieved through
ultrasound technology.

FTIR spectra recorded in the infrared region (450–
4000 cm−1) were utilized to identify the functional groups
present in the extracted pectin samples (Fig. S1B). Despite
differences in extraction methods, all spectra displayed similar
characteristic bands, indicating a consistent chemical structure
among the samples. A broad absorption band at 3434 cm−1

corresponds to O–H stretching vibrations, while peaks at
approximately 2950 and 2750 cm−1 are associated with the C–H
stretching of methyl ester groups (O–CH3) within esteried
galacturonic acid units. Carboxylate groups were evident
through an asymmetric stretching band around 1627 cm−1 and
a weaker symmetric band near 1410 cm−1. Additionally, strong
absorptions in the 1740 and 1627 cm−1 region were attributed
to the stretching vibrations of carbonyl (C]O) and carboxylate
(COO−) groups.

Notably, the intensity and area of the ester carbonyl
absorption bands increased with rising degree of esterication
(DE), while the corresponding carboxylate peaks showed
a marked decline. Pectin extracted by conventional reux di-
splayed a signicantly lower DE compared to UAE, likely due to
prolonged acid exposure during thermal processing, which
promotes ester bond hydrolysis. This lower DE may enhance
pectin solubility in aqueous media, leading to reduction of
extraction efficiency. In contrast, pectin obtained via ultrasound
homogenization exhibited higher DE values, suggesting better
suitability for gelation in roselle ower marmalade and
improved integration into CP biolms. Despite differences in
extraction conditions, all samples presented comparable FTIR
spectral features, indicating preservation of key functional
groups and a consistent core chemical structure across
methods.

The modeling strategies employed in pectin extraction
primarily consider hydrolysis, diffusion, and degradation
processes occurring within a homogeneous medium. These
models may describe individual mechanisms or a combination
thereof, depending on the complexity of the system. The choice
and applicability of a given model are closely linked to the
extraction technique used, including the type of solvent and
method applied. A comprehensive understanding of these
models allows for accurate prediction of extraction behavior on
a phenomenological level.

To gain further insights into the extraction process,
morphological analyses of raw materials, before and aer
treatment, are oen conducted. In this study, structural
changes in both the extracted pectin and the residual husk were
evaluated using optical microscopy and scanning electron
microscopy (SEM), as illustrated in Fig. 1. The ndings revealed
pronounced alterations in surface morphology following all
extraction techniques. Optical microscopy indicated evident
differences in color and structure compared to untreated husks.
RSC Adv., 2025, 15, 36625–36641 | 36629
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Fig. 1 Microscopy and FE-SEM images of coffee husk and pectin under different treatments. (A1 and A2) Pre-extraction coffee husk; (A3 and A4)
pre-extraction pectin. (B1–B4) Hydrothermal extraction: coffee husk (B1 and B2) and pectin (B3 and B4). (C1–C4) Ultrasonic bath extraction:
coffee husk (C1 and C2) and pectin (C3 and C4). (D1–D4) Ultrasonic homogenizer extraction: coffee husk (D1 and D2) and pectin (D3 and D4).
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SEM analysis of the raw coffee husk displayed irregularly sha-
ped particles, typically between 0.5 and 5.0 mm, with distinct
edges and layered arrangements. Post-extraction, these parti-
cles showed considerable disintegration, reecting signicant
cell wall damage.

Among the methods tested, UAE, especially with the use of
an ultrasonic homogenizer, resulted in the most extensive cell
disruption. While optical microscopy did not distinguish
substantial differences between the ultrasonic bath and probe
treatments, SEM images highlighted more severe rupture in
samples treated with the ultrasonic homogenizer (Fig. 1C2 and
D2). This heightened disruption likely underpins the increased
pectin yield observed with this method.

The morphological characteristics of pectin obtained from
coffee husk extraction provide valuable insights into the
extraction process (Fig. 1). Microscopy images (Fig. 1B3, C3, and
D3) indicate that both hydrothermal and ultrasound-assisted
extraction methods yield pectin lms with superior structural
integrity compared to those produced using ultrasonic
homogenization. The lms extracted by hydrothermal and
ultrasound bath-assisted methods exhibit more uniform
surfaces with ne striations, whereas the pectin lms obtained
via ultrasonic homogenization appear disrupted. This degra-
dation conrmed the higher DE observed in pectin extracted by
ultrasonic homogenization, which could hinder lm formation.
However, SEM analysis reveals that the microstructure of pectin
36630 | RSC Adv., 2025, 15, 36625–36641
from ultrasonic extraction appears more stable than that of the
hydrothermal extraction. These observations clearly demon-
strate that the extraction method signicantly inuences the
physicochemical properties of the resulting pectin. Further-
more, compared to conventional thermal extraction, ultrasound
homogenization techniques offer several advantages, including
higher yield, lower energy consumption and reduced solvent
usage. Operating under relatively mild temperature conditions,
ultrasound-assisted extraction helps preserve the native struc-
ture and functional properties of pectin, potentially enhancing
the quality of the nal product.
3.2 Optimization of ultrasound-homogenization extraction
parameters

To optimize the UAE process, the effects of amplitude,
temperature, and extraction time on pectin yield, purity, and DE
value were systematically evaluated. As illustrated in Fig. 2A,
both yield and purity increased as the amplitude rose from 20%
to 25%. At 20% amplitude, the yield, purity, and DE were 12.1 ±

0.68%, 50.2 ± 0.61%, and 67.3 ± 0.64%, respectively. These
values increased to 16.2 ± 0.18%, 51.4 ± 0.07%, and 69.8 ±

0.64% at 25% amplitude. However, further increases in ampli-
tude led to a decline in both yield and purity. This behavior can
be attributed to enhanced cavitation effects at moderate
amplitudes, where the collapse of microbubbles generates high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of ampilitude (A), temperature (B) and time (C) on purity, degree of esterification, and extraction yield using ultrasonic homogenizer.
Different letters indicate statistically significant differences between samples (P < 0.05).
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localized temperatures and pressures, facilitating cell disrup-
tion and improving the release of intracellular pectin.47 At
excessively high amplitudes, the formation of an excessive
number of cavitation bubbles may hinder energy transmission
due to bubble coalescence and damping effects, thereby
reducing extraction efficiency.48 Based on these ndings, an
amplitude of 25% was selected for subsequent experiments.

Fig. 2B demonstrates that extraction yield was signicantly
affected by temperature, whereas purity and DE remained
relatively stable. The yield increased from 13.5% at 40 °C to
16.2% at 50 °C, followed by a signicant decrease to 13.7% at
70 °C. Throughout this temperature range, purity and DE values
remained approximately 50.5% and 69.5%, respectively. Higher
temperatures reduce the surface tension and increase the vapor
pressure inside bubbles, thereby inhibiting cavitation collapse
and lowering the energy released during cavitation events. This
reduces cell wall disruption and mass transfer efficiency, ulti-
mately decreasing extraction yield.49 Furthermore, pectin
degradation may occur at elevated temperatures, leading to
a reduction in pectin content. Consequently, 50 °C was chosen
as the optimal extraction temperature.

The inuence of extraction time on pectin yield and quality
is presented in Fig. 2C. Both yield and purity increased with
extraction time from 5 to 10minutes, reachingmaximum values
of 16.4% and 51.3%, respectively, at 10 minutes. Further
extension to 15 minutes resulted in a decrease in both param-
eters. Similarly, DE increased from 66% at 5 minutes to 70% at
10 minutes, remaining consistently above 50%, conrming the
extracted pectin as high methoxyl pectin. Thus, optimal
extraction conditions were established at 25% amplitude, 50 °C,
and 10 minutes extraction time. During UAE process, the
interaction between solvent and plant tissue is greatly inu-
enced by the extraction time. Adequate sonication enhances
solvent diffusion and promotes the disruption of cell
membranes, facilitating the release of pectic substances.22

However, prolonged ultrasonication may lead to degradation of
pectin molecules into lower molecular weight fractions, thereby
reducing both yield and purity.

Ultrasound-assisted extraction generates strong cavitation
effects that can cause depolymerisation, molecular weight
reduction, and demethylation in pectin, thereby altering its
gelling capacity and interactions with other biopolymers.50,51
© 2025 The Author(s). Published by the Royal Society of Chemistry
Under the optimized conditions (25% amplitude, 50 °C, 10
min), these effects enhance mass transfer and yield while
limiting excessive degradation. From an industrial perspective,
UAE is attractive due to its short processing time, reduced
solvent use, and mild conditions compared to conventional
heating. The ability to obtain high yield and purity within a few
minutes at moderate temperature underscores its energy effi-
ciency and potential to reduce operational costs. Although
scale-up requires investment in high-power ultrasonic reactors
and continuous-ow systems, techno-economic studies indi-
cate that the initial capital cost can be offset by long-term
savings in energy, solvents, and processing time.48,52 Thus,
UAE represents a promising approach for sustainable, large-
scale pectin production.

Fig. S2 illustrates the inuence of various drying temperatures
and durations on the moisture content and color attributes of
coffee husk-derived pectin. The moisture content ranged from
amaximumof 16.55% (50 °C for 8 h) to aminimumof 9.65% (90 °
C for 20 h), indicating a clear inverse relationship between drying
severity and residual moisture. Similarly, both increasing
temperature and extended drying time led to a progressive decline
in the L* value, indicating darker coloration of the pectin samples.
For instance, pectin dried at 50 °C for 8 h exhibited color values of
L*= 55.59± 0.57, a*= 7.15± 1.24, and b*= 9.33± 0.44, whereas
drying at 80 °C for 8 h yielded L*= 47.52± 0.48, a*= 8.42± 0.97,
and b* = 8.10 ± 1.09.

The L* parameter, representing lightness in the CIE Lab*
color space, serves as a critical indicator of visual and perceived
product quality. Higher L* values correspond to lighter-colored
pectin and are associated with minimal thermal degradation,
thereby preserving the native molecular structure. In contrast,
reduced L* values reect pronounced thermal degradation and
potential formation of dark-colored byproducts, adversely
affecting both aesthetic quality and market appeal. Corre-
spondingly, the total color difference (DE) between samples was
substantial – 27.74 ± 0.66 for 50 °C for 8 h and 20.58 ± 1.49 for
higher temperature treatments – exceeding the perceptibility
threshold (DE > 5) and conrming visible color variation to the
human eye.

Moisture content also decreased consistently with elevated
drying temperature and prolonged exposure, aligning with the
thermal-driven removal of bound water. Notably, all samples
RSC Adv., 2025, 15, 36625–36641 | 36631
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achieving moisture content below 12%, including those dried at
50 °C for 20 h, 70 °C for 16–20 h, and 90 °C for 16–20 h, met the
threshold required by TCVN 12100:2017 standards. Among
them, the sample dried at 50 °C for 20 h exhibited the highest L*
value, indicating superior lightness and minimal discoloration.
This condition was therefore identied as optimal, balancing
sufficient dehydration with favorable color retention, and
producing high-quality pectin with desirable visual
characteristics.

The chemical structure and molecular weight (MW) distri-
bution of the extracted coffee husk pectin were investigated
using 1H-NMR and GPC analysis, as illustrated in Fig. S3. The
GPC chromatogram revealed a bimodal distribution, with two
main peaks appearing at retention times of 5.027 and
5.574 min, corresponding to molecular weights of 1738 kDa
(PDI 0.929) and 652 kDa (PDI 0.948), respectively. This suggests
that the extracted pectin contained both high-molecular-weight
and medium-molecular-weight fractions, which may arise from
variations in chain length or partial depolymerization during
extraction. The relatively low PDI values (<1.0) indicate a narrow
molecular weight distribution and suggest that the extraction
process preserved polymer uniformity, which is benecial for
consistent functional performance.

The 1H-NMR spectrum of pectin in D2O (600 MHz) exhibited
characteristic resonances that conrmed the structural identity
of the polysaccharide. Signals in the anomeric region at 4.90–
5.10 ppmwere attributed to H-1 protons of a-D-galacturonic acid
units, while a distinct resonance at 4.40 ppm indicated the
presence of neutral sugar residues such as galactose and arab-
inose. Strong peaks in the range of 3.72–3.90 ppm corresponded
to –OCH3 protons of methyl ester groups, whereas signals
between 2.70–2.90 ppm reected acetyl substituents (–COCH3).
Quantitative integration of methoxyl and anomeric proton
signals enabled calculation of the degree of esterication (DE),
revealing that the extracted pectin belongs to the high-methoxyl
type (DE ∼60%). This classication suggests strong gelling
ability in the presence of sugar and acidic conditions. The
coexistence of high andmediumMW fractions, together with its
high-methoxyl nature, indicates that this pectin may possess
balanced functional properties, including stable lm-forming
ability, and strong gelling capacity. These features make
Fig. 3 Effect of heating time and temperature on yield (A) and color pa
significant differences between samples (P < 0.05).

36632 | RSC Adv., 2025, 15, 36625–36641
coffee husk pectin a promising candidate for applications in
food structuring and bio-based packaging materials.
3.3 Preparation of pectin-based roselle ower marmalade

3.3.1 Effect of heating time and temperature on the yield
and color of roselle ower puree. Heat treatment is crucial in
improvingmicrobial safety and facilitating pectin solubilization
from protopectin during cell wall degradation of roselle ower,
thereby enhancing puree yield. Fig. 3 shows the effects of time
and temperature on the yield and color of red roselle puree.

At 80 °C, puree yield was low (51.13% at 2 min) and
decreased further with time (42.2% at 3 min and 38.01% at 4
min), indicating limited cell disruption and incomplete
protopectin-to-pectin conversion (Fig. 3A). In contrast, at 85 °C
and 90 °C, higher yields were observed due to enhanced thermal
degradation of cell walls and denaturation of membrane
proteins. The highest yield (67.72%) was recorded at 85 °C for
2 min but declined with longer heating (62.01% at 3 min;
53.66% at 4 min). At 90 °C, yield also decreased over time, from
63.76% (2 min) to 46.55% (4 min), likely due to irreversible
damage to the protoplasmic membrane and excessive moisture
loss. Maximum extractability occurred at 85 °C for 2 min, when
protopectin was effectively solubilized into pectin, facilitating
cell separation and juice release. Extended heating (4 min or
more) reduced yield due to evaporation, nutrient degradation,
and loss of structural integrity.

Temperature and time effect on enzyme inactivation which
induce the change in color of the puree. At 80 °C for 2 min, color
was brightest (L* = 56.72, a* = 19.08), with partial enzyme
inactivation (Fig. 3B). However, incomplete enzyme inactivation
could lead to pigment degradation during storage. At 85 °C for
2 min, color remained vibrant (L* = 53.32, a* = 17.63) due to
effective inactivation of polyphenol oxidase (PPO) and peroxi-
dase (POD), contributing to better pigment stability and
microbial control. At 90 °C, anthocyanin degradation was
accelerated, resulting in darker color (L* = 50.59, a* = 15.48 at
2 min; L* = 46.68, a* = 10.29 at 4 min). Thus, heating at 85 °C
for 2 min was optimal, balancing enzyme inactivation, micro-
bial safety, high puree yield, and preservation of color.

3.3.2 Inuence of pectin on the textural properties of
roselle marmalade. Pectin plays a pivotal role in determining
rameters (B) of red roselle puree. Different letters indicate statistically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the gel strength and overall texture of marmalade, with both its
botanical origin and concentration markedly impacting key
mechanical attributes such as hardness and adhesiveness.10 In
this study, three pectin types, extracted from coffee husk,
comercial lemon and orange peels, were investigated at a xed
concentration of 0.5% (w/w) to assess their effects on the texture
of roselle marmalade (Fig. 4A). Among these, orange peel pectin
resulted in the lowest gel hardness (7.23 N), which may be
attributed to its relatively low DE. Pectins with lower DE values
typically require higher sugar levels and acidic conditions to
establish a stable gel matrix, and in low-sugar systems, such
conditions may not suffice for optimal cross-linking. Conse-
quently, this sample also exhibited the lowest adhesiveness
(−2.54 N), likely due to limited methoxyl content and reduced
intermolecular bonding capacity. Marmalade containing lemon
peel pectin showed intermediate textural properties, with
a hardness of 8.34 N and adhesiveness of −2.36 N. These
improvements may be associated with its higher DE and m-
ethoxyl content, which promote more effective gelation through
enhanced hydrogen bonding and hydrophobic interactions
under acidic and sugary conditions.37 Notably, coffee husk
pectin demonstrated superior gelling capacity, yielding the
highest hardness (10.08 N) and adhesiveness values. Its high DE
may facilitate rapid gelation via junction zone formation,
resulting in a denser and more cohesive polymer network that
enhances resistance to deformation and improves overall
textural integrity. This sample also exhibited increased adhe-
siveness, indicative of stronger molecular cohesion and reduced
mobility among polymer chains.

To further explore the effect of pectin concentration,
formulations using coffee husk pectin at varying levels (0.5–
2.0%, w/w) were evaluated (Fig. 4). A signicant positive corre-
lation (p < 0.05) was observed between pectin concentration and
hardness. The highest hardness (12.42 N) was recorded at 2.0%
pectin, while the 0.5% formulation exhibited the lowest value
(10.02 N). This trend aligns with the previous report indicating
that an increase in pectin content enhances gel network density,
thereby reinforcing structural rigidity.53 Conversely, adhesive-
ness decreased as pectin concentration increased. This inverse
relationship may be explained by the formation of a more
Fig. 4 Influence of different pectin types (A) and coffee husk pectin con
letters indicate statistically significant differences between samples (P <

© 2025 The Author(s). Published by the Royal Society of Chemistry
stabilized gel matrix at higher pectin levels, which restricts
polymer mobility and reduces tackiness at the gel surface.54

Notably, at 0.5% coffee husk pectin, the marmalade exhibited
balanced textural properties (hardness = 10.02 N; adhesiveness
= −1.84 N), suggesting a favorable cross-linking density that
maintains sufficient gel strength while preserving a so,
smooth, and spreadable consistency. This concentration
appears optimal for delivering a desirable texture without over-
hardening the product, making it suitable for consumer-
preferred marmalade applications.

3.3.3 Inuence of citric acid concentration on the acidity
and color characteristics of roselle ower marmalade. Citric
acid is commonly incorporated into fruit-based preserves to
regulate pH and optimize gelation conditions. A suitable pH
environment is essential for the effective gel-forming capability
of pectin, as it promotes the formation of junction zones and
stabilizes the gel network.54 Additionally, low pH conditions
contribute to microbial inhibition, particularly of spoilage
organisms such as Aspergillus and Penicillium species, thereby
enhancing the microbial safety and shelf stability of marmalade
products. Beyond its acidifying role, citric acid also prevents
sucrose crystallization during storage, ensuring a smooth
texture and preventing undesirable syneresis or sugar recrys-
tallization in the marmalade.

However, the concentration of citric acid must be carefully
optimized, as excessive amounts may adversely impact the
organoleptic and visual attributes of the marmalade. Fig. S4
showed that at a low concentration of 0.5%, the marmalade
exhibited a total acidity (TA) of 0.28%, a pH of 3.5, and a light-
ness (L*) value of 55.14. These values were insufficient to elicit
a pronounced acidic taste and were associated with a relatively
darker color tone, likely due to limited inhibition of enzymatic
browning and pigment degradation. In contrast, higher citric
acid concentrations (1.5–2.0%) increased the TA to 0.51–0.60%
and reduced the pH to 3.3–3.2, with corresponding L* values of
48.60 and 36.80, respectively. Although these samples exhibited
lighter coloration due to more effective inhibition of enzymatic
oxidation and pigment breakdown, the intense sourness
rendered the product less palatable for general consumption.
tent (B) on the textural properties of roselle flower marmalade. Distinct
0.05).

RSC Adv., 2025, 15, 36625–36641 | 36633
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The marmalade formulated with 1.0% citric acid achieved
a favorable balance, exhibiting a TA of 0.35%, pH of 3.4, and L*
value of 50.28. This concentration provided a moderate yet
perceptible acidity, contributing to avor enhancement without
overpowering sourness. Moreover, the pH level in this formu-
lation remained below the critical threshold for microbial
growth (pH < 4.5), offering protection against spoilage micro-
organisms. Simultaneously, it contributed to improved pigment
stability by reducing enzymatic oxidation reactions, thereby
preserving a bright and appealing red hue in the nal product.
Based on these results, the 1.0% citric acid concentration was
selected as the optimal level for developing coffee husk pectin-
based roselle marmalade, as it ensured a desirable balance
between acidity, microbial stability, and color retention.

3.3.4 Effect of sucrose concentration on color attributes
and sensory properties of pectin-based roselle ower marma-
lade. Sucrose concentration plays a critical role in modulating
the color, texture, and overall quality of pectin-based roselle
ower marmalade. In this study, formulations were prepared
with varying sucrose levels (40–55%, w/w) and concentrated
until a nal soluble solids content of 65° Brix was achieved. The
color parameters (L*, a*, b*) of the resulting marmalades are
shown in Fig. 5. At lower sucrose levels (40% and 45%), the
marmalades displayed signicantly darker coloration, with L*
values of 40.62 and 43.83, respectively. This can be attributed to
prolonged heating times required to reach the target Brix level,
which intensies non-enzymatic browning reactions and
degradation of thermolabile pigments such as anthocyanins
and polyphenols, resulting in a darker appearance and poten-
tial color loss.

Conversely, the sample with the highest sucrose content
(55%) had a comparatively lighter color (L* = 46.61), due to the
shorter heating time required to achieve 65° Brix. However, the
elevated sugar level may have promoted excessive carameliza-
tion during concentration, leading to an undesirable burnt
avor and off-color formation. Notably, the formulation con-
taining 50% sucrose exhibited the highest L* value (49.69),
along with optimal a* and b* values (11.09 and 5.09, respec-
tively), indicating a bright and appealing reddish hue. This
outcome suggests that at this sucrose concentration, the heat-
ing time was sufficiently balanced, minimizing pigment
Fig. 5 Effect of saccharose concentration on color parameter (A) and se
statistically significant differences between samples (P < 0.05).

36634 | RSC Adv., 2025, 15, 36625–36641
degradation while allowing controlled caramelization to
develop avor and enhance color without charring.

To assess consumer acceptance, sensory evaluation was
conducted following a three-day storage period. Twelve semi-
trained panelists were recruited, and each participant received
randomized coded samples along with standardized evaluation
instructions.55 According to ANOVA results, signicant differ-
ences (P < 0.05) were observed in sensory attributes across
samples with varying sucrose concentrations. The 50% sucrose
sample consistently received the highest hedonic ratings across
all categories. Specically, it scored 3.5 ± 0.38 for aroma, 4.5 ±

0.00 for taste, 4.5 ± 0.02 for color, 4.4 ± 0.38 for texture
acceptability.

In terms of avor, samples with 40–50% sucrose showed
statistically signicant differences (P < 0.05), while the 55%
sample did not signicantly differ from the 50% formulation.
Although the 55% sample achieved acceptable sweetness, the
overdeveloped caramel notes and potential color distortion may
have negatively impacted its overall perception. The 50%
sucrose sample was characterized by a well-balanced sweetness,
vibrant color, desirable gel consistency, and a distinctive roselle
aroma, which collectively contributed to its highest overall
acceptability score (P = 0.015 < 0.05). These ndings suggest
that 50% sucrose represents the optimal concentration for
formulating roselle marmalade, achieving a harmonious
balance between visual appeal, avor intensity, textural integ-
rity, and consumer preference.
3.4 Composite of coffee husk pectin/chitosan for fruit
coating

3.4.1 Physicochemical properties of coffee husk pectin/
chitosan composites. Swelling ratio (SR), water solubility
(WS), and water vapor permeability (WVP) are critical indicators
of the hydrophilicity and water resistance of biolms, and thus
play a decisive role in their suitability as packaging materials for
fresh fruits with high moisture content. As shown in Fig. 6A, the
CP lm exhibited higher SR and WVP values compared to CPC
and CPP lms. This can be attributed to the formation of
a denser polymeric network through strong intermolecular
interactions between pectin and chitosan, together with the
nsory (B) obtained from 20 volunteer panelists. Distinct letters indicate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Swelling ratio, and water solubility (A); tensile strength (TS) and elongation at break (EAB) (B); and water vapor permeability versus time (C)
of the various biofilms: chitosan/pectin (CP); chitosan/pectin/curcumin (CPC); chitosan/pectin/pormergranate peel extract (CPP).
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cross-linking effects of bioactive compounds. In general, SR
reects the water absorption capacity of lms, while WS indi-
cates the extent of dissolution in aqueous environments, and
these two parameters are oen positively correlated. However,
the results reveal a distinct trend among the CP, CPC, and CPP
lms. Specically, CPC lms containing curcumin displayed
reduced WS due to the hydrophobicity of curcumin, despite
their ability to absorb water. In contrast, CPP lms exhibited
both high SR and unexpectedly higher WS, which can be
ascribed to the abundant hydrophilic hydroxyl and carboxyl
groups of polyphenolic compounds from pomegranate peel
extract. These groups facilitate water penetration and polymer
dissolution, thereby explaining the apparent divergence from
the expected SR–WS correlation.

The tensile strength (TS) and elongation at break (EAB) of the
biolms are illustrated in Fig. 6B. Signicant variations were
observed among the formulations, reecting the different roles
of curcumin and pomegranate peel extract in modulating the
polymeric network. The pristine CP lm exhibited the lowest TS
(0.34 ± 0.02 MPa), indicating weak intermolecular interactions
between pectin and chitosan. Upon incorporation of curcumin,
the TS value markedly increased to 0.49 ± 0.02 MPa. This
enhancement can be ascribed to the ability of curcumin mole-
cules to establish hydrogen bonding and hydrophobic interac-
tions with both polysaccharides, thereby reinforcing the
polymeric matrix. More pronounced reinforcement was ach-
ieved with the addition of pomegranate peel extract, yielding
the highest TS (0.64 ± 0.02 MPa). This result suggests that the
abundant polyphenolic constituents in pomegranate peel, such
as tannins and avonoids, promote extensive hydrogen
bonding and potential p–p stacking interactions, leading to
a more compact and rigid network structure.

In contrast, the EAB values exhibited an opposite trend. The
CP lm displayed a moderate exibility (85.5 ± 1.9%), which
further improved in the CPC lm (115.3 ± 1.8%). The enhanced
ductility of CPC could be attributed to curcumin acting as
a natural plasticizer, increasing chain mobility and preventing
excessive aggregation of the biopolymers. Conversely, the CPP
lm demonstrated a sharp decrease in EAB (19.1 ± 0.85%),
indicating brittle behavior. This reduction is likely due to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
strong crosslinking effects of polyphenols that restrict chain
mobility, thereby enhancing stiffness at the expense of
exibility.

Additionally, the WVP of all lms decreased signicantly
over time compared to their initial values. This reduction may
be due to water vapor lling the microvoids within the lm
structure, leading to a denser and more compact matrix that
limits both water absorption and vapor transmission.

The physicochemical and morphological properties of the
prepared lms were systematically investigated using X-ray
diffraction (XRD), fourier-transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), and scanning elec-
tron microscopy (SEM), as shown in Fig. 7.

The XRD patterns of pectin, CP, CPC, and CPP are presented
in Fig. 7A. All samples exhibit broad, diffuse bands centered at
2q of 22.7°, indicating their predominantly amorphous struc-
ture. Pure pectin shows a typical amorphous pattern, while the
CP lm retains this behavior with slight broadening and shi-
ing of the peak (22.7°), suggesting intermolecular hydrogen
bonding between chitosan and pectin chains. Notably, the
addition of curcumin or pomegranate extract does not intro-
duce any crystalline peaks, implying that these bioactives are
either molecularly dispersed or present in a non-crystalline
state within the polymer matrix. The results conrm that all
formulations are structurally amorphous, with good miscibility
between components and no evidence of phase separation or
crystallization.

Fig. 7B displays the FTIR spectra of the CP, CPC, and CPP
lms. All samples exhibit a broad absorption band centered at
3420 cm−1, which corresponds to the stretching vibrations of
O–H and N–H groups. This broad band is indicative of an
extensive hydrogen-bonding network among the hydroxyl and
amino groups present in both polysaccharide chains and
incorporated bioactive compounds. A distinct peak at
1728 cm−1 is assigned to the C]O stretching vibration of
esteried carboxyl groups in pectin, while the band at
1624 cm−1 is attributed to the asymmetric stretching of
carboxylate anions (COO−) in pectin and the amide I band of
chitosan. The intensity ratio between the 1624 cm−1 and
1728 cm−1 bands is markedly higher in the CP lm compared to
RSC Adv., 2025, 15, 36625–36641 | 36635
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Fig. 7 (A) X-ray diffraction (XRD) patterns, (B) Fourier-transform infrared (FTIR) spectra, and (C) thermogravimetric analysis (TGA) curves of
pectin, chitosan/pectin (CP), chitosan/pectin/curcumin (CPC), and chitosan/pectin/pomegranate (CPP) samples. SEM images and particle size
distribution (inset) of CP (D and E), CPC (F and G) and CPP (H and I) at different magnifications (bar = 5 mm and 1 mm).
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that of pure pectin (Fig. S1B), conrming the presence of chi-
tosan in the lm matrix. Interestingly, this ratio slightly
decreases in the CPC and CPP lms, which can be attributed to
the additional C]O functional groups introduced by curcumin
and bioactive compounds present in the pomegranate extract.
These overlapping signals contribute to the overall intensity of
the 1728 cm−1 band, thus lowering the relative ratio. Collec-
tively, these spectral changes provide strong evidence of
successful incorporation of curcumin and pomegranate extract
into the CP network, likely through non-covalent interactions
such as hydrogen bonding, electrostatic attraction, or hydro-
phobic association.

The thermal stability of the lms was investigated using
thermogravimetric analysis (TGA), and the results are shown in
Fig. 7C. Pure pectin exhibited a typical three-step degradation
prole: an initial weight loss (∼10%) below 150 °C due to
evaporation of physically adsorbed and bound water; major
decomposition between 200–250 °C related to depolymerization
and cleavage of glycosidic linkages (z40% weight loss); and
complete degradation up to 600 °C, leaving minimal residue. In
comparison, the CP lm showed improved thermal stability,
with only ∼30% weight loss at 250 °C. This enhancement is
36636 | RSC Adv., 2025, 15, 36625–36641
attributed to intermolecular hydrogen bonding between chito-
san and pectin, which reinforces the polymer network and
delays thermal degradation. The CPC lm exhibited a similar
degradation pattern to CP up to 500 °C but demonstrated
higher resistance at elevated temperatures, with complete
decomposition occurring closer to 700 °C. This extended
stability likely arises from curcumin–polymer interactions that
suppress chain scission and promote char formation. The CPP
lm also showed improved stability below 500 °C compared to
CP and neat pectin, conrming reinforcement by pomegranate-
derived polyphenols. However, its stability beyond 500 °C was
slightly lower than CPC, reecting the heterogeneous nature of
the extract and its less uniform interactions within the matrix.
Residual mass at 600 °C followed the order CPP > CPC z CP >
pectin.

From a practical perspective, these results indicate that all
composite lms (CP, CPC, and CPP) maintain structural
stability well above 100 °C, far exceeding typical storage and
handling conditions for food products (room temperature to #

60 °C). The incorporation of curcumin and pomegranate extract
further enhanced thermal resistance, suggesting that these
lms are unlikely to undergo degradation or loss of integrity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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during real storage, transportation, or moderate processing
operations such as pasteurization. Therefore, the improved
thermal stability not only supports material robustness but also
enhances their suitability as bio-based packaging lms for
practical food preservation.

The surface morphology of the lms was examined using
scanning electron microscopy (SEM), as illustrated in Fig. 7D–I.
The CP lm (Fig. 7D and E) exhibited a dense, and continuous
surface without visible phase separation. This homogeneity
indicates excellent miscibility between chitosan and pectin, and
reects the formation of a cohesive biopolymer matrix with
uniform structural integrity. In contrast, the CPC lm (Fig. 7F
and G) displayed a rougher surface texture, along with the
presence of small particulate domains or micro-aggregates,
which may be associated with the localized distribution of
curcumin within the matrix. These morphological features
suggest that curcumin interacts non-uniformly with the poly-
mer chains, potentially forming hydrogen-bonded clusters or
semi-separated microphases. The CPP lm (Fig. 7H and I)
exhibited an irregular, grainy, and slightly porous morphology,
which is likely due to the chemical complexity and heteroge-
neous composition of the pomegranate extract. Polyphenolic
compounds, organic acids, and sugars present in the extract
may interact differentially with the chitosan–pectin matrix,
resulting in less compact packing and uneven surface features.
Fig. 8 The photos of lychee (Litchi chinensis) coated (A) and plots of mas

© 2025 The Author(s). Published by the Royal Society of Chemistry
Despite this, no delamination was observed, indicating that the
lm structure remains intact and processable. The observed
morphological differences conrm that the addition of curcu-
min or pomegranate extract modies surface characteristics
without compromising lm cohesion. These structural features,
particularly the homogeneity and exibility of CP, CPC, and CPP
support the potential application of these lms as biodegrad-
able and functional materials for fruit packaging.

The particle size distribution obtained from SEM analysis
provided additional insight into the microstructural character-
istics of the lms. Although the CP lm exhibited a smoother
surface compared to CPC and CPP, it contained relatively larger
particles, with the majority concentrated in the 0.2–0.3 mm
range. In contrast, the CPC lm showed a higher frequency of
smaller particles (0.1–0.2 mm) and the highest particle density
among the three samples, reecting the presence of micro-
aggregates and conrming that curcumin was not uniformly
dispersed but instead formed localized clusters. The CPP lm
also displayed a narrow distribution within the 0.1–0.2 mm
range; however, its particle density was considerably lower. This
result is consistent with the chemical complexity of pome-
granate peel extract, which likely induced heterogeneous
interactions with the chitosan–pectin matrix, leading to less
compact packing and the formation of more porous surface
features.
s loss versus storage time of litchi (B): blank, CP, CPC, and CPP biofilms.
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3.4.2 Antioxidant activity. The incorporation of natural
antioxidants into biopolymer lms is a widely explored strategy
for developing active food packaging systems. In this study,
curcumin (CPC) and pomegranate peel extract (CPP) were
introduced into CP lm to enhance their antioxidant properties,
as evaluated by DPPH and hydrogen peroxide (H2O2) scavenging
assays. As shown in Table S2, the control CP lm exhibited
moderate antioxidant activity with a DPPH scavenging effi-
ciency of 33.86 ± 2.18% and H2O2 scavenging of 20.48 ± 0.93%.
The incorporation of CPC signicantly increased these values to
49.04 ± 1.08% and 31.91 ± 1.32%, respectively, while CPP
showed the highest enhancement, reaching 64.55 ± 1.80% for
DPPH and 48.08 ± 2.11% for H2O2 scavenging. These results
conrm that both curcumin and pomegranate peel extract
signicantly improve the radical scavenging capacity of the
lms (p < 0.05), consistent with their known phenolic and
avonoid content.56,57

These ndings suggest that the antioxidant-enhanced lms
have strong potential for retarding oxidative spoilage in lipid-
containing foods. By reducing free radical activity and
peroxide formation, the active lms may contribute to
preserving nutritional quality, delaying rancidity, and extending
shelf life during storage.

3.4.3 Fruit coating. The application of CP-based lms,
including those incorporated with curcumin (CPC) and pome-
granate peel extract (CPP), demonstrated a pronounced effect
Fig. 9 The photos of Japanese plum (Prunus salicina) coated (A) and plot
biofilms.

36638 | RSC Adv., 2025, 15, 36625–36641
on the postharvest preservation of Litchi chinensis fruits (Fig. 8).
Compared to the uncoated control group, the coated samples
exhibited signicantly lower weight loss during storage. Aer 12
days at ambient conditions, the coated fruits retained approxi-
mately 80% of their initial weight, whereas the control fruits
maintained only ∼70%, highlighting the efficacy of the bioac-
tive lms in reducing moisture loss and delaying senescence.

Beyond weight retention, the coatings also played a critical
role in inhibiting microbial and fungal growth. In the control
samples, visible white mold developed both on the fruit surface
and within the pulp by day 16, rendering them unmarketable.
In contrast, fruits coated with the CP lm showed delayed
fungal growth, with no visible spoilage until day 25. Even aer
20 days of storage, CP-coated fruits retained ∼65% of their
original weight and exhibited minimal signs of deterioration.
Notably, the incorporation of antioxidant and antimicrobial
agents such as curcumin and pomegranate peel extract
substantially enhanced the protective effect. The CPC- and CPP-
coated lychees exhibited no internal fungal contamination
throughout the 30 days storage period. By day 30, fruits treated
with CPC and CPP lms retained 45.5 ± 2.4% and 53.8 ± 2.1%
of their initial weight, respectively, while maintaining fresh
aroma, acceptable texture, and no visible fungal growth. These
results suggest that curcumin and pomegranate peel extract not
only act as antioxidants but also contribute antifungal activity,
synergistically extending the shelf life and preserving the overall
s of mass loss versus storage time of litchi (B): blank, CP, CPC, and CPP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quality of lychee fruits under non-refrigerated conditions. These
ndings align with the previous study reporting the efficacy of
bioactive coatings in reducing postharvest losses through
moisture barrier properties and antimicrobial actions.58 The
dual function of these coatings, retarding weight loss and
inhibiting spoilage, underscores their potential for sustainable
and natural postharvest preservation strategies in the fresh
produce industry.

The postharvest performance of bioactive coatings was
further evaluated on Japanese plum (Prunus salicina) to assess
their applicability across different fruit matrices. A storage
experiment was conducted under the same conditions as for
lychee, employing periodic external observation and measure-
ment of weight loss to monitor changes in fruit quality
throughout the storage period (Fig. 9).

During the rst 18 days, there were no statistically signicant
differences in weight loss among the coated (CP, CPC, CPP) and
uncoated control groups. All samples exhibited minimal dehy-
dration and retained similar external appearance. However,
starting from day 20, visible signs of quality degradation became
apparent in the control and CP- and CPC-coated groups, including
surface wrinkling and loss of rmness, symptoms commonly
associated with progressive moisture loss and senescence in
plums. Notably, by day 26, the fruits coated with CPC lms
exhibited pronounced soening and developed a darker reddish-
purple hue. This accelerated ripening and discoloration may be
attributed to the interaction between curcumin and phenolic
compounds naturally present on the plum surface, potentially
catalyzing anthocyanin transformation or promoting enzymatic
browning. These observations align with reports on pro-oxidant or
pigment-modulating behavior of curcumin under certain
conditions.59,60

At the end of the 30 days storage period, quantitative weight
loss measurements revealed that the uncoated fruits retained 76.4
± 1.9% of their initial weight, while those coated with CP and CPP
lms retained 77.9 ± 0.9% and 81.9 ± 0.7%, respectively.
Although the differences in weight retention among coated groups
were moderate, the CPP-coated fruits displayed superior visual
and textural quality. They maintained smooth skin, minimal
surface wrinkling, and rm esh without signs of over-ripening or
fungal decay. In contrast, CP- and CPC-coated samples exhibited
varying degrees of soening, skin dullness, and color changes,
which can negatively impact marketability. These ndings suggest
that while CP-based coatings are generally benecial for delaying
postharvest deterioration in Prunus salicina, the incorporation of
pomegranate peel extract (CPP) offers additional advantages in
preserving fruit rmness, preventing skin wrinkling, and main-
taining overall freshness during extended storage.

The results highlight the selective effectiveness of natural
additives, depending on fruit type and physiology, and reinforce
the importance of tailoring coating formulations for specic
produce.

4. Conclusion

Waste robusta coffee husk was successfully valorized as a novel
pectin source through ultrasound-assisted extraction, achieving
© 2025 The Author(s). Published by the Royal Society of Chemistry
a high yield of 16.4%. The extracted pectin exhibited suitable
gelling properties, enabling its application in roselle marma-
lade. Formulations containing 0.5% coffee husk pectin, 1.0%
citric acid, and 50% sucrose produced marmalade with favor-
able texture and sensory acceptability, conrming its func-
tionality as a citrus pectin alternative. When incorporated into
chitosan-based biolms, the pectin contributed to enhanced
barrier and mechanical properties. The addition of natural
antioxidants, curcumin (CPC) and pomegranate peel extract
(CPP), signicantly improved radical scavenging activity. Post-
harvest application of these lms demonstrated strong protec-
tive effects. Lychee fruits coated with CPP lm retained 53.8 ±

2.1% of their original weight aer 30 days of storage at ambient
conditions, with no visible fungal growth, compared to only
45.5 ± 2.4% for CPC while uncoated samples were decomposed
completely aer only 20 days. In Japanese plums, CPP coatings
maintained 81.9 ± 0.7% weight retention, preserved skin
smoothness, and prevented over-ripening more effectively than
other treatments. These ndings conrm the dual functionality
of coffee husk pectin in food and active packaging applications,
supporting sustainable material innovation and circular bi-
oeconomy goals.
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Z. Branković, Prog. Org. Coat., 2021, 158, 106349.

27 B. R. Machado, S. P. Facchi, A. C. de Oliveira, C. S. Nunes,
P. R. Souza, B. H. Vilsinski, K. C. Popat, M. J. Kipper,
E. C. Muniz and A. F. Martins, Int. J. Mol. Sci., 2020, 21, 8663.
36640 | RSC Adv., 2025, 15, 36625–36641
28 N. Aliabbasi, M. Fathi and Z. Emam-Djomeh, J. Environ.
Chem. Eng., 2021, 9, 105520.

29 X. Qu, X. Wang, W. Guan, Y. Zhao and J. Li, Food Bioprocess
Technol., 2024, 17, 2973–2997.

30 Z. N. Hanani, F. C. Yee and M. Nor-Khaizura, Food
Hydrocolloids, 2019, 89, 253–259.

31 H. Li, Y. Jiang, J. Yang, R. Pang, Y. Chen, L. Mo, Q. Jiang and
Z. Qin, Food Hydrocolloids, 2023, 145, 109150.

32 S. F. Mirpoor, S. M. H. Hosseini and G. H. Youse, Food
Hydrocolloids, 2017, 71, 216–224.

33 H. Cui, D. Surendhiran, C. Li and L. Lin, Food Packag. Shelf
Life, 2020, 24, 100511.

34 T. Kaseke, S. C. Chew, T. P. Magangana and O. A. Fawole,
Food Bioprocess Technol., 2025, 18, 4222–4250.

35 L. H. Reichembach and C. L. de Oliveira Petkowicz,
Carbohydr. Polym., 2020, 245, 116473.

36 R. L. Azzahra, P. Lestari, D. Y. Susanti, N. C. Dione and
A. M. Chairani, Preparation and Extraction of Pectin from
Robusta Coffee (Coffea canephora) Peel Waste as
a Sustainable Agriculture Biomass, in Proceedings of the
BIO Web of Conferences, 2025, p. 09001.

37 P. Skenderidis, S. Leontopoulos, K. Petrotos and I. Giavasis,
Foods, 2020, 9, 1655.
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