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Abstract

The United States Environmental Protection Agency categorized polycyclic aromatic

hydrocarbons (PAHs) as hazardous to humans upon acute and/or chronic exposure. This study

investigated the simultaneous adsorption of several PAHs onto graphene wool (GW), thereby

providing holistic insights into the competitive adsorption of PAHs onto graphene-based materials.

SEM, TEM and FTIR provided evidence for the adsorption of PAHs and successful regeneration

of the adsorbent accompanied by distinct morphological changes. Isotherm experiments revealed

that adsorption of PAHs was significantly influenced by hydrophobic interactions between the

sorbate and hydrophobic surface of GW. The Freundlich multilayer isotherm model best fit the

experimental data obtained for both multi-component PAH and single-solute experiments as

indicated by the Error Sum of Squares (SSE) obtained from nonlinear regression analysis.

Experiments revealed that competitive adsorption had a limiting effect on the overall adsorption

capacity as qmax and Kd were higher in single-solute than multi-component PAH experiments.  The

results suggest that partition distribution coefficients (Kd) between the solid-liquid interphase

played a significant role in the overall adsorption and a positive correlation between Kd and LogKow

of PAHs was established in single-solute experiments. Sorption-desorption experiments revealed

that PAHs were adsorbed with a maximum removal efficiency of 100 % at an optimum GW dosage

of 2 g/L. Adsorption thermodynamics revealed that PAH adsorption onto GW is spontaneous and

endothermic. The adsorbent was regenerated and reused for up to six times and its efficiency

remained fairly constant.
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Decontamination, Aqueous solution.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous and toxic class of xenobiotic organic

contaminants composed of carbon and hydrogen; with proven carcinogenicity such as skin, lung

and bladder cancer [1]. They are released into the environment via incomplete combustion, forest

fires, burning of fuels, oil spills, urban run-off and other anthropogenic activities [2,3]. PAHs are

inadvertently found in food, air, soil, sediment, drinking water and other water bodies [4,5]. Thus

the need for a sustainable, efficient and cost-effective remediation approach cannot be over-

emphasized.

Graphene has attracted immense global attention from researchers due its structural tunability,

thermodynamic stability and well-defined physicochemical properties [6]. Recent developments

arising from studies related to graphene has brought about promising applications, ranging from

biomedicine, nano-sensors, super-capacitors, pollution monitoring, control and remediation [7-

14]. In the field of environmental science, graphene-based materials have been harnessed as

efficient next-generation sorbents for water purification applications because their surfaces are

largely hydrophobic, porous, and they possess high adsorption affinities for a vast number of

organic contaminants (OCs) [15].

The graphene wool (GW) used in this study was synthesized via a chemical deposition method

using quartz wool as a substrate, under optimized flow rates of hydrogen, argon and methane gas

as precursors [16]. The adsorption and desorption of phenanthrene and pyrene onto this wool-like

graphene adsorbent have been reported based on single-solute, batch sorption experiments [13].

The sorption kinetics were found to follow a pseudo-second order reaction pathway and 24 hours

was suitable for optimum adsorption. Furthermore, because single-solute experiments were

conducted, several sorption models were easily fitted to isotherm data and a multilayer adsorption



mechanism was described via Freundlich and Sips models with R2> 0.99, and removal efficiencies

for individual PAH was > 98 %.

However, PAHs are a large class of organic compounds which are rarely found as single solutes

in real-life polluted samples [17,18]. Therefore, to establish the actual robustness and efficiency

of this novel graphene wool in the decontamination of field water samples, it is necessary to carry

out multi-solute, competitive adsorption experiments and account for optimum adsorbent dosage

under multi-solute contamination conditions. Furthermore, information regarding the adsorption

of 15 co-existing PAHs onto any absorbent is not available in literature, which makes it almost

impossible to fully understand the adsorptive behaviour of the PAH class of pollutants in a multi-

solute environment.

 Therefore, the aim of this study was to evaluate the sorption mechanism controlling the

interaction between graphene wool and selected polycyclic aromatic hydrocarbons in aqueous

solution via single-solute and multi-component (PAH mix) batch experiments. Furthermore,

effects of temperature (adsorption thermodynamics) and adsorbent dosage were determined, as

well as removal efficiency from graphene wool (GW) wherein several cycles of regeneration and

re-use were evaluated.

2 Materials and Method

2.1. Materials

9-30 µm coarse quartz wool (Arcos Organics, New Jersey, USA), argon and hydrogen (99.999%,

Afrox, South Africa), calcium chloride, sodium azide, hexane and acetone (98 % purity, Sigma-

Aldrich, Germany) were purchased. A QTM PAH mix and internal standard (Sigma-Aldrich,

USA), were used for PAH mix adsorption experiments. The mixed standard contained 2000 mg/L

of 15 EPA priority polycyclic aromatic hydrocarbons [19], prepared in dichloromethane



(naphthalene, acenaphthene, acenaphthylene, fluorene, phenanthrene, anthracene, fluoranthene,

pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(a)pyrene, indeno (1,2,3-

cd)pyrene, dibenz(a,h)anthracene and benzo(g,h,i) perylene); and the internal standard used was

mixture of d8-naphthalene, d10-phenathrene, d10-pyrene and d12-chrysene. Neat standards of

naphthalene, anthracene, benzo(a)anthracene, benzo(a)pyrene and benzo(ghi)perylene

respectively (99% purity) were purchased from Supelco (USA) for use in single-solute batch

experiments. Polytetrafluoroethylene (PTFE) membrane syringe filters (0.22 µm and 0.45 µm)

were purchased from Stargate Scientific (South Africa). Reversed phase C18 solid phase extraction

(SPE) cartridges were purchased from CNW Technologies (Shanghai, China). All the solutions

were prepared with ultra-pure water obtained from a Milli-Q water (9.2 µS/cm3) purification

system (Millipore, Bedford, MA, USA).

2.2. Adsorbent

Graphene wool was synthesized by a chemical vapour deposition (CVD) method using the

optimum established procedure [16]. The quartz wool was placed in a horizontal quartz tube, with

the prescribed flow rate of argon, hydrogen and methane gas released at specified time intervals

and at an elevated temperature of 1200 ºC. The graphene wool was characterized by high resolution

transmission electron microscopy (TEM) using a JEOL JEM 2100F (JOEL Ltd, Tokyo, Japan)

operated at 200 kV; scanning electron microscopy was also carried out with the aid of Zeiss Ultra

Plus 55 field emission scanning electron microscope (FE-SEM), operated at 2.0 kV (Zeiss,

Germany); Fourier transformed infrared spectroscopy (FTIR) was carried out using a Bruker

Alpha-T spectrometer (Bruker Optik GmbH, Ettlingen, Germany), whilst the specific surface area

was determined using Sear’s method. Refer to [13,16] for a detailed description of the GW



synthesis and characterization thereof by various means including high-resolution X-ray

photoelectron spectroscopy (XPS) and Raman spectroscopy.

2.3. Sorption isotherm experiments

Batch adsorption experiments of the PAH mixture and single-solute/single PAHs by graphene

wool (GW) were performed in 40 mL PTFE screw capped amber vials (Stargate Scientific, South

Africa) sealed with aluminum foil at 25 ± 1 °C. Background solution (pH = 7.0) contained 0.01

mol/L CaCl2 (ACE, South Africa) in deionized water with 200 mg/L NaN3 (Sigma-Aldrich,

Germany) as a biocide. Table 1 provides a list of the PAHs used as sorbates in this study and their

properties. The isotherm experiment was conducted with initial concentrations of the PAH mix

and single PAH solutions, ranging from 2 µg/20 mL to 10 µg/20 mL obtained by serial dilution

with deionized water and 1 % methanol to ensure solubilization of PAHs in aqueous medium [20].

The adsorption of the PAH mix and individual PAHs onto graphene wool was carried out in batch

experiments using a thermostated shaking water bath (Wisebath, Celsius Scientific, South Africa).

To investigate the effect of initial concentration of the solution, 20 mg of GW was introduced into

5 vials containing 2, 4, 6, 8 and 10 µg /20 mL of PAH mixture and individual PAHs, respectively.

Each concentration was tested in triplicate. Desorption experiments were carried out as previously

described [21]; immediately after the adsorption studies, the supernatant was completely removed

and 20 mL of 0.01 mol/L CaCl2 containing 200 mg/L of sodium azide was added to the solid

residue. The amount of PAH recovered in solution was determined after equilibration for 24 h and

at 25 ºC. To determine the effect of adsorbent dosage, adsorption experiments were carried out

using varying adsorbent masses (20, 25, 30 and 50 mg), for PAH mix concentrations of both 400

and 500 µg/L, in order to determine the average removal efficiencies per dosage. For all the batch

experiments, suspensions were agitated at 200 rpm in a shaking water bath for 24 h at 25 ºC, based



on previous reports [13,22], and subsequently centrifuged at 9860 x g for 20 min to recover a clear

supernatant solution.

2.4. Quantification

Prior to determination of the equilibrium concentration (Ce) for single-solute sorption experiments,

the vials were centrifuged at 9860 x g for 20 min and 2 mL aliquots of the supernatants were

filtered through 0.45 m syringe filters. Equilibrium concentrations of naphthalene (NAPH),

anthracene (ANT), benzo(a)anthracene (B(a)ANT), benzo(a)pyrene (B(a)p)) and

benzo(ghi)perylene (PERY) were determined using a Horiba Jobin Yvon Fluoromax-4

spectrofluorometer (Horiba instruments Inc., Edison, NJ, USA) at excitation wavelengths of 280,

300, 320, 330 and 420 nm respectively, with calibration equations derived from 0.2 µg/20 mL to

10 µg/20 mL concentrations of individual PAHs [13].

Solid phase extraction (SPE) was carried with the aid of preconditioned C18 SPE cartridges (CNW

Technologies, China) for multi-solute adsorption experiments, prior to GC-MS analysis [23]. The

supernatant was loaded on the cartridge and washed with 5 mL of methanol/deionized water

(50:50). The analytes were eluted with 6 mL hexane using the SPE vacuum pump at a flow rate of

0.5 mLmin-1. The eluate recovered was concentrated by reducing its volume to 1 mL under

nitrogen flow. A matrix-matched calibration was obtained by spiking 20 mL blank deionized water

with 2, 4, 6, 8 and 10 µg/20 mL of PAH mix and carrying out the same SPE extraction explained

above (equivalent to 2, 4, 6, 8 and 10 ng of PAH mix injected into the GC column in triplicate)

and the resulting calibration line equation was used to calculate the equilibrium concentration (Ce).

The concentration of PAHs not adsorbed after agitating the solution for 24 h with GW was

determined using gas chromatography (GC, Agilent 6890) hyphenated with mass spectrometry



(MSD, Agilent 5975C). The amount of PAHs adsorbed (Cs) was determined by the difference

between the initial and equilibrium liquid-phase concentrations (Ce) (eq. 1 and 2). Each experiment

was repeated three times.

 = ( ) (1)

Removal efficiency (%) = ( ) × 100 (2)

Where Co (mg/L) is the initial concentration, Ce (mg/L) is the equilibrium solute concentration, Vo

is the initial volume (L) and Sm is the mass (g) of the adsorbent.

Graphene wool was regenerated by rinsing with 10 mL hexane and a mixture of acetone-water

(50:50) respectively using a thermostated shaker for 2 hr successively at room temperature.

Afterwards, the GW was dried in a muffle furnace (Labotec, South Africa) at a temperature of 70

C for 4 hr and was allowed to cool before re-use.

2.5. GC-MS Instrumentation

PAH analysis for multi-solute adsorption experiments was carried out with the aid of a gas

chromatograph (GC, Agilent 6890) hyphenated to a mass spectrometer (MSD, Agilent 5975C) in

electron impact ionization mode. The analytes (1 µL splitless injection) were separated on a Restek

Rxi-PAH column with the following dimensions: 60 m long, 0.25 mm internal diameter and 0.10

µm film thickness. Helium gas of purity  99 % (Afrox, Gauteng) was used as carrier gas in

constant flow mode at 1 mL/min. The inlet temperature was at 275 ºC and the GC oven temperature

was held at 80 ºC for 1 min, then ramped at 30 ºC/min to 180 ºC, and subsequently to 320 ºC at 5

ºC/min. The run-time for each injection was 75 min. The ionization potential was 70 eV, the source

temperature was 230 ºC and the quadrupole was at 150 ºC. A mass range of m/z 40-350 was



recorded in full scan mode.  For better sensitivity, the selective ion monitoring mode was employed

to detect and quantify the PAH analytes [24]. The 0.5 ng/µL pure PAH mix standard (Sigma-

Aldrich, USA) which had been dissolved in hexane was injected to determine the retention time

and mass spectrum of each PAH (Figure 1). The internal standard used was a mixture of d8-

naphthalene, d10-phenathrene, d10-pyrene and d12-chrysene (0.5 ng/µL). Quantification of the

selected PAHs was carried out using five-point calibration curves with concentrations ranging

from 2 µg/20 mL to 10 µg/20 mL for all PAHs used in this study. The calibration was derived

from the plot of the target analyte peak area divided by the peak area of the internal standard versus

the concentration of analyte.

Figure 1: Representative GC-MS SIM chromatogram of the PAH standard mixture after SPE
extraction of 10 µg/20 mL PAH aqueous solution. The IS mixture contained d8-naphthalene, d10-
phenanthrene, d10-pyrene, d12-chrysene in hexane.



Table 1: Physicochemical properties of the 15 target polycyclic aromatic hydrocarbons.

PAHs a Molecular

formula

ab Boiling

point (ºC)

ac Log Kow
a Sw

(mg/L)

a Mw

(g/mol)

Naphthalene C10H8 217.9 3.30 31.00 128.17

Acenaphthene C12H10 279.0 3.92 3.90 154.21

Acenaphthylene C12H8 280.0 3.94 9.00 152.19

Fluorene C13H10 294.0 4.18 1.69 166.22

Phenanthrene C14H10 338.4 4.46 1.10 178.23

Anthracene C14H10 341.3 4.45 1.29 178.23

Fluoranthene C16H10 384.0 5.16 0.26 202.25

Pyrene C16H10 394.0 4.88 0.14 202.25

Benzo(a)anthracene C18H12 437.6 5.76 9.4e-3 228.30

Chrysene C18H12 448.0 5.81 2.0e-3 228.30

Benzo(b)fluoranthene C20H12 481.0 6.12 1.5e-3 252.30

Benzo(a)pyrene C20H12 496.0 6.13 1.62e-3 252.30

Indeno(1,2,3-cd)pyrene C22H12 536.0 6.58 6.9e-4 276.30

Dibenz(a,h)anthracene C22H14 524.0 6.50 5e-4 278.30

Benzo(g,h,i)perylene C22H12 550.0 6.63 2.6e-4 276.30

Bp: boiling point (ºC) b [25,26], Log Kow: octanol–water partition coefficient c [27],  Sw: water
solubility (mg/L), Mw: molecular weight (g/mol) a [28].



3 Results and Discussion

3.1 Sorbent characterization

Comprehensive information regarding the characterization of this novel material is available in the

literature [13,16]. In addition, the pH of GW was found to be 6.1 and 7.1 in CaCl2(aq) solution and

deionized water respectively. The specific surface area of GW, as determined using Sear’s method,

is 279 m2/g, which is lower than the theoretical specific surface area of graphene (2630 m2/g) due

to coverage over the quartz wool which ultimately defines the specific surface area [29,30]. The

morphology of the adsorbent in its pristine state, after adsorption of PAHs and regeneration were

examined using scanning electron microscopy and transmission electron microscopy (SEM &

TEM) (Figure 2). The high-resolution microscopic analysis revealed that the diameter of each

strand of graphene wool is between 6 - 8 microns. Figure 2 (a & d) revealed extensive coverage of

quartz wool by graphene with a heterogenous and rough surface structure, while Figure 2 (b, c &

e) revealed obvious morphological changes as a result of the adsorption and regeneration

processes. Furthermore, Fourier transformed infrared spectroscopy (Figure 2f) revealed two

prominent peaks; one peak associated with the sp2 hybridized C=C backbone of graphene at 775

cm-1, and a broad peak at 1059 cm-1 associated with Si-O-C arising from the functionalized quartz

wool (SiO2) coated with graphene [31].  The doublet peak at 2925 and 2845 cm 1 is attributed to

symmetric and asymmetric sp2 and sp3 C-H stretching bands, whilst the peak at 675 cm 1 is

attributed to C-H out-of-plane bending vibrations of aromatic rings [32]



Figure 2: (a) SEM image of pristine graphene wool (1000x) {Inset: TEM image of pristine GW};
(b) SEM image of graphene wool after PAH mix adsorption (1000x); (c) SEM image of
regenerated graphene wool (1000x) {Inset: TEM image of regenerated graphene wool}; (d) SEM
image of pristine graphene wool (10,000x); (e) SEM image of GW post-adsorption (2000x); (f)
FTIR of pristine GW, GW after PAH adsorption (GW-PAH) and regeneration (GW-REG).

3.2 Adsorption isotherm

Adsorption isotherm studies provide vital information on the interaction between sorbates and

sorbents, especially the amount of analyte adsorbed, and the amount left in solution after

equilibrium is reached [33]. Linear regression (eq. 5) and nonlinear isotherm models such as

Freundlich (eq. 3) and Langmuir models (eq. 4) were used to fit adsorption experimental data. The

Error Sum of Squares (SSE) (eq. 7) was used to test models used in this study.

= Kf (3)

=  (4)

(5)



= (6)

( , , ) (7)

where Kf  ( g/g) (L/ g)N) and N (dimensionless) are the Freundlich constant and intensity

parameter, an indicator of site energy heterogeneity; qmax g/g) and KL (L/ g) are the Langmuir

maximum adsorption capacity and Langmuir constant associated with solute–surface interaction

energy, respectively; qe is the solid-phase concentration (µg/g), Ce is the liquid phase equilibrium

concentration (µg/L), and Kd (L/g) is the sorption distribution coefficient [22,34]. The value of the

separation factor RL (eq. 6) provides important information about the nature of adsorption. The

value of RL is between 0 and 1 for favourable adsorption, while RL>1 represents unfavourable

adsorption and RL = 1 represents linear adsorption. The adsorption process is irreversible if RL = 0

[35,36]

The isotherm parameters obtained for the PAH mix (multi-solute) adsorption by GW revealed

that the Freundlich isotherm model, which reflects a multilayer adsorption mechanism, best fit

experimental data compared to the uniform site energy and monolayer sorption mechanism

described by the Langmuir model. This was validated by values of SSE presented in Table 2 [34].

The Langmuir model only fit at lower equilibrium concentrations, but as the concentration

increased, the adsorption pattern deviated as a result of site saturation towards a multilayer

adsorption pattern. The RL values for all the PAHs were greater than zero and less than 1, which

depicts favourable adsorption [34,37]. The core adsorption mechanism for the interaction between

mixtures of PAHs and GW is mainly controlled by  non-covalent bonding and hydrophobic

interactions, however, other adsorption mechanisms centered around molecular conformation of



the adsorbent and adsorbate also play a role in the multi-solute adsorption of PAHs [30]. The SEM

images in Figure 2 confirm that mass transfer occurred between the boundary layer of PAH

contaminated water and GW, leading to adsorption of the sorbate onto the active sites (pore walls

and holes) of GW. The largely rough and heterogeneous surface of the wool-like material aided

the adsorption of the PAHs by increasing the available surface area. The irregular pattern in the

values obtained and reported in Table 2 is mainly as a result of the highly competitive nature of

the adsorption processes, due to the number of PAH molecules competing for available sites

simultaneously.



Table 2:  Sorption isotherm parameters for multi-component PAH adsorption by graphene wool (GW) and Error Sum of Squares (SSE)

of non-linear regression analysis (Experimental conditions: GW dosage = 20 mg per 20 mL; mixing rate = 200 rpm; T = 25 ± 1 °C;

Initial conc.: 2 µg/20 mL – 10 µg/20 mL; contact time = 24 hours).

PAHs Freundlich Langmuir Linear Amount adsorbed

Kf SSE N  qmax (µg/g) SSE KL (L/ µg) RL Kd (L/g) SSE  (µg/g)

Naphthalene 2.5e-5 2.36 2.85 1.63e3 2.37 2.0e-4 9.10e-1 0.22 2.67 155

Acenaphthene 1.2e-1 4.98 0.66 4.47e2 4.99 6.7e-5 9.90e-1 0.03 4.98 156

Acenaphthylene 3.6e-1 4.00 5.40 7.90e-1 4.42 7.2e3 2.76e-7 -0.07 4.44 185

Fluorene 3.4e-1 4.00 5.40 9.40e-1 4.71 5.7e1 3.52e-5 -0.08 4.73 176

Phenanthrene 2.8e-5 4.12 2.69 1.27e3 4.23 1.2e-4 9.43e-1 0.15 4.23 126

Anthracene 1.7e-5 1.03 3.19 1.81e3 1.20 4.5e-4 8.17e-1 -0.02 4.99 164

Fluoranthene 1.5e-5 0.76 3.32 3.71e3 1.00 2.8e-4 8.78e-1 -0.08 4.78 175

Pyrene 1.6e-5 0.64 3.29 3.16e3 0.95 3.3e-4 8.59e-1 -0.08 4.79 173

Benzo(a)anthracene 2.2e-5 1.19 3.13 1.01e2 1.30 6.1e-1 3.27e-3 -0.03 4.98 166

Chrysene 4.0e-5 0.78 3.05 2.96e2 1.00 2.9e-4 8.69e-1 0.03 4.99 161

Benzo(b)fluoranthene 3.6e-3 0.59 2.14 5.65e2 0.78 1.7e-4 9.23e-1 -0.07 4.82 161

Benzo(a)pyrene 1.6e-1 0.71 1.24 6.45e2 0.74 1.4e-4 9.37e-1 -0.06 4.88 152

Indeno(1,2,3-cd)pyrene  1.1e-4 1.85 2.77 8.87e1 1.89 6.2e-1 3.23e-3 -0.04 3.97 192

Dibenz(a,h)anthracene 7.8e-5 1.81 2.86 9.09e1 1.87 6.0e-1 3.30e-3 -0.04 3.96 193

Benzo(g,h,i)perylene 3.2e-5 2.02 3.27 4.91e3 2.13 3.8e-4 8.39e-1 -0.13 3.31 225



3.3 Single-solute adsorption isotherms of selected PAHs

Sorption of naphthalene (NAPH), anthracene (ANT), benzo(a)anthracene (B(a)ANT),

benzo(a)pyrene (B(a)P) and benzo(g,h,i)perylene (PERY) onto graphene wool (GW) were studied

individually in a batch isotherm experiments. Similar process variables as the PAH mixture/multi-

solute adsorption experiment were maintained for better comparison {viz. adsorbent dosage (1

g/L); individual PAH initial concentration (Co =  2  to  10  µg/20  mL);  time  (24  hr);  pH  (7);

temperature (25 °C); and rpm (200)}.

The Freundlich multilayer adsorption mechanism best described the sorption experimental data

for the selected 2-6 ringed PAHs, as this model provided the lowest Error Sum of Squares (SSE)

(Table 3). The adsorption capacity (Kd) and predicted amount adsorbed (qe) were higher for higher

molecular weight (HMW) PAHs than for lower molecular weight (LMW) PAHs (Table 3, Figure

3). This suggests that adsorption of PAHs onto GW is influenced by the hydrophobicity of the

compounds (Figure 4). However, the maximum holding or adsorption capacity (qmax), Freundlich

adsorption capacity (Kf) and adsorption capacity (Kd) were significantly higher for the selected 2-

6 ringed PAHs than those reported in Table 2. This affirms that competitive adsorption in a multi-

solute aqueous medium had a limiting effect on the overall sorption of the PAHs by graphene

wool.



Table 3: Freundlich, Langmuir and linear sorption parameters for single-solute adsorption of

selected 2-6 ringed PAHs onto GW.

Sorption
model

Parameter NAPH ANT B(a)ANT B(a)P PERY

Kf 9.35 9.88e-3 5.61 54.47 5.51e-4

Freundlich N 0.27 2.34 0.58 1.05 6.03

SSE 0.39 0.88 0.12 1.43 0.68

Langmuir (µg/g) 4.89e1 1.22e4 2.35e3 1.52e3 1.60e4

KL (L/µg) 2.52e-2 1.56e-4 5.94e-3 8.73e3 7.87e-4

SSE 0.44 1.52 0.13 1.47 1.36

Linear Kd (g/L) 0.17 1.92 3.62 5.73 12.50

Predicted (µg/g) 66.63 189.53 202.390.17 336.25 432.00

SSE 0.77 1.51 0.48 1.43 1.36

Freundlich model: =KfCNe; Langmuir model, = Ce/(KL+Ce); Linear model: =KdCe ; Exp. : Predicted
amount adsorbed; SSE: Error Sum of Squares.



Figure 2: Representation of the Freundlich and Langmuir isotherm models for adsorption of

selected individual 2-6 ringed PAHs onto graphene wool using nonlinear regression analysis.



3.4 Influence of hydrophobicity on competitive adsorption of PAHs

The trend in adsorption of the PAH mixture onto GW can also be elucidated by the effect of

hydrophobicity of the PAHs in solution, which can be determined from the logarithm of the

octanol/water partition coefficient (LogKow) [38,39]. There is positive trend in the molecular mass

of the compounds and the octanol/water partition coefficients, however, there are PAHs with the

same molecular mass but with a slight difference in the value of LogKow, which is as a result of

their molecular conformation or structure [40,41].

Table 3 and Figure 4 reveal that Kd increased with increase in the LogKow of the PAHs adsorbed

by GW in single-solute experiments, similar to what was previously reported by Lamichhanne et

al. [42] for acenaphthene, fluorene, phenanthrene, fluoranthene, and pyrene adsorption by different

organic carbon fractions. The correlation between sorption capacity and LogKow is due the fact

that water molecules surround the hydrophobic compounds to form a cage-like structure which

stabilizes the less soluble or more hydrophobic PAHs in aqueous solution [43]. The binding

mechanism for the PAH molecules onto GW is believed to be dominated by van der Waals-type

interactions, also known as hydrophobic bonding [37]. Therefore, the PAH molecules that are

more hydrophobic with higher values of LogKow, favourably interact with GW with stronger

hydrophobic interactions and adsorption capacity (Kads) than the less hydrophobic PAHs. This is

similar to what was reported by Li et al. [44] via DFT simulations of graphene interaction with

PAHs, and interaction of a mesoporous silica-based adsorbent with benzo(b)fluoranthene,

benzo(a)pyrene, and benzo(g,h,i)perylene [45].

However, there is an obvious deviation from the trend shown in the adsorption of a multi-

component PAH mixture, as the correlation between Log Kow and Kd decreased due to the expected

complex chemistry of the solution. It is also noteworthy that competitive interaction led to a



significant decrease in the adsorption capacity of GW for the respective PAHs (Figure 4).

Hydrophobicity and  electron interactions should have favoured sorption of high molecular

weight (HMW) and more hydrophobic PAHs in the multi-solute experiment, however, Figure 4

reveals otherwise.  This suggests that other factors such as size of the molecules, molecular

dynamics/conformations and surface structure of the adsorbent (pore volume & size) may have

enhanced adsorption of low molecular weight (LMW) PAHs in the competitive adsorption process.

Figure 4:  Correlation between hydrophobicity (LogKow) and adsorption capacity (Kd) of PAH

interactions with graphene wool at 25 C, (a) adsorption of PAH mixture (unlabelled data points

represent other PAHs present in the mix) (b) single-solute adsorption of selected PAHs.

3.5 Effect of adsorbent dosage

The adsorbent dose of 20, 25, 30 and 40 mg was added to 20 mL solutions containing 8 µg/20 mL

and 10 µg/20 mL of PAHs, to determine the average removal efficiency with varying sorbent mass,

while other parameters viz. time (24 hr), pH (7), temperature (25 °C) and rpm (200) constant. With

increase in the dosage, PAH removal efficiency increased. The average removal efficiency ranged

from 52.2 – 72.6 % at 20 mg, 55.1 – 80 % at 25 mg, 65.3 – 85.1 % at 30 mg and 80 – 100 % at 40



mg dosage, respectively (Figure 5). The results also revealed that competitive adsorption of higher

molecular weight (HMW) PAHs were favoured over lower molecular weight (LMW) PAHs, and

the improvement in the removal efficiency can be attributed to the availability of vacant sites as

dosage increased. Further increase in the adsorbent dosage would potentially yield improvement

in removal of LMW PAHs, as HMW PAH removal efficiency already reached its optimum at 40

mg/20 mL (2 g/L) for both 8 µg/20 mL and 10 µg/20 mL PAH concentrations.

Figure 5: Effect of increasing dose of graphene wool (GW) in 20 mL of 400 µg/L and 500 µg/L PAH
solution (a) 20 mg GW (b) 25 mg GW (c) 30 mg GW (d) 40 mg GW; (Experimental conditions: 25ºC, 200
rpm mixing rate, n= 3). PAHs are; 1= Naphthalene, 2= Acenaphthene, 3= Acenaphthylene, 3= Fluorene,
4= Phenanthrene, 4= Anthracene, 5= Fluoranthene, 6= Pyrene, 7= Benzo(a)anthracene, 8= Chrysene, 9=
Benzo(b)fluoranthene, 10= Benzo(a)pyrene, 11= Indeno(1,2,3-cd)pyrene, 12= Dibenz(a,h)anthracene, 13=
Benzo(g,h,i)perylene, 14= Dibenz(a,h)anthracene, 15= Benzo(g,h,i)perylene.



3.6 Desorption experiment and hysteresis

The Freundlich constant “N” which is regarded as the heterogeneity index and H-index which

represent the hysteresis index (reversibility of the sorption process) [36] are presented in Table 4.

The N value for adsorption (Nads) and H-indices were generally higher in multi-solute sorption

than for single-solute experiments. The trend in heterogeneity presented is expected due to the

number of solutes interacting simultaneously with GW, thus resulting in a more heterogenous

sorption-desorption process. Figure 6 revealed that a significant amount of PAHs adsorbed were

desorbed with % desorption ranging 45 to 75 % for PAH mix experiments, while the reverse is the

case for in the single-solute experiments as desorption was found to decrease, ranging from 5.5 to

56.4 %.  Furthermore, the trend observed in single-solute desorption in Figure 6 suggests stronger

binding interactions between HMW PAHs and GW, supported by the adsorption capacities (Kd)

obtained (Table 3); leading to significant sorption irreversibility. It has been reported that lower

ring PAHs are preferentially bound to sorbent active sites at lower concentrations and partitioning

favours adsorption of higher ring PAHs as concentration increases in a multi-solute, competitive

environment [37,39]. Generally, given the high percentage of adsorbed species that were desorbed

into aqueous solution in the PAH mix adsorption, it can be inferred that a significant amount of

PAHs were loosely held by weak van der Waal forces and  interactions [46], due to significant

competition for sorption sites and saturation thereof, and Table 2 also reported lower binding

capacity for the PAH mix.

Furthermore, reports revealed that the percent desorption of PAHs in single solute environments

are somewhat different from what is obtained for a multi-component systems using geosorbents

rich in carbon, and it was suggested that the presence of less hydrophobic PAHs improved the

solubility of more hydrophobic solutes, thus increasing their percentage desorption [21]. However,



such an effect was absent in the single-solute experiments. Evaluation of Table 4 reveals that

higher molecular weight compounds displayed more hysteretic sorption behavior with higher H-

indices. This is expected as stronger  interaction with GW is expected between higher ring

PAHs than lower ring PAHs due to the number of  electrons, thus making irreversible entrapment

or slow desorption more evident with higher ring PAHs. This result correlates with hydrophobicity

of the PAHs, the higher the value of LogKow, the more recalcitrant the PAHs are towards desorbing

into aqueous medium [47,48]. Pore-deformation of adsorbents may occur during the sorption

process leading to entrapment of PAHs and/or slow desorption rates, which is more likely in multi-

solute sorption-desorption processes, leading to higher H-indices [49].

Table 4: Comparison of sorption-desorption parameters and hysteresis index (H) of selected PAHs

in multi-solute (M) and single-solute (S) interactions with graphene wool (GW)

N(ads): Freundlich adsorption intensity,  N(des): Freundlich desorption intensity; H: Sorption–
desorption hysteresis index, H=Nads/Ndes; M: PAH mixture; S:  Single-solute.

PAH Kf (des)

(M)

Kf (des)

(S)

N (ads)

(M)

N (ads)

(S)

N(des)

(M)

N (des)

(S)

H
(M)

H
(S)

Naphthalene 2.28 271.58 2.85 0.27 0.80 0.96 3.56 0.28

Anthracene 2.23 7.25 3.19 2.34 0.30 4.37 10.63 0.54

Benzo(a)anthracene 1.73 314.60 3.13 0.58 0.29 1.05 10.79 0.55

Benzo(a)pyrene 1.91 134.75 1.34 1.05 0.17 0.70 7.88 1.50

Benzo(g,h,i)perylene 1.75 1.35 3.27 6.03 0.30 1.75 10.9 3.45



Figure 6: Average desorption rate (%) of PAHs recovered in aqueous solution (Experimental

conditions: 20 mL of de-ionized water; temperature: 25 C). Error bars show ± standard deviation,

n= 3.

3.7 Regeneration and reusability experiment

Graphene wool (GW) was regenerated with n-hexane. Six successive cycles of adsorption

experiments were carried out with a PAH concentration range of 2 µg/20 mL to 10 µg/20 mL. The

removal efficiency of the PAHs from the GW after each regeneration cycle is shown in Figure 7.

The regeneration procedure proved efficient as the removal efficiency of the material was

relatively constant, suggesting multiple reusability of the material for remediation of water

contaminated with several PAHs simultaneously. However, there is indication that small fragments

of the GW were lost during the regeneration cycles, as around 9.6 % loss in total mass of the

adsorbent was recorded over the entire cycle of six regeneration steps. Morphological changes as



a result of the regeneration process after 6 cycles was examined with the aid of TEM, SEM and

FTIR, and it revealed that layers of adsorbed solute, appearing as patches on the surface of the

adsorbent, were desorbed or removed to a large extent by the regeneration process (Figure 2 c &

d). However, TEM revealed some degree of loss of coverage (Inset: Figure 2 (a & c) and FTIR

showed a decline in peak intensities (Figure 2f)). This loss was potentially responsible for the

slight decline in removal efficiency observed for the higher molecular weight PAHs. On the

contrary, the removal efficiency of the lower mass PAHs seemed to improve, which suggests that

the surface of material may have undergone a slight deformation which may have favoured smaller

sized molecules [47,48].

Figure 7: Percentage adsorption of the PAHs used in this study by GW (Experimental conditions-
mass of adsorbent: 20 mg; volume of solution: 20 mL; temperature: 25 C, concentration of PAHs:
2 µg/20 mL to 10 µg/20 mL). Error bars show ± standard deviation, n= 3. PAHs are; 1= Naphthalene,
2= Acenaphthene, 3= Acenaphthylene, 3= Fluorene, 4= Phenanthrene, 4= Anthracene, 5= Fluoranthene,
6= Pyrene, 7= Benzo(a)anthracene, 8= Chrysene, 9= Benzo(b)fluoranthene, 10= Benzo(a)pyrene, 11=
Indeno(1,2,3-cd)pyrene, 12= Dibenz(a,h)anthracene, 13= Benzo(g,h,i)perylene, 14=
Dibenz(a,h)anthracene, 15= Benzo(g,h,i)perylene.



3.8. Adsorption thermodynamics of selected 2 - 6 ringed PAHs

Adsorption is temperature dependent whereby some processes are feasible at ambient

temperature while others require an additional supply of heat energy to overcome an energy barrier

or initiate a reaction. The effect of temperature on the adsorption of NAPH, ANT, B(a)ANT, B(a)P

and PERY onto graphene wool (GW) was studied at 298, 308 and 318 K, respectively. The

adsorption data was fit to a linear isotherm model (eq. 5), and it was observed that the equilibrium

concentration of the selected PAHs reduced and adsorption capacity (Kd) increased with increase

in temperature, except for NAPH which is likely due to volatilization losses (Table 5).

Thermodynamic parameters such as Gibbs free energy change ( ), enthalpy ( ) and entropy

) were calculated using the Van’t Hoff equations (eqs. 8 and 9), in order to elucidate the nature

of adsorption of NAPH, ANT, B(a)ANT, B(a)P and PERY onto GW as a function of temperature

[13,50].

ln = ° °                                           (8)

° =  (9)

where  is the change in the Gibbs free energy (kJ/mol);  is the change in enthalpy (kJ/mol),

and  is the change in entropy (kJ/mol), R = gas constant (8.314 J/mol K), T = thermodynamic

temperature (K), and Kd = adsorption capacity (L/g).

Table 5 revealed that adsorption of selected PAHs onto GW involved a spontaneous

endothermic reaction, with positive and negative values of H and G respectively, except for

NAPH. Furthermore, an increase in temperature improved the sorption feasibility of ANT,

B(a)ANT, B(a)P and PERY, considering the trend in G values. The low enthalpy values ( H)

suggest that PAH interaction with GW is mainly physisorption and not chemisorption [50]. Several

reports have shown that the thermodynamic behavior of PAHs differ with respect to interactions



with different adsorbents [13,42,45,50,51]. However, there is a consensus that thermodynamic

parameters are mostly influenced by the morphology of the sorbent and physicochemical

properties of the sorbate. The information provided in this study reveals the vital role of

temperature regimes towards the potential application of GW for removal of PAHs from aqueous

solution.

Table 5: Thermodynamic parameters for adsorption of selected 2 – 6 ringed PAHs onto graphene

wool (GW)

PAHs Temperature
(K)

Kd
(L/g) (kJ/mol) (kJ/mol) (kJ/mol K)

308 0.17 4540

Naphthalene 318 0.15 4858 -8.81e-2 1.41e-2

328 0.14 5198

308 1.92 -1616

Anthracene 318 1.94 -1657 3.06e-2 4.74e-2

328 1.99 -1818

308 0.65 -1067

Benzo(a)anthracene 318 1.59 -1188 8.31e-4 2.83e-2

328 2.20 -2085

308 5.73 -6268

Benzo(a)pyrene 318 6.58 -6587 1.66e-4 2.83e-2

328 12.07 -6958

308 12.50 -10030

Benzo(g,h,i)perylene 318 12.70 -10721 2.49e-5 2.82e-2

328 13.90 -12673

3.9. Comparison with previous studies

Researchers have reported on the competitive adsorption of PAHs onto different adsorbents.

Activated carbon was used to adsorb 15 PAHs from vegetable oil and 68-93 % efficiency was



achieved with the recalcitrant higher molecular weight PAHs having better removal efficiency

[51]. The removal of fluorene, pyrene, benzo(k)fluoranthene, benzo(a)pyrene and

benzo(g,h,i)perylene from water using immature coal (leonardite) was studied [52]. The results

showed that adsorption increased with increase in LogKow and adsorption efficiency of 82 % was

recorded for B[a]P and B[k]F.

Competitive adsorption of phenanthrene, pyrene, fluorene, fluoranthene and

benzo(a)anthracene onto zeolite and organo-zeolite have been reported [53].  Results showed that

adsorption indices were in the range of 50-83% for organo-zeolite and less than 50 % for zeolite,

with the exception of benzo(a)anthracene which recorded the highest removal efficiency of 75 %

due to its higher partition coefficient (log Kow). Wang et al. [30] reported that adsorption of selected

PAHs on graphene nanosheets and graphene oxide increased with increase in hydrophobicity in

the order pyrene  phenanthrene  naphthalene. A more recent report involving zeolite and

modified zeolite as adsorbents recorded the following removal efficiencies for PAHs; 47.6 and

43.9 % for the zeolite and modified zeolite for benzo(k)fluoranthene, 62.9 and 69.5 % for

benzo(b)fluoranthene, and 43.8 and 37.2 % for benzo(a)pyrene [45]. Most of the values were less

than what was recorded for graphene wool, nonetheless, they also reflect the dominant influence

of hydrophobicity on the overall uptake of PAHs in a competitive and multi-solute environment.

4  Conclusion

This study revealed that a mixture of several polycyclic aromatic hydrocarbons categorized as

priority pollutants by the United States Environmental Protection Agency can be effectively

removed from water using a novel graphene wool as adsorbent. The robust, flexible and porous

nature of this material makes it a suitable adsorbent for the simultaneous adsorption of PAHs.

Sorption-desorption studies revealed that higher molecular weight PAHs were better removed by



the GW. The release potential into aqueous medium was also evaluated and results indicated the

occurrence of hysteresis (some degree of irreversible adsorption).  The optimum dosage was 2 g/L

(40 mg/20 mL) of GW adsorbent for higher molecular weight PAHs, with concentration as high

as 10 µg/20 mL and average removal efficiencies at optimum dosage were between 71 to 100 %

with good RSDs values (1 – 5.5 %, n = 3).  Hydrophobic and  interactions dominated the

adsorption process of the PAHs investigated in this study in the single-solute experiments, whilst

molecular size/conformation of PAHs, morphology of adsorbent and solution chemistry

influenced multi-solute competitive adsorption. Results obtained from the regeneration and

reusability experiments showed that GW was reasonably stable and can be reused without

significant loss of efficiency. With the right fabrication, this new form of graphene (GW) may be

used to make filters and adsorbents for water purification purposes due to its wool-like structure,

water permeability and other morphological and physicochemical properties. The material can also

be harnessed for the decontamination of water containing other emerging hydrophobic pollutants,

as a result of its proven affinity for hydrophobic organic contaminants such as PAHs.
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