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The uncontrolled release of Cr(VI) poses significant risks to ecosystems, with studies showing that its concentrations in surface and groundwater frequently exceed safe limits for freshwater, wastewater, and soil. Cr(VI) is particularly hazardous due to its high solubility and mobility in water, as well as its ability to cause harm to humans and aquatic organisms even at trace levels. In this study, Al₂O₃@Fe₂O₃ nanoparticles doped activated carbon was synthesized via a co-precipitation method, using equimolar amounts of iron (Fe) and aluminium (Al) salts in the presence of finely ground wheat straw at a bimetal-to-straw mass ratio of 10:1. After co-precipitation, the mixture was dried and chemically activated with potassium hydroxide (KOH) at 500°C, which facilitated the formation of a porous carbon structure.  Subsequently, the Al₂O₃@Fe₂O₃ doped activated carbon was grafted with an equal mass of graphene oxide (GO), freeze-dried, and used for adsorbing Cr(VI) from water. The adsorption performance of the material was assessed at various initial concentrations of the adsorbate, different adsorbent dosages, and pH levels. The adsorbent achieved up to 99.9% removal of Cr(VI) from a 100 mg/L Cr(VI) contaminated solution. It exhibited a broad pH range adsorption potential, effectively functioning across a pH range of 4 to 7, with the highest adsorption occurring at lower pH levels. The grafting of GO significantly improved the adsorbent’s capacity, enabling complete elimination of residual Cr(VI). The isotherm adsorptive study obeyed to the Langmuir isotherm, with a maximum adsorptive capability (  of 95.17 mg/g and a 99.24% fit to the model. An extremely porous structure was displayed using scanning electron microscopy (SEM) with uniformly dispersed Al₂O₃@Fe₂O₃ nanoparticles on the porous graphene oxide/carbon matrix. The Fourier Transform Infrared Spectroscopy (FTIR) study displayed high surface area of the adsorbent with rich oxygen containing functional groups. 

Introduction
Heavy metal contamination has become a pressing challenge for humanity due to advancements in industrial and agricultural activities, increased anthropogenic activities, and natural processes. Since the planet’s formation, heavy metals have naturally been present in the crust of the Earth. However, the amount of metallic materials in both terrestrial and aquatic habitats has significantly increased because of a sharp rise in the use of heavy metallics (Gautam et al., 2016). Even in trace amounts, common heavy metallics such as cadmium (Cd), lead (Pb), mercury (Hg), chromium (Cr), nickel (Ni) and arsenic (As) are extremely poisonous. These metallics have the potential to cause major health issues in humans and other organisms, such as carcinogenicity and toxicity affecting various organs, including the liver, kidney, brain, heart and skin toxicity. Additionally, they can cause reproductive issues and developmental abnormalities (Mitra et al., 2022). Trivalent-Cr(III) and Hexavalent-Cr(VI) are the two stable oxidation states of chromium, which is one of the most dangerous heavy metal. There are two types of Cr found in aquatic media: Cr(VI) and Cr(III). In reducing conditions, Cr(III) is dominant, but in oxidizing situations, Cr(VI) is dominant. The relative distribution of Cr(VI) predominant species (Cr2O72−, CrO42−, H2CrO4, and HCrO4−) in water depends on the pH of the solution and redox potential (Rahman and Singh, 2019). Cr(VI) is a strong oxidizing agent, mobile, and highly diffusive, enabling it to easily pass through membrane barriers. It is highly toxic and carcinogenic, leading to severe health issues such as liver failure, pulmonary congestion, vomiting, and acute diarrhoea. In contrast, Cr(III) is insoluble in water, less mobile, less toxic, and can be easily removed from solutions as it precipitates as Cr(OH)₃ (Hossini et al., 2022). According to the International Agency for Research on Cancer (IARC), hexavalent chromium is a group 1 carcinogen (Hossini et al., 2022). Actually, chromium-VI is over 100 times more hazardous than chromium-III in aquatic systems (Jang et al., 2020).
Chromium finds extensive application across various industries, with over 90% of the 18,000–30,000 × 10³ tons produced annually being utilized by metallurgical industries for manufacturing chrome alloys and chromium metal. Additionally, chromium is employed in processes like tanning of leather, corrosion inhibition, dyeing of textiles, and preservation of wood (Mitra et al, 2022). Several techniques of chromium remediation like adsorption, ion-exchanging, electrochemical separation, chemical precipitation, membrane technology, coagulation, flocculation, and biological process have been employed (Qasem et al., 2021; Rajoria et al., 2022; Deepa et al., 2025). However, majority of the approaches involve high remediation costs, are less efficient, require significant chemical use resulting in secondary contamination (Deepa et al., 2025). Among all the remediation techniques, adsorption stands out as the best method because of its affordability, ease of use, environmental sustainability, and simplicity of design (Jang et al., 2020). 
A wide range of adsorbents were investigated to remove Cr(VI), which includes activated carbon, metal-doped activated carbons, zeolites, layered double hydroxides, and graphene oxide-based materials (Jang et al., 2020). Graphite-derived graphene oxide is gaining significant attention for its high adsorption potential for heavy metals. This is primarily because of the rich functional groups containing oxygen such as carboxylic acids, hydroxy, carbonyl, and epoxy species. These functional groups enhance the surface reactivity and present a lot of active sites to bind heavy metallic ions, making graphene oxide a highly efficient adsorbent (Chen et al., 2014; Ruhaimi et al., 2022). Despite that, because of its great dispersion in water, it is difficult to recover from water after adsorption (Pakade et al., 2019). Graphene oxide-based metallic oxide adsorbents demonstrate great capability in adsorbing Cr(VI) due to their oxygen-rich functional groups and easily modifiable structures, enabling selective adsorption and removal of various heavy metals. The fabrication of bimetallic oxide nanoadsorbents through the combination of two distinct metallic oxides introduces novel properties and synergetic effects missing in their monometallic forms (Scaria et al., 2020). These synergetic interactions at the nanoscale result in unique electronic, catalytic, and surface properties, making them greatly efficient for diverse utilization, particularly for treating wastewater (Hamza et al., 2024). The development of bimetallic nanocomposites on activated carbon with a high surface area avoids agglomeration of the nanometallic composites and provides two key benefits: increased surface area and additional active sites, which together enhance chromate adsorption performance. Further graphene oxide functionalization of the bimetallic-doped activated carbon enhances adsorption ability of the material because of the synergistic interaction between the activated carbon anchored bimetallic nanocomposites, and graphene oxide. In this study, graphene oxide-functionalized Al/Fe bimetallic oxide-doped activated carbon was successfully synthesized to effectively remove chromate from water. 

Methods
[bookmark: _Hlk165393663]2.1 Graphene oxide functionalized activated carbon supported Al2O3/Fe₂O₃ bimetallic nanocomposite (GO/ Al2O3/Fe₂O₃ @AC) synthesis
Graphene oxide was produced from graphite using Tour’s method, as detailed by Mogale et al. (2024). The Al2O3/Fe₂O₃ bimetallic nanocomposite, anchored onto activated carbon, was synthesized through co-precipitation of metallic salts, utilizing activated carbon prepared as described in the previous study (Mogale et al., 2024). This co-precipitation process was carried out in the presence of pre-synthesized activated carbon, maintaining a 1:10 ratio of activated carbon to metallic salts. Equimolar amounts of ferrous sulfate and aluminium salt were used. The functionalization of the activated carbon-anchored Al2O3/Fe₂O₃ bimetallic nanocomposite (GO/Al2O3/Fe₂O₃@AC) with graphene oxide was achieved by mixing equal weights of freeze-dried graphene oxide with Fe/Al bimetallic oxide-doped activated carbon (Al2O3/Fe₂O₃@AC). Subsequently, the nanocomposites were used for adsorption experiments after being characterized.
2.2 Characterization of GO/Al2O3/Fe₂O₃@AC nanocomposites
[bookmark: _Hlk184969397]The as-synthesised graphene oxide functionalized activated carbon anchored Al2O3/Fe₂O₃ bimetallic nanocomposite (GO/Al2O3/Fe₂O₃@AC) was examined using a scanning electron microscope that uses field emission (FESEM, Zeiss 540 X-beam) for determining the morphology and size distribution of the components. The functional groups contained in the adsorbent were identified using Fourier Transform Infrared Spectroscopy (FTIR).
2.3 Batch adsorption experiments
Using 250 ml flasks containing 100 mL of a 100 mg/L Cr(VI) solution at different adsorbent doses (1.0 – 4.0 g/L) and an initial solution pH of 5, a series of batch adsorption studies were conducted. For 24 hours at 27°C, the flasks were shaken at 150 rpm using a rotary shaker. The samples were then collected and centrifuged for five minutes at 10,000 rpm. Using sodium 1,5-diphenylcarbazide at a wavelength of 540 nm, the residual Cr(VI) concentration in the supernatant was measured spectrophotometrically (Rani et al., 2017). Using 0.1 M HCl and 1 M NaOH solutions, the pH of the solution was varied from 3 to 11 in order to investigate the impact of pH on the elimination of Cr(VI) at an initial concentration of 100 mg/L. By adjusting the initial Cr(VI) concentration from 20 to 200 mg/L at 3.0 g/L, pH 5, and an adsorption duration of 1400 minutes long enough to establish equilibrium, the adsorption isotherm of Cr(VI) adsorption was investigated. Equilibrium adsorptive capacities (qₑ) and removal efficiencies can be calculated using the following equations:
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[bookmark: _Hlk185173553]Where:  = equilibrium adsorptive capacities (mg/g),  = Initial concentration of Cr(VI) in solution (mg/L); = Equilibrium concentration of Cr(VI) in solution (mg/L);  Volume of the solution (mL);  Mass of the adsorbent (g)  = Concentration at time t.
2.4 Adsorption isotherm study
The Langmuir and Freundlich models were fitted to the isotherm data to investigate the interaction between the adsorbent and the adsorbate and ascertain the adsorbent's performance (Gorzin et al., 2018).
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Where Ce is the Cr(VI) concentration after adsorption (mg/L), qmax and qe are the maximum and equilibrium adsorptive capabilities (mg/g) respectively. The Langmuir constants, KL, and Freundlich constants, n and Kf. 


0. Results and discussion
[bookmark: _Hlk170129738]Characterizations
[bookmark: _Hlk158663977][bookmark: bs0110]Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) analysis has been conducted to study the morphology and distribution pattern of the bimetallic components in the activated carbon and graphene oxide matrix, as displayed in Figure 1a. It can be observed that the adsorbent has a highly porous morphology due to the synergistic effects of activated carbon and graphene oxide, which impart porosity to the nanocomposite. The bimetallic nanocomposite is also uniformly dispersed on the graphene oxide and activated carbon matrices. The porous morphology demonstrates the potential of the adsorbent to efficiently adsorb and anchoring of Cr (VI) metallic anions. 
Fourier transform infrared (FTIR)
Besides the greatly porous morphology and great surface area, the binding capacity is significantly influenced by the existence of functional groups containing oxygen in the graphene oxide, as well as the additional functionalities imparted by the activated carbon and bimetallic oxide composite. As clearly observed in Figure 1b, the GO/Al₂O₃/Fe₂O₃@AC nanocomposites exhibit carboxylic acid, hydroxyl, and epoxy functional groups in the nanopores, which are derived from the graphene oxide. The Al₂O₃/Fe₂O₃@AC shows the functional groups of the activated carbon as well as the bimetallic composites (Liu et al., 2012) providing the GO/Al₂O₃/Fe₂O₃@AC nanocomposites with additional functional groups that enhance the synergistic adsorption performance. 
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Figure 1: Morphological analysis (a) and Fourier transform infrared (FTIR) analysis of the GO/Al₂O₃/Fe₂O₃@AC nanocomposite (b).

3.2 Adsorption studies

The chromate adsorption efficiency of the adsorbent was evaluated under varying pH conditions and adsorbent dosages. Both parameters; adsorbent dosage and solution pH are important in determining adsorption potential. The solution pH notably impacts the charge on the adsorbent surface, which in turn significantly influences its adsorption capability. A sufficient adsorbent dosage ensures the availability of adequate adsorption sites for chromate anions.

[bookmark: _Hlk165395905]Effects of pH solution
[bookmark: _Hlk191993635]The impact of pH solution has been examined at different pH values using an adsorbent dose of 3 g/L, as seen in Figure 2a. The pH range of 3 to 6 was where maximum adsorption took place.  At higher pH levels, adsorption performance declined significantly, with a marked decrease beyond pH 7. Since Cr(VI) exist in water as oxyanions (HCrO4−, Cr2O72− and CrO42−), this reduction was ascribed to the hydroxide ions' negative surface charge on the adsorbent, which resulted in electrostatic repulsion between the chromate anions and the hydroxide ions (Pakade et al., 2019). 
Effects of adsorbent dose
The adsorption study was conducted using adsorbent dosages ranging from 1.0 g/L to 4.0 g/L. As the adsorbent dosage rose from 1.0 g/L to 3.0 g/L, as seen in Figure 2b, adsorption performance dramatically improved. However, no noticeable improvement was seen over 3 g/L. This plateau effect is attributed to over-saturation and overlapping of adsorption sites, which limit further adsorption. The remarkable adsorption observed is ascribed to the synergetic effect of the rich functional groups imparted by graphene oxide (GO) as well as the active sites and functionalities provided by the bimetallic oxides and the activated carbon. Recent studies have shown that functionalised and modified adsorbents outperform their native counterparts (Cai et al., 2019). The interactivity amongst the functional groups on the activated carbon, bimetallic oxides, and rich functional groups imparted by GO enhance the removal methods direct or indirect. These processes consist of physical adsorption, ion exchanging, precipitation, surface complexation and electrostatic contact (Yang et al., 2019). 
3.3 Adsorption isotherm studies
Adsorptive isotherms are important for designing and optimizing adsorbents because they offer important insights into the adsorption process. Furthermore, adsorption isotherm models offer useful details regarding the maximum adsorption capacity and adsorption mechanisms, both of which are critical for evaluating the effectiveness of adsorbents (Wang and Guo, 2020). To fit equilibrium adsorptive data, evaluate the mechanisms involved in the adsorptive process, and determine the relation between the adsorbate on the surface of the adsorbent and its concentration in the surrounding environment, Langmuir (3), Freundlich (4), and adsorption isotherm models were employed in this investigation. 
In contrast to the Freundlich model (R2 = 0.98), the Langmuir model (R2 = 0.991) for Cr(VI) adsorption was best matched by the isotherm data, as shown in Figure 2c. This suggests that monolayer adsorption was the mode of adsorption for Cr(VI). A maximum adsorptive capability (qmax) of 95.17 mg/g was shown using the Langmuir adsorption isotherm model fit.
[image: ]
[bookmark: _Hlk184994079]Figure 2: Adsorption performance of GO/Al₂O₃/Fe₂O₃@AC nanocomposites at various pH levels (a), different adsorbent dosages (b), and adsorptive isotherms model fits to the experiment data (c).
0. Conclusions 
The current study demonstrated the efficient chromium adsorption potential of the GO/Al₂O₃/Fe₂O₃@AC nanocomposite. The adsorbent showed remarkable adsorption over a wide pH range and achieved almost complete adsorption of Chromium (VI) at dosages of 3 g/L, with a maximum adsorptive potential of 95.17 mg/g as derived from the Langmuir isotherm model study. A little decrease in adsorption was observed when the adsorbent dose rose to 4 g/L. The efficient and superb adsorptive potential of the composite is ascribed to the rich functional groups predominantly imparted by the graphene oxide, as well as the additional functionalities provided by the bimetallic nanocomposite and the activated carbon. These components synergistically displayed a remarkable adsorption potential. Overall, the adsorbent shows promising potential for scaling up and wide real-world application potential.
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