Adsorptive Performance of Quinine-Functionalized Magnetic Graphene Oxide in the Treatment of Industrial Wastewater
Abstract
The increasing discharge of untreated industrial effluents poses severe environmental and public health risks due to the presence of toxic heavy metals. In this study, a novel quinine-functionalized magnetic graphene oxide (MGO@SiO2-Q) nanocomposite was synthesized and evaluated for the efficient removal of heavy metal ions from industrial wastewater. The adsorbent demonstrated outstanding removal efficiencies, achieving complete elimination (100 and 95%) of Pb(II) and Ni(II) ions and significant removal of Cr(III), Cu(II), Zn(II), and Mn(II) under optimized conditions. Adsorption performance was strongly dependent on adsorbent dosage and initial metal ion concentration. Isotherm analyses revealed that the adsorption of Pb(II) and Ni(II) fitted well to the Langmuir model, indicating monolayer adsorption with maximum capacities of 161 mg/g and 156 mg/g, respectively. The quinine functional groups provided multiple active sites, promoting ion exchange, electrostatic interactions, and surface complexation mechanisms. The magnetically responsive nature of the adsorbent allowed easy recovery and reuse, offering a sustainable and cost-effective solution for industrial wastewater treatment. These findings highlight the potential application of MGO@SiO2-Q as a green, efficient, and recyclable adsorbent for environmental remediation.

Keywords
Magnetic graphene oxide (MGO); Quinine functionalization; Heavy metal removal; Industrial wastewater treatment; Adsorption isotherms; Langmuir model; Green adsorbent; Environmental remediation; Batch adsorption
1.0. Introduction
The rapid industrialization witnessed over recent decades has significantly contributed to environmental pollution, particularly the discharge of untreated or inadequately treated industrial effluents into aquatic ecosystems. Industrial wastewater typically contains a complex mixture of toxic contaminants such as heavy metals, synthetic dyes, pharmaceutical residues, and persistent organic pollutants (POPs), which are known to exert carcinogenic, mutagenic, and endocrine-disrupting effects on living organisms (Fu & Wang, 2011; Crini et al., 2019). The presence of such pollutants in water bodies not only deteriorates water quality but also threatens biodiversity, food safety, and public health. Therefore, the search for efficient, cost-effective, and sustainable treatment technologies remains a global imperative. Among the various treatment techniques employed such as chemical precipitation, membrane filtration, coagulation–flocculation, and advanced oxidation processes adsorption has garnered considerable interest due to its operational simplicity, economic feasibility, environmental compatibility, and high removal efficiency for a wide range of contaminants (Tran et al., 2017; Zango et al., 2022). However, the effectiveness of adsorption largely depends on the properties of the adsorbent material. Consequently, recent research has focused on engineering novel nano-structured adsorbents with enhanced physicochemical properties, surface functionalities, and recyclability. Graphene oxide (GO), a two-dimensional nanomaterial derived from graphite, exhibits exceptional surface area, rich oxygen-containing functional groups, and mechanical strength, making it a promising platform for adsorbent development. To further improve its separation efficiency, GO can be integrated with magnetic nanoparticles, forming magnetic graphene oxide (MGO), which facilitates easy recovery from aqueous media via external magnetic fields (Benkaddour et al., 2020). Moreover, surface functionalization of MGO with selective ligands or bioactive molecules can significantly enhance its adsorption capacity and selectivity toward specific contaminants.
[bookmark: _Toc158366909][bookmark: _Toc171856666]In this regard, quinine, a naturally occurring alkaloid derived from Cinchona bark, possesses a unique molecular structure featuring hydroxyl, methoxy, and nitrogen-containing functional groups. These functionalities can participate in multiple interactions such as hydrogen bonding, electrostatic attraction, and π–π stacking with various classes of pollutants. The incorporation of quinine onto MGO thus presents a novel strategy to fabricate a multifunctional, green, and efficient adsorbent for environmental remediation applications .This study aims to synthesize and characterize quinine-functionalized magnetic graphene oxide (MGO@SiO2-Q) and to evaluate its performance as an adsorbent for the treatment of industrial wastewater. The research investigates the material’s adsorption efficiency under varying conditions, including pH, contact time, and pollutant concentration. Furthermore, the adsorption kinetics, isotherms, and thermodynamic properties are analyzed to elucidate the adsorption mechanism. 


[bookmark: _Toc68946411] MATERIALS AND METHODS
[bookmark: _Toc158366910][bookmark: _Toc171856667][bookmark: _Toc158366911][bookmark: _Toc171856668]Materials
Graphite powder was obtained from Fluka Chemicals (Shanghai, China). All other chemicals such as FeCl3.6H2O, FeCl2.4H2O,   KMnO4, KNO3 (65%), H2SO4 (97%), 5 M HCl, H2O2 (30%), sodium acetate, Conc. HCl, NaOH, Ammonia. All the reagents were of analytical grade.
Methods
Adsorbent dosage
Different amount of (MGO@SiO2-Q) from 20-35mg at optimum conditions of pH, contact time and concentration of the heavy metal ions. The residual concentrations of heavy metals was determined after adsorption to established the optimum adsorbent dosage (Pirveysian and Ghiaci, 2018; Hassan et al., 2020).
Concentration of the heavy metals
To study the effect of heavy metals concentration on adsorption onto (MGO@SiO2-Q), the concentration of heavy metals adsorption onto (MGO@SiO2-Q) was determined within a concentration range of (50 mg/L, 100 mg/L, 150 mg/L and 200mg/L) at different interval, at optimum conditions of pH, contact time and adsorbent dosage, until adsorption equilibrium is established depending on the capacity of the synthesized adsorbent.  (Pirveysian and Ghiaci, 2018;   Hassanet al., 2020).

Application of MGO@SiO2-Q for treatment of real samples
In order to analyze the application of MGO@SiO2-Q to remove heavy metals from real samples, rice mill effluent was obtained from Labana rice mill, BirninKebbi, Kebbi State, Nigeria. The effluent was digested using concentrated nitric acid (HNO3) after the suspended particle from effluent was removed. The initial concentration of the heavy metals in the effluent was measured and recorded using AAS then the effluent was treated directly with the adsorbent (MGO@SiO2-Q) using batch method at optimum conditions. Final concentration of heavy metals in effluent was analyzed using AAS. The adsorption capacity of the composite adsorbent was calculated using equation 1 while the percentage removal (% R) of heavy metal ions was calculated using equation 2.
Isotherm studies
To be able to explain the interaction between heavy metal ions with the synthesized MGO@SiO2-Q during adsorption process, Adsorption Isotherms were applied as this is highly significant in the Adsorption process design. For the feasibility of the adsorption process, Langmuir and Freundlich model were used to study the experimental data. Langmuir isotherm treats the adsorbent as a homogeneous adsorption surface with equivalent adsorption sites and energy, whereas the Freundlich isotherm assumes it is a heterogeneous surface (Wang et al., 2017). Langmuir isotherm can be mathematically represented as; 
qe = ………………………………………….(3)
Where;
qeis the experimental adsorption capacity in (mg g-1), qmaxis the maximum adsorption capacity in (mg g-1), Ce is the residual concentration of the metal ions after in the solution adsorption in (mg dm-3) and KL (L mg-1) is Langmuir constant.
Freundlich can be represented mathematically as;
qe = KfCe1/n     ………………………………………………(4)
Where: 
qeis the adsorption capacity of adsorbent at equilibrium and (Ce) is the adsorbate concentration in liquid phase at equilibrium, Kf is the adsorption capacity (mg g-1) and Freundlich constant and n is the heterogeneity factor that represents the bond distribution.
3.0 Results and Discussion
3.1 Effect of Adsorbent Dosage
The influence of MGO@SiO2-Q dosage on the removal efficiency of Pb(II) and Ni(II) ions was evaluated within the dosage range of 20–35 mg. The results indicated a significant increase in removal efficiency with increasing adsorbent dosage, reaching 100% and 95% removal for Pb(II) and Ni(II), respectively, at 35 mg. This behavior can be attributed to the increased availability of active binding sites as the dosage increases, thereby enhancing the probability of metal ion-adsorbent interactions. The findings corroborate earlier reports in the literature and emphasize the strong potential of MGO@SiO2-Q as an efficient adsorbent even at relatively low concentrations.


Figure 1. : Effect of adsorbent dosage on adsorption of Pb (II) and Ni (II) onto MGO@SiO2-Q.50 mg/L initial concentrations of Pb (II) and Ni (II) in 50 mL aqueous solution, pH 6 and 35 min. contact time at ambient temperature.
3.2 Effect of Initial Heavy Metal Concentration
The experimental adsorption capacities (qe) of Pb(II) and Ni(II) increased with rising initial concentrations, reaching 172 mg/g and 161 mg/g, respectively figure 2. This improvement is due to the greater mass transfer driving force at higher initial concentrations, enabling enhanced interactions between the adsorbate and the active sites on the adsorbent.

Figure.2 Effect of initial  concentration on adsorption of Pb (II) and Ni (II) onto MGO@SiO2-Q. 50 mL aqueous solution , pH 6, 35 min. contact time and 35 mg adsorbent. At ambient  temperature.
3.3 Application of MGO@SiO2-Q for Treatment of Industrial Effluent
Treatment of real rice mill effluent demonstrated complete removal of Pb(II) and Ni(II), validating the practical applicability of MGO@SiO2-Q. Moderate removal efficiencies were observed for Cr(II), Cu(II), Zn(II), and Mn(II), attributed to weaker binding affinities and possible competitive adsorption effects.
Table 1: Efficiency of Heavy Metal Removal from Industrial Effluent Using MGO@SiO2-Q
	Parameter
	Initial Conc. (mg/L)
	Conc. after treatment (mg/L)
	% Removal

	Pb(II)
	3.3 
	0.0 
	100

	Ni(II)
	3.7
	0.2
	95

	Cr(II)
	1.3
	0.5
	62

	Cu(II)
	0.9
	0.4
	56

	Zn(II)
	1.7
	0.6
	65

	Mn(II)
	1.9
	0.6
	68




3.4 Adsorption Isotherm Studies
Langmuir isotherm fitting indicated monolayer adsorption, with excellent R² values (0.9999 for Pb(II) and 0.9993 for Ni(II). The high consistency between experimental and theoretical qₑ values confirms the model's applicability. Freundlich modeling yielded lower R² values, suggesting minimal surface heterogeneity influence in this system.

Figure 3:Langmuir linearity for absorption of Pb(II) onto MGO@SiO2-Q

Figure 4:Langmuir linearity for absorption of Ni (II) onto MGO@SiO2-Q
[bookmark: _Toc158366955][bookmark: _Toc171856711]Table 2 Langmuir isotherm constants and coefficient of determination for adsorption of Pb (II) and Ni (II) onto MGO@SiO2-Q
	Isotherm Model  
	
	Isotherm constant
	Pb(II)
	Ni(II)

	Langmuir
	
	qm (mg/g -1)
	161
	156

	
	
	KL (mg -1)
	0.129
	1.92

	
	
	R2
	0.9999
	0.9993

	
	
	qe (mg/g)
	172
	161



[bookmark: _Toc158366957][bookmark: _Toc171856713]
Figure 5: Freundlich linearity for absorption of Pb (II) onto MGO@SiO2-Q
	
[bookmark: _Toc158366958][bookmark: _Toc171856714]			Figure 6:Freundlich linearity for absorption of Ni (II) onto MGO@SiO2-Q
[bookmark: _Toc158366959][bookmark: _Toc171856715]

Table 3 Freundlich isotherm model constants and coefficient of determination for adsorption capacity of Pb (II) and Ni (II) onto MGO@SiO2-Q
	Model
	Isotherm constant
	Pb(II)
	Ni(II)

	Freundlich
	N
	6.72
	5.58

	
	KF mg/g (mg/L)n
	1.98
	1.88

	
	R2
	0.7618
	0.6915



4.0 Conclusion
Quinine-functionalized magnetic graphene oxide (MGO@SiO2-Q) demonstrated excellent adsorption efficiency for the removal of toxic heavy metals from industrial wastewater, particularly Pb(II) and Ni(II), achieving complete elimination under optimized conditions. The adsorption behavior followed Langmuir isotherm characteristics, indicating monolayer coverage on a homogeneous surface. The magnetically recoverable nature of MGO@SiO2-Q, combined with its high capacity and selectivity, positions it as a green and sustainable adsorbent for practical environmental remediation applications. Future work may focus on process optimization for other heavy metals and long-term performance assessment under dynamic flow systems.
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