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Highlights:  

 GO was more effective under visible light than UV irradiation.  

 Graphene oxide enhanced the 3D-EO process in BPA removal. 

 BPA could be removed by 93% using 3D-EO. 

 Removal of 3D-EO was fitted well by pseudo first order kinetic modeling.  

 This is the first study conducted with 3D-EO enhanced by GO in BPA 

removal. 

Abstract: Bisphenol A (BPA) is a commonly used plasticizer incorporated into 

the parent plastics during manufacturing. It is classified as an emerging 

contaminant that is continually detected in aquatic environments and is listed as 

an endocrine disrupting chemical confirmed to be associated with cardiovascular 

disease and reproductive disorder. The hazardous aspects of BPA require the 

development of innovative methods for its degradation. Among these techniques, 

adsorption and electrochemical degradation are considered to be particularly 

attractive due to their high efficiency, versatility and environmental friendliness, 

since they do not require any other chemicals. The use of graphene oxide (GO) 

was investigated as an adsorbent and as a particle electrode for the removal of 

BPA from aqueous solutions. The adsorptive behaviors of GO toward BPA were 

investigated in batch mode under darkness, visible light and UV light conditions. 

GO was used as particle electrode in a three-dimensional electro-oxidation (3D-

EO) process established by an Ru/TiO2 anode and the effects of current density 

values ranging from 10 to 50 mA/cm2 were investigated. The obtained results 

revealed that the 3D electrochemical degradation process achieved a higher BPA 

removal efficiency than adsorption, showing that 3D-EO with a graphene oxide 

particle electrode may significantly improve BPA removal efficiency.  

Keywords: bisphenol A removal; electro-oxidation; graphene oxide; particle electrode; 

three-dimensional electrode. 

1 Introduction 

As plastic particles are found in terrestrial ecosystems and the ocean, they pose 

various threats to biodiversity as well as human health. Their worldwide annual 
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production is expected to increase to 966 million tons in 2050 [1]. This increase 

in plastic production will lead to an increase in the global amount of discarded 

plastics that will eventually reach and persist in the environment.  

Used plastics do not remain as they are but undergo degradation and 

fragmentation processes through physical, chemical and biological drivers, such 

as ultraviolet radiation, temperature change and mechanical abrasion, resulting in 

particles of a size smaller than 5 mm [2]. Due to their small size, they are easily 

ingested by a wide range of organisms and pose great risks, such as pathological 

stress, reproductive complications and reduced growth rate [3]. Furthermore, 

hazardous chemicals associated with micro-plastics may be released into the 

surrounding environment during the fragmentation of plastics. These compounds 

are potentially harmful additives and are known to disrupt the estrogenic and 

endocrine activity in vertebrate and invertebrate species [4]. 

Bisphenol A (BPA), one of the most commonly used plasticizers, is incorporated 

into the parent plastics during the manufacturing processes to give tensile strength 

or flexibility and is reported among the most commonly found anthropogenic 

substances in environmental samples [5]. It has been confirmed to be associated 

with obesity, cardiovascular disease, reproductive disorder, and breast cancer. It 

is known that plasticizers may have biological effects already at concentrations 

in the µg/L or mg/L range [6].  

As the removal of BPA is crucial, many treatment processes have been 

developed, including biodegradation [7-9], photodegradation [10], nanofiltration 

[11] and reverse osmosis [12]. These methods are not fully successful in BPA 

removal and have some drawbacks, such as high cost, the need for further 

treatment, the formation of hazardous by-products, low efficiency, and 

applicability for a limited concentration range. Among these methods, adsorption 

is considered to be one of the most effective methods for BPA removal and many 

researchers have studied the adsorption of BPA with different materials in the last 

decades [13,14]. 

The increasing use of carbon-based adsorbents as photocatalyst support brought 

about the development of the carbocatalysis term. Carbocatalysis has become 

more important with the widespread use of graphene (G). Over the last few years, 

carbon-based nanocomposites, especially graphene and graphene oxide (GO), 

have started to attract attention. GO is used in many different industries especially 

for the adsorption of pollutants due to its many advantages, such as thermal 

stability, electrical conductivity, high pore volume and surface area [15]. The 

most frequently studied methods for degradation of persistent organic pollutants 

(POPs) are catalytic applications in which the effect of both UV radiation and 

visible light are assessed. Furthermore, the GO composite used in BPA 
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degradation is found to be effective under visible light [16-18]. The study 

conducted by Xu, et al. [18] showed that 1 mg/L of bisphenol A can be reduced 

by 96% after 1 hour of treatment under visible light. 

In this study, GO was synthesized using the modified Hummers method [19]. 

Synthesized GO was characterized and used to remove BPA from water under 

visible light, UV light and darkness as well as electro-oxidation (EO) and EO 

with GO. 

2 Materials and Method 

2.1 Experimental Set-up 

All chemicals used in this study were purchased from Merck (Turkey). 

Experimental studies in darkness and under visible light were carried out with 

100 mL sample volume, shaking was performed using a GFL brand horizontal 

shaker placed in a WTW incubator to maintain the temperature constant at 20 °C. 

LED lights with a wavelength of 7000 K were operated as light source in the 

degradation experiments. For the experiments under UV light, 100 mL of sample 

volume was stirred with a WiseStir (MSH-20A) magnetic stirrer placed under 

four UV light sources with 8 W of power.  

The experiments for the EO studies were conducted in a reactor with dimensions 

of 5 cm x 2 cm x 15 cm and a sample volume of 100 mL. A GW GPC-3060i 

laboratory direct current (DC) power supply was used to apply different current 

densities between the Ru/TiO2 and TiO2 electrodes, respectively used as anode 

and cathode. All EO and 3D-EO experiments were operated with a magnetic 

stirrer. A Hettich Rotofix centrifuge was used to separate the GO in all the 

samples from the different processes before BPA analysis using a gas 

chromatographer equipped with a mass detector. 

2.2 Graphene Oxide Synthesizing 

The graphene oxide (GO) used in this study was synthesized by the modified 

Hummer method [19]. According to this method, a 9:1 mixture of concentrated 

sulfuric acid/phosphoric acid (360: 40 mL) is placed in a beaker that is placed in 

an oil bath. Graphite (3.0 g) and potassium permanganate (18.0 g) are added 

slowly. The mixture is stirred at 40-45 °C for 16 hours. The mixture is then cooled 

to room temperature by pouring onto 400 mL of ice. Finally, 30% hydrogen 

peroxide (3 mL) is added. After obtaining the GO from the acidic solution, the 

GO is washed with distilled water, 35% hydrochloric acid and ethanol. The 

solution is placed in centrifuge tubes and centrifuged for 45 min at 3000 rpm. 

Washing and centrifugation is repeated three times.  
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The synthesized GO is stored in ethanol before the degradation studies. For 

characterization, the zeta potential and particle size were measured using a 

Malvern Zeta Sizer Z90 and TEM analysis was done in the Central Laboratory of 

Gebze Technical University, Turkey. 

3 Results and Discussion 

Although to date several methods have been developed to synthesize GO, the 

most widely used method is the modified Hummer method, which is based on the 

chemical reduction of GO. In this method, oxidation of natural graphite with 

strong oxidants (KMnO4, HNO3, etc.) is used to obtain GO, after which the 

obtained GO is exfoliated. The synthesis method is given in detail in Section 2.2. 

Measurements were done for characterization and TEM analysis and to determine 

particle size and zeta potential. 

According to the particle size distribution and zeta potential measurements was 

found to be 160 nm. The zeta potential was determined as lower than -30 mV for 

all pH values except pH 2, which showed that the stability of the synthesized GO 

was good (Figure 1). 

 

Figure 1 Zeta potential result of GO. 

Values of -30 mV and lower for the zeta potential are generally considered to be 

critical to represent the stability of a dispersion [20]. The TEM imaging and the 

morphological change of GO are given in Figure 2. GO was present in relatively 

flat plates. This is mostly due to electrostatic pushing. In this study, the 

application of different processes was compared and the influent parameters were 

investigated. The effects of darkness, visible light, UV light, EO with Ru/TiO2 

electrodes and three-dimensional electrodes were researched. The independent 

variables were kept the same, i.e. a GO concentration of 300 mg/L, a BPA 
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concentration of 25 mg/L and a reaction time of 30 minutes. The results are 

presented in Figure 3. 

  

Figure 2 TEM imaging of GO. 

The effect of light can be seen in Figure 3. While the removal efficiency obtained 

in darkness was 18%, UV light did not affect the removal. The removal efficiency 

obtained with visible light was 21%, but the increase in removal was not 

significant. In order to enhance the removal efficiency, the EO process was 

investigated.  

 

Figure 3 Comparison of different processes. 

When a current density of 25 mA/cm2 was applied, the removal efficiency of EO 

with Ru/TiO2 electrodes increased to 24%. The usage of three-dimensional 

electrodes with GO in EO increased the removal to 40%. Based on this 

information, EO with three-dimensional electrodes was selected as the most 

effective process among the studied processes. 
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To investigate the effect of current density on BPA removal, different current 

densities and reaction times were applied (Figure 4). An increase in reaction time 

led to an increase BPA removal. In the first 10 minutes, the removal was around 

20% for all current densities. This can mainly be explained by the low production 

of oxidative species such as hydroxyl radicals in EO during the first minutes. 

 

 

Figure 4 BPA removal efficiency and adsorption capacities for different current 

densities in the 3D-EO process. 

When the reaction time is increased, more of these oxidative species can be 

produced in the water. The similarity in removal efficiency for different current 

densities can be attributed to the effect of adsorption but not of oxidation. At 

reaction time longer than 10 minutes, the effect of oxidative species can be seen.  

An increase in current density from 10 to 25 mA/cm2 led to an enhancement of 

the removal efficiency of around 10%. However, when the current density was 

50 mA/cm2, the removal efficiency reached 93% at 90 minutes while it was 73% 

for 25 mA/cm2. Similar results were seen for the adsorption capacity. 
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3.1 Kinetic Modeling 

Pseudo first order kinetic model is widely used to represent adsorption. The 

equation can be linearized in Eq. (1) as follows [21]: 

 ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1 (1) 

The equation for the pseudo second order kinetic model is in Eq. (2) as follows 

[21], 

 
t

𝑞𝑡
= 1 (𝑘2𝑞𝑒

2⁄ ) +  1 𝑞𝑒𝑡⁄  (2) 

Intraparticle diffusion modeling was first developed by Weber and Morris. The 

equation can be linearized in Eq. (3) as follows: 

 𝑞𝑡 = 𝑘3𝑡
1/2

+  (3) 

In all equations qe and qt are the adsorption capacities at equilibrium and at time 

t, k1, k2, k3 are the kinetic constants of the model.  

The results from pseudo first order, pseudo second order and intraparticle 

modeling can be seen in Figure 5. The calculated kinetic constants and regression 

coefficients are given in Table 1.  

Table 1 Kinetic Modeling Results 

Pseudo first order kinetic 

 10 mA/cm2 25 mA/cm2 50 mA/cm2 

k1 0.016 0.016 0.012 

R2 0.996 0.995 0.956 

Pseudo second order kinetic 

qe, mg/g 59 68 104 

k2 0.044 0.048 0.029 

R2 0.969 0.985 0.967 

Intraparticle modeling 

k3 4.14 4.91 7.87 

R2 0.995 0.993 0.974 

When the regression coefficients of the three models are examined it can be seen 

that the regression coefficients of the three models are all higher than 0.95. Except 

for 50 mA/cm2, the results are more suitable for pseudo first order kinetic 

modeling, while they are suitable for intraparticle modeling at 50 mA/cm2 current 

density. Consequently, it can be said that the results for the different current 

densities are suitable for both pseudo first order kinetics and intraparticle 

modeling. This can be explained by the fact that not only the physisorption but 

also the intraparticle diffusion is involved in the adsorption under different 

current densities. 
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Figure 5 Kinetic modeling of the 3D-EO process results. 
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4 Conclusion 

In this study, a comparison was made between different processes with graphene 

oxide (GO) synthesized according to the modified Hummer method. It was 

observed that GO was more effective under visible light, while the effect of UV 

light was negligible. The BPA removal obtained under visible light was found to 

be quite low (24%). Therefore, electro-oxidation (EO) using Ru/TiO2 electrodes 

and using three-dimensional electrodes (graphene oxide) was investigated. 

Compared with EO, BPA removal by 3D-EO was found to be increased.  

Several current densities in the 3D-EO process were investigated. The initial 

concentration of 25 mg/L for BPA was reduced with 93% removal efficiency at 

a current density of 50 mA/cm2 and 90 minutes reaction time. The increase in 

BPA removal by 3D-EO shows that apart from the oxidative species produced by 

electro-oxidation, the adsorption process is also available. According to the 

results of kinetic modeling, both pseudo first order kinetic and intraparticle 

modeling were found to be suitable, which indicates that physisorption and 

intraparticle diffusion play a role in the adsorption process. The effect of different 

BPA and GO concentrations on the degradation can also be studied. With the aim 

of cost reduction of EO by employing three-dimensional electrodes, 

investigations on the use different electrodes, such as Pt/TiO2 and metal-doped 

graphene oxide, can be done as further study. To determine the effect of 

adsorption and oxidative species on the three-dimensional electro-oxidation 

process, further studies can be performed. 
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