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A B S T R A C T   

New materials have been developed based on the pillars of green chemistry; however, few studies compare the 
potential of these materials with that of conventional materials. In this study, two composites based on graphene 
oxide and magnetic chitosan were synthesized, one by the green route (G-mCS/GO) and the other by the con-
ventional route (C-mCS/GO), using proanthocyanidin (PAS) and glutaraldehyde as crosslinking agents, respec-
tively. Then, they were applied as adsorbents in the removal of polycyclic aromatic hydrocarbons (PAHs) from 
synthetic wastewater to compare their performance. Through XRD analysis, the crystallographic properties were 
obtained, FT-IR analyses indicated the presence of functional groups associated with graphene oxide, chitosan 
and Fe3O4 particles, and the magnetization curves indicated greater saturation magnetization for G-mCS/GO. 
Adsorption assays were performed at 298 K for 30 min at pH 6.5, an adsorbent dosage of 0.1 mg mL− 1 and an 
initial PAH concentration of 0.01 mmol. L− 1 showed a greater adsorptive capacity of G-mCS/GO for naphthalene 
(0.093 mmol g− 1) and anthracene (0.089 mmol g− 1), with removal efficiencies of 93.55% and 89.25%, 
respectively. On the other hand, C-mCS/GO showed a better removal efficiency for fluoranthene (0.076 mmol 
g− 1), 76.07%. The results obtained through the molecular simulation indicated that naphthalene molecules have 
greater stability than anthracene and fluoranthene, which contributes to increasing the hydrophobic and π-π 
interactions between the PAH molecules and the adsorbent surface, thus inducing an increase in the adsorptive 
capacity. The results of this study indicate that G-mCS/GO is a potential and sustainable adsorbent for PAH 
removal from wastewater.   

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds 
formed mainly through anthropogenic activities, which involve pyro-
lyzis and petrogenic processes (exploration and production of oil and 
gas). Despite being found in relatively low concentrations, these pol-
lutants are highly toxic and carcinogenic contaminants that can cause 
damage to human health and the environment when present in indus-
trial effluents, especially those from the petroleum industry. 16 PAHs 
were listed by the United States Environmental Protection Agency (US 
EPA) as emerging pollutants, including naphthalene, anthracene and 

fluoranthene (Queiroz et al., 2022). 
Different technologies, such as bioremediation (Song et al., 2021), 

membrane separation (Li et al., 2019), advanced oxidation processes 
(AOPs) (Haneef et al., 2020), coagulation-flocculation (Wang et al., 
2020) and adsorptive processes (Li et al., 2020), have been studied to 
efficiently remove PAHs from industrial effluents. Among these tech-
nologies, adsorption processes are being increasingly studied due to 
their high selectivity, low production cost, easy adsorbent recovery and 
high efficiency (Brião et al., 2018). Graphene-based materials, especially 
graphene oxide (GO), have been applied as adsorbents for the removal of 
contaminants due to their characteristics, such as high surface area, 
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chemical stability, presence of oxygenated functional groups, mechan-
ical resistance and low production cost (Song et al., 2021). These 
characteristics are responsible for the excellent adsorptive properties for 
the removal of organic compounds from wastewater, which have 
attracted the attention of researchers to its application in PAH adsorp-
tion: fluoranthene (Hsu et al., 2019); naphthalene and anthracene 
(Adeola and Forbes, 2022); naphthalene (Maswanganyi et al., 2021); 
phenanthrene (Huang et al., 2019); and anthracene (Song et al., 2021). 

Chitosan is a biodegradable polymer obtained through the deacety-
lation of chitin, which allows its application in different processes. It can 
be applied as a flocculant, coagulant and adsorbent for the removal of 
contaminants such as toxic metals, dyes, pesticides, antibiotics and 
organic contaminants (Pal et al., 2020). Therefore, the combination of 
GO with chitosan can contribute to modifying the characteristics of GO, 
considerably improving its performance in removing organic pollutants 
and thus increasing the efficiency of the adsorption process (Neves et al., 
2020). 

The application of natural agents in the synthesis of adsorbent ma-
terials has been highlighted in recent years as an alternative method-
ology to minimize the use of toxic chemical reagents (Queiroz et al., 
2022). Plant extracts, microorganisms and agricultural waste have a 
variety of active compounds and metabolites that can act as stabilizing, 
crosslinking or capping agents in the synthesis processes, thus enabling 
the development of new composites with high efficiency, 
eco-friendliness and low cost (Shi et al., 2020; Zhang et al., 2021). 

Therefore, in this study, the synthesis of two composites based on 
graphene oxide (GO) and magnetic chitosan (mCS) was performed, one 
by the green route using the extract of water hyacinth (Eichhornia 
crassipes) and proanthocyanidin (PAS) as a stabilizing agent and cross-
linking, respectively, and another by the conventional route using 
glutaraldehyde as a crosslinking agent. The adsorbents were applied for 
the removal of PAHs from synthetic wastewater to compare the 
adsorptive performance of both materials. Naphthalene, anthracene and 
fluoranthene were selected as PAHs in the study, and their physico-
chemical and structural properties were evaluated through a molecular 
simulation. The adsorptive affinity assay results were evaluated along 
with the molecular simulation results to determine the possible mech-
anisms that govern the adsorptive processes. 

2. Materials and methods 

2.1. Materials and reagents 

Mineral graphite micrograf 99507 UJ - (Nacional Grafite Ltda., 
Limeira, SP, Brasil); Concentrated sulfuric acid (H2SO4) - (ACS); Potas-
sium persulfate (K2SO4) - (ACS); Phosphorus pentoxide (P2O5) (high 
purity, 99%) - (Sigma Aldrich); Sodium nitrate (NaNO3) - (ACS); Po-
tassium permanganate (KMnO4) (high purity, 99%) - (CRQ Eireli 
Chemical Products); Hydrogen peroxide (H2O2) (Grade II, 30% w/w) - 
(Sigma Aldrich); Hydrochloric acid (HCl) (37%) - (ACS); Iron (II) chlo-
ride (FeCl2.4H2O) - (Dynamics); Iron (III) chloride (FeCl3.6H2O) - 
(Sigma Aldrich); Ammonium hydroxide (NH4OH) (28%) - (CRQ Eireli 
Chemical Products); Chitosan (CS) - (low molecular weight, 75–85% 
deacetylated, Sigma Aldrich, Code: 448869); Liquid Vaseline (mineral 
oil) - (Dynamics); Oleic acid - (Synth); Acetic acid (CH3COOH) (60%) - 
(Synth); Glutaraldehyde (Grade II, 25% w/w) - (Sigma Aldrich); Pure 
petroleum ether (30–60 ◦C) - (Sigma Aldrich); Sodium hydroxide 
(NaOH) (high purity, 99.99%) - (Synth); Dry N,N-dimethylformamide 
(DMF) (anhydrous, 99.8%) - (Sigma Aldrich); N,N- 
dicyclohexylcarbodiimide (DCC) (high purity, 99%) - (Sigma Aldrich); 
4-dimethylaminopyridine (DMAP) (high purity, 99%) - (Sigma Aldrich); 
Methanol (CH3OH) (P.A.) - (ACS); ethanol (C2H5OH) (technical grade, 
99%) - (Sigma Aldrich); acetone (C3H6O) (P.A.) - (ACS); water hyacinth 
extract (Eichhornia crassipes) - (UNICAMP, Limeira, SP, Brazil); proan-
thocyanidin (PAS) - (Galena); naphthalene (NAP) (purity, 99%) - (Sigma 
Aldrich); anthracene (ANT) (purity, 99%) - (Sigma Aldrich); 

fluoranthene (FLT) (purity, 99%) - (Sigma Aldrich); methanol (CH3OH) 
(HPLC Grade) – (ACS); acetonitrile (C2H3N) (HPLC Grade) – (ACS); ul-
trapure water (OS20LXE, Gehaka). 

2.2. Preparation of conventional and green mCS/GO 

A schematic diagram of the steps involved in the conventional and 
green mCS/GO synthesis processes is shown in Fig. 1. Fig. 1 (a) presents 
the steps of the synthesis of C-mCS/GO, in which, initially, magnetic 
chitosan (mCS) is prepared using glutaraldehyde as a crosslinking agent, 
followed by the preparation of the composite C-mCS/GO using DCC and 
DMAP. Fig. 1 (b) shows the synthesis of G-mCS/GO, in which CS, GO and 
G-Fe3O4 are crosslinked using proanthocyanidin. The synthesis meth-
odology of C-mCS/GO and G-mCS/GO is described in detail in sections 
2.2.1. to 2.2.6. 

2.2.1. Preparation of graphene oxide (GO) 
The synthesis of GO was performed by the modified Hummers 

method (1958) using preoxidized graphite according to the methodol-
ogy reported by Prediger et al. (2018). Initially, the preparation of 
preoxidized graphite was carried out by adding 20 g of mineral graphite, 
120 mL of H2SO4, 10 g of K2SO4 and 10 g of P2O5 in a beaker in an ice 
bath with magnetic stirring. When the system reached room tempera-
ture, it was heated at 80 ◦C for 6 h. When it reached room temperature, 
the solution was added dropwise to a beaker containing 1 L of ultrapure 
water, and the system was placed in an ice bath with magnetic stirring. 
The obtained mixture was washed with ultrapure water to reach pH 6. 

For the synthesis of GO, by the modified Hummers method (1958), 
the preoxidized graphite was added to an Erlenmeyer flask containing 
500 mL of concentrated H2SO4 under magnetic stirring and an ice bath. 
Then, 10 g of NaNO3 was slowly added to the system, and after 2 h, 60 g 
of KMnO4 was added to the medium. The system was kept reacting at 
0 ◦C for 1 h and then kept reacting at 25 ◦C for 7 days. After that, the 
system was cooled in an ice bath, and then 2 L of ultrapure water and 
100 mL of aqueous H2O2 (3% v/v) were added. The system was heated 
at 100 ◦C for 30 min and then cooled and placed in a conical tube, which 
was subjected to centrifugation at 8000 rpm for 5 min. In a centrifuge 
system, the precipitate obtained was washed with 10 L of a 3% H2SO4 
and 0.5% H2O2 solution. Then, the material was washed with a 10% HCl 
solution and, finally, washed with ultrapure water to reach pH 5. After 
the washing steps, the material obtained was stored in dialysis bags, 
which were immersed in ultrapure water to remove the salts present in 
the material. The immersion water was changed and monitored over 
time until the conductivity value was equal to the characteristic con-
ductivity of ultrapure water. The material obtained was diluted in ul-
trapure water and submitted to an ultrasound bath for 1 h to form GO. 

2.2.2. Conventional synthesis of Fe3O4 magnetic particles 
The conventional synthesis of magnetic iron particles (C–Fe3O4) was 

performed based on the methodology reported by Silva et al. (2013). 
Initially, 600 mL of water, 60 mL of iron(II) chloride solution (0.6 M), 
60 mL of iron(III) chloride solution (1.1 M) and 3 mL of oleic acid were 
added to a volumetric flask under magnetic stirring and ambient at-
mosphere. Then, NH4OH was added dropwise to the system until it 
reached pH 11. When the mixture reached pH 11, it was heated at 85 ◦C 
for 30 min, washed with ultrapure water and filtered in a Büchner funnel 
until reaching pH 7. The material was dried in an oven at 100 ◦C for 48 h. 

2.2.3. Conventional synthesis of magnetic chitosan (mCS) 
The conventional synthesis of magnetic chitosan (mCS) was per-

formed based on the methodology reported by Wang et al. (2016). 
Initially, 3 g of chitosan (CS) was dissolved in a 2% CH3COOH solution 
in a 1 L volumetric flask. The system was kept under strong agitation for 
2 h, followed by an ultrasound bath for 10 min. After that, 6.5 g of Fe3O4 
magnetic particles were added under mechanical agitation. The system 
obtained was subjected to an ultrasonic bath for 10 min and then 
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subjected to mechanical agitation for 1 h. After that, 200 mL of mineral 
oil was slowly added to the mixture, and the system was kept under 
mechanical agitation for 30 min. Then, 30 mL of glutaraldehyde was 
added to the system, which was subjected to mechanical agitation for 1 
h. The mixture obtained was placed in a beaker containing a solution of 
NaOH (1 M) and stirred for 1 h. The material obtained was filtered with 
petroleum ether, subjected to a 5 min ultrasound bath, washed with 
ethanol and subjected to a 5 min ultrasound bath. After the ultrasound 
bath, the material was washed with ultrapure water to reach pH 7. 
Finally, it was dried at 100 ◦C for 48 h in an oven. 

2.2.4. Conventional synthesis of mCS/GO 
The conventional synthesis of mCS/GO (C-mCS/GO) was performed 

according to the adapted methodology reported by Maleki and Paydar 
(2015). In a volumetric flask, flamed, 2.3 g of GO and 300 mL of DMF 
were added under a nitrogen atmosphere and magnetic stirring. The 
mixture was subjected to magnetic stirring for 2 h, followed by an ul-
trasound bath for 1 h. After that, 20.7 g of DCC and 13.8 g of DMAP were 
placed into the mixture under a nitrogen atmosphere at 25 ◦C. The 
system was subjected to magnetic stirring for 48 h. The material ob-
tained was submitted to a filtering step in a Büchner funnel with an 
aqueous solution of CH3COOH (2%) to remove the extra CS. Then, the 
filtrate was subjected to an ultrasonic bath for 10 min. Subsequently, the 
material obtained was subjected to a sequential washing step with ul-
trapure water, methanol, acetone and ultrapure water. Finally, the 
product obtained was dispersed in water, placed in an amber glass 
bottle, and kept in the refrigerator. 

2.2.5. Green synthesis of Fe3O4 magnetic particles 
The green synthesis of magnetic iron particles (G-Fe3O4) was per-

formed based on the adapted methodology reported by Zhang et al. 
(2021). Initially, the water hyacinth (Eichhornia crassipes) leaves were 
washed, dried at room temperature and ground to prepare the leaf 

extract. Then, a solution of FeCl2.4H2O and FeCl3.6H2O (2 M) with a 
molar ratio of 2 Fe3+:1 Fe2+ was prepared. Subsequently, 100 mL of 
water hyacinth extract and 3 mL of oleic acid were added to the solution. 
The mixture was subjected to magnetic stirring for 2 h, and then an 
aqueous solution of NaOH (1 M) was added dropwise until it reached pH 
7. The mixture was stirred for 1 h at 55 ◦C, and then an aqueous solution 
of NaOH (2 M) was added dropwise until it reached pH 11. It was sub-
jected to strong magnetic stirring for 30 min. The material obtained was 
washed with ethanol and then with ultrapure water to reach pH 7. The 
material obtained was dried for 48 h in an oven. 

2.2.6. Green synthesis of mCS/GO 
The green synthesis of mCS/GO (G-mCS/GO) followed the adapted 

methodology reported by Santos et al. (2020). In a volumetric flask, 3 g 
of CS was dissolved in 625 mL of ultrapure water under ambient at-
mosphere and strong magnetic stirring for 1 h. Subsequently, the system 
was placed in an ultrasound bath for 1 h and again kept under strong 
magnetic agitation for 1 h. Then, 2.5 g of dried GO was added to the 
homogeneous mixture. It was kept under magnetic stirring for 1 h, fol-
lowed by an ultrasound bath for 1 h and again subjected to strong 
magnetic stirring for 8 h. After that, 6 g of green Fe3O4 magnetic par-
ticles were added to the system under strong magnetic stirring for 6 h. 
After that, the content of the volumetric flask was transferred to a 
beaker, and the system was subjected to mechanical agitation (150 
rpm). Then, 6 g of PAS was added to the system under ambient atmo-
sphere and mechanical agitation for 2 h. Subsequently, the material 
obtained was submitted to a washing step with ultrapure water and then 
dispersed in water, placed in an amber glass bottle, and kept in the 
refrigerator. 

2.3. Characterization analyses 

Table 1 presents the analytical techniques applied for the 

Fig. 1. Schematic diagram of the synthesis of a) C-mCS/GO and b) G-mCS/GO.  
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characterization of the composites C-mCS/GO and G-mCS/GO. 

2.4. Molecular modeling 

Molecular modeling was applied to describe the chemical structures 
and establish quantitative relationships between the physicochemical 
properties of PAH molecules (naphthalene, anthracene and fluo-
ranthene). Through molecular modeling, it is possible to perform theo-
retical functional density (DFT) calculations, thus aiming to detail the 
geometric properties, as well as calculate the quantum chemical mo-
lecular descriptors of the PAHs, which include the HOMO - highly 
occupied molecular orbital energy (EH), LUMO - lowest unoccupied 
molecular orbital energy (EL) and chemical energy change (ΔHL). 

The electronic chemical potential (μ), global chemical hardness (η) 
and the general electrophilicity index (ω) values can be calculated from 
the values of EH and EL, according to Equations (1)–(3): 

μ=
− (EH + EL)

2
(1)  

η=(− EH + EL)

2
(2)  

ω=
μ2

2η (3) 

The chemical structures of the PAHs were designed by using 
ChemDraw® software (version 16), and then the 3D molecular struc-
tures were designed by using Avogadro® software (version 1.2.0). The 
quantum chemical descriptors and the minimum energy geometry of the 

PAHs were analyzed by using DFT calculations implemented in the 
Gaussian® software (version 09). DFT calculations were performed by 
Beck’s theoretical model, 3-parameter, Lee-Yang-Parr correlation 
(B3LYP) and as base set 6-31G (d) and 6-31G (d,p), which are used to 
optimize the molecular geometry of organic molecules, such as PAHs, to 
obtain a stable molecular structure, as well as to minimize the system 
energy. 

From the optimized geometry of the molecules obtained through 
Avogadro®, calculations were performed in Gaussian® by using the 
B3LYP model and the 6-31G (d) and 6-31G (d,p) polarization functions, 
aiming to determine if the obtained geometry is stable. For calculation 
purposes, the effect of water as a solvent was taken into account for the 
simulations. The HOMO (EH) and LUMO (EL) molecular orbitals were 
also obtained through Avogadro® by using the Test file from the 
Gaussian® directory. The electrostatic potential map of the PAHs was 
obtained through Avogadro®, applying the van der Waals model as the 
‘Surface type’. 

2.5. Adsorptive affinity assays 

The adsorptive assays were carried out in triplicate to evaluate the 
affinity of the PAHs (naphthalene, anthracene and fluoranthene) for the 
adsorbents (conventional and green mCS/GO). Initially, synthetic stock 
solutions were prepared at 10 mg. L− 1 by dissolving naphthalene in 
methanol (4% CH3OH/96% H2O), anthracene in acetonitrile (30% 
C2H3N/70% H2O) and fluoranthene in acetonitrile (15% C2H3N/85% 
H2O), which were stored in an amber glass bottle and kept in the 
refrigerator. The working solutions of naphthalene, anthracene and 
fluoranthene used in the affinity assays were prepared from dilutions of 
the PAH stock solutions at 0.01 mmol. L− 1 (1.28, 1.78 and 2.02 mg. L− 1, 
respectively). 

The adsorption experiments were performed in a batch system in a 
shaker (Jeio Tech, SI-600R, South Korea) in triplicate with stirring at 
200 rpm at 25 ◦C ± 1 ◦C for 30 min to reach adsorption equilibrium. To 
evaluate the affinity of PAHs for the adsorbents over the time of the 
experiment, a dosage of adsorbent of 0.1 mg mL− 1 was used. After the 
adsorption processes, the adsorbents were removed by magnetic sepa-
ration, and then the materials were centrifuged under stirring at 6000 
rpm for 15 min. 

The residual concentration of naphthalene in synthetic wastewater 
was measured using a high-performance liquid chromatography system 
(HPLC) (Shimadzu), which consists of a CTO-10ASVP heating oven, 
SPD-10AV UV–Vis detector, LC-10AD gradient pump and CBM-10A 
connection module. The HPLC system was equipped with a C18 col-
umn (5 μ, 150 mm × 4.6 mm) (Phenomenex, Torrance, USA) with a 25 
μL manual sample injector, and the chromatographic data obtained were 
processed using LC Solution software. The mobile phase consisted of 
85% methanol and 15% deionized water at a flow rate of 1 mL min− 1, 
wavelength set at 254 nm and column temperature of 25 ◦C. Before 
injecting the samples into the HPLC system, they were filtered with a 
PTFE syringe filter (0.45 μm) to completely remove the adsorbent par-
ticles from the system. The residual concentrations of anthracene and 
fluoranthene in synthetic wastewater were measured by a UV–vis 
spectrophotometer (Shimadzu/UV-1900) using the absorption peaks set 
at 251 nm and 236 nm for anthracene and fluoranthene, respectively. 
More information regarding the PAH calibration curves is described in 
the Supplementary Material (see Table S1). 

The removal efficiency (%Rem) and adsorption capacity (q(t)), in 
mmol.g− 1, were calculated using equations (4) and (5), respectively: 

%Rem=
(C0 − Cf )

C0
⋅100 (4)  

q (t) =
(C0 − Cf )

m
⋅V (5)  

Table 1 
Characterization analysis of C-mCS/GO and G-mCS/GO composites.  

Technique Equipment Procedure 

X-ray diffraction (XRD) Shimadzu XRD7000, 
Japan 

Vacuum dried at 
130 ◦C for 12 h. Cu Kα 
radiation with λ =
0.154 nm, operating 
at 40 kV and 30 mA, at 
25 ◦C. 

X-ray photoelectron 
spectroscopy (XPS) 

XPS spectrometer 
(ScientaOmicron ESCA+) 
with a high-performance 
hemispheric analyzer 
(EAC2000). The analysis 
of the XPS spectra was 
realized by using the 
CASA XPS software. 

Al Kα (h ν = 1486.6 
eV) radiation as the 
excitation source, 
10− 9 Pa. The XPS 
high-resolution 
spectra were recorded 
at constant pass 
energy of 20 eV with a 
0.05 eV per step. 

Fourier transform infrared 
spectroscopy (FTIR) 

Thermo Scientific 
equipment (Nicolet 6700, 
Madison/USA). 

KBr method, range 
4000–400 cm− 1, 
resolution 4 cm− 1, and 
scan 32. 

Magnetization curves Vibrating sample 
magnetometer (VSM) 

Function of a 
magnetic field (Oe), at 
room temperature. 

Scanning Electron 
Microscopy (SEM) and 
Energy Dispersive X-ray 
Spectroscopy (EDS) 

Jeol model J6360 LV A drop of the 
suspension containing 
the composites was 
placed on a silicon 
wafer and vacuum 
dried. 

Thermogravimetric analysis 
(TG/DTG) 

DTG-60, Shimadzu, Japan N2 atmosphere and 
flow of 50 mL min− 1, 
from 25 ◦C to 1000 ◦C 
with heating rate of 
10 ◦C.min− 1. 

Zeta potential (mV) Zetasizer Nano ZS 
ZEN3600 (Malvern) 

C0 = 0.001 mg mL− 1, 
at 25 ◦C. The pH of the 
suspensions (4, 6, 8, 
10) were adjusted by 
adding HCl and NaOH 
solutions.  
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where C0 is the initial PAH concentration (mmol. L− 1), Cf is the con-
centration of PAHs after the adsorption process (mmol. L− 1), V is the 
volume of the solution (L) and m is the adsorbent mass (g). 

3. Results and discussion 

3.1. Conventional and green mCS/GO characterizations 

3.1.1. Evaluation of the crystal structure of synthesized materials 
The diffractograms of the composites are shown in Fig. 2 (a). Con-

ventional and green Fe3O4 (C–Fe3O4 and G- Fe3O4, respectively) parti-
cles showed diffraction peaks at 30.3◦, 35.5◦, 43.4◦, 57.3◦, and 62.9◦, 
corresponding to the crystallographic planes (2 2 0), (3 1 1), (4 0 0), (5 1 

1) and (4 4 0), respectively. The results confirm the obtainment of Fe3O4 
particles in cubic form, as reported in the literature (Neves et al., 2020; 
Shi et al., 2020). Through the diffraction patterns, it was not possible to 
observe the presence of the peaks at 21◦ and 33◦, corresponding to the 
planes (1 1 0) and (1 0 4), respectively, which indicates that the Fe3O4 
particles are not present in their composition goethite [α-Fe3+O(OH)] 
and hematite (Fe2O3) (Solano et al., 2021). The average crystal sizes 
were determined by Debye-Scherrer’s equation (D = Kλ•(βcosθ)− 1), 
where D is the crystal size (nm), K is the Debye-Scherrer’s constant 
(0.94), λ is the wavelength (0.15406 nm), β is the maximum width of the 
highest intensity peaks at half height and θ is the diffraction angle. The 
average crystal sizes of the C–Fe3O4 and G-Fe3O4 particles, taking into 
account the highest intensity peaks, were 7.2 and 13.2 nm, respectively. 

Fig. 2. a) XRD diffractograms and b) FT-IR spectrum of G-mCS/GO (blue line); C-mCS/GO (black line); G-Fe3O4 (green line) and C–Fe3O4 (pink line).  
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The XRD diffractogram of C-mCS/GO indicated the presence of a 
greater intensity peak at 7.9◦, referring to the crystallographic plane (0 
0 1) of GO, with an interplanar distance of 1.28 nm, calculated according 
to Bragg’s equation. In the literature, GO shows a peak at approximately 
10◦, and this shift may be associated with the incorporation of mCS, thus 
increasing the repulsion between the GO nanosheets. It is also possible to 
observe the presence of a peak at 22.3◦, referring to the crystallographic 
plane (1 1 0), which is associated with the presence of mCS (Neves et al., 
2020). Furthermore, characteristic peaks of Fe3O4 particles in their 
dominant cubic form were observed in the XRD pattern of both com-
posites (Prediger et al., 2018; Neves et al., 2020). 

3.1.2. Functional group identification 
The FT-IR spectra of the composites are shown in Fig. 2 (b). The 

C–Fe3O4 and G-Fe3O4 spectra showed the presence of two bands at 2920 
and 2850 cm− 1, which are associated with the stretching vibrations of 
the –CH2- groups, attributed to the presence of oleic acid and water 
hyacinth extract in the synthesis of Fe3O4 particles (Silva et al., 2013). 
The bands at 1470 and 570 cm− 1 can be associated with the stretching 
vibration of the Fe–O bond, thus indicating the presence of magnetite 
(Zhang et al., 2021). 

The spectrum of C-mCS/GO showed a peak at 3330 cm− 1, which 
corresponds to the stretching vibrations of the N–H and O–H groups (Gul 
et al., 2016). Furthermore, it is possible to verify that C-mCS/GO and 
G-mCS/GO showed peaks at 2920, 2850 and 645 cm− 1, which are 
attributed to the presence of Fe3O4 magnetic particles (Wang et al., 
2015). The peak at 1620 cm− 1 is associated with stretching vibrations of 
the C––O groups, which can be attributed to the presence of –COOH 
groups and can also be associated with the presence of residual amide 
groups attributed to CS (Travlou et al., 2013; Tang et al., 2021). Finally, 
the peaks at 1070 and 1230 cm− 1 correspond to the stretching vibrations 
of the C–O and –COOH groups, respectively (Neves et al., 2020). 

3.1.3. Evaluation of chemical composition and functional groups 
Through XPS analysis, the chemical composition of the composites, 

the nature of their functional groups, and the sp3 and sp2 components of 
the carbon atoms were determined (Prediger et al., 2018). Fig. S1 (a) 
and (b) present the survey spectra of the C-mCS/GO and G-mCS/GO 
samples, respectively. Both survey spectra show characteristic peaks of 
GO, such as C (1 s) at 285.7 eV and O (1 s) at 531.3/530.2 eV. The survey 
also shows peaks related to N(1 s) at 400.2/400.8 eV and Fe (2p) peaks 
at 711.2/711.3 eV and 723.6/725.4 eV, associated with the incorpora-
tion of CS and the presence of Fe3O4, respectively, in the structures of 
C-mCS/GO and G-mCS/GO (Li et al., 2017; Neves et al., 2020). The 
elemental composition (%) of C, O, N and Fe for both materials calcu-
lated from XPS analysis is shown in Table 2. The Fe content in 
G-mCS/GO is higher (3.5%), as well as its oxygen content (26.3%) when 
compared to C-mCS/GO, which is associated with a better incorporation 
of Fe3O4 particles, thus indicating a greater magnetic potential of this 
material when compared to the conventional one. 

The high-resolution XPS spectrum of C-mCS/GO for C (1s) (Fig. 3a) 
revealed the presence of five peaks centered at 284.5, 285.3, 286.8, and 
288.3 eV, which correspond to C–C/C–H (50.3%), C–N/C–OH (29.5%), 
C–O (13.3%, hydroxyl and epoxy) and (C––O) (6.9%), respectively 
(Neves et al., 2020). The high-resolution XPS for O (1s) (Fig. 3c) indi-
cated the presence of three peaks at 530.6, 532.1, and 533.2 eV, 
attributed to the functional groups containing oxygen Fe–O (38.8%), 

C–OH/C––O (33.6%) and O–C–O (27.6%) (Tang et al., 2021). Regarding 
nitrogen, the high-resolution N (1s) spectrum (Fig. 3e) showed the 
presence of peaks at 399.1 and 400.5 eV, which are associated with the 
nitrogenous functional groups C–NH2 (75.7%) and (C––O)–N (24.3%), 
thus indicating the presence of chitosan in the structure (Zuo et al., 
2013; Francisco et al., 2015). In the high-resolution Fe (2p) spectrum 
(Fig. 3g), the peaks at 711.4 and 724.6 eV, associated with Fe 2p 3/2 and 
Fe 2p 1/2, respectively, indicate the formation of Fe3O4 (Wang et al., 
2015). 

The high-resolution XPS spectrum of G-mCS/GO for C (1s) (Fig. 3b) 
confirmed the presence of four peaks centered at 284.6, 285.8, 286.9, 
and 288.5 eV, which correspond to C–C/C–H (54.1%), C–N/C–OH 
(28.8%), C–O (8.7%) and C––O (9.0%), respectively [24]. The high- 
resolution XPS for O (1s) (Fig. 3d) indicated the presence of three 
peaks at 530.2, 532.1, 533.1 eV, attributed to the functional groups 
containing oxygen Fe–O (32.1%), C–OH/C––O (35.6%) and O–C–O 
(32.2%) (Neves et al., 2020). Regarding nitrogen, the high-resolution N 
(1s) spectrum (Fig. 3f) showed the presence of peaks at 399.5 and 401.9 
eV, which are associated with the nitrogenous functional groups C–NH2 
(78.9%) and NH3

+ (21.1%, protonated amine groups), thus indicating the 
presence of chitosan in the structure of the material (Francisco et al., 
2015; Zhang et al., 2019). In the Fe (2p) high-resolution spectrum 
(Fig. 3h), the peaks at 711.1 and 724.9 eV, associated with Fe 2p 3/2 and 
Fe 2p 1/2, respectively, indicate the formation of Fe3O4 (Tang et al., 
2021). 

3.1.4. Magnetization curves 
Fig. 4 shows the C-mCS/GO and G-mCS/GO magnetization curves. 

The results indicated that C-mCS/GO and G-mCS/GO show super-
paramagnetic properties at room temperature, as the magnetization 
curves obtained do not exhibit coercivity, which indicates that they can 
be removed from a suspension with a permanent magnet (Zhang et al., 
2021). 

The calculated saturation magnetization values were 26 emu/g and 
7.5 emu/g for G-mCS/GO and C-mCS/GO, respectively. This decrease 
may be related to the methodology applied for the synthesis of Fe3O4 
magnetic particles, since in the green protocol, water hyacinth extract 
was used, which is rich in polyphenols, acting as a stabilizing agent for 
the iron particles (Shi et al., 2020). This decrease can also be associated 
with the type of crosslinking agent applied in the synthesis of mCS/GO, 
glutaraldehyde for the conventional synthesis and PAS for the green 
synthesis. Comparing the results of C-mCS/GO and G-mCS/GO, it is 
observed that PAS had a better action as a crosslinking agent, which 
allowed a greater incorporation of G-Fe3O4 particles into the material, 
thus generating an increase in the value of saturation magnetization of 
G-mCS/GO (Neves et al., 2020; Shahraki et al., 2020). 

3.1.5. Evaluation of morphological properties of synthesized materials 
The micrographs of the composites were determined by SEM and are 

shown in Fig. 5(a–f). Fig. 5(a–d) shows the micrographs of C-mCS/GO 
and G-mCS/GO, in which the morphologies were verified in the form of 
two-dimensional layers with a wrinkled surface, similar to crushed 
sheets, which are typical of materials containing GO (Jiang et al., 2016; 
Song et al., 2021). Furthermore, it is possible to observe spherical Fe3O4 
particles well distributed on the surface of the composites, which can be 
associated with the presence of hydrogen bonds between the Fe3O4 
particles and the functional groups present on the surface of GO 
(Sheshmani et al., 2014). Fig. 5(e and f) shows micrographs of the 
aggregated Fe3O4 magnetic particles, which are associated with the van 
der Waals interactions between Fe3O4 (Neves et al., 2020). 

The chemical elements identified through EDS and SEM analyses, as 
well their mass compositions (%), are shown in Table 3. The difference 
in N composition values between the XPS and EDS analyses can be 
attributed to differences in the analytical techniques, since EDS analysis 
is a semiquantitative technique and, therefore, has its limitations. By 
EDS analysis, the Fe3O4 magnetic particles have chemical elements C, O 

Table 2 
The elemental composition (%) of C, O, N and Fe by XPS analysis.  

Elements C-mCS/GO G-mCS/GO 

C (1s) 79.3 69.3 
O (1s) 14.1 26.3 
N (1s) 4.9 0.9 
Fe (2p) 1.7 3.5  
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Fig. 3. High-resolution of C (1s) (a–b); O (1s) (c–d); N (1s) (e–f) and Fe (2p) (g–h).  
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and Fe. The presence of C in the Fe3O4 magnetic particles is associated 
with the presence of oleic acid, which is used as a stabilizing agent in the 
conventional protocol to prevent particle aggregation. For the G-Fe3O4 
particles, the presence of C is associated with the polyphenols present in 
the water hyacinth extract, used as a stabilizing agent in the green 
protocol (Shi et al., 2020). 

The C-mCS/GO and G-mCS/GO composites contained the chemical 
elements C, N, O and Fe. In both composites, the nitrogen detected in the 
EDS analysis is associated with the amine functional groups present in 
CS (Subedi et al., 2019). The mass composition of Fe in G-mCS/GO is 
greater than that in C-mCS/GO, in accordance with the results obtained 
through XPS analyses, which is associated with its higher saturation 
magnetization when compared to that of the conventional composite. 
This increase can be associated with the crosslinking agent PAS used in 
the green synthesis process, which enables greater crosslinking of the 
Fe3O4 particles, preventing their leaching into the medium during the 
washing step and providing excellent magnetic properties to G-mCS/GO 
(Shi et al., 2020). 

3.1.6. Evaluation of the thermal properties of adsorbents 
The thermogravimetric curves of C-mCS/GO and G-mCS/GO ob-

tained through TG/DTG analysis are shown in Fig. 6(a and b). Through 
the thermogravimetric curve of C-mCS/GO (Fig. 6a), it is observed that 
the mass loss occurs through three stages. In the first stage, the tem-
perature ranged from 26 to 139 ◦C, with a mass loss of 1.56%, referring 
to the evaporation of water adsorbed on the surface of the material. The 
second stage, which occurs between 139 and 262 ◦C, has a mass loss of 
52.92%, which is attributed to the decomposition of oxygenated func-
tional groups such as carbonyls, hydroxyls, epoxides, carboxylic acids 
and nitrogen oxides. Between 262 and 645 ◦C, the third stage was 
observed with a mass loss of 24.99%, which is associated with mCS 
decomposition (Ganguly et al., 2011; Gul et al., 2016). Through DTG 
analysis, a major mass loss was observed with an exothermic signal at 
approximately 200 ◦C, which is associated with the decomposition of 
oxygenated species, thus generating the formation of byproducts such as 
CO, CO2 and steam (Guo et al., 2012). 

Through the thermogravimetric curve of G-mCS/GO (Fig. 6 (b)), it 
can be observed that the mass loss occurs through two distinct stages. 
The first stage is verified between 26 and 131 ◦C, showing a mass loss of 
4.68%, referring to the evaporation of water adsorbed on the surface of 
the material. The second stage, which occurs in the temperature range 
from 131 to 642 ◦C, with a mass loss of 60.24%, is associated with the 
decomposition of functional groups containing oxygen, as well as the 
decomposition of mCS. Through DTG analysis, it is observed that the 
major mass loss occurs at approximately 300–400 ◦C, which is 

associated with the pyrolyzis processes of the oxygenated functional 
groups, thus generating CO, CO2 and steam. Through this analysis, it can 
also be observed that the thermal decomposition of mCS/GO produces 
the release of gases, thus generating a thermal expansion of the material, 
which can be confirmed by the major mass loss at this stage. The results 
indicate that the green composite presents greater stability to thermal 
degradation than the conventional composite since its decomposition 
occurs at higher temperatures (Stankovich et al., 2007; Gul et al., 2016). 

3.1.7. pH evaluation 
Zeta potential (mV) is a very important factor for determining the 

magnitude and sign of the surface charge of a colloidal suspension, thus 
aiming to evaluate its stability and electrostatic interactions between 
nanomaterials in this suspension (Yang et al., 2010). Fig. 6c shows the 
zeta potential (mV) for C-mCS/GO and G-mCS/GO at different pH values 
(4, 6, 8, 10). Zeta potential measurements indicated that, for the eval-
uated pH range, both nanomaterials had negative values. C-mCS/GO 
presented more negative zeta potential values for all pH ranges, indi-
cating that the suspension of nanomaterials is more stable, even under 
acidic conditions (Gurunathan et al., 2014). The G-mCS/GO zeta po-
tential values also indicate the presence of a less negatively charged 
nanomaterial, which may be associated with the presence of protonated 
functional groups from the G-Fe3O4 particles (Fe2+ and Fe3+), since XPS 
results indicated a higher content of iron in G-mCS/GO. This increase 
may be attributed to the performance of the crosslinking agent (PAS) 
used in the synthesis process of the green adsorbent (Han et al., 2012; 
Kalliola et al., 2017). 

3.2. Molecular simulation 

Through the molecular simulations performed by using ChemDraw® 
and Avogadro® software, information on the physicochemical and 
geometric properties of PAHs was obtained. Table 4 shows the physi-
cochemical properties of the naphthalene, anthracene and fluoranthene 
molecules calculated by ChemDraw® and Avogadro® software. 

Fig. 7 shows the chemical structures, optimized geometry and elec-
trostatic potential of PAH molecules (naphthalene, anthracene and flu-
oranthene) obtained by using ChemDraw®, Avogadro® and 
GaussView® software. The optimization of the isolated PAHs was per-
formed through the B3LYP method, with 6-31G (d) and 6-31G (d,p) as 
the basis set. Fig. S2 shows the lowest molecular energies of the opti-
mized PAH geometries, so that the most stable conformers, that is, the 
lowest energies, were obtained by the 6-31G (d,p) base set. Additional 
stability and vibrational frequency calculations were performed to 
ensure that the structures are stable and that they correspond to the 

Fig. 4. Magnetization curves of C-mCS/GO and G-mCS/GO.  
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Fig. 5. SEM micrographs of C-mCS/GO a) 2000x, b) 5000× magnification; G-mCS/GO c) 2000x, d) 4500× magnification; e) C–Fe3O4, and f) G-Fe3O4.  
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minimum energy settings (Salter and Foresman, 1998). Tables S2-S4 
show the optimized bond lengths of the PAH molecules, where the bond 
lengths represent the distance between the center of the two bonded 
atoms. 

The naphthalene, anthracene and fluoranthene molecules have their 
largest dimensions of 7.201 Å, 9.546 Å and 9.045 Å, respectively, as 
shown in Fig. 7. The electrostatic potential map of the PAH molecules, 
calculated by GaussView 5® software, is also shown in Fig. 7, which 
provides information about the distribution of electron density. The 
electrostatic potential map indicates the electron distribution in each 
region of the PAH molecules, where the blue color represents the 
electron-poor regions and the red color represents the electron-rich re-
gions (Mishra and Yadav, 2012; Santos et al., 2014). 

Table 3 
Elemental mass composition (%) of C-mCS/GO and G-mCS/GO and C–Fe3O4 and 
G-Fe3O4 particles.  

Mass composition (%) 

Elements C-mCS/GO G-mCS/GO C–Fe3O4 G-Fe3O4 

C 53.17 45.32 14.22 12.55 
N 26.45 19.88 – – 
O 18.91 25.95 27.47 21.30 
Fe 1.47 8.84 57.60 66.15  

Fig. 6. TG/DTG curves and zeta potential for (a–c) C-mCS/GO and (b–c) G-mCS/GO and the zeta potential in suspension with (d) naphthalene, (e) anthracene, and 
(f) fluoranthene solutions. 
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Fig. 8 shows the HOMO and LUMO 3-D contours of naphthalene, 
anthracene and fluoranthene molecules. Table 4 presents the quantum 
chemical parameters obtained for the PAHs through the B3LYP/6-31G 
(d,p) model. The energy of the boundary orbitals (HOMO and LUMO) 
assessment is very important to understand the mechanisms involved in 
the adsorptive processes because through these quantum chemical de-
scriptors, it is possible to delimit the regions in which molecules can 
donate (HOMO) or accept electrons (LUMO). The higher the HOMO is, 
the greater the electron donating capacity, and the lower the LUMO is, 
the easier it is to accept electrons. Through the HOMO and LUMO energy 
values presented in Fig. 8 and Table 5, it is possible to observe that ANT 
has a greater capacity to donate electrons than the other PAHs evalu-
ated, while naphthalene has greater acceptance of electrons (Mishra and 
Yadav, 2012; Santos et al., 2014). 

The difference between the HOMO-LUMO energies (gap) is impor-
tant to indicate how stable the structure of the molecule is, so that the 
greater this difference is, the greater the stability of the molecule, and 
consequently, the lower its reactivity in chemical reactions. Based on the 
gap values shown in Fig. 8, naphthalene has a greater gap (4823 eV), 
which indicates greater stability and less reactivity, whereas anthracene 
has a smaller gap (3591 eV), thus indicating less stability and greater 
reactivity than naphthalene and fluoranthene (Umadevi and Sastry, 
2011). According to the study by Naghavi et al. (2011), the gap depends 
on the molecular size, so this difference decreases as the PAH size in-
creases, decreasing their stability. 

HOMO and LUMO energies can also be used to calculate the quantum 
chemical parameters, according to Equations (1)–(3). μ measures the 
tendency of electrons to escape from the system (Parr and Pearson, 

1983); η measures resistance to changes in electron density; in other 
words, it measures resistance to deformation, helping to determine the 
stability and reactivity of the molecule (Pearson, 1992); ω is an indicator 
of the ability to accept electrons (Parr et al., 1999). 

Comparing the values of μ, η and ω for naphthalene, anthracene and 
fluoranthene, presented in Table 5, it is observed that FLT fluoranthene 
has a higher chemical potential, thus indicating a lower capacity to 
retain electrons; therefore, fluoranthene has less stability and greater 
reactivity than naphthalene and anthracene. Naphthalene is the hardest 
molecule, showing greater resistance to deformation in its electron 
density, while anthracene has less resistance to deformation. The value 
of the electrophilicity index indicates that fluoranthene is the strongest 
electrophile, with a greater tendency to accept electrons. Through the 
theoretical analysis of quantum chemical descriptors, it is concluded 
that anthracene and fluoranthene are the most reactive among the 
evaluated PAHs. 

3.3. Adsorptive affinity assays 

Through the adsorptive affinity assays, it was possible to evaluate the 
removal potential of PAHs (naphthalene, anthracene and fluoranthene) 
by the C-mCS/GO and G-mCS/GO adsorbents for a contact time of 30 
min. The adsorption capacities (q(t)) of the PAHs by the adsorbents are 
shown in Table 6, and the removal efficiencies of the PAHs is shown in 
Fig. 9. 

From the results presented in Fig. 9 and Table 6, it is observed that 
the best removal efficiency (%) and adsorption capacity (mmol.g− 1) 
were obtained by naphthalene for both C-mCS/GO and G-mCS/GO. The 
results also showed that the G-mCS/GO adsorbent was highly efficient 
for the removal of anthracene compared to the conventional adsorbent. 
These results show that G-mCS/GO is a potential adsorbent for PAH 
removal from wastewater. Table 7 shows a comparison of the adsorption 
and removal capacity of C-mCS/GO and G-mCS/GO for PAH adsorption 
with other materials presented in the literature. 

When compared with conventional materials, green synthesized 
adsorbents are an alternative methodology to decrease the toxic effects 
associated with the excessive application of chemical products in con-
ventional synthesis. In addition, the use of natural agents can be of great 
advantage for green synthesis processes due to the presence of active 
compounds, such as polyphenols and flavones, which can act as stabi-
lizing and crosslinking agents. Such compounds can improve the prop-
erties of these green materials, boosting their performance in pollutant 

Table 4 
Physicochemical properties of naphthalene, anthracene and fluoranthene 
molecules.  

Properties Naphthalene Anthracene Fluoranthene 

Molecular formula C10H8 C14H10 C16H10 

Molecular weight 128.171 g mol− 1 178.229 g mol− 1 202.251 g mol− 1 

Melting point 261.08 K 351.38 K 425.42 K 
Boiling point 474.06 K 589.54 K 651.56 K 
Critical temperature 757.95 K 859.11 K 898.65 K 
log Kow

a 3.37 4.54 5.22 
Dipole Momentb 0 Debye 0 Debye 0.3291 Debye  

a Mackay et al., 1992. 
b Estimated through chemical modeling software Gaussian®. 

Fig. 7. Chemical structures, optimized geometry and electrostatic potential of PAH molecules: a) naphthalene; b) anthracene; c) fluoranthene.  
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adsorptive processes from wastewater (Shi et al., 2020; Zhang et al., 
2021). 

3.4. Mechanisms of PAH adsorption 

The results obtained with the molecular simulation indicated that 
NAP molecules have greater stability than anthracene and fluoranthene 
molecules, which may contribute to increasing the π-π interactions be-
tween naphthalene molecules and the adsorbent surface (Li et al., 2018). 
Furthermore, the presence of oxygenated functional groups such as 
C––O and O–H in the structure of the adsorbents, as indicated in the 

FT-IR analyses (Fig. 2b), may be one of the factors that contribute to the 
presence of strong π-π interactions between the molecules of PAHs and 
the surface of the adsorbents (Song et al., 2021). Thus, the presence of 
these interactions can induce a greater adsorptive efficiency between 
PAHs and both C-mCS/GO and G-mCS/GO adsorbents. Fig. 10 illustrates 
the possible mechanisms involved in the naphthalene, anthracene and 
fluoranthene adsorption processes into G-mCS/GO. 

Another mechanism that can contribute to PAH adsorption on the 
adsorbent surface is the hydrophobic effect. This effect is very important 
for the adsorption of nonpolar compounds, which contributes to 

Fig. 8. 3-D contours of HOMO and LUMO: a) naphthalene; b) anthracene; c) fluoranthene (Positive Phase: Blue Color; Negative Phase: Red Color).  

Table 5 
Quantum chemical parameters of naphthalene, anthracene and fluoranthene 
using the B3LYP/6-31G (d,p) model.  

Quantum chemical parameters Naphthalene Anthracene Fluoranthene 

HOMO energy (EH, eV) − 5.803 − 5.239 − 5.783 
LUMO energy (EL, eV) − 0.980 − 1.648 − 1.767 
Energy gap (ΔHL, eV) 4.823 3.591 4.016 
Chemical potential (μ, eV) 3.391 3.443 3.775 
Chemical hardness (η, eV) 2.411 1.795 2.008 
Electrophilicity index (ω, eV) 2.385 3302 3.548  

Table 6 
Adsorption capacity of PAHs by the adsorbents (C-mCS/GO and G-mCS/GO).  

PAHs Adsorption capacity (mmol.g− 1) 

C-mCS/GO G-mCS/GO 

Naphthalene 0.094 0.093 
Anthracene 0.048 0.089 
Fluoranthene 0.076 0.062  Fig. 9. Removal efficiency (%Rem) of PAHs (naphthalene, anthracene and 

fluoranthene). Conditions: C0 = 0.01 mmol. L− 1, dosage of adsorbent of 0.1 mg 
mL− 1, 25 ◦C for 30 min. 
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increasing their adsorption capacity into the adsorbents (Wang et al., 
2014). The adsorption mechanism of PAHs can also be influenced by the 
effect of pH and zero charge point; thus, the zeta potentials (ZP) for 
C-mCS/GO and G-mCS/GO in the presence of naphthalene, anthracene 
and fluoranthene are shown in Fig. 6d-f. Comparing these results with 
the ZP before (Fig. 6c) and after adsorption (Fig. 6d-f), it is observed that 
at pH 4, 6 and 8, there was a decrease in the surface charge of the 
composites after PAH adsorption, as they have very little negative 
charge. At pH 10, however, the difference between the ZP values before 
and after adsorption was very small, which indicates that these sus-
pensions are more negatively charged, which makes them more stable, 
in accordance with the results presented in the literature (Zhang et al., 
2013; Li et al., 2015). In solutions with pH ≥ 10, it is possible that the 
decrease in the adsorption capacity is associated with the electrostatic 
repulsion of negative ions, which can reduce the formation of π-π in-
teractions, thus generating a decrease in the adsorptive performance at 
basic pH (Tang et al., 2021). 

4. Challenges, limitations and future prospects 

The results and discussions addressed in this study have as the main 
objective to fill gaps in the literature regarding the development of eco- 
friendly and low-cost materials based on the principles of green chem-
istry, aiming at their application for the adsorption of contaminants 
from wastewater. The results obtained indicated that G-mCS/GO is a 
potential green adsorbent for the removal of PAHs, presenting compet-
itive adsorption capacities when compared to those of conventional 
adsorbents. However, it is important to highlight some challenges and 
limitations that still need to be overcome by green synthesis processes 
with regard to the application of different natural agents, such as sta-
bilizing, crosslinking or capping agents. In this context, some perspec-
tives for future studies can be proposed to overcome these limitations, 
such as (i) studies aimed at optimizing the synthesis processes of new 
green adsorbents, aiming at the application of different natural agents 
replacing toxic chemical reagents; (ii) application of green materials in 
dynamic fixed-bed systems, aiming at industrial scale application and 
treatment of real effluents; and (iii) studies involving the regeneration of 
these materials in different adsorption cycles. 

Table 7 
Comparison of the adsorption capacity and removal efficiency of C-mCS/GO and G-mCS/GO with other adsorbents studied in the literature.  

PAHs Adsorbents Experimental conditions Adsorption 
capacity (mmol. 
g− 1) 

Removal 
efficiency (%) 

References 

Anthracene Nitrogen-doped reduced graphene oxide (NRGO) C0: 0.0056 mmol.L− 1, 298 K, pH 7, 
150 rpm, 48 h, D: 0.1 mg mL− 1 

0.0324 58 [10] 

Naphthalene Thiourea-Magnetite-TiO2 modified chitosan beads (Cs-T- 
M-Ti) 

C0: 0.078 mmol.L− 1, 298 K, pH 
6.5, 200 rpm, 24 h, D: 0.5 mg mL− 1 

0.067 – [22] 

Anthracene, 
Fluoranthene 

Cetylpyridinium chloride (CPC)-MC; 
Didodecyldimethylammonium bromide (DDAB)-MC; 
Hexadecyltrimethylammonium bromide (HDTMA)-MC 

C0: 2.8 × 10− 4 mmol.L− 1 (ANT), 
C0: 4.9 × 10− 4 mmol.L− 1 (FLT), 
293 K, pH 6.5, 24 h, D: 1 mg mL− 1 

ANT (4 × 10− 3, 
4.1 × 10− 3, 4.2 ×
10− 3) 
FLT (6.7 × 10− 3, 
7.8 × 10− 3, 6.4 ×
10− 3) 

Anthracene (61, 
71, 65.6) 
Fluoranthene 
(52.5, 61.8, 44) 

[50] 

Fluoranthene Lightweight expanded clay aggregate (LECA) C0: 9.9 × 10− 5 mmol.L− 1, 298 K, 
pH 6.5, 300 rpm, 21 h, D: 2 mg 
mL− 1 

3.5 × 10− 5 70.83 [51] 

Naphthalene, 
Anthracene, 
Fluoranthene 

C-mCS/GO C0: 0.01 mmol.L− 1, 298 K, pH 6.5, 
200 rpm, 30 min, D: 0.1 mg mL− 1 

0.094, 0.048, 
0.076 

93.89, 47.80, 
76.07 

This study 

Naphthalene, 
Anthracene, 
Fluoranthene 

G-mCS/GO C0: 0.01 mmol.L− 1, 298 K, pH 6.5, 
200 rpm, 30 min, D: 0.1 mg mL− 1 

0.093, 0.089, 
0.062 

93.55, 89.25, 
62.28 

This study  

Fig. 10. Adsorption mechanisms of PAHs into G-mCS/GO.  
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5. Conclusions 

In this study, the synthesis of adsorbents by conventional and green 
routes (C-mCS/GO and G-mCS/GO, respectively) was performed and 
then applied to PAH adsorption to investigate their efficiency in naph-
thalene, anthracene and fluoranthene removal from wastewater. The 
characterization analyses confirmed the obtainment of magnetic com-
posites with high adsorptive capacities. The results indicate that the 
application of PAS as a crosslinking agent in the synthesis of G-mCS/GO 
contributed to improving its thermal and magnetic properties when 
compared to C-mCS/GO. The adsorption assays showed a better 
adsorptive capacity of PAHs on G-mCS/GO, for a contact time of 30 min 
and dosage of adsorbent of 0.1 mg mL− 1, mainly for naphthalene and 
anthracene when compared to the conventional one, with 93.55% and 
89.25% removal efficiency, respectively. The affinity assays along with 
the results of the molecular simulations indicated that the adsorption 
processes are possibly governed by π-π interactions and hydrophobic 
effects. In addition, the zeta potential analyses indicated a better 
adsorption performance at neutral pH. The results obtained in this study 
point to G-mCS/GO as a novel green composite, which can be applied as 
an up-and-coming material for the removal of PAHs from wastewater 
when compared to conventional adsorbents. 
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