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a b s t r a c t

In this study, new material of polyacrylic acid-modified graphene oxide (GO-PAA)
composite for phenol remediation from synthetic and real wastewater was investigated.
The graphene oxide (GO) and GO-PAA were physically and chemically characterized
using scanning electron microscopy (SEM), transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray analysis (EDX),
and Brunauer–Emmet–Teller (BET). The effects of various experimental factors including
pH, temperature, and initial phenol concentration were examined. Results showed that
the optimum adsorption occurred at pH 2 and temperature 25 ◦C. The adsorption
capacity of GO-PAA was double of the case of un-modified GO, indicating the importance
of surface modification and the introduction of (C=O) groups in the enhancement
of the adsorption process. Moreover, the Langmuir adsorption isotherm was found
to be the most suitable isotherm to describe the adsorption process of phenol, and
thermodynamics studies confirmed the spontaneity and the exothermic nature of the
adsorption process. GO-PAA was capable of removing 75% and 18% of phenol from
synthetic and real wastewater, respectively under optimum conditions of pH 2 and 25 ◦C.
These results indicate that adsorption of phenolic compounds using GO-PAA could be
an effective and simple method to remediate pollution, especially in acidic conditions.
©2022 TheAuthors. Published by Elsevier B.V. This is an open access article under the CCBY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Phenolic compounds are a group of the many pollutants that are contaminating resources and decreasing the quality
f water. Phenols are water-soluble organic compounds that consist of aromatic rings to which one or more hydroxyl
-OH) groups are attached. Phenolic compounds are either produced naturally or are released into the environment
rom various industries (Soto-Hernandez et al., 2017). The introduced phenolic compounds are considered persistent
rganic pollutants that are resistant to degradation through biological, chemical, and photolytic processes (Mohamed
t al., 2020). As a consequence, phenol was categorized by the U.S. Environmental Protection Agency (US-EPA) as one of
he 129 specific priority pollutants that are considered toxic and should be remediated (US-EPA, 2014). It is estimated
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that more than ten million tons of these compounds are released into the environment every year (Alshabib and
Onaizi, 2019). Pharmaceutical, petrochemical, textile, leather, and agrochemical industries as well as industrial processes
such as paper, pulp, paint, and pesticide production are the main sources of phenolic compound discharges (Deng
et al., 2011). Proper handling of phenolic compounds is vital since they can adversely affect both human health and
the environment. For humans, phenolic compounds can induce genotoxicity, carcinogenicity, muscle fatigue, metabolic
disorders, bronchoconstriction, and dysfunction of the liver and kidneys. In the environment, phenolic compounds can
contaminate soil, surface water bodies, and groundwater (Alshabib and Onaizi, 2019; Mohamad Said et al., 2021).
Progressively, these compounds can induce changes in the structure of plant communities and accumulate in birds and
fish, and eventually enter the food chains and cause adverse effects on human health (Garg et al., 2020; Mandeep and
Kakkar, 2020). Therefore, phenolic compound concentrations in industrial effluents should not exceed 5 ppm if these
discharges are to be directly ejected into public sewage systems. On the other hand, if these discharges are to be released
into inland water bodies, the maximum permissible discharge level of phenolic is only 1 ppm. Moreover, according to the
US-EPA, the level of phenolic compounds should not exceed 1 ppb in drinking water (Alshabib and Onaizi, 2019).

For example, olive mill wastewater (OMW) is considered one of the main problems faced by olive oil manufacturing
ompanies, due to the presence of various pollutants at high concentrations (Mulinacci et al., 2001). It is estimated the
nnual world production of OMW is between 10 to 30 million m3 (Rahmanian et al., 2014). Due to excessive washing

required during the production of olive oil, large volumes of OMW are generated in the Mediterranean countries. OMW
is characterized by low pH levels (2.2–5.9) and contains many organic pollutants including tannins, polyalcohol, sugars,
proteins, pectins, fats, lipids, and high levels of phenols (Solomakou and Goula, 2021), and the concentration of phenolic
compounds in wastewater could exceed 10 g/L (Azbar et al., 2004; Hamdi, 1993; Kissi et al., 2001; Mulinacci et al., 2001).
Thus, eco-friendly, and economically feasible solutions are required to protect the environment from the effects of such
effluents.

Removal of phenolic compounds from wastewater has been done previously using different physicochemical tech-
niques, including distillation, chemical oxidation, reverse osmosis, filtration, extraction by solvents, photocatalytic degra-
dation, and adsorption (Garg et al., 2020). However, each of these techniques has some drawbacks aside from their
advantages. The disadvantages are mainly the high maintenance and operational costs, high energy demand, pretreatment
requirements, inefficiency of treatment, scaling, fouling, limitation due to selectivity and pH level, and the use of solvents
that are not eco-friendly (Gholami-Bonabi et al., 2020; Jiménez et al., 2018).

Adsorption is one of the common methods for phenol remediation. Over the years, significant efforts have been made
to develop and produce adsorbents with high efficiency and selectivity, biocompatibility, environmental compatibility, and
cost-efficiency. Many adsorbents are being studied, particularly in the field of water treatment due to their versatility, wide
applicability, and benign nature (Thakur and Kandasubramanian, 2019). Recent studies showed that various adsorbents
including activated carbon (Xie et al., 2020), fly ash (Oyehan et al., 2020), carbon nanotubes (Saleh et al., 2020), and
biopolymer-based biochar (Li et al., 2019) were effective in the removal of phenol from wastewater. Adsorption is a
simple, energy-efficient, and cost-effective process that can remove both low and high concentrations of various pollutants
including phenolic compounds from wastewater. In addition, the recycling of the adsorbent material is also possible,
making this technique more cost-effective (Sajid et al., 2018).

Graphene oxide (GO) was discovered in 2004, and since then many unique mechanical and electric properties have
been studied and explored for this wonder material. In terms of structure, graphene has a hexagonal honeycomb crystal
lattice structure with a thickness of just one atom. Remarkably, one suspended layer of graphene is considered one of the
stiffest materials. Due to the lack of thickness, graphene can be characterized by its surface and any modification to the
material can lead to significant changes in its properties (Tong and Loh, 2014). Graphene has a polyaromatic π-system
that enables its interactions with organic entities in water, where the rings of graphene would stack with the rings of
the organic pollutants by π–π stacking interaction or hydrophobic effects (Shi et al., 2016). However, due to graphene’s
hydrophobic nature, its application in water decontamination is limited (Thakur and Kandasubramanian, 2019). Graphene
oxide (GO), which is a derivative of graphene but with a surface packed with active groups such as carbonyl (C==O),
carboxylic (–COOH), hydroxyl (–OH), and epoxide (C–O–C), providing significant active sites for modification and creating
polar surface properties (Aliyev et al., 2019b; Gholami-Bonabi et al., 2020). Oxygen functional groups of various species
and amounts are sited on both sides of the basal plane of the GO particles (Eigler, 2021). However, on GO’s nanosheets,
the phenolic epoxy (C–O–C), and hydroxyl (==OH) groups are in the basal plane while the carboxylic (==COOH) groups
are located at the edges (Aliyev et al., 2019a). Due to their properties, graphene oxide composites have been used in the
adsorption of various pollutants, including many heavy metals such as arsenic (Das et al., 2020), gallium (Zhang et al.,
2019), and lead (Hur et al., 2015), as well as numerous organic contaminants such as aniline (Fakhri, 2017), organic dyes
(Molla et al., 2019) and polycyclic aromatic hydrocarbons (Sun et al., 2013).

Even though the inherent characteristics of graphene-based materials have been of significant importance in adsorption
studies, however, surface modification of GO could further improve their properties, and in turn, enhance the adsorption
capacity of such materials. Thus, in this study, GO was modified with polyacrylic acid (PAA) which is a polymer of acrylic
acid with a carboxyl (C==O) group on every two carbon atoms of its main chain. In water, PAA becomes a polyelectrolyte
through the dissociation of the acid groups, and when all the carboxyl groups are dissociated, PAA develops a high negative
charge density (Terao, 2021). As mentioned, many researchers investigated the use of various adsorbents in the removal
of phenolic compounds from wastewater. Many studies also investigated the use of graphene oxide, and composites in
2
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the removal of phenol however, to the best of our knowledge; no reports are available regarding graphene oxide’s surface
modification with polyacrylic acid and its role in the improvement of the adsorption process and mechanisms. Therefore,
this study will investigate and compare the capacity of the GO and GO-PAA adsorbents in the removal of phenol under
different experimental conditions including pH, temperature, and initial phenol concentration from synthetic and real
wastewater (olive mill wastewater (OMW)) samples.

2. Materials and methods

2.1. Materials

Graphite powder (−60 mesh), sulfuric acid (H2SO4), 95%, potassium permanganate (KMnO4), 99%, phosphoric acid
H3PO4), 85%, and hydrogen peroxide (H2O2), 30% were purchased from ‘‘Research lab’’ company. Whereas hydrochloric
cid (HCl), 35% to 38%, was purchased from Scharlu. N, N′-methylene-bis-acrylamide was purchased from Glentham life
ciences.

.2. Methodology

.2.1. Graphene oxide synthesis using modified Hummers’ methods
Graphene oxide was synthesized using the modified Hummers’ method as illustrated in Fig. 1(A) and 1(B). Briefly, a

ixture of 96 mL sulfuric acid H2SO4 (74.2 wt%) and 24 mL phosphoric acid H3PO4, (19.7 wt%) was mixed and stirred in
n ice bath for a few minutes. Then, 4 g graphite (G) and 12 g KMnO4 were added gradually into the mixing solution under
ontinuous stirring. The reaction mixture was then moved to an oil bath at 95 ± 2 ◦C for 0.5 h under reflux conditions.
ollowing that, 100 mL of distilled water (DW) was added, and the reaction mixture was kept stirring for another 0.5 h.
inally, the mixture was transferred back to the ice bath where the reaction was terminated by the addition of 300 mL of
W and 40 ml of H2O2. The prepared solution was then diluted using 20% HCl solution and then centrifuged at 5000 rpm
or 0.5 h. The supernatant was then removed away, and the residual GO was washed several times with the DW until the
H became neutral. The prepared GO was dried in the oven at 60 ◦C for about 60 h (Alkhouzaam et al., 2020).

.2.2. Modification of graphene oxide using polyacrylic acid (GO-PAA)
The functionalization of graphene oxide was done by in-situ polymerization. Briefly, 1.5 g of the previously prepared

raphene oxide was dispersed in a mixed solvent of ethanol and water (1:1, 500 mL), and the mixture was continuously
tirred for 1.5 h at room temperature using a magnetic stirrer. Following that, 25 mL of acrylic acid (AA), 0.1 g of N, N′-
ethylene bisacrylamide (MBA), and 0.5 g of potassium persulfate (KPS) were added to the mixture, the bottle was then
overed with Parafilm, and it was stirred again at room temperature for 0.5 h under N2 purging system. Consequently,
he mixture was reacted in an oven at 80 ◦C for 5 h. The GO-PAA composite was centrifuged at 4000 rpm for 0.5 h, then
ashed with DW, and dried thoroughly at room temperature (Zhang et al., 2019).

.2.3. Synthetic phenol water stock preparation
Phenol stock solution with a concentration of 100 mg/L was prepared by the addition of 0.1 g of phenol to (1 L) distilled

ater. Following that, samples with concentrations of (Blank, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 40, 60, 80, and 100) mg/L were
repared by diluting the stock solution to prepare and draw a standard curve. UV–Vis spectrophotometer (JENWAY) was
tilized to determine the concentration of phenol in standard and non-standard samples, and the curve was drawn at
70 nm wavelength (Gholami-Bonabi et al., 2020).

.2.4. Batch experiments
Batch adsorption experiments were carried out in 100 mL bottles with 20 mL phenol solutions of known concentration,

o that 0.02 g of the GO and GO-PAA were added. The bottles were then placed at a constant agitation speed of (165 rpm)
or 24 h using a rotary shaker (Brunswick Innova

®
2100/2150). The pH adjustments were carried out using 0.1 M HCl

nd 0.1 M NaOH. The effects of several parameters were studied including pH (2, 4, 6, 8, and 10), the concentration of
henol solution (20, 30, 40, 50, 60, 70, 80, and 100 mg/L), and temperature (25 ◦C, 35 ◦C, and 45 ◦C). Following that, the
amples were collected from the bottles and filtered using a syringe and filter (Ahlstrom 0.45 µm). The concentration of
henol was determined by ultraviolet–visible (UV–Vis) spectroscopy at the wavelength of 270 nm (JENWAY). All of the
atch experiments had two replicates and the mean value was used for data analysis. Phenol removal (%) and adsorption
apacity were calculated for each sample according to equations (1) and (2), respectively:

Removal (%) =
Ci − Cf

Ci
∗100 (1)

Where Ci and Cf are the initial and final concentrations (mg/L) of phenol in the solution.

Adsorption capacity, qe (
mg

) =
(Ci − Cf) × V

(2)

g W

3
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Fig. 1. (A) Graphene oxide synthesis using modified Hammers’ methods, and (B) Reaction conditions for modified Hummers method (Adetayo and
unsewe, 2019; Alkhouzaam et al., 2020).

here Ci and Cf are the initial and final concentration (mg/L) of phenol in the solution, V is the volume of solution (L)
and W is the weight of adsorbent (g).

The batch adsorption was also carried out in duplicates for a real wastewater sample, which was olive wastewater.
Since the wastewater sample was highly concentrated, adsorption was carried out at three different concentrations of
wastewater (25%, 50%, and 100%), and it was done with and without pH adjustment.

2.2.5. Characterization of GO and modified GO-PAA
The prepared GO and GO-PAA were characterized using several physical and chemical techniques. Surface morphology

and characterization of GO and GO-PAA were done using scanning electron microscopy (SEM) (Nova™ Nano SEM 50 Series)
4
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Fig. 2. Adsorption isotherms used in the study and their parameters.

nd transmission electron microscopy (TEM). Fourier transform infrared spectroscopy (FT-IR) analysis was performed
sing (SHIMADZU-IRSpirit) in the range 400 cm −1- 4000 cm−1, to determine the surface functional groups of GO and

GO-PAA. Energy Dispersive X-ray Analysis (EDX) was done to identify the elemental composition of prepared composites.
Raman analysis was also carried out using Thermo fisher scientific DXR Raman Microscope. The Brunauer–Emmett–Teller
(BET) analysis using (Quantachrome Corporation, Nova 3000) was carried out to determine the specific surface area of
the composites.

2.2.6. Adsorption isotherms
Adsorption isotherms are important curves that provide qualitative information regarding the retention capacity of a

given adsorbent (Kecili and Hussain, 2018). These models describe the movement of a substance (adsorbate) from the
liquefied medium into the solid medium (adsorbent) at a given temperature and pH (Singh and Susan, 2018). To establish
the best-fitted adsorption isotherm, Langmuir adsorption isotherm, Freundlich adsorption isotherm, Temkin isotherm
model, and Dubinin-Radushkevich (D-R) adsorption isotherms were used on experimental data. Fig. 2 shows the used
adsorption isotherms, their parameters, and equations.

2.2.7. Thermodynamic studies of phenol adsorption
Studying the thermodynamics of adsorption processes is vital for determining the spontaneity of the process. A primary

criterion of spontaneity is Gibb’s free energy change (∆G0). According to this criterion, a spontaneous reaction occurs if
G0 has a negative value at a given temperature. Likewise, changes in entropy ∆S0 and enthalpy ∆H0 are essential in
5
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Table 1
Chemical composition (%) of GO and GO-PAA obtained from energy EDX analysis.
Element Carbon Oxygen Silicon Aluminum Other Total Reference

Graphite 95.47 0.30 1.02 – 3.20 100 Kigozi et al. (2020)
Graphite oxide 69.00 31.00 – – – 100 Drewniak et al. (2016)
GO 77.69 17.00 0.30 0.39 4.52 100 Narayan et al. (2018)
GO 68.13 31.70 – – 0.17 100 Kalil et al. (2018)
GO 44.90 23.59 – – 31.51 100 Chuah et al. (2020)
GO 53.51 44.65 – – 1.84 100 Oh and Zhang (2011)
GO 61.26 38.47 0.10 – 0.18 100 Mahesh et al. (2019)
GO 56.02 6.73 – – 37.25 100 Kigozi et al. (2020)
GO 88.11 11.88 – – 0.01 100 Siburian et al. (2018)

GO 77.38 14.37 4.94 0.91 2.39 100 This studyGO-PAA 73.84 20.03 4.32 1.09 0.72 100

thermodynamic studies. These parameters could be calculated by equations (3)–(5):

∆G0
= −RT ln b (3)

∆G0
= ∆H0

− T∆S0 (4)

Lb b
∆S0

R
−

∆H0

RT
(5)

here R is the gas constant (8.314 J/mol K), T is the temperature in Kelvin (K), and b is the Langmuir constant.

. Results and discussions

.1. Characterization of GO and GO-PAA

Fig. 3 shows the TEM images of the GO and GO-PAA. These images show high transparency and low levels of stacking
f the GO sheets. In addition to that, the presence of crumples, folds, and wrinkles in the TEM images of GO indicates
xidation and thus, the presence of various oxygen functional (Abu-Nada et al., 2021; Alkhouzaam et al., 2020). The
EM images of GO-PAA also clearly show the presence of (fuzziness) PAA on graphene oxide’s surface confirming the
olymerization process.
Fig. 4 represents the SEM images of the prepared GO and GO-PAA at various magnifications. Several morphological

eatures such as folds and wrinkles are noted in these images. In addition, the surface appears irregular and rough. Both
dsorbents initially look similar, especially at higher magnification since PAA creates a film-like coat on the surface of the
O, and the SEM images do not display structural details. However, at higher magnifications, the polymerization of PAA of
O surface could be somehow noted by the presence of cloud-like material as indicated by an arrow. In addition, the layers
f prepared composites have distinguished edges. These layers of graphene at various levels could also be representative
f the level of oxidation archived in the preparation of GO (Alkhouzaam et al., 2020).
Energy-dispersive X-ray (EDX) is an analytical method that is utilized for the identification of elemental compositions

n the sample. Table 1 and Fig. 5(A) show the chemical composition of GO and GO-PAA based on the energy dispersive
-ray (EDX) analysis. The variations in the percent of oxygen noted in Table 1 are mainly dependent on the level of
xidation, which is consequently dependent on the methodology used for GO preparation. In the current study, it could
e noted that the percent of oxygen increased with the PAA modification since PAAs have a carboxyl (C=O) group present
n every two carbon atoms of their main chain.
Theoretically, graphene has a large specific surface area (∼2620 m2/g), which signifies its adsorption potential for

arious organic pollutants (Hu et al., 2015). However, according to this study, GO had a specific surface area of 30.12 m2/g,
nd it was reduced to 21.22 m2/g in GO-PAA. This reduction in surface area after modification coincides with the literature
nd confirms the successful polymerization of PAA into the surface of the GO (Zhang et al., 2019). Gong et al. (2015)
eported that the surface area of GO was 17.87 m2/g and it was increased to 45.91 m2/g in the case of modified GO-
oly(N-isopropyl acrylamide) (PNIPAM). Whereas Mukherjee et al. (2019) and Li et al. (2012) reported significantly higher
urface areas of 312 m2/g and 305.78 m2/g respectively. Several phenomena could explain the variation in surface areas
f GO composites. First, the BET specific surface area could be as low as 8 m2/g, possibly due to the stacking of GO
ayers and agglomeration of GO (Fig. 5(B)), which is a common issue noted when using such composites in aqueous
olutions (Pedrosa et al., 2020; Zhang et al., 2020). Additionally, the presence of wrinkling, folding, and crumples on
he surface of GO sheets reduces the surface area (Jabari Seresht et al., 2013). The surface area of the generated GO
ould also be affected by the methodology followed where Esmaeili and Entezari (2014) noticed that oxidation of GO was
nhanced with ultrasonic irradiation and the BET surface area was found around 50 m2/g compared to 30 m2/g produced
hen generating GO without ultrasonic irradiation. They noticed that the ultrasonic irradiation led to the introduction

f oxygenated functionalities between the layers of graphene, and thus increasing the surface area. Nevertheless, surface

6
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Fig. 3. Transmission electron microscope (TEM) images of GO (top) and GO-PAA (Bottom).

rea values that are reported in literature do not always coincide with the level of adsorption as can be noted in Table 2,
ighlighting the significance of surface modification.
Fig. 6(A) shows the results of the FTIR analysis of GO and GO-PAA. The presence of oxygen groups is verified by

he results obtained by the FTIR analysis. This verifies the existence of oxygen-containing groups on the surface of GO.
he absorption band at 3405 cm−1 is generally attributed to the stretching vibrations of the OH group. The presence of
ydroxyl groups is vital for GO surface modification since it serves as a site for the functionalization process (Zhang et al.,
7
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Fig. 4. Scanning electron microscope (SEM) images of GO (top) & GO-PAA (bottom).

2019). The absorption peak at 1764 cm−1 and 1566 cm−1 could be attributed to the C==O stretching of the carboxyl and
carbonyl parts’ functional groups.

Fig. 6(B) shows Raman spectrum graphite, GO, and GO-PAA. The (D) peak located at 1355 cm−1 is attributed to the
breathing mode of sp 2 carbons rings, this is activated by oxygenated functionalities that create defects in graphite’s
network. On the other hand, the (G) peak located at 1585 cm−1 is attributed to the stretching of the bond of the carbon
8



A. Bibi, S. Bibi, M. Abu-Dieyeh et al. Environmental Technology & Innovation 27 (2022) 102795
Fig. 5. (A) chemical composition of GO and GO-PAA based on the energy dispersive X-ray (EDX) analysis, and (B) Schematic illustration of phenol
adsorption process emphasizing agglomeration GO (left) and dispersion of GO-PAA (right).

pairs in sp 2 hybridization. The degree of oxidation could be determined by assessing the relationship between the two
bands (D/G) (Ruiz et al., 2019).

3.2. Effect of pH

The pH of any given solution plays an important role in the adsorption process thought changing the net charge of the
adsorbent’s surface. It can affect the protonation of the functional groups of an adsorbent. Furthermore, it can influence the
adsorbate’s speciation if it is an ionizable compound. Phenol is an ionizable organic aromatic compound and a weak acid
that can exist in aqueous solutions in two forms: dissociated and/or non-dissociated species. The distribution of organic
acids and bases in aqueous solutions is highly dependent on the solution’s pH and the dissociation constant (pKa). When
the pH value is less than the pKa value (which is around 9.8 for phenol (Wu et al., 2014), the dissociated species and
the non-dissociated are dominant for organic bases and organic acids, respectively. On the other hand, when pH values
are larger than the pKa values, then the dissociated species and the non-dissociated are dominant for organic acids and
organic bases respectively (Hu et al., 2015). Thus, the adsorption of organic pollutants is highly dependent on species
distribution. If the pH levels are low, then the non-dissociated form will be dominant and thus will be adsorbed easily
through π–π and hydrophobic interactions whereas if the pH levels are high and the pollutants are dissociated (anionic),
the π–π interaction will be weaker, lading to reduced adsorption (Zhang et al., 2013). Due to that, the effect of pH on
9
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Fig. 6. (A) FT-IR spectra of GO and GO-PAA, (B) Raman spectrum of graphite, GO and GO-PAA, (C) Graphical representation of G, (D) GO, and (E)
GO-PAA.

the adsorption of phenol by GO and GO-PAA was investigated, and the results are shown in Fig. 7(A). It is obvious that
phenol adsorption by GO and GO-PAA was highly affected by an increase in acidity. In the case of GO, the maximum
10
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Fig. 7. (A) Removal (%) of phenol from aqueous media using GO and GO-PAA at various pH values. Experimental conditions: initial phenol
oncentration 100 mg/L; adsorbent’s mass 0.02 g; the volume of adsorbate 20 mL; contact time 24 h and temperature 25 ◦C. Data represent
verages of duplicates ± SE and (B) Effect of temperature on phenol adsorption capacities of GO and GO-PAA. Experimental conditions: initial
oncentrations 0 to 100 mg/L; mass of adsorbent 0.02 g; volume of adsorbate 20 mL; pH 2; and contact time of 24 h.
11
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Table 2
Phenol adsorption capacities of different graphene oxide composites, and Phenol adsorption capacities of various adsorbents.
Phenol adsorption capacities of different graphene oxide composites

Adsorbent Surface
Modification

Adsorption capacity
(mg/g)

Experimental
Conditions Temp
(◦C), pH

Adsorbate
concentration
(mg/L)

BET Surface
area (m2/g)

Isotherm Model Reference

GO None 10.23 30, 7 25 312.00 Langmuir Mukherjee et al. (2019)
GO None 28.26 25, 6.3 50 305.78 Langmuir/

Freundlich
Li et al. (2012)

GO None 25.00 –, 7 40 – Freundlich Wang et al. (2018a,b)
GO None 20.20 25, 6 100 – Langmuir Al-Ghouti et al. (2022)

GO None 1.82 35, 7 – – Langmuir Manna et al. (2019)
GO GO loaded

on biochar
23.47 35, 7 – Langmuir

GO PNIPAM 10.00 25, 7 25 45.91 Langmuir Gong et al. (2015)
TiO2-TGO Inorganic 2.09 25, – 100 28.00 Langmuir Adamu et al. (2016)
TiO2-TGO Inorganic 24.00 35, 7.5 100 – Langmuir Fu et al. (2016)
GO-PPY Polymer 201.40 25, 6 20 – Langmuir Hu et al. (2015)
NiO@GNCC MO + O 159.00 25, 10 300 124.92 Langmuir Wu et al. (2014)

GO None 48.54 25, 2 100 30.12 Langmuir This study
GO-PAA Polymer 84.03 25, 2 100 21.22 Langmuir

Phenol adsorption capacities of various adsorbents

Adsorbent Surface Modification Removal
(%)

Adsorption
capacity (mg/g)

Experimental
conditions
Temp (◦C), pH

Isotherm Model Reference

Activated carbon Magnetic -cobalt 91 107.50 25, 7 Langmuir Mohammadi et al.
(2020)

Activated carbon Oxidation 80 69.95 20, 5 Freundlich Sun et al. (2019)
Activated carbon Heat – 132.00 15, 7 Langmuir Lin et al. (2016)
AC (coconut shell) Heat (900 ◦C) – 144.93 25, - Langmuir Zhang et al. (2016)
AC (Date pit) Heat – 46.08 55, 4 Langmuir Banat et al. (2004)
Carbon nanotubes Polyethylene

glycol
100 21.23 20,6 Freundlich/

Langmuir
Bin-Dahman and Saleh
(2020)

Fly ash Polydiallydimethyl
ammonium
chloride

95 13.05 25, 7 Freundlich Oyehan et al. (2020)

Alumina–zirconia Calcination 90 83.33 28, 7 Freundlich Olatubosun et al.
(2021)

Bentonite Surfactant
(HDTMA)

– 8.44 25, 6.5 Langmuir/
Freundlich

Alkaram et al. (2009)

Reduced graphene oxide Nitrogen-doped 99 155.82 30, 6 – Zhao et al. (2021)
Babul sawdust AC Heat 83 37.00 30, 6 Redlich–Petersen/

Freundlich
Ingole Ramakant and
Lataye Dilip (2015)

Rice husk Thermally treated 64 – 23, 5.58 – Daffalla et al. (2020)
Titanium dioxide − 33 0.44 20, 4.5 Dubinin–

Radushkevich
Safwat et al. (2019)

Zeolitic tuff − – 34.50 25, - Freundlich Yousef et al. (2011)
Activated Biochar Heat 95 303.00 20, - Langmuir Braghiroli et al. (2018)
Miswak root KMnO4 94 142.20 30, 5 Freundlich Biglari et al. (2016)
Poplar AC Pyrolysis – 625.00 28, - Langmuir Hwang et al. (2017)
Ziziphus leaves − – 15.00 25, 6 Harkins–Jura Al Bsoul et al. (2021)

GO − 47 48.54 25, 2 Langmuir This study
GO-PAA PAA 75 84.03 25, 2 Langmuir

removal of phenol reached (60%) and it was noted at pH 2 with an initial phenol concentration of 100 mg/L. At higher pH
levels, there was a decrease in the removal efficiency of phenol, and the removal efficiency was decreased to 10% when
pH was increased to 4, and it reached its lowest at pH 10. This could be explained by the fact that when the value of pH
is larger than pKa, phenol molecules will dissociate and this leads to the formation of negatively charged anions (Wang
et al., 2018a). At such pH levels, the reduction in phenol adsorption could be attributed to the increased electrostatic
repulsion between the negative charges of GO composites and the phenolate anions (Hu et al., 2015). Contrary to that,
when pH values are less than pKa values, phenol dissociations do not occur, and the adsorption of phenol molecules
onto GO happens due to electrostatic interaction and π − π interactions. In addition, the point of zero charges (PZC) of
any graphene oxides/graphite oxides is below pH of 2 (Kosmulski, 2021), this means that at such pH levels, graphene
xides will have equal densities of positive and negative charges on their surface (Rey et al., 2011). Thus, if the working
H values were below the PZC value, the surface charge of the adsorbent would be positive so that the anions can be
dsorbed. On the contrary, if the pH is above the PZC value, the surface charge would be negative so that the positively
harged molecules with be attracted and adsorbed. Mukherjee et al. (2019) reported that the optimal phenol removal
ccurred when pH values ranged from 4 to 7. However, when comparing adsorption capacities, it could be noticed that
he results are not very different. For example, their reported adsorption capacity was 10.23 mg/g, and in the current
tudy it was noticed that at pH 4, 10% removal was achieved, this corresponds to a capacity of 10 mg/g. On the other
and, phenol adsorption by GO-PAA was also highly increased with acidity, where the maximum removal of phenol (75%)
as noted at pH 2. Similar to GO, GO-PAA a decrease in the removal efficiency of phenol was noticed with increased pH
12
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levels, where it reached 19% removal at pH 4 and it reached its lowest (less than 1% removal) at pH 10. Thus, with surface
modification, the GO became more dispersible in water as illustrated previously in Fig. 5(B), due to the increased amount
or concentration of –COOH groups on the GO surface providing more sites for the donor–acceptor interactions and in turn
leading to superior adsorption capacities. These results are similar to a study where GO-PAA was used in the adsorption
of gallium ions from water (Zhang et al., 2019). In addition, a recent study where GO was used in phenol adsorption also
stated that the highest adsorption occurred at pH 2 (Al-Ghouti et al., 2022). Robati et al. (2016) also reported that GO
adsorption of malachite green occurred at lower pH (∼3), highlighting the significance of electrostatic attraction in the
removal of organic pollutants (Robati et al., 2016).

3.3. Effect of initial phenol concentration

In the present study, the effect of initial phenol concentration on the adsorption process was examined. The adsorption
was increased with increasing phenol concentration, where a 100% removal was observed in initial concentrations from 5
mg/L to 30 mg/L for both GO and GO-PAA. This constant trend was due to the availability of active sites on the surface of
the adsorbents, however, when phenol concentration was increased, the availability of sites on the adsorbent’s surface was
reduced, thus the removal also decreased. Subsequently, the removal efficiency was reduced where it reached about 60%
in the case of GO and 75% in the case of GO-PAA with an initial concentration of 100 mg/L. The maximum experimental
capacity noticed from the studies of the effect of concentration for the prepared GO reached 47 mg/g at 25 ◦C and an initial
phenol concentration of 80 mg/L, whereas for GO-PAA, the maximum experimental capacity was 75.6 mg/g at 25 ◦C and
with an initial phenol concentration of 100 mg/L. Furthermore, the adsorption capacities of the modified GO-PAA (75.6
mg/g) were higher when compared to GO (47 mg/g) indicating its significance in improving the adsorption capacity of GO
by increasing the concentration of surface functional groups. As can be noted in Table 2, the adsorption capacity of the
prepared GO was higher than in a study where phenol was adsorbed using where the results of the adsorption capacities
were found to be ranging from 1.82 mg/g to 28.26 mg/g (Li et al., 2012; Mukherjee et al., 2019; Wang et al., 2018b). The
adsorption capacity of the GO-PAA is higher than in a study where it was found that the maximum adsorption capacity
of poly (n-isopropyl acrylamide) modified GO reached (10 mg/g) at the initial phenol concentration of 25 mg/L (Gong
et al., 2015). Adamu et al. (2016) and Fu et al. (2016) also reported that GO modified with TiO 2was able to oxidize
phenol in the presence of UV and reported phenol adsorption capacity of 2.09 mg/g and 24.25 mg/g, respectively. Table 2
shows phenol adsorption capacities of various pollutants, ranging from 15 mg/g for Ziziphus leaves and reaching up to
500 mg/g for commercial activated carbon. It could be noticed from the current study that when graphene oxide was
used without modification, the adsorption mainly occurred due to π −π interaction, where the phenol rings stacked and
occupied the vacant sites of GO. Whereas after using polyacrylic acid modified GO, the increase in oxygen functionalities
on the surface of the adsorbent increased its phenol adsorption capacity due to hydrogen bonding and electronegativity
variations between the adsorbent and phenol molecules (Catherine et al., 2018). According to Zhang et al. (2016), the
oxygenated functionalities could reduce the π electron density (oxygen atoms will bind to the carbon atoms), leading to
reduced π − π interaction between phenol and GO and thus reduced adsorption of phenol molecules.

3.4. Effect of temperature

To determine the effect of temperature on phenol adsorption by GO and GO-PAA, batch studies were carried out at
temperatures 25 ◦C, 35 ◦C, and 45 ◦C, and the results can be seen in Figures 7B and 7C. It is noted for both GO and GO-PAA,
the favorable temperature is 25 ◦C, followed by 35 ◦C and 45 ◦C. Generally, when adsorption capacity is decreased with
increasing temperature, it means that the adsorption process is exothermic, as in the case of many adsorption studies
(Al-Ghouti and Al-Absi, 2020). Many studies on phenol adsorption using GO-based adsorbents also mentioned that the
optimum temperature for adsorption was 25 ◦C, and only a few studies mentioned that temperatures 30 ◦C and 35 ◦C were
effective in phenol removal as noted in Table 2. Overall, it can be concluded that phenol adsorption by both composites
does not favor increased temperatures. This could be due to the increase in diffusion rates of adsorbate through internal
and external boundaries of GO pores due to low viscosity (Al-Ghouti et al., 2022). The phenol adsorption capacity was
also observed for various adsorbents and temperatures, and it was noted that it fluctuated based on the type of adsorbent
used, where some had higher adsorption with increased temperatures, while the other adsorbents reacted differently to
temperature and a decrease in adsorption was noticed. For example, several studies on granular activated carbon showed
that phenol adsorption capacity decreased with increasing temperatures, whereas phenol adsorption by fly ash reacted
differently, and the adsorption increased with increasing temperature in the range of 30 ◦C to 50 ◦C (Roostaei and Tezel,
2004).

3.5. Adsorption mechanisms

The adsorption process could be influenced by many factors that involve the adsorbent, the adsorbate, and the
experimental conditions as illustrated in Fig. 8(A). An alteration of one could have a significant effect on the entire
adsorption process. After the dispersion of graphene-based materials, the efficiency of the adsorption process in removing
organic contaminants will depend on several chemical and physical properties as well as electrostatic interactions. The
13



A. Bibi, S. Bibi, M. Abu-Dieyeh et al. Environmental Technology & Innovation 27 (2022) 102795

a

Fig. 8. (A) Factors influencing phenol adsorption into graphene oxide composite, (B). Possible interactions between GO composite and phenol
compound, and (C) effects of GO and GO-PAA on phenol adsorption in a real wastewater sample. Experimental conditions: initial concentrations
500 mg/L; the mass of adsorbent 0.02 g; the volume of adsorbate 20 mL; pH 3.8 and 2; temperature 25 ◦C and contact time 24 h. Data represent
verages of duplicates ± SE.
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mechanisms involved in adsorption include π −π interactions, hydrogen bonding, electrostatic interactions, hydrophobic
interactions, and dispersion by Van der Waals forces (Catherine et al., 2018; Wang et al. 2018). When phenol molecules
and graphene-based adsorbents get interacted in water, the oxygen functionalities on GO’s surface will form a bond with
the hydrogen from the (OH) of phenol, this interaction can be positively or negatively affected by numerous factors
including the type of functional groups, their location, concentration, and surface distribution (Liu et al., 2017). The
formation of hydrogen bonds with water molecules makes carbon-based material more hydrophilic and dispersible in the
aqueous media and consequently enhances the adsorption of pollutants (Sun et al., 2013). The presence of oxygenated
functionalities on the surface of the GO composites played a significant role in the adsorption process as noted from the
adsorption capacities of GO and GO-PAA. As it was noticed in this study, the adsorption capacity of GO was 48.54 mg/g, and
with surface modification, it increased to 84.03 mg/g at pH 2. This increase could be contributed mainly to the increase
of surface oxygen groups even though the surface area was reduced. The resulted difference in charges between the
negatively charged GO composites and positively charged phenol molecules resulted in enhanced electrostatic interactions
leading to superior adsorption capacity. The dispersion stability was also enhanced with PAA modification as was noticed
in the adsorption studies, this is mainly due to the hydrophilicity of AA (Zhang et al., 2019). In addition, π −π interactions
play vital roles in the adsorption process since both phenol and GO have aromatic rings that could stack leading to
significant interactions between the two entities in water. Thus, changes in experimental and environmental conditions
cause alteration in the interaction mechanisms. Therefore, the presence of multiple mechanisms acting simultaneously is
possible as illustrated in Fig. 8(B).

3.6. Adsorption isotherms

Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin models were all applied to explore the applicability
and fitness of these models in the case of GO and GO-PAA and to determine the best fit one. Table 3 and Fig. 9 show the
adsorption isotherms and their parameters for GO and GO-PAA. It can be noted that the best-fit model is the Langmuir
model for both GO and GO-PAA with correlation coefficient (R2) values of 0.95 and 0.98, respectively. This indicates that
the phenol adsorption occurs in a single layer on the surface of GO and GO-PAA (Catherine et al., 2018) and that there
is no transmigration of molecules in the plane of the surface (Hamdaoui and Naffrechoux, 2007). This also suggests that
both chemosorption and physisorption adsorption mechanisms should be considered in phenol adsorption studies. Many
studies also indicated that the Langmuir model was the best fit for describing phenol adsorption by GO composites. The
presence of transparent (non-staked) flat surfaces in the adsorbent supports Langmuir’s model since monolayer adsorption
requires flat surfaces for uniform adsorption of phenol by π–π interactions. Furthermore, the affinity between the GO/GO-
PAA and phenol could be indicated through the (b) constant values (Al-Ghouti et al., 2019), where the values of b were
found higher in the case of GO-PAA compared to the unmodified GO, suggesting that phenol molecules have stronger
binding energies to the modified composite. In terms of temperature and adsorption, it was noted that GO had almost
constant adsorption capacities in various temperatures, while GO-PAA was strongly affected by temperature, where the
adsorption capacity decreased from 84.03mg/g at 25 ◦C to 21.60 mg/g at 45 ◦C. On the other hand, the Freundlich
isotherm assumes multilayer adsorption, and the obtained removal capacities decreased with increasing temperature.
It can be noticed that KF values for both GO and GO-PAA have decreased with increasing temperature, indicating that
adsorption efficiency is reduced. The extent of the exponent (n) obtained from the Freundlich adsorption isotherm can
help in indicating the favorability of adsorption. In general, n values in the range (2–10) signify good, (1–2) moderately
difficultly, and (<1) poor adsorption characteristics (Hamdaoui and Naffrechoux, 2007). At temperature 25 ◦C, both GO and
O-PAA have n values of 8.40 and 3.95 respectively, indicating the feasibility of the adsorption process. When n >1, this
lso corresponds to a physical adsorption process (Al-Ghouti and Al-Absi, 2020). The value (1/n) could also be used as an
ndication of the favorability of adsorption. The (1/n) values obtained in this study were 0.12 and 0.25 for GO and GO-PAA
espectively, both less than 1, thus indicating favorable adsorption (Mukherjee et al., 2019). The correlation coefficient
alues obtained from Temkin, and D-R models were low, suggesting they were unable to explain the adsorption process
f phenol using GO composites.

.7. Adsorption thermodynamics

It can be noted from Table 3 that the values of ∆G0 are negative in all tested temperatures for both GO and GO-
AA indicating that the phenol adsorption process is spontaneous and thermodynamically feasible. Furthermore, it can
e noted that at a lower temperature, the ∆G0 are more negative, indicating a greater driving force to facilitate the
dsorption, supporting the previous findings stated in this study, where a significant reduction in adsorption was noted
t higher temperatures. Additionally, this observation coincides with the results observed for the adsorption of phenol
nto graphene oxide and reduced graphene oxide composites (Al-Ghouti et al., 2022; Wang et al., 2018b). Likewise, the
egative values of ∆H0 for both adsorbents showed that the reactions were exothermic in nature, like most adsorption
rocesses. To a certain extent, physisorption and chemisorption can be classified by the magnitude of enthalpy ∆H0 and
ibbs free energy ∆G0. In physisorption, the ∆H0 is lower than 40 kJ/mol, while in chemisorption the values of ∆H0

ange between 40 and 120 kJ/mol. Whereas for ∆G0, the change in free energy for physisorption ranges between −20
nd 0 kJ/mol, and for chemisorption, its ranges from −80 to −400 kJ/mol (Konicki et al., 2017). In the current study, the
15
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Table 3
The parameters of various isotherms models for phenol adsorption on GO and GO-PAA at 25 ◦C 35 ◦C and 45 ◦C, pH 2, and their thermodynamic
arameters.

Isotherms models parameters for phenol adsorption on GO and GO-PAA

Langmuir Freundlich

GO

Temp Qmax (mg/g) b (dm3/mg) R2 KF (mg/g)(L/g)n n 1/n R2

25 ◦C 48.54 726.70 0.95 28.70 8.40 0.12 0.55
35 ◦C 44.84 2010.90 0.45 0.16 0.71 1.45 0.54
45 ◦C 50.00 107.16 0.99 6.13 2.25 0.44 0.98

Temkin Dubinin-Radushkevich (D-R)

Temp AT (L/mg) B (J/mol) R2 qs (mg/g) K R2

25 ◦C 266.86 4.81 0.54 41.81 0.00 0.31
35 ◦C 7.87×1015 0.01 0.58 30.73 −6.00×10−36 0.55
45 ◦C 0.34 12.09 0.98 34.55 0.00 0.95

Langmuir Freundlich

GO-PAA

Temp Qmax (mg/g) b (dm3/mg) R2 KF (mg/g)(L/g)n n 1/n R2

25 ◦C 84.03 2508.47 0.98 34.45 3.95 0.25 0.86
35 ◦C 52.08 106.36 0.64 9.51 2.86 0.35 0.35
45 ◦C 21.60 42.98 0.99 8.89 5.74 0.17 0.97

Temkin Dubinin-Radushkevich (D-R)

Temp AT (L/mg) B (J/mol) R2 qs (mg/g) K R2

25 ◦C 9.83 13.78 0.85 62.75 0.00 0.59
35 ◦C 2.56 26.99 0.59 33.013 −2.00×10−5 0.21
45 ◦C 6.83 3.02 0.96 18.75 0.00 0.81

Thermodynamic parameters of phenol adsorption onto GO and GO-PAA

Adsorbent Temperature (K) Ln (b) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 (J/mol K)

GO 298 6.59 −16.32 −77.12 0.20
308 7.61 −19.48
318 4.67 −12.36

GO-PAA 298 7.83 −19.39 −168.56 0.50
308 4.67 −11.56
318 3.76 −9.32

values of ∆H0 and ∆G0 for both dyes were in the range of physisorption; suggesting that adsorption of phenol onto GO
omposites was driven by a physisorption process. Additionally, the positive ∆S0 value indicated increased randomness
n the solid–liquid interface and affinity of phenol molecules towards GO composites. It could be noted that the ∆G0 of
O-PAA is more negative than ∆G0 of the unmodified GO, this could be explained by the structural changes that occurred
n the surface of GO-PAA i.e., the addition of carboxyl (C=O) groups, leading to more affinity towards phenol molecules
n the aqueous media.

.8. Effect on real wastewater

The capability of GO and GO-PAA were studied on olive wastewater samples to determine their effectiveness in
omplex matrices. The phenol concentration in the real olive wastewater reached up to 500 mg/L. These concentrations
re five folds of the concentration of synthetic phenol water prepared and used during the study. At pH 2, the maximum
emoval (%) was noticed at 25% wastewater concentration using GO-PAA, and 39% removal was achieved whereas the un-
odified GO achieved 36% removal as noted in Fig. 8(C). In the original wastewater at pH 3.8 (original pH of the sample),

he removal efficiency was slightly lower as compared to the pH adjusted samples. It was found that the phenol removal
as enhanced by decreasing the pH of the sample, and this was consistent with the batch adsorption studies carried out
sing synthetic wastewater. It could be noticed that even if the removal (%) from real wastewater was less compared to the
ynthetic waters, however, the concentration of phenol in these effluents is 5 times higher, thus the removal capacity is
onsistent in the two types of wastewaters. Moreover, several studies have investigated the adsorptive removal of phenolic
ompounds from olive mill wastewater (OMW) using various materials. Allaoui et al. (2020) studied the effectiveness of
atural clay in the elimination of polyphenols from OMW. It was noted that the maximum adsorption of polyphenols
16
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Fig. 9. Adsorption isotherms of GO (top) and GO-PAA (bottom).

occurred at 25 ◦C and with a capacity of 161mg/g. On the other hand, Senol et al. (2017) investigated the effectiveness of
activated carbons on the removal of bio-phenols from OMW, the results showed that the adsorption capacity reached 65
mg/g at 25 ◦C. Nassar et al. (2014) investigated the use of magnetic nanoparticles in the treatment of phenols in OMW,
17
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this adsorbent had a capacity of 79.09 mg/g. Activated charcoal and commercial AC had higher adsorption capacities,
where the qmax reached 390 mg/g and 308 mg/g, respectively (Delgado-Nunez et al., 2009; Eder et al., 2021).

. Conclusions

The current study was conducted to investigate the performance of GO and GO-PAA composites in the adsorption of
henol from synthetic and real wastewater samples. The highest removal was noted at 25 ◦C and pH 2 for both adsorbents,
nd adsorption studies showed that overall, the process did not favor higher temperatures and pH levels. The polyacrylic
cid modification increased the adsorption of GO capacity from 48.54 to 84.03 mg/g. In terms of real wastewater treatment,
O and GO-PAA were able to remove 15% and 18% of phenol, respectively under optimum conditions. Furthermore, the
dsorption isotherms reviled that the Langmuir isotherm was the best-fitted one in describing the adsorption mechanisms
nd behaviors. The mechanisms of phenol adsorption on both GO and GO-PAA was mainly dominated by π−π interactions
nd the interactions between hydrogen-bond donor and acceptor since the prepared composites had oxygen-carrying
unctional groups. Additionally, thermodynamic studies reviled that the values of ∆H0 were −77.12 kJ/mol and −168.56
J/mol for GO and GO-PAA respectively, indicating that the adsorption process was spontaneous and of exothermic nature.
O and GO-PAA surface areas of 30.12 m2/g and 21.22 m2/g, respectively, however, it was concluded that regardless of
urface area, surface modification of GO significantly improved the adsorbent’s capacity and dispersibility, especially in
cidic conditions, and thus effectively applied for the remediation of phenol-contaminated wastewaters.
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