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Original Research Article

Design, Microwave Synthesis, Physicochemical Characterization, and Adsorption Efficacy of Phoenix sylvestris Seed Starch Resin – A Novel Remedy for Removal of Heavy Metal Ions
Abstract

The contamination of water resources by heavy metal ions has emerged as a critical environmental and public health concern. In the present study, an eco-friendly adsorbent was developed using starch extracted from agro-waste Phoenix sylvestris (Indian date palm) seeds. The synthesized Phoenix sylvestris seed starch–ascorbic acid (PSSSAA) resin was characterized using Fourier Transform Infrared spectroscopy, 1H NMR spectroscopy, Scanning Electron Microscopy, and Thermogravimetric–Differential Thermal Analysis. The adsorption performance of the PSSSAA resin toward toxic heavy metal ions was evaluated through batch adsorption experiments, and the metal ion concentrations were analyzed using double beam UV–Visible spectrophotometry. The effects of pH (2–8) on the distribution coefficient and percentage removal of metal ions were systematically investigated. PSSSAA resin is highly effective for Cd (II) (88.75 %) and Pb (II) (85.16 %) removal. This study emphasizes the application of green chemistry principles by converting agro-waste into a value-added adsorbent material. 
Keywords: Batch Adsorption, Phoenix sylvestris, Distribution coefficient, Heavy Metal Ions, PSSSAA resin.
1. Introduction 

Water pollution due to heavy metals has become a serious environmental problem due to their perseverance, bioaccumulation in ecosystems and toxicity. Industrial contaminants that are unswervingly released into water systems, fabricating severe dangers to health of human as well as biodiversity (Azizul-Rahman, Mohd-Suhaimi, & Othman, 2014). The heavy metal ions pollution of waste water has been testified for key concern of human health (Raji, Karim, Karam, & Khalloufi, 2023) REF _Ref225241696 \r \h  \* MERGEFORMAT 
. Date palm (Phoenix sylvestris) is member of arecaceae family, plup of it is eaten, while the seeds are usually treated as left-over (Bahder, Bloch, Lane, Helmick, & Jimenez Madrid, 2025). Use of biomass-derived materials and agricultural waste as adsorbents has emerged as a new sustainable approach for wastewater remediation (Ahmed et al., 2021). Date palm seeds have been described as green adsorbent for development of biochar and activated charcoal (Al Malki et al., 2023) REF _Ref226446114 \r \h  \* MERGEFORMAT 
. Carbohydrate biopolymer is affordable, biocompatible, biodegradable, as well as non-toxic, and hence has been widely used for environmental applications (Fouda-Mbanga, Prabakaran, & Pillay, 2021) REF _Ref226446320 \r \h  \* MERGEFORMAT 
. Biopolymers and biopolymer-based materials have been widely used for removal of organic dyes, heavy metals, and oils from industrial effluents (Zubair, Ihsanullah, Aziz, Ahmad, & Al-Harthi, 2021). The starch-based resin is eco-friendly as well as cost effective biopolymer and therefore has attracted number of research persons for study heavy metal ions removal from industrial effluents (Kumar & Sujatha, 2021). The starch and chitosan-based new adsorbent have been studied for the heavy metal ions removal (Celik et al., 2024). A study has been reported that starch have many hydroxyl groups in polymeric backbone, helping for networks creation with contaminants (de Souza, Ferreira, Alves, Rosa, & Pinto, 2025).  The modified kalonji waste seed has been studied as low-cost new adsorbent having high removal efficacy for methyl orange dye as well as Cr (VI) metal ions from aqueous solution (Ismael, Omer, Ibrahim, & Saad, 2026). A huge number of scientific attempts have been taken to avoid costly activated charcoal as adsorbent. The cellulose based new adsorbents have been reported as replacement because of their low cost and multi-cycle utilization (Nag & Biswas, 2020) REF _Ref225241674 \r \h  \* MERGEFORMAT 
. The eco-friendly and cost-effective remedies for elimination of heavy metal ions by sustainable materials based adsorbent based have been found thrust area of research (Qasem, Mohammed, & Lawal, 2021) REF _Ref224310039 \r \h  \* MERGEFORMAT 
. The starch‐based hydrogels and aerogels have been reviewed for treatment heavy metals contaminants (Kirti, Gupta, Singh, Tiwari, & Blennow, 2025). The role of amylopectin and amylose part of corn starch hydrogels has been discussed for effective toxic metals sorption (da Costa et al., 2025). The sorbents having memory effect for nickel have been synthesized with novel waste avocado seed-based material (Fatullayeva et al., 2025). A maize stalk functionalized with Alizarine Red S as novel complexing agent having −OH and −C=O groups has been prepared. This substantial has further been considered for elimination of six metal ions through assorted aqueous matrices (Pascu, Galaon, Borș, & Marin, 2026). The polyacrylonitrile as well as Polysulfone have been used to construct films to advance the eradication of heavy metal ions (Arshad, Mehdi, Zaman, & Rehman, 2026) REF _Ref225241801 \r \h  \* MERGEFORMAT 
.

To address the challenges imposed by contamination due to heavy metal ions, new research procedures are essential to boost adsorbent performance. New sustainable as well as cost-effective solutions are required in present period. The  Phoenix sylvestris seed starch has not yet been cast-off for synthesis of adsorbent resin. To fill this research-gap this manuscript examines the synthesis and physicochemical characterization of an economically feasible, environmentally bearable Phoenix sylvestris seed starch ascorbic acid resin, along with its adsorbent efficiency for the elimination of harmful heavy metal ions from a standard aqueous solution utilizing a batch methodology. This research article establishes the synthetic protocol for PSSSAA resin, FTIR, SEM, and TG-DTA characterization. The batch adsorption analysis study carried out by spectrophotometric technique to explore adsorption potency toward heavy metal ions Cd2+, Ni2+, Pb2+, Zn2+. 
2. Materials and Methods

2.1 Materials 
Date palm seed powder, ascorbic acid, dioxane, hydrochloric acid. All the other commercial high purity grade compounds were used without supplementary purification. 

2.2 Instruments
1H NMR spectrophotometric analysis was performed using JEOL resonance NMR spectrophotometer. Perkin Elmer spectrum version 10.4.00 apparatus was used for FTIR spectral studies using KBr pellets. Zeiss FE-SEM Ultra plus-512470 apparatus was used for SEM micrographs. TG-DTA analysis was carried out using HITACHI STA300-512458 TG/DTA Model for determination of the thermal stability of formed resin. 

2.3 Methods
2.3.1 Synthesis of Phoenix sylvestris seed starch ascorbic acid (PSSSAA) resin

A microwave-assisted synthetic ecofriendly route based on principle of green chemistry was employed for the preparation of Phoenix sylvestris seed starch ascorbic acid (PSSSAA) resin. Initially, date palm seed powder (0.2 mol) was taken in a round-bottom flask and converted into a slurry using dioxane as the dispersion medium. The pH of the reaction mixture was adjusted to 9–10 by adding 15 mL of 40% (w/v) sodium hydroxide solution. The mixture was continuously stirred at 60 °C for approximately 3 h. The epoxy chloropropane (0.1 mol) was added with continuous stirring in solution. The mixture was illuminated in microwave for 2 minutes in constant interval of 10 seconds to enhance reaction efficiency and reduce energy consumption. The epoxypropyl ether of Phoenix sylvestris seed starch was obtained as product. The resulting product was separated by vacuum filtration, washed thoroughly with pure methanol to remove impurities, and dried to obtain the purified intermediate. 

Further, a blend of ascorbic acid (0.1 mol) and the synthesized epoxypropyl ether of Indian date palm seed starch was prepared and subjected to microwave-assisted stirring for 2 minutes in continuous interval of 10 seconds and this content has been left for overnight. The obtained product was filtered using a vacuum filtration pump to remove inorganic impurities and washed with 90% methanol containing a few drops of hydrochloric acid. Final purification was carried out using pure methanol. The synthesized Phoenix sylvestris seed starch ascorbic acid (PSSSAA) resin was obtained as a free-flowing light brown powder with a yield of 232.6 g. 

The microwave-assisted green synthesis not only reduced reaction time and energy consumption but also promoted the development of a sustainable and environmentally benign adsorbent material.

2.3.2 TG-DTA-DTG analysis
A HITACHI STA300-512458 TG/DTA equipment was employed for thermal study of the Phoenix sylvestris seed starch ascorbic acid. The PSSSAA resin was dried up and ground to the average mesh extent in the vacuum desiccator. The powder PSSSAA resin was packed for analysis and a continuous heating rate of 50 0C per minute was upheld in nitrogen air. The thermogram of PSSSAA resin was examined for thermal stability up to 800 0C under inactive atmospheric circumstances. 
2.3.3 Scanning Electron Microscopy (SEM)

Morphology of synthesized PSSSAA resin was studied by SEM. Micrographs were obtained through Zeiss FE-SEM Ultra plus-512470 apparatus. 
2.3.4 Fourier Transform Infrared Spectrophotometry (FTIR)
FTIR Perkin Elmer spectrum version 10.4.00 apparatus was employed for the FTIR spectral analysis of synthesized PSSSAA resin using KBr pellets. 

2.3.5 Nuclear Magnetic Resonance Spectrophotometry (1H NMR)

1H NMR spectrophotometric analysis was performed using JEOL resonance JXN-ECS-400 DELTA2 NMR spectrophotometer. TMS was used as internal reference material. Delta scale was used to show chemical shift of proton of different electronic environment.  
2.3.6 Batch method

Batch adsorption experiments were conducted to evaluate the adsorption efficiency of the PSSSAA resin toward heavy metal ions and to determine the corresponding distribution coefficients (Kd). The pH of the reaction medium was carefully maintained using NH₄OH–NH₄Cl buffer and acetate buffer systems. For each experiment, 1 mL of standard aqueous metal ion solution was transferred into a 250 mL Erlenmeyer flask, followed by pH adjustment and the addition of 50 mg of PSSSAA resin. The reaction mixture was continuously agitated at 25 °C for 2 h to attain adsorption equilibrium. After equilibration, the mixture was filtered using Whatman filter paper No. 40. The residue obtained was treated with 4 N HCl to desorb the retained metal ions and subsequently filtered through Whatman filter paper No. 42. Both the filtrate and the desorbed residue were analyzed for heavy metal ion concentration using a double-beam UV–Visible spectrophotometer. Calibration curves for individual metal ions were prepared using a series of standard aqueous solutions, enabling accurate determination of metal ion concentrations in the filtrate. Based on these measurements, the distribution coefficient (Kd) and percentage adsorption of heavy metal ions onto the PSSSAA resin were calculated.
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3. Results and Discussion

3.1 TGA-DTA-DTG

The TGA–DTA–DTG analysis clearly shows multistep thermal degradation pattern, confirms the formation of a complex polymeric resin. The blue curve is a curve between weight percentage and temperature. The small weight loss appears in initial region between 31 0C to 150 0C in TGA curve that indicates the removal of physically absorbed moisture and volatile impurities. A moderate decomposition is appeared between 150 0C to 313 0C. A gradual weight loss in this region indicates loss of bound water, functional groups, side chains and low molecular fragments. The major decomposition is found between 313 0C to 500 0C. In this region a sharp weight loss is seen, indicating main polymer backbone degradation. Final stage of decomposition is found between 500 0C to 774 0C.  In this region a slow weight loss continues, leaving 16.9 % residue at 774 0C, which corresponds to char formation of inorganic residue. Differential Thermal Analysis (DTA) curve is shown in green colour, indicating endothermic/exothermic behaviour of resin.  A broad endothermic region below 200 0C corresponds to moisture loss and dehydration in resin. A peak around 446 0C indicates a major thermal event in form of decomposition of the polymeric backbone. The resin undergoes endothermic decomposition, confirming bond breaking and structural collapse. The pink curve of Derivative Thermogravimetry (DTG) shows the rate of weight loss. A maximum degradation occurs around 406 0C as shown by DTG peak. A sharp peak indicates a single dominant degradation, typical of polymeric materials.  The TGA-DTA-DTG curve of the resin is shown by Figure 1.

3.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy reveals surface morphology of chemically modified resin. Scanning electron micrographs of PS powder clearly indicate irregular, flaky, and compact particles. Surface is relatively smooth to slightly. Low porosity, agglomeration of particles with dense clusters is also revealed for PS powder. Chemical modification of PS powder results in PSSSAA resin. Surface of modified resin is observed highly rough, uneven and porous in SEM micrograph. Numerous cavities, cracks, and channels are also seen. Porosity and heterogeneity are significantly increase by modification. Sponge like morphology is also revealed. 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 sites for metal ions binding. These pores and voids increase the specific surface area of the resin that is beneficial for adsorption processes. The porous morphology indicates that the PSSSAA resin possesses accessible sites that can facilitate effective interaction with metal ions or other absorbates. PSSSAA resin has undergone significant morphological transformation compared to PS powder.  The development of porous, rough, and heterogeneous surface confirms successful chemical modification. PSSSAA resin becomes suitable for heavy metal ions removal due to enhanced adsorption efficiency. Micrographs of PS powder are represented by Figure 2. Micrographs of PSSSAA resin are represented by Figure 3. Comparison of SEM micrographs of PS powder and PSSSAA resin is shown by Table 1.
3.3 Fourier Transform Infrared Spectrophotometry (FTIR)

The native starch structure is confirmed through strong broad peak at 3294 cm-, C-O-C glycosidic linkage at 1027 cm-. Chemical modification through incorporation of ascorbic acid on polymeric backbone is confirmed by broad -OH peak in resin due to increased hydrogen bonding. These significant changes are attributed to introduction of ascorbic acid moiety.  A notable new absorption peak at 1742 cm-, which is attributed to the carbonyl (C=O) stretching of lactone (ester) group from ascorbic acid. This peak is absent in native starch and serve as strong evidence of successful incorporation. Additionally, changes in the fingerprint region (1000-1200 cm-) indicate alteration in the glycosidic environment, suggesting modified interaction on polymeric backbone.   The FTIR spectrum of PSSSAA resin is given in Figure 4. Comparison of FTIR absorption peaks of PS powder and PSSSAA resin is shown in Table 2. 

3.4 1H NMR Spectroscopy

The 1H NMR spectrum of PSSSAA resin provides strong molecular-level evidence supporting the FTIR findings of starch modifications. The presence of characteristic signal in the region of 3.0-3.4 ppm confirms the retention of the polysaccharide backbone. The anomeric proton signal around 5 ppm further supports the integrity of glycosidic linkages after modification. Notably, the broadening and slight shifting of peaks in the 3.5-4.5 ppm region indicate changes in the chemical environment of hydroxyl-bearing carbons. This is the consistent with the FTIR observations of broadened O-H stretching bands, suggesting enhanced hydrogen bonding due to ascorbic acid incorporation. The presence of carbonyl group is supported by the downfield shift through deshielding effect. The electron-withdrawing nature of carbonyl group affects nearby protons, causing observable shifts. Additionally, an overlapping new signal in 3-4.5 ppm region suggests interaction of ascorbic acid with starch backbone, while signals around 5.0-5.5 ppm indicate that the glycosidic structure remains intact. Weak signal in the strong unsaturation region around 7 ppm further confirm the incorporation of ascorbic acid moiety. NMR spectral data is shown by Figure 6. Interpretation of NMR chemical shift PSSSAA resin is shown in Table 3.

3.5 Distribution coefficient (Kd)

Adsorption studies have been carried out using UV-Visible spectrophotometric technique. The adsorption behaviour of Zn (II), Ni (II), Cd (II), and Pb (II) onto PSSSAA resin was investigated over pH range of 2-8, and the result are presented in terms of distribution coefficient (Kd) and percentage removal. The results clearly show that pH plays a crucial role in controlling the adsorption efficiency. At lower 2-3 pH values, the adsorption of metal ions was relatively low. This can be attributed to the high concentration of H+ ions, which compete with metal ions for the active binding sites present on the PSSSAA resin. As the result the functional group coordinate with metal ions (Foo & Hameed, 2010).  As the pH increases from 3 to 7, both Kd and percentage removal increase significantly for all the studied ions. This enhancement due to deprotonation of functional groups, which increases the availability of negatively charged sites, thereby promoting electrostatic attraction and complex formation with metal cations (Babel Kurniawan, 2003). The maximum adsorption was observed at pH 7, indicating that near neutral conditions are optimal for the adsorption process. Beyond pH 7, a slight decrease in adsorption efficiency was observed. This decline may be due to the formation of metal hydroxide species or partial precipitation, which reduces the contribution of adsorption as the dominant removal mechanism (Crini & Badot, 2010). The Kd values increased steadily with pH up to 7, confirming improved affinity of the resin for metal ions under less acidic conditions. Among the studied ions, the adsorption affinity followed the order. 

Cd (II) >Pb (II) >Ni (II) >Zn (II)

The higher Kd values for Cd (II) suggests stronger interaction with the functional groups of PSSSAA resin. This may be explained by differences in ionic radius, hydration energy, and complexation tendency of the metal ions (Volesky, 2001). Cd (II), having relatively lower hydration energy interacts with the binding sites compared to Zn (II). The percentage removal data further supports the Kd findings, removal efficiency increased from approximately 55-60 % at pH 7, followed by a slight decrease at pH 8. The maximum removal efficiencies observed were
Cd (II) (88.75 %) > Pb (II) (85.16 %) >Ni (II) (79.01 %) > Zn (II) (74.75 %)

This trend confirms that PSSSAA resin is highly effective for Cd (II) and Pb (II) removal, which are significant given their toxicity and environmental impact. The electrostatic interaction between metal cations and negatively charged resin sites, chelation of functional groups with metal ions, and ion exchange are the mechanism that govern the adsorption of metal ion on resin backbones. The functionalities present on PSSSAA resin enhance its binding capacity, making it a suitable adsorbent for heavy metal removal. Graph of Kd and pH is shown by Figure 7 and Graph of percentage removal of metal ion is shown by Figure 8.    

The above results clearly demonstrate that the synthesized PSSSAA 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 PSSSAA 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, Rawat, Bhadauria, & Singh, 2021) REF _Ref226543928 \r \h  \* MERGEFORMAT 
. 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 PSSSAA 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 date palm 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 PSSSAA 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 date palm 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 PSSSAA resin from previously reported materials and highlights its potential for large-scale wastewater treatment applications. This study has limitations also, as the effect of contact time and temperature have not been studied.  

4. Conclusions

The adsorption behaviour of PSSSAA resin towards Cd2+, Pb2+, Ni2+, Zn2+ ions from standard aqueous solution was investigated under different conditions of pH (2-8). PSSSAA resin is found an effective adsorbent for the removal of toxic metal Cd2+, Pb2+, Ni2+, Zn2+ ions from the standard aqueous solution. The optimum results were obtained at pH 7.0.  The treatment of effluents is recommended by PSSSAA resin for removal of toxic heavy metal ions including Cd2+, Pb2+, Ni2+, Zn2. The increasing order of percentage removal of the studied metal ions by chemically modified resin is shown below.

Cd (II) (88.75 %) > Pb (II) (85.16 %) >Ni (II) (79.01 %) > Zn (II) (74.75 %)
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Figure 1 TGA-DTA of PSSSAA resin.
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                                               Figure 2 SEM of PS powder.
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Figure 3 SEM of PSSSAA resin
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Figure 4 FTIR spectral data of PS powder
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Figure 5 FTIR spectral data of PSSSAA resin.
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Figure 6 NMR spectral data of PSSSAA resin.
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Figure 7 Graph between Kd and pH of PSSSAA resin.
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Figure 8 Graph of percentage removal of metal ions with pH of PSSSAA resin.

	Feature
	PS powder
	PSSSAA resin

	Surface texture
	Smooth to slightly rough
	Highly rough and irregular

	Porosity
	Low
	High

	Structure
	Compact, dense
	Loosly packed, porous

	Morphology
	Flaky/agglomerated
	Granular, sponge-like

	Surface area
	Low
	Significantly increased

	Adsorption potential
	Limited
	High


Table 1 Comparison of SEM micrographs of PS powder nad PSSSAA resin.
	S.NO.
	Wavenumber (cm-)
	PS Powder (seed starch)
	PSSSAA Resin
	Assignment 
	Interpretation

	1
	2390-3300
	3294
	3297
	O-H stretching (hydrogen bonded
	Broadening/intensity increase in resin confirms enhanced H-bonding due to ascorbic acid 

	2
	2920-2930
	2926
	2926
	C-H stretching (CH2 groups)
	No major change confirms retention of backbone 

	3
	1740-1750
	Weak/absent
	1742
	C=O ( ester/carboxylic)
	Strong evidence of ascorbic acid incorporation

	4
	1600-1650
	Weak
	1600
	C=C /bound water
	Increased intensity indicates structural modification

	5
	1415
	1417
	1417
	CH2 bending
	Polysaccharide backbone confirms in both

	6
	1365
	1365
	1365
	C-H bending
	Slight vibration due to modification

	7
	1220-1230
	1230
	1229
	C-O stretching (ester)
	Stronger in resin due to cyclic ester linkage

	8
	1020-1030
	1027
	1030
	C-O-C glycolic linkage
	Maintained but intensity change shows modification

	9
	820-920
	922,820
	821, 871
	α-glycosidic linkage
	Slight shift indicates structural rearrangement

	10
	500-600
	560
	526
	Skeletal vibrations
	Minor structural differences


Table 2 Comparison of FTIR peak data of PS powder and PSSSAA resin. 
	S.No.
	Chemical shift (ᵟ, ppm)
	Assignment
	Interpretation

	1
	7.2-7.5
	Unsaturation 
	Ascorbic acid interaction

	2
	5.0-5.5
	Anomeric proton ( -C1-H of starch)
	Confirm polysaccharide backbone

	3
	3.2-4.5
	-CHOH protons (starch ring)
	Typical glucose unit signal

	4
	3.5-4.2
	Overlapping signal
	Contribution from both starch and ascorbic acid 

	5
	2.0-2.5
	Deshielding effect of C=O group affect downfield shift of nearby proton 
	Indicates presence of lactone/ester linkage in ascorbic acid

	6
	1.0-1.5
	aliphatic
	Carbon chain

	7
	0
	TMS reference
	Standard reference peak


Table 3 Interpretation of NMR chemical shift data of PSSSAA resin.

