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Abstract

Pectin is a renewable polysaccharide valued for its gelling, stabilising, and encapsulat-
ing properties, with broad applications in food, pharmaceutical, and industrial sectors.
However, extraction conditions critically affect its yield, structural integrity, and functional
performance. Despite citrus peel being a major source of pectin, large amounts remain
underutilised as waste. This study systematically investigates how different acid types
influence the extraction efficiency and structural quality of pectin derived from citrus peel.
Dried citrus peel powder was extracted using four acidsÐsulphuric, hydrochloric, acetic,
and citricÐunder controlled conditions at 80 ◦C. Extractions were performed at a fixed
time of 90 min for all acids, with additional time trials for sulphuric acid. Extracted pectins
were evaluated for gravimetric yield, colour, solubility, degree of esterification (DE) by
titration and FTIR, and structural features using FTIR and 1H NMR spectroscopy. Results
showed that sulphuric and hydrochloric acids yielded the highest pectin recoveries (30±35%
and 20±25%, respectively) but caused significant degradation, evident from dark colour,
broad FTIR peaks, low DE (<10%), and poor solubility. In contrast, acetic and citric acid
extractions resulted in moderate yields (8±15%) but preserved the pectin backbone and
maintained higher DE (>30%) compared to the mineral acid-extracted samples and the
commercial low methoxyl (LM) standard, as confirmed by clear FTIR and NMR profiles.
These findings demonstrate the trade-off between extraction yield and structural integrity,
underscoring the potential of mild organic acids to produce high-quality pectin suitable
for value-added applications. Optimising acid type and extraction conditions can support
sustainable waste valorisation and expand the industrial use of citrus-derived pectin.

Keywords: citrus peel; pectin; waste valorisation; organic acids; mineral acids

1. Introduction

Pectin is a natural structural heteropolysaccharide predominantly located in the primary
cell walls of fruits and vegetables, with citrus peels and apple pomace being particularly
abundant sources [1±3]. Its backbone mainly comprises homogalacturonanÐa linear chain of
α-1,4-linked D-galacturonic acid unitsÐalong with more complex domains such as rhamno-
galacturonan I and II, xylogalacturonan, and various substituted residues including arabinose,
galactose, rhamnose, and O-acetyl or O-methyl moieties. These structural features critically
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govern the physicochemical and functional properties of pectin, underpinning its broad indus-
trial utility.

Owing to its biocompatibility, thermal stability, pH tolerance, and hygroscopic nature,
pectin is widely applied as a renewable functional material in the food, pharmaceutical, and
biomedical fields [4±6]. In the food industry, it serves as a gelling agent for jams and jellies,
an emulsifier in confectionery, and a stabiliser in various processed products. In pharma-
ceutical and biomedical contexts, pectin’s natural gel-forming ability and biocompatibility
enable its use in controlled-release drug delivery systems, wound dressings, and tissue
engineering scaffolds. The degree of esterification (DE)Ðwhich reflects the proportion
of methyl-esterified galacturonic acid residuesÐplays a vital role in determining pectin’s
gelling behaviour and suitability for specific applications. High-methoxyl (HM) pectin
(DE > 50%) gels in high-sugar, low-pH environments, making it ideal for traditional food
gels and emerging nanomedicine systems [7±9]. In contrast, low-methoxyl (LM) pectin
(DE < 50%) forms gels through calcium-mediated cross-linking, which is preferable for low-
sugar food formulations and biomedical applications such as encapsulation of bioactives
and environmental remediation [10±12].

With global population growth and an increasing focus on sustainable food production
and pharmaceutical innovation, pectin’s versatile functionality and renewable sourcing
offer important opportunities for waste valorisation and circular bioeconomy strategies [13].
Despite annual citrus production exceeding 144 million tonnes globally, a significant
portion of citrus peelÐcontaining up to 50% pectin by dry weightÐis still discarded
as processing waste [14,15]. This underutilised biomass contributes to approximately
10 million tonnes of by-product each year, with notable implications for carbon footprint
and waste management. Efficient recovery of high-quality pectin from citrus waste streams
is therefore both an economic and environmental priority.

Various extraction methods have been developed to isolate pectin, including enzyme-
assisted, microwave- and ultrasound-assisted, and subcritical water techniques. While these
methods can offer improved yields and shorter extraction times, they also have practical
limitations such as high cost, energy demands, and potential thermal degradation of the
pectin structure [16±19]. Conventional acid hydrolysis remains the predominant industrial
approach due to its relative simplicity, cost-effectiveness, and scalability. However, the
choice of acidÐwhether strong mineral or mild organicÐstrongly influences pectin’s yield,
molecular weight, DE, colour, and overall functional integrity. Mineral acids such as
hydrochloric and sulphuric acid typically enhance extraction yield through aggressive
hydrolysis of cell wall components but often lead to excessive depolymerisation, resulting
in lower DE and diminished gelling capacity [20]. Conversely, organic acids like acetic or
citric acid offer gentler extraction conditions that better preserve pectin’s structural integrity
but may result in lower recovery rates [21,22].

Despite the wide use of acid hydrolysis, existing studies report conflicting outcomes
regarding the optimal extraction conditions, with differences in acid type, concentration,
extraction time, and temperature often yielding inconsistent results [23,24]. A systematic,
controlled comparison of mineral versus organic acids under standardised conditions
remains limited, hindering clear recommendations for optimising both yield and prod-
uct quality.

Therefore, this study systematically compared the extraction of pectin from dried
citrus peel using sulphuric, hydrochloric, acetic, and citric acids under identical hydrolysis
conditions. The extracted pectins were characterised in terms of yield, colour, solubility,
degree of esterification (via titration and FTIR), and structural integrity using 1H NMR
spectroscopy. By directly contrasting strong mineral and mild organic acids, this work
clarifies the trade-off between extraction efficiency and structural quality, addressing
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inconsistencies in previous research. These findings will help guide the selection of optimal
acid extraction conditions for producing high-quality pectin from citrus waste for food,
pharmaceutical, and sustainable biomaterial applications.

2. Materials and Methods

2.1. Materials

Waste Valencia oranges (Citrus sinensis) peels were collected from local juice bars in
Sheffield, UK. Peels were thoroughly washed with distilled water to remove surface dirt,
residual sugars, and contaminants. Cleaned peels were air-dried at room temperature for
24 h and then oven-dried at 50 ◦C for 48 h until constant weight was achieved. The dried
material was ground into a fine powder using a laboratory blender, passed through a sieve
with 1 mm mesh, and stored in airtight containers prior to extraction. A commercial low-
methoxyl (LM) pectin (degree of esterification < 50%) was purchased from Thermo Fisher
Scientific (Altrincham, UK) and used as a reference standard for comparison. All chemicals
used were of analytical grade and used as received without further purification. Sulphuric
acid (H2SO4, 95±98%), hydrochloric acid (HCl, 37%), glacial acetic acid (CH3COOH), and
citric acid monohydrate (C6H8O7·H2O) were purchased from Thermo Fisher Scientific.
Absolute ethanol (99.5%) and 70% ethanol were used for pectin precipitation and washing
steps. Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used for titrimetric
analysis of the degree of esterification (DE). Deuterium oxide (D2O) or DMSO-d6 for 1H
NMR spectroscopy were obtained from VWR (Leighton Buzzard, UK). All solutions were
prepared using distilled water. The instruments employed included a thermostatically
controlled water bath (Grant Instruments, Hertfordshire, UK), a laboratory centrifuge (Ep-
pendorf, Hamburg, Germany), a hot-air drying oven (Memmert, Büchenbach, Germany),
a Fourier-transform infrared (FTIR) spectrometer with attenuated total reflectance (ATR)
accessory (Thermo Nicolet, MA, USA), and a 400 MHz NMR spectrometer (Bruker, MA,
USA) for structural characterisation.

2.2. Methods

2.2.1. Extraction of Pectin

Adapted from the method developed by Fakayode and Abobi [25] and preliminary
optimisation trials, dried citrus peel powder (10 g) was added to 500 mL of acid solution
(solid-to-liquid ratio of 1:50 (w/v)) for each extraction condition. Four acid types were
tested: sulphuric acid (0.1 N, pH~1.5), hydrochloric acid (0.1 N, pH~1.5), acetic acid
(0.1 N, pH~2.0), and citric acid (0.1 N, pH~2.0). For each acid, extraction was performed
in a thermostatically controlled water bath at 80 ◦C with continuous stirring for 90 min.
Additionally, a time series (60, 90, and 120 min) was conducted to assess the effect of
extraction duration on pectin yield. After extraction, the mixtures were cooled to room
temperature and filtered through muslin cloth to obtain clear filtrates.

2.2.2. Pectin Precipitation and Drying

The filtrates were combined with absolute ethanol in a 1:2 (v/v) ratio in room tem-
perature (RT) to precipitate pectin. Precipitated pectin was recovered by centrifugation at
4000 rpm for 20 min. The pectin was washed twice with 70% ethanol to remove residual
acids and impurities and then dried at 50±60 ◦C in a drying oven until constant weight.
Dried pectin was ground into fine powder and stored in airtight containers.
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2.2.3. Yield Determination

For yield comparison between acid types, the pectin yield was calculated gravimetri-
cally as follows:

Yield (%) =

(

Weight o f dry pectin

Weight o f dry peel

)

× 100

2.2.4. Colour and Solubility Assessment

The colour of dried pectin samples was visually assessed against a white background
and photographed for recording. Quantitative colour analysis using a colorimeter could
not be conducted due to equipment unavailability. Visual assessment of pectin colour was
qualitatively recorded. Turbidity was assessed as a measure of solubility of pectin products
in aqueous solution. Solubility was evaluated by dispersing ~0.025 g of each pectin sample
in 10 mL of distilled water at room temperature and at 60 ◦C. Visual observation and
absorbance at 600 nm (A600) were recorded using a UV±Vis spectrophotometer (Shimadzu,
Kyoto, Japan) to assess turbidity. Water activity (Aw) measurements using a hygrome-
ter were not performed due to lack of access to appropriate instrumentation during the
study period.

2.2.5. Degree of Esterification (DE)

The DE was determined by titration. Approximately 0.025 g of pectin was dissolved in
100 mL of 50% ethanol and titrated with 0.1 N NaOH using phenolphthalein as an indicator.
After the initial titration, an excess of NaOH was added for saponification and the mixture
was left for 30 min, followed by back-titration with 0.1 N HCl. DE was calculated as

DE(%) =

(

V1

(V 1 + V2)

)

× 100

where V1 is the volume for neutralising free carboxyl groups and V2 is the volume for
saponification.

2.2.6. FTIR Analysis

To determine the degree of esterification, FTIR spectra were recorded in the range of
4000±500 cm−1 using an ATR-FTIR spectrometer (PerkinElmer, Connecticut, United States of
America). Key peaks corresponding to ester carbonyl (~1740 cm−1), carboxylate (~1630 cm−1),
and polysaccharide backbone (1000±1200 cm−1) were identified and compared.

2.2.7. 1H NMR Analysis

To identify the molecular structure of extracted pectin under different acid conditions,
approximately 2 mg of each dried pectin sample was dissolved in deuterated solvent
(D2O or DMSO-d6), sonicated, filtered, and analysed using a 400 MHz NMR spectrometer.
Chemical shifts were referenced to the solvent peak, and signals were assigned to methyl
ester (~3.7±3.8 ppm), acetyl (~2.0±2.3 ppm), and sugar ring protons (~3.0±5.5 ppm).

2.2.8. Statistical Analysis

All experiments were performed in triplicate. Data are presented as mean ± stan-
dard deviation (SD). Statistical differences between groups were analysed using one-way
ANOVA followed by Tukey’s post hoc test (GraphPad Prism, version 10.5). A value of
p < 0.05 was considered statistically significant.
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3. Results

This study compared the yield and structural characteristics of pectin extracted from
citrus peel using four acidsÐsulphuric, hydrochloric, acetic, and citricÐunder controlled
hydrolysis conditions. The results highlight how acid strength and extraction time af-
fect extraction yield, colour, solubility, degree of esterification (DE), and structural in-
tegrity, as determined by gravimetric yield, visual assessment, solubility tests, FTIR, and
1H NMR spectroscopy.

3.1. Pectin Yield Analysis

Pectin yield was influenced by both acid type and extraction duration (Figure 1).
Figure 1A shows the average yield at 90 min of extraction at 80 ◦C for all four acids.
Extractions using sulphuric acid produced the highest yields, averaging around 28±30%,
followed by hydrochloric acid with yields between 18 and 22%. Citric acid and acetic
acid resulted in significantly lower yields, averaging about 6±9% and 2±4%, respectively.
Statistical analysis confirmed significant differences between the mineral and organic acid
groups (p < 0.05 to ** p < 0.001).

A B 

Figure 1. (A) Pectin yield (%) extracted from citrus peel using sulphuric, hydrochloric, citric, and
acetic acids at 90 min, 80 ◦C. (B) Pectin yield (%) for sulphuric acid at different extraction times
(60, 90, 120 min), presented as a representative example. Bars represent mean ± SD (n = 3). Significant
differences between acid types are indicated (* p < 0.05, ** p < 0.01, *** p < 0.001). Time-course data for
all acids are provided in Table 1.
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Table 1. Pectin yield (%) at different extraction times (60, 90, 120 min) using various acids at 80 ◦C.
Data are presented as mean ± SD (n = 3).

Acid Type 60 Min 90 Min 120 Min
Sulphuric Acid 27.2 ± 1.8 28.3 ± 2.9 28.0 ± 0.8

Hydrochloric Acid 17.0 ± 1.1 19.0 ± 1.4 18.8 ± 1.0
Citric Acid 5.2 ± 0.6 7.0 ± 2.3 8.0 ± 1.5
Acetic Acid 2.1 ± 0.4 3.5 ± 0.2 3.9 ± 0.5

Figure 1B shows the effect of extraction time on pectin yield using sulphuric acid.
Yields increased from approximately 27.2% at 60 min to 28.3% at 90 min, with no substantial
gain observed at 120 min (28.0%), suggesting a yield plateau beyond 90 min. Table 1
expands this time-course comparison across all four acids. Hydrochloric acid followed
a similar trend, peaking at 90 min (19.0%) and slightly declining thereafter (18.8%). In
contrast, organic acids such as citric and acetic acid showed gradual increases over time.
Citric acid yield rose from 5.2% at 60 min to 8.0% at 120 min, while acetic acid improved
modestly from 2.1% to 3.9% over the same period. These results indicate that while mineral
acids are more efficient for rapid pectin extraction, prolonged extraction may slightly
benefit weaker organic acids.

3.2. Colour of Extracted Pectin

The colour of the dried pectin powders varied noticeably depending on the acid
used (Figure 2). The commercial pectin (far left) appeared pale cream. Pectin extracted
using sulphuric acid was medium brown, while hydrochloric acid-extracted pectin was
the darkest, appearing dark brown to nearly black. Citric and acetic acid-extracted pectins
(fourth and fifth, left to right) were lighter in colour, ranging from amber to deep orange.

Commercial 

pectin 

Sulfuric acid Hydrochloric 

acid 

Citric acid Acetic acid 

Figure 2. Visual appearance of dried pectin powders extracted from citrus peel using different acids,
compared to commercial pectin (far left). Left to right: commercial pectin, sulphuric, hydrochloric,
citric, and acetic acid extracts. Samples were photographed on a white background for comparison.

3.3. Solubility and Degree of Esterification

The degree of esterification (DE) of extracted pectins varied substantially depending
on the acid used. The highest DE was observed in pectin extracted with hydrochloric acid
(36.4%), followed by sulphuric acid (30.5%) and acetic acid (26.4%) (Figure 3A). In contrast,
commercial pectin had a lower DE of 8.4%, and citric acid-extracted pectin showed the
lowest DE at 3.3%. These findings indicate that both mineral acids and some organic acids
can retain esterified groups under certain extraction conditions, although the extent of
esterification appears to depend on both acid type and interaction with the citrus matrix.
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Commercial 

pectin 

Sulfuric 

acid 

Hydrochloric 

acid 

Citric 

acid 

Acetic 

acid 

A B 

C 

Figure 3. (A) Degree of esterification (DE%) of pectin extracted from citrus peel using sulphuric,
hydrochloric, citric, and acetic acids, compared to commercial pectin. (B) Solubility of extracted
pectin samples indicated by absorbance at 600 nm. (C) Visual appearance of 0.25% (w/v) aqueous
pectin solutions from each acid type and the commercial standard, labelled accordingly: Commercial,
Sulphuric, Hydrochloric, Citric, and Acetic acid. Bars represent mean ± SD (n = 3).

The solubility of the extracted pectins, measured by absorbance at 600 nm, varied
depending on the acid used (Figure 3B). The highest solubility was observed in acetic acid-
extracted pectin (A600 ≈ 0.118), followed closely by citric acid (≈ 0.112) and hydrochloric
acid (≈ 0.085). Sulphuric acid showed lower solubility (≈ 0.042), while the commer-
cial pectin had the lowest value (≈ 0.025). These differences were visually apparent in
0.25% pectin solutions (Figure 3C), with organic acid extracts appearing more transparent
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and homogeneous, and mineral acid and commercial samples showing greater turbidity
and residue.

3.4. FTIR Analysis of Extracted Pectin

FTIR spectra for the extracted pectin samples and the commercial standard are shown
in Figure 4. All samples displayed characteristic polysaccharide absorption regions. The
commercial pectin and citric and acetic acid-extracted samples exhibited strong, well-
defined ester carbonyl peaks near ~1740 cm−1 and clear polysaccharide backbone bands in
the 1000±1200 cm−1 region. In contrast, pectin extracted with sulphuric and hydrochloric
acids showed broader, less distinct ester carbonyl peaks and more pronounced carboxylate
bands around ~1630 cm−1, indicating lower esterification and partial chain degradation.
The overall backbone signals for the mineral acid-extracted samples were less resolved
than those of the commercial and organic acid-extracted samples.
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Figure 4. FTIR spectra (baseline-corrected and peak-normalised) of pectin extracted from citrus peel
using sulphuric acid, hydrochloric acid, citric acid, and acetic acid, compared to a commercial pectin
standard. Key functional group peaks include ester carbonyl (~1740 cm−1), carboxylate (~1630 cm−1),
and polysaccharide backbone (~1000±1200 cm−1).

3.5. 1H NMR Analysis of Extracted Pectin

1H NMR spectra for the extracted pectin samples and the commercial standard are
shown in Figure 5. All samples exhibited signals corresponding to sugar ring protons
between ~3.0 and 5.5 ppm. The commercial pectin and the citric and acetic acid-extracted
samples showed well-resolved methoxy signals near ~3.7±3.8 ppm and anomeric proton
peaks around 5.0±5.3 ppm, indicating an intact polysaccharide backbone and retained
ester groups. In contrast, pectin extracted with sulphuric and hydrochloric acids showed
broader, less distinct methoxy signals, and lower signal intensity in the anomeric region,
suggesting partial chain degradation and lower esterification. Small peaks in the acetyl
region (~2.0±2.3 ppm) were present in the commercial and organic acid-extracted samples
but were less prominent in the mineral acid extracts.
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Figure 5. 1H NMR spectra of commercial pectin and pectin extracted from citrus peel using sulphuric,
hydrochloric, citric, and acetic acids. Key regions include methoxy protons (~3.7±3.8 ppm), acetyl
groups (~2.0±2.3 ppm), sugar ring protons (~3.0±5.5 ppm), and anomeric protons (~5.0±5.3 ppm).
Spectra were recorded at 400 MHz in DMSO-d6.

4. Discussion

This study investigated the effects of four different acidsÐsulphuric acid, hydrochloric
acid, acetic acid, and citric acidÐon the yield and structural properties of pectin extracted from
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citrus peel. By evaluating gravimetric yield, colour, solubility, FTIR, and 1H NMR spectra, the
relationship between extraction conditions and pectin quality was systematically assessed.

Extraction yields were highest for sulphuric acid (~28±30%) and hydrochloric acid
(~20±22%), consistent with the stronger hydrolysis power of mineral acids that more ag-
gressively disrupt plant cell walls [26]. However, these harsh conditions also produced
pectin with darker colour and lower solubility. The dark colour seen with sulphuric and hy-
drochloric acid-extracted pectins likely results from sugar caramelisation, Maillard reaction
products, and retained coloured impurities formed under stronger acidic conditions [27].
Additionally, the colour and solubility may also be influenced by lower anhydrouronic
acid content, which is often used as a measure of pectin purity [20]. While not directly
measured in this study, reduced galacturonic acid content or higher levels of neutral sugars
and proteins could have contributed to the darker and more turbid appearance of these
samples. Solubility measurements confirmed that these samples dispersed poorly in water,
with visible undissolved residues.

The effect of extraction time further highlighted key differences in acid performance.
For both sulphuric and hydrochloric acids, pectin yield increased initially but plateaued
or slightly decreased after 90 min, indicating a saturation point under constant thermal
conditions. This may be due to degradation of released pectin or re-condensation of
soluble fragments into insoluble compounds [28]. In contrast, organic acids such as citric
and acetic acid showed a steady increase in yield across the 60±120 min range. These
acids are milder in action, and their extended exposure time appears necessary to fully
access pectin from within the cell wall matrix. However, despite the longer extraction
times, their yields remained lower than those of mineral acids, aligning with reports that
organic acids typically have lower extraction efficiency but can preserve the pectin structure
better [19,29,30].

FTIR analysis showed that sulphuric and hydrochloric acid-extracted pectins exhib-
ited broader, less distinct ester carbonyl (~1740 cm−1) peaks and stronger carboxylate
(~1630 cm−1) signals, indicating a lower degree of esterification (DE) and partial backbone
hydrolysis. The commercial standard also displayed similar FTIR features, consistent
with its low methoxylated nature. In contrast, pectin extracted with acetic and citric acids
retained clearer ester carbonyl bands and more defined polysaccharide backbone peaks,
indicating higher DE and better structural integrity [31,32].

1H NMR spectra supported these trends: citric and acetic acid-extracted samples
showed stronger methyl ester proton peaks (~3.7±3.8 ppm) and well-resolved sugar ring
signals (~3.0±5.5 ppm), while sulphuric and hydrochloric acid-extracted pectins and the
commercial LM standard showed weaker ester signals and broader anomeric regions,
reflecting lower DE and more extensive depolymerisation [33,34].

Overall, these results highlight the trade-off between extraction yield and structural
quality. While strong mineral acids maximise pectin yield, they can drive the DE below
levels that maintain functional gelling or stabilising performance [35]. The commercial
pectin used in this study, with DE < 10%, represents a typical low methoxyl (LM) standard
designed for calcium-mediated gelation. The fact that mineral acid-extracted pectin also
displayed similarly low DE suggests that overly harsh hydrolysis may limit its practical
application where higher ester content is required. In contrast, milder organic acids like
acetic and citric produced moderate yields but preserved esterification and the polysac-
charide backbone better, offering functional properties suitable for conventional gelling
and encapsulation applications. Extraction yield can be determined by different protic
acids. For example, Ma et al. found greatest extraction yields of mango peel pectin using
diprotic and triprotic malic and citric acids, respectively, compared to monoprotic lactic
acid [36]. Further, strong acids marked by high Ka were reported to yield higher amounts
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of extracted pectin than weak acids. Jong et al. found that mineral acids produced a yield
of 10% at 0.1 M compared to 7% from durian rind pectin. Strong acids are reported to
solubilise protopectin into small monomeric counterparts at faster rate constants than weak
acids to a point where no further monosaccharides can be precipitated with ethanol [20].
This may suggest that large Ka or polyprotic acids may speed up extraction of pectins.

Different sources of citrus pectin, including lime and lemon, can provide high yields
under varied pH ranges due to different matrix protein composition and thus differential
Schiff base formation rates [26,37].

We hypothesised that longer extraction times produce higher yields, particularly for
weak organic acids, owing to time- and or concentration-dependent hydrolysis [38,39].
In addition to facilitating thermal decomposition, we hypothesise that higher incubation
temperatures enhance acid diffusion into the solid peel matrix and enhance solubility,
particularly of water-insoluble proto-pectin, enhancing extracted pectin yield [37]. While
colour and water activity measurements were not conducted in this study, future work will
include instrumental analyses to strengthen physicochemical characterisation and storage
stability assessments.

These findings provide practical guidance for optimising extraction conditions: bal-
ancing acid strength and extraction time can help maximise recovery while preserving
functional quality. For food, pharmaceutical, or biomaterial applications requiring higher
gelling ability, organic acids may be preferable despite lower yields, especially when
integrated with sustainable citrus waste valorisation strategies.

5. Conclusions

This study systematically compared the extraction of pectin from citrus peel using
sulphuric, hydrochloric, acetic, and citric acids, examining the influence of acid type and
extraction duration on yield and structural quality. Strong mineral acids such as sulphuric
and hydrochloric produced the highest pectin yields but led to significant degradation of
the polysaccharide backbone, as shown by darker colour, reduced solubility, low degree of
esterification, and evidence of structural breakdown in FTIR and NMR analyses. In contrast,
extractions with acetic and citric acids yielded pectin with higher degree of esterification
and better-preserved backbone integrity than the mineral acid-extracted samples and the
commercial low-methoxyl standard, resulting in superior solubility, though with lower
overall yield.

These findings underscore the importance of balancing extraction efficiency with
structural integrity, depending on the intended application. For functional uses such as
gelling, encapsulation, or controlled release, milder organic acids may be preferable to
produce high-quality pectin. By comparison, mineral acid extractions may be more suitable
for bulk uses where maximum yield is prioritised over detailed structural preservation. This
work provides valuable insights to guide the optimisation of pectin extraction conditions
for sustainable recovery and high-value use of citrus processing waste.
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The following abbreviations are used in this manuscript:

ANOVA Analysis of variance
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LM Low-methoxyl
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RT Room temperature
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