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A B S T R A C T 

Benzene is a carcinogenic, mutagenic and highly toxic nonpolar organic compound, its presence in water occurs as a result of leakage of underground pipes and improper effluent disposal. Adsorption techniques have proven to be efficient for benzene removal from water providing a low maintenance method with high removal efficiencies. Nanoparticles provide high surface areas for adsorption and magnetite particles are specifically advantageous owing to their magnetic characteristics. Magnetite surfaces require modification with hydrophobic compounds for the adsorption of nonpolar pollutants. Herein, magnetite nanoparticles (MNP) were modified with oleic acid to form a magnetite-oleic acid composite (MNP-OA) via microwave synthesis for the adsorption of benzene from simulated wastewater. Infrared analysis confirmed the interaction between magnetite and oleic acid and particle diameters were determined by XRD analysis as 19.7 nm and 17.1 nm for MNP and MNP-OA respectively. Magnetic measurements indicated that both materials were superparamagnetic with a decrease in saturation magnetization after modification due to the non-magnetic layer on the surface. Oleic acid modification improved the benzene uptake of magnetite nanoparticles by approximately 30 % while kinetic studies suggested that a concentration driving force controlled the adsorption process. The adsorbent was regenerated and was efficient for five adsorption-desorption cycles.





1. [bookmark: 1 Introduction]Introduction

Water is the earth’s most important liquid. Its abundance in nature has led to human civilization and economic development through agricultural use as well as power generation. Although water is an important commodity, it has not gone unnoticed that water scarcity has become a major global challenge. Industries are high water consumers generating high quantities of liquid effluent. One of the most common oil-based pollutants in natural resources is benzene. Benzene is a mono aromatic hydrocarbon mainly used in industry to produce synthetic rubber, polystyrene, and detergents (Parvizi et al., 2020). As a gasoline additive, benzene improves the octane rating and reduces knocking (Hussein and Ahmed, 2016; Russo et al., 2018).
Although benzene compound is used in the industry it is highly toxic and ranked in sixth place on the priority list of dangerous substances. It enters water systems through leakage of petroleum from underground storage tanks, improper disposal of effluent containing benzene, the extraction process, and vehicle exhaust (Alves et al., 2017; Yang et al., 2016). Benzene has negative impacts on both human beings and the

environment. Exposure to between 700 and 3,000 ppm leads to effects such as cancer, brain damage, respiratory and excretory system damage (Khodaei et al., 2017; Salvi et al., 2017). Other health effects include leukaemia, and kidney failure which can be chronic and fatal if not treated (Salvi et al., 2017). As an environmental problem, benzene contributes to the formation of ground-level, global warming, and toxic peroxyacyl nitrates through atmospheric photochemical reactions (Niu et al., 2016). Despite all these health factors reported on the dangers of benzene compounds, many industries worldwide still use it due to the extent of their applications (Vidal et al., 2012). Different studies have been conducted for the removal of benzene from wastewater and gov-ernment authorities have placed very stringent environmental standards for the maximum allowable levels of these organics in water for human consumption. The United States Environmental Protection Agency and the German guideline have established the benzene concentration to be 1 μg L—1 in drinking water (Sivasankar and Gopalakrishna, 2017).
Studies show different benzene removal methods such as oxidation, biological treatment, catalysis, membrane separation, and adsorption (Dickhout et al., 2017; Konggidinata et al., 2017; Sheikholeslami et al.,
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2018). A number of these methods have drawbacks such as high capital costs, large production of sludge and high disposal costs (Ali et al., 2018; Bhatnagar et al., 2015). The use of the adsorption technique has proven to be efficient over the years, especially at very low concentrations (Konggidinata et al., 2017; Wang et al., 2018). The technique has a high impact on wastewater treatment in terms of low maintenance, high removal efficiency, ease of operation, regeneration as well as the pro-duction of high-quality treated effluents (Kandisa and Saibaba, 2016; Sophia and Lima, 2018). It is evident from the literature that the success or failure of adsorption separation is mainly dependent on the adsor-bent’s performance in both kinetics and equilibrium studies. Adsorbents such as organoclays, activated carbon, and zeolites, have been efficient for benzene removal, however, they have drawbacks such as high costs, low surface areas, low sorption capacities and regeneration problems (Carvalho et al., 2012; Deng et al., 2020). To overcome the limitations of these adsorbents for benzene removal, surface modification to improve the surface area and surface sites is needed. Magnetite has been recently applied in water and wastewater treatment because of their ease of synthesis, high surface area, large amounts of active sites for interaction with organic species and separation after use by an external magnetic field. Magnetite is however not stable due to high surface energies and are prone to agglomeration. Their hydrophilic surface charge is also disadvantageous for removing organic pollutants. Therefore, modifica-tion of magnetite using organic acids will eliminate these limitations. Furthermore, shell protection using oleic acid will not only stabilize the magnetic properties of MNPs but also act as a protection layer for MNPs against oxidation by oxygen molecules or erosion by acid or base (Kle-kotka et al., 2018). Oleic acid has a non-polar hydrocarbon tail with an affinity for the non-polar liquid medium and a polar carboxylic acid head group with an affinity for the hydrophilic particle surface (Bateer et al., 2013; Shete et al., 2015). The carboxylate anions are known to coordinate with the surface of magnetite, presumably through coordi-nation of iron atoms with both the carboxylate oxygen (Korpany et al., 2017). The polar head group is anchored on the magnetite surface and the non-polar tail extends into the solution causing the magnetite to be hydrophobic and dispersible in organic solvents (Shete et al., 2015). The cis double bond in the structure is the dominant feature responsible for the lack of aggregation among particles.
In this research, the magnetite-oleic acid composite was prepared via
a two-step microwave synthesis method. Specifically, it is envisaged that the carboxylic functional group from oleic would impact hydrophobic characteristics on the surface of the magnetite, making them stable in air and increasing sorption sites for benzene removal. The benzene uptake on pure magnetite and magnetite-oleic acid composite were examined.

2. [bookmark: 2 Materials and methods]Materials and methods

2.1. [bookmark: 2.1 Materials]Materials

Ammonium hydroxide (NH4OH, 25 %) was supplied by Labchem (South Africa). Hydrochloric acid (25 %), Sulphuric (H2SO4 > 98 %) and ferrous sulphate (FeSO4.7H2O > 98 %) were supplied by Merck. Ferric chloride (FeCl3.6H2O > 99 %), oleic acid (OA) ≥ 99 %, benzene, ≥
99.9%, and ethanol, 96 % were purchased from Sigma-Aldrich. All chemicals were used without any further purification. All synthesis were carried out under nitrogen atmosphere with vigorous stirring to ensure uniform dispersions.

2.2. [bookmark: 2.2 Methods]Methods

2.2.1. [bookmark: 2.2.1 Synthesis of the magnetite-oleic a]Synthesis of the magnetite-oleic acid composites via microwave method
A stock solution of 0.2 M FeCl3.6H2O and 0.1 M FeSO4.7H2O was prepared in an acidic medium of HCl and H2SO4 respectively. The two-step synthesis of MNP-OA composite was carried out in a three-neck flask by mixing FeCl3.6H2O and FeSO4.7H2O solution at a ratio of 1:2.

NH4OH was used as a precipitating agent. The solution was purged with nitrogen gas to minimize oxidation and was heated at 70 ◦C under constant magnetic stirring at 300 rpm for 10 min. After the 10 min a black solution (MNP) was formed. OA was then added into the MNP solution to form MNP-OA. The MNP-OA formed solution continued to stir for 10 min. After the 10 min it was then subjected to domestic Kelvinator microwave oven heating for another 5 min at a microwave power of 200 W. The black MNP-OA was separated by magnetic decantation. The precipitate was washed several times with distilled water to remove any impurities present, then washed with ethanol and dried in a vacuum oven at 60 ◦C for 2 h and later used for further characterization.

2.2.2. [bookmark: 2.2.2 Characterization of the synthesise]Characterization of the synthesised magnetite and magnetite-oleic acid composite
FTIR was conducted to elucidate functional group on the surface of MNP and MNP-OA composite using Perkin-Elmer (USA) ATR-FTIR Spectra 400 spectrometer in the range 400–4000 cm—1. The crystallo-graphic structure and chemical composition of the MNP and MNP-OA composite were determined using an X’Pert PRO (Japan) Xray diffrac-tometer (CuKα anode; λ = 0.154 nm). The surface morphology and size of MNP and MNP-Oa nanocomposite were studied using TEM on a JEOL 2010 FET TEM (Japan). The thermal analysis were measured using (Perkin Elmer STA 6000) which can obtain DSC and TGA measurements under nitrogen atmospheric conditions at a scan rate of 10 ◦C min and temperature between 30–700 ◦C. Surface area was determined using BET method by N2 adsorption at 77 K using a Micromeritics (Australia) Tristar 3000 analyzer coupled to a VacPrep 061 degassing unit. The magnetic properties of the adsorbents were carried out on a Lake Shore model 735 vibrating sample magnetometer at room temperature. The pH at point zero charge (pHpzc) of the MNP OA composites was deter-mined by the solid addition method (Ofomaja et al., 2014).

2.2.3. [bookmark: 2.2.3 Adsorption experiments]Adsorption experiments
Batch adsorption experiments were conducted for the removal of benzene using MNP and MNP-OA nanocomposite. The required amount of MNP and MNP-OA nanocomposite was added in 250 mL flask con-taining 50 mL of 100 mg/dm3 benzene whose pH had been adjusted using 0.1 M HCl and 0.1 M NaOH. The solutions were ultra-sonicated for one hr, each solution was then separately transferred into a tornado instrument for agitation. The agitation speed and temperature were fixed at 300 rpm for 2 h at 299 K. The solutions were then filtered and analyzed for benzene left in solution using a Perkin-Elmer (USA) Lambda 25 UV–vis (UV–vis) spectrometer at 253 nm. To optimize various operating conditions, the adsorption reactions were accom-plished in the pH range (3–12), adsorbent dose (0.05–1.5 g). The kinetic and isotherm studies were performed at different concentrations (100–350 mg/dm3) of 50 mL for benzene solution and temperature range of 303–323 K at optimum solution pH and adsorbent dose. All experiments were carried out in triplicate and the average values were considered for further investigation. The percentage removal and adsorption capacity of benzene was calculated using the following Eqs.
(1) and (2).
[bookmark: _bookmark3]Co — Ce
% Removal = (  Co  )x100	(1)
[bookmark: _bookmark4]q = (Co — Ce)V	(2)m


Where C0 and Ce are initial and equilibrium concentration (mg/dm3) of benzene, m is the mass of MNP and MNP-OA nanocomposite and V is the volume of benzene solution in (dm3).

2.2.4. [bookmark: 2.2.4 Desorption and regeneration experi]Desorption and regeneration experiments
Desorption of benzene and reuse of the adsorbents were performed



by subjecting the adsorbents to five adsorption/desorption cycles. The adsorbents residue used in the system of 0.5 g MNP and MNP-OA ad-sorbents were mixed with 100 mL of 200 mg/dm3 of benzene solution which was separated by centrifugation and washed with distilled water. The washed residue solid was dried overnight and stirred in 100 cm3 of
0.5 mol/dm3 of each of the desorbing solvents (CH3OH and H2O). After shaking the flask for 2 h at 300 rpm, the MNP and MNP-OA were filtered off and the amount of the leached benzene ions were determined by PerkinElmer (USA) Lambda 25 UV-visible(UV–vis) spectrometer at 253 nm.

3. [bookmark: 3 Results and discussion]Results and discussion

3.1. [bookmark: 3.1 Characterization]Characterization

3.1.1. [bookmark: 3.1.1 FTIR analysis]FTIR analysis
FTIR analysis of MNP, OA and MNP-OA nanocomposite were con-ducted and results are shown in Fig. 1. The spectrum of MNP shows a shoulder at 624 cm—1 and a strong absorbance band at 544 cm—1 assigned to the Fe–O band related to the MNP stretching vibration modes (Iyengar et al., 2016; Soares et al., 2014). The metal-oxygen absorption bands at 435 cm-1 was assigned to the octahedral Fe only and correspond to the band of Fe-O of bulk MNP (Iyengar et al., 2016). The absorption peaks at 2983, 2899, 1624, 1403, 1052 and 870 cm—1 were attributed to ethanol and deionized water used as a solvent (Chaki et al., 2015), while the broadband at 3429 cm—1 represents the hy-droxyls groups (O–H) stretching vibration mode ascribed to water on nanoparticles (Muthukumaran and Philip, 2016; Soares et al., 2014). The FTIR spectrum of OA shows prominent peaks in the 3500—3000 cm—1 region was due to the OH– stretching of carboxylic acid groups. The peaks at 2923 and 2859 cm—1 are ascribed to asymmetric and symmetric stretching modes of CH2. The peak at 1709 cm—1 was due to
CO– stretching, the 1407 and 1539 cm—1 are attributed to symmetric
and asymmetric (COO-) (Yang et al., 2010). The peak at 1051 cm—1 was due to C–O stretching and the OH– out-of-plane bands occurred at 883 cm—1 (Mosafer et al., 2017).
The IR spectrum of MNP-OA confirms the interaction between the functional groups of MNP and OA. After coating MNP with OA, reduc-tion in intensities, disappearance and shift of certain peaks were observed. The intensity of the broad peak at 3429 cm—1 decreased due to the displacement of water by hydrophobic oleic acid. The bands repre-senting asymmetric and symmetric CH2 stretching of the OA coating agent reduced in intensity. The results of the significant shift of these specific peaks to the lower frequency indicated that the hydrocarbon chains in the monolayer surrounding the nanoparticles were in a closed-packed, crystalline state (Mahdavi et al., 2013). Other factors could be

that after stabilization by long-chain carboxylic acid, the sample pos-sesses hydrophobicity (Muthukumaran and Philip, 2016). The peaks at 544 cm-1 and 624 cm—1 corresponding to Fe-O were slightly shifted and this could be attributed to the interaction of Fe atoms from the MNP nanoparticles and carboxyl groups of OA producing a partial single bond
character of the carbonyl C–O group thereby shifting the stretching
frequency to a lower region (Li et al., 2010; Yang et al., 2010). The bands that represent the asymmetric and symmetric carboxylic ion (COO-) at 1404 and 1534 cm-1 were observed to shift from 1407 and 1539 cm-1 confirming the interaction between OA and MNP with these groups after capping of MNP with OA. The bands attest that the MNP surface and the stabilizing agent are bonded as the esterification happens between the hydroxyl groups on the MNP surface and the (COO-) carboxyl group from the acid molecule (Petcharoen and Sirivat, 2012).

3.1.2. [bookmark: 3.1.2 X-ray diffraction (XRD) analysis]X-ray diffraction (XRD) analysis
X-ray diffraction analysis was used for structural determination and crystallite size of the MNP and MNP-OA composite as shown in Fig. 2. The MNP shows six intense diffraction peaks at 2θ = 30.17◦, 35.46◦, 43.38◦, 53.69◦, 57.23◦ and 77◦ with their corresponding indices at (220), (311), (400), (422), (511) and (440). The peaks obtained matched well with the pattern of synthetic Fe3O4 magnetite confirming that the material synthesised was MNP (Arabi et al., 2017; Ouma et al., 2017; Zhao et al., 2018). The pattern indicated magnetite has a crys-talline structure (Baharuddin et al., 2018; Castello´ et al., 2015). The diffractogram also shows the absence of the diffraction peaks at (113) and (210) which are characteristic of goethite and maghemite. This shows there were no impurities in the sample (Muthukumaran and Philip, 2016). The average crystalline particle size was calculated following the Debye–Scherrer formula to be 19.7 nm. For the MNP-OA composite, a similar diffractogram pattern was observed. After encap-sulation of MNP with the hydrophobic OA, peaks at 2θ = 30.3◦, 35.66◦, 43.8◦, 53.53◦, 57.33◦, and 77.6◦ were also observed indicating that the sample retained its crystalline structure.
However, it was noted that the MNP-OA composite characteristics peaks became broad and the height of the peaks decreased drastically after coating. The shift to lower intensity after modification indicated that coating the iron oxide nanoparticle has control over the crystalline growth (Klekotka et al., 2018; Muthukumaran and Philip, 2016). Also when the OA molecule interacts with the MNP surface, microstrain may be induced on the particle resulting in broadening of peaks (Vasile et al., 2012). The crystallite size obtained from the Debye Scherrer equation was 17.1 nm.
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[bookmark: _bookmark5]Fig. 1. FTIR spectra of MNP, OA and MNP-OA composite.
[bookmark: _bookmark6]
Fig. 2. X-Ray diffractogram of MNP and MNP-OA composite including refer-ence peaks for synthetic magnetite.



3.1.3. [bookmark: 3.1.3 Transmission Electron Microscopy (]Transmission Electron Microscopy (TEM)
TEM images and the calculated size of the MNP and MNP-OA are shown in Fig. 3a and b. The TEM micrograph of the MNP and MNP-OA show a spherical shape. A strong magnetic dipole-dipole interaction was shown by uncoated magnetite causing big clusters and bigger particle size (Shete et al., 2015). The agglomeration in the nanometric size particles of the MNP was due to the absence of a surface capping agent (Taufiq et al., 2017; Neto et al., 2018). The MNP average particle size was found to be 18.4 ± 0.5 nm. The MNP-OA in Fig. 3b shows the nanoparticles were better separated from one another as compared with the MNP. This was due to the presence of the carboxylic acid surfactant on the surface of the nanoparticles. The average particle size obtained was 15.6 ± 0.5 nm. Also, after the modification process, a non-magnetic layer was formed on the magnetite surface resulting in a decrease in the particle size of the material. The particles had less degree of aggregation (Shete et al., 2015). When compared to the MNP, the TEM image of the MNP-OA also show better isolation due to the strongly held uniform monolayer coverage of oleic acid (Muthukumaran and Philip, 2016). These results are comparable with the XRD results which showed nanosized material.

3.1.4. [bookmark: 3.1.4 Thermogravimetric analysis]Thermogravimetric analysis
The thermogravimetric and derivative weight loss analysis of the MNP and MNP-OA composite was performed to understand the thermal stability of the samples. The analysis was done under an inert environ-ment, from 30 to 900 ◦C at a heating rate of 10 ◦C /min as shown in Fig. 4. The MNP curve (Fig. 4a) shows four weight loss processes. the initial weight loss is observed at a temperature below 100 ◦C corre-sponding to the evaporation of adsorbed water (Abboud et al., 2015). The second weight loss was observed at temperature between 260—350
· C which is due to the loss of pore bound water. The third weight loss at 66—670 ◦C has been attributed to the phase transition from Fe3O4 to FeO, (Zhang et al., 2018) and the last weight loss was observed at around 786 because of the deoxidation of FeO since the TGA/DTA analysis was achieved under the nitrogen atmosphere. MNP-OA composite (Fig. 3b) showed similar degradation profile with additional degradation peaks due to the presence of oleic acid. The first weight loss of about 2.1 % at a temperature of 97.4 ◦C, was observed due to the evaporation of adsor-bed water molecules.
The second degradation is observed at 214 ◦C with mass loss per-centage of 24.4 % which is due to strong binding between magnetite and oleic acid molecules (Dadwal and Joy, 2018). The third peak at 340 ◦C

layer with a weight loss of 24.4 %. The second decomposition was due to chemically adsorbed water and showed a weight loss of 28.8 % (Lobato et al., 2016). Petcharoen and Sirivat (2012) observed the same trend in the TGA of the MNP-OA composite. Lastly, the weight loss due to the conversion of magnetite (Fe3O4) to ferrous oxide (FeO) appeared at 687–754 ◦C and had a percentage weight loss of 43.9 % (Petcharoen and Sirivat, 2012).

3.1.5. [bookmark: 3.1.5 Magnetic measurements]Magnetic measurements
Magnetization measurements for MNP and MNP-OA were performed by measuring the applied field dependence of magnetization cycled between 15 and 15 kOe at room temperature and the results are shown in Fig. 5. The magnetic curves for MNP showed small hysteresis in the magnetization and the particles showed superparamagnetic behaviour (Guo et al., 2010). The saturation magnetization (Ms), determined by using the law of approach to saturation for MNP and the coercivity (Hc) as shown from the hysteresis loop, was 62.9 emu/g. The magnetization results of the MNP show that it was smaller than that of bulk MNP (92 emu/g) (Ouma and Ofomaja, 2020; Toyos-Rodríguez et al., 2019). The lower value of saturation magnetization may be attributed to the decrease in particle sizes, the disordered surface spin coating at the MNP surface and the change in the degree of inversion (Aliakbari et al., 2015; Lobato et al., 2017). Magnetization slightly reduced from 62.9–59 emu/g after coating magnetite with oleic acid, however, both adsor-bents exhibit magnetic properties.
Similar results on the reduction of the saturation magnetization of magnetite with a reduction in particle sizes have been reported previ-ously (Anbarasu et al., 2015; Viante et al., 2018). The degree of reduc-tion can be attributed to the disordered surface spin layer of magnetite when the size of the resultant particle size decreases, the ratio of the disordered layer to the radius of the MNPs is significant (Anbarasu et al., 2015). Additionally, the existence of a diamagnetic shell that coated on the surface of the MNP can also result in lower Ms values (Viante et al., 2018). In this case, the OA stabilizing agent layer protects the MNP from the oxidation reaction and then decreases the magnetic dipole-dipole interaction between the particles (Jiang et al., 2017).

3.1.6. [bookmark: 3.1.6 Point zero charge (pHpzc)]Point zero charge (pHpzc)
Under acid conditions, iron oxides accept protons to form positively charged species as shown in the Eqs. (3) and (4)
[bookmark: _bookmark7]Fe — OOH + 2H+→Fe — OH+ + H2O	(3)

due to chemically adsorbed water with weight loss of 28.8 % was also observed (Lobato et al., 2016). Petcharoen and Sirivat (2012) observed
[bookmark: _bookmark8]
Fe — OOH + H+→FeOOH+

(4)

the same trend in the TGA of the MNP-OA composite Lastly, the weight loss due to the conversion of magnetite (Fe3O4) to ferrous oxide (FeO) appeared at 687–754 ◦C with a percentage weight loss of 43.9 % (Petcharoen and Sirivat, 2012). The first decomposition due to physi-cally adsorbed water represents the decomposition of the OA molecule2


As the solution pH increases the amount of H+ ions in the solution
reduces thereby reducing the amount of H+ ions that will interact with the iron oxide, this then reduces the charge of positive charge on the MNP (Ouma et al., 2019). At high solution pH (alkaline condition) OH—predominates in solution and can extract H+ from the Fe–OH producing
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[bookmark: _bookmark9]Fig. 3. TEM images of (a) MNP and (b) MNP-OA.
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[bookmark: _bookmark10]Fig. 4. TGA/DTG diagram of (a) MNP and (b) MNP-OA.
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[bookmark: _bookmark11][bookmark: _bookmark12]Fig. 6. N2 adsorption-desorption isotherms of MNP and MNP-OA composite.
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Fig. 5. VSM diagram of MNP and MNP-OA composite.

a negatively charged iron oxide species (Fe-O-) as shown in Eq. (5)
[bookmark: _bookmark13]Fe — OH + OH—→Fe—O— + H2O	(5)
Therefore, the pHpzc of MNP was observed at solution pH close to neutral (6.9), which is similar to what was observed by other authors (Kim et al., 2016; Ouma and Ofomaja, 2020). A decrease in pHpzc from
6.9 for the MNP adsorbent to 6.4 for the MNP-OA composite was due to the charging acid-base interaction mechanism of metal oxide nano-particles. The charge on the metal oxides in the aqueous solution was due to the adsorption of H+ or OH— ions through the protonation and deprotonation mechanism (Bhosale et al., 2015). The presence of the carboxylic group from the organic acid on the MNP surface after the modification process has been shown to result in a decrease in pHpzc (Nigam et al., 2011). When the OA was introduced into the MNP colloid solution, the OA molecules became attached to the MNP surface due to the carboxylic acids having a high affinity for metallic oxides. The bond of FeO–H at the surface of the MNP interacts with the carboxylic acid group of the oleic acid molecule via an acid-base reaction, giving Fe–OC– species with the elimination of H2O (Kim et al., 2018). Therefore, the amount of available Fe–OH for the acid-base reaction is reduced on the MNP-OA composite which results in reduced pHpzc.

3.1.7. [bookmark: 3.1.7 BET surface area]BET surface area
Adsorption-desorption isotherms using nitrogen and corresponding size distribution curves for MNP and MNP-OA composite are shown in Fig. 6. The BET surface areas for the samples were found to be 138.9 and
46.6 m2/g. The pore volume and pore sizes were also found to be 0.32

and 0.17, cm3 /g, 9.11 and 14.3 nm, respectively. It can be observed from the result that the BET isotherms of the two samples show a type IV shape indicating the materials were-uniform mesoporous solids. The results also show MNP had two hysteresis loops with increment in the relative pressure region between 0.2 to 0.6 and 0.6–1.0 while MNP-OA composite had two hysteresis loops between 0.2 to 0.6 and 0.6–1.0. This may indicate the presence of interparticle porosity probably due to the agglomeration of nanoparticles resulting in broad pore size of mesopores and micropores.
The isotherm curves also show that after coating the pure magnetite with the oleic-organic carboxylic acid a decrease in the BET surface area was observed with a decrease in nitrogen adsorption. The reduction of the BET surface area was caused by the functionalization of the MNP surface with hydrophobic carboxylic acid causing a strong bond of the organic molecule onto the surface iron atoms specific surface area since the exposed area is covered by the carboxylic molecules resulting from functionalization (Guivar et al., 2017; Ye and Ariya, 2015).

3.2. [bookmark: 3.2 Adsorption studies]Adsorption studies

3.2.1. [bookmark: 3.2.1 Effect of solution pH on Benzene a]Effect of solution pH on Benzene adsorption
The effect of solution pH on the adsorption of benzene using MNP and MNP-OA composite was studied in the pH range 3–12 and the re-sults are shown in Fig. 7. The plots showed that the adsorption capacity of both samples increased from pH 3, reaching a maximum at pH 7. Although MNP-OA composite had the least capacity at pH 3 but had the highest capacity at pH 7. Above pH 7, the adsorption capacities of both adsorbents were found to decrease with an increase in solution pH until pH 12. The MNP-OA composite had the highest adsorption capacity of
77.1 mg/g and MNP had an adsorption capacity of 59.5 mg/g.


3.2.2. [bookmark: 3.2.2 Effect of adsorbent dose][bookmark: _bookmark14]Effect of adsorbent dose
The effect of the adsorbent mass on the uptake of benzene from aqueous solution is displayed in Fig. 8. It was observed that benzene uptake percentages of MNP and MNP-OA increased as the adsorbent mass increased from 0.05 to 1.5 g, while the adsorbent capacity of benzene decreased as the adsorbent mass increased. The highest ben-zene percentage removal was observed to be 75.1 and 86.4 % for MNP and MNP-OA composite, respectively. The adsorbent capacity of the MNP-OA reduced from 77.1–3.4 mg/g while the MNP on the other hand, reduced from 59.51 to 2.52 mg/g. The decrease in adsorption capacity was due to an increase in the number of adsorbent particles with con-stant benzene concentration. While the increase in benzene percentage removal was attributed to an increase in the number of adsorbent sites. Therefore, the amount of 0.1 g was taken as the optimum dose for further benzene adsorption studies.




Fig. 7. Effect of initial solution pH on benzene uptake on MNP and MNP-OA composite.

Therefore, the optimum solution pH for both adsorbents was at pH 7. The variation in adsorption with a change in pH may be explained by the following mechanism. As the solution pH increases the amount of H+ ions in the solution reduces thereby reducing the amount of H+ ions that will interact with the iron oxide, therefore, allowing for the interaction between pollutant and adsorbent. This will explain the increase in adsorption capacity with increasing solution pH from 3 to 7.
The adsorption of benzene onto the surface of the MNP and MNP-OA composite can arise from the interaction between Fe2+ and Fe3+ and the π electrons groups of benzene. This interaction can be explained by acid-base chemistry, where the delocalized π electrons of the aromatic ring of benzene are capable of sharing electrons (basic character) through σ bonding with the unfilled 3d metal orbital of the iron cations (acidic character). Electron donation from the phenyl ring of each benzene compound to surface iron atoms of MNP has been suggested (Joseph et al., 2000; Sasaki and Tanaka, 2011). This π-electron interaction de-pends on the available surface-active sites on the adsorbent, structure, orientation as well as the configuration of the adsorbate which could potentially activate side-chain interactions (Joseph et al., 2000). The reduction in adsorption capacity at high pH can be explained by using the pHpzc of the adsorbents and the presence of the OH— in the solution. The pHpzc was 6.9 and 6.4 for MNP and MNP-OA composite, respec-tively. Therefore, at solution pH above the pHpzc of the adsorbents, their surfaces will become negative thereby repelling the π electrons system in the rings of the pollutants. This will result in a reduction in the approach of the pollutants to the adsorbent surface causing a reduction in adsorption capacity.
3.2.3. [bookmark: 3.2.3 Effect of initial concentration an]
Effect of initial concentration and contact time
Adsorption of benzene on MNP and MNP-OA was carried out at concentrations ranging from 100 to 350 mg/dm3 at different contact time and the results are presented in Fig.9a–b. The figures reveal that the initial rapid uptake of Benzene onto MNP and MNP-OA occurred in the first 3 min of contact followed by a gradual increase until reaching an almost constant stage at the end of adsorption process. This is attributed to the fact that at the initial stage of adsorption process, the surface of the adsorbent materials was empty and the adsorption sites were free while at the end of adsorption process, the surface of the adsorbents were saturated with benzene molecules. The amount of benzene removed was seen to increase with an increase in initial benzene con-centration from 100 to 350 mg/dm3. The adsorption capacity of benzene increased from 26.89 to 63.66 mg/g for MNP and from 34.88 to 72.48 mg/g for MNP-OA composite. An increase in adsorption capacity with increasing initial concentration suggests that the adsorption process is driven by the concentration driving force (Ofomaja et al., 2013). As the initial concentration is increased, benzene molecules are forced to the surface of the adsorbent by a concentration difference. This influence cannot be attributed to the surface area of the MNP-OA particles but can be attributed to the higher carbon content of the oleic acid molecule which increases the affinity of the surface of the benzene. The results also shows although adsorption studies were conducted for 120 min, equilibrium was attained within 60 min of contact (Fig. 9).

3.2.4. [bookmark: 3.2.4 Kinetics modelling]Kinetics modelling
The pseudo-first-order kinetic model follows adsorption kinetics which proceeds by diffusion through a boundary layer. While adsorption processes that proceed by surface chemisorption are described by the pseudo-second-order model as shown in Eqs. (6) and (7).
[bookmark: _bookmark15]log(q — q ) = log(q ) —  k1  t	(6)
e	t	e	2.303






















[bookmark: _bookmark16][image: ][image: ][image: ]Fig. 8. Effect of adsorbent dose on benzene uptake on MNP and MNP-OA composite.
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[bookmark: _bookmark17]Fig. 9. Adsorption kinetics of Benzene on MNP and MNP-OA composite. Initial pH: 7, adsorbate dose: 0.1 g/dm3, solution volume: 10 mL, agitation speed: 300 rpm, temperature: 299 K.


The pseudo-first-order equation can be written as
[bookmark: _bookmark18]q = q 1 — exp—k1 t)	(7)t
e


where qt and qe are the amounts adsorbed at time t and equilibrium and k1 is the rate constant of the pseudo-first-order.
Tables 1 and 2 show the effect of concentration of benzene onto MNP and MNP-OA adsorbents modelled using the pseudo-first and pseudo-


Table 2
Kinetic data for benzene adsorption onto MNP-OA composite.

	Kinetic model
	100 mg/ dm3
	200 mg/ dm3
	250 mg/ dm3
	300 mg/ dm3
	350 mg/ dm3

	Pseudo-first
	
	
	
	
	


order
Exp. q (mg/g)	34.79	45.15	55.39	64.49	72.48

second kinetic models. The tables also indicate the fit of the models
determined using the coefficient of correlation, r2, and % variable. The

Model q (mg/
g)

33.55	43.72	53.14	61.38	70.00

r2 values for the pseudo-second-order models for MNP and MNP-OA were higher than those of the pseudo-first-order model. Higher values of r2 signify a better fit of the model to the experimental data while lower values of percentage error also signify a better fit of the model. The pseudo-first-order and pseudo-second-order rate constant experimental adsorption capacities for MNP and MNP-OA adsorbent increased with increasing concentration of benzene. The predicted capacities of the pseudo-second-order model at all concentrations were closer to the experimental data than the pseudo-first-order model. The pseudo-first-order rate constant for benzene adsorption onto MNP and MNP-OA did not follow any particular trend. This may be because the model does not completely describe the adsorption kinetics. Therefore, we can conclude that the adsorption of benzene onto MNP and MNP-OA follows the pseudo-second-order kinetics model. The results of the pseudo-second-order model assumes that the mechanism of uptake involves valence forces through the sharing or exchange of electrons between


[bookmark: _bookmark19]Table 1
Kinetic data for benzene adsorption onto MNP.Kinetic model
100 mg/ dm3
200 mg/ dm3
250 mg/ dm3
300 mg/ dm3
350 mg/ dm3
Pseudo-first order








k1 (g/mg min)	0.6207	0.7190	0.7588	0.7195	0.4945
r2	0.9911	0.9841	0.9695	0.9673	0.9846

	%Variable
	1.144
	4.184
	11.284
	16.471
	10.873

	Error
	
	
	
	
	

	Pseudo-
	
	
	
	
	

	second
	
	
	
	
	

	order
	
	
	
	
	

	Exp. q (mg/g)
	34.79
	45.15
	55.39
	64.49
	72.48

	Model q (mg/
	35.41
	46.08
	55.91
	64.72
	73.74

	g)
k2 (g/mg min)
	
0.0264
	
0.0242
	
0.0218
	
0.0174
	
0.0102

	h (mg/g min)
	33.1021
	51.385
	68.1452
	72.8830
	55.4634


r2	0.9932	0.9970	0.9989	0.9990	0.9980
Variable Error	1.094	0.785	0.401	0.512	1.377
adsorbents and benzene molecules (Ho and Ofomaja, 2006). The values of the pseudo-second-order rate constant, k2 were observed to reduce from 0.0182 to 0.0069 g/mg min for MNP but increased from 0.0264 to 0.0102 g/mg min for MNP-OA composite. This difference in the trend of the pseudo-second-order rate constant, k2, with initial benzene con-centration suggests a different sorption mechanism between the MNP and the MNP-OA adsorbents.
The results further showed that the MNP and MNP-OA initial sorp-tion rate, h, increased with increasing concentration from 100 to 350 mg/dm3. The initial sorption rate determines the rate at which theExp. q (mg/g)
26.48
36.49
45.30
55.41
63.66
pollutant molecules accumulate on the surface of the adsorbent at the
Model q (mg/g)
26.63
35.29
43.38
53.66
61.49
initial state of the adsorption. The trend in the result shows that as
k1 (g/mg min)
0.3678
0.4276
0.4523
0.4900
0.3310
benzene concentration is increased, the rate at which benzene molecules



accumulate on the surface at the initial stage of adsorption increases. Although the h rate increased with increasing benzene concentration, the pseudo-second-order rate constant decreased with benzene con-centration. This could be a result of interaction between adsorbate molecules at high concentrations as they accumulate on the adsorbent surface.r2
0.9938
0.9864
0.9734
0.9912
0.9929
%Variable Error
0.651
2.583
7.248
3.765
4.296
Pseudo-second order
Exp. q (mg/g)




26.48




36.49




45.30




55.41




63.66







r2	0.9956	0.9964	0.9964	0.9978	0.9989Model q (mg/g)
26.44
37.31
45.67
56.63
65.57
The comparison of the pseudo-second-order model adsorption ca-
k2 (g/mg min)
0.0182
0.0167
0.0149
0.0129
0.0069
pacities of different adsorbents as reported in the literature are shown in
h (mg/g min)
13.505
23.247
31.078
41.370
29.666
Table 3. The results show that the prepared MNP and MNP-OA


Variable Error	0.4625	0.691	0.674	0.923	0.685

adsorption capacities for benzene were higher and were in line with






[bookmark: _bookmark20]Table 3
Pseudo-second order capacities of selected adsorbent materials.

desorption as compared with the MNP. This can be attributed to the stronger bonds formed between benzene and the modified magnetic

Material	Benzene adsorption Capacity (mg/g)

Refs.

adsorbents. The results in Fig.10b show five adsorption/desorption cy-cles of benzene using methanol as the desorbing agent. The plots reveal

PEG-Montmorillonite	6.250	(Vidal and Volzone, 2009)

that the adsorption capacities of benzene onto MNP and MNP-OA reduced with the increasing number of cycles. The decrease in adsorp-

Purolite-macronet® MN-202Carbone CD-500
50.778
(Hackbarth et al., 2014)
Smectite organoclay
2.040
(Carvalho et al., 2012)
Mesoporous carbon
2.476
(Konggidinata et al.,
(OMC)
2017)
Hydrophobic Zr metal
23.200
(Navarro Amador et al.,


2018)
Na-P1 zeolite
0.0176
(Bandura et al., 2017)
MNP
63.655
This study
MNP-OA
72.480
This study



62.496	(Hackbarth et al., 2014)

tion capacities was lower for MNP (36.48—25.68 mg/g) and MNP-OA
lies between (45.14—34.22 mg/g). The higher reduction in adsorption capacities MNP-OA can be attributed to loss and of adsorbent mass deactivation of active sites.
The MNP-OA composite had a lower desorption percentage than the MNP. This is attributed to the additional interactions that occur between the benzene, and the MNP-OA composites surface such as π-π and hy-drophobic interactions. It can be concluded that all the prepared ad-sorbents were favourable for benzene adsorption and can be applied for at least three cycles before significant reduction in adsorption capacity.

those reported in the literature. Among the ones reported in the litera-ture, only the Carbon 119 showed higher adsorption capacities. There-fore, it can be said that the material produced was effective for benzene removal from aqueous solution.

3.3. [bookmark: 3.3 Desorption and reuse]Desorption and reuse

Desorption and reusability studies of an adsorbent are key attributes for industrial applicability. Fig. 10a shows methanol and water were used in the recovery of adsorbed benzene and desorption was calculated following Eq. (8)
[bookmark: _bookmark21]Desorption (%) = amount desorbed x 100	(8)
amount adsorbed
The desorption trend of benzene using water and methanol followed the order MNP > MNP-OA. The trend observed can be explained by the difference in water solubility of the organic pollutant and in terms of
type and number of bonds formed (Bandura et al., 2017). The results showed that the MNP-OA composite had less desorption percent as compared to MNP. This can be attributed to the fact that MNP-OA has more bonding interactions such as the π-π and hydrophobic interactions than the MNP. This mechanism is based on the electron-donating ability of the phenyl ring in each benzene compound to the D-orbitals of iron in magnetite. Methyl substitution on a benzene ring is capable of donating electrons into the ring system thereby activating the ring towards acid-base reactions (Joseph et al., 2000; Sasaki and Tanaka, 2011). Fig. 10a shows that MNP-OA acid composites had a lower percentage of


3.4. [bookmark: 3.4 A plausible mechanism of adsorption]A plausible mechanism of adsorption

Adsorption of benzene onto adsorbents has been reported to be via several interactions such as polar, hydrophobic, electron donor acceptor and hydrogen bonding. The involvement of various functional groups in benzene removal mechanism was elucidated based on the FTIR analysis in the wavelength range of 4000—500 cm—1. FTIR spectra of MNP and MNP-OA nanocomposite before and after benzene adsorption are shown in. Fig. 11a and b. The main difference in the MNP and MNP-OA spectra before and after 4-benzene are observed to be the hydroxyl and carbonyl groups. The broad OH stretching vibration at 3429 cm-1 on the MNP was observed to have increased in intensity and shifted to 3304 cm-1 after benzene adsorption. The broad OH stretching vibration on MNP-OA at 3310 cm-1 on the other hand was observed to have slightly reduced in intensity. The two sharp C–H peaks at 2919 and 2850 cm-1 were observed to have reduced in intensity and slightly shifted to 2912 and 2843 cm-1 respectively, after benzene adsorption. The two sharp C–H groups were observed to have shifted from 2983 and 2899 cm-1 to 2910 cm-1, formed one peak and reduced in intensity. The shifting of these peaks to lower wavenumber and dissapearance of some peaks hs been reported to be due to the existence of dipole hydrogen bonding and protonation of negative charges (Kuznetsova et al., 2000). On the other hand, the shifting of peaks to higher wavenumber indicate the presence of strong electrostatic interactions (Gu et al., 1994). The peaks for OH, C–O, COO and CH– slightly shifted to lower wavenumber, and reduction and increase in some of the peaks observed for both MNP and MNP-OA indicated dipole hydrogen bonding and protonation of


 
[bookmark: _bookmark22]Fig. 10. (a) Desorption studies of benzene from MNP and MNP-OA composite (b) Recycling of MNP and MNP-OA after five cycles of adsorption/desorption.
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[bookmark: Declaration of Competing Interest][bookmark: _bookmark23][image: ][image: ]Fig. 11. (a) FTIR spectra before and after benzene adsorption onto (a) MNP and (b) MNP-OA composite.


negatively charged groups. The band at 1634 cm-1 representing the stretching vibration of C–C in the aromatic ring apperead on the MNP
nanoparticle after benzene adsorption. The appearance of the peak may be ascribed to the conjugated effect, showing that the π-π interaction may be the main adsorption mechanism for the removal of benzene using MNP nanoparticles. A reduction and slight shift of the C–O and COO peaks on the MNP-OA nanocomposite shows the interaction be-tween carbonyl oxygen of MNP-OA and the aromatic ring of benzene. The Fe-O stretching vibration corresponding to magnetite nanoparticle was also observed to have shifted from 544 to 554 cm-1 for MNP and slightly reduced in intensity for MNP-OA nanocomposite. It can be deduced that the removal of benzene by MNP and MNP-OA is accom-panied by a couple of machanisms including hydrophobic interaction, hydrogen bonding and π-onjugative interactions.

4. [bookmark: 4 Conclusion]Conclusion

The study investigated the synthesis of magnetic oleic acid composite via the one-step microwave synthesis method. The interaction between the functional groups of MNP and OA was confirmed by the presence of carboxylic acid. The materials had crystallographic structure, the peaks became broad after modification confirming the interaction between the surface O–H group of the MNP and the organic molecule. The decrease in the BET surface area after modification was due to the functionali-zation of MNP with a hydrophobic carboxylic acid. The VSM results showed superparamagnetic behaviour which is a great aid in adsorption studies. The reduction of pHpzc after coating indicates the charging-acid base interaction mechanism of the metal oxide. The optimum solution pH of 7, and 0.1 g adsorbent dose at 60 min contact time were observed for the removal of benzene onto MNP and MNP-OA was achieved at pH
7. The adsorption capacity of both adsorbents increased with an increase in benzene concentration signifying that the adsorption process is driven by a concentration driving force. The pseudo-second-order kinetics gave the best fit.
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