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Interaction mechanism of decorated graphene oxide on the surface ion imprinted polymer for phosphate removal
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Abstract.  Eutrophication happened due to excessive phosphate release from agricultural and industrial run off causing biodiversity deterioration and polluted the water. This research aims to develop a high-performance Graphene Oxide Ion Imprinted Polymer (GO-IIP) for the selective removal of phosphate in water solution. To overcome the high mass transfer resistance typical of conventional bulk polymerization, surface ion imprinted polymerization (SIIP) can offer significantly faster binding kinetics capacity and higher template accessibility which offering superior reusability. Meanwhile Graphene Oxide is added as supporting material in this SIIP to provide oxygen functional group allowing easy covalent modification and high surface area for imprinted to occur. Methodologies integrate a structured three-phase approach of computational screening, laboratory synthesis, and adsorption performance in aqueous solution. Initially, seven functional monomers allylthiourea (AT), acrylic acid (AA), acrylamide (AM), methacrylic acid (MAA), itaconic acid (ITA), 2-hydroxyethyl methacrylate (2-HEMA), and methyl methacrylate (MMA) were evaluated using HyperChem software to simulate energy interactions with the phosphate template. Results identified allylthiourea as the most effective monomer, exhibiting the strongest theoretical affinity with an interaction energy (ΔE) of -85.0508 kcal/mol and also in experimental test with highest value of imprinting factor 2.098. The synthesized GO-IIP are characterized using SEM, FTIR, and TGA to confirm successful grafting and thermal stability.
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1. Introduction

[bookmark: _Hlk125936599]Phosphate is essential for biological processes and helping in agricultural crop production. However, it becomes a major environmental liability when excess present in water. Anthropogenic runoff causing loads of phosphate to aquatic ecosystems which triggering ecological disruption called eutrophication. Eutrophication along with symptoms of algal blooms causing to hypoxia driven dead zones [1-3]. To acknowledge and mitigate these environmental impacts, regulatory standard like Malaysia National Water Quality Standards set strict upper limits on permissible phosphate concentrations in water [4].
With current traditional phosphate remediation techniques such as membrane filtration, enhanced biological phosphorus removal (EBPR) and conventional chemical coagulant widely used in industry, their usage constrained by high running cost, secondary sludge management challenges, and vulnerability to fluctuating process parameters [5-7]. Adsorption method in another hand stands out as one of the alternatives as its simplicity operation process and favorable economics [8]. In achieving high selectivity of target in present of competing ion, ion imprinted polymerization (IIP) has gain traction as robust, synthetic alternatives to natural biological receptors, providing superior chemical stability and precise molecular recognition [9, 10]. Rather than relying on standard bulk polymerization that has limitation of sluggish mass transfer and buried template site, surface imprinting type of IIP anchors targeting specific receptors directly onto supporting matrix of graphene oxide. This structural architecture of IIP accelerates rebinding kinetics and simplify template elution [11, 12].
Specific binding capacity between template monomer and functional monomers can be evaluated using computational molecular modelling [13]. This help in selecting optimal functional monomers. Synthetically, the process functionalizes graphene oxide (GO) with 3-methacryloxy-propyltrimethoxysilane (MPS) providing vinyl groups, establishing a reactive foundation for the subsequent anchoring of the IIP layer. This surface-imprinted architecture (GO-IIP) is designed to overcome mass-transfer limitations, targeting rapid binding kinetics, high adsorption capacity, and sharp selectivity to deliver a robust platform for phosphate remediation in wastewater streams.


2. Materials and methods

2.1 Chemicals and reagents

Graphite powder and potassium permanganate (KMnO4) were purchased from HmbG. Sodium nitrate (NaNO3), concentrated sulfuric acid (H2SO4), hydrogen peroxide (H2O2), hydrochloric acid (HCl), 3-methacryloxypropyl trimethoxy silane (MPS), sodium phosphate (Na2HPO4), allylthiourea, acrylic acid, acrylamide, methacrylic acid, ethylene glycol dimethacrylate (EGDMA) as the cross-linker, azobisisobutyronitrile (AIBN) as the initiator, dimethyl sulfoxide (DMSO), acetonitrile (ACN), methanol, ethanol, hydrochloric acid, sodium hydroxide (NaOH) were all obtained from Sigma Aldrich. Nitrogen (N2) gas was obtained from local hardware and distilled water was process in UniMAP laboratory. PhosVer 3 Phosphate Reagent was purchased from Hach.

2.2 Computational screening using hyperchem software

The molecular modeling of the Phosphate as template and seven functional monomers which are allylthiourea, acrylic acid, acrylamide, methacrylic acid, itaconic acid, 2-hydroxyethyl methacrylate and methyl methacrylate were conducted each using HyperChem software on a Windows-based system. The process began with the 3D construction of the anionic template and functional monomers, followed by geometric optimization using the Polak-Ribiere algorithm with a convergence gradient limit of 0.01kcal/ (mol·Å). To evaluate the intermolecular forces within the complexes, the semi-empirical AM1 (Austin Model 1) method was applied within the restricted Hartree-Fock (RHF) framework. This approach allowed for the rational design of the polymers by calculating the interaction energy (ΔE) between the components were calculated using Eq. (1).
	
	(1)



2.3 Synthesis of rich carboxyl graphite oxide (cGO) and functionalize of cGO by salization process

Graphite oxide (GO) was synthesized using a modified Hummers’ method. This procedure starts with mixing 5.0 g of graphite powder and 2.5 g of NaNO3 in 115 mL of H2SO4 while maintaining an ice bath for 30 minutes. Next, 15 g of KMnO4 was gradually introduced into the mixture under constant magnetic stirring. The solution was kept at 35°C for 30 minutes and subsequently heated to 98°C for 15 minutes. To quench the reaction, the mixture was diluted first with 230 mL of water and then with an additional 700 mL, followed by the addition of 50 mL of 30% H2O2. The successful completion of the oxidation was indicated by a color change from dark brown to yellow. Finally, the resulting product was washed with 1 L of 1 mol·L⁻¹ HCl and distilled water until a neutral pH was achieved. The purified GO was then dried in an oven at 50°C for 12 hours.
The functionalization of graphene oxide was achieved by grafting the silane coupling agent, 3-methacryloxypropyl trimethoxy silane (MPS), onto the GO surface. The procedure began with the ultrasonic dispersion of 0.3 g of GO in a mixture of 20 mL of water and 40 mL of ethanol for 30 minutes. Next, 2 mL of MPS was added dropwise, and the resulting solution was stirred at room temperature for 30 minutes. During this stage, the pH was maintained at 5.0 through the addition of 1M acetic acid. To produce the vinyl-functionalized GO sheets, the reaction was heated to 65°C and stirred continuously for four hours. The final product was purified by washing with ethanol three times and was subsequently dried in an oven at 50°C for 12 hours.

2.4 Synthesis of graphene oxide ion-imprinted polymer (GO-IIP)

The synthesis of the graphene oxide ion-imprinted polymer (GO-IIP) was performed using sodium phosphate as the template. To initiate the self-assembly process, 1 mmol of the template and 3 mmol of the functional monomer were dissolved in 40 mL of a DMSO/ACN mixture (1:1,v/v) and stirred at room temperature for 30 minutes. G-MPS was then integrated into the mixture through 10 minutes of sonication, after which 20 mmol of EGDMA (cross-linker) and 0.4 mmol of AIBN (initiator) were added. To prevent interference from dissolved oxygen, the solution was purged with nitrogen (N2) gas for 3 minutes. Polymerization was then conducted in an oil bath at 65°C for 18 hours under continuous stirring. After synthesis, the crude polymer was wash thoroughly with ethanol and double-distilled water 3 times to eliminate unreacted species. Template removal was performed by batch elution using 1:9 (v/v) mixture of 1M HCl and methanol. To verified the completeness of template removal, the residual water was analyze using UV-Vis spectrophotometer at 880nm to confirm no residual of phosphate was detected. The extracted material was subsequently dried to constant weight in a vacuum oven. The non ion imprinted polymer (NIP) was prepared as control with identical synthesis parameters but without including phosphate. 

2.5 Characterization properties and performance of GO-IIP

2.5.1 FTIR, TGA and SEM analysis
Fourier Transform Infrared (FTIR) spectroscopy was performed with range of 1000 to 4000 cm-1 to evaluate the structural modifications and functional groups profiles of GO-MPS and G-IIP. Solid samples were prepared using KBr pellet method with the mid-IR transparency of potassium bromide facilitated optimal beam transmission through the matrix, yielding clean absorbance spectra.
Thermogravimetric Analysis (TGA) was performed to analyze thermal stability and decomposition behavior of GO-MPS and GO-IIP towards effect of heat. Sample were loaded into crucibles and ramped from ambient temperature to 800°C at a constant rate of 10 °C min⁻¹ under a continuous nitrogen sweep. Mass loss was tracked to detect discreate thermal degradation stages.
Scanning Electron Microscope was used to analyze surface topography of the sample after synthesis. The sample were coated with platinum before imaging to ensure high resolution surface clarity. This step also purposely needed to counteract charging artifacts stemming from the low electrical conductivity of the polymeric and graphitic materials.

2.6 Binding analysis

Batch adsorption performance was conducted to know the imprinting factor of the functional monomers and templates. 10mg of GO-IIP were introduce into 10mL of 10mg/L sodium phosphate stock solution in the 15mL centrifuge tubes with initial pH of 6.5 ± 0.2. then, the sample was shake on an orbital shaker horizontally at 180rpm for 1h with condition of room temperature to maximize the solid-liquid mass transfer. After that, the sample was centrifuge 4000rpm for 5 min for separation. The supernatant was collected and diluted with distilled water as needed to fit the linear range of calibration curve. Finally, the residual of phosphate was quantified spectrophotometrically at 880nm in addition pf PhosVer 3 Phosphate reagent to detect phosphate concentration in blue color. This protocol was systematically repeated for G-IIPs prepared with alternative functional monomers, including acrylic acid (AA), methacrylic acid (MAA), and acrylamide (AM). The equilibrium adsorption capacity (Qe) and the imprinting factor (IF) were calculated using Eqs. (2, 3), respectively:
	
	(2)


where  is the adsorption capacity at equilibrium at time t (mg/g); V is the volume of the solution (L);  is the initial phosphate concentration (mmol/L);  (mmol/L) is the equilibrium phosphate concentration; m is the weight of the adsorbent (mg). 
The specificity of G-IIPs and G-NIPs towards template phosphate ion was defined by imprinting factor, IF as shown:
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where  and  are the adsorption capacity of G-IIP and G-NIP, respectively.

2.7 Adsorption performance

2.7.1 Adsorption performance on pH
The influence of solution pH on the adsorption performance was investigated by introducing 10 mg of G-IIP into a series of 15 mL centrifuge tubes. A range of test solutions was prepared from 200 mg/L Na2HPO4 and adjusted to pH values between 3 and 9 using 0.1 M NaOH and 0.1 M HCl. To initiate the adsorption process, 10 mL of each solution was added to the tubes, which were then agitated horizontally on an orbital shaker at 180 rpm for 1 hour at room temperature. When the interaction reaching the equilibrium phase, the mixture was then centrifuging setting at 3000 rpm for 5 minutes for separation of liquid from solid to occur. The remaining phosphate ion PO43- concentration in clear upper solution layer was read using UV-Vis Spectrophotometry at wavelength 301 nm. With the result we obtained, the adsorption capacity (Qe) can be calculated using Eq. (1).

2.7.2 Adsorption performance on kinetic analysis
In this research, the purpose of kinetic analysis was done is to track how fast the material takes up phosphate to the pinpoint of reaching equilibrium. The method starts with weighing 10 mg of GO-IIP along with GO-NIP as our control baseline went into phosphate solutions set to the optimized pH level. The tubes were stirred continuously at 600 rpm to homogenized, and the samples were pulled every 10 minutes over a 1-hour time frame. The samples then centrifuged to allowed separation of the mixture. Then, the remaining residual solution contain unabsorbed phosphate were measured using UV-VIS spectrophotometer. Finally, the collected dataset will be calculated into linear versions of both pseudo-first-order (Eq. 4) and pseudo-second-order (Eq. 5) models to analyze reactions mechanism.
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In these equations, Qe and Qt represent the amount of template molecule bound at equilibrium and at a specific time t (mg/g), respectively. Qe1 and Qe2 denote the theoretical adsorption capacities derived from the pseudo-first-order and pseudo-second-order kinetic models. Furthermore, k1 and k2 represent the corresponding rate constants for the first-order and second-order models.


3. Result and discussion 

3.1 Computational interaction energy analysis

The interaction energies between the template and various functional monomers were investigated using HyperChem software. Trisodium phosphate served as the target template, while seven distinct monomers which are allylthiourea (AT), acrylic acid (AA), acrylamide (AM), methacrylic acid (MAA), itaconic acid, 2-hydroxyethyl methacrylate, and methyl methacrylate were screened to evaluate their binding affinities.
Seven monomers which are allylthiourea, acrylic acid, acrylamide, methacrylic acid, itaconic acid, 2-hyroxyethyl methacrylate and methyl methacrylate were screening computationally to test the interaction energy between functional monomer and template. The result is tabulate in Table 1. Interaction energy (ΔE) with more negative values indicates that more stability and efficiency 
	Table 1. Interaction energy between phosphate and functional monomers using computational study

	Molecule (Template + Functional Monomer)
	Energy (kcal/mol)
	Interaction Energy, ΔE

	Na3PO4-Methyl Methacrylate
	-2189.1607
	-61.4301

	Na3PO4-2-Hydroxyethyl Methacrylate
	-2579.9545
	-64.6697

	Na3PO4-Itaconic Acid
	-2304.1234
	-65.5621

	Na3PO4-Methacrylic Acid
	-1926.5795
	-67.234

	Na3PO4-Acrylamide
	-1702.5792
	-71.6515

	Na3PO4-Acrylic Acid
	-1650.8404
	-79.7894

	Na3PO4-Allylthiourea
	-2107.4281
	-85.0508




between the functional monomer capturing the targeted ion. This directly denoted stronger non covalent interaction association [13]. With highest negative value of ΔE=-85.0508 kcal/mol, allylthiourea from thiourea group structure consist two amines hydrogen atoms. This forming strong hydrogen bond with the electron negative on the phosphate ion giving ability for allylthiourea the becoming most favorable monomers for this targeting ions. Meanwhile, for acrylic acid with ΔE=-79.7894 kcal/mol and acrylamide ΔE=-71.6515 showed moderate efficiency cause by the donating hydrogen bonds capacity through carboxyl and amide structure. interestingly, methacrylic acid (MAA) usually one of most commonly use functional monomers in IIP formulation because of its efficiency. In the research MAA with value of ΔE=-67.2340 kcal/mol, demonstrate weaker affinity than acrylic acid. The drop of efficiency effected by the present of methyl group that causing destabilize pre-polymerization complex. Itaconic acid in another hand with value of ΔE=-65.5621 among the lowest efficiency because of the structure of two carboxylic group has combination of rigid dicarboxylic geometry and competitive self-association. This arrangement effects the dicarboxylic backbone forces unfavorable steric constraints, prevent both functional groups from binding with phosphate ion at same time. 2 hydroxyethyl methacrylates (HEMA) with value of ΔE=-64.6697 own a bulky, flexible 2-hydroxyethyl ester side chain that introduce dimensional resistance around targeted ion. This causes the end of hydroxyl group from optimize the orientation of coordinate with template. Due to lack of acidic protons, methyl methacrylate gets the weakest binding with Methyl methacrylate showed the weakest ΔE=-61.4301 kcal/mol. Not enough of acidic protons restricting its interaction to weak dipole forces. Overall, this computational study confirms that allylthiourea as the best candidate to maximize imprinting efficiency and target selectivity during polymer imprinting.

3.2 Characterization Properties and Performance of GO-IIP

3.2.1 Fourier-transform infrared (FTIR)
Fig. 2 illustrates the FTIR spectra recorded for the synthesized materials and their precursor substrates [14]. In comparison with the polymer-modified composites, the GO-MPS precursor displays a featureless profile, indicating that new spectral bands originate from the surface polymer layers. Every polymer sample displays a prominent broad band in the 3450–3500 cm⁻¹ window. The exact shape and intensity of this signal vary depending on the monomer incorporated and its capacity for hydrogen bonding. This peak stems from O–H stretching within carboxylic moieties of IIP-MAA and IIP-AA and N–H stretching within amide or thiourea groups of IIP-AM and IIP-AT. Variations in broadness indicate different extents of internal and external hydrogen 
	[image: ]

	Figure 3.TGA result on GO-MPS, IIP AT, IIP AA, IIP AM, IIP MAA and NIP-AT




bonding of O–H···O and N–H···O throughout each network. Across all polymers, a distinct, sharp absorption peak at 1725 cm⁻¹ confirms ester/carbonyl C=O stretching belonging to the methacrylate polymer backbone. Monomer integration is also obvious within the fingerprint range. In the allylthiourea samples which are IIP-AT and NIP-AT, characteristic thiourea C=S bands overlap with strong crosslinker C–O signals between 1100 and 1250 cm⁻¹. The spectral peak of IIP-AT and NIP-AT alike proving that the chemical structure remains unchanged after imprinting. The binding selectivity come from spatial site arrangement rather than chemical variation. The intensity across IIP-MAA, IIP-AA and IIP-AM shift to mirror the different chemical environments created by carboxylic acid versus amide groups. At the 1600-1650 cm-1 region, C-N stretching and N-H bending peak for AM and AT confirms that selected monomers were successfully associate into end of polymer matrix.

3.2.2 Thermogravimetric analysis (TGA)
Thermogravimetric Analysis (TGA) of this research was graphed in Fig. 3. This analysis purposely to test the synthesis IIP effected by the factor of heat and what points samples degraded as temperature rise. GO-MPS act as precursor showed a steady, least unaffected loss of weight across the heat range controlled by loss of oxygen functional groups and eventual breakdown of its carbon frame. The polymer imprinted samples for both IIP and NIP showed degraded in clear and multiple steps, proving that the organic polymer layer successfully coated the in organic base. Under 100ᵒ, all samples showed small loss of mass driven by evaporation of water and solvent residue. In between 280°C and 480°C, the mass drop drastically as the poly-acrylate cross-linked connection with functional monomers AT, AA, AM and MAA rapidly degraded. Compelling, the thermal curve of IIP AT (purple) and NIP AT (yellow) nearly in same path entirely. This indicates that the imprinting process itself does not compromise the polymer’s thermal stability baseline [15]. Reaching 800°C, IIP AT retained a slightly higher residue compare to than other samples, which can likely be attributed to a denser cross-linked network or the formation of stable char by 
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	(D)
	(E)

	Figure 4. SEM analysis result for GO-MPS (A), IIP-AT (B), IIP-AA (C), IIP-AM (D) and IIP-MAA (E)




the thiourea monomer. Overall, all synthesized IIPs remain structurally sound up to approximately 250°C which above the typical temperature demands of practical sensing applications.

3.2.3 Scanning electron microscopy analysis (SEM)
Fig. 4 showed the result of Scanning Electron microscopy (SEM) analysis at 5000x magnification. Each of the functional monomers reshaped the surface structure during ion imprinting [9]. The GO-MPS (A) which is the baseline material, features a flat, rigid, and tightly layered sheet arrangement indicates functionalized of graphene oxide. In grafting the monomers with GO-MPS, this smooth sheet changes into roughly textures polymer network. The allylthiourea sample (B) structure continuously, highly porous, sponge-like structure with layout that actively lowers mass transfer resistance. This giving the ability for phosphate ion to diffuse quickly. In comparison, the acrylic acid (C) and methacrylic acid (E) variants form interconnected globe like networks of fused nanospheres. The methacrylic acid structure packs a bit more tightly, like causing by rigidity of its methyl backbone. In another hand, the acrylamide (D) showed rough, tightly bound and agglomerated texture. The amide chain provides strong hydrogen bonding within this dense packing resulting fewer open micro-cavities than the allylthiourea or carboxylic acid functionalization. This microstructure distinct difference confirming successful polymerization and focusing why the open structure of allylthiourea and acrylic-based IIPs providing better facility for phosphate ion capturing [16].

3.3 Binding analysis imprinting factor (IF) of GO-IIP and GO-NIP

Table 2 showed the imprinting factor (IF) value of this ion imprinted mechanism. This tested was run to measure the efficiency of each functional monomer created selective binding site. The higher value of IF define as a higher concentration of custom-fit recognition cavities. The IF value 
	Table 2. Imprinting factor of AT, AA, AM and MAA

	IF

	AT
	AM
	AA
	MAA

	2.098
	1.461
	1.501
	1.414
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	Figure 5. Imprinting factor graph of IIP for AT, AA, AM and MAA




of allylthiourea exceeded other choices of functional monomers with value of 2.098, tallying with the computational model theoretically predict AT would have the strongest binding capacity towards target. These outputs suggest that strong hydrogen bonds and electrostatic forces between thiourea group and the template formed stable structure during synthesis. The cavities retained their architecture even after washed out impelling high rebinding capacities. In comparison with acrylic acid (AA), acrylamide (AM) and methacrylic acid (MAA) with value of 1.501, 1.461 and 1.414 respectively, resulting low and more significant to each other value. Even though the IF is more than 1, AA, AM and MAA lower value reflect weaker pre-polymerization coordination or because of non-specific binding [17]. The presence of methyl group in MAA compare to AA causing it low in performance due to the steric hindrance of it structure. This will disrupt optimal coordination around the template. As AT showed best performance in total capacity and imprinting factor, it excels as one of the best monomers in building high-performance GO-IIPs for targeting phosphate ion.

3.4 Effect of pH for adsorption performance

GO-IIP allylthiourea was test across pH 3.0 to 9.0 to investigate the relation and effect of the pH solution towards the adsorption capacities (Qe) and Imprinting factor (IF). At the neutral pH of 7.0, both IIP and NIP showed the highest peak of efficiency where IIP achieved 0.91mg/g. the condition improves as condition move from acidic with pH 3.0 towards neutral [18]. This condition is natural for chemical state of phosphate in water. In between pH 6.0 and 7.5, phosphate usually present as monovalent H2PO4- and divalent HPO42- anions where these negative charges are readily to be interact with thiourea functional groups inside the imprinted cavities. At the pH of 3.0, the dominant species is neutral and fully protonated H3PO4 ion which less effectively interacts with value of 0.77mg/g. In comparison, the capacity level drop after pH 7.0 but the imprinting factor continued rising peak at 1.21 with pH of 9.0. This state happened because alkaline condition 
	Table 3. Adsorption capacity (Qe) and imprinting factor of IIP and NIP allylthiourea towards effect of pH

	Qe (mg/g)

	
	3.0
	5.0
	6.5
	7.0
	9.0

	AV IIP
	0.77
	0.73
	0.86
	0.91
	0.84

	AV NIP
	0.71
	0.67
	0.76
	0.78
	0.69

	IF

	
	1.08
	1.09
	1.14
	1.17
	1.21
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	Figure 6. Adsorption capacity and imprinting factor graph of IIP and NIP allylthiourea
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	(B)

	Figure 7   Kinetic mechanism model fitting of IIP and NIP allylthiourea. Pseudo-first-order kinetic plot for the adsorption of AT (A), pseudo-second-order kinetic plot for the adsorption of AT (B)




harm non-specific binding of NIP much more severely that dropping the capacity from 0.78 mg/g at pH 7.0 to 0.69 mg/g at pH 9.0, compare to IIP. This likely due to competing of hydroxyl ions (OH-). The result gap distorts the IF ratio proving that allylthiourea-imprinted cavities maintain their structure and selectivity on phosphate better than unpattern surface site when the pH rises.

3.5 Kinetic binding analysis

Kinetic analysis was plot in Fig. 7, showing the performance of both IIP and NIP adsorption trends over 60 minutes [15]. This data provided, aligned significantly with pseudo-second-order model as the correlation coefficient with R2 value of 0.9976 and 0.9971 for IIP and NIP respectively. This analysis result validates this IIP mechanism rely more on chemisorption as primary rate limit. This is because the phosphate anions and thiourea groups sharing or exchange electrons through valence forces. In GO-IIP AT, the custom-shaped imprinted cavities optimize this pathway by pre-coordinating allylthiourea molecules for strong and multi-point hydrogen bonding with ion H2PO4- and HPO42-.


4. Conclusions

In this study, we can conclude that the synthesis of graphene oxide ion imprinted polymer (GO-IIP) successfully captured targeted phosphate. Started with screening functional monomers using computational study and continue with laboratory testing, validate that Allylthiourea (AT) as the top performing functional monomers for capturing phosphate ion. Within the kinetic analysis, this interaction mechanism fitted pseudo-second-order path. The characterization of the IIP showed that the sample can take up to 250ᵒC heat condition with verified that has peak performance at neutral pH of 7.0. Surface characterization using SEM proven that the layer of polymer strong binding to the graphene oxide layers, structuring the material with rough and porous texture which helping in capturing target ions. Overall, these findings highlight AT modified GO-IIP as a practical, scalable candidate for cleanup efforts targeting industrial or agricultural runoff.
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