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 Abstract 
Graphene oxide (GO) exhibits good chemical stability for water purifi-
cation applications. GO contains abundant oxygen-containing functional 
groups, such as hydroxyl, epoxy, and carboxyl moieties, which provide 
active adsorption sites. These features enable the effective capture of 
pollutants. In this study, GO was used as an adsorbent to remove Cu(II) 
ions from aqueous solutions. GO was prepared from graphite using a 
modified Hummers method and characterized using FT-IR and XRD 
techniques. Cu(II) adsorption onto GO was evaluated using an atomic 
absorption spectrophotometer (AAS). The kinetic parameters were de-
termined using pseudo-first-order and pseudo-second-order kinetic 
models; the results showed that the adsorption process followed the 
pseudo-second-order kinetic model. The Langmuir, Freundlich, and 
Temkin isotherm models were applied, with a maximum adsorption ca-
pacity of 324 mg.g-1. Thermodynamic parameters, including ∆G◦, ∆H◦, 
and ∆S◦, were calculated, indicating that the adsorption process was 
spontaneous and endothermic. 

 Keywords: Graphene Oxide; Heavy Metals; Adsorption; Adsorption 
Capacity; Kinetics; Thermodynamic Parameters  

INTRODUCTION 

In recent years, contamination by heavy metals has emerged as a significant concern for both envi-
ronmental integrity and global public health. Human exposure to these metals has increased mark-
edly due to their widespread and rapidly expanding use in industrial, agricultural, domestic, and 
technological applications (Elewa et al., 2023). Contamination of water by heavy metal ions is a 
major environmental concern because it directly affects human health and other living organisms. 
Heavy metal ions such as mercury, copper, iron, nickel, and lead are not biodegradable; therefore, 
they can persist in the environment for long periods, bioaccumulate, and cause various diseases and 
health problems (Ahmed, Choudhury, Alam, & Nurnabi, 2023; Imamoglu & Tekir, 2008). The 
harmful effects of heavy metals stem from their ability to interfere with the body’s biochemical 
processes, leading to health problems such as diarrhea, liver and kidney damage, Alzheimer’s dis-
ease, hypertension, and cancer (Ali et al., 2023; Nassef, Al-Hazmi, Alayyafi, El-Desouky, & El-
Bindary, 2024).  

Copper is an essential trace element in living organisms. At low concentrations, it participates in 
several biological processes, including erythropoiesis and the functioning of the nervous and im-
mune systems. Furthermore, Cu(II) is important for healthy brain development. Nevertheless, ex-
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cessive accumulation of copper may lead to severe toxic effects because of its persistent and non-
degradable nature, causing liver damage and neurological disorders (Katiyar et al., 2021). Accord-
ingly, copper is considered a toxic heavy metal that does not degrade in the environment, poses 
risks to human health, and is not easily metabolized by the human body. Major sources of copper-
containing waste include effluents from electroplating and textile industries, as well as wastewater 
generated during the remediation of copper-contaminated soils, therefore, these waste streams must 
be treated and controlled to acceptable levels before being discharged into the environment (White, 
White, Turgut, Massoud, & Tian, 2018). To date, many techniques have been used for water treat-
ment and heavy metal removal. These methods are designed to remove harmful metal ions from 
contaminated water, thereby improving water quality and protecting public health. Conventional 
methods include chemical precipitation (Benalia, Youcef, Bouaziz, Achour, & Menasra, 2022), 
membrane filtration (Dawam, Gobara, Oraby, Y. Zorainy, & Nabil, 2025), electrochemical treat-
ment (Deng et al., 2022), ion exchange (Shek, Ma, Lee, & McKay, 2009), and adsorption (Türk-
men, Bakhshpour, Akgönüllü, Aşır, & Denizli, 2022). However, some of these treatment methods 
have notable limitations, including high chemical and energy consumption, elevated costs at large-
scale operations, and reduced efficiency when metal concentrations fall below 100 mg.L-1 (Ayach et 
al., 2024; Türkmen et al., 2022).  

Among various treatment methods, adsorption is a simple and effective method widely used in 
wastewater treatment, where different types of adsorbent materials are applied to remove contami-
nants (Khan, Muhammad, AlOthman, Cheong, & Ali, 2022). Adsorption is often preferred because 
of its simple design, process efficiency, and low overall cost (Raji, Karim, Karam, & Khalloufi, 
2023). A range of adsorbents, including alumina and bauxite, silica gel, zeolites, ion-exchange res-
ins, activated carbon, and nano-adsorbents, have been employed in water treatment and remediation 
(Dutta, Gupta, Srivastava, & Gupta, 2021; Gupta, Carrott, Ribeiro Carrott, & Suhas, 2009). Nano-
materials have attracted widespread interest because their properties differ from those of conven-
tional materials. These materials possess unique optical and catalytic properties that are highly de-
pendent on nanoparticle size and shape (Abu-Dief, Abdel-Rahman, Abd–ElSayed, & Zikry, 2021). 
Graphene oxide (GO) has been extensively utilized as a high-performance adsorbent for removing 
contaminants and heavy metal ions from water (Abu-Dief et al., 2021). GO is a highly oxidized, 
two-dimensional derivative of graphene, often described as oxidized graphite sheets, and is pro-
duced through the chemical oxidation of natural graphite (Hu et al., 2013). GO is characterized by 
the coexistence of sp² (aromatic) and sp³ (aliphatic) carbon domains. This structural heterogeneity 
enhances its surface chemistry and significantly expands the range of possible interactions with sur-
rounding species (Deshwal et al., 2023). Unlike pristine graphite, GO sheets contain a high concen-
tration of oxygen-containing functional groups. These include hydroxyl and epoxide groups distrib-
uted across the basal planes, as well as carbonyl and carboxyl groups located at the sheet edges. The 
presence of these functional groups, along with the large surface area of GO, makes it highly prom-
ising for the removal and recovery of metal ions from aqueous solutions (Deshwal et al., 2023). Re-
searchers have increasingly directed their attention toward the use of GO and its functionalized de-
rivatives as effective adsorbent materials for the removal of toxic metal ions from aqueous envi-
ronments. In this context, several studies have demonstrated the high adsorption capacity and effi-
ciency of these materials for removing hazardous heavy metals from water systems (Gomes et al., 
2022; Kumar & Jiang, 2016; Rathore & Biswas, 2018). Several studies have investigated GO for 
the removal of Cu(II) from aqueous solutions and have identified two main approaches to its use in 
adsorption processes. The first involves the application of pure GO, while the second focuses on 
GO modified with various materials to enhance its adsorption capacity and selectivity (Yi et al., 
2017). For example, Wu et al. prepared GO using a modified Hummers method and used it as an 
adsorbent for Cu(II) removal from aqueous solution. The results showed that the maximum adsorp-
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tion capacity was 117.5 mg.g−1 (W. Wu et al., 2013). In another study, GO was synthesized from 
graphite powder using a modified Hummers method, followed by carboxylation to obtain GO–
COOH. The carboxylation process was carried out in a strongly basic medium by reacting chloroa-
cetic acid with sodium hydroxide (NaOH). Subsequently, both GO and GO–COOH were systemati-
cally characterized and used to remove Cu(II) from aqueous solution; their maximum adsorption 
capacities were 277.77 and 357.14 mg.g-1, respectively (White et al., 2018). In the present study, 
GO powder was prepared using the Hummers method and evaluated for its efficiency in removing 
Cu(II) from aqueous media. GO was characterized by Fourier-transform infrared spectroscopy (FT-
IR) and X-ray diffraction (XRD), and Cu(II) adsorption onto GO was evaluated using an atomic ab-
sorption spectrophotometer (AAS). The adsorption behavior of Cu(II) was evaluated using different 
kinetic and isotherm models. 

MATERIALS AND METHODS 
Materials  
Graphite powder was obtained from Philip Harris (UK); sulfuric acid (H2SO4, 98%), hydrochloric 
acid (HCl, 37%), potassium permanganate (KMnO4), and hydrogen peroxide (H2O2, 30%) were 
obtained from Carlo Erba (France); and copper sulfate (CuSO4) was obtained from Alfa Aesar 
(Germany). 

Synthesis of Graphene Oxide 
The modified Hummers method was used to synthesize GO (Chen, Li, Huang, Li, & Shi, 2015). In 
a 500 mL beaker, 2 g of powdered graphite was mixed with 46 mL of concentrated sulfuric acid. 
The mixture was mechanically stirred continuously while maintained in an ice bath. Potassium 
permanganate (6 g) was added slowly to the mixture while the temperature was maintained below 
15 °C. The ice bath was removed, and the mixture was stirred at 40 °C for half an hour. Subse-
quently, 100 mL of distilled water was added very slowly (the reaction is exothermic, so caution is 
required at this step), and the mixture was stirred for 15 minutes at 98 °C. A further 300 mL of dis-
tilled water was added to the mixture, followed by the dropwise addition of 10 mL of hydrogen per-
oxide (30%) to terminate the reaction; the colour changed from dark brown to yellow. The mixture 
was washed several times with 0.1 M HCl solution and water using centrifugation to remove ions. 
Afterward, 600 mL of water was added, and the mixture was stirred for 12 hours and then placed in 
an ultrasound machine for 1 hour to facilitate exfoliation. The exfoliated portion was separated and 
dried at 45 °C to obtain GO. 

Characterization 
Fourier-transform infrared (FT-IR) spectra of GO were recorded using a Bruker Tensor 27 FT-IR 
spectrometer over a wavenumber range of 400–4000 cm-1. X-ray diffraction (XRD) analysis was 
carried out using an Empyrean Malvern Panalytical diffractometer with Cu Kα radiation (  = 
0.154059 nm). 

Adsorption Experiments 
Copper sulfate was dissolved in distilled water to prepare a stock solution of Cu(II) ions at a con-
centration of 500 mg.L-1. The pH of the prepared solution was measured and found to be 5. To in-
vestigate Cu(II) adsorption onto GO, 1 mg of GO was added to 100 mL of Cu(II) solutions at dif-
ferent initial concentrations (1 to 10 mg.L-1) for isotherm studies, and the suspensions were shaken 
for different contact times (1 to 240 min) for kinetic studies. All experiments were conducted at 25 
°C, except those performed at 35, 45, and 55 °C to determine the thermodynamic parameters. Fol-
lowing filtration, the residual concentration of Cu(II) ions was determined using an atomic absorp-
tion spectrophotometer (AAS) (NovAA 400, Analytik Jena, Germany).   
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The adsorption capacity qe (mg.g-1) was calculated from the following equation: 

                             (1) 
where C0 is the initial concentration (mg.L-1) of Cu(II), Ce is the equilibrium concentration of unad-
sorbed Cu(II) (mg.L-1), V is the solution volume (L), and m is the mass of graphene oxide (g).  

RESULTS AND DISCUSSION 

Characterization 
The XRD pattern of GO is shown in Figure 1. A peak at 2θ = 12.38° is a distinctive feature of GO. 
The high peak intensity indicates a high proportion of GO in the sample. The interlayer distance (d-
spacing) was calculated using Bragg's equation and was 0.71 nm, consistent with values reported in 
the literature (Liu, Zhong, & Zhang, 2015; Shalaby et al., 2015; Xue, Zhu, Liu, & Li, 2015). In Fig-
ure 1, the absence of the characteristic peak of pure graphite, which appears at approximately 2θ = 
26°, was observed, indicating complete oxidation of the graphite (Guerrero-Contreras & Caballero-
Briones, 2015; Kaushal, Dhawan, & Singh, 2019). The figure also shows a relatively broad, weak 
feature or small peaks around 42–44°, indicating turbostratic disorder (Emiru & Ayele, 2017; Vieira 
et al., 2016; Viprya, Kumar, & Kowshik, 2023). The FT-IR spectrum of GO is shown in Figure 2 
and was recorded over the range of 4000–400 cm-1. The characteristic GO peaks at 3409, 1704, 
1612, 1388, and 1126 cm-1 are attributed to O–H stretching, C=O stretching, C=C stretching, O–H 
bending, and C–O stretching of the epoxy group, respectively (Marcano et al., 2010).  

 
Figure (1). XRD pattern of GO. 

 

 
Figure (2). FT-IR spectrum of GO. 
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Adsorption Kinetics 
To investigate the adsorption kinetics of Cu(II) (5 mg.L-1) onto GO (1 mg), the pseudo-first-order 
and pseudo-second-order models were applied using the following equations. 
The pseudo-first-order model: 
                                 (2) 
The pseudo-second-order model: 

                               (3) 

where qe is the adsorption capacity at equilibrium, qt is the amount adsorbed at time t (min), and k1 
(min−1) and k2 (g mg−1 min−1) are the rate constants of the pseudo-first-order and pseudo-second-
order kinetic equations, respectively. Figure 3 shows the corresponding linear plots for the pseudo-
first-order model (Figure 3a) and the pseudo-second-order model (Figure 3b), respectively. The rate 
constants k1 and k2 obtained from the plots were 0.0499 min−1 and 0.005 g mg−1 
min−1, respectively. The correlation coefficient (R2) of the pseudo-first-order model was 0.989, 
whereas that of the pseudo-second-order model was 0.997. The calculated qe value for the pseudo-
first-order model was 46.13 mg.g−1, whereas the value for the pseudo-second-order model was 
115.47 mg.g−1, which is close to the experimental value of 116 mg.g−1. The kinetic constants and 
the qe and R2 values are presented in Table 1. As shown in Table 1, the correlation coefficient (R2) 
of the pseudo-second-order model was higher than that of the pseudo-first-order model, confirming 
the applicability of the pseudo-second-order equation. 

 

Figure (3). (a) Pseudo-first-order model and (b) pseudo-second-order model for adsorption of Cu(II) onto GO. 

Table (1). Parameters for the kinetic models 

Parameter pseudo-first-order model   pseudo-second-order model 
k 0.0499 min-1 0.005 g mg−1 min−1 

   46.13 (mg.g-1)  115.47 mg g-1 
R2 0.989 0.997 
 
Adsorption Isotherms 
Cu(II) adsorption experiments using 1 mg of GO were conducted at 25 °C. The Langmuir, Freun-
dlich, and Temkin isotherm models were used to analyze the experimental data. 
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The Langmuir isotherm model assumes that adsorption occurs at specific homogeneous sites within 
an adsorbent and, once an adsorbate occupies a site, no further adsorption can occur on that site. 
The Langmuir isotherm is expressed mathematically as follows (Musah et al., 2022): 
 
                                  (4) 
 
where qe is the adsorption capacity (mg.g-1),  is the maximum monolayer adsorption capacity, 

 is the equilibrium concentration (mg.L-1), KL (L.mg-1) is the Langmuir adsorption constant. Fig-
ure 4(a) shows the linear Langmuir isotherm plot (Ce/qe versus Ce) for Cu(II) adsorption on the GO 
surface. The qm and KL values obtained from the Langmuir isotherm plot were 324 mg.g-1 and 9.61 
L.mg-1, respectively; R2 was 0.996. 
 The Freundlich isotherm is an empirical model used for multilayer adsorption and assumes that ad-
sorption occurs on heterogeneous surfaces. The Freundlich isotherm is given as follows (Sadeek, 
Negm, Hefni, & Wahab, 2015): 

                                                        (5) 
where KF is the Freundlich constant (L.g-1) and n is a constant related to adsorption intensity. The 
linear plot of  versus   for the adsorption isotherm of Cu(II) on the GO surface is shown in 
Figure 4b. The KF and n values calculated from the intercept and slope were 230 L-1 mg and 4.42, 
respectively; R2 was 0.993. The value of n was greater than 1, indicating a favorable adsorption 
process. 
The Temkin isotherm assumes that the heat of adsorption of molecules in the layer decreases linear-
ly as surface coverage increases because of adsorbent-adsorbate interactions. The Temkin model 
equation is given as (Oladoja, Aboluwoye, & Oladimeji, 2008): 

                                          (6) 
where B is a constant related to the heat of adsorption (Jmol−1), and �� is the Temkin isotherm con-
stant (L.g−1). The linear Temkin isotherm plot (qe vs. ln Ce) is displayed in Figure 4c. The constants 
KT and B were obtained from the intercept and slope, respectively: �� = 391.34 and B = 42.409; R2 
= 0.969. 

The Langmuir, Freundlich, and Temkin isotherm parameters are listed in Table 2. The Langmuir 
model had the highest correlation coefficient (R2), indicating that it provided the best fit to the ad-
sorption data and that Cu(II) adsorption on GO occurred as monolayer coverage. The maximum 
Cu(II) adsorption capacity, qm, calculated from the Langmuir model was 324 mg.g−1. This value is 
higher than values reported in the literature (Cui et al., 2015; Mi et al., 2012; Tan et al., 2017; Tan 
et al., 2015; Wang et al., 2018; White et al., 2018; W. Wu et al., 2013; Yi et al., 2017). Numerous 
studies have used GO as an adsorbent for Cu(II). Differences in the reported maximum adsorption 
capacities may be attributed to variations in GO preparation conditions, such as the degree of graph-
ite oxidation (Tan et al., 2017), as well as differences in experimental conditions, including the ini-
tial Cu(II) concentration, GO dose, solution pH, and temperature (White et al., 2018; Yi et al., 
2017). 

Table (2). Adsorption isotherm parameters 

Langmuir isotherm Freundlich isotherm Temkin isotherm 
KL (L.mg-1) 9.611 KF  230 KT (L.g-1)          391.34 
qmax(mg.g-1) 324 n 4.42 B  (J.mol-1)        42.41 
R2 0.996 R2 0.993 R2                    0.969 
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Figure (4): Adsorption isotherms of Cu(II) on the GO surface: (a) Langmuir isotherm, (b) Freundlich isotherm, (c) 

Temkin isotherm. 
Thermodynamic Analysis  
The thermodynamic parameters, including entropy change (ΔS°), Gibbs free energy change (ΔG°), 
and enthalpy change (ΔH°), for Cu(II) adsorption on GO were evaluated using the following equa-
tions: 

                                         (7) 
 

                                           (8)   

where Kd (L.g-1) is the distribution constant, R is the universal gas constant (8.314 J mol−1 K−1), 
and T is the absolute temperature (K). The parameters ΔH° and ΔS° were calculated from 

the slope and intercept, respectively, of the plot of ln Kd versus 1/T. Table 3 summarizes the ther-
modynamic parameters. The positive ∆H° value indicates that Cu(II) adsorption on the GO surface 
is endothermic; ΔH° was lower than 40 kJ.mol-1, which indicates physisorption (Kara, Yuzer, Sa-
bah, & Celik, 2003; C.-H. Wu, Kuo, & Guan, 2016). The ΔS° value was also positive, indicating 
increased randomness at the solid/liquid interface. A negative value of ΔG° indicates the feasibility 
and spontaneity of the adsorption process (Guerrero-Fajardo, Giraldo, & Moreno-Piraján, 2020). 
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Figure (5). Plot of ln Kd vs. 1/T for adsorption of Cu(II) on the GO surface. 

Table (3). Thermodynamic parameters 

T (K) ∆H° kJ.mol-1 ∆S° kJ.mol-1 K-1 ∆G° (kJ mol−1) 
298 
308 

6.634 0.0585 -10.799 
-11.418 

318   -11.969 
328   -12.554 

CONCLUSION 
Successful preparation of GO via a modified Hummers method was confirmed by FT-IR and XRD 
analyses. GO was an efficient adsorbent for the removal of Cu(II) ions from aqueous solutions. The 
kinetic parameters were determined using pseudo-first-order and pseudo-second-order kinetic mod-
els. The results showed that the adsorption process followed the pseudo-second-order kinetic model. 
Adsorption equilibrium was evaluated using the Langmuir, Freundlich, and Temkin isotherm mod-
els. The adsorption equilibrium data were best described by the Langmuir isotherm. The maximum 
monolayer adsorption capacity obtained from the Langmuir isotherm was 324 mg.g-1. The thermo-
dynamic parameters ∆G◦, ∆H◦, and ∆S◦ indicated that the adsorption process was spontaneous and 
endothermic. These findings highlight GO as a promising adsorbent for heavy metal ion removal 
from water, with potential applications in environmental remediation. 
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