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Abstract 16 

In this study, reduced graphene oxide (rGO) was successfully produced from graphite 17 

precursor by chemical oxidation and exfoliation processes which were followed by a reduction 18 

process in mild conditions.  rGO was then applied in the adsorption of tetracycline (TC) in water. 19 

SEM/EDX, XRD, FT-IR, BET, pHpzc were conducted to characterize the synthesized materials. 20 

The adsorption efficiency of TC from water was evaluated by changes in several factors such as 21 

contact time, temperature, pH of the solution, adsorbent load, and tetracycline concentration. 22 

Furthermore, adsorption kinetics, thermodynamics, and isotherms were also investigated. As the 23 

result, the adsorption process of TC onto rGO was spontaneous, endothermic, and governed by 24 



 2 

both physisorption and chemisorption. The maximum uptake calculated from Langmuir isotherm 25 

model was 58.03 mg/g. rGO material could be regenerated by using methanol and diluted NaOH 26 

solutions. The findings in this work provides a complete data on the TC adsorption process onto 27 

rGO and the process of recovery and reuse of rGO. 28 

 29 

Keywords: Tetracycline, adsorption, influencing parameters, thermodynamics, kinetics, 30 

regeneration. 31 

 32 

Introduction 33 

Since their discovery in 1928, antibiotics have played a very important role in human health 34 

protection and the livestock industry. They have been extensively and effectively used in human 35 

and veterinary medicines and their benefits have also been recognized in agriculture, aquaculture, 36 

bee-keeping, and livestock as growth promoters [1]. It is estimated that millions of people have 37 

been saved from diseases (smallpox, cholera, typhoid fever, syphilis, etc.) thanks to antibiotics. 38 

Intensive use of antimicrobials in livestock is a global trend. Van Boeckel et al. [2] 39 

estimated that global consumption of antimicrobials in animal food production was 63,151 40 

(±1,560) tons in 2010, then doubled in 2013 (~131.109 tons) and expected to reach 200,235 tons 41 

by 2030 [2, 3]. The increasing usage of antibiotics raised a concern about the effect of their residue 42 

to the environment and human health. Beek et al. [4] collected data from more than 1000 43 

publications about pharmaceutical concentrations and found that pharmaceuticals in the 44 

environment were truly a topic of global concern when it detected in 71 countries all around the 45 

world. The antibiotic – containing wastewater is the main factor contributing to the promotion of 46 

bacterial resistance genes, antibiotic resistant bacteria and some allergic reactions in human and 47 
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animals [5, 6]. Antibiotic-resistant infections also contribute to the financial burden on healthcare 48 

systems. 49 

Tetracycline (TC) antibiotics are one of the primarily antibiotics groups used for veterinary 50 

purposes, for human therapy and in agriculture sector as feed additive [7]. According to Chen et 51 

al. [8] tetracyclines are ranked second in the production and usage of antibiotics worldwide and 52 

are ranked first place in China. Tetracycline is high water solubility (0.041mg/L) and low volatility 53 

(low log KOW). Therefore, it likely is persistent in the aquatic environment. Tetracycline was 54 

detected 0.151µg/L (median) and 0.977µg/L (maximum) in wastewater treatment plants [9] and 55 

municipal wastewater treatment plants effluent samples [10].  56 

Several techniques have been developed to efficiently and effectively remove TC residues 57 

from water such as membrane filtration [11] adsorption [12], and advanced oxidation processes 58 

[13-16]. Among these methods, adsorption was a simple treatment method; it was affordable, easy 59 

to handle with simple equipment, and low cost. In addition, the adsorbent could be recycled and 60 

able to reuse several times. There were various mechanisms that affect the accumulation of 61 

adsorbates on the surface of adsorbent like π – π interaction, electrostatic interaction, and pore-62 

filling mechanism [17, 18]. 63 

Graphene is a single layer of carbon with thickness as a carbon molecule, dense with sp2 64 

carbon molecules in honeycomb lattice [19]. Graphene oxide (GO) is oxidized graphene and has 65 

the presence of oxygen-containing functional groups while reduced graphene oxide (rGO) is 66 

obtained from the reduction of GO by removing oxygen-containing functional groups. There were 67 

differences in functional groups or C:O ratio between GO and rGO [20, 21]. Although the presence 68 

of oxygen-containing groups make GO able to be hydrophilic which is suitable for water treatment, 69 

they usually weaken the π-electron activity linked to a high fraction of sp3 C atoms, which is 70 
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important interaction in the adsorption process [20]. On the other hand, rGO had a large specific 71 

surface area and significantly fewer functional groups than GO [22, 23]. Therefore, rGO is a 72 

promising adsorbent for the treatment of different pollutants. Huízar-Félix et al. [24]  reported 73 

about the removal of TC using magnetic rGO material, which was expected to increase 74 

electrostatic interaction between rGO with the TC and recoverability. rGO also showed a rather 75 

high adsorption capacity for TC/sulfamethazine mixture (277.76 mg/g) than each substance 76 

(219.10mg/g for TC and 174.42mg/g for sulfamethazine) [25]. However, there is a lack of research 77 

conducting a complete study on the effect of different parameters on the adsorption of TC by rGO, 78 

which provide fully information of the adsorption of TC by rGO. 79 

This paper aims to synthesize rGO from graphite precursor by chemical reduction of GO 80 

using L-ascorbic acid and employ rGO material to study the TC adsorption process. The effect of 81 

cintact time, temperature, initial pH, adsorbent dosage, initial TC concentration, and stability and 82 

reusability of the material will be investigated. Furthermore, the adsorption isotherms, adsorption 83 

kinetics, adsorption thermodynamics will be reported. 84 

 85 

2. Experimental 86 

2.1. Chemicals 87 

Tetracycline powder (95.3% purity) were purchased from LKT Laboratories, Inc (Japan). 88 

Tetracycline stock solutions (100mg/L) were prepared by dissolving TC powder in double distilled 89 

water and stored at 4°C. Graphite fine powder extra pure were obtained for Merck (Germany). 90 

Concentrated sulfuric acid (H2SO4), sodium nitrate (NaNO3), potassium permanganate (KMnO4), 91 

hydrogen peroxide (H2O2), hydrochloric acid (HCl), L-ascorbic acid (C6H8O6), nitric acid (HNO3), 92 
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and sodium hydroxide (NaOH) were purchased from Xilong Scientific Co., Ltd. (China). All of 93 

the reagents used were of analytical grade. 94 

2.2. Preparation of reduced graphene oxide 95 

GO was synthesized by using modified Hummer’s methods [15, 16]. The oxidation of 96 

graphite was conducted with the mixture of KMnO4, H2SO4, NaNO3. The obtained product was 97 

washed several times with doubly distilled water and then dried at 50°C overnight. 98 

rGO was synthesized by the chemical reduction method using L-ascorbic acid. 1 gram of 99 

L-ascorbic acid is dissolved in 100 ml of distilled water. After adding 0.1 g of GO, the mixture 100 

was ultrasonicated in 45 minutes, then heated to 90~95°C for 1 hour. After the reaction time, the 101 

black precipitate was filtered by a vacuum pump and further washed by 1 M HCl and doubly-102 

distilled water until a neutral pH value was achieved. Finally, the solid product was dried in a 103 

vacuum oven at 60°C for 4 hours. 104 

2.3. Characterization of rGO material 105 

X-ray powder diffraction (XRD) patterns were analyzed by X-ray diffraction spectroscopy 106 

(Miniflex 600, Rigaku, Japan) using Cu Kα radiation source (λ = 1.5418 Å) operated at a scan rate 107 

of 0.03º.s-1 within a 2θ range from 5o–70o. Surface morphology and elemental composition of the 108 

material were performed by JSM-IT100/JED-2300 Analysis station, JEOL. Fourier Transform 109 

Infrared Spectroscopy (FT-IR) were recorded on an IR spectrometer Jasco 4600 (Japan) with a 110 

resolution of 4 cm-1 in the range of 400-4000 cm-1 at room temperature. Surface areas of the 111 

synthesized materials were measured by the Brunauer-Emmett-Teller method performed by a 112 

NOVAtouch LX4. The point of zero charges of the sample was examined by pH drifting method 113 

as presented in our previous work [16]. The calculation of crystalline particles from XRD data, the 114 

Debye - Scherrer equation was used as follows: 115 
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𝐷 = 0.9.𝜆𝛽.𝑐𝑜𝑠𝜃   (Eq. 1) 116 

where is the X-ray wavelength of Cu–Kα radiation source ( = 0.15418 nm), β (in radians) is the 117 

full width at half maximum (FWHM) intensity of the diffraction peak located at 2, and is the 118 

Bragg angle. 119 

2.4. Batch experiments 120 

Batch experiments were performed as the following procedure: Firstly, 100 mL of 10 mg/L 121 

TC solution was prepared from 1000 mg/L TC stock solution then transferred to a conical flask. 122 

Subsequently, 10 mg of the rGO material was added to the solution. The mixture was shaken at 123 

120 rpm. 2 mL of solution was sampled at an interval time of 1 hour, filtered to determine the 124 

remaining TC concentration in the solution by UV–Vis spectroscopy (model UH5300/Hitachi, 125 

Japan) at an optimal wavelength of 358 nm. To evaluate the impact of solution pH on the 126 

adsorption efficiency of rGO, the pH value of the examined solutions was adjusted within the 127 

range of 2 to 10 while other conditions were unchanged. The impact of adsorbent dose on the 128 

adsorption efficiency of rGO was examined by varying rGO concentrtion from 50 mg/L to 250 129 

mg/L, and keeping other parameters unchanged. Similarly, the influence of initial TC 130 

concentrations on rGO adsorption efficiency was tested within the range of 5 mg/L to 80 mg/L. 131 

Finally, the impact of temperature was examined with three temperature 298 K, 308K, and 318K. 132 

It is noted that all the experiments were conducted in triplicate.  133 

2.4.1. Adsorption isotherm models 134 

The adsorption uptake for TC removal qt (mg/g) at time t was calculated by the equation (1): 135 𝑞𝑡 = (𝐶0−𝐶𝑡).𝑉𝑚    (Eq. 2) 136 
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where C0 (mg/L) and Ct (mg/L) are the TC initial concentrations and at time t (min), respectively. 137 

V is the volume of TC solutions (L); m is rGO mass (g). 138 

The Langmuir (Eq. 3) and Freundlich (Eq. 4) are the two most commonly used isotherm models 139 

for describing the adsorption of pollutants onto graphene-based adsorbents [26]. 140 𝑞𝑒 = 𝑞𝑚𝑎𝑥.𝑏.𝐶𝑒(1+𝑏.𝐶𝑒)    (Eq. 3) 141 𝑞𝑒 = 𝐾. (𝐶𝑒)𝑛   (Eq. 4) 142 

where qmax is the Langmuir maximum uptake (mg/g), Ce is the equilibrium solution sorbate 143 

concentration (mg/L), and n is the Freundlich linearity constant. b and K designate the Langmuir 144 

bonding term related to the interaction energies (L/mg) and the Freundlich affinity coefficient 145 

(Ln.mg(1−n)/g), respectively. 146 

The Langmuir model supposes homogeneous binding sites, with equivalent sorption energies, 147 

and no interaction between adsorbed pollutants whereas the Freundlich is an empirical model 148 

related to an exponential distribution of adsorption sites and energies. The parameters obtained 149 

from the Langmuir and Freundlich models reveal important information on the surface property 150 

and affinity of the adsorbent as well as the sorption mechanism. In this report, the experimental 151 

data is fitted with Langmuir and Freundlich isotherm models by using OriginLab software version 152 

9.0, OriginLab Corporation). 153 

2.4.2. Adsorption kinetics modeling 154 

In this work, pseudo-first-order, pseudo-second-order, and intra-particle diffusion models were 155 

deployed to examine the adsorption kinetics. They can be written as the following where the 156 

pseudo-first-order, pseudo-second-order, and intra-particle diffusion models are presented in 157 

equations 5, 6, and 7, respectively. 158 ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝐾1. 𝑡  (Eq. 5) 159 
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𝑡𝑞𝑡 = 1𝐾2.𝑞𝑒2 + 𝑡𝑞𝑒    (Eq. 6) 160 

𝑞𝑡 = 𝐾3. 𝑡1/2 + 𝐶    (Eq. 7) 161 

where 𝑞𝑒  and 𝑞𝑡  are the adsorption uptake of TC at equilibrium and at time t (min) while 𝐾1 162 

(1/min) is the adsorption rate constant, 𝐾2 (g/mg.min) is the rate constant of the second-order 163 

model, 𝐾3 (mg/g.min1/2) is the rate constant of the intra-particle diffusion model, and C is the 164 

intercept. 165 

These kinetics models were evaluated in terms of the normalized standard deviation △q (%), 166 

which is calculated as: 167 

∆𝑞(%) = (𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙)𝑞𝑒,𝑒𝑥𝑝 . 100   (Eq. 8) 168 

2.4.3. Adsorption thermodynamics modeling 169 

Thermodynamic characteristics of TC adsorption processes onto rGO were evaluated by 170 

thermodynamic parameters which involved changes in Gibbs free energy (G), enthalpy (H), and 171 

entropy (S). These parameters can be expressed as follows: 172 ∆𝐺 = −𝑅𝑇𝑙𝑛(𝐾𝑑)   (Eq. 9) 173 𝐾𝑑 = 𝑞𝑒𝐶𝑒    (Eq. 10) 174 ∆𝐺 = ∆𝐻 − 𝑇. ∆𝑆   (Eq. 11) 175 𝑙𝑛(𝐾𝑑) = ∆𝑆𝑅 − ∆𝐻𝑅𝑇   (Eq. 12) 176 

where R: the universal gas constant = 8.314 (J/mol K), T: the temperature (K), and Kd: the 177 

distribution coefficient for the adsorption of TC. 178 

2.4.4. Regeneration of the adsorbent 179 

The regeneration of adsorbent is an important factor to evaluate the application of the process 180 

in reality. In this work, three successive cycles of adsorption–desorption were conducted. rGO 181 
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adsorbent was first washed several times with methanol 99.6%, then shaken in 0.1 M NaOH 182 

solution for 12 hours. In the subsequent step, the adsorbent was washed with distilled water to 183 

reach pH7 (verification by a pH meter HI2210-02, Hanna Instruments) prior to using for the next 184 

adsorption experiment. 185 

 186 

3. Results and discussion 187 

3.1. Characterization of materials 188 

The XRD patterns of rGO, GO, and graphite are presented in the Fig 1. It can be clearly 189 

seen that characteristic peaks of graphite at 2θ = 26.6o and 54o. The peak at 26.6o was shifted to 190 

10.62o, characterizing the presence of GO crystalline structure [17, 24, 15], indicated that the 191 

graphite was fully oxidized. The broaden peak for rGO at 2θ = 24.6o implied that the rGO structure 192 

was arranged randomly, resulting in the formation of a single or only a few layers of rGO. A weak 193 

intensity peak at 2θ =42.88o might be attributed to the turbostratic structure of disordered carbon 194 

materials [16, 29, 30]. 195 

 196 

Fig. 1 XRD pattern of graphite, GO, and rGO materials. 197 
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The interlayer distance of GO was 8.33 Å, which was 2.5 times higher than the interlayer 198 

distance of graphite precursor (calculated from Eq.1). This phenomenon might be explained by the 199 

insertion of oxygen functional groups in the graphite plate after oxidation [27]. The interlayer 200 

distance of rGO was 3.59 Å, which was significantly decreased due to the elimination of various 201 

oxygen-containing functional groups after the chemical reduction [28]. 202 

 203 

Fig. 2 FT – IR spectrum of GO and rGO materials. 204 

Functional groups of GO and rGO were examined with the aid of the FT-IR method, and 205 

the corresponding spectrum of GO and rGO were shown in Fig. 2. The spectrum of GO shows 206 

several similarities with previous studies, consisted of an intense peak at 3446 cm-1 and other weak 207 

intensity peaks at 1728, 1627, and 1070 cm-1, which might be associated with the vibration of O-208 

H, C=O, C=C, and O-C-O, respectively [15, 16, 31]. It was noted that the rGO spectrum witnessed 209 

a diminish in the intensity of the peak at 1728 cm-1, 1397 cm-1, and 1070 cm-1, which indicated the 210 

reduction of aldehyde (C=O) groups, tertiary C-OH groups, and alkoxy groups. The appearance 211 
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of an intense peak at 1591 cm-1 confirmed the restoration of the sp2 carbon networks [32]. The 212 

obtained results suggested the reduction of oxygen-containing groups by L-Ascorbic acid. This 213 

observation was also confirmed by the EDX analysis presented in the subsequent section. 214 

The images of graphite and rGO are described in Fig. 3a and 3b, respectively. It was shown 215 

that the graphite’s structure was characterized by several layers stacked while rGO took a typical 216 

wrinkled morphology. 217 

 218 

Fig. 3 SEM images of (a) graphite and (b) rGO materials. 219 

 220 

The elemental composition of the material was examined by the EDX method. The C/O 221 

ratio in GO and rGO materials were respectively 1.07 and 7.10 (Table 1), implying that the removal 222 

of oxygen-containing functional groups led to the reduction of oxygen element in the rGO sheets. 223 

The obtained results in this work were comparable with previously reported results, which applied 224 

different reduction methods (Table 1). It is noted that the reduction of GO by L–ascorbic acid is 225 

milder and more acceptable than the use of NaBH4 or hydrazine, which can result in the formation 226 

of toxic gases and/or damage to the product’s structure [33]. 227 

 228 

 229 
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Table 1. Elemental composition of materials in this study and previous studies. 230 

 231 

The BET analyses are displayed in Fig. 4. The N2 adsorption-desorption isotherm was 232 

characterized by type IV and the H3 hysteresis loop [15]. Type IV isotherm was associated with 233 

capillary condensation taking place in mesopores, while the H3 hysteresis loop exhibited the 234 

aggregates of micropores associated with plate-like particles giving rise to slit-shaped pores [15]. 235 

The pore-size distribution in rGO presented two typical peaks with a half pore width of ~3.2 nm 236 

and about 12 nm while most of the pores had a radius below 25 nm, suggesting that synthesized 237 

rGO was mesoporous material. The specific surface area of rGO was 341.2 m2/g, significantly 238 

higher than that of graphite (7.78 m2/g). The surface area of rGO was quite lower than the 239 

theoretical value (around 2,500 m2/g) could be attributed to tight hydrogen bonding and the 240 

formation of aggregates from rGO sheets when the solvents were removed [39, 40]. 241 

Material C/O atomic ratio Reduction agent References 

Graphite 23.75 

L-ascorbic acid This study GO 1.07 

rGO 7.10 

Graphite 17.87 

L-ascorbic acid [33] GO 2.65 

rGO 2.89-5.15 

rGO 5.38 NaBH4, CaCl2 (catalyst) [34] 

GO 2.23 
Azotobacter chroococcum [8] 

rGO 4.18 

rGO 6.87 – 6.97  NaBH4 [35] 

rGO 15.1 Hydrazine [36] 

rGO 2.73 – 3.64 Starch [37] 

rGO 7.75 Aluminum powder [38] 
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 242 

Fig. 4 Nitrogen adsorption – desorption isotherm and pore size distribution of (a) graphite and 243 

(b) rGO samples. 244 

Point of zero charges (pHpzc) is when the surface charge of the material equals zero. In this 245 

work, the pHpzc of the rGO material was 5.2, implying that the rGO surface was positively charged 246 

in pH < 5.2 solutions while it was negatively charged pH>5.2 solutions. 247 

3.2. TC adsorption processes onto rGO material 248 

3.2.1. Effect of contact time and pH  249 

 The obtained results are shown in Fig. 5. It was clear that the adsorption uptake of rGO 250 

quickly increased during the first 6 hours, reached 46.45 mg/g, then remained relatively stable 251 

afterward, suggesting that the equilibrium time for the adsorption of TC by rGO was 6 hours (Fig. 252 

5a). The initial pH of TC solutions was prepared in the range of 2–10 to study the impact of the 253 

pH value on the adsorption of TC onto rGO. When the initial pH value increased from 2 to 7, the 254 

adsorption capacity of rGO material augmented, reaching the maximum value of 30.92 (mg/g) at 255 

pH7 (Fig. 5b). This could be explained by the fact that when the pH < 4, the TC molecules were 256 

fully protonated [20] while rGO surfaces were positively charged as the pHpzc of rGO = 5.2, which 257 

would inhibit the accumulation of TC on the surfaces of rGO due to the electrostatic repulsive 258 

(b) 
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force. In the range of pH4 – pH7, the TC was in the form of zwitterion + − 0, the interaction 259 

between rGO and TC molecules was impacted by both electrostatic repulsion and attraction forces. 260 

As a result, the adsorption of TC molecules on rGO was controlled by the stronger one. In pH > 261 

7.7 solutions, TC was in the form of monovalent anion, + − −, or a divalent anion, 0 − − [15, 41]. 262 

This explained a decline in adsorption capacity of rGO in the pH  8 solutions (Fig. 5b) due to the 263 

electrostatic repulsion between rGO surface negatively charged and TC anions.  264 

  265 

Fig. 5 Effect of (a) contact time and (b) pH on the removal eficiency of rGO (adsorption 266 

conditions: [TC] = 5 mg/L, pH=6.5, mrGO = 10 mg, V = 100 mL). 267 

In addition to electrostatic interactions between rGO and TC molecules, the competitive 268 

adsorption between H+ and TC in acidic solutions and between OH- and TC in basic medium, the 269 

π – π interactions between TC and the aromatic structure of rGO dramatically enhanced the 270 

adsorption energy of rGO and TC, leading to an improvement of adsorption capacity [20]. 271 

3.2.2. Effect of adsorbent dosage 272 

The adsorbent dosage might affect the adsorption process because it supplies more 273 

available sites for TC molecules to be adsorbed. The results in Fig. 6a show that the adsorption 274 

capacity decrease in correlation with an increase in adsorbent load from 50 mg/L to 100 mg/L. The 275 

maximum uptake reached 46.29 mg/g, corresponding to the adsorbent load of 100 mg/L.  276 
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  277 

Fig. 6 (a) Effect of adsorbent dosage on TC removal by rGO, and (b) regeneration of rGO 278 

(adsorption conditions: [TC] = 5 mg/L, pH = 7.0, mrGO = 10 mg, V = 100 mL). 279 

When the adsorbent dose exceeded 100 mg/L, the adsorption capacity of rGO declined. 280 

These observations could be explained as 1) the total surface area became more important when 281 

rGO concentration increased, leading to better adsorption capacity. However, when the amount of 282 

the adsorbent exceeded 100 m/L, the aggregation of rGO sheets due to π – π interactions occurred, 283 

which could contribute to a decline in total surface area. This results in a lower TC removal 284 

efficiency [42, 43].  285 

3.2.3. Effect of initial concentration of TC: adsorption isotherms 286 

The results in Fig 7a reveal that the higher the initial concentration of TC the better removal 287 

capacity. This observation could be attributed to (1) at lower TC concentrations, the mass transfer 288 

of TC molecules and the adsorbed fraction of ions became low, resulting in lower adsorption 289 

capacity; (2) when the TC concentration increased, the increase in mass the transfer of TC 290 

molecules led to a higher fraction of molecules occupied the available adsorption sites on the 291 

surface of materials, therefore increasing the adsorption yield. When the TC concentration 292 

achieved a limit value (around 60-70 mg/L), the number of unoccupied active sites might decrease, 293 

leading to a decline in adsorption capacity. 294 
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 295 

Fig. 7 (a) Effect of initial concentration of TC, and (b) adsorption isotherms (adsorption 296 

conditions: [TC] = 5 - 80 mg/L, pH = 7, mrGO = 10 mg, V = 100 mL).  297 

The experimental results were subsequently subjected to two adsorption isotherm models 298 

(Langmuir and Freundlich) for studying the adsorption isotherm.  The obtained results in Fig. 7b 299 

depicted that the Langmuir model better described the adsorption of TC on rGO than the 300 

Freundlich model. This was supported by the slightly higher regression coefficient (R2) by the 301 

Langmuir model than the one obtained by the Freundlich model (0.986 vs 0.942). This suggested 302 

that chemisorption with monolayer was more importantly governing the adsorption process. The 303 

maximum adsorption uptake calculated by Langmuir model achieved 58.03 mg/g. The obtained 304 

result in this work was higher than the one (13.27 mg/g) obtained from the adsorption of TC onto 305 

biochar [44] but lower than the result (313 mg/g) obtained from the adsorption of TC onto GO 306 

[17]. This could be explained by different functional groups (–OH, –C=O, –COOH, –O–) on the 307 

surface of GO, which might facilitate the accumulation of TC molecules by electrostatic attraction 308 

forces [24]. 309 

 310 

 311 
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3.2.5. Effect of temperature 312 

The effect of temperature was examined with 298K, 308K, and 318K. The adsorption capacities 313 

at the selected temperatures were compared at the equilibrium condition (6 hours). The 314 

experimental data revealed that the adsorption capacity was positively proportional to the 315 

temperature (Fig 8). For instance, the adsorption capacity of rGO for the removal of 80 mg/L TC 316 

solutions at 298K, 308K, 318K respectively reached 60.76, 107.33 and 137.41 mg/g while these 317 

values for 10 mg/L TC solutions were 40.95 mg/g; 43.13 mg/g; and 43.30 mg/g, respectively. This 318 

implied that the adsorption process would be endothermic in case it was associated with reversible 319 

adsorption. 320 

 321 

Fig. 8 (a) effect of temperature on the TC adsorption, (b) adsorption isotherms at different 322 

temperature (conditions: [TC] = 5 – 80 mg/L, pH = 7.0, mrGO = 10 mg, V = 100 mL). 323 

3.2.5. Adsorption kinetics 324 

The results were better fitted with the pseudo-first-order model than the pseudo-second-325 

order (regression coefficient (R2) = 0,991 for the pseudo-second-order model compared with R2= 326 

0,998 for the pseudo-first-order model). In addition, the percentage deviations of qe for the pseudo-327 

first-order model was significantly lower than that obtained from the pseudo-second order model 328 
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(4.91% vs 34.2%), implying physisorption was predominant in the TC adsorption process (Table 329 

2). The constant rate K estimated from the first-order model was 0.6356 h-1. Table 2 also compares 330 

the constant rate of different materials used for TC adsorption. It indicated that the adsorption rate 331 

of rGO was higher than graphite and other materials such as pumice and biochar, but lower than 332 

GO probably due to a number of oxygen-containing functional groups on the surface of GO, which 333 

enhanced the adsorption of TC molecules by ion exchange and/or electrostatic attraction forces 334 

[24]. 335 

Table 2. Comparison of kinetic parameters of different materials in the adsorption of TC. 336 

Kinetic models 

Adsorbents 

rGO Graphite Biochar GO rGO Pumice 

Ps
eu

do
–1

st
 o

rd
er

 

 

qe (experimental) 46.54 33.01 6.42 38.03 37.5 2.83 

qe (mg/g) 48.71 31.51 3.27 - - 2.93 

K (h-1) 0.6356 0.014 0.081 - - 0.05 

R2 0.998 0.99 0.877 - - 0.99 

%Δqe 4.91 4.5 48.9 - - 3.6 

Ps
eu

do
–2

nd
 o

rd
er

 

 

qe (mg/g) 62,50 - 7.01 35,03 44.23 2.99 

K (g.mg-1.h-1) 0.017 - 0.069 0.065 5.4 0.049 

R2 0.991 - 0.99 0.99 0.991 0.98 

%Δqe 34.20 - 9.4 7.9 17.9 6.8 

In
tr

a 
-p

ar
tic

le
 Kd (mg.g-1.h-0.5) 0.0637 - - - - - 

C (mg.g-1) 0.7591 - - - - - 

R2 0,987 - - - - - 

References This study [45] [44] [17] [24] [46] 
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3.2.6. Adsorption thermodynamics and regeneration of adsorbent 339 

To assess energy exchange phenomenon of the TC sorption process, Gibbs free energy 340 

(ΔG), enthalpy (ΔH), and entropy (ΔS) were estimated. ΔG values were negative at all temperature 341 

(-7.79, -9.31, and -9.54 kJ/mol for 298, 308, and 318K) which confirmed the spontaneous nature 342 

of the adsorption of TC onto rGO (Table 3). 343 

Table 3. Thermodynamic parameters of TC adsorption process onto rGO. 344 

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ·mol-1·K-1) 

298 -7.79 

17.97 0.087 308 -9.31 

318 -9.54 

 345 

In general, the adsorption enthalpy in the range of 2 to 20 kJ/mol characterizes physical 346 

adsorption. The positive value of ΔH (17.97 kJ/mol) confirmed that the adsorption process was 347 

endothermic and physisorption (Table 3). It was noted that the results of adsorption isotherm 348 

revealed that chemisorption with monolayer was more important process while the results on 349 

adsorption thermodynamics and kinetics indidated physisorption played a more important role than 350 

chemisorption; therefore, it could be concluded that the TC adsorption onto rGO was of both 351 

physisorption and chemisorption. The positive value of ΔS (87 J.mol-1.K-1) reflected an increase 352 

in the disorder and randomness at rGO-solution interfaces during the sorption of TC.  353 

It is noted that the successive desorption–adsorption trial was repeated three times in which 354 

adsorption test was performed at optimal conditions (10 mg rGO, 5 mg/L MB solution (pH=7), 355 

and a contact time of 6 hours). The adsorption efficiency remained very high (> 89%) after three 356 
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cycles for TC adsorption (Fig 6b). This suggests that methanol and 0.1 M NaOH solutions could 357 

be deployed to regenerate rGO for further adsortion process. 358 

 359 

Conclusions 360 

The reduced graphene oxide was successfully synthesized using chemical reduction 361 

process with the aid of L – ascorbic acid as the reducing agent. Effects of different parameters on 362 

the adsorption of TC onto rGO material such as contact time, temperature, pH of the solution, 363 

adsorbent dosage, and TC initial concentration were studied. The optimal conditions for the 364 

adsorption of TC onto rGO were 6 hours, pH=7, adsorbent load = 100 mg/L, TC initial 365 

concentration = 60 mg/L. The TC adsorption process was better described by the pseudo-first-366 

order model and the Langmuir adsorption isotherm model. The maximum uptake calculated by 367 

Langmuir model was 58.03 mg/g. The TC adsorption process was spontaneous, endothermic. Both 368 

chemisorption and physisorption mechanisms occurred during the TC adsorption process. The 369 

recovery and reuse of rGO could be performed by using methanol and diluted NaOH solutions, 370 

with a decrease of about 6% in adsorption efficiency after 3 cycles. This research revealed that the 371 

rGO was a promising material for the removal of TC from solutions. 372 

 373 
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