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ABSTRACT

Background. Conventional pectin extraction requires high temperatures, long extraction times, and mineral
acids, leading to significant environmental impact. This study explored the extraction of pectin from rough
lemon peel (Citrus jambhiri) using a combined ultrasound-microwave assisted method (UMAE) with citric
acid as a green solvent.

Materials and methods. The effects of temperature (60—65°C), microwave power (500-600 W), and ultra-
sonic amplitude (50-55%) on pectin yield, degree of esterification (DE), methoxyl (MeO) content, anhydro-
uronic acid (AUA), water retention capacity (WRC), oil retention capacity (ORC), emulsification capacity
(EC), and emulsion stability (ES) were evaluated using a 23 factorial design.

Results. Optimal extraction (60°C, 500 W, 50% amplitude) yielded 47.37% pectin with an equivalent weight
of 616 g/mol, MeO of 9.07%, DE of 73.27%, and AUA of 80.08%, classifying it as high-methoxyl and high-
purity pectin. The extracted pectin exhibited high water retention (10.85 g water/g), oil retention (5.45 g of
0il/g), and strong emulsifying properties (EC: 46.65%; ES: 76.25%), demonstrating its potential as a stabi-
liser and emulsifier in food applications.

Conclusion. UMAE with citric acid is an efficient, environmentally friendly approach for producing high-
quality pectin from citrus waste, offering excellent physicochemical, techno-functional, and emulsifying
properties suitable for food matrices.

Keywords: Waste valorisation, Microwave, Ultrasound, Citrus peels, Functional biopolymers

INTRODUCTION

Citrus peels are the primary commercial source of including rough lemon (Citrus jambhiri). The peel
pectin, accounting for 85% of global production (Zi- waste from this variety represents approximately 40%
oga et al., 2022). Despite extensive research on citrus  of the fruit’s total weight (Priyadarshi et al., 2021),
pectin extraction (Singhal and Swami, 2022; Vathsala making it a by-product with substantial potential for
et al., 2024), some varieties remain underexplored, pectin recovery (Baraiya et al., 2023).
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Pectin is a polysaccharide widely used in the food,
pharmaceutical, and cosmetic industries because of its
excellent gelling, thickening, and stabilising proper-
ties (Hadidi et al., 2025). Owing to the diversity of its
applications and increasing market demand, with an
annual growth rate of approximately 6% (Hossain et
al., 2024), researchers are exploring more efficient and
sustainable methods for pectin production (Elik and
Armagan, 2025).

Among emerging technologies, ultrasound-assist-
ed extraction (UAE) and microwave-assisted extrac-
tion (MAE) have gained particular attention (Pei et
al., 2024). These techniques can improve extraction
efficiency while significantly reducing environmental
impact (Durga et al., 2025; Yata-Franco et al., 2025),
enabling pectin production in shorter times, with lower
energy consumption, and using more environmentally
friendly solvents compared with conventional meth-
ods (Benmebarek et al., 2024; Golub et al., 2025).

UAE is an environmentally friendly processing
technology (Hernandez et al., 2024) based on the ap-
plication of high-frequency sound waves (typically
> 20 kHz) to a liquid medium containing plant mate-
rial (Durga et al., 2025). These waves induce acoustic
cavitation, characterised by the formation and collapse
of microbubbles. The collapse of these microbubbles
generates a localised increase in pressure and tempera-
ture (Dixit et al., 2025), leading to disruption of plant
cell walls. This process enhances solvent penetration
into the cellular matrix, thereby facilitating the release
of pectin and other intracellular compounds into the
extraction medium (de Souza et al., 2025).

Similarly, MAE employs electromagnetic radia-
tion to rapidly heat the solvent, which subsequently
transfers thermal energy to the plant material. This
heating generates intracellular pressure that disrupts
cellular structures and promotes the release of com-
pounds such as pectin (Haque et al., 2025). The break-
down of cell structures improves solvent penetration
and solubilization of pectin, resulting in more efficient
extraction (Choudhury et al., 2025).

These technologies have been applied to pectin ex-
traction from various citrus peels, including Citrus [i-
mon var. Eureka (Pei et al., 2024), Citrus limetta Risso
(Vathsala et al., 2024), Citrus limetta (Rai et al., 2025),
Citrus sinensis (Zioga et al., 2022), Citrus reticulata
(Duggal et al., 2024), and Citrus maxima (Hossain
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et al., 2024), where they have significantly improved
pectin yield and quality compared with conventional
extraction methods. However, most studies report the
application of UAE and MAE either individually or
sequentially (Yata-Franco et al., 2025). The simultane-
ous application of these technologies remains limited,
particularly for pectin extraction from rough lemon
(Citrus jambhiri).

Therefore, the objective of this study was to extract
pectin from Citrus jambhiri peel using a combined ul-
trasound—-microwave-assisted extraction (UMAE) ap-
proach with citric acid as an environmentally friendly
solvent, and to evaluate its effects on yield, physico-
chemical properties (degree of esterification [DE],
methoxyl content [MeO], and anhydrouronic acid
[AUA]J), techno-functional properties (water retention
capacity [WRC] and oil retention capacity [ORC]),
and emulsifying properties (emulsification capacity
[EC] and emulsion stability [ES]) of the extracted
pectin. The adoption of such technologies and green
solvents reflects a broader shift toward sustainable and
environmentally responsible strategies for the valori-
sation of agri-food waste (Pei et al., 2024; Malpartida
et al., 2025).

MATERIALS AND METHODS

Materials

Ripe rough lemon (Citrus jambhiri) fruits were ob-
tained from the province of Chanchamayo, Depart-
ment of Junin, Peru, and transported to the Andean
Research Institute (INITA), UNAAT, for processing.
All chemicals used in this study, including ethanol,
citric acid, NaOH, and HCI, were of analytical grade.

Preparation of rough lemon peels

The lemon peels were cut into small pieces, dried at
50°C to constant weight, and ground using a Wiley
mill (model MA-360). The resulting powder was
packaged in polyethene bags and stored at —18°C until
further use.

Extraction of pectin using UMAE

Pectin from Citrus jambhiri was extracted following
the method described by Hossain et al. (2024), with
minor modifications. Briefly, 5 g of ground peel was
mixed with an acid solution (adjusted to pH 2 with
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Fig. 1. Experimental scheme for pectin extraction using UMAE

citric acid) at a solid-to-liquid ratio of 1:30 (g/mL). The
mixture was subjected to a UMAE process for 5 min
according to a 2° factorial design (Fig. 1), using a mi-
crowave system equipped with an ultrasonic module
(Uwave-2000). After extraction, the mixture was ho-
mogenised (HS-30E) with distilled water at a ratio of
1:20 (v/v) for 10 min, then filtered by pressing through
a nylon cloth. The filtrate was precipitated with 96%
ethanol at a 1:2 (v/v) ratio for 12 h at 20°C (Duggal
et al., 2024). The coagulated pectin was collected by
filtration and dried at 40°C in an oven (BJPX-H64II)
to constant weight. The dried Citrus jambhiri pectin
(CJP) was ground, packaged, and stored for further
analysis.

Pectin yield (PY)

Pectin yield was calculated using Equation (1) as de-
scribed by Akachat et al. (2025):
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PY (%)= i\: x 100 (1)

0

Where M is the weight of dried pectin, and M, is the
weight of ground rough lemon peel.

Determination of physicochemical properties
Equivalent weight (PE)

Equivalent weight was determined according to the
method described by Vathsala et al. (2024). Briefly,
0.1 g of pectin, 1 mL of ethanol, and 1 g of NaCl were
mixed, followed by the addition of 20 mL of distilled
water. The mixture was stirred, 4-5 drops of phenol-
phthalein were added, and the solution was titrated
with 0.1 N NaOH until a pink colour appeared. The
equivalent weight was calculated using Equation (2):

Powdered pectin (g) - 1000

PE=
NaOH volume (mL) - NaOH normality

)

61


http://doi.org/10.17306/J.AFS.001465
http://www.food.actapol.net/

Tocto-Yajahuanca, L., Yata-Franco, L.E., Malpartida-Yapias, R.J., De La Cruz-Calderén, G., Canchari-Fierro, Y.E. (2026). Ecological ex-
traction of pectin from Citrus jambhiri using a microwave-ultrasound combination with citric acid: Yield, physicochemical, techno-
functional, and emulsifying properties. Acta Sci. Pol. Technol. Aliment., 25(1), 59-69. http://doi.org/10.17306/).AFS.001465

Methoxyl content (MeO)

To the neutralised solution obtained from the PE de-
termination, 5 mL of 0.25 N NaOH was added. The
mixture was stirred and allowed to stand for 30 min,
followed by the addition of 5 mL of 0.25 N HCI. The
solution was then titrated with 0.1 N NaOH (Vathsala
et al., 2024). Methoxyl content was calculated using
Equation (3):

NaOH volume (mL) - NaOH

normality - 3.1
MeO (%) =

Sample weight (g) )
Degree of esterification (DE)

Degree of esterification was determined as described
by Elik and Armagan (2025). Briefly, 200 mg of pow-
dered pectin was hydrated in 20 mL of CO,-free dis-
tilled water at 40°C with 3 mL of ethanol. The mixture
was stirred at 250 rpm for 30 min, after which 4 drops
of phenolphthalein were added, and the solution was
titrated with 0.1 N NaOH to obtain volume V . Subse-
quently, 10 mL of 0.1 N NaOH was added and stirred
for 15 min until the pink colour intensified. Then, 10
mL of 0.1 N HCI was added and stirred until the pink
colour disappeared. Finally, the solution was titrated
again with 0.1 N NaOH to obtain volume V,. The DE
was calculated using Equation (4):

V, (mL)
V, (mL)+V, (mL)

De (%) = x 100 (4)

Anhydrouronic acid content (AUA)

Pectin purity was determined according to the method

described by Hossain et al. (2024) and expressed as

anhydrouronic acid content using Equation (5):

176 x 0.1z x 100+ 176 x 0.1y x 100
w x 1000 w x 1000

Where z is the volume (mL) of NaOH used in the PE
titration, y is the volume (mL) of NaOH used in the
MeO titration, and w is the sample weight.

AUA (%) =

©)

Techno-functional properties of pectin

Water retention capacity (WRC) and oil retention
capacity (ORC)

Water retention capacity and oil retention capacity
were determined following the method described by
Wani and Patidar (2025). Briefly, 1 g of pectin was
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mixed with 10 mL of distilled water or vegetable oil in
centrifuge tubes. The mixtures were shaken vigorous-
ly for 1 min and centrifuged at 3500 rpm for 20 min.
The supernatant was discarded, and the residue was
weighed. WRC and ORC were calculated using Equa-
tions (6) and (7), respectively (Duggal et al., 2024):

Weight of retained water

WRC = 6
Sample weight ©

OHC = Weight of retai.ned oil )
Sample weight

Statistical analysis

All treatments were performed in triplicate, using
a 23-factorial design. Statistical analyses were con-
ducted using R software (version 4.5.0). Data were
analysed by analysis of variance (ANOVA), and dif-
ferences were considered statistically significant at
p < 0.05. Results are presented as mean +standard
deviation.

RESULTS AND DISCUSSION

Yield of extracted pectin

Figure 2 illustrates the yield of pectin extracted from
Citrus jambhiri using UMAE. Treatment CJP7 (60°C,
500 W, and 50% ultrasonic amplitude) produced the
highest pectin yield (47.37%), whereas CJP1 (65°C,
600 W, and 50% amplitude) yielded only 38.03%,
with the difference being statistically significant (p <
0.05). These yields are substantially higher than those
reported in the only published study on Citrus jambhi-
ri pectin, which reported a yield of 12.91% (Baraiya
et al., 2023). This discrepancy can be attributed to
differences in the extraction method: Baraiya et al.
(2023) employed a conventional wet-grinding tech-
nique without pH adjustment (plant material + water),
whereas the present study used UMAE, an emerging
technology that enhances pectin release by promot-
ing cell disruption, resulting in higher extraction effi-
ciency (Choudhury et al., 2025). Moreover, the yields
obtained are consistent with previous reports, which
have documented yields of up to 46% from Navel or-
ange peel using microwave-assisted extraction with
deep eutectic solvents (Turan et al., 2024) and 45%
from lemon peels under optimised conditions (Aka-
chat et al., 2025).
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Fig. 2. Yield of CJP obtained by UMAE. Data are expressed
as mean =+standard deviation; different letters indicate sig-
nificant differences among treatments

Similarly, previous studies by Liew et al. (2016),
Lasunon and Sengkhamparn (2022), and Shourove et
al. (2025) reported higher pectin yields from grape-
fruit peel (38%), tomato waste (34.39 +1.12), and wa-
termelon peel (32.11%), respectively, when UAE and
MAE were applied sequentially rather than individu-
ally. This trend is consistent with the present results, in
which the simultaneous application of UAE and MAE
further enhanced extraction efficiency.

The findings of this study indicate that the si-
multaneous application of ultrasound and micro-
wave energy (UMAE) enables higher pectin yields
under moderate operating conditions (60°C, 500 W,

a)

Temperature Power Amplitude

45

Yield

60 65 500 600 50 55

and 50% ultrasonic amplitude) (Fig. 3). This obser-
vation contrasts with reports suggesting that more
extreme processing parameters are required to max-
imise yield (Benmebarek et al., 2024). The improved
efficiency can be attributed to the synergistic effects
of both technologies: microwave energy thermally
weakens the plant matrix, while ultrasound induces
cavitation that mechanically disrupts the tissue (Dixit
et al., 2025; Malpartida et al., 2025). This combined
action enhances solvent penetration, promotes pectin
solubilization, and facilitates its release without the
need for severe processing conditions (Choudhury et
al., 2025). Furthermore, Panwar et al. (2023) reported
that excessive ultrasonic amplitude can reduce cavita-
tion efficiency due to asymmetric and turbulent bub-
ble collapse, thereby diminishing energy transfer and
lowering pectin yield. Similarly, Lasunon and Seng-
khamparn (2022) observed that increasing microwave
power to 600 W for 10 min slightly reduced pectin
extraction efficiency.

Finally, it is important to note that the choice of
extraction solvent significantly influences pectin yield.
Previous studies have demonstrated the favourable
performance of citric acid; for example, Duan et al.
(2022) reported higher yields of mandarin peel pec-
tin using citric acid (18.99%) compared with HCI
(15.34%). Similarly, Van Hung et al. (2021) observed
pectin yields from grapefruit peel of 9% with citric
acid, 8.2% with acetic acid, and 8% with lactic acid.

b
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Fig. 3. (a) Main effects plot showing the individual influence of temperature, power, and amplitude on yield. (b) Interaction
plot illustrating the combined effects of these factors on yield, highlighting significant interactions between power x ampli-

tude and temperature X power interactions
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These findings support the selection of citric acid as an
efficient and environmentally friendly extraction agent
in the present study.

Physicochemical properties of CJP
The functionality of pectin is closely related to its
physicochemical properties, including equivalent
weight, methoxyl content, degree of esterification, and
anhydrouronic acid content, as presented in Table 1.
Equivalent weight (PE) reflects the amount of free
(unesterified) galacturonic acid present in the pectin
structure (Vathsala et al., 2024), and properties such as
viscosity and water- binding capacity are influenced
by PE. The equivalent weight of Citrus jambhiri pec-
tin ranged from 580 £8.40 g/mol (CJP1) to 769 g/mol
(CJP4). These values are comparable to those reported
by Hossain et al. (2024), who observed equivalent
weights of 525.46 g/mol and 717.86 g/mol in grape-
fruit peel pectin extracted using MAE and UAE, re-
spectively. Furthermore, these values fall within the
range reported by Ifiiguez et al. (2024), who found
equivalent weights between 390 and 1219.51 g/mol
in orange peel pectins. They concluded that more ex-
treme extraction conditions tend to yield pectins with
higher PE and lower DE. The equivalent weight of
pectin is influenced by factors such as extraction pH
(lower pH promotes pectin polymerisation, reduces
free acid groups, and increases PE) and the type of

Table 1. Physicochemical properties of extracted pectin

solvent used during extraction (Haque et al., 2025). In
addition, it has been reported that increased fruit ripe-
ness is associated with higher PE due to a greater pro-
portion of esterified acid groups (Hossain et al., 2024).

The methoxyl (MeO) content is a key parameter
that helps define the functional properties of extracted
pectin, particularly its gel-forming capacity (Dambuza
et al., 2024). Based on methoxyl content, pectin is
classified as high methoxyl (= 7%), which gels under
conditions of high sugar concentration, acidic pH, and
elevated temperatures (Yi et al., 2024), or low meth-
oxyl (< 7%), which gels in the presence of Ca®* ions
or other cations (Panwar et al., 2023). The MeO con-
tent of the extracted pectin ranged from 7.83 +0.78%
(CJP1)t09.07 £0.77% (CJIP7), classifying it as a high-
methoxyl pectin. Duggal et al. (2024) reported a MeO
content of 7.44% in pectin extracted from Citrus reti-
culata peels using MAE, while Haque et al. (2025) in-
dicated that commercial pectins typically exhibit MeO
values between 8 and 11%. Based on these values, CJP
may be suitable for applications ranging from jams to
yoghurt products as a gelling agent.

The degree of esterification (DE) determines the
commercial applicability of pectin, as it directly in-
fluences its gelling, thickening, and stabilising capac-
ity (Baraiya et al., 2023). Commercially, pectins with
DE > 50% are classified as high-methoxyl, enabling
rapid gel formation under conditions of high sucrose

Physicochemical characteristics

Treatments
PE (g/mol) MeO (%) DE (%) AUA (%)
CJP1 580 +8.40¢ 7.83 £0.78 68.79 £0.05° 74.80 +0.88:¢
CJp2 563 +7.94° 7.98 £0.91% 79.11 £0.00* 76.56 £0.00*
CJP3 702 £12.32%¢ 8.76 £0.78* 70.00 £0.01* 74.80 +0.88%¢
CJpP4 769 +0.00° 8.91 +0.77* 70.08 £0.00* 73.48 £0.44%
CJP5 742 £27.47% 7.52 £0.23¢ 71.68 £0.01® 69.08 £2.20¢
CJp6 656 +£10.75% 7.60 £0.15¢ 68.90 +0.02° 71.72 £0.44%
CJp7 616 £9.47% 9.07 0. 77a 73.27 £0.01* 80.08 +0.79*
CJP8 678 £11.49% 8.45 £0.78 70.76 £0.03® 75.24 £1.32

Note. Values are expressed as means +standard deviation. Means that do not share a superscript differ significantly (p < 0.05).
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concentration, low pH, and elevated temperatures,
whereas pectins with DE < 50% are classified as low-
methoxyl (Haque et al., 2025). In this study, the DE
of Citrus jambhiri pectin varied significantly (p <
0.05), ranging from 68.79% (CJP1) to 73.27% (CPJ7).
These values exceed those reported by Baraiya et al.
(2023) (40.83%) for Citrus jambhiri peels, fall within
the range reported by Ifiguez et al. (2024) (28.30—
82.80%) for orange peels, and are lower than the
85.49% reported by Rai et al. (2025) for sweet lime
peels. The observed variations in DE can be attributed
to differences in fruit variety, degree of maturity, and
processing conditions, as severe extraction parameters
(e.g., high microwave power, low pH, or prolonged
extraction time) tend to decrease DE (Hossain et al.,
2024).

Anhydrouronic acid (AUA) content is an indicator
of pectin purity; values < 65 % are generally consid-
ered suitable for use in food and pharmaceutical appli-
cations (Dambuza et al., 2024). The extracted pectin
exceeded this threshold, with values ranging from
69.08 +£2.20% (CJPS5) to 80.08 +£0.79% (CJP7). These
results are comparable to those reported by Baraiya et
al. (2023) (73.92%) for Citrus jambhiri peel and by
Hossain et al. (2024), who reported AUA values of
72.04% using UAE and 89.01% using MAE in grape-
fruit peels. Gurev et al. (2023) indicated that lower
pH and higher liquid-to-solid ratios increase AUA
content, whereas Duan et al. (2022) demonstrated that
pectin extracted using citric acid exhibits higher purity
than that obtained with HCI. Low AUA values gener-
ally indicate a higher presence of non-pectin compo-
nents, such as proteins, sugars, or starch, depending on
the extraction source (Hossain et al., 2024).

Techno-functional properties of CJP pectin

Water retention capacity (WRC) and oil retention ca-
pacity (ORC) are important functional properties of
pectin, as they determine the ability of the polymer
to retain water and oil (Haque et al., 2025). As shown
in Figure 4, the WRC of the extracted pectin ranged
from 8.90 g water/g pectin (CJP1) to 10.96 g water/g
pectin (CJP6). These values are comparable to those
reported by Turan et al. (2024), who observed WRC
values between 8.12 and 10.88 g water/g pectin in
orange peel pectin, and by Duggal et al. (2024), who
reported a value of 8.27 g water/g pectin for Citrus
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Fig. 4. Water retention capacity (WRC) and oil retention
capacity (ORC) of CJP obtained using UMAE. Values are
presented as means; means that do not share a superscript
differ significantly (p < 0.05).

reticulata pectin, both obtained using MAE. These
results indicate that Citrus jambhiri pectin has poten-
tial as a stabilising and thickening agent and may help
reduce syneresis in products such as jams, jellies, yo-
ghurts, and dairy desserts (Turan et al., 2024).

The oil retention capacity (ORC) of extracted pec-
tin differed significantly (p < 0.05) with minimum val-
ues of 4.07 g oil/g pectin (CPJ1) and maximum values
of 5.54 g oil/g pectin (CJP7). The values are higher
than those reported by Wani and Patidar (2025) and
Duggal et al. (2024), who reported ORC values of
5.50 g oil/g pectin for lemon peel and 3.1 g oil/g pectin
for Citrus reticulata, respectively, both obtained using
MAE. These results indicate that Citrus jambhiri pec-
tin has strong potential for use as a stabiliser, emulsi-
fier, and fat replacer in lipid-rich food systems, such as
dairy products, sauces, and meat products (Yang et al.,
2024), as well as in the production of meat analogues
as a healthier alternative (Zhang et al., 2024).

Emulsifying properties

Emulsifiers play a critical role in the food industry by
improving the flavour, texture, and stability of formu-
lated products (Jia et al., 2024). Many commercially
available products, such as creams, milk-based bever-
ages, lotions, and soups, are oil-in-water emulsions. In
this context, pectin, a heteropolysaccharide, has been
shown to contribute effectively to the formation and
stabilisation of oil-in-water emulsions (Molet et al.,
2025). The emulsifying capacity (EC) and emulsion
stability (ES) of CJP pectin are presented in Figure 5.
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Fig. 5. (a) Emulsion capacity (EC) and (b) emulsion stabil-
ity (ES) of CJP. Values are presented as means; means that
do not share a superscript differ significantly (p < 0.05).

The emulsifying capacity (EC) of CJP pec-
tin ranged from 37.90% (CJP1) to 46.65% (CJP7),
while emulsion stability (ES) varied between 67.35%
(CJP1) and 76.25% (CJP7). The EC values exceed
those reported by Wani and Patidar (2025) (35.3%
and 26.7%), and the ES values fall within the range
reported for Citrus medica peel obtained using inter-
mittent and continuous MAE (75.8% and 71.27%, re-
spectively). These results are also comparable to those
reported by Benmebarek et al. (2024), who observed
an EC of 50.56% for Citrus reticulata pectin extracted
using microwave-assisted hydrothermal extraction.
Based on these values, CJP pectin demonstrates strong
potential as a stabiliser and emulsifier in food applica-
tions (Wani and Patidar, 2025).

Furthermore, higher EC (46.65%) and ES (76.25%)
values were achieved under moderate extraction con-
ditions (60°C, 500 W, 50% ultrasonic amplitude),
whereas lower values were observed at more severe pa-
rameters. This trend may be explained by the fact that
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excessive extraction severity can reduce the degree of
pectin branching, thereby limiting its adsorption at the
oil-water interface and promoting instability phenom-
ena such as droplet coalescence (Molet et al., 2025).

CONCLUSIONS

This study demonstrates that pectin extracted from Ci-
trus jambhiri using the combined application of UAE
and MAE can be classified as high-methoxyl, high-
esterification, and high- purity pectin, with favourable
water retention, oil retention, and emulsifying proper-
ties. These findings highlight that the use of UMAE
in combination with environmentally friendly solvents
supports more sustainable practices in the valorisation
of agri-food waste. Future studies are encouraged to
explore the application of this pectin in products such
as yoghurts, jams, fat substitutes, and meat analogues,
as well as to evaluate the potential of UMAE for the
valorisation of other agricultural by-products to fur-
ther optimise extraction yield and enhance physico-
chemical and functional properties.
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