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Abstract 
This study explores the potential of utilizing watermelon rinds, a significant agricultural byproduct, as a 
sustainable source for pectin extraction using the steam explosion (SE) technique at 121 °C for 30 min. The 
SE-extracted watermelon pectin (WP) was characterized and compared with standard commercial citrus 
pectin (CP). The WP exhibited an extraction yield of 3.41 ± 0.13%, a degree of esterification (DE) of 37.42 
± 1.92%, and a methoxyl content of 6.10 ± 0.20%, classifying it as a low-methoxyl pectin. FTIR analysis 
confirmed the preservation of characteristic pectin functional groups. Notably, XRD patterns revealed that 
while CP was predominantly amorphous, WP contained co-extracted crystalline mineral phases. SEM-EDS 
and high-resolution elemental mapping verified that these phases, consisting of Sylvite (KCl), Calcite 
(CaCO3), and Halite (NaCl), were homogeneously integrated and securely embedded throughout the pectin 
biopolymer matrix. These findings were consistent with the significantly higher ash content (6.42 ± 0.15%) 
and thermal residue (43.83% at 550 °C) observed in WP than in CP. DSC analysis indicated distinct thermal 
phase transitions, characterized by a major endothermic dehydration peak at 135.85 °C. SEM observations 
confirmed that SE effectively disrupted the cell wall matrix, yielding a porous pectin network with integrated 
mineral microparticles. These results demonstrate that steam explosion is a promising alternative that is 
potentially greener than conventional acid extraction due to reduced chemical and acid consumption for 
producing functional pectin with co-extracted and integrated crystalline mineral phases, offering viable 
potential for application in functional food systems. 
 
Keywords: Low-methoxyl pectin, Pectin extraction, Physicochemical properties, Steam explosion, Thermal 
stability, Watermelon rind 
 
1 Introduction 
 
Watermelon is among the most widely cultivated 
fruits globally, with production reaching 
approximately 99.7 million tons in 2023 [1]. However, 
the fruit suffers from a high waste rate of about 45% 
due to its short shelf life and the non-consumption of 
its rinds, which represent 30-40% of the total fruit 
weight [1], [2]. This leads to millions of tons of 
discarded biomass annually, posing a significant 
environmental challenge [3] as these rinds are often 
dumped without industrial application [2]. Recently, 

research has pivoted towards transforming these zero-
value wastes into sustainable food ingredients and 
value-added products, such as 3D-printed functional 
gummies and biodegradable preservation films [4]. 
The valorization of such agricultural byproducts 
through advanced biorefining technologies has gained 
widespread attention within circular and sustainable 
green economic frameworks [5]. Various biomass 
pretreatment methodologies, combining physical and 
chemical actions, have been continuously developed 
to disrupt rigid plant cell wall barriers and maximize 
the recovery of high value biopolymeric structures [6]. 
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Watermelon rinds are particularly rich in bioactive 
compounds and structural polysaccharides, especially 
pectin, which serves as a high-value functional 
biopolymer in the food, pharmaceutical, and cosmetic 
industries [7], [8]. Beyond pectin, watermelon rinds are 
also abundant in essential minerals, including 
potassium (130.04 mg/100g), sodium (515.44 
mg/100g), and calcium (311.22 mg/100g) [2], [9]. 
Unlike conventional pectin extraction, where mineral 
components typically remain as discarded ash residues, 
appropriate processing methods can securely integrate 
these naturally occurring mineral phases into the final 
biopolymer framework, offering a distinctive structural 
profile and beneficial functional traits for downstream 
applications[2], [7], [8]. 

Pectin, a complex polysaccharide primarily 
composed of homogalacturonan, rhamnogalacturonan 
I, and rhamnogalacturonan II motifs with neutral sugars 
[8], features D-galacturonic acid units linked by α-
(1→4) glycosidic bonds in its backbone, which can be 
partially methylated or acetylated. Its emulsifying 
properties are influenced by the extraction method and 
source [7]. Various methodologies have been explored 
for pectin extraction, including subcritical water, 
pressurized natural deep eutectic solvents, and steam 
explosion, with attention to parameters like temperature 
affecting molecular weight and polydispersity [10]. 
Conventional extraction often involves prolonged 
heating with strong mineral acids, raising 
environmental concerns and risking pectin degradation 
[7], [8].  

Steam explosion (SE) represents a promising 
pretreatment technology that is potentially greener than 
conventional acid extraction, owing to the significantly 
reduced consumption of harsh chemicals and acids, by 
subjecting biomass to high-pressure saturated steam 
followed by rapid decompression [10]. This process 
effectively disrupts the lignocellulosic matrix, 
enhancing pectin accessibility and reducing processing 
times compared to conventional acid hydrolysis [10], 
[11]. 

Despite the potential of SE, comprehensive data 
on how extraction parameters affect the structural and 
thermal properties of pectin from watermelon rinds 
remain limited [8]. While studies have examined acid 
hydrolysis and microwave-assisted extraction from this 
waste [8], [12], detailed FTIR patterns, thermal profiles 
via TGA/DSC, and other characterizations specific to 
SE-extracted watermelon pectin are scarce [1], [7]. This 
study addresses this gap by extracting pectin from 
watermelon rinds via steam explosion and 

comprehensively characterizing its physicochemical 
properties, functional groups (including the degree of 
esterification and methoxyl content), crystallinity, 
elemental composition, distribution pathways, thermal 
stability, and morphology using FTIR, XRD, TGA, 
DSC, and SEM-EDS with high resolution elemental 
mapping, alongside its water holding capacity. These 
insights successfully demonstrate the feasibility of SE 
for sustainable pectin production from watermelon 
waste, elucidating complex structure composition-
function relationships of the recovered biopolymer 
matrix for potential industrial applications. 

  
2 Materials and Methods  

 
2.1 Material 

 
Watermelon rinds were collected from local markets in 
Phatthalung, Thailand. The rinds were washed, 
separated from the red flesh, and sliced into small 
pieces. The prepared rinds were dried in a hot air oven 
at 60 °C until a constant weight was achieved, then 
ground into powder and sieved through a 60-mesh 
screen. Commercial citrus pectin (CP, Grade ADC102, 
China) obtained from Lanagrow Chemical (Thailand) 
was used as a reference material. All chemical reagents 
used in this study were of analytical grade. 

 
2.2 Pectin extraction via steam explosion 
 
The extraction was performed using a steam explosion 
system. Briefly, the watermelon rind powder was mixed 
with distilled water at a 1:12 w/v solid-to-liquid ratio. 
The mixture was placed in the reaction chamber and 
subjected to saturated steam at 121 °C for 30 min. 
Following the treatment, the pressure was 
instantaneously released to atmospheric pressure. The 
resulting slurry was filtered, and the filtrate was mixed 
with 80% ethanol (1:2 v/v) to precipitate the pectin. The 
precipitate was collected, washed with ethanol, and 
dried at 50 °C to obtain the extracted pectin powder. 
The extraction yield was calculated following Equation 
(1). 
 

Extract yield (%)  =  
W1 
W2

× 100 (1) 

 
 
where W1 is the weight of the extracted dry pectin (g) 
and W2 is the weight of the initial dry watermelon rind 
powder (g). 
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2.3  Physicochemical characterization 
 
The physicochemical properties of both the WP and 
CP were determined in triplicate to ensure accuracy. 
 
2.3.1. Moisture content 
 
The moisture content of the extracted WP and 
commercial CP was determined by drying the samples 
in a hot air oven at 105 °C until a constant weight was 
achieved [13]. The moisture content percentage was 
calculated using Equation (2). 
 

Moisture Content (%)  =  
𝑊𝑊3 − W4

W3
× 100 (2) 

 
Where W3 is the weight of pectin before drying (g) and 
W4 is the weight of pectin after drying(g). 

 
2.3.2 Ash content  
 
The dried samples from the moisture analysis were 
placed in a muffle furnace and incinerated at 550 °C 
for 5 hours [14] until the residues turned into white or 
light grey ash [15]. Ash content of pectin was 
determined in triplicate. The ash percentage was 
determined gravimetrically relative to the initial dry 
sample weight as in Equation (3).  
 

Ash Content (%)  =  
W6 
W5 

 × 100 (3) 

 
Where W6 is the weight of the ash (g) and W5 is the 
weight of the dry pectin sample before ashing (g). 

 
2.3.3. Water holding capacity 
 
The water holding capacity (WHC) was measured 
using the centrifugation method modified from 
Duggal [16]. Briefly, 0.05 g of the pectin sample was 
dispersed in 2 mL of distilled water in a pre-weighed 
centrifuge tube. The suspension was stirred 
thoroughly and allowed to hydrate at room 
temperature for 24 h to ensure complete saturation. 
Subsequently, the mixture was centrifuged at 4,000 
rpm for 20 min. The supernatant was carefully 
decanted, and the tube containing the wet pectin pellet 
was weighed. The WHC was calculated as the mass of 
retained water per gram of dry pectin using Equation 
(4). 

 WHC (gH2O/gPectin)  =  
𝑊𝑊8 −  𝑊𝑊7

W7
  (4) 

 
Where W8 is the weight of the wet pectin after 
decanting the excess water (g) and W7 is the initial 
weight of the dry pectin sample (g) 
 
2.3.4 Molecular weight  
 
The average molecular weight (Mw) of the pectin 
samples was determined based on the relationship 
between intrinsic viscosity and polymer chain length 
using the Mark-Houwink-Sakurada equation [17], 
[18]. Viscometric measurements were performed 
using an Ubbelohde capillary viscometer at a 
controlled temperature of 25.0 ± 0.1 °C. To prepare 
the sample, 0.1 g of dried pectin was dissolved in 100 
mL of 0.1 mol/L NaCl solution, which serves to 
suppress electro-viscous effects. The mixture was 
stirred gently and allowed to equilibrate for 12 h 
before being filtered through a 0.45 µm membrane. A 
15 mL aliquot of the filtered solution was introduced 
into the viscometer. Upon reaching thermal 
equilibrium in a thermostatic water bath, the flow 
times and densities were recorded. The relative 
viscosity (ηr) was determined according to Equation 
(5). 
 

𝜂𝜂𝑟𝑟  =   
η
ηs

 =   
 t1 d1

t2 d2
 (5) 

 
Where η and  ηs represents the viscosities of the pectin 
solution and the solvent, respectively. The variables t1 
and t2 denote the flow times (s), while d1 and d2 
correspond to the densities (g/cm³). Subsequently, the 
intrinsic viscosity [η] (L/g) was calculated using the 
following relationship (Equation (6)). 
 

[η]  =  
�2(η𝑠𝑠𝑠𝑠 − 𝑙𝑙𝑙𝑙η𝑟𝑟)

C
 

(6) 

 
Where C is the pectin concentration (g/L) and ηsp is 
the specific viscosity (ηr - 1). Finally, the Mw was 
estimated via the Mark-Houwink-Sakurada equation 
as shown in Equation (7). 
 

[η]  =  k [𝑀𝑀𝑤𝑤]a (7) 
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In this system, the constants k and α were 
defined as 4.36 × 10-5 L/g and 0.78, respectively, 
which are specific for pectin in a 0.1 mol/L NaCl 
solvent at 25 °C [18]. 
 
2.4 Instrumental analysis 
 
2.4.1 FTIR spectroscopy 
 
The FTIR spectra of the extracted pectin samples were 
measured using an FTIR spectrophotometer (Agilent 
Cary 630 FTIR Spectrometer, USA). The spectra were 
recorded in the wavelength range of 4000 to 650 cm-1 in 
attenuated total reflection (ATR) mode at a resolution 
of 4 cm-1 with 32 scans per sample. This analysis was 
utilized to identify the functional groups and evaluate 
the structural integrity of the pectin biopolymer. 

The degree of esterification of the extracted pectin 
was determined using Fourier Transform Infrared 
Spectroscopy. The DE of pectin was calculated based 
on the relative absorbance areas under the peak 
corresponding to the esterified carboxyl groups and the 
free carboxylic acid groups [17], [19]. Specifically, the 
absorbance at approximately 1740 cm⁻¹ (assigned to 
C=O stretching of ester groups) and 1626 cm⁻¹ 
(assigned to the asymmetric stretching of carboxylate 
anions) was used in Equation (8). 

 

𝐷𝐷𝐷𝐷 (%) =  
Area1740 

Area1740   +  Area1626 
 × 100 (8) 

 
Where A1740 represents the area under the peak of the 
esterified group, and A1626 corresponds to the area under 
the peak of the free carboxylic group. 

The methoxylation percentage (%MeO) of the 
extracted pectin was estimated based on the empirical 
relationship proposed by Santiago-Gomez et al. [20],  
which correlates the methoxyl content directly with the 
degree of esterification. This estimation was conducted 
following Equation (9)  
 

MeO (%) = 
16.32
100

× DE 
 

(9) 

 
2.4.2. Thermal analysis  
 
The TGA profile of the extracted pectin (6-7 mg) was 
investigated using a thermogravimetric analyzer (TGA-
4000, PerkinElmer, USA). The analysis was conducted 
in a controlled environment to prevent oxidative 

degradation, with a heating rate of 10 °C/min over a 
temperature range of 25 to 600 °C [21]. This analysis 
allowed for the determination of mass loss stages, 
including moisture evaporation, the primary 
degradation of the galacturonic acid backbone, and the 
final carbonization of the organic matrix [8], [21]. 

DSC analysis was performed using a Netzsch 
DSC instrument (204 F1 Phoenix, USA). 
Approximately 10 mg of the dried sample was placed 
in a standard Indium crucible and hermetically sealed 
[22]. The measurement was conducted under a nitrogen 
atmosphere (flow rate: 10 mL/min) with a heating rate 
of 10 °C/min, covering a temperature range from 25 to 
300 °C. An empty Indium crucible served as the 
Thermal transition parameters, including peak 
temperature (Tpeak), and enthalpy change (∆H), were 
calculated from the resulting thermograms to assess the 
melting and crystallization behavior of the pectin 
biopolymer.  
 
2.4.3 XRD analysis 
 
The crystalline structure and phase orientation of the 
pectin samples were examined by X-ray Diffraction 
(XRD) using a Bruker D8 Advance diffractometer 
(Bruker AXS, Germany) equipped with Cu-Kα 
radiation. The diffraction patterns were recorded over 
a scanning range of 5° to 40° (2θ) with a step size and 
scanning speed appropriate for capturing the 
amorphous and semi-crystalline characteristics of 
pectic polysaccharides. 
 
2.4.4 SEM-EDS analysis  
 
The surface morphology of both CP and the WP was 
observed using a Field Emission Scanning Electron 
Microscope (FE-SEM, FEI Quanta 450 FEG, USA) 
equipped with an Energy-Dispersive X-ray 
Spectrometer (EDS, Oxford Instruments). Prior to high-
vacuum observation, the dried samples were mounted 
on aluminum stubs using conductive carbon tape and 
sputter-coated with gold to eliminate charging effects. 
Concurrently, EDS spectra were collected from 
selected surface regions to determine the quantitative 
weight percentages (wt%) of carbon, oxygen, and co-
extracted mineral elements (potassium(K), sodium 
(Na), chlorine (Cl), and calcium (Ca)). Elemental 
mapping was also performed to visualize the spatial 
distribution and integration of these crystalline mineral 
phases across the organic pectic biopolymer 
framework. 
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3 Results and Discussions 
 
3.1 Physicochemical properties and chemical 
composition of extracted pectin 
 
The physicochemical characteristics of pectin 
extracted from watermelon rinds using the steam 
explosion technique, compared with CP and standards 
set by the International Pectin Producers Association, 
are presented in Table 1.  

The extraction yield was 3.41 ± 0.13%, 
representing efficient recovery in a short processing 
time (30 min) compared to conventional acid 
extraction methods [10]. Although slightly lower than 
some acid-extraction yields, the rapid decompression 
in SE facilitates a more sustainable process by 
reducing chemical and energy inputs [10]. 

 
3.1.1. Degree of esterification and methoxyl content 
 
The watermelon rind pectin (WP) exhibited a DE of 
37.42 ± 1.92%, significantly lower than commercial 
pectin (CP) (57.19 ± 2.90%) and confirming its 
classification as Low-Methoxyl Pectin (DE < 50%)  
[23], [24], [25]. The methoxyl content of 6.10 ± 0.20% 
is consistent with this classification, falling within the 
International Pectin Producers Association (IPPA) 
specified range of 2.2 - 7.8% for low-methoxyl 
variants. The reduced DE is a direct consequence of 
the SE process, in which high pressure steam followed 
by rapid decompression induces partial de-
esterification of the polygalacturonic acid chain [10], 
[26]. This LMP classification confers a distinct 
functional advantage because, unlike High-Methoxyl 
Pectin (HMP), which requires high sugar 
concentrations (> 65%) and low pH to gel, this SE-
extracted pectin can form stable gels over a wider pH 
range. This gelation occurs via the egg-box model with 

divalent cations [8], making it particularly suitable for 
low calorie and functional food applications. 
 
3.1.2. Purity and mineral co-extraction 
 
The moisture content of the SE-extracted WP was 
10.33 ± 0.79%, which is within the IPPA 
maximum limit of 12% [7], [8], [13], indicating 
that the drying process was adequate. The ash 
content was 6.42 ± 0.15%, which also met the 
IPPA maximum limit of 10% [7], [13], [28], 
although it was higher than that of CP (2.23 ± 
0.2%). The ash content of the WP is lower than the 
value (7.88%) reported by Mamiru [7]. Generally, 
a lower ash content in pectin signifies higher 
purity. The variation in ash content observed 
across different studies can be attributed to the 
watermelon varieties, pre-treatment methods, and 
specific extraction techniques employed. The 
higher ash content in the SE-extracted pectin 
compared to CP is likely due to the nature of the 
steam explosion process. During SE, the rapid 
pressure release disrupts the cell wall structure of 
the watermelon rind, which not only releases 
pectin but also allows co-extraction of inorganic 
minerals such as potassium and magnesium that 
are naturally present in watermelon rind [7], [29]. 
In conventional acid extraction, prolonged 
washing and purification steps help reduce these 
mineral residues, whereas the shorter processing 
time in SE provides less opportunity for their 
removal [7]. Although the ash content in this study 
was within the acceptable range, further 
purification steps may be considered to reduce it 
closer to levels typically seen in CP. On the other 
hand, the presence of these minerals may be 
beneficial if the extracted pectin is intended for 
use in nutritionally enriched food products [7]. 

Table 1: Physicochemical properties of CP and WP. 
Sample Yield 

(%) 
Moisture 

(%) 
Ash 
(%) 

Mw 
(Da) 

DE 
(%) 

MeO 
(%) 

WHC 
(g H2O/g pectin) 

 CP   n.d 5.76 ± 0.13 2.23 ± 0.2 12826.18 ± 1026.09 57.19 ± 2.9 9.33 ± 0.21 6.23  ± 0.11 

WP  3.41 ± 0.13 10.33 ± 0.79 6.42 ± 0.15 1777.90 ± 160.00 37.42 ± 1.92 6.10 ± 0.20 2.71 ± 0.15 

IPPA [27] n.d. Max. 12% Max. 10% n.d. < 50% (low 
methoxyl) 2.2 - 7.8 %  n.d. 

Notes : n.d. = not determined 
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3.1.3. Molecular weight and water holding capacity 
 
A noteworthy observation is the substantial difference 
in Molecular Weight (Mw). The SE-extracted pectin 
had an average molecular weight (Mw) of 1,777.90 ± 
160.00 Da, which is significantly lower than that of 
the CP (12,826.18 ± 1,026.09 Da). This indicates that 
while SE is efficient for recovery, the high-
temperature/high-pressure environment can lead to the 
thermal degradation or depolymerization of the pectic 
polysaccharides into shorter chains [10], [21]. This 
reduction directly correlates with the lower water 
holding capacity (WHC) (2.71 g H2O/g pectin 
compared to that of CP (6.23 g H2O/g pectin). Shorter 
chains have fewer available hydroxyl groups and a 
less complex network to entrap water molecules [22]. 
Future optimization of SE parameters (pressure and 
residence time) is essential to balance extraction 
efficiency with the preservation of molecular weight 
for high viscosity.  
 
3.2 Fourier transform infrared spectroscopy analysis 
 
FTIR spectroscopy was employed to identify the 
functional groups and structural transformations 
during the steam explosion extraction. The 
comparative spectra of raw watermelon rind, 
extracted pectin, and CP are illustrated in Figure 1. 
All three samples exhibited a broad, intense 
absorption band in the region of 3400 - 3300 cm-1, 
corresponding to the O - H stretching vibrations of 
the galacturonic acid polymer and adsorbed water 
molecules [8], [17]. The peaks observed at 
approximately 2930 cm-1 are attributed to the C-H 
stretching of CH, CH2 ,CH3 and groups in the 
polysaccharide chains [8]. 
 

 
Figure 1: FT-IR spectra of raw watermelon rinds, 
commercial pectin (CP), and extracted watermelon 
pectin (WP). 

3.2.1. Structural differentiation in the carbonyl region 
 
A significant structural differentiation is observed in 
the carbonyl stretching region (1750 - 1600 cm-1). The 
peak at approximately 1740 cm-1 is assigned to the 
esterified carboxyl groups (C=O), while the peak near 
1620 corresponds to the free carboxylate groups 
(COO-) [8], [22]. The CP spectrum shows a dominant 
peak at 1740 cm-1 relative to 1620 cm-1, which is 
characteristic of High Methoxyl Pectin. In contrast, 
the extracted WP displays a more pronounced 
intensity at 1620 cm-1. This spectroscopic evidence 
directly correlates with the lower Degree of 
Esterification (DE = 37.42 ± 1.92 %) and confirms that 
the steam explosion process effectively yielded Low-
Methoxyl Pectin [8]. The shift in peak intensity 
suggests that the high temperature and high pressure 
conditions of SE may have induced partial de-
esterification of the pectin backbone, converting ester 
groups into free carboxyl groups [10], [26]. 
 
3.2.2. Transformation from raw rind to extracted 
pectin 
 
The spectrum of the extracted pectin shows a high 
degree of similarity to the raw rind in the fingerprint 
region (below 1500 cm-1), indicating that the steam 
explosion technique successfully preserved the 
fundamental pectic backbone from the cell wall [21]. 
However, the peaks in the extracted pectin appear 
more defined and intense compared to the raw rind. 
This enhancement is primarily attributed to the 
explosive deconstruction of the complex 
lignocellulosic matrix, which removes interfering 
components like hemicellulose and lignin, thereby 
enriching the pectic fraction.  
 
3.2.3. Structural integrity and glycosidic bonds 
 
Furthermore, the absorption bands in the fingerprint 
region (1200 - 900 cm-1), specifically around 1015                 
cm-1, are characteristic of the glycosidic bond and the 
pyranose ring of the galacturonic acid backbone [8], 
[17]. The consistent presence of these peaks across all 
samples confirms that despite the physical intensity of 
the steam explosion method, the structural integrity of 
the pectin chains remained largely intact [17], [30]. 
This reinforces the feasibility of using SE as a green 
and efficient technology for recovering high-quality 
functional biopolymers from agricultural waste [10]. 
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3.3 Surface morphology analysis (SEM) 
 
The surface morphology of the extracted WP was 
examined using SEM and compared with CP to evaluate 
the structural impact of the steam explosion technique. As 
illustrated in Figure 2, the CP exhibited a relatively 
smooth, dense, and continuous surface with large, folded 
structures. This morphology is typical for highly purified 
pectin produced through standardized chemical extraction 
and refining processes, where gentle solubilization 
preserves a more cohesive and uniform polymeric matrix 
[29], [30]. 

In contrast, SE-extracted pectin from watermelon 
rinds exhibited a markedly different morphology. It 
featured a highly fragmented, porous, and irregular surface 
with visible cracks, flaky layers, and integrated spherical 
micro-particles [31], [32], [33]. These changes stem 
directly from the SE mechanism, where high-pressure 
steam penetrates lignocellulosic pores and is followed by 
rapid decompression that flashes internal moisture into 
steam [10].  

This process generates intense mechanical shear 
forces, shattering the compact cell wall and yielding the 
observed disordered structure [32]. The spherical micro-
structures, absent in CP, likely arise from multiple SE-
induced processes beyond mineral co-extraction. First, high-
temperature/pressure conditions during SE residence time 
partially degrade pectic polysaccharides and hemicellulose 
into small carbohydrate clusters [32], [34]. Second, rapid 
decompression alters the thermodynamic state, prompting 
pectic chains to self-aggregate into spheres to minimize 
surface energy during cooling and drying [34]. Third, matrix 
disruption releases cellular components like starch granules 
or proteins, which integrate into the porous pectin network 
due to rapid extraction [8]. These distinctive features, 
including increased porosity and micro particles, set SE-
extracted pectin apart from refined commercial types, 
potentially boosting effective surface area. This may 
improve solubility, hydration and mineral retention, aligning 
with the higher ash content and crystalline phases in XRD 
[8], [35]. 

 
3.4. X-ray diffraction analysis 
 
The crystalline structure and phase orientation of the WP 
were evaluated using XRD and compared with CP, as 
illustrated in Figure 3. The XRD patterns of both samples 
exhibit a characteristic broad diffraction peak (halo) 
centered at approximately 2θ = 14° and 21 - 23° [7], [36]. 
This broad scattering is typical of the amorphous nature of 
the galacturonic acid polymer chains, which are the primary 
structural units of pectin [7], [37]. The predominantly 
amorphous characteristic of both samples is significant for 
functional applications because a disordered molecular 
arrangement indicates a lack of long-range order.  
 

 
Figure 3: X-ray diffraction patterns of (A) commercial 
pectin (CP) and (B) watermelon pectin (WP) extracted via 
the steam explosion technique. The asterisks (*) indicate 
sharp crystalline reflections corresponding to the integrated 
mineral phases naturally present in the watermelon rind 
matrix. 

 

Figure 2: SEM micrographs at 2500x of (A) commercial 
citrus pectin (CP) and (B) watermelon pectin (WP) 
extracted via the steam explosion technique. 
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This structure facilitates higher water accessibility 
and faster hydration rates compared to highly crystalline 
materials [37]. While the CP shows a relatively cleaner 
amorphous profile, the SE-extracted pectin displays a 
more diffused halo. This suggests that the intense 
mechanical disruption and rapid decompression during the 
steam explosion process effectively prevented the close 
packing of the pectic polysaccharides, resulting in a more 
disordered molecular architecture [10], [37]. This 
structural destabilization tracks consistently with thermal 
and hydrothermal pretreatments on complex biomass 
matrices, where high thermal-pressure parameters 
systematically break down the inter-linked cell wall 
components and induce partial macromolecular 
degradation, thereby fundamentally altering the 
amorphous-crystalline equilibrium and expanding the 
structural surface availability of the recovered biopolymer 
[38], [39] 

Significantly, unlike the CP sample, the SE-extracted 
WP exhibits several distinct and sharp crystalline 
reflections superimposed on the amorphous background. 
The appearance of these sharp peaks at 2θ = 28.5°, 30.1°, 
and 31.6° suggests the presence of inorganic mineral salts. 
To definitively validate these structural forms and 
eliminate ambiguity, Energy-Dispersive X-ray 
Spectroscopy (EDS) and elemental mapping were 
conducted, with the quantitative profiling and 
microstructural distribution illustrated in Table 2 and 
Figure 4, respectively. The EDS spectra (Figure 4B) 
conclusively demonstrated the co-existence of major 
mineral-forming elements embedded inside the organic 
carbon-oxygen pectin infrastructure. As summarized in 

Table 2, the recovered WP matrix contains substantial 
concentrations of Potassium (K, 5.12 - 8.92 wt%), Sodium 
(Na, 0.15 - 0.54 wt%), Chlorine (Cl, 0.99 - 3.61 wt%), 
Calcium (Ca, 0.19 - 0.34 wt%), and Magnesium (Mg, 0.25 
- 0.76 wt%) distributed alongside the carbon(C) and 
oxygen(O) backbones. 

Crucially, the elemental mapping graphics (Figure 
4C-I) reveal a deep structural insight regarding the 
distribution of these inorganic constituents. Rather than 

Table 2: Elemental composition of SE-extracted 
watermelon pectin (WP) derived from quantitative 
SEM-EDS profiling. 

Element Weight (wt%)* Atomic 
(%)* 

Carbon (C) 51.58 - 59.93 61.79 - 69.28 

Oxygen (O) 31.88 -37.72 27.67 - 33.93 

Potassium (K) 5.12 - 8.92 1.84 - 3.32 

Chlorine (Cl) 0.99 - 3.61 0.39 - 1.48 

Magnesium (Mg) 0.25 -0.76 0.15 - 0.44 

Calcium (Ca) 0.19 - 0.34 0.06 - 0.12 

Sodium (Na) 0.15- 0.54 0.08 - 0.25 

*Note : Data represents the minimum and maximum values obtained 
across multiple spectrum mapping areas from the WP samples. 

 
Figure 4 : SEM-EDS quantitative profile and elemental 
mapping analysis of the steam-exploded watermelon 
pectin (WP) (A) EDS layered image illustrating the co-
localization of organic and inorganic phases, (B) EDS 
spectrum identifying the characteristic energy peaks of 
constituent elements, and (C-I) high-resolution 
elemental mapping configurations tracking the 
continuous microstructural distribution of calcium (Ca), 
sodium (Na), potassium (K), magnesium (Mg), oxygen 
(O), chlorine (Cl), and carbon (C) across the biopolymer 
framework. 
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existing as isolated superficial contaminants, all detected 
mineral elements are homogeneously integrated and 
continuously distributed throughout the organic pectic 
framework. This overlapping spatial arrangement provides 
strong chemical validation for the crystallographic 
indexation derived from XRD analysis.  

Specifically, the sharp diffraction peak at 2θ = 28.5° 
is verified by the prominent and uniform distribution of 
potassium(K) (Figure 4E) and Chlorine(Cl) (Figure 4I), 
confirming its identity as sylvite (KCl) [40], [41]. The 
reflection at 30.1° corresponds to the characteristic lattice 
plane of calcite (CaCO3) (JCPDS : 88-1809), corroborated 
by the distinct co-localization of calcium (Figure 4C) 
alongside carbon (Figure 4G) and oxygen (Figure 4H) 
[42], [43], [44].  

The presence of calcite in plant tissues is well 
established in the literature, since this crystalline 
phase naturally forms as a biomineral in the pericarps 
of various fruits and in leaf cystoliths [43], [45], [46]. 
These biomineralized calcite crystals are typically 
deposited within the cell wall compartments or 
intracellular spaces following cellular disruption [42], 
[47], which is consistent with our observed 
crystallographic identification of CaCO3 in the 
watermelon peel matrix.  

Furthermore, the sharp reflection at 31.6° aligns 
precisely with halite (NaCl), authenticated by the co-
localization of sodium (Na) (Figure 4D) and chlorine 
(Cl) (Figure 4I) tracking across the exact 
microstructural layout of the pectin sheets [40]. In 
addition to the crystalline phases, the consistent 
detection of magnesium (Mg) (Figure 4F) across all 
investigated regions offers a valuable phytochemical 
explanation. Magnesium is inherently abundant in the 
green rind tissue of Citrullus lanatus, primarily 
serving as the central coordinating ion within the 
porphyrin rings of chlorophyll complexes [48], [49]. 
The absence of sharp, discrete Mg-containing 
crystalline peaks in the companion XRD patterns 
indicates that magnesium does not form independent 
mineral crystals. Instead, it remains bound in an 
amorphous complexed state or associated with the 
carboxylic groups of the galacturonic backbone, as 
supported by established pectin-cation binding studies 
[50], [51]. From a mechanistic standpoint, the 
integration of these distinct mineral phases (KCl, 
NaCl, and CaCO3) is directly driven by the high-
pressure steam explosion process. The sudden, 
explosive decompression violently ruptures the plant 
cell wall matrix, instantly solubilizing and mobilizing 
the intracellular mineral salts inherently present in the 

raw watermelon biomass[10], [52]. As the steam 
condenses and the pectic polysaccharides precipitate, 
these ions become entrapped and co-crystallize within 
the developing porous biopolymer network [51], [53], 
[54].  

This structural encapsulation successfully 
accounts for the elevated ash content of 6.42 ± 0.15 %) 
observed in the WP compared to purified commercial 
pectin, which typically undergoes aggressive chemical 
washing with ash contents below 5% [7], [9]. 
Consequently, the retention of these naturally 
occurring mineral complexes within the amorphous 
pectin matrix yields a unique, integrated hybrid 
biopolymer with improved structural diversity and 
enhanced thermal stability without sacrificing its 
requisite hydration functionality [55], [56]. 

 
3.5. Thermal analysis 
 
The thermal stability and phase transition behaviors of 
the extracted watermelon pectin (WP) and commercial 
pectin (CP) were evaluated using Thermogravimetric 
Analysis (TGA) and Differential Scanning 
Calorimetry (DSC). The resulting thermograms, 
illustrated in Figure 5 and Figure 6, provide critical 
insights into the structural integrity of the 
biopolymers, with the corresponding data summarized 
in Table 3. 
 
3.5.1 Thermogravimetric analysis 
 
The TGA/DTG thermograms illustrated in Figure 5 
reveal a characteristic three-stage weight loss profile 
for both CP and WP, underscoring the structural 
complexity and thermal resilience of pectic 
polysaccharides. The initial loss occurring between 50 
and 150 °C is attributed to the evaporation of adsorbed 
water and bound moisture, where WP exhibits a 
weight loss of 7.34% compared to 10.25% for CP. 
These values are consistent with literature limits of 
10% or less for quality pectin, suggesting that the 
extraction and drying methods effectively manage the 
bound water within the pectin structure [35]. 

The second stage represents the major chemical 
degradation occurring in the range of 200 to 350 °C, 
which corresponds to the pyrolytic breakdown of the 
galacturonic acid backbone via decarboxylation, ester 
group loss, and alpha glycosidic scission [8], [57]. WP 
displays a maximum decomposition temperature of 
253.05 °C, which is nearly identical to the 252.18 °C 
observed for CP. This similarity provides robust 



 
                                 Applied Science and Engineering Progress, Vol. 20, No. 3, 2027, 8302 

 
 

 
T. Bilman et al., “ Steam Explosion Extraction of Pectin from Watermelon Rinds: Identification of Integrated Crystalline Mineral Phases 
and Thermal Characterization.” 

  

evidence that the steam explosion process successfully 
preserves the inherent chemical integrity of the pectin 
backbone, as further corroborated by DSC and XRD 
findings [8].  

Significantly, WP exhibits a substantially higher 
char residue at 550 °C of 43.83% compared to 29.75% 
for the CP sample. This elevated residue is directly 
linked to the 6.42% ash content originating from 
natural minerals in the watermelon rind, such as  
potassium and magnesium, which act as a thermal 
barrier and enhance stability at elevated temperatures 
[8], [35].  This three-stage pattern aligns with reported 
pectin behaviors influenced by botanical origin and 
degree of esterification [58]. Collectively, these 
profiles highlight the role of the eco-friendly SE 
process in yielding a mineral-enriched biopolymer 

ideal for high-temperature food applications, 
providing a solid foundation for future kinetic analysis 
of activation energy [10]. 

 
3.5.2. Differential scanning calorimetry 
 
The DSC thermograms (Figure 6) complement the 
TGA findings by revealing energetic changes during 
thermal transitions [58], [59]. Both CP and WP exhibit 
a broad endothermic peak at 80 - 120 °C, which is 
associated with the enthalpy of vaporization required 
for the dehydration of the hydrophilic polysaccharide 
network [59], [60]. Specifically, WP shows an 
endothermic peak temperature of 135.85 °C with a 
corresponding enthalpy of 168.72 J/g. This higher 
peak temperature and energy requirement compared to 
the 119.25 °C and 131.04 J/g observed for CP 
indicates that water molecules within the WP matrix 
possess stronger interactions with functional groups or 
integrated minerals co-extracted during the steam 
explosion process [8], [35]. The oxidative thermal 
degradation and subsequent charring of the pectic 
chains are represented by a sharp exothermic peak 
appearing between 240 and 260 °C [58], [59]. For the 
WP sample, this peak aligns precisely at 241.45 °C, 

Table 3: Thermal degradation and phase transition parameters of CP and SE-extracted WP derived from TGA 
and DSC analyses. 

Sample TGA DSC 

Stage 1 Stage 2 Residue 
at 550 °C 

(%) 

Endothermic Peak Exothermic Peak 

Weight loss 
(%) 

Tonset 
(°C) 

Tmax 
(°C) 

Weight 
loss (%) 

Tpeak 
(°C) 

∆H 
(J/g) 

Tpeak 
(°C) 

∆H 
(J/g) 

CP 10.25 210.15 252.18 60.00 29.75 144.48 131.04 241.34 124.05 

WP 7.34 212.30 253.05 48.83 43.83 135.85 168.72 243.48 35.04 

 

Figure 5: TGA and DTG thermograms of (A) 
commercial citrus pectin (CP) and (B) watermelon pectin 
(WP) extracted via the steam explosion technique. 

 
Figure 6:  DSC thermograms of commercial pectin 
(CP) and watermelon pectin (WP) extracted via the 
steam explosion technique. 

 

https://dummy-citation.com/citation?d=z%3AlVU9bxtHEKUMBUiR9E4R4JAqhsHjHSl%2BKEhjSWEkWV9wYjntcHfudqjl7mV3jx9qohgIkDJ%2FI2WQirX%2BSYp0qdNmziQVyRJtGODXLd%2B8m3nzHvl6XnuUWUc5mU05se5iXvtUgxDoPco9CJg3k2a7niYjYU0AMugOTGbntc0cyqCs81eaRgWI0OendZi24k4XAwWNrm%2BtjPZn0llhtbYkfTa2uhzh46%2BLG7ojK4AL57UNKiDHF2By5KYoI%2BfDGZ98tvG30rD6%2FI%2BuKh0NSi7yvzBSGhhVFVkGI9Kz7Dk4uCDMaYwmOwHJN%2BEONNbuY9UzPYQJebVA07OBLLXikrUFx6WhXBMs6Y%2FIGtTr0Nk%2BzwrlknwXgkL3jm6Gh%2BAN4cSvus8PrZOwKhCs37z2kZCWpp%2BnSZwmaacxjDMWWc1k3OTLONmKk2RLkh%2BYK3715jUlzU6vniTtHyjtdVv1btrqihHkw2ar1U46%2FGWqbIEGNE4vXv1%2FOOTqcmGBYUVdT7YqFxTlQFd6LV2w8WaEi2%2B0xzGhi3bOLxx6WzqBL52ePlEhFP6rRkOBjr0gNAKrz%2FWklXTa7e1mQ1rBGpmQ%2B3IQZgWrsVFJarPnZOS%2FGEDrGSukBQWUO7NdW5rwuB8cZugqNvmKPesXx72F7aYHZ2rmSVihcEQCdCQUW0IEFv8SAtNHNosKFIFMlDvImDmaUFARTm2OxpY%2BKhS%2Fay%2Brlj4WJY9SX43C8sfW5Y13buB%2Bqj55IFVJ7%2B1UPbpJ1WqWXeDlk4Foj9lYjugFFtYTm38WffnSsE0cX82qkU6s4yFuCiBEuwoK1NE%2Baf3kTm5%2Bve%2B%2B%2FJB4EXi5dPYxONZnrbPPeR9uZdM9YNtqWAeWp9d%2FLAPzPige4fWfZoFFbkHYdUh7KpSFv65%2B20fn0K34z9nHjtbyD1mdggz3bpcFJ8Ciri9Q32FRauFwAVd9B%2Bw6L9bhi%2Buf9RgcXtZ3gPsKy9uoQ%2Buvf4%2F68e0ob1ZRdpWPup203Zh0s1CXl%2B3Wrfhe3crmVquXpNvb7c5b2Wy26knKj4ezOX36ASa5E96nK8fzsLGmQVwaEaMsOQEToy1I3%2Bj8mPaak3biPyS%2BtQfTW1sa%2FqdjYJeyxG%2Ba5biOMQIjo9MpSbrkpJ4tglud9Xn1VVp3yOd6JniesAB%2Fr5BcdGAitqmz0Q4qGJN1UVCMz1X0Lf%2BdOFv5wDMXh2rXGknVT8PtyH%2FxUOTvruo%2F


 
                                 Applied Science and Engineering Progress, Vol. 20, No. 3, 2027, 8302 

 
 

 
T. Bilman et al., “ Steam Explosion Extraction of Pectin from Watermelon Rinds: Identification of Integrated Crystalline Mineral Phases 
and Thermal Characterization.” 

  

which correlates with the maximum decomposition 
temperature found in the TGA data.  

Notably, the exothermic enthalpy for WP is 
35.04 J/g, which is significantly lower than the 124.05 
J/g recorded for CP. This difference reflects variations 
in molecular architecture and the presence of non-
volatile mineral components that influence the overall 
energy release during polymer breakdown [8], [57]. 
The near-identical degradation temperatures between 
WP and CP demonstrate that steam explosion 
effectively preserves the fundamental structural 
integrity of the pectic backbone [8]. These findings 
suggest that watermelon rind pectin possesses robust 
thermal stability suitable for high-temperature food  
processing applications such as pasteurization or 
bakery production [8], [10]. 

Collectively, the thermal analysis validates the 
steam explosion technique as an efficient and 
environmentally benign method for yielding a 
mineral-enriched biopolymer with comparable 
thermal characteristics to commercial standards [58]. 
 
4  Conclusions 
 
This research successfully demonstrates the efficacy 
of the steam explosion (SE) technique as an efficient 
method that is potentially greener than conventional 
acid extraction, owing to the reduced use of harsh 
acids, for obtaining high-quality pectin from 
watermelon rinds. The SE-extracted pectin (WP) 
achieved a yield of 3.41 ± 0.13% with a degree of 
esterification (DE) of 37.42 ± 1.92%, effectively 
classifying it as low-methoxyl pectin (LMP). 
Comprehensive characterization via FTIR, SEM-
EDS, XRD, and thermal analysis (TGA/DSC) 
revealed distinct structural and functional advantages. 
While FTIR confirmed the preservation of the 
essential galacturonic acid backbone, XRD and SEM-
EDS mapping analyses highlighted a unique hybrid 
morphology, which consists of a predominantly 
amorphous pectic matrix integrated with crystalline 
mineral phases of Sylvite (KC), Calcite (CaCO3), and 
Halite (NaCl). This integrated mineral structure, 
resulting from the rapid decompression of the cell wall 
matrix, provides a distinctive structural profile over 
commercial citrus pectin through its inherent multi-
elemental retention property. Furthermore, the WP 
exhibited robust thermal stability and high residue 
content, indicating its suitability for high-temperature 
industrial applications. The valorization of 
watermelon waste through steam explosion not only 

reduces the chemical footprint by minimizing mineral-
stripping acid treatments but also yields a functional 
biopolymer with co-extracted and integrated 
crystalline mineral phases. These findings provide a 
scientific foundation for utilizing watermelon-derived 
pectin in sustainable food and pharmaceutical 
applications, contributing to both environmental 
sustainability and the circular economy. 
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