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Citrullus lanatus Seed Starch–Based Resin for Water Purification: Synthesis, Physicochemical Characterization, and Batch Adsorption of Heavy Metals


ABSTRACT 
The increasing water resources contamination by heavy metal ions causes a significant environmental and public health challenge. In this study, a novel eco-friendly adsorbent synthesized from Citrullus lanatus (watermelon) seed starch and WMSSAA (Watermelon seed starch ascorbic acid) resin characterization was carried out by FTIR, SEM analysis as well as TGA-DTA analysis.  The WMSSAA resin was further investigated for removal of toxic heavy metal ions from the standard aqueous solutions by batch adsorption method. The distribution coefficient and percentage removal of heavy metal ions by WMSSAA resin were determined under the influence of pH range of 2-8. FTIR spectral data favors the formation of chemically modified resin. These data clearly reveal functionalities present on resin. Rough and uneven morphology of resin is confirmed by SEM analysis. The moderate to good thermal stability of resin has been investigated by TGA-DTA analysis. The functionality present on resin provides the active sites for significant adsorption of heavy metal ions Cd2+, Ni2+, Pb2+, Zn2+. Citrullus lanatus Seeds are agricultural waste. This work applies green chemistry principle through formation of active adsorbent from waste seeds. The work contributes towards sustainable waste water treatment protocol. The results demonstrated that the synthesized resin exhibited high adsorption efficiency, suggesting its potential as a low-cost and sustainable alternative for wastewater treatment.
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1. INTRODUCTION
Water pollution caused by heavy metals has become a critical environmental issue due to their toxicity, persistence, and bioaccumulation in ecosystems. Industrial activities release significant quantities of these contaminants into aquatic systems, posing severe risks to human health and biodiversity (Azizul-Rahman et al., 2014) Watermelon (Citrullus lanatus) is member of Cucurbitaceae family, fleshy part of it is eaten, while the seeds are generally treated as waste, but it is rich in bioactive contents (Nissar et al., 2025). Watermelon seeds have been reported to have nutrients, bioactive molecules as well as broad spectrum of biological activities (Benmeziane & Derradji,  2023). Recently, the use of agricultural waste and biomass-derived materials as adsorbents has emerged as a sustainable approach for wastewater remediation. Additionally, modified biochar derived from Citrullus lanatus seeds has shown enhanced adsorption performance due to increased surface area and functionalization (Ahmed et al., 2021). Water melon seeds have been described for biowaste valorization as these have been used for development of activated charcoal and carbon nanodots (Ashraf & Karahan, 2024). Carbohydrate biopolymer has been widely employed for environmental applications because they are biodegradable, biocompatible, non-toxic, and affordable (Fouda-Mbanga et al., 2021). Biopolymers and materials produced from them have been employed to remove heavy metals, organic dyes, and oils from industrial wastewaters (Zubair et al., 2021). The starch-based resin has been attracted number of researchers for removal of heavy metal ions from industrial effluents as starch is eco-friendly as well as cost effective biopolymer (Kumar & Sujatha, 2021).The starch and chitosan-based adsorbent have been synthesized for the heavy metal ions removal. The compact and amorphous structure of the composite has been confirmed (Celik et al., 2025). The Starch has been reported to have many hydroxyl groups in polymeric chain that help for networks formation. The ease of availability, nontoxicity, biocompatibility, low cost of starch is are some of the reasons behind starch-based wastewater treatment tool (de Souza et al., 2025).  The micellar modified kalonji seed waste has been reported as low-cost adsorbent that has further been reported to possess high removal efficiencies for elimination of methyl orange dye and Cr (VI) metal ions from standard aqueous solution (Ismael et al., 2026). The several scientific attempts have been made to avoid use of costly activated charcoal adsorbent  while the cellulose based adsorbents have been reported as potent replacement as these are cost effective and multi-cycle utilization of modified adsorbents (Nag & Biswas, 2020). The cost effective and eco-friendly methods for heavy metal ions elimination by adsorbent based on sustainable materials has been found thrust area of research that may result in good human health and clean environment (Qasem et al., 2021). The contamination of waste water owing to heavy metal ions has been reported as major concern for human health (Raji et al., 2023). The starch‐based aerogels and hydrogels have been reviewed for treatment of water containing heavy metals (Kirti et al., 2025). The role of amylose and amylopectin content of enhancing corn starch hydrogels has been studied for effective sorption of potentially toxic metals (da Costa et al., 2025). The compounds of nickel are found teratogenic and carcinogenic. The novel avocado seed waste based crosslinked sorbents having memory effect for nickel have been synthesized (Fatullayeva et al., 2026). A novel material as complexing agent containing −OH and −C=O groups has been obtained by shredded maize stalk functionalized with Alizarine Red S. This material has further been studied for six metal ions removal through mixed aqueous matrices (Pascu et al., 2026). The Polysulfone as well as polyacrylonitrile have been used to fabricate membranes to improve the elimination of heavy metal ions (Arshad et al., 2026).
To address the challenges imposed by contamination owing to heavy metal ions, new research protocols are necessary to enhance adsorbent performance. New cost-effective as well as sustainable solutions are need of present research that uses novel materials. The watermelon seed starch has not yet not been used for synthesis of adsorbent resin. To fill this research-gap this manuscript investigates the synthesis and characterization of an economically viable, environmentally sustainable water melon seed starch ascorbic acid resin, along with its adsorptive efficacy for the elimination of harmful heavy metal ions from a standard aqueous solution utilizing a batch methodology. This research article demonstrates the synthetic protocol for WMSSAA resin, characterization through FTIR, SEM, and TGA-DTA analysis. The batch adsorption analysis study carried out to investigate adsorption potency toward heavy metal ions Cd2+, Ni2+, Pb2+, Zn2+. 
2. METHODOLOGY
2.1 Materials 
Water melon seed powder, dioxane, hydrochloric acid, ascorbic acid. All the other compounds used were commercial high purity grade and were used without further purification. 


2.2 Instruments
Perkin Elmer spectrum version 10.4.00 instrument was used for determination of infrared (IR) spectrum using KBr pellets. SEM was carried out by Zeiss FE-SEM Ultra plus-512470 equipment. HITACHI STA300-512458 TG/DTA Model was used for determination of the thermal stability of synthesized resin. 
2.3 Methods	Comment by Todd Olsen: Why were discussions made under methods instead of results?
2.3.1 Synthesis of Water melon seed starch ascorbic acid (WASSAA) resin
The wWater melon seed powder (0.2 mol) powder was taken in a round-bottom flask and a slurry was prepared with dioxane. 15 mL of 40% (w/v) sodium hydroxide was added in slurry to attain 9-10 pH of solution. The continuous stirring of solution was carried out at 60°C about 3 hours. 0.1 mol epichlorohydrin (epoxy chloropropane) was added with constant stirring in solution. This solution was stirred further continuously for 5 h at 60°C. The product, epoxypropyl ether of water melon seed starch was obtained. Product was filtered by vacuum filtration; impurities were removed by methanolic washing and dried. 
The mixture of ascorbic acid (0.1 mol) and epoxypropyl ether of water melon seed starch was prepared stirred at 60°C for 5 h and left overnight. The product was filtered to remove inorganic impurities through vacuum filtration and washed with 90% methanol containing few drops of hydrochloric acid. The pure methanol was further used for finally washing. The product, water melon seed starch ascorbic acid (WMSSAA) resin was a free-flowing light brown powder and the yield was 222.8 g.
2.3.2 TGA-DTA-DTG analysis
A HITACHI STA300-512458 TG/DTA apparatus was used for thermal analysis of the water melon seed starch ascorbic acid. The WMSSAA resin was dried and powdered to the average mesh size in the vacuum desiccator. The powder was packed for analysis and a constant heating rate of 50 0C per minute was maintained in nitrogen atmosphere. The thermogram of WMSSAA resin was analyzed for thermal stability up to 800 0C under inert atmospheric conditions. The multiple stages of weight loss and corresponding thermal events have been noticed by the curves. The TGA–DTA–DTG analysis clearly shows multistep thermal degradation pattern. The small weight loss appears around 124 0C in TGA curve that indicates the removal of physically absorbed moisture and bound water molecules. A minor weight change suggests small moisture. The initial decomposition of organic components may hydroxyl groups and partial degradation of starch chains and ascorbic acid is observed by moderate thermal event near 302 0C. Major structural change does not occur as shown by DTA curve. A major decomposition of the polymer backbone, including cleavage of glycosidic bonds and degradation of the cross-linked starch, ascorbic acid network is shown by significant thermal event occurs at 513 °C and a strong peak is observed in the DTA curve. The TGA curve shows rapid weight loss, confirming extensive thermal degradation. Beyond this main decomposition region, the rate of mass loss decreases significantly, leaving behind a noticeable char residue of about 38 to 40 % at about 700-770 °C. This relatively high residual mass indicates the presence of thermally stable structural units within the resin. These results confirm that the WMSSAA resin combines moderate to good thermal stability with controlled degradation behaviour.  The presence of multiple degradation stage confirms the formation of a complex polymeric resin. The TGA-DTA-DTG curve of the resin is shown by Fig. 1.
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[bookmark: _Ref226560027]Fig. 1. TGA-DTA of the water melon seed starch ascorbic acid resin
2.3.3 Scanning Electron Microscopy (SEM)
Morphology of synthesized resin was studied by Scanning electron microscopy. Micrographs were taken by Zeiss FE-SEM Ultra plus-512470 equipment. Scanning Electron Microscopy reveals surface morphology of chemically modified resin. Micrographs at low magnification show irregular, rough and heterogeneous, indicating the formation of a polymetric matrix after modification. The particles are not uniform and appear as aggregated clusters, suggesting successful cross-linking and interaction between the starch matrix and ascorbic acid during resin formation. It indicates that WMSSAA resin is not smooth. This rough texture reveals the presence of numerous active sites, which is reported beneficial for adsorption applications.  At moderate magnification the micrographs reveal granular and globular structure fused together, forming larger agglomerates. The distorted and swollen structure confirm that chemical modification has disrupted and native starch granule arrangement, leading to the formation of a three-dimensional polymetric network.  The surface of resin at higher magnifications appears highly rough, porous, and flaky, with the presence of micro-cavities, crack, and irregular channels. These pores and voids increase the specific surface area of the resin that is beneficial for adsorption processes. The porous morphology indicates that the WMSSAA resin possesses accessible active sites that can facilitate effective interaction with metal ions or other absorbates. Micrographs of WMSSAA resin are represented by Fig. 2.	Comment by Todd Olsen: How was this conclusion reached? Active sites are subject to chemisorption studies or higher resolution microscopy inferences. If similar works have revealed this references can be used to support.	Comment by Todd Olsen: Same here. Active sites are chemical sites that require other instruments to verify and not SEM. Or maybe you mean micropores?
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[bookmark: _Ref226560085]Fig. 2. SEM of the watermelon seed starch-ascorbic acid resin
2.3.4 Infrared spectroscopy (FTIR)
FTIR Perkin Elmer spectrum version 10.4.00 instrument was used for the FTIR spectral characterization of synthesized WMSSAA resin using KBr pellets. The functional groups present in the resin back bone wereas confirmed by the FTIR spectrum of WMSSAA resin, which are found to be responsible for its adsorption properties. A strong broad absorption band in the region between 3354-3280 cm-1 characteristics of –OH stretching vibrations, suggests hydroxyl group present on resin.  The peaks between 2919-2852 cm-1 are owing to C–H stretching vibrations; indicate alkyl chain typical of polymer back bone.  A band around 1600-1557 cm-1 owing to C=O stretching vibrations that suggests the ester group present in the resin as well as interaction of ascorbic acid is confirmed. These peaks at 1630 are also due to O–H bending scissoring vibrations. The peaks at 1424 cm-1 are due to C–H bending. A strong absorption band at 1200-1000 cm-1 region denotes C–O and C-O-C stretching vibration, indicating ether and alcohol functionalities within resin. Several peaks in lower frequency region between 900-600 cm-1 are associated with skeletal vibrations of the polymeric network.  The functionalities shown by FTIR of WMSSAA resin provides great insight into active binding sites for heavy metal ions through coordination, ion exchange, and hydrogen bonding suitable for heavy metal ion adsorption application of resin. The FTIR spectrum of WMSSAA resin is given in Fig. 3.	Comment by Todd Olsen: Multiple assignments were made to the spectrum yet only a few were identified. Why not limit the spectral assignments to recognizable peaks/bands. Alternatively a comprehensive table with all assignments can be provided under supplementary.
[bookmark: _Ref220677644][image: ]
[bookmark: _Ref226560109]Fig. 3. FTIR Spectral data of WMSSAA Resin



2.3.5 Batch method
The Batch adsorption study was carried out for determination of percentage adsorption of metal ions on resin and Distribution coefficients (Kd). The pH of solution was maintained using NH4OH – NH4Cl buffer and acetate buffer system. 1 mL standard aqueous solution was transferred to 250 ml Erlenmeyer flask and, after adjusting the pH and 50 mg of the WMSSAA resin was added. This mixture was continuously shaken at 25 °C for 2 h and the equilibrium was achieved. The filtration of this solution was achieved through Whatman filter paper no. 40. The 4N HCl was added in to the residue and the solution so obtained was further filtered through Whatman filter paper no. 42. The filtrate as well as residue were investigated for determination of the heavy metal ion concentration using a double beam spectrophotometer. The calibration curves for different metal ions were plotted to determine the concentration of metal ion in the filtrate by analysing a series of standard aqueous solutions of metal ions using spectrophotometer. The distribution coefficient (Kd) and percentage adsorption of the metal ions on WMSSAA resin were calculated.


3. RESULTS 
3.1 TGA-DTA-DTG	Comment by Todd Olsen: It seems important discussions were already made above instead of here. This is not standard.
Thermal analysis clearly reveals thermally stable adsorbent WMSSAA resin. The TGA–DTA–DTG analysis clearly shows that the WMSSAA resin has good thermal stability when heated under a nitrogen atmosphere. These results confirm that the WMSSAA resin combines moderate thermal stability with controlled degradation behaviour.
3.2 Scanning Electron Microscopy (SEM)
Scanning electron micrographs of WMSSAA resin clearly indicate irregular, rough and heterogeneous surface with large aggregated clusters and uneven layers. Adsorption efficiency of resin is greatly enhanced by chemical modification of resin through ascorbic acid. The porous morphology revealed by SEM micrograph suggests increased surface area, better accessibility, and great number of active sites for metal ions binding. 
3.3 Infrared spectroscopy (FTIR)
Absorption peaks of FTIR spectra clearly reveal presence of different functional group in WMSSAA resin. Stretching and bending vibrational peaks for carbonyl, hydroxyl, ether, hydrocarbon chain are shown in IR spectra. All peaks are in good agreement with proposed structure of WMSSAA resin.
3.4 Distribution coefficient (Kd)	Comment by Todd Olsen: Determination of metal content not fully described. Was it a UV-Vis technique or ICP? From the sound of things UV-Vis was used. If that was the case which bands were used and where are the representative spectra? What about competition studies. What about adsorption mechanism (at least FT-IR and even TG after adsorption).

This sections is the core of the paper and lacks several merits needed to qualify it as a scientific report of this nature.
Strong effect the pH has been found on the distribution coefficient (Kd) of metal ions. Adsorption was found to change with pH. The distribution coefficients (Kd) of metal ions from the standard aqueous solution are given in Fig. 4. The pH of the solution plays an important role in controlling the adsorption of Zn (II), Ni (II), Cd (II) and Pb (II) on WMSSAA resin. It is clear from the graph that the adsorption behaviour of all the metal ions changes noticeably with pH. At the lower pH range of 2-3 adsorption of investigation metal ions is relatively low. At lower pH range adsorption of metal ions compete with higher concentration of H+ ions thus less sites are available for metal ions that results lower adsorption. Adsorption of all studied metal ions increases steadily as the pH increase from 4 to 7 because negatively charged sites become available for adsorption. Maximum adsorption is observed around pH 7 for all metal ions. Pb (II) shows the, highest adsorption throughout the pH range followed by Cd (II) and Zn (II), while Ni (II) exhibits comparatively lower adsorption. This difference attributed to variation of ionic size, hydration energy, and affinity of metal ions towards the functional groups of resin. When pH is further increased to 8, respective metal hydroxides are formed or partial precipitation may occur, therefore fewer metal ions remain available in solution for adsorption on to resin. Percentage removal of metal ions from standard aqueous solution by the WMSSAA resin has been shown in Fig. 5.

[bookmark: _Ref226560171]Fig. 4. Graph between Kd and pH

[bookmark: _Ref226560197]Fig. 5. Graph of percentage removal of metal ions with pH	Comment by Todd Olsen: Y axis can be reduced to 40-90 range to improve appearance of important region.


4. DISCUSSION 
The above results clearly demonstrate that the synthesized WMSSAA resin shows superior adsorption performance compared to conventional starch-based adsorbents reported in the literature. The native starch materials are generally limited by low adsorption capacity due to the lack of sufficient functional groups and poor surface characteristics. In contrast, the ascorbic acid modified WMSSAA resin shows enhanced adsorption behavior, which can be attributed to the successful incorporation of functional groups that increase the number of active binding sites for heavy metal ions. It has clearly been shown in the previous studies that chemical modification of starch through grafting, cross-linking, or functionalization significantly improves adsorption efficiency by introducing carboxyl, amino, or ester groups (Gupta et al., 2021). However, compared to previously reported systems, the present material demonstrates improved mechanical stability, which is essential for repeated usage and large-scale applications. The adsorption performance of the synthesized WMSSAA resin, as confirmed through batch studies, is comparable or superior to various bio-based adsorbents such as cellulose, chitosan, and other polysaccharide-derived materials (Joshi et al., 2024). The present work follows a similar strategy; however, the use of watermelon seed starch as a precursor, combined with the adopted modification route through ascorbic acid, results in improved structural and physicochemical properties compared to many reported systems. The recent reviews highlight that although modified starch-based adsorbents can achieve high removal efficiencies, challenges such as limited mechanical stability and restricted operational conditions still persist. This improvement can be attributed to the synergistic effect of enhanced surface functionality and optimized pore structure, which promotes stronger binding interactions such as complexation and ion exchange. An important advantage of the developed resin is its stability across a wide pH range (2–8), which exceeds the operational range of many conventional starch-based adsorbents that tend to lose efficiency under highly acidic conditions (Costa et al., 2024). The WMSSAA resin overcomes these limitations by exhibiting improved thermal stability and structural robustness. The morphological analysis confirms that the synthesized resin possesses enhanced surface area and porosity, which governs adsorption performance. Similar observations have been reported for advanced starch-based adsorbents, where increased porosity and surface heterogeneity facilitate better diffusion and interaction of metal ions. This broader pH tolerance significantly enhances its practical applicability for real wastewater systems, where pH conditions are often variable. A sustainability perspective, the use of watermelon seed starch provides a low-cost, renewable, and environmentally benign alternative to conventional adsorbents. Starch-based materials are widely recognized for their biodegradability and economic feasibility; however, their practical application depends on effective modification strategies (Khoo et al., 2023).
The present study addresses this gap by developing a modified resin by ascorbic acid with improved adsorption efficiency and durability. Moreover, the synthesis protocol adopted in this work is relatively simple and scalable compared to many existing approaches that involve multi-step reactions or high energy consumption. This simplicity, combined with the enhanced adsorption performance, distinguishes the WMSSAA resin from previously reported materials and highlights its potential for large-scale wastewater treatment applications.
5. CONCLUSION 
The adsorption behaviour of water melon resin towards Cd2+, Ni2+, Pb2+, Zn2+ ions from standard aqueous solution was investigated under different conditions of pH. It was found that WMSSAA resin is an effective adsorbent for the removal of toxic metal ions from the standard aqueous solution. The optimum results were obtained at pH 7.0. WMSSAA resin is thus recommended for treatment of effluents containing toxic heavy metal ions.
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Kd  x 102




Zn(II)	2	3	4	5	6	7	8	62.2	67.010000000000005	71.12	75.239999999999995	77.989999999999995	80.27	76.099999999999994	Ni(II)	2	3	4	5	6	7	8	53.09	59.21	67.14	74.040000000000006	76.17	79.14	75.099999999999994	Cd(II)	2	3	4	5	6	7	8	64.23	69.09	72.13	75.95	79.209999999999994	82.18	77.12	Pb(II)	2	3	4	5	6	7	8	66.42	70.510000000000005	74.27	77.349999999999994	80.33	82.97	78.17	pH

Removal %
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