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Graphene Oxide Grafted MgO Doped Activated Carbon for Efficient Remediation of Hexavalent Chromium [Cr(VI)] Contaminated Water 
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Hexavalent Chromium [Cr(VI)] is a classified group 1 carcinogen that demands instantaneous and permanent removal from the environmental media. Amongst the removal techniques adsorption is considered one of the most efficient Cr(VI) remediation options because of its low operating costs, high removal efficiency, simplicity of design and implementation. Graphene oxide based metallic nanocomposites are efficient adsorbents of heavy metals both owing to the large surface area of the metallic nanoparticles and diverse functional groups of GO having an ideal potential not only as an efficient adsorbent but also as a stabilizing material for nanoadsorbents which suffer from agglomeration and loss of active adsorption sites. In the current study, a novel GO grafted magnesium oxide doped activated carbon (GO@MgO/AC) composite adsorbent was synthesized. The as-prepared GO based nanocomposite was applied as an efficient nanoadsorbent to remove Cr(VI) ions from aqueous media. FE-SEM, FTIR, BET, and XRD characterization techniques were conducted to study the morphology, pore size, surface area, crystallinity, and phase purity of the nanocomposite. The study was conducted in batches at different experimental parameters to evaluate the effect of adsorbent dose, solution pH, initial adsorbate concentration and contact time on adsorption performance of the adsorbent. The adsorbent showed up to 99.99% adsorption of Cr(VI) at 100 mg/L of initial adsorbate concentration at an adsorbent dose of 6 g/L with a 1:1 GO: MgO@AC ratio at a pH range of 3 to 7. The study demonstrates the promising potential of GO grafted MgO doped activated carbon for efficient and sustainable adsorptive remediation of heavily chromium VI contaminated water from several chemical process industries and mining plants.
Introduction
[bookmark: _Hlk165361691][bookmark: _Hlk158767783][bookmark: _Hlk158910517]Heavy metals pose an increasing threat to humans and all living organisms due to their toxic nature, inability to biodegrade, persistence in the environment, and ability to accumulate in the food chain. Even at low concentrations, they can be carcinogenic or toxic (Esteves-Aguilar et al., 2023). Chromium is one such heavy metal capable of causing severe damage to organs such as the kidney, liver, lung, prostate, and oesophagus as well as neurodegenerative disorders like Alzheimer's and Parkinson's diseases (Zamora-Ledezma et al., 2021). Chromium is a hazardous heavy metal found in nature with various oxidation states from chromium II to chromium VI and enters various environmental matrices from diverse natural and anthropogenic activities predominantly released from industrial sources. Most Cr contamination is from industries like leather tanning, textile dyeing, stainless steel manufacturing, metallurgical, cement and electroplating paint industries (Prasad et al., 2021). Chromium predominantly occurs as trivalent chromium (III) and hexavalent chromium (VI) in contaminated environmental media. Cr (III) is less hazardous in the environment due to its low bioavailability, low mobility, and easy sequestration by clayey soil or other adsorbents as well as its coprecipitation as Cr(OH)3. In contrast Cr(VI) is a toxic form of Cr, which exists as hydrogen chromate (HCrO4−), chromate (CrO42−) and dichromate (Cr2O72−) oxyanions, in accordance with the pH and redox conditions of the medium and has high solubility and mobility, capable of easily crossing biological membranes and cells (Zulfiqar et al., 2023). Hence, hexavalent Cr is 1000 times more hazardous than Cr (III) (Rahman et al., 2023) and has been identified as a priority pollutant by the USEPA on account of its carcinogenicity, teratogenicity and mutagenicity to humans with a safe limit of Cr(VI) in water to be 0.1 mg/L (Gao et al., 2022).
[bookmark: _Hlk158768776]Several physicochemical processes such as membrane filtration, coagulation, ion exchange, reverse osmosis, precipitation, biological remediation and adsorption techniques have been investigated to eliminate Cr(VI) in aqueous media (Islam et al., 2019). Amongst these methods, adsorption is gaining momentum over other methods because it is simple, inexpensive, and enables large-scale applications (Pakade et al., 2019). Since the last few decades, metallic oxide nanoparticles have gained popularity owing to their high affinity and reactivity for the adsorption of organic and inorganic anionic pollutants as well as high specific surface area. However, their high surface area and reactivity can lead to agglomeration during synthesis, the adsorption process or make them challenging to separate after adsorption adversely affecting their adsorption potential (Sahoo et al., 2022). To overcome these difficulties, several strategies such as loading of the metallic nanoparticles on matrices of porous materials such as activated carbon and graphene oxide matrices have been suggested most feasible strategy to avoid agglomeration and increase adsorption potential synergistically (Wu et al., 2020). Activated carbon is a well-known adsorbent material for both organic and inorganic pollutants in various environmental settings due to its unique features, including a high surface area, active adsorption sites, and a highly porous structure. The doping of metal oxide nanoparticles into the matrix of nanoporous carbon materials will remarkably improve the adsorption capacity due to the large surface area of activated carbon and abundant active adsorption sites in the metal oxide. Moreover, the functionalization of AC@MgO with GO, which is the oxidized form of graphene containing a large number of hydroxyl, carboxyl and epoxide functional groups has a high degree of interaction with pollutants (Sahoo et al., 2022). In the current study a novel GO functionalized MgO doped activated carbon (GO/MgO@AC) composite adsorbent was produced and applied for efficient remediation of chromium (VI) from contaminated water. 
Method
2.1 GO/ MgO@AC (GO@MgO@AC) synthesis  
Graphene oxide (GO) preparation
[bookmark: _Hlk158769459]Tours method was applied for the synthesis of GO from graphite flakes as previously described by Marcano et al. (2010). The GO was dried at 45 °C to avoid reduction and loss of oxygenated functional groups and used for functionalization of the MgO@AC for the Cr(VI) adsorption study.
MgO@AC preparation 
[bookmark: _Hlk158769480][bookmark: _Hlk158811275][bookmark: _Hlk158572718]MgO@AC was synthesised from wheat bran using KOH activation as previously described by Al-Othman et al. (2012). The MgO@AC samples were then used for functionalization with GO and adsorption study. GO functionalized MgO@AC (GO@MgO@AC) was prepared by mixing equal mass of GO and MgO@AC. 
[bookmark: _Hlk165393663]2.2 Characterization
X-ray diffractometer (XRD, Panalytical Empyrean) with a monochromatic Cu-Kα radiation source was used to study X-ray diffraction. Fourier transform infrared spectroscopy was used to identify functional groups in the nano adsorbent on a Perkin Elmer System 2000 series spectrophotometer (USA) recorded in the range 4000 – 400 cm-1. Nanoadsorbent morphology was studied with a Field Emission Scanning Electron Microscope and the pore size distribution together with the surface area was studied at 77 K using a surface area analyzer applying the N2 adsorption-desorption method. Applying the Brunauer–Emmett–Teller (BET) equation, the BET surface area (SBET) was determined in a relative pressure range of P/P0 = 0.050–0.125. The point of zero charge (pHPZC) was studied following the approach previously described by Bedin et al. (2016).
2.3 Batch adsorption studies
[bookmark: _Hlk166575409]Batch adsorption experiments were carried out to study the effects of pH, initial Cr(VI) concentration, adsorbent dose and contact time relative to the adsorption performance of GO@MgO@AC. A Cr(VI) stock solution of 1000 mg/L was made by dissolving 2.83 g of pure K2Cr2O7 in 1000 mL of deionised water. For each experiment conducted, a specific mass of GO/MgO@AC was added to 100 mL of Cr(VI) solution in a 250 mL flask glass. An incubator shaker at 180 r/min was used to shake the contents in the flask. During the experiments, the elemental concentration was varied from 5 to 100 mg/L, the adsorbent dosage from 1 to 6 g/L, the pH from 3 to 11 and the contact time from 0 to 360 minutes. The solution pH of Cr(VI) was adjusted to the required value using 0.5 M HCl and 0.5 M NaOH solutions. At predetermined time a 5 ml aliquot was withdrawn, followed by centrifuging for 3 min at 8,000 rpm. The supernatant was used to determine the residual Cr(VI) by UV-Vis spectrophotometer at 540 nm wavelength after employing 1,5-diphenylcarbazide colouring reagent in an acid solution for 10 min (Gorzin et al., 2018). All experiments were repeated thrice to reduce the error. 
Cr(VI) removal efficiencies and adsorption capacities of the nanoadsorbents were investigated using equations (1), (2) and (3) where Co, Ce and Ct are before, after and concentration at time t of Cr(VI) ions (mg/L), V (mL) is the volume of the solution and m is the mass of the adsorbent (g). 
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2.4 Adsorption isotherm and kinetic studies 
The isotherm data was fitted to the Langmuir and Freundlich models and the kinetics data was fitted to the pseudo-first order and pseudo-second order models to study the relationship between adsorbate – adsorbent to determine the adsorbent performance and adsorption dynamics of the adsorption system relative to time (Gorzin et al., 2018).
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Where Ce is the Cr(VI) concentration after adsorption (mg/L), qe and qmax are the equilibrium and maximum adsorption capacities (mg/g) respectively. The Langmuir constant, KL, and Freundlich constants, n and Kf. The adsorption capacity at time t is qt (mg/g); pseudo-first order and pseudo-second order reactions adsorption rate constants are k1 (1/min) and k2 (g mg-1min-1) respectively. 
0. Results and discussion
Characterizations
[bookmark: _Hlk170129738]SEM and BET surface area studies 
[bookmark: bf0005][bookmark: _Hlk158664071][bookmark: _Hlk158663977][bookmark: bs0110][bookmark: _Hlk158769762][bookmark: _Hlk158769978]SEM study was conducted to study the morphology and microstructure of the materials. Figures 1a and b depict well developed porous structure of the MgO doped AC at different magnifications. The MgO doped AC prepared from the wheat bran shows highly developed porous structure with abundant micropores on the surface. The SEM images display that the MgO nanoparticles are uniformly distributed on the porous structure. N2 adsorption-desorption experiment was carried out to explore the specific surface areas and porous properties of the MgO doped AC. Figure 1c illustrates the N2 adsorption-desorption isotherm of the MgO@AC sample. The characteristics of type-IV isotherm through the H3 hysteresis loop at relative pressures from 0.6 to 1.0 reveal the nature of the macropores and mesopores as exhibited by the curve (Prates da Costa et al., 2022). The adsorbent possesses BET-specific surface area of 31.1 m2/g. The Barrett–Joyner–Halenda (BJH) curve depicted in Figure 1d displays the pore size distribution plot of the MgO@AC with a predominant peak at 16.64 nm, indicating the mesoporous features.
FTIR and XRD studies
[bookmark: _Hlk158685041][bookmark: _Hlk158770126][bookmark: _Hlk158687670][bookmark: _Hlk158687681][bookmark: _Hlk158680059][bookmark: _Hlk158770484]Figure 2a presents the XRD data of the synthesized GO/MgO@AC. The prominent peaks at 2θ values of 36.90°,  42.71°, 62.23°, 74.67  and 78.65° are related to the planes (111), (200), (220), (311)and (222) respectively, that shows the formation of polycrystalline cubic structure of MgO nanoparticles (Yousefi et al., 2017). Whereas peaks observed at 2θ values of 33.90°, 38.12°, 51.34°, 58.56°, 72.65° corresponding to the crystal planes of (100), (101), (102), (110), and (001) of the hexagonal crystal structure of magnesium hydroxide (Yousefi et al., 2017). The prominent peak at 2θ values of 8.89° corresponds to the (001) crystal plane of graphene oxide. Figure 2b presents the FTIR spectra of GO/MgO@AC with oxygen functional groups peaks seen in the spectrum. The structure comprised of vibration modes of ketonic species (C=O) (1600–1650 cm−1, 1750–1850 cm−1), hydroxyl (C–OH) (3050–3800 cm−1 and 1070 cm−1) and carboxyl (COOH) (1650–1750 cm−1 including C–OH vibrations at 3530 and 1080 cm−1) (Kumar et al., 2013). 
[image: ] 
Figure 1: SEM images of MgO@AC at different magnifications (a, b); Isotherms on nitrogen adsorption and desorption (c) distribution of pore size (d) 
3.2 Adsorption studies of Cr(VI) onto GO/MgO@AC  
[bookmark: _Hlk165395905]Effect of solution pH
[bookmark: _Hlk167043637]Initial solution pH was varied from pH 3 to 11 while keeping the adsorbate concentration at 100 mg/L, adsorbent dosage at 6 g/L  and contact time at 360 minutes constant to study the influence of pH on Cr(VI) adsorption by GO/MgO@AC as illustrated in Figure 2c. Applying the approach proposed by Bedin et al. (2016), the point of zero charge (pHpzc) was determined to be 6.5 on adsorbent surface. When the pH of the solution is below the pHpzc, a positively charged adsorbent surface is observed, attracting anions. A greater pH than pHpzc results in a negatively charged adsorbent surface, which repels the negatively charged chromium anions, existing in the form of (HCrO4−, Cr2O72−, and CrO42−). As observed in Figure 2c, the GO/MgO@AC shows a high adsorption capacity of Cr(VI) over a wider pH range (pH 3 – 7), which demonstrates the higher pH buffering effect of the adsorbent (Bedin et al., 2016). 
Effect of adsorbent dosage 
The adsorbent performance on Cr(VI) removal was investigated in the range of 1 to 6 g/L, whilst maintaining a constant adsorbate concentration of 100 mg/L, pH of 5 and contact time at 360 minutes, as indicated in Figure 2d. As the dose of the adsorbent elevated from 1 to 6 g/L, the adsorption of Cr(VI) increased from 82.22% to 99.99%, respectively. This augmentation may be attributed to the heightened adsorption sites available (Fito et al., 2023). 
3.3 Adsorption isotherm and kinetic studies
Effect of different initial Cr(VI) concentration
The Langmuir and Freundlich models were used to fit equilibrium adsorption data to study the adsorbate–absorbent interactions. As presented in Figure 3a, Isotherm data best fitted the Langmuir model (R2 = 0.996) for adsorption of Cr(VI) as compared to the Freundlich model (R2 = 0.95), suggesting that adsorption of Cr(VI) occurred on the active sites available on the adsorbent surface area by monolayer adsorption. The Langmuir adsorption isotherm model fit displayed a maximum adsorption capacity (qmax) of 40.85 mg/g. Van der Waals forces and electrostatic interactions between GO/MgO@AC and Cr(VI) ions are responsible for the high GO modified MgO@AC adsorption capacity.  
Effect of contact time 
The adsorption kinetics studies were varied from 0 to 360 minutes with an absorbate concentration of 100 mg/L, adsorbent dosage of 6 g/L under a pH of 5. The pseudo-first-order and pseudo-second-order models were used to fit kinetics data and the pseudo-second-order model was the best fit (R2 = 0.9942) than that for pseudo-first-order (R2 = 0.950) as presented in Figure 3b. This suggests that Cr(VI) adsorption to the GO/MgO@AC is by chemisorption.
[image: ]
[bookmark: _Hlk158681225][bookmark: _Hlk158773026]Figure 2: GO/MgO@AC X-Ray diffractograms (a); FTIR spectra of MgO@AC and GO/MgO@AC before and after Cr(VI) adsorption (b); Effect solution pH on CrVI adsorption potential of GO/MgO@AC (c); Effect of adsorbent dose on Cr(VI) adsorption potential of GO/MgO@AC (d).
[image: ]
Figure 3:  Isotherm model fits of the experimental adsorption equilibrium data (a); kinetics models to fit adsorption data (b). 
Conclusions 
The MgO doped AC functionalisation of GO based adsorbent exhibited great potential to remove Cr(VI) from aqueous solution at a high initial concentration as great as 100 mg/L, over a wider pH range. This is due to the abundant oxygen-containing functional groups on the GO showing high hydrophilicity, improved dispersion and increased adsorption sites. In addition, the wide pH range is due to the high point of zero charge potential of MgO. The functionalized nanosheets exhibited outstanding adsorption potential than that of individual graphene nanosheets and nanomaterials owing to the synergistic effect existing between graphene nanosheets and nanomaterials. The adsorption data at equilibrium fitted the Langmuir adsorption model best with a maximum adsorption capacity (qmax) of 40.85 mg/g, demonstrating the monolayer adsorption process, and the kinetics data fitted well with the pseudo-second-order kinetic model by chemisorption as a rate-limiting step. The study demonstrated that the GO-based MgO doped AC will have a promising potential for efficient and near complete removal of heavily Cr(VI) contaminated water generated from industries that are using Cr(VI) as an industrial input. 
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