
Bisphenol A Adsorption from Aqueous Solution
using Graphene Oxide-Alginate Beads
Nurul Syazana Fuzil 

Universiti Teknologi MARA
NUR HIDAYATI OTHMAN  (  nurhidayati0955@uitm.edu.my )

Universiti Teknologi MARA https://orcid.org/0000-0002-8396-2947
Nur Ain Shazwani Roslee Ab. Jamal 

Universiti Teknologi MARA
ANA NAJWA Mustapa 

Universiti Teknologi MARA
NUR HASHIMAH ALIAS 

Universiti Teknologi MARA
'AQILAH DOLLAH 

Universiti Teknologi MARA
Nik Raikhan NIK HIM 

UiTM: Universiti Teknologi MARA
FAUZIAH MARPANI 

UiTM: Universiti Teknologi MARA

Research Article

Keywords: alginate, graphene oxide, BPA, adsorption, wastewater treatment

Posted Date: February 23rd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-221643/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Journal of Polymers and the Environment
on July 2nd, 2021. See the published version at https://doi.org/10.1007/s10924-021-02226-y.

https://doi.org/10.21203/rs.3.rs-221643/v1
mailto:nurhidayati0955@uitm.edu.my
https://orcid.org/0000-0002-8396-2947
https://doi.org/10.21203/rs.3.rs-221643/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10924-021-02226-y


 

1 

 

Bisphenol A Adsorption from Aqueous Solution using Graphene Oxide-Alginate Beads  1 

 2 

Nurul Syazana Fuzil, Nur Hidayati Othman*, Nur Ain Shazwani Roslee Ab. Jamal, Ana 3 

Najwa Mustapa, Nur Hashimah Alias, ‘Aqilah Dollah, Nik Raikhan Nik Him, Fauziah 4 

Marpani 5 

 
6 

Faculty of Chemical Engineering, Universiti Teknologi Mara, 40450 Shah Alam, Selangor, 7 

Malaysia 8 

*Corresponding Author: E-mail: nurhidayati0955@uitm.edu.my 9 

Tel: +60 355448027 10 

 11 

 12 

Abstract 13 

In this study, the potential of graphene oxide-alginate beads (GO-AB) as an adsorbent for 14 

bisphenol A (BPA) removal from aqueous solution was investigated. GO was first prepared 15 

via modified Hummers’ techniques and aerogel alginate bead with embedded GO was prepared 16 

using an extrusion dripping method, where calcium chloride was utilized as a curing agent. The 17 

physicochemical characteristics of GO-AB were investigated using XRD, FTIR, BET, TGA. 18 

The results revealed that crystal structure and the surface groups of GO and alginate were 19 

retained upon formation of GO-AB. A batch adsorption testing was carried out as a function of 20 

pH (3, 7, and 9), contact time (up to 420 mins) and initial concentration of BPA (50 - 200 mg·L-
21 

1). The adsorption rate was typically faster at the beginning of the adsorption process and started 22 

to level off after 180 mins. AB and GO-AB had better adsorption performances at neutral 23 

condition (pH 7) as compared to alkaline and acidic environments owing to repulsive 24 

electrostatic interaction between BPA and the adsorbent surface’s charge. The sorption kinetic 25 
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data was observed fitted to the pseudo-second-order kinetics model (R2>0.98) and obeyed the 26 

Freundlich isotherm model adsorption behaviour as compared to Langmuir. However, the RL 27 

value of Langmuir model is between 0 to 1, which implies favourable adsorption process. The 28 

maximum BPA adsorption capacity for AB and GO-AB was found to be 250.00 and 384.62 29 

mg·g-1, respectively indicating that GO-AB is a promising adsorbent for BPA removal from 30 

aqueous solution.  31 

 32 
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 34 

1. Introduction  35 

Bisphenol A (BPA) is among the most utilized monomer in production of various polymers 36 

such as epoxy resins, polycarbonates, polysulfone (PS) resins and other types of plastics (Yang 37 

et al. 2011; Seachrist et al. 2016; Almeida et al. 2018). It is a potentially harmful substance as 38 

it can cause endocrine disruption due to weak estrogenic, antiandrogenic, and antithyroid 39 

activities (Ohore and Songhe 2019). Besides industrial wastewater, the contamination of BPA 40 

has been found in other water sources such as  surface water and ground water (Petrie et al. 41 

2019). As a result, it is essential to control BPA contamination in water resources. 42 

  Owing to the hydrophobic properties BPA, adsorption is considered the most 43 

appropriate technology to remove BPA from aqueous sources (Xu et al. 2012; Park et al. 2014; 44 

Bhatnagar and Anastopoulos 2017). Adsorption is an adhesion process of atoms, ions, or 45 

molecules from liquid, gas or dissolved solid, which creates an adsorbate film on the surface 46 

of adsorbent(Sophia A. and Lima 2018). It is one of the water remediation technique that has 47 

been widely utilised due to versatility of the process, higher removal rate of chemical 48 

pollutants, simple setup, relatively low cost, simple operation, and produces minimal harmful 49 

secondary products (Ersan et al. 2017). However, the properties of adsorbent are vital in 50 
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enhancing adsorption performances. The adsorbents should possess high adsorption capability, 51 

rapid adsorption rate, and specific surface reactivity. 52 

Sodium alginate is a natural polymer or polysaccharide with abundance of carbonyl 53 

groups, hydroxyl groups and oxygen atom. As a result, alginate possess many distinct 54 

characteristic such as highly hydrophilic, biodegradable, and gel-forming abilities making it 55 

suitable to be utilized as  adsorbent (Martínez-Gómez et al. 2018). Many studies have 56 

confirmed that the high removal performance of alginate for chemical pollutants mainly 57 

depends on the high content of carboxyl acid groups (Wu et al. 2017). Alginate is also known 58 

as an eco-friendly adsorbent that can be easily cross-linked and hardened with ions such as 59 

calcium ions (Gao et al. 2020). However, it tends to have weak mechanical strength, 60 

particularly as a self-standing material and low thermostability. This has significantly restricted 61 

the application of alginate-based materials as adsorbent. Physical or chemical modification 62 

such as surface grafting and cross-linking are typically required to boost the applicability of 63 

alginate as adsorbent. 64 

Graphene oxide (GO) is a nanoscale carbon that can was firstly isolated via a 65 

micromechanical cleavage. It can be synthesized through oxidation and exfoliation of cheap 66 

graphite, forming a monomolecular graphite layer with numerous oxygen-containing 67 

functionalities such as hydroxyl, carbonyl, carboxyl, and epoxide groups. As a result, GO 68 

exhibits many unusual and fascinating physical, chemical, thermal and mechanical properties 69 

(Junaidi et al. 2020). Due to many oxygen functionalities on GO planes, it can be easily 70 

dispersed in various solvents for further modification or react with many chemical groups to 71 

enhance the properties  of GO and create new functionalities (Nie et al. 2015).  GO have been 72 

widely investigated for various applications including sensor, drug delivery and adsorbent for 73 

gas and water pollutants.  In addition, due to its high theoretical specific surface area, excellent 74 

hydrophilicity and mechanical strength, GO is deemed suitable as adsorbent.  Recently, GO 75 
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has been utilized to improve the performance of alginate-based material particularly sodium 76 

alginate(Zhou et al. 2018; Gao et al. 2020)and calcium-alginate (Li et al. 2013; Tian et al. 2020) 77 

for wastewater treatment. It was observed that besides improving the thermal stability and 78 

mechanical properties, the adsorption capacity of GO-alginate-based adsorbent increased 79 

significantly (Platero et al. 2017b). This is because the alginate can act as a scaffold material 80 

and also a template for 3D porous structure, while GO acts as a reinforcing filler/linker to 81 

connect and strengthen the composite network. Yang et al.(2018) prepared double network 82 

graphene oxide/sodium alginate(GO/SA) hydrogels and the adsorption of Mn(II) was noticed 83 

to be better (56.49 mg·g−1) as compared to other adsorbents. In additions, the GO/SA hydrogels 84 

have better thermal stability and biocompatibility due to GO and SA, respectively. Feng et al. 85 

(2017) utilized sodium alginate as a template to create a 3D porous network structure with an 86 

aim to inhibit the restacking and agglomeration of rGO. The rGO-SA was then used as 87 

adsorbent for phenol, BPA and tetracycline. The adsorption of arsenic (As)) and tetracycline 88 

(TC) heavy metals  on yttrium-immobilized-graphene oxide-alginate hydrogel (Y-GO-SA) was 89 

investigated by He et al.(2020) and maximum adsorption capacities up to 273.39 mg·g-1 for 90 

arsenic and 477.9  mg·g-1 for  tetracycline were observed. These capacities were higher than 91 

other reported adsorbents due to electrostatic interaction, H-bonds, π − π EDA interaction, n-π 92 

EDA interaction, and cation-bonding bridge effects of pollutants with adsorbent. 93 

In this work, sodium alginate bead (AB) and composite graphene oxide-alginate bead 94 

(GO-AB) were prepared and used to adsorb BPA from aqueous solution (Fig. 1). Although the 95 

development of composite GO-alginate based adsorbent have been widely investigated, to the 96 

best of our knowledge not many studies have utilized the GO-AB in beads form for BPA 97 

removal. The prepared AB and GO-AB adsorbents were first characterized followed by 98 

adsorption evaluation studies based on equilibrium and kinetics perspectives. In addition, the 99 

influence of pH, operating time, and initial concentration of BPA towards adsorption 100 



 

5 

 

performances was investigated in this work. 101 

  102 

Fig. 1: The schematic diagram of interaction between GO and alginate forming GO-alginate 103 

beads (GO-AB)   104 

 105 

 106 

2. Methodology 107 

2.1 Chemicals and materials 108 

Graphite and Bisphenol A (BPA) were purchased from Merck. Sodium nitrate (NaNO3, MW 109 

84.99 g/mol) and acetone were supplied by Systerm Chemical. Sodium alginate (C6H9NaO7, 110 

MW 250,000 g·mol-1), calcium chloride (CaCl2), hydrogen peroxide (H2O2, 35%), potassium 111 

permanganate (KMnO4, MW 158.03 g·mol-1), hydrochloric acid (HCl) and sulfuric acid 112 

(H2SO4, 98%) were obtained from R&M Chemical. Deionized (DI) water was used in all the 113 

experimental work.  114 

 115 
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2.2 Preparation of GO 116 

GO was synthesized through oxidation and exfoliation of graphite powder based on our 117 

previous method (Othman et al. 2017, 2018). The resulting GO solution was left to cool down 118 

after reaction termination before continually washed with diluted HCl and DI water. The 119 

neutral solution was then centrifuged at 10 000 rpm and 25 °C for 25 min. The supernatant 120 

obtained after centrifugation was filtered and the dried in an oven at 60 °C for 24 h to collect 121 

GO powder. 122 

 123 

2.3 Synthesis of GO-AB aerogel beads 124 

Extrusion dripping technique using CaCl2 as a curing agent was utilized to produce alginate 125 

aerogel beads. First, 2.3 g of sodium alginate was added into 150 mL of distilled water and 126 

stirred vigorously for 3 h. Then, 1.5 wt% of GO suspensions was added to the sodium alginate 127 

solution and continually stirred until a homogenous solution of GO-alginate was obtained. 128 

After that, the alginate/GO solution was extruded through an 0.55 mm injection needle u into 129 

the solution of 0.1 wt % of CaCl2 gelling solution using a syringe pump. The gap between the 130 

surface of the CaCl2 solution and the surface of the needle was maintained at 10 cm to ensure 131 

the uniformity of the beads shape. After the aerogel GO-AB was formed, it was kept in the 132 

CaCl2 solution with minimal agitation for 3 h (Fig. 2). In order to ensure complete gelation, the 133 

GO-AB was left overnight in CaCl2 solution at 4 °C. The GO-AB was filtered, rinsed with DI 134 

water, and allowed to dry in an oven at 40 °C until constant weight.  135 

 136 
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 137 

Fig. 2 Photograph of extruded aerogel beads in CaCl2 solution 138 

 139 

2.4 Characterization 140 

X-ray diffraction (XRD) was utilized for structural characteristics study of the synthesised GO-141 

AB aerogel beads. The XRD pattern was recorded using X’celerator detector (Rigaku) where 142 

Cu Kα was used as the radiation source. The equipment voltage and current were set at 40 kV 143 

and 40 mA, respectively. The sample was scanned within the scan range of 2θ of 5° to 90° at a 144 

scan step width of 0.05°. Fourier transform infrared spectroscopy (FTIR, Perkin Elmer) was 145 

utilized to identify organic functional groups where the scan was carried out from 600–4000 146 

cm−1. Thermogravimetric analysis (TGA) was performed to measure the thermal stability of 147 

adsorbents prepared using Mettler Toledo analyser. A heating rate of 10 °C·min-1 was used, 148 

and the weight loss profile was recorded at a temperature range of 25 to 1000 °C. The specific 149 

surface area and pore volume of adsorbents were analyzed using an automated gas sorption 150 

system through nitrogen adsorption and desorption system using Brunauer, Emmett, and Teller 151 

(BET) NOVA 1200e surface area and pore size analyzer (Quantachrome Instrument).  152 

 153 

2.5 Batch BPA adsorption experiments 154 

Adsorption capacity and BPA removal efficiency of composite GO-AB aerogels for the 155 
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removal of BPA were examined using a batch experiment under a stirring speed of 150 rpm 156 

where the pH solution and BPA concentration were varied. The influence of pH was 157 

investigated by adding 0. 1 g of adsorbent with 200 mL (0.5 g·L-1) of 50 mg·L-1 of BPA 158 

concentration under constant stirring at 30 °C up to 420 mins. The working solution of BPA 159 

was prepared by first dissolving solid BPA in ethanol due to BPA’s low solubility in water. 160 

Then, it was diluted into the required concentrations using DI water in an Erlenmeyer flask. 161 

0.1 M hydrochloric acid (HCl) or 0.1 M sodium hydroxide (NaOH) was then added to adjust 162 

the pH of BPA solutions.  163 

The effects of initial BPA concentration were investigated using 50, 100, 150, and 200 164 

mg·L-1 of BPA solutions. After adsorption, the supernatant was taken out by using a syringe 165 

and UV–visible spectrophotometer (Hach DR2800) at 276 nm was used to measure the 166 

concentration. The adsorption capacity, qt (mg·g-1) and removal efficiency (%) were 167 

determined using Eq. (1) and Eq. (2), respectively. 168 𝑞𝑡 =  (𝐶0− 𝐶𝑡)𝑉𝑚                                                                                                    (1) 169 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  (𝐶0− 𝐶𝑡)𝐶0 ×  100                                                                     (2) 170 

 171 

where the C0 and Ct are the BPA initial concentration and concentration at time t (mg·L-1), 172 

respectively, V is the volume of solution (L), and m is the mass of the adsorbent (g). The testings 173 

were conducted in triplicates, and the results are depicted as mean values. 174 

The adsorption kinetics offers vital knowledge on the adsorption rate and mechanism. 175 

This kinetic study can be further used to design and adsorption unit. Two kinetics models i.e 176 

pseudo-first-order and pseudo-second-order were used to examine the mechanism of BPA 177 

adsorption.  The linear form of the pseudo-first-order model is determined by Eq. (3): 178 

 179 
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log (𝑞𝑒 − q𝑡)= log q𝑒 − ( 𝐾12.303)𝑡           (3) 180 

       181 

where K1 is the first-order rate constant (min-1), and qe and qt are the quantities of adsorbed 182 

BPA (mg·g-1) at equilibrium and at time t (min).  The straight-line plot of log (qe − qt ) against 183 

t gives log (qe ) as slope and intercept equal to K1 /2.303. The linear form of the pseudo-second-184 

order model is given by Eq.  (4): 185 

 186 

                      (4) 187 

where K2 is the pseudo-second-order rate constant (g·mg-1min-1) and can be determined from 188 

the intercept of the plot of t/qt versus t. 189 

 190 

3. Results and Discussion 191 

3.1 Formation of aerogel AB and GO-AB   192 

Fig. 3 shows the resulting AB and GO-AB aerogels formed through the extrusion process. In 193 

general, they have a uniform spherical shape. After drying overnight in an oven at 40 °C, the 194 

size of the aerogels decreased by 10%–20% while maintaining the spherical shape. This shows 195 

that the drying method of gel beads affects their size without changing their shapes (Platero et 196 

al. 2017a). The size of AB and GO-AB decreased from 2.90 to 2.60 and 3.20–2.35 mm after 197 

drying, respectively. The extruded GO-AB beads were generally bigger than AB due to the 198 

high viscosity of GO-AB solution owing to the addition of GO. As the GO-AB solution was 199 

viscous, the attraction forces are stronger, thus forming bigger particles (Ganesan et al. 2018). 200 

However, after the drying process, GO-AB tended to have smaller particles than GO. The 201 

decrease in the aerogel size was due to the moisture removal and surface tension on the gel 202 

t
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beads during oven-drying. However, low drying temperature was utilised to avoid damage on 203 

the aerogel surface, shape, and nature. 204 

 205 

 

AB beads before drying 

 

AB beads after drying 

 

GO-AB beads before drying 

 

GO-AB beads after drying 

Fig. 3 Photograph of alginate bead (AB) and graphene oxide-alginate beads (GO-AB) prepared 206 

in this work, before and after drying. 207 

 208 

3.1 Characterization of GO, aerogel AB and aerogel GO-AB  209 

The XRD patterns of GO, AB, and GO-AB are shown in Fig. 4. The characteristic diffraction 210 

peak of GO was observed at 2θ = ~10°, which corresponded to the 002 plane and consistent 211 



 

11 

 

with others finding (Ionita et al. 2013; Nie et al. 2015; Wang et al. 2017). The peaks indicate 212 

the existence of oxygen-containing group and further confirmed that the graphite was fully 213 

oxidized into GO. Sodium alginate is typically amorphous with a distinct diffraction peak at 214 

2θ= ~13°.  As the  alginate beads (AB) has been crosslinked with calcium chloride, the 215 

crystallinity of AB was observed to increase, which further confirms the interaction between 216 

sodium alginate and calcium chloride (Grossi et al. 2014). As for GO-AB, the diffraction 217 

pattern was found to be consistent with the XRD pattern of AB where no distinct difference for 218 

alginate bead (AB) and after GO addition (GO-AB). This confirms that GO was evenly 219 

dispersed and the addition of GO has minimal impact on the crystallinity of GO-AB (Sun and 220 

Fugetsu 2014). This also indicates that excellent intermolecular interaction between GO and 221 

AB, which provides good miscibility for preparation of GO-AB aerogels (Jiao et al. 2016). 222 

 223 

 224 

 225 

Fig. 4 XRD spectra of GO, AB, and GO-AB 226 

AB GO-AB 

GO 
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 227 

The FTIR spectra of GO, AB, and GO-AB are presented in Fig. 5 and the spectra are 228 

typically comparable to the ones previously reported (Ionita et al. 2013; Nie et al. 2015; Jiao et 229 

al. 2016; Platero et al. 2017a). In general, the wide band spectra in the range of 3600–3100 230 

cm−1 indicate the presence of hydroxyl group peaks, and the lower wavelengths present 231 

oxygen-containing groups, such as carbonyl and epoxides (Co et al. 2017). The characteristic 232 

peaks of GO were observed at 3353, 1714, 1623, and 1094 cm−1, which validates the existence 233 

of hydroxyl (O–H) stretching vibration, carboxylic group (C=O) stretching vibration, C=C 234 

stretching mode of sp2 network, and C–O group stretching vibration, respectively. This 235 

confirmed the successful of oxidation and exfoliation of graphite to GO (Nie et al. 2015). 236 

The FTIR spectra of AB show several characteristics peaks at 3341, 1608, 1433, and 237 

1021 cm−1 that indicate the presence of hydroxyl (O–H) stretching vibration, symmetric and 238 

asymmetric stretching vibrations of carboxylate salt group (C–O–O), and stretching vibration 239 

of C–O–C group, respectively (Ionita et al. 2013). The C–H stretching vibration observed for 240 

AB at 939 and 884 cm−1 signifies uronic acid and mannuronic acid, respectively. The FTIR 241 

spectra of GO-AB shows the presence of both characteristics peaks of AB and GO, with no 242 

apparent changes as compared to AB. This further confirms that GO-AB was successfully 243 

prepared in this work. 244 

 245 
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 246 

Fig. 5 FTIR spectra of GO, AB, and GO-AB aerogels. 247 

  248 

 Fig. 6 displays the thermal stability of GO, AB, and GO-AB at room temperature until 249 

500 °C. GO had better stability than AB and GO-AB, particularly at the beginning of the 250 

heating process. GO lost only 10% of its mass at a temperature below 180 °C and up to 60% 251 

from 180 to 200 °C. In comparison, AB and GO-AB were not stable and started to lose mass 252 

rapidly at the beginning of the heating up process up to 80% and 60%, respectively. The weight 253 

losses at the beginning of analysis was mainly due to the evaporation of free water from the 254 

AB and GO-AB (Fei et al. 2016). As the temperature increased up to 220 °C, the observed 255 

weight losses were probably due to the removal of hydrated water. Then, the alginate chains 256 

start to break and possible disintegration of GO fractured and GO disintegrated. At 257 

approximately 300 °C, the mass loss of AB and GO-AB started to stabilise, giving a total mass 258 

loss of 83% and 74%, respectively. It can be concluded that GO-AB was more stable than AB, 259 

which suggests that the movement of AB chains was hindered by strong electrostatic 260 

interaction with GO leading to better thermal stability of GO-AB. 261 
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 262 

 263 

Fig. 6 TGA of GO, AB, and GO-AB  264 

 265 

The N2 adsorption–desorption isotherm and measurement of AB and GO-AB and 266 

summarises are shown in Fig. 7 and Table 1. The adsorption and desorption of N2 increased 267 

rapidly, and both the AB and GO-AB isotherms can be classified as type IV isotherm based on 268 

the International Union of Pure and Applied Chemistry (IUPAC) classification (Hwang and 269 

Barron). Type IV isotherm is normally for the ordered mesoporous materials i.e materials with 270 

pore diameter between 2 and 50 nm, which is consistent with the average pore diameter 271 

obtained in the work (Fei et al. 2016). The BET surface areas of AB and GO-AB obtained in 272 

this work were 51.28 and 7.19 m2·g-1, respectively, while the average pore diameters of AB 273 

and GO-AB were 12.14 and 24.52 nm, respectively. These values were comparatively higher 274 

than an earlier reported value (0.2-2.6 m2·g-1 and 1.3-2.8 nm)(Yang et al. 2018) although the 275 

amount of GO added into the alginate solution in this work was smaller. Although the surface 276 

area of adsorbent reduced with the addition of GO, the pore diameter shows a different trend. 277 

A bigger pore diameter was observed for GO-AB, which was contradicted with the findings by 278 

Fei et al.(2016) where the addition of GO tends to increase the surface area and reduce the pore 279 

diameter. As pore size plays a vital role in adsorption performance, in which adsorbent with 280 
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smaller pore size typically fails to capture larger adsorbates (Chowdhury et al. 2013), GO-AB 281 

might have better performance than AB. 282 

 283 

Fig. 7 Nitrogen adsorption –desorption measurement of AB and GO-AB adsorbents 284 

 285 

Table 1. BET analysis of AB and GO-AB adsorbents 286 

Sample Specific surface area (m2·g-1) Average pore diameter 

(nm) 

AB 51.28 12.14 

GO-AB 7.19 24.52 

 287 

 288 

3.2 Adsorption study for BPA 289 

3.2.1  Effects of initial pH solution towards BPA removal 290 

The pH of the aqueous solution can significantly affect the adsorption performances as it could 291 

alter the charge density of the adsorbent surface and the concentration of dissolved ions in the 292 

solution (Zhao et al. 2018). The effect of pH towards the removal rate and adsorption capacity 293 

of 50 mg·L-1 BPA was investigated at 30 C°. Fig. 8 shows the adsorption performances of BPA 294 

at different pH values for AB and GO-AB. The removal efficiency of BPA increased with time 295 

and nearly reached a plateau after approximately 180 min. This is assumed as equilibrium time 296 

at which adsorption occurred.  At the start of adsorption, the removal efficiency was greater 297 

owing to the high active sites’ availability of the adsorbent. Then, it decreases with time 298 
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because of saturation of BPA and reduction of the adsorbent active sites, which caused removal 299 

efficiency declination (Abdel-Gawad and Abdel-Aziz 2019). By comparing the removal 300 

efficiency of BPA for AB and GO-AB at each pH value, GO-AB adsorbed more BPA than AB, 301 

and consequently leads to higher BPA removal rate up to 85% after 480 mins. Electrostatic 302 

interaction is formed among the anions and organic oxygen-containing functional group of the 303 

adsorbent surface and hence, the adsorption capacity of adsorbent decreased [32]. 304 

The adsorption capacity of GO-AB was greater than AB, where the maximum 305 

adsorption capacity was observed at pH=7 (83.33 mg·g-1) and reduced to 72 mg·g-1 and 65.87 306 

mg·g-1 at acidic (pH=3) and alkaline (pH=9) environments, respectively. Low adsorption 307 

capacities were observed at low and high pH values due to the competitive adsorption between 308 

H+, OH- ions, and BPA molecules. Rapid decrease of adsorption capacity at pH=9 might be 309 

cause by adsorption inhibition in the strong alkaline environment. BPA is a neutral molecule 310 

and forms divalent anions at around pH 9.56 (Bhatnagar and Anastopoulos 2017). The pKa of 311 

BPA is 9.6 –10.2 , and thus BPA can be ionized in pH from 9-10 which increases the formation 312 

of bisphenolate anions (Liu et al. 2018). Li et al. (2015) investigated the effects of pH towards 313 

adsorption of BPA using HTAB-bentonite and found that there was a slight increase of BPA 314 

between pH 4-7, while tat pH>7, a significant decrease of BPA removal was observed. Similar 315 

findings have been observed by Guo et al.(2011) where the adsorption capacity of BPA reduced 316 

significantly when the pH value is greater than 7. According Liu et al.(2016), molecular form 317 

of BPA started to deprotonated at pH 8.0 - 9.0, which caused the ionization of BPA molecules 318 

into  mono- or divalent anions. As a results, a repulsive electrostatic interaction of organic 319 

oxygen-containing functional group or negatively charged  adsorbent surface was formed with 320 

bisphenolate anion (Peng et al. 2017; Bhatnagar and Anastopoulos 2017). In addition, the 321 

alkaline solution might contain more sodium cations (Fei et al. 2016), which can affect the 322 

surface properties of AB and GO-AB and therefore reduces the adsorption capacity. At lower 323 
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pH, there might also be an excess of H+ ions competing for adsorption sites. Hence, this 324 

indicates that the adsorption of BPA should be conducted in a neutral environment. The fast 325 

adsorption rate and high adsorption capacity demonstrated that GO-AB was an efficient 326 

adsorbent for the adsorption of BPA.  327 

 328 

 329 

   330 

Fig. 8.  Removal efficiencies and adsorption capacities of AB and GO-AB towards BPA at pH 331 

values of 3, 7, and 9 (Mass of adsorbent and initial concentration of BPA were fixed at 0.5 g·L-
332 

1 and 50 mg·L-1, respectively) 333 
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 334 

3.2.2 Effect of initial concentration of BPA solution 335 

The effect of initial BPA concentration on the BPA removal was evaluated using 0.1 g of 336 

adsorbent in 200 ml of BPA solution and the solution was kept at pH of 7. In Fig. 9, it can be 337 

seen that as the initial concentration of BPA increased, the removal efficiency decreases. At 338 

50 mg·L-1, the removal efficiency was higher due to the availability of accessible pores in AB 339 

and GO-AB.  As the BPA concentration increases, the active sites or pores of AB and GO-AB 340 

adsorbent was not sufficient to adsorb more BPA compound and became saturated. As a result, 341 

the BPA could not be taken by the adsorbent, thus, reducing the removal efficiency of the 342 

adsorbent (Huang and Wang 2018). These results were in accordance to other previous works 343 

(Liu et al. 2018; Martín-Lara et al. 2020). It should be noted that when the BPA 344 

concentration was higher than 100 mg·L-1, the BPA removal (%) was not substantially 345 

influenced by the initial BPA concentration. This might indicate that the adsorbent surface 346 

reach the saturation point.  347 

In term of equilibrium capacity of adsorbent, it can be seen that it is positively correlated 348 

to the initial BPA concentration in the aqueous solution. The adsorption capacity of BPA for 349 

AB and GO-AB increased from 66 to 203 mg·L-1, and 85.33 to 267.33 mg·L-1, respectively 350 

with a rise in the initial BPA concentration from 50 to 250 mg·L-1. The key reason for this is 351 

the increase in driving force to overcome the mass transfer resistance between aqueous and 352 

solid phases (Ahmaruzzaman 2011; Pathania et al. 2017; Fraga et al. 2019). Overall, the 353 

removal efficiency of GO-AB was better than that of AB due to the porosity of GO-AB 354 

adsorbent and availability of oxygen-containing functional group on the surface of GO, which  355 

offered additional strong surface complexion of BPA (Algothmi et al. 2013).  356 

 357 
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 358 

 359 

Fig. 9 Effects of BPA initial concentrations (C0=50, 100, 150, and 200 50 mg·L-1) on adsorbent 360 

performances in term of removal efficiency and adsorption capacity (Mass of adsorbent and 361 

pH were set at 0.5 g·L-1 and 7, respectively.  362 

 363 

3.3 Adsorption Kinetics 364 

The results of pseudo-first-order (PFO) and pseudo-second-order (PSO) adsorption kinetics 365 

data fitting are listed in Fig. 10 and Table 2. The linear form of the PFO model is generally 366 

appropriate for lower concentrations of solute. It can be seen that the values of R2 for PFO 367 

model are lowered for most of the adsorption data, which indicates that the BPA adsorption 368 

onto AB and GO-AB does not obey the PFO kinetic model. The rate of PSO reaction is 369 

dependent on the amount of solute adsorbed on the adsorbent surface and the amount adsorbed 370 

at equilibrium. This indicates that the rate-limiting step in PSO is the chemisorption-surface 371 

AB GO-AB 
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adsorption and the adsorbate removal rate is highly depending on the physicochemical 372 

interactions between the two phases. In general, the correlation coefficients show that the 373 

adsorption kinetic data for BPA onto AB and GO-AB were better associated by the PSO model, 374 

where the value of R2 is greater than 0.99. Several works on the adsorption of BPA onto various 375 

adsorbents noticed similar trend (Acosta et al. 2018; Wang and Zhang 2020; Lazim et al. 2020). 376 

According to the PSO model, boundary layer resistance is not the rate-limiting step. The 377 

external resistance model cannot satisfactorily explain the adsorption mechanism. Thus, it can 378 

be assumed that the overall mechanism of BPA adsorption was chemisorption, and the rate-379 

controlling step involves valence forces via exchange and share of electrons between BPA 380 

molecules and the adsorbent. 381 

 382 

 383 

(b)AB (b)GO-AB 

(a)AB (a)GO-AB 
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Fig. 10 Experimental kinetics data (a) pseudo first order (PFO) and (b) pseudo second order 384 

(PSO) for the adsorption of BPA by AB and GO-AB. The dotted lines show the predicted 385 

values of the best-fitted model. 386 

 387 

Table 2. Kinetic parameters of the pseudo-first order (PFO) and pseudo-second order (PSO) 388 

models for BPA adsorption on AB and GO-AB  389 

Adsorbent  
Conc. 

(mg·L-1) 

Pseudo-first-order Pseudo-second-order 

Qe  

(mg·g-1) 

K1 x103
 

(min-1) 
R2 

Qe  

(mg·g-1) 

K2 x104  
(g·mg-1·min-1) 

R2 

AB 50 52.76 2.9939 0.7532 68.97 6.6950 0.9965 

 100 126.44 1.1515 0.7663 133.33 1.4850 0.9755 

 150 159.26 3.4545 0.8556 188.68 0.9659 0.9694 

 200 209.60 3.2242 0.8779 232.56 0.6873 0.9697 

GO-AB 50 51.11 13.1271 0.9713 88.50 7.1169 0.9974 

 100 106.54 1.1515 0.5971 151.52 4.2745 0.998 

 150 179.14 13.8180 0.9233 222.22 1.9304 0.9958 

 200 238.73 12.2059 0.9233 294.12 0.7885 0.9806 

 390 

 391 

3.4 Adsorption Isotherm 392 

Adsorption isotherm is crucial to establish the adsorption behaviour and to forecast the 393 

favourability of the adsorption system. The adsorption data were then analyzed by fitting to 394 

Langmuir and Freundlich isotherm models. Langmuir isotherm model presumes that maximum 395 

adsorption is corresponded to formation of monolayer adsorbate on the adsorbent surface due 396 

to chemisorption. However, when the adsorption reaches the equilibrium, no further adsorption 397 

can happen owing to the limited adsorption sites. At this point, the energy of adsorption is 398 

constant, and no transmigration of adsorbate occurs on the surface. The linearised form of the 399 

Langmuir isotherm model can be expressed in Eq. (5): 400 

 401 𝐶𝑒
 q𝑒 = 1𝐾𝐿𝑄𝑚 + 𝐶𝑒

 Q𝑚                                           (5) 402 

 403 
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where Ce (mg·L-1) is the concentration at equilibrium, Qe (mg·g-1) is the amount of adsorption 404 

at equilibrium, Qm (mg·g-1) is the maximum monolayer capacity of adsorbent, and KL (L·mg-
405 

1) is the Langmuir adsorption constant. A plot of 1/qe against 1/Ce should be linear if the 406 

adsorption follows Langmuir behaviour, with a slope of 1/KLQm and intercept of 1/ Qm. 407 

Dimensionless separation factor, RL is also an essential parameter in Langmuir isotherm that 408 

can be calculated as Eq. (6): 409 

 410 𝑅L = 11+𝐾𝐿C0                          (6) 411 

 412 

where RL implies the Langmuir isotherm to be either irreversible (RL = 0), favourable (0 < RL 413 

< 1), linear (RL = 1) or unfavourable (RL > 1).  The Freundlich isotherm model is an empirical 414 

correlation depicting the adsorption of solutes from liquid to solid surface and presumes that 415 

multilayer adsorption happens on a heterogeneous surface through weak van der Waals forces.  416 

The linear form of the Freundlich is shown in Eq. (7): 417 

 418 

𝒍𝒐𝒈 𝒒𝒆 = ( 𝟏𝒏𝒇) 𝒍𝒐𝒈 𝑪𝒆 +  log K𝒇                    (7) 419 

  420 

where Kf and n are Freundlich constant and heterogeneity factor, respectively, which are 421 

determined by the intercept and slope of the linear plot (Fig. 11). It can be seen that as the  BPA 422 

concentration increases, the equilibrium adsorption capacity of both AB and GO-AB 423 

adsorbents rises gradually owing to an escalation of BPA chemical potential. The estimated 424 

model parameters are summarised in Table 3. Owing to the high correlation coefficient (R2 > 425 

0.98), the Freundlich isotherm seems to be a favourable model to describe the adsorption 426 

activity, which is initiated by the multi-molecular layer adsorption process. However, the RL 427 
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values of AB and GO-AB obtained through Langmuir model are in the range of  0 to 1, which 428 

indicated that the adsorption of BPA on both adsorbents is preferential adsorption. In addition, 429 

based on the Qmax obtained from the Langmuir isotherm, GO-AB fabricated in this work 430 

possessed higher adsorbability (384.62 mg/g), exceeding other adsorbents investigated, making 431 

it a potential candidate to remove BPA. 432 

 433 

 434 

Fig. 11. Langmuir and Freudlich isotherm plots for AB and GO-AB 435 

 436 

Table 3. Langmuir and Freundlich parameters for adsorption isotherms of AB and GO-AB 437 

aerogel 438 

Adsorption model Isotherm parameters AB GO-AB 

Langmuir KL (L·mg-1) 0.03 0.03 

 Qm (mg·g-1) 250.00 384.62 

 RL 0.9997 0.9997 

  R2 0.9235 0.9149 

 Kf(L·mg-1) 27.35 29.33 

Freundlich n 2.3490 1.9272 

 R2 0.9801 0.984 

 439 

 440 

4. Conclusion 441 

In this work, alginate-based adsorbents (AB and GO-AB) were successfully prepared and 442 

characterized. In general, the addition of GO into AB significantly improved the 443 
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physicochemical properties of the alginate-based adsorbent through composite networking 444 

reinforcement, where GO acts as a crosslinker to strengthen the GO-AB structure. The thermal 445 

stability of GO-AB was found to improve due to the suppression of AB chain’s mobility by 446 

strong electrostatic interaction with GO. The BET result shows that the adsorbent prepared is 447 

mesoporous, with an increase of pore diameter for GO-AB.  The adsorption of BPA on AB 448 

occurred rapidly through the electrostatic interaction and highly depending on pH of aqueous 449 

solution. The adsorption behaviour fitted the pseudo-second-order kinetics model and 450 

Freundlich model, respectively. The maximum adsorption capacity of AB and GO-AB were 451 

250.00 and 384.62 mg∙g−1, respectively. This suggests that GO-AB is a promising adsorbent 452 

for the removal of BPA from aqueous solution.  453 
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Figures

Figure 1

The schematic diagram of interaction between GO and alginate forming GO-alginate beads (GO-AB)



Figure 2

Photograph of extruded aerogel beads in CaCl2 solution



Figure 3

Photograph of alginate bead (AB) and graphene oxide-alginate beads (GO-AB) prepared in this work,
before and after drying.



Figure 4

XRD spectra of GO, AB, and GO-AB



Figure 5

FTIR spectra of GO, AB, and GO-AB aerogels.

Figure 6

TGA of GO, AB, and GO-AB



Figure 7

Nitrogen adsorption –desorption measurement of AB and GO-AB adsorbents



Figure 8

Removal e�ciencies and adsorption capacities of AB and GO-AB towards BPA at pH values of 3, 7, and 9
(Mass of adsorbent and initial concentration of BPA were �xed at 0.5 g·L-1 and 50 mg·L-1, respectively)



Figure 9

Effects of BPA initial concentrations (C0=50, 100, 150, and 200 50 mg·L-1) on adsorbent performances in
term of removal e�ciency and adsorption capacity (Mass of adsorbent and pH were set at 0.5 g·L-1 and
7, respectively.



Figure 10

Experimental kinetics data (a) pseudo �rst order (PFO) and (b) pseudo second order (PSO) for the
adsorption of BPA by AB and GO-AB. The dotted lines show the predicted values of the best-�tted model.



Figure 11

Langmuir and Freudlich isotherm plots for AB and GO-AB


