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a b s t r a c t 

Carbon-based materials, especially graphene nanocomposites (GNS) have attracted wide attention in recent years. 

In this study, graphene oxide (GO) and reduced graphene oxide (rGO) were prepared using the Improved Hum- 

mers method and were investigated for their adsorption behavior of emerging contaminants such as tetrabro- 

mobisphenol A (TBBPA), bisphenol A (BPA), and a conventional contaminant, phenol. The adsorption capacity 

seemed to slightly increase with increasing reduction degree of GO, highlighting its hydrophobic effect. The 

adsorption kinetics and isotherms were well delineated using pseudo-second-order and Langmuir equations re- 

spectively. At higher temperatures, the adsorption of these selected organic contaminants on GO and rGO slightly 

increased, also indicating the slight effect of temperature on the adsorption in the environment. From a thermo- 

dynamic analysis, the endothermic and spontaneous reaction was observed. The adsorption mechanisms included 

hydrophobicity, 𝜋- 𝜋 interactions and 𝜋 electron acceptor and donor ones. GNS can suspend in water even af- 

ter adsorbing pollutants at the water interface. This would enhance the transport of these contaminants with 

nanomaterials in the environment. These findings are valuable to elucidate the interaction mechanism between 

phenol, BPA, and TBBPA on GNS while further understanding the physicochemical behavior of these organic 

contaminants in the environment. 

Summary: Adsorption capacities of emerging contaminants, BPA and TBBPA, as well as phenol on graphene 

oxide (GO) and reduced GO (rGO), were similar. Higher temperatures slightly increased the adsorption of these 

phenolic compounds on GO and rGO, which also indicated an endothermic and spontaneous process. 
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. Introduction 

The removal of emerging contaminants (ECs) has become an impor-

ant issue in environmental pollution and water purification systems.

Cs are a group of compounds that include pesticides, pharmaceuticals,

nd flame retardants ( Puga et al., 2020 ). These substances are of concern

orldwide due to their impact on human health and the environment.

wo ECs, bisphenol A (BPA) and tetrabromobisphenol A (TBBPA), are

hosen in this study since they have been widely measured in the en-

ironment ( Yang et al., 2015 ; Waiyarat et al., 2022 ). Another target

ompound is phenol since it has the elementary chemical of the two

merging compounds, has been listed as a priority pollutant by various
∗ Corresponding author. 

E-mail address: yhs@ntu.edu.tw (Y.-h. Shih) . 

ttps://doi.org/10.1016/j.hazadv.2022.100227 

eceived 25 October 2022; Received in revised form 19 December 2022; Accepted 2

772-4166/© 2022 The Authors. Published by Elsevier B.V. This is an open access ar
nvironmental agencies, and is also classified as a hazardous pollutant

ue to its potential risk to human health and toxicity to aquatic life

 ECHA, 2022 ). 

Conventional wastewater treatment plants are not always effective

n the removal of these ECs since EC removal efficiencies typically range

rom 20-50% during primary treatment, 30-70% in systems that include

rimary and secondary treatment, and over 90% in systems that reach

ertiary treatment ( Rout et al., 2021 ). Although various treatment meth-

ds have been investigated ( Wang et al., 2013 ), adsorption remains to

e the most efficient and economical method for treating pollutants

 Kwon and Lee, 2015 ; Zhang et al., 2018 ). Previously, we studied sorp-

ion kinetics and thermodynamics of organic contaminants in activated
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arbon ( Shih and Gschwend, 2009 ), carbon nanotubes ( Li et al., 2017 ;

hih and Li, 2008 ), black carbon ( Shih et al., 2012a ; Su et al., 2018 )

ecently, researchers have reported that the adsorption of organic com-

ounds with various carbonaceous materials follow different mecha-

isms due to their pore structures and functional groups ( Liu et al.,

020 ). Efficient removal of TBBPA by biochar and activated carbon

as proposed by Li et al. (2020) and Liu et al. (2019) , respectively.

upong et al. (2019) used activated carbon to remove bisphenol A by

dsorption. 

Nanomaterials are considered to be on the cutting edge of mate-

ial science research and have been applied in various fields includ-

ng life science, energy, and environmental applications since the in-

roduction of the term “nanotechnology ” by Richard Feynman in 1959

 Bayda et al., 2019 ). Due to the rapid development of nanotechnology,

anoscale carbon-based materials such as graphene have been gaining

ttention worldwide ( Mauter, 2008 ; Ren and Cheng, 2014 ). They have

idespread applications and also perform as adsorbents, transistors, sen-

ors ( Deng et al., 2012 ), supercapacitors ( Huang et al., 2012 ), and drug

arriers ( Dhinakaran et al., 2020 ). A newer member of carbon-based ma-

erials, graphene nanomaterials (GNS) that include graphene oxide (GO)

nd reduced graphene oxide (rGO), in recent years, have received much

ttention in nanotechnological applications, including their efficient use

n the adsorption of various environmental pollutants ( Kozlov et al.,

012 ; Yan et al., 2014 ; Tene et al., 2022 ). GNS shows excellent per-

ormance in the adsorption of organic contaminants that include PAHs

 Shen et al., 2015 ; Sreeprasad and Pradeep, 2012 ) and their derivatives,

esticides, dyes, phenolic compounds, and antibiotics ( Jin et al., 2015 ;

eelaveni et al. 2019 ; Xu et al., 2012 ; Zhang et al., 2014 ). The main

eature of the material that contributes to its outstanding performance

s the presence of sp 2 hybridized nano-carbons. The presence of an am-

le amount of adsorption sites, its flat structure, defects, wrinkles and

xygen-carrying functional groups on the structure makes the material

 promising adsorbent. 

The large-scale production and usage of GNS in biomedical, elec-

ronic, and energy sectors, with a market size of USD 2,172.2 million

n 2022, have led to its release into the environment with unknown

mplications ( Fortune Business Insights, 2022 ; Louie et al., 2016 ). Be-

ides the large-scale production and usage of GO, most of the GO that

s found in the environment exists in the reduced form; recent reports

how that GO can be reduced to rGO independently by both sunlight

nd bacterial degradation ( Dimiev et al., 2013 ). GO could suspend

ell in water due to its electrostatic repulsion with carboxyl and hy-

roxyl groups, while rGO suspension depends on its type and distri-

ution of oxygen functional groups based on the reduction approaches

sed ( Qi et al., 2016 ); however, their colloidal stability in water also

epends on water chemistry such as pH, ionic strength, natural or-

anic matters, etc. ( Chowdhury et al., 2013 ; Chowdhury et al., 2015 ;

oodwin et al., 2018 ). It is important to understand the adsorption of

ollutants at the GNS-water interface to assess the adsorption capac-

ty and also its environmental impact. The ability of GNS as a strong

dsorbent can enhance the adsorption of organic pollutants on the in-

erface and, followingly, its transport in water ( Lu et al., 2018 ). Once

NS are released into the environment, their adsorption along with the

rganic pollutants will influence their fate in the environment ( Dai et al.,

022 ). 

In this study, GO and rGO we synthesized were used as adsorbents to

nvestigate the adsorption of three aromatic compounds: TBBPA, BPA,

nd phenol. The effect of adsorption kinetics, isotherms, and thermody-

amic analysis of these phenolic compounds on GO and rGO in aque-

us solutions were investigated. Furthermore, the interaction of organic

ompounds on GO and rGO was evaluated both experimentally and

pectroscopically. A better understanding of the adsorption of these or-

anic contaminants with graphene-based materials will help not only in

ater treatment but also in the prediction of the fate and risk of these

ontaminants in the environment. 
2 
. Experimental 

.1. Materials and reagents 

Graphite flakes ( < 20 mm) and potassium permanganate (KMnO 4 )

ere purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%), sul-

uric acid (H 2 SO 4 , 98%), and phosphoric acid (H 3 PO 4 , 85%) with Grade

R were purchased from Merck. Phenol, BPA, and TBBPA were obtained

rom Acros chemical company. Hydrogen peroxide (30–32%) Grade AR

as purchased from Acros. All solutions were prepared using deionized

DI) water (Millipore, Temecula, CA, USA) . 

.2. Synthesis of GO and rGO 

GO was synthesized by the Improved Hummers method ( Sahu et al.,

017 ). In brief, 2.0 g of graphite flakes were added to a mixture of 225

L of sulphuric acid and 25 mL of phosphoric acid and maintained at

 temperature of 35°C. 5.0 g of potassium permanganate was gradually

dded to the solution maintained at 35°C and stirred continuously for 10

rs. The resultant mixture was cooled in an ice bath, diluted with 225

L of DI water, and then 3 mL of 30% hydrogen peroxide was added

o the mixture to remove the residual permanganate. A large number of

ubbles were released, and the solution color changed to a brilliant yel-

ow. The suspension was centrifuged several times and washed with 0.1

 hydrochloric acid and phosphate buffer to remove extra manganese

ons. The final solution was washed with DI water to lower the pH value

o around 5-7 and then dried in a rotary vapor at 45°C. The GO suspen-

ion was prepared by sonication of GO sheets in DI water for 2 hrs. 

The thermal reduction of GO was performed in a quartz tube furnace,

n which GO was placed in an aluminum boat placed inside the quartz

ube in the presence of argon gas at 400 o C for 4 hrs. The graphene

xide was thermally expanded and reduced to obtain reduced graphene

xide (rGO) in powder form ( McAllister et al., 2007 ). 

.3. Characterization of graphene-based materials 

The surface morphological characterization was performed by using

canning electron microscopy (SEM, JOEL JSM-7600F) and transmis-

ion electron microscopy (TEM, JEOL JEM-200CX). SEM/TEM images

f the GO and rGO were captured digitally for further size analysis. The

roperties of the GO and rGO samples were characterized by Fourier-

ransform infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray

iffraction (XRD) at different beamlines at the National Synchrotron

adiation Research Center (Taiwan). The surface elemental composi-

ion was also accomplished by using Energy Dispersive X-ray (EDX)

nalysis. For the specific surface area (SSA) of the synthesized GO and

GO, N 2 adsorption-desorption experiments were carried out. The elec-

rophoretic mobility of GO samples at different pH values was measured

y Zetasizer Nano ZS dynamic light scattering (DLS, Malvern, MA),

nd their zeta potentials were calculated according to the Helmholtz-

moluchowski equation. 

.4. Adsorption experiments 

The physicochemical properties of the pollutants considered in our

tudy were listed in Table S1. Adsorption experiments were performed

n a batch approach to determine the kinetics and isotherms for TBBPA,

PA, and phenol adsorption by GNS ( Ji et al., 2013 ). Briefly, TBBPA,

PA, and phenol were dissolved in a background solution (0.01 M CaCl 2 
n DI water and 200 mg/L NaN 3 ), respectively. CaCl 2 is used to maintain

he ionic strength and NaN 3 acts as a bio-inhibitor. Each chemical so-

ution at a different initial concentration was mixed with an adsorbent

rGO and GO of fixed amount 5 mg) in 4 mL amber vials with PTFE

crew caps and then placed on a shaker at 150 rpm for 24 hrs in the

ark to reach equilibrium. 
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Table 1 

Molecular structure and chemical properties of phenolic compounds. 

Compound Structure K ow pK a Solubility (g/L) 

Phenol 1.16 10 86.6 

BPA 3.36 9.6 0.03 

TBBPA 4.5 7.5/8.5 0.004 
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All experiments were carried out in triplicate, including using blanks,

nd the standard error was less than 5%. The pH values of the sample

efore and after the experiments remained the same at around pH 6.

inetic studies were performed by using 20 mg/L sorbates and 5 mg of

O or rGO in the capped vials. Due to the lowest solubility of TBBPA,

he aqueous concentration around its solubility in Table 1 was used.

he suspension was shaken to determine the equilibrium time at an in-

erval of 15 min to 24 hrs. The experiments for isotherms at different

emperatures were performed by adding various concentrations of sor-

ate and shaking for more than 48 hrs at 15, 25 and 35°C to determine

he thermodynamic behavior of the system. The aqueous samples were

ollected to determine the chemical concentration. The concentrations

f TBBPA, BPA, and phenol in the supernatants were immediately ana-

yzed by using high-performance liquid chromatography (HPLC, Agilent

200) equipped with a C8 column (5 𝜇m, 4.6 × 150 mm) and UV/Vis

etector. The details of the HPLC parameters were listed in Table S1. 

.5. Data analysis 

The adsorption capacity (Q e , mg/g) is calculated using the following

q. (1) 

 𝑒 = 

(
𝐶 0 − 𝐶 𝑒 

)
𝑉 ∕ 𝑀 (1)

here C 0 and C e are the initial and final concentrations of the com-

ound, respectively; V is the aqueous volume in the vial (mL); and M is

he mass of the adsorbent used in the experiments (mg). 

Pseudo-first-order and pseudo-second-order kinetic models were

sed to analyze the adsorption kinetics of these phenolic compounds

n two graphene-based materials in Eqs. (2) and (3) . 

 𝑛 
(
𝑄 𝑒 − 𝑄 𝑡 

)
= 𝑙 𝑛 𝑄 𝑒 − − 𝑘 1 𝑡 (2)

here Q t (mg/g) is the adsorbed amount of sorbate onto the adsorbent

ith time, k 1 (min − 1 ) is the pseudo-first-order rate constant, and t (min)

s time. The values of k 1 and Q e were calculated from the linear plots of

n (Q e − Q t ) versus t. The pseudo-second-order model can be expressed

s 

𝑡 

𝑄 𝑡 

= 

1 
𝑘 2 𝑄 

2 
𝑒 

+ 

1 
𝑄 𝑒 

𝑡 (3)

here k 2 (g/mg min − 1 ) is the pseudo-second-order rate constant. 

Two nonlinear models, Langmuir and Freundlich equations, were

tilized to describe the fitting of the adsorption isotherm of the three

hemicals on graphene-based materials Eq. (3) and (4) 

 𝑒 = 

𝑏 𝑞 𝑚 𝐶 𝑒 

1 + 𝑏 𝐶 𝑒 

(4)

 𝑒 = 𝐾 𝑓 𝐶 

1∕ 𝑛 
𝑒 (5)
3 
here C e (mg/L) is the equilibrium concentration of sorbate in the so-

ution, b (L/mg) is a coefficient in the Langmuir equation, q m 

(mg/g) is

he Langmuir monolayer adsorption capacity, K f is Freundlich adsorp-

ion constant, and n is exponential Freundlich coefficient. 

The Gibbs free energy change ( ΔG, kJ/mol) was calculated by the

an’t Hoff equation (where R is the universal gas constant 8.314 J/mol

) shown in Eq. (6) : 

𝐺 = − 𝑅𝑇 𝑙𝑛 
(
𝐾 𝑐 

)
(6)

here T is the temperature (K), and the equilibrium constant (K c ) equals

 e /C e at a specific temperature. 

Information on the inherent energetic changes related to the adsorp-

ion is also provided by further thermodynamic analysis. According to

he Gibbs-Helmholtz Eq. (7) , the change in enthalpy ( ΔH, kJ/mol) and

he change in entropy ( ΔS, kJ/mol K) under constant temperature were

alculated. 

𝐺 = Δ𝐻 − − 𝑇 Δ𝑆 (7)

. Results and discussion 

.1. Characterization of graphene-based materials 

The surface morphology and microstructure of GO and rGO are illus-

rated in SEM and TEM images ( Fig 1 a-d). Both GO and rGO displayed

rinkles and crumpled features that indicate the nature of graphene.

hey are also associated with the presence of sp 3 sites of oxygen func-

ionalities and structural defects in the basal plane of the GO nanosheet.

he SEM micrograph shows that rGO ( Fig. 1 b) has an irregular exfoli-

ted structure and an increase in folds ( Wang et al., 2014a ). TEM images

f GO and rGO ( Fig. 1 c and d) show the surface of GO is flat with wrin-

les located at the edges, whereas for rGO, they are located at the basal

lanes, forming groove regions ( Gupta and Khatri, 2017 ). The results of

he elemental analysis of the GO and rGO by SEM/EDX are presented in

able 2 . The C content was 53% for GO and 80% for rGO, while the ratio

etween the atomic percentages of oxygen to carbon (O/C) indicates a

igher polarity of GO than rGO, which is consistent with their nature.

he SSA of the synthesized GO and rGO was 1.10 m 

2 /g and 228 m 

2 /g,

espectively. The specific surface area for GO was much lower compared

o that of rGO, which could be due to the formation of bulk graphene

xide with long-range array and incomplete exfoliation ( Jiang et al.,

016 ). 

XRD was employed to characterize the formation of GO and rGO

rom graphite ( Fig. 2 a). The presence of intense peaks of graphite

2 𝜃= 26.5), rGO (2 𝜃= 24.6), and GO (2 𝜃= 10.1) in their respective spectra

learly indicate the materials that we synthesized were in good agree-

ent with the literature data ( Mishra et al., 2014 ). After the oxidation
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Fig. 1. SEM images of (a) GO and (b) rGO. 

TEM images of (c) GO and (d) rGO. 

Table 2 

Selected physicochemical properties of carbonaceous materials. 

Carbonaceous 

materials 

Elemental composition a SSA(m 

2 /g) b 

I D /I G 
c 

C O O/C 

GO 53 42 0.79 1.10 0.93 

rGO 80 16 0.20 227.82 1.01 

a Analyzed using Energy-dispersive X-ray spectroscopy. 
b Specific Surface Area measured using the Brunauer–Emmett–Teller (BET) 

method. 
c Intensity at D to intensity at G band analyzed with Raman spectrometry. 
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f graphite, the strong (002) peak at 26.5 o (d 002 = 0.336 nm) vanished

nd a new (001) peak appeared at 10.1 ° (d 001 = 0.875 nm). After the re-

uction of GO, the peak shifted back to 24.6 o , indicating a decrease in

he number of C-O bonds and a shortening of interplanar distance. 

FTIR spectra were examined for the surface O-containing functional

roups in GO, rGO, and graphite ( Fig. 2 b). The FTIR results for GO

how a broad peak at 3380 cm 

− 1 due to O-H stretching, and the other

eaks located at 1735 cm 

− 1 , 1624 cm 

− 1 , 1225 cm 

− 1 and 1060 cm 

− 1 

ould be attributed to stretching vibrations of carbonyl C = O, carboxyl

 = C-O, epoxy C-O-C, and alkoxy C-O bonds, respectively ( Jiang et al.,

015 ; Pei et al., 2013 ). Compared to GO, the spectrum of rGO has very

ew O-containing functional groups on its surface. Besides that, rGO

hows a decrease in the peak intensities at 3380 cm 

− 1 , 1225 cm 

− 1 ,

nd 1735 cm 

− 1 , indicating the loss of OH, epoxy and carbonyl groups

 Kumar et al., 2014 ). 

The Raman spectra ( Fig. 2 c) show the appearance of two prominent

eaks of G bands (1607 and 1595 cm 

− 1 ) and D bands (1363 and 1354

m 

− 1 ) for GO and rGO ensuring the confirmation of lattice distortions.

here is a shift in the G band for GO to a higher wavenumber due to the

xygenation of graphite resulting in the formation of sp 3 carbon atoms,

hereas the broadened D band is due to the reduction in the size of the
4 
p 2 domain. The D band is related to the vibration of carbon atoms with

he bonds related to the carbon network, while the G band is related to

he E 2g vibration mode of sp 2 carbon domains. The I D /I G ratio is used

o measure the defect levels in the graphitic system ( Table 2 ). The ratio

s higher for rGO (1.01) compared to GO (0.93) due to the decrease

n the average size of sp 2 domains that were newly formed during the

eduction ( Perumbilavil et al., 2015 ). 

Zeta potential was used to find out the stability of rGO and GO and

lso served as an indicator to identify their dispersion stability. Nanoflu-

ds whose zeta potential values range from ± 30 to 40 mV are considered

table ( Kamatchi et al., 2015 ). The zeta potential values of both GO and

GO decreased with increasing pH and rebounded after reaching a min-

mum value. Fig. 2 d shows the value for GO is -45 mV at pH 9 and the

alue for rGO is -32 mV at pH 8. GO was stable over a wide range of pH

ue to the presence ofstrong electrostatic repulsions ( Lu et al., 2018 ),

hile rGO is unstable in water at pH values other than pH 8. 

.2. Adsorption kinetics of TBBPA, BPA, and phenol on GO and rGO 

The adsorption kinetics of TBBPA, BPA, and phenol on GO and rGO

s shown in Fig. 3 . The adsorption of these chemicals on GO showed

apid adsorption in the first 60 min, then followed a slow pattern for up

o 200 min, and finally reached equilibrium at 480 min. As shown in

ig 3 b for rGO, adsorption rapidly increased in the first 5 min and ad-

orption equilibrium was reached in 120 min, similar to other literature

 Wang et al., 2014b ). A slightly higher adsorption amount of these com-

ounds was observed for rGO compared to GO, in which a maximum

dsorption capacity of 35 mg/g was achieved by rGO and 25 mg/g by

O for TBBPA. This could be due to the large surface area of rGO and

ts sheet-like structures mentioned in the literature ( Yu et al., 2017 ). 

The kinetic results were fitted by two models: pseudo-first-order and

seudo-second-order kinetics. The correlation coefficient (R 

2 ) and the

ate constants for each chemical were determined (Table S2). Strong R 

2 

egressions (0.88-0.99) were observed using both pseudo-first-order and
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Fig. 2. The (a) XRD, (b) FTIR, and (c) Raman spectra of graphite, rGO, and GO, and the (d) Zeta potentials of GO and rGO. 

Fig. 3. Adsorption kinetics of (a) phenol, BPA and TBBPA on GO and that of (b) phenol, BPA and TBBPA on rGO. 
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2  
seudo-second-order kinetic models, but a better fit was observed for

he pseudo-second-order kinetic model, suggesting that the sorption of

BBPA, BPA, and phenol onto these adsorbents depends on the amount

f the solute adsorbed on the surface of the adsorbent and the amount

dsorbed at equilibrium ( Bele et al., 2016 ). The adsorption rate constant

 2 estimated using the pseudo-second-order kinetic model was higher
5 
or rGO (11.7, 10.5, 12.2 g/mg min − 1 for phenol, BPA, and TBBPA, re-

pectively) than GO (2.22, 9.87, 5.64 g/mg min − 1 ), thus confirming that

GO exhibited faster adsorption kinetic than GO ( Kwon and Lee, 2015 ).

he fast adsorption of rGO has been previously highlighted by its pow-

rful adsorption towards dyes, nitroaromatic and ECs ( Minitha et al.,

017 ; ( Chen and Chen, 2015 ; Jin et al., 2015 ). This observation can be
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Fig. 4. Adsorption isotherms of (a) phenol, (b) BPA (c) TBBPA on GO and (d) phenol, (e) BPA, (f) TBBPA on rGO under different temperature conditions. 
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k  
ttributed to the higher hydrophobicity of the rGO surface, which allows

he hydrophobic phenyl ring of sorbates to approach its surface easily

ith little electrostatic repulsion. In contrast, GO with a larger num-

er of polar carbonyl and carboxyl groups requires phenolic sorbates

o approach its surface at a specific orientation for adsorption, hence

roceeds at a slower pace. 

.3. Adsorption isotherms of TBBPA, BPA, and phenol on GO and rGO 

.3.1. Effect of initial concentration 

The adsorption of the three single compounds on GNS was studied

t various initial concentrations at 288K, 298K, and 308K. In Fig. 4 a

nd d, when the phenol concentration was around 15 mg/L at 288K, its

dsorption concentration on both GO and rGO reached 10.5 mg/g and

1.8 mg/g. Adsorption isotherms of TBBPA on GO and rGO had a similar

attern while adsorption of BPA is slightly higher on GO than on rGO.

s expected, the uptake of phenol, BPA, and TBBPA on GO and rGO

ncreases with increasing initial concentration and eventually reaches

quilibrium, which was also observed by Wu et al. (2016) . 

Langmuir and Freundlich models were employed to gain insight into

he adsorption behavior. The fitting parameters of Langmuir and Fre-

ndlich models of phenol, BPA, and TBBPA on GO and rGO are listed in

able S3. The results show that the studied adsorption reactions fit bet-

er in the Langmuir model than in the Freundlich model. The Langmuir

onolayer adsorption capacity of rGO is larger than GO for BPA and

BBPA, but smaller than GO for phenol, indicating that rGO is more

fficient in adsorbing less polar molecules. On the contrary, GO per-

orms better in isolating molecules with higher polarity. More 𝜋–𝜋 in-

eractions between the aromatic structure of the compound and sp 2 re-

ions of rGO could contribute to a higher adsorption capacity of BPA

nd TBBPA in rGO than in GO. Furthermore, as shown in Table S3, the

aximum adsorption capacities (q m 

, mg/g) of BPA on GO and rGO in

he Langmuir model are 20.98 and 23.20 mg/g at 308 K, respectively,

hich are slightly higher than those of phenol and TBBPA. Since the

dsorption isotherms of phenol, BPA, and TBBPA on GO and rGO fitted

etter in the Langmuir model than in the Freundlich model, it was sug-

ested that the adsorption behavior of these reactions is governed by

onolayer adsorption on the surface. The results were compared with

ifferent carbon-based materials reported in the literature for the com-
6 
arison of TBPPA, BPA, and phenol and summarized in Table 3 . In gen-

ral, the adsorption activity of the GO and rGO sample in this work

as found to be lower than those reported: the GO and rGO prepared

y Wang et al. (2018) had a slightly higher phenol adsorption capacity

25.5 mg/g and 45.5 mg/g) than ours did due to different preparation

ethods. Meanwhile, the rGO prepared by Rout and Jena (2022) and a

ommercial powdered activated carbon used by Xie et al. (2020) demon-

trated significantly higher phenol adsorption, a result that can be at-

ributed their larger surface area. After normalizing the SSA found in

hese papers, our GO and rGO were determined to have the highest ad-

orption capacity per unit of surface area ( Table 3 ). 

In Table 3 , the adsorption of BPA was reported to range from 15.7

g/g to 356 mg/g with rGO which adsorbs more BPA than GO. Mean-

hile, the adsorption capacity of TBBPA has a narrower range between

7.0 mg/g to 116 mg/g. Furthermore, during our experiments, GO and

GO suspended well in water in the presence of 10 mM CaCl 2 . These

esults demonstrate that GNS can adsorb organic compounds and si-

ultaneously suspend well in water, affecting the aquatic environment

y extending the expense of organic contaminants in the environment

hrough the adsorption on GNS. 

.3.2. Effect of temperature 

The adsorption isotherms of phenol, BPA, and TBBPA on GO or rGO

ere also studied under different temperatures. In Fig. 4 , compared to

88K, the maximum adsorption of phenol and BPA on GO ( Fig. 4 a and

 b) and rGO ( Fig. 4 c and 4 d) at around 12 mg/L was higher at 298 K

nd 308 K. The Langmuir model could also be employed to describe

hese isotherms to understand the adsorption thermodynamic behavior

Table S3). Since the adsorption capacity of phenol and BPA increased

ith an increase in temperature, it is indicated that higher temperatures

re suitable for phenol and BPA adsorption on GO and rGO. Notably, the

dsorption of GO on TBBPA increased slightly with increasing temper-

ture. Contrary to the observation in phenol and BPA adsorption, the

dsorption capacity of rGO decreased with increasing temperature, sup-

orting the conclusion that the interaction between rGO and TBBPA is

ainly governed by the weak 𝜋–𝜋 interactions between the aromatic

tructure of the compound and sp 2 regions of rGO. These interactions,

hich have a calculated interaction energy of -13.497 kcal/mol (56.471

J/mol) ( Ghahghaey et al., 2021 ), could be easily overcome when en-
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Table 3 

Adsorption properties of phenol, BPA and TBBPA on GO, rGO, and some carbonaceous materials, b 

Pollutant Adsorbent Loading (g/L) T (K) t (h) pH q m (mg/g) a q m /SSA Reference 

Phenol rGO 0.4 303 1.25 8 602.41 - Rout and Jena, 2022 

GO 0.04 298 1 7 25.5 - Wang et al., 2018 

rGO 0.04 298 1 7 45.5 - Wang et al., 2018 

AC (Commercial) 0.63 298 7 5 246.3 0.24 Xie et al., 2020 

GO 1.25 308 4 6 19.2 17.5 This work 

rGO 1.25 308 8 6 16.1 0.07 This work 

BPA GO 0.04 298 1 7 91.3 - Wang et al., 2018 

rGO 0.04 298 1 7 356.1 - Wang et al., 2018 

GO 0.06 298 0.5 8 49.3 - Phatthanakittiphong and Seo, 2016 

AC (Biomass) 4.00 298 1.33 7 15.7 0.02 Supong et al., 2019 

GO 1.25 308 4 6 21.0 19.1 This work 

rGO 1.25 308 8 6 23.2 0.10 This work 

TBBPA GO 0.02 298 10 6 115.8 - Zhang et al., 2013 

MGAC 0.15 293 10 9 110.7 0.13 Liu et al., 2019 

Biochar 0.1 303 24 7.5 87.0 - Li et al., 2020 

GO 1.25 298 4 6 17.3 15.7 This work 

rGO 1.25 288 8 6 14.8 0.06 This work 

a q m : Maximum adsorption capacity. 
b SSA: Specific surface area. 

Table 4 

Adsorption thermodynamic parameters for phenol, BPA and TBBPA on rGO and GO 

Adsorbent Compound ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/(K mol)) 

288 K 298 K 308 K 

GO Phenol -18.86 -19.11 -20.38 6.09 0.07 

BPA -18.58 -18.86 -18.95 5.82 0.08 

TBBPA -19.08 -20.18 -21.21 11.84 0.10 

GO Phenol -19.03 -19.78 -20.51 2.25 0.07 

BPA -18.66 -18.83 -18.93 4.19 0.07 

TBBPA -19.54 -20.08 -21.28 1.09 0.08 
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rgy is supplied with increasing temperature and, hence, fewer TBBPA

olecules would be held on the surface of rGO at high temperatures. 

Thermodynamic parameters provide information about the energy

hanges associated with the adsorption process. The constants listed in

able 4 were determined through linearized data as shown in Fig. 5 .

rom Table 4 , the negative ΔG value indicates the thermodynamic fea-

ibility and spontaneous nature of the adsorption process ( Ren et al.,

013 ). At the same interval, the Gibbs free energy was close to the in-

rease in temperature from 288 to 308K, proving that the influence of

emperature on the adsorption was insignificant. The decrease in neg-

tive ΔG with an increase in temperature implies that higher tempera-

ures favor the adsorption of phenol, BPA, and TBBPA on GO and rGO.

u et al. (2016) observed a similar sorption pattern in which phenol ad-

orption on rGO was inversely proportional to the temperature, demon-

trating that a higher temperature was effective for the removal of phe-

ol. 

The adsorption enthalpies of phenol, BPA, and TBBPA on GO were

.09, 5.82 and 11.84 kJ/mol, respectively ( Table 4 ). The adsorption en-

halpies of phenol, BPA, and TBBPA on rGO were 2.25, 4.19 and 1.09

J/mol, respectively ( Table 4 ). The adsorption enthalpies of these com-

ounds on GO were higher than those on rGO, indicating more energy

as needed to allow the target molecule to be adsorbed onto the sur-

ace of GO than that of rGO. Overall, the ΔH values in the present work

ie between 0 and 20 kJ mol − 1 , suggesting the dominance of physisorp-

ion, which was also observed by Wang et al. (2013) . Furthermore, the

ositive values of ΔH indicate that the adsorption process is endother-

ic in nature ( Kyzas et al., 2013 ). The positive values of ΔS indicate

tability in the adsorption process, with minimal structural change at

he solid-liquid boundary ( Shih et al., 2012 ). The low positive values

f ΔS demonstrate that the randomness is moderately increased during

he adsorption process, which relates to the degree of freedom of the

dsorbed molecules ( Zhang et al., 2013 ). Together, the slight positive

S and endothermic nature are the results of a large quantity of water
7 
isplacement from the surface of the adsorbent during the adsorption

rocess ( Yu et al., 2017 ). A positive change in enthalpy and a positive

hange in entropy have also been observed in a previous study on the

dsorption of phenolic compounds on carbon-based material ( Dhorabe

t al., 2016 ). 

.4. Adsorption mechanisms of TBBPA, BPA, and phenol on GO and rGO 

The adsorption of graphene materials at the molecular level is gen-

rally dependent on the structure of the adsorbate and the surface of

NS ( Chen et al., 2008 ). Several mechanism models such as hydropho-

ic interaction, hydrogen bonding, and electrostatic interaction could

e involved in the adsorption of phenolic compounds based on theoret-

cal and experimental results ( Chen et al., 2008 ; Chen and Chen, 2015 ;

ehmani et al., 2022 ); Wang et al., 2014 . For the three adsorbates tested,

nly a slight difference in adsorption was found ( Fig. 4 and Table S3)

nd a slightly higher adsorption capacity was observed for rGO com-

ared to GO, highlighting the structural and surface difference between

hem. For both GO and rGO, adsorption affinity followed the order of

PA > phenol > TBBPA. 

From the values of water solubility (C sat ) and n-octanol–water parti-

ion coefficient (K OW 

) in Table 1 , BPA has a higher hydrophobicity than

henol, which could contribute to the highest adsorption of BPA than

henol on both rGO and GO. 

From the FTIR spectra, it was revealed that rGO was more hydropho-

ic than GO ( Fig. 2 b). As BPA is hydrophobic, hydrophobic interactions

lay an important role in its adsorption process. Both rGO and GO used

n this study contain electron-rich sites and electron-depleted sites, lead-

ng to the delocalization of 𝜋 electrons ( Fagan et al., 2004 ). Since 𝜋-

lectron can interact with the 𝜋-electron of the benzene ring and affect

he adsorption capacity of aromatic compounds on graphene-based ma-

erials, 𝜋- 𝜋 interactions have been proposed to dominate the adsorp-

ion of aromatic compounds on graphene-based materials ( Fig. 6 a and
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Fig. 5. Plots of ln K versus 1/T for adsorption of (a) phenol, (b) BPA and (c) TBBPA on GO and rGO. 

Fig. 6. Adsorption of (a) phenol, (b) BPA, and (c) TBBPA on GNS surface. The interaction between TBBPA and GNS through EDA was demonstrated in (d). 

8 
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r

) ( Chen et al., 2007 ; Yan et al., 2015 ) and adsorbents with aromatic

oieties ( Ji et al., 2022 ; Wu et al., 2020 ). This explains the higher ad-

orption capacity of BPA on GO and rGO compared to phenol. However,

lthough TBBPA is the most hydrophobic compound among the three,

ith the lowest C sat and highest K OW 

, it did not achieve the highest ad-

orption. This could be because the surface of GO and rGO are not made

p of hydrophobic functional groups alone; they also consist of some hy-

rophilic moieties. Additionally, the fused aromatic rings of TBBPA are

ubstituted with two –OH groups and two large bromine atoms, which

inder them from forming strong 𝜋- 𝜋 interactions with GO and rGO

 Fig. 6 c). These chemical and spatial properties have contributed to the

ow adsorption capacity of TBBPA on GO and rGO ( Ji et al., 2013 ). 

The better adsorption capacity of rGO is attributed to there being

ewer carboxyl groups in rGO than in GO. The incorporation of oxygen-

arrying functional groups could induce hydrogen bonding between the

ollutant and the surface of the graphene-based material, while the ab-

ence of O-functional groups could possibly lead to the dominance of 𝜋- 𝜋

nteractions ( Fig. 6 a- 6 c) ( Yan et al., 2014 ). The adsorptive sites available

n graphene-based materials measured by FTIR spectroscopy ( Fig. 2 b)

ndicated that the edges and surface of GO have abundant oxygen–

arrying functional groups, which include O-H, C-O, C = O, and C(O)O,

hat could make the surface highly hydrophilic, form hydrogen bonding

ith water molecules, and hinder 𝜋–𝜋 interactions. The presence of the

-bond is due to the interaction between the hydroxyl group of pheno-

ic compounds with the hydroxyl group of GO and rGO. Since H-bond

nergies can range from < 17 kJ/mol to 167 kJ/mol ( MacLeod and Ro-

ei, 2011 ), depending on the nature of donor and acceptor atoms, they

an participate in the physisorption process. It was considered that this

echanism played an important role in the adsorption of phenolic com-

ounds in our study. These hydrophilic surface functional groups also

ccounted for the poorer adsorption of aromatic pollutants on GO com-

ared to rGO. Having fewer oxygen-carrying functional groups, rGO s is

ore hydrophobic than GO. This is consistent with the finding in previ-

us studies which showed that rGO is more hydrophobic than the start-

ng material ( Kwon and Lee, 2015 ; Li et al., 2016 ). Similar results have

een observed for the adsorption of phenol on rGO by computational

pproaches ( Yu et al., 2017 ). In addition to stronger 𝜋–𝜋 interactions,

he electron-rich benzene ring of aromatic pollutants can also interact

ith the partially positively charged groups of rGO and enhance its ad-

orption capacity. 

On the other hand, GO shows both 𝜋 electron acceptor and donor

EDA) properties due to the presence of 𝜋-electron rings and functional

roups ( Fig. 6 d). It was also reported that 𝜋–𝜋 EDA interactions would

ead to the strong adsorption of hydroxyl-substituted compounds on car-

on nanotubes ( Chen and Chen, 2015 ). The 𝜋- 𝜋 interactions between 𝜋

lectron-rich regions present on the graphene layers and electron ac-

eptor substances have been widely used to address the adsorption of

rganic compounds on the graphene surface: the hydroxyl group (-OH)

an result in electron conjugation with the benzene rings, thus making

hem electron rich. 

The value of the adsorption coefficient K d (L/kg), calculated by

ividing the adsorbed amount (q e ) by the equilibrium concentration

mg/L), is presented in Fig. S1. The results indicated that the adsorption

f all pollutants decreased with increasing equilibrium concentration,

hich is in agreement with the adsorption behavior of nitroaromatic

ompounds and phthalic acid esters on GNS ( Chen and Chen, 2015 ;

u et al., 2018 ). It is noted that the values of K d of phenol and BPA

ere almost overlapping when the concentration increased. 

The q max value of BPA, phenol, and TBBPA adsorption on rGO ap-

ears to negatively relate to their molecular sizes, which could be a size

xclusion effect on the adsorption of these compounds on rGO. Such

 phenomenon was also reported in the PAH adsorption on carbon-

ased materials as the pore-filling mechanism dominated the adsorption

f these compounds ( Wang et al., 2014 ). Although there was slightly

igher adsorption of pollutants on rGO than on GO, the SSA normal-

zed adsorption coefficients of rGO could be around 10 times smaller
9 
han those of GO since the SSA of rGO was 10 times higher than that

f GO. This might be a result of the existence of very small pores in

GO that prevent the adsorbates from being adsorbed. Overall, the main

echanisms governing the different adsorption of aromatic compounds

n GO and rGO include H-bonding, 𝜋–𝜋, van der Waals, electrostatic

nteractions, and hydrophobic interactions. 

.5. Environmental implication of GO and rGO with organic contaminants 

The fate of environmental transport of nanomaterials is governed by

heir colloidal stability ( Yan et al., 2015 ). The stability of many nanoma-

erials, including metal oxide nanoparticles, was studied in our previous

apers ( Liu et al., 2012 ; Peng et al., 2017 ; Peng et al., 2015 ; Shih et al.,

012b ; Shih et al., 2012c ; Tso et al., 2010 ) and Dai et al. (2022) , and

Os ( Babakhani et al., 2018 ; Chowdhury et al., 2013 ; Chowdhury et al.,

015 ; Gao et al., 2022 ). Chowdhury et al. (2013) also indicated that

O is stable in the natural aquatic environment and significant aqueous

ransport of GO is possible but they also depend on water chemistry.

n this study, GO prepared by the modified Hummers method was used

o demonstrate the interaction between GNS and pollutants when they

nter environmental water. rGO was synthesized to evaluate the po-

ential impact that arose when GNS was left in the environment for a

rolonged period and eventually reduced by sunlight or bacteria. GO

as a good stability in water for a period of 70 days due to the pres-

nce of hydrophilic functional groups ( Catherine et al., 2018 ). Our find-

ngs on the dispersion stability of GO using zeta potential measurements

 section 3.1 ) is well supported by the study of Chowdhyry et al. (2015) ,

hich demonstrated that GO remains stable from pH 4 to 10. In con-

rast, rGO can only suspend in water at pH 8 ( Fig. 2 d). Hence, GO is

rompt to affect the aquatic ecosystem while rGO has a higher potential

o sediment and exert a profound impact on habitats at the bottom of wa-

er. Current studies confirm that both GO and rGO will interact with the

ater environment chemically, with the latter interacting more strongly

nd faster with organic entities. Hence, their presence could be benefi-

ial from the point of water purification. Nevertheless, further evalua-

ion of their toxicological profile is required to determine whether their

resence is harmless, or even beneficial to water recycling. 

. Conclusion 

GO nanoflakes and reduced graphene oxide that varied in C/O ratio

ere successfully synthesized via a modified Hummers method and a

hermal method, respectively. The adsorption kinetics of phenol, BPA,

nd TBBPA onto GO and rGO in aqueous solutions were best fitted to

 pseudo-second-order model. The adsorption of these phenolic com-

ounds were of monolayer nature with a higher adsorption capacity

bserved with rGO than for GO. These adsorption processes were spon-

aneous ( ΔG = -18.6 to -21.3 kJ/mol) with a small change in entropy

 ΔS = 0.07-0.08). Overall, the adsorption of the three phenolic com-

ounds on GO and rGO were endothermic physisorption reactions with

 heat of adsorption of 2.3 ∼11.8 kJ/mol. The results of this study sug-

est that the mechanisms governing the adsorption uptakes are hy-

rogen bonding and 𝜋–𝜋 interactions between phenolic compounds

nd graphene-based adsorbents. This study has provided a better un-

erstanding into the adsorption of these emerging contaminants on

raphene-based materials for water treatments and also their fate in the

nvironment. 
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