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Abstract  

 This study aimed to evaluate the efficiency of the steam explosion technique for extracting pectin from various 

tropical fruit peels and to characterize the resulting physicochemical and structural properties to determine their potential 

as local bioresources. Pectins were extracted from the peels of five tropical fruits: Lime, dragon fruit, Kaewkamin mango, 

Dueankao mango, and pomelo using a steam explosion method. The extracted pectins were comprehensively 

characterized for their chemical composition (moisture, ash, methoxyl content, and degree of esterification), functional 

groups (FTIR), thermal behavior (DSC, TGA), and crystallinity (XRD), and compared with commercial pectin reference. 

Significant differences in physicochemical properties were observed among the fruit species. Dueankao mango yielded 

HM pectin, while the other four fruits produced LM pectin. While the steam explosion method successfully isolated pectin 

with distinct structural patterns and thermal stability, the ash content in all samples (3.25% - 5.52%) exceeded the IPPA 

standards, indicating a need for further purification. These findings suggest that although tropical fruit peels are promising 

sustainable sources for pectin, extraction parameters and purification steps must be optimized to meet industrial 

specifications. 

 

Keywords: Pectin, Tropical fruit peel, Steam explosion extraction, Degree of esterification, Methoxyl content, Thermal 

analysis  

 

Introduction 

 Pectin is a complex heteropolysaccharide 

predominantly composed of linear 1,4-linked -D-

galacturonic acid units, forming a homogalacturonan 

backbone [1,2] This structure is often complemented by 

rhamnogalacturonan I and rhamnogalacturonan II sub-

domains [2]. Pectin is a vital component of plant 

primary cell walls and middle lamellae, playing critical 

roles in plant growth and development [2]. Its structure 

can vary significantly based on the source and extraction 

method, influencing molecular mass, degree of 

esterification, neutral sugar side chains, and  

 

methoxylation [2] Due to its ability to form hydrogels 

and function as a gelling, thickening, stabilizing, and 

emulsifying agent, pectin is extensively utilized across 

diverse industries [2-4]. In the food sector, it is a key 

ingredient in products such as jams, jellies, and dairy 

items [2,5]. In pharmaceutical and nutraceutical 

formulations, pectin is valued for its potential benefits, 

including cholesterol reduction and digestive health 

[3,6]. Despite its widespread industrial importance, 

there is often a reliance on imported commercial pectin, 

primarily derived from citrus and apple pomace [2,5], 
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which can lead to increased production costs for local 

industries. 

 This economic challenge, coupled with growing 

environmental concerns related to agricultural waste 

disposal [5], underscores the critical need for exploring 

alternative, sustainable, and economically viable 

sources of pectin. Thailand, for example, produces 

abundant tropical fruits like mango, pomelo, dragon 

fruit, and lime, generating substantial volumes of peel 

waste from processing industries [5]. Valorizing these 

by-products aligns perfectly with circular economy 

principles by transforming waste into valuable products 

and promoting sustainability [2,5]. Recent trends 

emphasize that the integration of biorefinery concepts 

into fruit waste management not only reduces 

environmental burdens but also stabilizes the supply 

chain for high-value biopolymers like pectin in the 

global market [7,8]. While previous studies have 

investigated pectin extraction from individual fruit 

sources such as durian rind [9], passion fruit peel [10], 

pomelo peel [11], and Apple [12], comprehensive 

comparative data across multiple tropical fruits under 

identical extraction conditions remain limited. This 

study aims to address this gap by providing a thorough 

characterization and comparison of pectins extracted 

from the peels of various tropical fruits. 

 Traditionally, pectin is extracted using acid 

methods, which convert insoluble protopectin into 

water-soluble pectin through hydrolysis under acidic 

conditions [2,5]. However, these conventional 

approaches often present disadvantages, including 

prolonged extraction times, high energy consumption, 

and significant solvent costs [2]. Furthermore, the use of 

strong acids can lead to equipment corrosion, generate 

hazardous liquid waste, and incur high waste treatment 

costs, posing environmental and health risks [1,13]. 

While alternative extraction methods have been 

explored to mitigate these issues, there remains a need 

for efficient and environmentally sound techniques. To 

address these limitations, this study employs the steam 

explosion method. Steam explosion is recognized as an 

efficient and innovative thermal processing technique 

[10]. Current research highlights its role as a leading’ 

green’ pretreatment technology [14,15]. Offering 

enhanced energy efficiency [15] compared to 

conventional assisted extraction methods [16] when 

processing complex tropical biomass [16]. Its 

fundamental principle involves exposing biomass to 

high-pressure steam followed by abrupt 

depressurization, which effectively disrupts the plant 

cell wall structure and facilitates the release of small 

molecular substances and bioactive components [10]. 

 Therefore, the objective of this study was to 

systematically evaluate the efficiency of the steam 

explosion method for pectin extraction from five distinct 

tropical fruit peels (lime, dragon fruit, pomelo, 

Kaewkamin and Dueankao). Furthermore, this research 

sought to provide a comprehensive comparative analysis 

of their physicochemical properties, structural 

characteristics, and thermal stability to assess their 

potential as sustainable alternatives to commercial 

pectin. 

 

Materials and methods 

 Chemical reagents and sample preparation  

 Fruit peels of lime, dragon fruit, Kaewkamin 

mango, Dueankao mango, and pomelo were collected 

from local markets in southern Thailand. Peels were 

washed, dried at 60 °C, and milled to powder before 

extraction.  

 

 Pectin extraction  

 Pectin was extracted by dispersing dried fruit peel 

powder in distilled water (solid-to-liquid ratio 1:12, w/v) 

and autoclaving at 121 °C for 30 min without pH 

adjustment. After cooling to room temperature, the 

suspensions were filtered through cheesecloth to 

separate the residues. The filtrate was then precipitated 

with 80 %(v/v) ethanol (1:2, v/v, filtrate to ethanol) 

under stirring for 15 min, followed by washing the 

coagulated pectin with 80% ethanol to remove soluble 

impurities. The obtained pectin was oven-dried at 50 °C 

until constant weight was achieved.  

 

 Pectin characterizations 

 Physicochemical composition  

 The extracted pectin samples underwent 

comprehensive analysis to determine their 

physicochemical properties, including pectin yield, 

moisture content, and ash content, following the 

methodology described by [17]. 
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 Fourier transform infrared spectroscopy (FTIR)  

 The FTIR spectra of extracted pectin samples were 

measured with a FTIR spectrophotometer (Agilent Cary 

630 FTIR Spectrometer, USA). The spectrum was 

recorded in transparent mode in the wavelength range of 

4,000 to 400 cm−1 with 4 cm–1 resolution and 32 scans 

per sample. 

 

 Degree of esterification 

 The degree of esterification (DE) of the extracted 

pectin was determined using Fourier Transform Infrared 

(FTIR) spectroscopy. The DE was calculated based on 

the relative absorbance areas under the peak 

corresponding to the esterified carboxyl groups and the 

free carboxylic acid groups, as described in previous 

studies [17-19]. Specifically, the absorbance at 

approximately 1,740 cm–1 (assigned to C=O stretching 

of ester groups) and 1,626 cm⁻¹ (assigned to the 

asymmetric stretching of carboxylate anions) was used 

in Eq. (1). 

 

DE =  
A1740 

A1740+ A1626
× 100      (1) 

 

where A1740 represent the area under the peak of the 

esterified group, and A1626 corresponds to the area under 

the peak of the free carboxylic group. 

 

 Methoxylation percentage 

 The methoxylation percentage (MeO%) of the 

extracted pectin was estimated based on the degree of 

esterification (DE). The calculation was performed 

using a proportional relationship as proposed by [17-

19], which assumes a maximum methoxy content of 

16.32% when the DE is 100%. The estimation was 

conducted using Eq. (2), providing an approximate 

methoxyl content derived from the FTIR-based DE 

values. 

 

MeO (%) =
16.32

100
× DE       (2) 

 

 Molecular weight measurement  

 The molecular weight of the pectin samples was 

estimated using the Mark-Houwink-Sakurada equation, 

which correlates a polymer’s intrinsic viscosity with its 

molecular weight [9,13]. 

 To determine the intrinsic viscosity, the pectin 

solution’s intrinsic viscosity was measured using an 

Ubbelohde capillary viscometer maintained at 25 °C. 

Dried pectin powder (0.1 g) was dissolved in 100 mL of 

an aqueous solution containing 0.1 mol L–1 sodium 

chloride to minimize electro-viscous effects. The 

solution was gently mixed and equilibrated at ambient 

temperature for 12 h. After filtration through a 45 µm 

membrane disk filter, 15 mL of the filtrate was 

transferred into the viscometer and immersed in a 

thermostatic water bath at 25.0 ± 1 °C. Flow time 

measurements were recorded after thermal equilibrium 

was reached. The densities of both the pectin solution 

and the solvent were determined using a pycnometer. 

The relative viscosity (ηr) was calculated according to 

Eq. (3). 

 

ηr =
η

ηs
  =  

 t1 d1

t2 d2
        (3) 

 

where η and ηs are the viscosities (mPa·s) of the pectin 

solution and the solvent, respectively; t1 and t2 are the 

corresponding flow times (s); and d1 and d2 are the 

respective densities (g cm–3). The intrinsic viscosity [η] 

(L g⁻¹) was then determined from Eq. (4).  

 

[η]  =  
ηr − 1 

C
         (4) 

 

where C is the concentration of pectin in the solution (g 

L–1). 

 The molecular weight (Mw) of the pectin samples 

was estimated using the Mark-Houwink-Sakurada 

equation, shown in Eq. (5). 

 

[η]  =  k [Mw]a         (5) 

  

where [η] is the intrinsic viscosity, Mw is the molecular 

weight. The constants k and a are specific to the 

particular solute - solvent system and measurement 

temperature. For pectin dissolved in 0.1 mol L–1 NaCl at 

25 °C, k and a were taken as 4.36×10–5 L g–1 and 0.78, 

respectively, as reported in [20]. 

 

 Thermal analysis (TGA and DSC)  

 The TGA (Thermogravimetric analysis) profile of 

extracted pectin (6 - 7 mg) was investigated with a 

thermogravimetric analyzer (TGA-4000, PerkinElmer, 
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U.S.A.) [10,21]. The analysis was conducted in a 

controlled N2 environment and at a heating rate of 10 

C/min in the temperature range of 25 - 600 C.  

 DSC analysis was carried out using a Netzsch 

DSC instrument (204 F1 Phoenix, USA). 

Approximately 10 mg of dried sample was placed in a 

standard Indium crucible and was immediately sealed. 

The measurement was performed under a nitrogen 

atmosphere (flow rate: 10 mL/min) with a heating rate 

of 10 °C/min, over a temperature range of 25 - 300 °C. 

An empty Indium crucible was used as the reference 

[21]. Thermal transition parameters, including onset 

temperature, peak temperature, endset temperature, and 

enthalpy change (ΔH), were obtained from the 

thermograms  

 

 X-Ray Diffraction (XRD) analysis  

 An X-ray diffractometer (D8 Advance, Bruker, 

Germany) equipped with Cu Kα radiation was used to 

conduct the XRD study [21]. The extracted pectin 

powder was scanned in the diffraction angle range of 5 

- 40 (step size: 0.02; time: 2 s/step).  

 

 Morphological analysis  

 The morphology of extracted pectin was 

investigated using a FEI Quanta 450 FEG / EDS 

instrument. Pectin samples were fixed on metal stubs 

and were coated with gold (using a Sputter coater 7620, 

Quorum). Subsequently, the pectin samples were placed 

under the SEM at an accelerating voltage of 10.0 kV. 

 

Results and discussion 

 Physicochemical properties  

 In this study, we extracted pectin from tropical 

fruits of Thailand, such as lime, Kaewkamin mango, 

Dueankao mango, dragon fruit, and pomelo which are 

good sources of pectin. We adopted a green extraction 

method using DI water and heated dissolves pectin and 

other cell wall pectin components (protopectin), are 

summarized in Table 1.  

 

  

 

 Yield 

 The pectin yields obtained from the tropical fruit 

peels in this study varied, with Kaewkamin mango peel 

showing the highest yield at 8.96 ± 0.21%, followed by 

Dueankao mango (8.50 ± 0.27%). Pomelo peel yielded 

7.98 ± 0.16%, while lime and dragon fruit peels 

exhibited comparable yields of 7.14 ± 0.14% and 7.02 ± 

0.21%, respectively. These values are generally lower 

than some reported yields for pectin extracted from 

similar fruit peels using optimized conventional acid or 

microwave-assisted extraction methods. For instance, 

lime peel pectin yields have been reported as high as 

24.68% using microwave-assisted extraction [20] and 

approximately 14% using hot compressed water 

treatment [22]. This discrepancy in yield may be 

attributed to the different energy transfer mechanisms, 

while steam explosion relies on rapid pressure-driven 

structural disruption, microwave-assisted extraction 

provides more uniform internal heating and molecular 

vibration, which often enhances mass transfer and 

extraction efficiency. Similarly, studies on dragon fruit 

peels have reported yields up to 23.11% with 

microwave-assisted extraction [23], and mango peels 

have shown yields ranging from 14.60% to 28.42% 

under various conditions [24-26]. Pomelo peel pectin 

yields have also been reported higher, reaching 20.9% 

[27] or 20.43% with microwave-assisted extraction [28]. 

The observed differences in yield are influenced by a 

multitude of factors, including the specific fruit species 

and variety, maturity stage, and critically, the extraction 

method employed [25,26]. While the steam explosion 

method in this study provided moderate yields, it offers 

the advantage of being an environmentally benign 

process [14,29]. However, the relatively lower 

efficiency compared to optimized Microwave-assisted 

extraction [3,13] suggests that the current steam 

explosion conditions (pressure and temperature) may 

not yet be at their peak, impacting both yield and the 

structural integrity of the pectin [10]. Future research 

utilizing Response Surface Methodology is essential to 

systematically optimize these parameters to maximize 

yield while maintaining the structural integrity of the 

pectin [9,30].
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Table 1 Physicochemical properties of tropical fruits of Thailand. 

Pectin source Yield Moisture Ash Mw DE (%) MeO (%) 

Commercial - 5.76 ± 0.13 2.23  0.2 12,826.18 ± 1,026.09 57.19 ± 2.9 9.33 ± 0.21 

Lime 7.14 ± 0.14 8.95 ± 0.36 3.38 ± 0.12 7,810.93 ± 624.80 46.22 ± 2.3 7.54 ± 0.19 

Kaew-Kamin 

mango 
8.96 ± 0.21 7.12 ± 0.21 3.25 ± 0.24 5,216.28 ± 417.30 45.64 ± 2.3 7.45 ± 0.19 

Duean-Kao 

mango 
8.50 ± 0.27 9.46 ± 0.28 3.52 ± 0.12 1,882.61 ± 188.30 52.7 ± 2.6 8.60 ± 0.30 

Dragon fruit 7.02 ± 0.21 8.02 ± 0.65 3.73 ± 0.21 3,169.80 ± 317.00 31.22 ± 1.6 5.09 ± 0.18 

Pomelo 7.98 ± 0.16 9.19 ± 0.67 5.52 ± 0.29 2,906.57 ± 261.60 46.34 ± 2.3 7.56 ± 0.22 

IPPA = 

International 

Pectin 

Producers 

Association 

- Max. 12% Max. 10%  
< 50% 

(low methoxyl) 

2.0% - 7.1% 

(low 

methoxy) 

 

 

 

 Moisture and ash content 

 The moisture content of the extracted pectins 

ranged from 7.12 ± 0.21% to 9.46 ± 0.28%. All samples, 

including the commercial pectin (5.76 ± 0.13%), fell 

within the maximum limit (12%) of for moisture content 

recommend by the International Pectin Producers 

Association (IPPA) [31]. Low moisture content is 

desirable for pectin as it contributes to better stability 

and helps inhibit microbial growth.  

 Conversely, the ash content of the extracted 

pectins was notably higher, ranging from 3.25 ± 0.24% 

to 5.52 ± 0.29% (pomelo). Notably, the commercial 

pectin also exceeded the IPPA maximum limit of 1% 

with an ash content of 2.23 ± 0.20%. High ash content 

typically signifies the presence of inorganic impurities, 

such as mineral salts, which can negatively impact the 

purity and functional attributes of the pectin. For 

comparison, some studies have reported lower ash 

content, such as 0.09% for orange peel pectin [32], while 

other, like Saba banana pectin reported value as high as 

3.63% [33]. The elevated ash content in our samples 

indicates the present of residual mineral and inorganic 

impurity [34]. This may be attributed to the intensity of 

the steam explosion process, which effectively disrupts 

the complex fruit peel matrix [10], potentially leading to 

the co-extraction of non-pectic components and 

minerals along with the pectin [9]. To align with strict 

industrial standards, where low ash content is desirable 

for purity and quality [4,11], additional purification 

steps, such as acid washing [6] or the use of chelating 

agents [11], would be necessary in subsequent 

processing to reduce the mineral load while preserving 

the functional properties of the pectin. 

 

 Molecular weight 

 The molecular weight (Mw) is a critical 

determinant of pectin’s functional properties, directly 

influencing its viscosity, gelling capacity, and 

emulsifying and texturizing capabilities. The molecular 

weight of the extracted pectins varied substantially 

among the different fruit sources. Commercial pectin 

displayed the highest Mw (12,826 ± 1,026 Da). Among 

the fruit pectins, lime peel pectin exhibited the highest 

Mw (7,810.93 ± 624.80 Da), followed by Kaewkamin 

mango pectin (5,216.28 ± 417.30 Da), Dragon fruit 

pectin (3,169 ± 317.00 Da) and pomelo pectin (2,906.57 

± 261.00 Da) showed intermediate molecular weights, 

while Dueankao mango pectin had the lowest Mw 

(1,882.61 ± 188.30 Da). The relatively lower molecular 

weights of some extracted pectins compared to 

commercial pectin might indicate some degree of 

degradation during the steam explosion extraction 

process. The intense thermo-mechanical energy from 

high pressure steam likely induces partial 

depolymerization, breaking the long chain.  

 homogalacturonan backbone into smaller 

fragments [10]. While this reduction in chain length 

might limit certain functional properties, such as gelling 
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capacity and viscosity [13], it could simultaneously 

enhance the pectin’s solubility [34] and increase its 

potential for applications requiring high bioactivity or as 

a source of pectic oligosaccharides [2]. Studies have 

shown that extraction methods significantly impact 

pectin’s molecular weight; for example, steam 

explosion has been observed to convert pectin into lower 

molecular weight pectic oligosaccharides in citrus peel 

[35]. Conversely, high-speed shearing homogenization 

was found to yield pomelo pectin with higher molecular 

weight than traditional thermal extraction [27]. 

Consequently, the pectins extracted in this study, 

particularly those from Dueankao mango and pomelo, 

might be more suitable for applications that do not 

require high viscosity, such as functional beverages 

[9,36] or as dietary fiber supplements [3]. Therefore, 

optimizing the steam explosion conditions (such as 

pressure and residence time) could be crucial for 

obtaining pectins with higher molecular weights, which 

are generally associated with superior functional 

performance in gel-based products. 

 

 Degree of esterification (DE) and methoxylation 

percentage (MeO%) 

 The degree of esterification (DE) and 

methoxylation percentage (MeO%) are fundamental 

structural characteristics that determine pectin’s 

classification (high methoxyl and low methoxyl) and 

consequently its gelling mechanism and suitability for 

various applications. Commercial pectin exhibited a DE 

of 57.19 ± 2.9 and an MeO of 9.33 ± 0.21, classifying it 

as a HM pectin (DE > 50%). Pectin extracted from 

Dueankao mango also qualified as a HM pectin, with a 

DE of 52.7 ± 2.60 and an MeO% of 8.60 ± 0.30. In 

contrast, pectins extracted from lime, Kaewkamin 

mango, pomelo, and dragon fruit were classified as LM 

pectins, as their DE% values were below 50. Dragon 

fruit pectin had the lowest DE at 31.22 ± 1.60 and 

MeO% of 5.09 ± 0.18, falling well within the IPPA low-

methoxyl range (DE < 50% and MeO 2.0% - 7.1%). 

Lime, Kaewkamin mango, and pomelo pectins showed 

similar DE values (46.22 ± 2.2, 45.64 ± 2.1, and 46.34 

± 2.3, respectively) and MeO% (7.54 ± 0.19, 7.45 ± 

0.18, and 7.56 ± 0.22, respectively). While these DE 

values clearly classify them as LM, their MeO 

percentages were slightly above the typical IPPA upper 

limit for LM pectins (7.1), suggesting that these pectins 

can be classified as borderline or high - end low 

methoxyl pectins. It is important to note that the DE and 

MeO% values can vary significantly depending on the 

fruit source, maturity, and extraction conditions [37]. 

For example, other studies have reported HM pectin 

from dragon fruit peel using specific acidic extraction 

[38], which differs from the LM classification observed 

in this study for dragon fruit. These variations 

underscore the influence of the specific fruit source and 

the steam explosion parameters on the extent of ester 

hydrolysis and, consequently, the final DE and MeO of 

the extracted pectin. The ability to yield both HM and 

LM pectins from these tropical fruit peels broadens their 

potential for diverse industrial applications. 

 

 Structural characterization of pectins 

 Fourier transform infrared spectroscopy 

analysis  

 The FTIR spectra of extracted pectins from 5 

tropical fruits (lime, dragon fruit, Kaewkamin mango, 

Dueankao mango, and pomelo) are presented in Figure 

1. All spectra exhibited characteristic absorption bands 

of pectin, confirming polysaccharide structures 

predominantly composed of galacturonic acid units [39] 

broad absorption band between 3,400 - 3,300 cm⁻¹ was 

observed across all spectra, corresponding to O-H 

stretching vibrations of hydroxyl groups in the 

polysaccharide backbone [40]. This feature is 

commonly reported in plant-derived pectins and 

indicates extensive hydrogen bonding and moisture 

retention [41]. Moderate peaks near 2,930 cm⁻¹ were 

attributed to C-H stretching of aliphatic CH2 or CH3 

groups [42,43], consistent with observations in various 

pectin studies, including those on citrus pectins [44].
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Figure 1 FTIR spectra of extracted pectins from five tropical fruit. 

 

 The band around 1,740 cm⁻¹, assigned to C=O 

stretching of methyl esterified carboxyl groups, was 

observed in lime and pomelo pectins, indicating the 

presence of esterified carboxyl groups [44,45]. 

Although the intensity of this band is generally related 

to the degree of esterification (DE) [46], the DE values 

of lime and pomelo pectins in this study remained below 

50%, classifying them as LM or borderline LM pectins. 

In contrast, HM pectins (DE > 50%) are known to form 

gels in acidic, high-sugar environments, making them 

suitable for jam and jelly formulations [47,48]. Dragon 

fruit pectin displayed weaker ester bands and more 

pronounced COO⁻ asymmetric stretching peaks at 1,620 

- 1,600 cm⁻¹, which is characteristic of LM pectins 

containing more free carboxylate groups [43,49]. LM 

pectins, (DE < 50%) can form gels in the presence of 

divalent cations such as calcium ions, supporting their 

use in low-sugar or calcium induced gel systems 

[47,48]. Additional peaks at 1,440 - 1,400 cm⁻¹ (COO⁻ 

symmetric stretching) further supported the presence of 

free galacturonic acid residues [1]. The fingerprint 

region 1,200 - 950 cm–1 exhibited multiple bands 

attributed to C-O-C and C-O stretching vibrations of 

glycosidic linkages and pyranose rings [43,50]. 

Variations in band intensity and profiles within this 

region suggest differences in branching patterns and 

side-chain sugars such as arabinose, galactose [47]. The 

FTIR results confirmed that all extracted pectins share 

the fundamental galacturonic acid backbone [51], while 

methylation and branching levels vary significantly by 

fruit source [43]. Accordingly, dragon fruit pectin is 

well suited for calcium induced gels or low-sugar 

applications [52,53], whereas lime and pomelo pectins, 

despite noticeable ester related FTIR band, remain low 

or borderline LM pectins based on DE values. Mango 

derived pectins also showed source dependent structural 

feature, suggesting potential versatility in food and 

pharmaceutical formulations [54]. 

 

 X-Ray Diffraction (XRD) analysis 

 The X-ray diffraction patterns of pectin obtained 

from five tropical fruits (lime, dragon fruit, Kaewkamin 

mango, Dueankao mango, and pomelo), alongside 

commercial pectin, are presented in Figure 2. All 

samples exhibited a broad diffraction halo 

predominantly between 2  = 13 and 25, which is 

characteristic of semi-crystalline to amorphous 

polysaccharides like pectin [55,56]. The absence of 

sharp crystalline peaks indicates a prevalence of 

disordered molecular packing in the pectin structure 

[55]. This amorphous nature contributes significantly to 

pectin’s beneficial functional properties, such as 

enhanced solubility and excellent film-forming capacity 

[57]. Commercial pectin displayed a broad reflection 
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centered around, indicative of its semi-crystalline 

structure, which contains small, ordered domains [56]. 

Such structural order in pectin can be influenced by 

hydrogen bonding and partial esterification [58]. The 

extracted pectins from Kaewkamin mango, Dueankao 

mango, and lime peels showed similar diffraction 

profiles to commercial pectin. This suggests a retention 

of partial structural order in their polysaccharide 

backbones, likely influenced by their moderate degree 

of esterification (DE) and methoxyl content (MeO). 

Hydrogen bonds and electrostatic interactions play a 

crucial role in molecular aggregation and the 

order/disorder state of pectin chains [50], with DE 

affecting these interactions and pectin’s overall 

conformation [58].

 

 

Figure 2 XRD pattern of extracted pectins from five tropical fruit peels. 

 

 

 Conversely, dragon fruit and pomelo pectins 

exhibited broader halos with lower peak intensities. This 

indicates a higher degree of amorphousness and weaker 

molecular packing compared to the other samples. This 

observation aligns with their lower DE ( 31 - 46) and 

MeO values, as a lower degree of esterification can 

disrupt the arrangement of pectin molecular chains, 

leading to reduced crystallinity [55,56]. The XRD 

results generally corroborate findings from thermal 

analyses, as higher molecular weight and DE in pectins 

(such as commercial, mango, and lime) often correlate 

with improved structural organization, which can 

influence thermal stability. In contrast, pectins with 

lower DE and MeO (like pomelo and dragon fruit) tend 

to exhibit more amorphous structures [56], which may 

be associated with different thermal degradation profiles 

[59]. 

 

 Thermal properties  

 Thermogravimetric  

 The thermal stability of pectin is a complex 

property influenced by its molecular structure, including 

molecular weight, branching, degree of esterification, 

methoxyl content, and inorganic (ash) content [25,47]. 

The thermogravimetric analysis and derivative 

thermogravimetry profiles of the extracted pectins are 

presented in Figure 3 with detailed degradation 

parameters summarized in Table 2. All pectin samples 

exhibited characteristic multi-step thermal degradation 

patterns [25,59,60].
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Figure 3 Thermal degradation characteristics of pectin samples. 

 

 The initial weight loss stage, typically observed 

below 100 - 110 C, corresponds to the evaporation of 

physically adsorbed water [59], as shown in Table 2. 

The weight loss in this step ranged from 7.89 (Dragon 

fruit pectin) to 10.74 (Dueankao mango pectin), 

indicating varying capacities for moisture retention 

among the different pectin types. Pomelo pectin showed 

the highest first step degradation temperature at 111.60 

C with a weight loss of 10.22.

 

Table 2 Thermal degradation of extracted pectins from five tropical fruit peels. 

Pectin source 

First step degradation Second step degradation Third step degradation 

Temperature 

(C) 

Weight 

loss 

(%) 

Temperature 

(C) 

Weight 

loss 

(%) 

Temperature 

(C) 

Weight loss 

(%) 

Commercial 83.01 9.81 251.97 31.39 319.87 17.37 

Lime 95.31 8.86 239.23 34.29 346.05 12.97 

Kaewkamin 

mango 
96.17 8.91 244.94 24.74 311.12 19.33 

Dueankao mango 98.32 10.74 242.94 31.5 307.51 16.77 

Dragon fruit 88.16 7.89 251.08 35.96 308.49 9.8 

Pomelo 111.60 10.22 236.57 30.74 325.85 20.11 
 

 The primary degradation of the pectin 

polysaccharide backbone occurred in subsequent stages, 

typically between 150 and 350 C, involving 

depolymerization, decarboxylation, and decomposition 

of the galacturonic acid chains [59,60]. As depicted in 

Figure 3, all samples showed significant mass loss in 

this region. The onset of the second degradation step 
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varied, with lime pectin showing the lowest at 239.23 C 

and commercial pectin and dragon fruit pectin at 251.97 

and 251.08 C, respectively. 

 Pectins with higher DE and MeO%, such as 

commercial pectin and Dueankao mango, demonstrated 

relatively higher thermal stability during the main 

degradation step [25]. HM pectins are known to exhibit 

slower mass loss under heat due to the restricted 

molecular mobility of esterified galacturonic acid units, 

which enhance chain compactness through hydrophobic 

interactions and delay thermal scission [25]. The 

commercial pectin and Dueankao mango pectin, with 

higher reported MeO values, maintained better stability 

at elevated temperatures, supporting that MeO 

contributes to thermal resistance by stabilizing the 

pectin backbone through stronger intra- and 

intermolecular interactions [61,62]. In contrast, pectins 

with a lower degree of esterification, such as those 

extracted from dragon fruit, pomelo, and lime in this 

study, exhibited earlier onset of thermal degradation. 

This behavior can be attributed to the higher proportion 

of free carboxyl groups in a lower degree of 

esterification [2], which are more susceptible to 

decarboxylation and thermal scission at lower 

temperatures compared to the esterified groups in HM 

[9,10,63]. Therefore, it is important to consider that this 

reduced thermal stability may limit the application of 

these specific LM pectins in industrial processes 

requiring prolonged high heat treatment [63]. 

Consequently, while HM pectin from Dueankao mango 

is well-suited for high temperature applications, the 

extracted LM pectins might be more appropriately 

targeted for cold process systems or as stabilizers in 

products that undergo mild heat treatment [2,9]. 

 Molecular weight also influenced the degradation 

behavior. While a direct, consistent correlation of 

maximum degradation temperature with Mw was not 

observed across all samples, differences in degradation 

rates suggest Mw plays a role. Dragon fruit pectin, 

despite a relatively lower reported Mw (3,169 Da), 

displayed a notably high Tmax (246 C), suggesting that 

specific structural features, such as neutral sugar side 

chains or branching, might temporarily stabilize the 

pectin residue at higher temperatures, even for shorter 

polymer chains [46]. In general, the depolymerization of 

pectin at elevated temperatures can alter its 

hydrodynamic properties and thermal behavior [64,65]. 

Finally, the ash content significantly influenced the 

residual mass after 700 C. Pomelo pectin, which had 

the highest ash content (5.52), left the largest char 

residue (20.11) after the third degradation step. This 

supports the role of inorganic minerals in forming 

thermally stable residues, which can inhibit carbon 

oxidation at typical degradation temperatures [66,67]. In 

contrast, commercial pectin with lower ash contents, left 

smaller residues. 

 The TGA/DTG results confirm that the thermal 

behavior of pectin is not determined by a single 

parameter but by a complex interplay of Mw, DE, MeO, 

and ash content. High-Mw, high-DE, and high-MeO 

pectins (commercial pectin, Dueankao mango pectin) 

are generally more suitable for applications requiring 

thermal processing, such as jams and jellies. 

Conversely, pectins with lower DE and Mw (dragon 

fruit pectin) may be advantageous for controlled release 

systems or applications where faster degradation is 

desired, while ash-rich pectins (pomelo pectin) could be 

considered for thermally resistant biopolymer 

composites [61]. 

 

 Differential Scanning Calorimetry (DSC)  

 Differential Scanning Calorimetry provides 

valuable insights into the thermal transitions of 

materials by measuring the heat flow into or out of a 

sample as a function of temperature. For pectin, DSC 

can reveal events such as moisture evaporation, glass 

transitions, and degradation processes [68]. The DSC 

thermograms of the commercial pectin and the pectins 

extracted from lime, Kaewkamin mango, Dueankao 

mango, dragon fruit, and pomelo are presented in 

Figure 4. All pectin samples exhibited a broad 

endothermic event at lower temperatures, typically 

ranging from approximately 50 to 120 C, 

corresponding to the evaporation of adsorbed and bound 

water [25,59]. Variations in the depth and width of this 

transition reflect differences in water binding, likely 

influenced by molecular arrangement and the degree of 

esterification [58].  

 At higher temperatures (180 - 260 °C), distinct 

exothermic peaks appeared, associated with structural 

rearrangement and thermal degradation [59,62]. The 

commercial and lime pectins exhibited sharp exothermic 



Trends Sci. 2026; 23(9): 13023  11 of 17 

transitions near 240 - 250 °C, corresponding to 

decomposition of the polysaccharide backbone [66]. 

Kaew-Kamin and Dueankao mango pectins showed 

broad endothermic valleys centered near 100 - 120 °C 

with weaker exothermic signals around 230 °C, 

suggesting gradual relaxation and minor degradation. In 

contrast, dragon fruit and pomelo pectins displayed 

deeper endothermic peaks (~110 °C) followed by 

intense exothermic reactions near 250 °C, indicating 

rapid decomposition and oxidative degradation of more 

amorphous matrices [66,67].

  

 

Figure 4 DSC thermogram of extracted pectins from five tropical fruit peels. 

 

 

 The DSC result complement the TGA data 

provided the endothermic events align with initial 

moisture loss, while exothermic peaks correspond to the 

main mass-loss stages [60]. Structural correlations with 

FTIR and XRD further support that pectins with higher 

DE, MeO% and Mw (commercial, mango varieties) 

exhibit improved thermal stability, whereas low-DE 

pectins (dragon, pomelo) show greater amorphousness 

and faster degradation [61]. Overall, the DSC 

thermograms reveal that the thermal responses of 

pectins vary significantly with their structural 

characteristics, highlighting the importance of selecting 

suitable pectin sources for heat-processed or film-

forming applications [65]. 

 FESEM Analysis  

 Field Emission Scanning Electron Microscopy 

(FESEM) was employed to visualize the surface 

morphology and microstructure of pectin samples, 

providing insights into their physical characteristics that 

influence functional behavior. The FESEM micrographs 

of commercial pectin and pectins extracted from lime, 

Kaewkamin mango, Dueankao mango, dragon fruit, and 

pomelo (Figure 5) reveal distinct differences in surface 

texture, porosity, and compactness. These variations 

reflect the influence of botanical origin, intrinsic 

physicochemical properties, and the steam explosion 

extraction process [25,46,47].
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Figure 5 SEM image of commercial, lime, Kaew-Kamin mango, Duean-Kao mango, dragon fruit, and pomelo pectins. 

 

 In general, the pectins exhibited morphologies 

ranging from smooth and compact to highly porous, 

flaky, or aggregated structures [42,69]. The commercial 

pectin showed a densely packed and irregular surface 

composed of aggregated, chunky particles forming a 

rough texture with folds and agglomerations. This 

compact yet heterogeneous arrangement suggests 

extensive processing and partial collapse of the 

amorphous network. The lime pectin presented thin, 

plate-like or flaky particles, often arranged in stacked 

layers, producing a relatively ordered and crystalline-

like surface typical of citrus-derived pectins [28,46]. 

The Kaewkamin mango pectin exhibited a rough, 

aggregated surface with undulating ridges and valleys, 

indicating localized melting or disruption of cell wall 

residues by the steam explosion process [25,46]. By 

contrast, the Dueankao mango pectin appeared 

smoother and more continuous, consisting of broad 

sheet-like flakes interspersed with smaller particles, 

suggesting a distinct molecular arrangement and drying 

behavior. The dragon fruit pectin displayed a granular 

and fragmented structure composed of small, angular 

aggregates. Such morphology is typical of low-DE 

pectins and implies reduced molecular order and higher 

surface area, potentially enhancing solubility and 

emulsifying capacity [38]. The pomelo pectin exhibited 

a heterogeneous texture with irregular, broken 

fragments and flat flakes, reflecting compositional 

complexity and the strong influence of extraction 

conditions [25,28,46]. The observed morphologies align 

well with the physicochemical data discussed earlier. 

More compact and homogeneous structures correspond 

to higher molecular weight and degree of esterification, 

leading to stronger intermolecular associations [13]. 

Conversely, the porous and irregular morphologies 

observed for dragon fruit and pomelo pectins 

correspond to lower DE and Mw values, consistent with 

their more amorphous nature revealed by XRD and their 

higher susceptibility to thermal degradation observed in 

DSC/TGA [61,70]. These morphological variations 

strongly influence pectin’s gelling behavior, hydration 

ability, and suitability for applications requiring specific 

textural or thermal performance [42]. 

 

Conclusions 

 This study successfully demonstrated the potential 

of the steam explosion method as an innovative and eco-

friendly technique for extracting pectin from five types 

of tropical fruit peels. The experimental results revealed 

that the fruit source significantly dictates the 

physicochemical and thermal properties of the resulting 

pectin. Specifically, the extraction yields ranged from 

7.02% to 8.96%, with Kaewkamin mango peel 

providing the highest yield. Chemical characterization 

identified Dueankao mango as a source of HM pectin 

(DE > 50%), while lime, dragon fruit, pomelo, and 

Kaewkamin mango yielded LM pectins. Although the 

steam explosion process resulted in pectins with 
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relatively high ash content (3.25% - 5.52%) and lower 

molecular weights (1,882.61 - 7,810.93 Da) compared 

to commercial standards, the structural and functional 

integrity of the pectins remained suitable for various 

applications. Thermal analysis via TGA and DSC 

further confirmed that the HM pectin from Dueankao 

mango possesses superior thermal stability, making it 

ideal for high-heat food processing. In contrast, the LM 

pectins from the other fruit sources, showing faster 

thermal degradation, are more appropriately targeted for 

cold-process systems or as stabilizers in products 

undergoing mild heat treatment. These findings 

highlight that while further optimization using Response 

Surface Methodology (RSM) and additional purification 

steps are necessary to meet industrial IPPA 

specifications, tropical fruit peels represent a viable, 

sustainable, and economically promising bioresource 

for pectin production within a circular economy 

framework. 
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