This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Aqueous removal of inorganic and organic
contaminants by graphene‑based
nanoadsorbents : a review
Kim, Sewoon; Park, Chang Min; Jang, Min; Son, Ahjeong; Her, Nauguk; Yu, Miao; Snyder,
Shane Allen; Kim, Do‑Hyung; Yoon, Yeomin
2018
Kim, S., Park, C. M., Jang, M., Son, A., Her, N., Yu, M., . . . Yoon, Y. (2018). Aqueous removal of
inorganic and organic contaminants by graphene‑based nanoadsorbents : a review.
Chemosphere, 212, 1104‑1124. doi:10.1016/j.chemosphere.2018.09.033

https://hdl.handle.net/10356/138064
https://doi.org/10.1016/j.chemosphere.2018.09.033

© 2018 Elsevier Ltd. All rights reserved. This paper was published in Chemosphere and is
made available with permission of Elsevier Ltd.
Downloaded on 09 Jan 2023 12:15:54 SGT

1

Aqueous removal of inorganic and organic contaminants by

2

graphene-based nanoadsorbents: A review

3
4
5

Sewoon Kima, Chang Min Parkb, Min Jangc, Ahjeong Sond, Nauguk Here, Miao Yuf,

6

Shane Snyderg,h, Do-Hyung Kimi*, Yeomin Yoona**

7
a

8

Department of Civil and Environmental Engineering, University of South Carolina, Columbia,

9

300 Main Street, SC 29208, USA
b

10

Department of Environmental Engineering, Kyungpook National University, 80 Daehak-ro,

11

Buk-gu, Daegu 41566, Republic of Korea
c

12

Department of Environmental Engineering, Kwangwoon University, 447-1 Wolgye-Dong

13

Nowon-Gu, Seoul, Republic of Korea
d

14

Department of Environmental Science and Engineering, Ewha Womans University,

15

52 Ewhayeodae-gil, Seodaemun-gu, Seoul 03760, Republic of Korea
e

16

Department of Civil and Environmental Engineering, Korea Army Academy at Young-cheon,

17

495 Hogook-ro, Kokyungmeon, Young-Cheon, Gyeongbuk 38900, Republic of Korea
f

18

Department of Chemical and Biological Engineering, Rensselaer Polytechnic Institute,

19
20

Troy, NY, 12180, USA
g

School of Civil & Environmental Engineering, Nanyang Technological University, 1 Cleantech

21

Loop, 637141Singapore
h

22

Department of Chemical and Environmental Engineering, University of Arizona, Tucson, AZ,

23
24

85721USA
i

Korea Environmental Industry & Technology Institute, 215 Jinheungno, Eunpyeong-gu, Seoul,

25

Republic of Korea

26
27

*

e-mail: dhkim@keiti.re.kr

28
29
30

Corresponding author: Tel.: +82-2-2284-1426; Fax: +82-2-2284-1437

**

Corresponding author. Tel.: +1- 803-777-8952; Fax: +1-803-777-0670
e-mail: yoony@cec.sc.edu

0

31

Abstract

32

Various graphene-based nanoadsorbents, including graphenes, graphene oxides, reduced

33

graphene oxides, and their nanocomposites, have been widely studied as potential adsorbents due

34

to their unique physicochemical properties, such as structural variability, chemical strength, low

35

density, and the possibility of large scale fabrication. Adsorption mechanisms are governed

36

largely by the physicochemical properties of contaminants, the characteristics of nanoadsorbents,

37

and background water quality conditions. This review summarizes recent comprehensive studies

38

on the removal of various inorganic (mainly heavy metals) and organic contaminants by

39

graphene-based nanoadsorbents, and also discusses valuable information for applications of

40

these nanoadsorbents in water and wastewater treatment. In particular, the aqueous removal of

41

various contaminants was reviewed to (i) summarize the general adsorption capacities of various

42

graphene-based nanoadsorbents for the removal of different inorganic and organic contaminants,

43

(ii) evaluate the effects of key water quality parameters such as pH, temperature, background

44

major ions/ionic strength, and natural organic matter on adsorption, (iii) provide a

45

comprehensive discussion of the mechanisms that influence adsorption on these nanoadsorbents,

46

and (iv) discuss the potential regeneration and reusability of nanoadsorbents. In addition, current

47

challenges and future research needs for the removal of contaminants by graphene-based

48

nanoadsorbents in water treatment processes are discussed briefly.

49
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1. Introduction

54

Numerous inorganic (e.g., heavy metals) and organic (e.g., polycyclic aromatic hydrocarbons,

55

pesticides, herbicides, endocrine disrupting compounds, pharmaceuticals, personal care products,

56

etc.) contaminants have been found in various ground/surface waters and wastewaters worldwide

57

(Chowdhury et al., 2016; Grandclement et al., 2017; Huber et al., 2016; Ryu et al., 2011; Yi et al.,

58

2017; Yoon et al., 2010). The efficiency of removal of these contaminants varies significantly,

59

and depends on the water or wastewater treatment method (Ren et al., 2018a; Ren et al., 2018b).

60

Current technologies for water treatment include coagulation/flocculation/sedimentation,

61

activated carbon, carbon nanotubes, chlorination, ozonation, biodegradation, membrane filtration,

62

sonodegradation, and ultraviolet light (Al-Hamadani et al., 2016; Chu et al., 2017; Chu et al.,

63

2016; Heo et al., 2013; Im et al., 2013; Jung et al., 2013; Jung et al., 2015; Nam et al., 2015a;

64

Nam et al., 2015b; Park et al., 2017a; Park et al., 2018; Park et al., 2017b; Park et al., 2011). Of

65

all these common technologies, adsorption is generally recognized as the most promising

66

technique for water and wastewater treatment due to its adaptability, wide applicability, cost-

67

effectiveness and feasibility (Chowdhury and Balasubramanian, 2014). In particular, activated

68

carbon (i.e., a crude form of graphite) is the most favored adsorbent owing to its large effective

69

surface area and highly porous structure (Malaviya and Singh, 2011; Mohanadhas and

70

Govindarajan, 2018; Yeom and Kim, 2017).

71

Graphenes, first synthesized by Boehm et al. in 1986 (Boehm et al., 1986), consist of one-

72

atom-thick planar sheets of sp2-hybridized carbon atoms packed compactly in six-membered

73

rings. Graphenes are certainly the thinnest materials ever produced, and presumably also the

74

most simple form of carbon (Geim and Novoselov, 2007). In addition, they are the strongest

75

materials known to man, being both fragile and flexible at the same time, while pure graphenes
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76

are also impermeable to even the smallest gas molecules (e.g., helium) (Adar, 2011). Graphenes

77

have a tremendously large surface-to-volume ratio and exhibit excellent mechanical, electronic,

78

chemical, and thermal properties (Chen et al., 2012). These characteristics have attracted

79

substantial scientific interest in graphenes, resulting in many exciting and innovative applications,

80

such as antibacterial papers (Dikin et al., 2007), battery electrodes (Paek et al., 2009), biomedical

81

technologies (Ryoo et al., 2010), conducting polymers (Stankovich et al., 2006), nanoelectronics

82

(Ruoff, 2008), printable inks (Wang et al., 2010), structural composites (Stankovich et al., 2006),

83

supercapacitors (Dikin et al., 2007), and transport barriers (Compton et al., 2010). In recent years,

84

the unique properties of graphenes have led to their use as adsorbents for the removal of both

85

inorganic/heavy metal (Chang et al., 2013; Huang et al., 2011; Leng et al., 2012) and organic

86

(Apul et al., 2013; Bi et al., 2012; Cai and Larese-Casanova, 2016; Chen and Chen, 2015; Liu et

87

al., 2012b; Pei et al., 2013; Raad et al., 2016) contaminants in water and wastewater treatment.

88

Fig. 1 shows a schematic of some popular graphene synthesis techniques, along with their

89

respective features and potential applications.

90

More recently, the graphene-related materials graphene oxides (GOs) and reduced graphene

91

oxides (rGOs) have been fabricated extensively and used in numerous applications (Sanchez et

92

al., 2012). At present, most GOs are fabricated by the exfoliation and chemical oxidation of

93

virgin graphite, using either the Brodie (KClO4 + fuming HNO3) (Brodie, 1859), Staudenmaier

94

(H2SO4, HNO3, and KClO4) (Staudenmaier, 1898), or Hummers (H2SO4 and KMnO4) (Hummers

95

and Offeman, 1958) method to oxidize graphitizable carbons containing regions of graphitic

96

structure, or by some adaptation of these methods. Since numerous oxygen-containing functional

97

groups (e.g., hydroxyl (-OH) and epoxy (C-O-C) groups on the basal plane, and carboxyl (-

98

COOH) and carbonyl (-C=O) groups at the sheet edges) exist in the graphitic backbone of GOs

3

99

(Kim et al., 2010), they may be described as a highly oxidized form of graphene. As such, they

100

are attractive candidates for adsorption applications, and are well-suited to the adsorption of both

101

inorganic/heavy metal (Dong et al., 2016; Dong et al., 2014; Hu et al., 2017; Li et al., 2012a;

102

Wang and Chen, 2015) and organic contaminants (Chen et al., 2015; Ersan et al., 2016; Jiang et

103

al., 2016; Jiao et al., 2017; Konicki et al., 2017b), due to their high oxygen-containing surface

104

functionalities, large theoretical surface areas, and relatively high hydrophilicities (Zhou et al.,

105

2012). rGOs, formed from the thermal, chemical, or electrochemical reduction of GOs to

106

graphene-like sheets, are more defective and consequently less conductive than virgin graphenes

107

(Dreyer et al., 2010). However, rGOs are still adequately conductive for use in numerous

108

applications, including as adsorbents for the removal of inorganic/heavy metal (Lingamdinne et

109

al., 2017; Wang and Chen, 2015) and organic contaminants (Ali and Sandhya, 2014; Chen and

110

Chen, 2015; Gupta and Khatri, 2017; Liu et al., 2016b; Ray et al., 2017) from aqueous solutions.
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111
112

Fig. 1. Schematic of some popular graphene synthesis techniques along with their respective

113

features, and their potential applications (reprinted with permission) (Mittal et al., 2015).

114
115
116
117
118
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119

Fig. 2 illustrates the various structural models of GOs, which show their different layered

120

structures and charged surfaces that influence their applicability as adsorbents (Wang et al.,

121

2013b). The potential applications of graphene, GOs, and rGOs as nanoadsorbents depend

122

significantly on their uniform dispersion in aqueous solution, in addition to their capacity to

123

eliminate different kinds of contaminants. However, there are substantial limitations to these

124

nanoadsorbents because (i) bulk graphenes have the tendency to aggregate and restack to

125

procedure graphite during liquid processing (Cheng et al., 2012), (ii) GOs and rGOs have a

126

relatively weak binding attraction for negatively charged compounds due to strong electrostatic

127

interactions (i.e., repulsion) between GOs and anionic molecules (Chowdhury and

128

Balasubramanian, 2014), and (iii) graphene, GOs, and rGOs may not be separated and collected

129

from treated water readily, causing substantial recontamination (Wang et al., 2013b). To

130

overcome these limitations, recently, various graphene/GO/rGO-based nanocomposites and

131

hybrids have been fabricated. These have attracted significant interest for use in water and

132

wastewater treatment due to their facile dispersion and stabilization, ease of collection and

133

separation, and/or the high availability of adsorption sites to enhance adsorption capacity; such

134

hybrids and nanocomposites include graphene-Fe3O4 (Bharath et al., 2017; Guo et al., 2015b),

135

graphene-carbon nanotubes (Ai and Jiang, 2012), graphene-tannic acid (Liu et al., 2015), GOs-

136

Fe3O4 (Lin et al., 2013; Ouyang et al., 2015), 3D GOs monoliths (Fang et al., 2017b), GOs-

137

ethylenediamine triacetic acid (Madadrang et al., 2012), GOs-sponges (Liu et al., 2012a), GOs-

138

hydrogels (Guo et al., 2015a), magnetic rGOs (Bai et al., 2012; Geng et al., 2012; Sun et al.,

139

2011), and magnetic rGOs-hydrogel (Tiwari et al., 2013).

140
141
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(d) Nakajima-Matsuo

(e) Lerf-Klinowski

(f) Szabo

142
143

Fig. 2. Various models of GO chemical structure (reprinted with permission) (Wang et al.,

144

2013b).

145
146

To determine the degree of removal of inorganic and organic contaminants by graphene-

147

based nanoadsorbents, it is necessary to understand the interactions between nanoadsorbents and

148

contaminants, such as - bonding, hydrogen bonding, hydrophobic interactions, and

149

electrostatic interactions. The removal of contaminants from aqueous solution using graphene-

150

based nanoadsorbents is influenced by the properties of the contaminants (e.g., inorganic/heavy

151

metal or organic, size/shape, functional group(s), hydrophobicity, and pKa), as well as the

152

properties of the adsorbent itself (e.g., shape, charge, functional group(s), and hydrophobicity)
7

153

and water quality (e.g., solute concentrations, background ions, natural organic matter (NOM),

154

pH, and temperature). The primary goal of this review is to provide a comprehensive analysis of

155

the removal of various inorganic/heavy metal and organic contaminants by different graphene-

156

based nanoadsorbents under various water quality conditions, and to highlight briefly future

157

research areas where knowledge gaps still exist.

158
159

2. Removal of selected inorganic species by graphene-based nanoadsorbents

160

2.1. Removal of inorganic species by graphenes, GOs, and rGOs

161

2.1.1. Effects of water quality

162

pH: One of the most significant factors influencing adsorption processes is solution pH, since

163

both metal ion speciation and adsorbent surface functional groups can vary depending on pH (Li

164

et al., 2012b). Clearly, for antimony (Sb(III)), which is limited to 6 g L-1 in drinking water by

165

the United States Environmental Protection Agency, adsorption on graphene is very sensitive to

166

changes in pH (Leng et al., 2012). In this study, the highest Sb(III) removal of over 99% was

167

achieved for pH > 11, while relatively low adsorption was observed in both acidic and neutral

168

pH conditions. The surface charge of the graphenes becomes positive when the pH is lower than

169

3.8 due to protonation, such that the removal efficiency of Sb(III) increased with increasing pH

170

in this range. Above pH 3.8, the adsorption of Sb(III) increased significantly, as the surface

171

charge of the graphenes becomes more negative. This suggests that the Sb(III) adsorption

172

process may not be governed by electrostatic interactions, but is presumably influenced by van

173

der Waals interactions (Leng et al., 2012). In a separate study of low-temperature exfoliated

174

graphene nanosheets, Pb(II) adsorption also depended strongly on solution pH (Huang et al.,

175

2011). For solution pH < 3, the adsorption of Pb(II) was almost negligible (< 5%), but adsorption

8

176

increased significantly with increasing pH up to pH 8 (> 99%). This is because under acidic

177

conditions, the competition between Pb(II) with H+ resulted in low adsorption, as the mechanism

178

of Pb(II) adsorption on graphene nanosheets is generally considered to be complex formation

179

and/or ion exchange under relatively low pH conditions. However, the increase in the adsorption

180

capacity with pH was due to the decreased concentration of H+, which affects both adsorption

181

and precipitation. Under relatively high pH conditions, the graphene nanosheet layers are

182

composed of delocalized systems of π electrons that act as Lewis bases in water, and produce

183

electron donor-acceptor (EDA) complexes with water molecules and Pb(II) (Leon et al., 1992).

184

Machida et al. showed that Pb(II) removal by outgassed activated carbon was also governed by

185

electrostatic attractions between carbon π electrons and Pb(II) cations, rather than by an ionic

186

exchange mechanism (Machida et al., 2006).

187

Different radionuclides (Th, Pu, Am, Eu, U, Sr, and Np) adsorbed on GOs display typical S-

188

curve shapes at varying pH conditions ranging from 1–11 (Romanchuk et al., 2013). Complete

189

adsorption of Pu(IV) and Th(IV) at pH > 1.5 and Eu(III) and Am(III) at pH > 2.3 was observed,

190

which suggests that GOs may be very effective in the removal of these contaminants from

191

natural waters. While the formal cation charge influences the adsorption-pH dependency, U(VI)

192

adsorption decreased for pH > 7, presumably due to U(VI) carbonate complexation (Murphy et

193

al., 1999). The removal of Eu(III) increases significantly from approximately 20% to > 90% in

194

going from pH 2 to 8, and remains high above thereafter (Hu et al., 2017). During the Eu(III)

195

adsorption process, the solution pH decreased slightly, indicating that hydrogen ions were

196

released (Shao et al., 2009). Since under low pH conditions, the GO surface charge is fairly

197

positive, the adsorption of Eu(III) is low because of the electrostatic repulsion between Eu(III)

198

and the positively charged sites (SOH2+) on the GO surface. However, electrostatic repulsion

9

199

clearly decreases with increasing pH, since surface charge becomes more negative because of

200

deprotonation (i.e., SOH ⇌ SO- + H+). At pH < 6, Eu3+ is the dominant species, and thus

201

Eu(OH)3 and Eu(III) begin to form precipitates at pH > 7 and pH = 8.8, respectively (Chen et al.,

202

2008).

203

Zhao et al. showed that the uptake of Co(II) on GOs increased gradually with pH for pH < 6,

204

sharply for pH 6 to 9, and remained high above pH 9, while the removal of Cd(II) by GOs

205

increased significantly across the entire pH range (Zhao et al., 2011). At pH < 8, Cd2+ and Co2+

206

are the predominant species of Cd(II) and Co(II), respectively, and the removal of Cd(II) and

207

Co(II) is governed primarily by sorption reactions. Cd(II) and Co(II) begin to form precipitates at

208

approximately pH 9.1 and 8.2, respectively, in the absence of GOs. However, more than 95%

209

Cd(II) and 90% Co(II) was adsorbed on GOs at pH 9. Thus, precipitate did not form due to the

210

very low concentrations of Cd(II) and Co(II) remaining in solution (Zhao et al., 2011). The

211

surface charge of GOs, rGOs and annealed rGOs, and the protonation-deprotonation reactions of

212

their functional group, changed considerably as pH was varied from 2 to 12 (Wang and Chen,

213

2015). The adsorption of Cd2+ on these graphene-based adsorbents increased with pH, consistent

214

with the findings of other studies (Dong et al., 2014; Leng et al., 2012; Li et al., 2012a). In

215

particular, the adsorption of Cd2+ on GOs was much greater than that on rGOs and annealing

216

rGOs, suggesting that the removal of heavy metal ions by graphene-based adsorbents is

217

influenced by the oxygen content on the adsorbent surface (Wang and Chen, 2015).

218
219

Background ions and NOM: It is widely known that surface waters and municipal/industrial

220

wastewaters contains not only inorganic and organic contaminants, but also different types of

221

salts, which may influence the removal of contaminants on graphene-based nanoadsorbents (Hu

10

222

et al., 2017; Liu et al., 2016b; Romanchuk et al., 2013). Synthetic nuclear wastewaters

223

containing various background ions (Na+, Ca2+, NO3-, SO42-, Cl-, and CO32-) were used to assess

224

their effects on the GO-removal of radionuclides, such as U(VI), Sr(II), Am(III), Eu(III), and

225

Pu(IV) (Romanchuk et al., 2013). GOs showed significantly higher sorption capacity for these

226

actinides than granulated activated carbon and bentonite, even if strong complexes between

227

actinides and background ions were able to form (Belloni et al., 2009). This finding suggests that

228

coagulation is an adsorption-driven mechanism that causes bond formation between the surfaces

229

of GOs (Romanchuk et al., 2013). In a separate study, the effects of background cations (e.g.,

230

Na+, K+, and Li+) and anions (Cl-, NO3-, and ClO4-) on the adsorption of Eu(III) on GOs were

231

insignificant at pH < 7, presumably because the adsorption of Eu(III) on GOs is governed mainly

232

by inner-sphere surface complexation and chemical adsorption, rather than physical adsorption

233

and ion exchange (Hu et al., 2017). The adsorption of Cd(II) and Co(II) on GOs decreased

234

slightly with increasing background ionic strength (using NaClO4, 0.001 to 0.1 M) possibly due

235

to the following potential reasons (Zhao et al., 2011): (i) the electrostatic repulsion decreases,

236

and the aggregation of GO particles increases, with increasing background ionic strength, which

237

then decreases the availability of GO surface sites to bind Cd(II) and Co(II) ions, (ii) the

238

development of electrical double layer complexation between these metal ions and GOs

239

enhances Cd(II)/Co(II) adsorption at relatively low NaClO4 concentrations because ionic

240

interactions are the main mechanism of interactions between the metal ions and GO functional

241

groups (Zhang et al., 2010a), and (iii) the activity coefficients of Cd(II)/Co(II) ions are

242

influenced by NaClO4 concentrations and prevent Cd(II)/Co(II) transport from solution to GO

243

solid surfaces (Mercer and Tobiason, 2008).
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244

The presence of NOM (e.g., fulvic acid and humic acid) improved the removal of Eu(III) on

245

GOs at pH < 7.5, while preventing Eu(III) adsorption on GOs at pH > 7.5 (Hu et al., 2017). Both

246

fulvic acid and humic acid are negatively charged at pH > 2 based on their zeta potential values

247

(Yan and Bai, 2005). At relatively low pH conditions, adsorption occurs readily between the

248

negatively charged fulvic acid/humic acid and the positively charged GO surfaces due to

249

electrostatic attraction. Therefore, Eu(III) sorption was enhanced in the presence of fulvic acid

250

and humic acid, since the fulvic acid and humic acid adsorbed on the GO surfaces changes the

251

electrostatic properties of the aqueous–mineral solution interface. In addition, the improvement

252

in Eu(III) removal in the presence of fulvic acid and humic acid was attributed to a decrease in

253

the net positive surface charge associated with sorption of negatively charged NOM molecules

254

(Strathmann and Myneni, 2005). However, under relatively high pH conditions, the removal of

255

Eu(III) on GO surfaces decreased because the negatively charged fulvic acid and humic acid

256

inhibit adsorption on the negatively charged GO surfaces owing to electrostatic repulsion (Hu et

257

al., 2017). In a separate study, the presence of humic acid clearly reduced Cd(II)/Co(II)

258

adsorption at pH < 8, while no significant change was observed with the addition of humic acid

259

at pH > 8 (Zhao et al., 2011). However, other studies showed somewhat different trends for

260

similar adsorbent materials, such as carbon nanotubes and their oxides, in that the presence of

261

humic acid improved metal ion adsorption under low pH conditions and reduced metal ion

262

adsorption capacity at high pH (Tan et al., 2008; Yang et al., 2011b). This phenomenon is

263

presumably attributed to the following: (i) the solid surface complexation and high surface site

264

density of GOs (2.4 × 103 mol g-1) reduces the metal ion adsorption at low pH conditions (Tan et

265

al., 2008) and (ii) humic acid has a high surface site density (6.5 × 103 mol g-1) and could also

266

bind to GO surfaces through strong π-π interactions (Hyung et al., 2007). Therefore, the strong
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267

interaction of humic acid with GOs reduces the number of accessible binding sites for metal ions

268

on both humic acid and GO surfaces, and thus causes an overall reduction in Cd(II)/Co(II)

269

adsorption on GOs (Zhao et al., 2011).

270
271

Temperature: The thermodynamic analyses based on the standard entropy change (ΔS0), the

272

standard enthalpy change (ΔH0), and the standard free-energy change (ΔG0) yield in-depth

273

information on the internal energy changes associated with adsorption. The positive values of

274

ΔH0 (10.5 and 7.39 kJ mol-1 for Co(II) and Cd(II) adsorption, respectively) show that

275

Co(II)/Cd(II) adsorption on GOs is endothermic (Zhao et al., 2011), indicating that both Co(II)

276

and Cd(II) ions are readily solvated in water. The positive ΔS0 values (103 and 100 J mol-1 K-1

277

for Co(II) and Cd(II), respectively), and the increasingly negative ΔG0 values (-20.7 to -23.8 kJ

278

mol-1 for Co(II) and -21.0 to -26.0 kJ mol-1 for Cd(II)) with increasing temperature (303 to 333

279

K), also indicate that the adsorption process occurs spontaneously and with high affinity, because

280

at higher temperatures adsorption occurs readily after the facile dehydration of Co(II) and Cd(II)

281

ions (Genc-Fuhrman et al., 2004). The ΔG0 values for Cd(II) adsorption are more negative than

282

those for Co(II) adsorption, indicating that Cd(II) adsorption on GOs occurs more readily than

283

for Co(II).

284
285

2.2. Removal of inorganic species by graphene-based nanocomposites or hybrids

286

2.2.1. Effects of water quality

287

pH: The adsorption of As(III) and As(V) on three-dimensional (3D) Fe3O4 (magnetite)-graphene

288

macroscopic composites was influenced significantly by varying the pH from 4 to 10 (Guo et al.,

289

2015b). Arsenic species and their pKa values vary depending on solution pH; the pKa1, pKa2, and

13

290

pKa3 values are 9.1, 12.1, and 13.4 for H3AsO3 and 2.1, 6.7, and 11.2 for H3AsO4, respectively

291

(Anawar, 2012). As(V) exists in negative ionic forms, such as H2AsO4- or HAsO42-, under most

292

pH conditions, while As(III) is in a non-charged form such as H3AsO3. In general, electrostatic

293

attraction is the main mechanism for the removal of As(V) by the 3D magnetite-graphene

294

composites due to effects of pH on As(V) adsorption (Luo et al., 2012). These results showed

295

that under relatively low pH conditions, the composites, having net positive surface charge,

296

attract As(V) anions, causing substantial removal by adsorption. However, under relatively high

297

pH conditions, the surface charge of the 3D magnetite-graphenes becomes negative. Thus, a

298

repulsive force occurs between the composites and As(V) ions, causing a significant decrease in

299

As(V) adsorption (Guo et al., 2015b). In addition, the adsorption of As(III) increased in neutral

300

aqueous solutions, which indicates that its removal by composites is governed by surface

301

complexation rather than electrostatic interactions (Chandra et al., 2010). In a separate study, a

302

different trend was observed for Cr(VI) adsorption on graphene-MgAl-layered double

303

hydroxides nanocomposite was observed at varying pH conditions ranging from 2 to 10 (Yuan et

304

al., 2013). The removal of Cr(VI) by calcined graphene-MgAl-layered double hydroxides

305

steadily decreased with increasing solution pH, while the highest Cr(VI) adsorption was

306

achieved at pH 2. This behavior may be explained by the net charge of rGO surfaces becoming

307

negative at high solution pH due to the presence of oxygen-containing functional groups (Zhu et

308

al., 2010). Therefore, the electrostatic repulsion between the negatively charged rGOs and Cr(VI)

309

anions increased with increasing pH, causing a decrease in the adsorption ability of Cr(VI). A

310

decrease in the sorption of Cr(VI) anions onto calcined graphene-MgAl-layered double

311

hydroxides was observed under high pH conditions, as the surface charge of calcined layered

312

double hydroxides is negative in water (Lazaridis and Asouhidou, 2003), and the increase in OH-

14

313

concentrations inhibits Cr(VI) uptake owing to the high affinity of OH- for calcined layered

314

double hydroxides (Goh et al., 2008).

315

The change in U(VI) adsorption on magnetite-GOs in KNO3 solution with increasing pH (2–

316

11) exhibited a bell-shaped curve (Zong et al., 2013). The degree of adsorption of U(VI) on

317

magnetite-GOs increased steadily at pH 2–4, and then sharply at pH 4–7, due to the surface

318

charges and functional groups of magnetite-GOs in addition to the relative proportion of U(VI)

319

species under different pH conditions. When pH is lower than the pH point of zero charge

320

(pHpzc), the surface charge of magnetite-GOs becomes positive, and thus electrostatic repulsion

321

results in low adsorption efficiency. However, at pH > pHpzc, the surface charge of magnetite-

322

GOs becomes negative due to deprotonation reactions, which results in the removal of U(VI) due

323

to electrostatic attraction between U(VI) and negatively charged groups (SO-) on magnetite-GOs

324

(Sheng et al., 2011). The degree of adsorption of U(VI) on magnetite-GOs increased sharply at

325

pH > 7, presumably because at high pH more surface functional groups of magnetite-GOs are

326

dissociated, which results in more favorable adsorption sites to bind U(VI) ions. In particular, at

327

pH > 7.0, the reduction in U(VI) adsorption on magnetite-GOs can be attributed to (UO2)(CO3)22-

328

and (UO2)(CO3)34-, because the adsorption of these negatively charged species is likely minimal

329

on the negatively charged surfaces of magnetite-GOs due to electrostatic repulsion (Zong et al.,

330

2013). In a separate study, as pH was increased from 2.5 to 8, the adsorption of Cu(II) on both

331

GOs and magnetite-GOs increased steadily from approximately 20 to 85%, and remained at high

332

levels (> 99%) with further increases in pH; overall, the adsorption efficiency of Cu(II) on GOs

333

was slightly higher than that on magnetite-GOs (Li et al., 2012a). Among the various Cu(II)

334

species Cu(OH)2, Cu(OH)+, Cu(OH)3-, and Cu(OH)42- (Tong et al., 2011), the removal of Cu(II)

335

at pH < 8 was dominated by adsorption reactions of the predominant species of Cu2+. When pH
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336

was lower than pHpzc (∼4.5), the electrostatic repulsion between Cu2+/Cu(OH)+ and positively

337

charged magnetite-GOs resulted in low adsorption of Cu(II), while the rapid increase in Cu(II)

338

adsorption in the pH range 4.5–8 was controlled by surface complexation between Cu2+/Cu(OH)+

339

and negatively charged magnetite-GOs. At very high pH values (8–11), the major contributors to

340

Cu(II) removal were presumably the instantaneous precipitation of Cu(OH)2 and the adsorption

341

of Cu(OH)+/Cu(OH)3- on magnetite-GOs (Li et al., 2012a).

342

Over a wide range pH conditions (2.5–11.5), the adsorption capacities of both Sb(III) and

343

Sb(V) on Mn3O4-rGOs changed significantly (Zou et al., 2016). The adsorption capacity of the

344

Mn3O4-rGOs for Sb(V) decreased slightly with increasing pH over the entire pH range. However,

345

the adsorption capacity of Mn3O4-rGOs for Sb(III) increased with increasing pH for pH < 6, and

346

decreased slightly for pH > 6. Mn3O4-rGOs showed much higher adsorption capacity for Sb(III)

347

than Sb(V). The maximum adsorption capacity for Sb(III) removal was achieved at

348

approximately pH 6, at which point the surface charge of Mn3O4-rGOs becomes negative (as

349

pHpzc ~ 5.5). In addition, the different removal trends are related to the Sb(III) and Sb(V) species

350

that exist under different pH conditions. For Sb(V), H3SbO4 is the dominant species at pH 2–2.7

351

in oxygenated water, while H2SbO4- and Sb(OH)6- are dominant at pH > 2.7. For Sb(III),

352

Sb(OH)3 is the dominant species at pH 2–10, while H2SbO3- and Sb(OH)4- are the dominant

353

species at pH > 10.4 (Ungureanu et al., 2015). Overall, these findings suggest that among the

354

Mn3O4-rGOs, both Sb(III) and Sb(V) are adsorbed primarily on Mn3O4 surfaces (Zou et al.,

355

2016).

356
357

Background ions and NOM: Hydrous cerium oxide modified graphenes nanocomposites

358

removed 7–18% As(V) in the presence of HA (1–10 mg L-1) (Yu et al., 2015). In addition, a
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359

strong adverse effect on As(V) adsorption on hydrous cerium oxide modified graphenes

360

nanocomposites was observed in the presence of phosphate ions in solution, presumably because

361

both As(V) and phosphate are in triprotic acid form and have similar ionization constants (Zhang

362

et al., 2003). In a separate study, the effect of ionic strength (using KNO3, 0.001–0.1 M) on

363

U(VI) adsorption on magnetite-GOs was negligible (Zong et al., 2013). Because ionic strength

364

has an indirect influence on the binding species of the adsorbed U(VI) ions, which are also

365

affected by both the electrical diffuse double layer thickness and the interface potential, the

366

possible removal mechanisms of U(VI) by magnetite-GOs may be described as follows: (i) If

367

U(VI) reacts with KNO3 on the surface of magnetite-GOs, the nonspecific adsorption reaction

368

occurs at the b-plane and an outer-sphere surface complex is the reaction product, and (ii) if the

369

U(VI) adsorption is observed to be a specific reaction, the adsorption mechanism could be

370

governed by an inner-sphere surface complex (Wu, 2007). The b-plane adsorption mechanism

371

occurs mainly when KNO3 ions readily influence the adsorption reaction, while o-plane

372

adsorption also takes place (Hayes and Leckie, 1987). Overall, these findings suggest that for the

373

removal of U(VI) on magnetite-GOs, inner-sphere surface complexation is the dominant

374

mechanism at low pH, and inner-sphere surface complexation and coinstantaneous precipitation

375

govern the removal of U(VI) under high pH conditions (Zong et al., 2013). In addition, Shao et

376

al. showed that the adsorption of U(VI) by cucurbit[6]uril-magnetite-GOs, which contain high

377

amounts of oxygen-containing functional groups such as allophanyl C=O moieties, was

378

independent of ionic strength (using NaClO4) over all pH conditions (2–10.5) (Shao et al., 2016),

379

which indicates that inner-sphere surface complexation is the dominant mechanism for the

380

adsorption of U(VI), rather than ion exchange or outer-sphere surface complexation (Zhao et al.,

381

2013).
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382

In the presence of a wide range of different fulvic acid concentrations (0–120 mg L-1), Cu(II)

383

adsorption on magnetite-GOs increased slightly with pH for pH < 5.5, and decreased for pH >

384

5.5 (Li et al., 2012a). Similar effects were observed for humic acid on the adsorption of Pb(II) on

385

multi-walled carbon nanotube-polyacrylamide composites (Yang et al., 2011a). The different

386

phenomena under varying pH conditions may be described as follows: (i) at pH < 5.5fulvic acid

387

adsorption on magnetite-GOs increases at relatively high fulvic acid concentrations, which could

388

provide more functional groups (e.g., -COOH), such that fulvic acid-Cu complexes occur readily

389

on the adsorbent surface, and (ii) at pH > 5.5 and relatively high fulvic acid concentration

390

conditions, additional free fulvic acid molecules are available and form strong complexes with

391

Cu(II) readily in solution, and thus only small amounts of Cu(II) are available for fulvic acid-Cu

392

complexes on the surface of magnetite-GOs (Floroiu et al., 2001).

393
394

Temperature: Results based on different thermodynamic parameters (ΔS0, ΔH0, and ΔG0)

395

indicate that: (i) the adsorption of Cr(VI) on calcined graphene-MgAl-layered double hydroxides

396

was is a spontaneous process, (ii) the adsorption is facilitated by increasing temperature owing to

397

the larger driving force for adsorption, and (iii) the adsorption of Cr(VI) on calcined graphene-

398

MgAl-layered double hydroxides is an endothermic process (Yuan et al., 2013). The removal of

399

Cr(VI) by diethylenetriamine-magnetite-GO nanocomposites (qmax =125 to 152 mg g-1) increased

400

significantly with increasing temperature (298 to 318 K) (Zhao et al., 2016). The positive value

401

of ΔH0 (41.9 kJ mol-1) verifies that the adsorption process is endothermic, while the positive

402

value of ΔS0 (162 J mol-1 K-1) confirms that an increase in randomness takes place at the

403

interface of diethylenetriamine–magnetite-GOs during Cr(VI) adsorption. The increasingly

404

negative values of ΔG0 (-6.48 to -9.75 kJ mol-1) with increasing temperature confirm that the
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405

adsorption occurs spontaneously and higher temperatures enhance the adsorption of Cr(VI) on

406

diethylenetriamine–magnetite-GOs, due to the higher driving force for adsorption (Zhao et al.,

407

2016).

408

The decrease in maximum adsorption capacity (152 to 102 mg g-1 for Sb(III) and 106 to 82

409

mg g-1 for Sb(V)) with increasing temperature (293 to 313 K) suggests that the adsorption of

410

both Sb(III) and Sb(V) on Mn3O4-rGOs occurs by an exothermic process (Zou et al., 2016). In

411

addition, the calculated ΔH0 values (-7.96 kJ mol-1 for Sb(III) and -8.31 kJ mol-1 for Sb(V))

412

confirm that the adsorption of Sb(III) and Sb(V) on Mn3O4-rGOs is exothermic between 293 and

413

313 K. The negative ΔS0 values (-8.56 J mol-1 K-1 for Sb(III) and -12.8 J mol-1 K-1 for Sb(V)),

414

and the decreasingly negative ΔG0 values (-5.41 to -5.23 kJ mol-1 for Sb(III) and -4.55 to -4.27

415

kJ mol-1 for Sb(V)) with increasing temperature (293 to 313 K), indicate relatively low affinity,

416

and that the adsorption process may not occur spontaneously. However, in a separate study of the

417

removal of Cr(VI) by polypyrrole-magnetite-rGOs, the positive values of ΔH0 (18.7–23.0 kJ mol-

418

1

419

temperature (293 to 318 K) was observed (Wang et al., 2015). In addition, the positive values of

420

ΔS0 (119–156 J mol-1 K-1) suggest that there is increased randomness at the inner structure of the

421

adsorbent interface after Cr(VI) adsorption onto polypyrrole–magnetite-rGOs. The increasingly

422

negative values of ΔG0 (-16.1 to -24.6 kJ mol-1) with increasing temperature suggest that

423

spontaneous and facile adsorption occurs, and that a greater driving force at higher temperatures

424

enhances the adsorption Cr(VI) on polypyrrole–magnetite-rGOs. The mechanism of removal for

425

Cr(VI) by polypyrrole–magnetite-rGOs is presumably explained by the following (see Fig. 3): (i)

426

strong binding occurs between anionic Cr(VI) and polypyrrole–magnetite-rGOs due to

427

electrostatic attraction, (ii) the SO42- doped in polypyrrole is replaced by anionic Cr(VI) species

) indicate endothermic adsorption, where an increase in adsorption capacities with increasing
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428

via an ion exchange process, and (iii) Cr(VI) may be reduced to Cr(III) between positively

429

charged and neutral polypyrrole groups with the support of polypyrrole nitrogens (Wang et al.,

430

2015). Table 1 presents the removal mechanisms of selected inorganic contaminants by various

431

graphene-based nanoadsorbents.

432

433
434

Fig. 3. Proposed mechanism of Cr(VI) removal by polypyrrole-magnetite-rGOs (reprinted with

435

permission) (Wang et al., 2015).

436
437

3. Removal of selected organic species by graphene-based nanoadsorbents

438

3.1. Removal of organic species by graphenes, GOs, and rGOs

439

3.1.1. Effects of water quality

440

pH: Different adsorption trends were observed for the removal of anionic ibuprofen (pain killer)

441

and cationic atenolol (-adrenergic blocker) by positively charged ethylenediamine-

442

functionalized graphenes over a wide range of pH conditions (3–11) (Cai and Larese-Casanova,

443

2016). Overall, ethylenediamine-functionalized graphenes showed greater ibuprofen removal
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444

than atenolol. In addition, the degree of ibuprofen adsorption decreased significantly with

445

increasing pH in the 3–8 pH range, presumably due to an increase in electrostatic attraction

446

between the increasingly positive surface charge of ethylenediamine-functionalized graphenes

447

(pHzpc = 8.1) and the anionic form of ibuprofen (pKa = 4.91). In particular, for pH < 4.91, the

448

protonation of ibuprofen enhances hydrogen bonding interactions between ibuprofen and

449

ethylenediamine-functionalized graphenes due to the increased hydrophobicity of both ibuprofen

450

and the adsorbents (Yang and Xing, 2009). At pH > 8.1, the degree of adsorption of ibuprofen

451

was very low, owing to electrostatic repulsion between ibuprofen and ethylenediamine-

452

functionalized graphenes, both negatively charged, while strong - interactions between the

453

aromatic structures of ibuprofen and the graphenes maintained a minimum degree of adsorption

454

(Xu et al., 2012).

455

The adsorption of two pharmaceuticals (diclofenac and sulfamethoxazole) on GOs over a

456

wide range of pH values (pH 3–11) showed that the removal of the pharmaceuticals was higher

457

at pH < pKa (i.e., acidic conditions) than at pH > pKa (i.e., basic conditions) (Nam et al., 2015a).

458

The neutral forms of diclofenac and sulfamethoxazole (pKa values of 4.2 and 5.7, respectively)

459

under acidic conditions bind more strongly to GOs than at basic pH, mainly due to π-π EDA

460

complexes and hydrophobic interactions (Beltran et al., 2009). However, at pH > pKa,

461

electrostatic repulsion occurs between anionic species of the pharmaceuticals and the negatively

462

charged GOs containing oxygen functional groups. In particular, under basic pH conditions,

463

polar functional groups such as sulfonyl, hydroxyl, and amine groups on the pharmaceuticals

464

induce electron-withdrawing effects (Ji et al., 2010).

465

For both sulfapyridine and sulfathiazole, the overall adsorption capacity on rGOs increased

466

with increasing pH from 1 to 5, and then decreased considerably with increasing pH from 5 to 12
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467

(Liu et al., 2016b). Like GOs, at pH 5 rGOs are also -electron donors due to the delocalization

468

of  electrons on the graphene surface, which aids the removal of sulfapyridine (pKa = 2.3) and

469

sulfathiazole (pKa = 2.4). Therefore, the formation of strong - EDA complexes is the main

470

mechanism for the adsorption for these compounds, due to the strong -electron-withdrawing

471

ability associated with the sulfonamide functional groups present. In addition to sulfonamide

472

groups, the adjoining heterocyclic groups may also show -electron acceptor properties. Over a

473

wide range of pH conditions, the adsorption capacity for sulfathiazole (qm = 245 mg g-1) was

474

higher than that for sulfapyridine (qm = 191 mg g-1) due to the strong electronegativity of sulfur

475

atoms in sulfathiazole (Ji et al., 2009). In addition, the adsorption of these two sulfonamides was

476

greater under extremely acidic conditions (i.e., pH 1) than under basic conditions (i.e., pH 11),

477

which may result from the greater electron-withdrawing capacity of the protonated amino

478

groups under such conditions (Liu et al., 2016b).

479
480

Background ions and NOM: The removal of 17-estradiol by GOs was enhanced by the addition

481

of NaCl (0–0.1 M), presumably due to the following reasons: (i) The activity coefficient of the

482

relatively hydrophobic 17-estradiol (octanol-water partition coefficient, log KOW = 4.01) was

483

enhanced by increasing ionic strength, which decreases its solubility (i.e., salting-out effect

484

favorable for 17-estradiol adsorption) (Zhang et al., 2010b), and (ii) the increase in Na+ ions on

485

GO surfaces inhibits the electrostatic repulsion between GOs, which may promote the

486

development of a more compressed aggregate (i.e., squeezing-out somewhat unfavorable in 17-

487

estradiol adsorption) (Zhang et al., 2010c). In particular, for NaCl concentrations below 0.001 M,

488

the adsorption capacity on GOs increased rapidly, indicating that the salting-out effect was

489

consistently stronger than the squeezing-out effect. Among different background ions such as
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490

KCl, NaCl, CaCl2, and MgCl2, less adsorption was observed in the presence of Ca2+ and Mg2+

491

compared to in the presence of Na+ and K+, presumably due to an increase in the strength of the

492

squeezing-out effect associated with the high polarizing power of the divalent ions (Jiang et al.,

493

2016).

494

The adsorption of phenanthrene and biphenyl on graphenes and GOs decreased significantly

495

under

NOM

preloading

conditions,

presumably

due

to

the

competition

between

496

phenanthrene/biphenyl and NOM molecules for available adsorption sites (Apul et al., 2013).

497

Under NOM preloading conditions, the relative reductions in adsorption capacity for

498

phenanthrene and biphenyl were significantly higher for pristine graphenes (approximately 70–

499

80%) than for GOs (40–50%), presumably due to the following reasons: (i) GO nanoparticles

500

containing polar surface oxides can be well-dispersed in aqueous solution, which decreases the

501

effect of NOM on the adsorption of phenanthrene and biphenyl, and/or (ii) electrostatic repulsion

502

between negatively charged NOM and GOs containing surface oxygen groups reduces the

503

coating of NOM on the GO surface. Polar interactions between GO oxidized surfaces and

504

phenanthrene/biphenyl are likely insignificant, because phenanthrene and biphenyl have no polar

505

functional groups (Carter et al., 1995). The percentage reduction in biphenyl adsorption on

506

graphenes and GOs after NOM preloading was greater than that for phenanthrene, indicating that

507

the hydrophobic attraction between phenanthrene molecules and the adsorbents was stronger

508

than for biphenyl molecules (Apul et al., 2013).

509

Both GOs and rGOs were also adopted to evaluate the removal of three phthalic acid esters

510

(di-methyl phthalate, di-ethyl phthalate and di-butyl phthalate), which have different sizes and

511

structures in the presence of humic acid (10 mg L-1) (Lu et al., 2018). In general, the presence of

512

humic acid reduced the adsorption of the three phthalic acid esters on rGOs by approximately
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513

20% (methyl), 10% (ethyl) and 35% (butyl) (Lu et al., 2018). In addition, the presence of humic

514

acid on GO surfaces exerted minimal influence on the adsorption of both di-methyl phthalate and

515

di-ethyl phthalate, while it significantly decreased the di-butyl phthalate adsorption by up to

516

approximately 42%. However, at very high humic acid concentrations (50 mg L-1), a relatively

517

low reduction of approximately 15% was achieved for di-ethyl phthalate adsorption on rGOs,

518

confirming the shielding effect of humic acid adsorbed on the GO/rGO interfaces (Lu et al.,

519

2018). As might be expected, in comparison to the short chain esters, the relatively long alkyl

520

chain of di-butyl phthalate resulted in a strong reduction in adsorption on GOs and rGOs after

521

humic acid addition, which could result from the sieving effect of adsorption sites on the surface

522

of the adsorbents (Wang et al., 2014). The size of humic acid is much bigger than that of phthalic

523

acid esters, which makes it somewhat more challenging for humic acid molecules to travel into

524

micropores in GOs and rGOs due to steric hindrance (Wang et al., 2009). In addition, humic acid

525

adsorption onto GOs and rGOs, probably via - EDA and H-bonding interactions, could block

526

the adsorption pathway and obstruct interactions between the graphenes and phthalic acid esters,

527

which should make it even more problematic for larger molecules such as di-butyl phthalate to

528

interact with GOs and rGOs (Schulten et al., 2001).

529
530

Temperature: The increasingly negative values of ΔG0 (-0.89 to -3.28 kJ mol-1) with increasing

531

temperature (293 to 333 K) suggests that the adsorption of methylene blue on graphenes is

532

spontaneous. In general, values of ΔG0 between 0 and -20 kJ mol-1 suggest that the adsorption is

533

governed by a physisorption process, while values between -20 and -400 kJ mol-1 correspond to

534

chemisorption (Weng et al., 2009). The positive value of ΔH0 (16.5 kJ mol-1) indicates that the

535

adsorption is endothermic, and the positive value of ΔS0 (59.3 J mol-1 K-1) suggests increased
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536

randomness at the solid–solute interface and demonstrates attraction between the graphenes and

537

methylene blue (Nasuha and Hameed, 2011). Similar trends were observed for the removal of

538

malachite green dye by rGOs (Gupta and Khatri, 2017), cationic blue by GOs (Jiao et al., 2017),

539

and cationic dyes (Basic Yellow 28 and Basic Red 46) by GOs (Konicki et al., 2017a).

540
541

3.1.2. Effects of organic properties

542

Various common interactions, for example– bonding, hydrogen bonding, hydrophobic

543

attraction, and electrostatic attraction, have been applied to describe the adsorption mechanisms

544

of (aromatic) organic contaminants onto carbon-based materials, such as activated carbon,

545

carbon nanotubes and graphenes (Shen and Chen, 2015; Sheng et al., 2010; Westerhoff et al.,

546

2005). Fig. 4 shows the potential adsorption mechanisms of organic compounds on graphene-

547

based nanoadsorbents (Khan et al., 2017). The target polycyclic aromatic hydrocarbon

548

(naphthalene) was shown to adsorb onto graphenes and GOs, primarily through – interactions

549

(Wang and Chen, 2015). The removal of oxygen-containing functional groups resulted in

550

considerable improvement of the interaction between the  systems of graphenes and the  units

551

in polycyclic aromatic hydrocarbon molecules (Wang et al., 2014). However, annealed rGOs

552

showed significantly lower adsorption capabilities (qm = 52.4 mg g-1) for naphthalene in

553

comparison to rGOs (qm = 145 mg g-1), despite the decrease in average carbon oxidation state

554

after annealing, because annealed rGOs (278 m2 g-1) have smaller surface areas than rGOs (376

555

m2 g-1) (Wang and Chen, 2015). The adsorption of anionic ibuprofen on ethylenediamine-

556

graphenes was preferred over atenolol for varying solute concentrations of 5–200 mg L-1,

557

indicating the significance of electrostatic attractions between negatively charged ibuprofen and

558

positively charged ethylenediamine-graphene surfaces (Cai and Larese-Casanova, 2016).
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559

Positively charged ethylenediamine-graphenes still adsorb cationic atenolol to some degree,

560

regardless of the stronger interaction for ibuprofen, which is presumably caused by their similar

561

adsorption mechanisms as well the accessibility of surface sites for both ibuprofen and atenolol

562

(Wang et al., 2013a). The adsorption of the more hydrophobic diclofenac (based on its log KOW

563

of 4.26) on GOs was higher than that of sulfamethoxazole (log KOW = 0.79) (Nam et al., 2015a).

564

Hydrophobic attraction was the dominant adsorption mechanism for diclofenac and

565

sulfamethoxazole on GOs, while the adsorption of these pharmaceuticals was also influenced by

566

electrostatic repulsion.

567

pH < pK a of organics
Cation attraction

 - Bonding

H-Bonding
pH > pKa of organics
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Hydrophobic interactions
= Organic molecule

568
569

Fig. 4. Adsorption mechanism of organics on graphene based nanoadsorbents (reprinted with

570

permission) (Khan et al., 2017).

571
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572

3.2. Removal of organic species by graphene-based nanocomposites or hybrids

573

3.2.1. Effects of water quality

574

pH: Over a wide range of pH values (from 3 to 11), the adsorption efficiencies for rhodamine B

575

on tannic acid functionalized graphene nanocomposites exhibited no noticeable change for a low

576

concentration of rhodamine B (16 mg L-1), but increased with increasing pH at medium and high

577

initial concentrations (64 and 256 mg L-1, respectively) (Liu et al., 2015). This change in the

578

degree of adsorption is presumably due to the surface charge of the nanocomposite. Both -

579

stacking and electrostatic attraction play significant roles in the adsorption of the compound on

580

the nanocomposite. Because the nanocomposite still has a negative surface charge (based on the

581

zeta potential) after graphenes are functionalized by tannic acid, at high pH values the negative

582

charge of the nanocomposite is enhanced, increasing the degree of adsorption of cationic

583

rhodamine B (Gupta et al., 1998).

584

The effects of pH on the adsorption of ciprofloxacin were investigated on a sodium alginate

585

aerogel, sodium alginate hydrogel, sodium alginate-GO aerogel, and a sodium alginate-GO

586

hydrogel over the pH range 2–12 (Fei et al., 2016). For the hydrogels, the adsorption capability

587

of the sodium alginate hydrogel increased by up to pH 4 and then decreased to a nearly constant

588

value, and both the sodium alginate-GO hydrogel and the sodium alginate hydrogel showed

589

similar adsorption capacities. The formation of both the sodium alginate hydrogel and sodium

590

alginate-GO hydrogel depended on chelation between sodium alginate and calcium chloride, as

591

these bonds were temporary. Under strong basic conditions, more sodium cations existed, which

592

disturbed the sodium alginate hydrogel and sodium alginate-GO hydrogel structures to enable the

593

release of the adsorbed ciprofloxacin (Ostberg et al., 1994). However, after increasing the pH

594

from 8 to 10, the adsorption capacity of the sodium alginate-GO hydrogel decreased somewhat
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595

and then decreased sharply as the pH reached 12. For the aerogels, the highest adsorption

596

abilities were achieved at pH 2. At low pH, ciprofloxacin is positively charged, which would

597

enhance its adsorption onto the sodium alginate and sodium alginate-GO aerogels (Rocher et al.,

598

2008).

599

The effect of pH on the adsorption capacity of two dyes (methylene blue and methyl violet) on

600

3D GO sponge was evaluated in the pH range 3–10) (Liu et al., 2012a). The surface charge of

601

the GO sponge, containing various functional groups, becomes more negative with increasing pH,

602

and thus both electrostatic interactions and π-π stacking are the main mechanisms binding the

603

cationic dyes on the GO sponge surface. The adsorption capacity of methylene blue was

604

enhanced from approximately 330 mg g-1 at pH 3 to 370 mg g-1 at pH 10, while a slight

605

improvement was observed for the adsorption of methyl violet (380 mg g-1 at pH 3 to 460 mg g-1

606

at pH 10). In a separate study, the adsorption performance of magnetite-rGOs for malachite

607

green increased as the pH was increased from 4 and 10, while it was maximized for rhodamine B

608

at pH 7 (Sun et al., 2011). The variance in adsorption capacity of the two dyes under varying pH

609

conditions might be attributed to the surface properties of the nanoadsorbent and the structures of

610

the target compound molecules. At high pH values, the number of negatively charged surface

611

sites on the magnetite-rGOs increased (Chandra et al., 2010), and thus the adsorption of

612

positively charged malachite green on magnetite-rGOs increased with increasing pH due to

613

electrostatic attraction (Hameed and El-Khaiary, 2008). However, unlike malachite green, the

614

removal of rhodamine B, which contains a carboxylic acid group, increased up to pH 7, and then

615

decreased at high pH because the positive charge of the compound is somewhat neutralized due

616

to dissociation of the acidic group (Vijayakumar et al., 2010).

617

28

618
619

Background ions and NOM: The adsorption of 17β-estradiol on β-cyclodextrin/poly(L-glutamic

620

acid)-supported magnetic GOs (CMGs) nanocomposite was examined for varying concentrations

621

of NaCl (0–100 mM) (Jiang et al., 2017). In general, the adsorption was not influenced

622

significantly by ionic strength, presumably due to the tradeoff between the salting-out and

623

squeezing-out effects: (i) under high ionic strength conditions, the activity coefficient of

624

hydrophobic 17-estradiol is enhanced and thus its solubility is reduced (i.e., salting-out effect),

625

which is favorable for 17-estradiol adsorption (Zhang et al., 2010b), and (ii) the diffusion of

626

ions into the double layer on the CMG surfaces could cause a reduction in electrostatic repulsion

627

between CMGs and expediate the formation of an additional condensed aggregate structure (i.e.

628

squeezing-out), which inhibits 17-estradiol adsorption (Jiang et al., 2016).

629

Sodium chloride (i.e., a major inorganic salt in water) was used to examine the effect of ionic

630

strength on ciprofloxacin adsorption by sodium alginate and sodium alginate-GO gels (Fei et al.,

631

2016). The adsorption capacities of the sodium alginate hydrogel, sodium alginate-GO hydrogel

632

and the sodium alginate-GO aerogel decreased with increasing salt concentration (1–500 mM).

633

In particular, the abilities of both the sodium alginate and sodium alginate-GO hydrogels

634

decreased rapidly when the concentration of sodium chloride was increased from 10 to 500 mM,

635

presumably because the gel structures were damaged significantly at the higher concentrations of

636

sodium ions, similar to the influence of high pH (Ostberg et al., 1994). The adsorption efficiency

637

of the sodium alginate-GO aerogel continued at a relatively constant level for sodium chloride

638

concentrations in the range 1–100 mM, while the adsorption on sodium alginate aerogel was

639

enhanced somewhat with increasing sodium chloride. Overall, the lyophilization of the sodium
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640

alginate and sodium alginate-GO hydrogels improved their tolerance to some degree, in spite of

641

the reduced adsorption capacities (Fei et al., 2016).

642

Jin et al. observed that the adsorption of bisphenol A and 4-n-nonylphenol on both rGOs and

643

magnetic rGOs was inhibited in the presence of humic acid (Jin et al., 2015). In fact, interactions

644

between humic acid and rGO surfaces are somewhat difficult because rGOs have both sp2 and

645

sp3 structures. While humic acid, which contains carboxylic acid and phenolic groups, becomes

646

negative at pH > 1.5 (based on zeta potential), rGOs and magnetic rGOs become negative at pH

647

> 7. Thus, for 1.5 < pH < 7, negatively charged humic acid is able to bond with positively

648

charged rGOs and magnetic rGOs via electrostatic attraction, which reduces the number of

649

interaction sites of rGOs and magnetic rGOs considerably (Yan and Bai, 2005). The reduction in

650

bisphenol A/4-n-nonylphenol adsorption was presumably due to the competition between humic

651

acid and the target contaminants for the adsorption sites on magnetic rGOs (Jin et al., 2015). In a

652

separate study, humic acid somewhat decreased the adsorption of 1-naphthol, naphthalene and

653

phenanthrene on carbon nanotubes, suggesting that the humic acid coating changed the surface

654

properties of the carbon nanotubes significantly and thus decreased the availability of adsorption

655

sites (Wang et al., 2008).

656
657

Temperature: The removal of rhodamine B by a tannic acid functionalized graphene

658

nanocomposite was not influenced significantly by temperature at low and medium initial

659

concentrations (16 and 64 mg L-1) (Liu et al., 2015). However, the adsorption of rhodamine B

660

increased considerably with temperature for a high initial concentration (256 mg L-1),

661

presumably due to an increase in either the number of accessible active surface sites on the

662

nanocomposite or the degree of diffusion of rhodamine B (Lin and Teng, 2002). Liu et al.
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663

determined the intraparticle diffusion factors for the adsorption of methylene blue and methyl

664

violet on a GO sponge at various temperatures (298, 323, and 343 K) (Liu et al., 2012a). At least

665

two stages were observed in time for the adsorption behavior at 298 and 323 K, as in each there

666

were two sections with different linear slopes (Dogan et al., 2007). The different trends can be

667

explained by two diffusion phenomena: Both dye molecules travel through the macropores of

668

the GO sponge and accumulate on the surface for up to 20 min, and then the number of pores is

669

reduced, causing diminished diffusion of the dye molecules. However, only a single slope was

670

observed at a temperature of 343 K, suggesting that diffusion was not affected significantly

671

during the whole adsorption process, presumably due to having sufficient thermal energy to

672

overcome the activation barrier to transport through the GO sponge and (ii) the estimated

673

activation energies of methylene blue and methyl violet, of approximately 50 and 71 kJ mol-1,

674

respectively, suggest that the adsorption is governed by chemical adsorption (activation energy =

675

40–800 kJ mol-1) due to both strong anion-cation interactions and π-π stacking in comparison to

676

physical adsorption (activation energy = 5–40 kJ mol-1) (Liu et al., 2012a).

677
678

3.2.2. Effects of organic properties

679

The removal of cationic and anionic dyes (methylene blue and Eosin Y, respectively) on

680

chitosan-GO composite hydrogels was evaluated by monitoring absorption spectra to determine

681

the interaction between the compounds and the chitosan GOs in solution (Chen et al., 2013). In

682

the chitosan-GO composites, the GOs are more likely to be responsible for the adsorption of

683

cationic methylene blue, while the adsorption of anionic Eosin Y was not affected significantly

684

in the presence of GOs due to the reduced interactions between GOs and Eosin Y (Fornasiero

685

and Kurucsev, 1986). While a – interaction exists between GOs and Eosin Y, the electrostatic
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686

repulsion between the two negatively charged species might be the main mechanism for the

687

adsorption of Eosin Y on GOs. A similar finding was observed in the reaction of GOs with

688

negatively charged porphyrin (Bai et al., 2010). Unlike GOs where chitosan is in contact with

689

Eosin Y in solution, it was observed that Eosin Y molecules interact strongly with chitosan

690

chains, resulting in better adsorption than for GOs. These findings show that the overall

691

adsorption process was governed by electrostatic interactions rather than – interactions. Also,

692

they verify that in the chitosan-GO composite, chitosan is the crosslinking agent as well as a

693

good material for adsorption of the anionic dye (Chen et al., 2013).

694

A GOs-MIL-101 (Cr-benzenedicarboxylate, metal-organic framework) composite was used

695

to remove indole in water (Ahmed and Jhung, 2016), and it was necessary to evaluate the effects

696

of several oxygen-containing functional groups (such as hydroxyl, ketone, ester, carboxylic acid,

697

and epoxy) on the GO surfaces (Compton et al., 2012). In particular, hydrogen bonding is

698

presumably a reasonable interaction to consider between GOs and indole, which contains a

699

hydrogen atom bound to the nitrogen atom of its heterocycle (Petit and Bandosz, 2012). A

700

previous study also showed that GOs are capable of hydrogen bonding via hydroxyl and epoxy

701

groups attached to the GO surface (McAllister et al., 2007). Even though hydrogen bonding has

702

been employed to describe the adsorption behaviors of several gaseous compounds (Barea et al.,

703

2014; Xing et al., 2012), it is still unusual in liquid phase adsorption. In contrast, the adsorption

704

of quinoline was not significantly affected by hydrogen bonding, and the adsorption behavior of

705

quinoline was slightly different from that of indole (Hasan and Jhung, 2015). Table 2 presents

706

the removal of selected organic contaminants by various graphene-based nanoadsorbents.

707
708

4. Regeneration of graphene-based nanoadsorbents
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709

For the environmental sustainability of graphene-based nanoadsorbents, high reusability

710

could have high utility for enhancing their cost effectiveness in the treatment of inorganic and

711

organic environmental contaminants. Adsorbed Cr(VI) on calcined graphene-MgAl-layered

712

double hydroxides nanocomposites was desorbed in a mixed solution of Na2CO3 (0.1 M) and

713

NaOH (0.1 M) and, following calcination at 500°C, graphene-MgAl-layered double hydroxides

714

were regenerated (Yuan et al., 2013). The degree of desorption of Cr(VI) was extremely

715

dependent on the contact time, and suggested that the optimal contact time of desorption was 12

716

h. During the six repeated adsorption-regeneration cycles, the regenerated calcined graphene-

717

MgAl-layered double hydroxides showed approximately 88% adsorption of Cr(VI), which is a

718

reduction of only 7% compared to the original calcined graphene-MgAl-layered double

719

hydroxides. For regeneration, adsorption-desorption experiments were repeated for five cycles to

720

desorb adsorbed Cr(VI) on diethylenetriamine-magnetite-GOs in NaOH solution (0.1 M) for 3 h,

721

and then washed a few times with deionized water to remove adsorbed NaOH (Zhao et al., 2016).

722

During the regeneration process, the adsorption capacity decreased slightly from 123.4 mg g-1

723

after the first cycle to 106.5 mg g-1 after the fifth cycle. However, more importantly, the

724

diethylenetriamine-magnetite-GOs structure remained virtually intact after the entire adsorption–

725

desorption process, indicating that diethylenetriamine–magnetite-GOs have adequate chemical

726

stability to recover Cr(VI) from aqueous solution.

727

Six consecutive adsorption-desorption cycles of Eu(III) on GOs showed that the adsorption

728

capacity of Eu(III) on GOs was reduced only slightly, suggesting that GOs can be an effective

729

adsorbent due to their outstanding reusability for the removal of metal ions from water (Hu et al.,

730

2017). Zhang et al. showed that regenerated magnetic GOs still had high removal capacities for

731

fulvic acid/humic acid and Pb(II) after four cycles, although the removal capacity was reduced

33

732

slightly during regeneration (Zhang et al., 2016). After the third cycle, a slight decrease in

733

removal of both Pb(II) and humic acid by magnetic GOs (approximately 20–25%) was observed,

734

while for the system of Pb(II) and fulvic acid, a higher decrease (approximately 30–35%) was

735

observed. After desorption by HNO3 solution at pH 2 and regeneration by deionized water and

736

drying at 95°C for magnetite-GOs bound to Cu(II), the reusability of magnetite-GOs for the

737

adsorption of Cu(II) showed that the adsorption ability of Cu(II) decreased insignificantly from

738

18.3 mg g-1 to 17.6 mg g-1 after five adsorption-regeneration cycles (Li et al., 2012a). The

739

average adsorption capacity of ethylenediamine-graphenes for the removal of ibuprofen and

740

atenolol by graphenes was mostly constant for the first four cycles, while it decreased slightly by

741

5–15% after the fifth regeneration, possibly due to mass loss of the adsorbents during the ethanol

742

desorption process, which in turn affects specific surface areas and particle size distributions (Cai

743

and Larese-Casanova, 2016). Ethanol significantly improves the solubility of ibuprofen and

744

atenolol, which reduces surface binding interactions between adsorbates and adsorbents. A

745

similar trend was observed during attempts to recover the adsorption capacity of commercial

746

graphenes adsorbed with carbamazepine in methanol (Cai and Larese-Casanova, 2014).

747

Stabilizing and regenerating graphene-based nanoadsorbents is vital in their practical

748

applications. However, for magnetite-graphene nanocomposites in particular, both stability and

749

regeneration are of utmost importance due to the possibility of secondary contamination via

750

leaching of Fe into aquatic environments. A previous study showed that coating with a secure

751

shielding layer might be an effective method to prevent Fe leaching from magnetite (Liu et al.,

752

2008). In a separate study, no leaching of Fe ions from the magnetite-graphene nanocomposite

753

was observed during methylene blue adsorption, confirming the stability of magnetite-graphene

754

nanocomposite. The five cycles of adsorption–desorption tests showed that the adsorption
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755

capacity decreased slightly after each cycle, Although after these cycles of desorption–adsorption,

756

the magnetite-graphene nanocomposite still had a fairly high magnetic capacity under an external

757

magnetic field (Ai et al., 2011).

758
759

5. Conclusions and areas of future study

760

In this study, current progress on the use of various graphene-based nanoadsorbents for the

761

removal of various inorganic and organic contaminants in aqueous solutions was reviewed.

762

Clearly, the findings show that graphene-based nanoadsorbents are a promising alternative to

763

granular/powdered activated carbon and other adsorbents that are currently used for water and

764

wastewater treatment. In particular, it is important to highlight that, although the maximum

765

adsorption abilities summarized in this study provide general knowledge about the efficiency of

766

different nanoadsorbents for different kinds of contaminants, the performance of graphene-based

767

nanoadsorbents varies significantly depending on both experimental and water quality conditions.

768

The results show that the removal of both inorganic (e.g., heavy metals and radionuclides in this

769

study) and organic contaminants by graphene-based on nanoadsorbents is, in general, not

770

influenced significantly by background ionic strength over a wide pH range. This is presumably

771

because, under low pH conditions, the adsorption of inorganic contaminants is governed mostly

772

by inner-sphere surface complexation, while under high pH conditions the adsorption is

773

dominated by precipitation and inner-sphere surface complexation. The removal of contaminants

774

is significantly affected by NOM, which is also largely dependent on pH conditions.

775

Contaminant removal was often influenced by solution temperature, suggesting either

776

endothermic or exothermic processes of adsorption depending on the target contaminant and

777

temperature. Overall, potential adsorption mechanisms include π–π EDA interactions, ion

35

778

exchange, complexation, surface adsorption and electrostatic interactions for the adsorption

779

between inorganic/organic contaminants and graphene-based nanoadsorbents. The magnetite-

780

graphene-based nanocomposites could remove a wide range of concentrations of inorganic and

781

organic contaminants efficiently from aqueous solutions, and can also be readily separated from

782

aqueous solution with an external magnetic field, which overcomes the potential issues

783

associated with the centrifugation, filtration, or gravitational separation of used adsorbents from

784

aqueous solution. Thus, from a practical point of view, magnetic graphene nanoadsorbents are

785

promising for the treatment of various inorganic and organic contaminants from water and

786

wastewater.

787

While graphene-based nanomaterials have been well studied as effective adsorbents for the

788

removal of inorganic and organic contaminants, the extensive range of substances that have been

789

employed to fabricate the nanoadsorbents makes direct comparisons of removal efficiencies

790

among the various graphene-based nanomaterials very difficult. In addition, because most

791

studies were conducted using synthetic solutions under laboratory conditions, the performance of

792

nanoadsorbents could deteriorate rapidly in natural waters and wastewaters, where NOM and

793

major anions/cations can compete with the target contaminants for adsorption. Therefore, more

794

comprehensive studies are necessary to determine the effectiveness of graphene-based

795

nanomaterials for the treatment of surface/ground waters and wastewaters at pilot and/or full

796

scales. While this review has highlighted several regeneration studies of nanoadsorbents, the

797

reusability of various nanoadsorbents needs be determined more comprehensively to evaluate the

798

efficiency and practical feasibility of each adsorbent. Graphene-based nanoadsorbents could

799

contain various toxic chemicals due to possible impurities. Therefore, it is necessary to develop

800

environmentally sustainable approaches to produce graphene materials by following clean
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801

methods. In addition, because most of the current studies focus on conventional contaminants

802

including heavy metals, dyes, and polycyclic aromatic hydrocarbons, more research is expected

803

to evaluate the practical effectiveness of nanoadsorbents in treating contaminants of emerging

804

concern, including endocrine-disrupting compounds, pharmaceuticals, and personal care

805

products. These challenges need to be overcome so that graphene-based nanomaterials can be

806

utilized as worthwhile adsorbents for practical applications in water and wastewater treatment.
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Table 1. Summary of removal of selected inorganic species by graphene-based nanoadsorbents.
Adsorbent

Co

Experimental
condition

qm

Main finding

Ref.

Sb

3

8.1

20

The pseudo-second-order kinetic shows the best correlation for the
adsorption, suggesting that the process was governed by the
chemical process.
The adsorption degree of graphene nanosheets is also six to seven
times greater than that of graphite oxide sheets.

(Leng et al.,
2012)

Fe
Co
Pb

0-80

pH 3-11
temp. = 303 K
synthetic water
pH 5-9
temp. = 293 K
synthetic water
pH 2-7.6
temp. = 303 K
synthetic water

22.4-35.5

The pristine and thermally treated graphene nanosheets show
comparable adsorption capacities to lead ions in water, which is
strongly influenced by solution pH.

(Huang et
al., 2011)

Pb
Cu
Cd
Hg
Cd

50

pH 3.5-6.8
temp. = 298 K
synthetic water

The superior adsorption degree of the sub-nano thick layer coated
GOs causes it a proficient adsorbent for treating wastewater.

(Dong et al.,
2014)

0.2-10
1-60

Eu

10

The adsorption of cadmium onto the oxygen-containing functional
groups may incomplete on adsorption sites with nonpolar
organics, but could instead provide new adsorption sites.
Once used as filter media in sand columns, GO efficiently
removed Pb from water. In the mixed solution system, while Pb
showed good sorption performance, the GOs-sand columns still
effectively reduced both contaminants.
The removal of Eu(III) by GOs increases with increasing pH from
2.0 to 7.5, and then maintains high degree at pH > 7.5

(Wang and
Chen, 2015)

Pb

pH 2-12
temp. = 298 K
synthetic water
pH 5.6
single/mixed solution
synthetic water

22 (Pb)
15 (Cu)
20 (Cd)
4 (Hg)
35.7

Cu

10

Pb

0.05

U
Sr
Am
Eu

0.051
0.109
0.001
5.2 x 10-5

Contaminant

(mg L-1)

Graphenes

(mg g-1)

299 (Fe(II))
370 (Co(II))

(Chang et
al., 2013)

GOs/rGOs
GOs

227.2

(Dong et al.,
2016)

pH 1-10, NOM
temp. = 298-338 K
various co-ions
pH 2-11
temp. = 293 K
synthetic water

49.8-73.9
21.5

Fulvic acid adsorbed on a contradictory charged surface
experiences not only charge attraction to the surface but also
charge repulsion within fulvic acid itself.

(Li et al.,
2012a)

pH 3-9
various co-ions
natural water
pH 3.5-6.5
various background
ions
nuclear WW

35.0

The different chemical surface changes conducted provided that
the mixture of oxygen and nitrogen functional groups enhances the
adsorption efficiency of Hg.
GOs are to be much more effective when compared to activated
carbon or bentonite clays in actinide removal from nuclear
wastewater.

(Henriques
et al., 2016)

97 (U(VI))
272 (Sr(II))
35 (Am(III))
760 (Eu(III))

(Hu et al.,
2017)

(Romanchu
k et al.,
2013)
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Cd

10

pH 2-10
temp. = 283-313 K
synthetic water

44.6

Cd
Co

20 (Cd)
30 (Co)

U
Th

2-30

Cd

0.2-10

pH 6
temp. = 303-333 K
synthetic water
pH 3.5
temp. = 293 K
synthetic water
pH 2-12
temp. = 298 K
synthetic water

106-167 (Cd)
68.2-79.8
(Co)
84.5 (U(VI))
62.1
(Th(IV))
0.499-6.32

U
Th

2-30

pH 3.5
temp. = 293 K
synthetic water

60.6 (U(VI))
43.5
(Th(IV))

5-50

Gs-Fe3O4

Pb
Cu
Cd
As

0.25-1.06

pH 7, flow rate = 4 mL
min-1
synthetic WW
pH 7
temp. = 303 K
synthetic water

Gs-MgAl-LDH

Cr

50-250

[~80-90%]
Pb2+ ≈ Cd2+>
Cu2+
~0.25
(As(V))
~0.18
(As(III))
184

GOs-Fe3O4

U

28.6

GOs-chitosan

Cu
Pb

100

Various G:chitosan
ratios (5:1, 10:1, 20:1),
synthetic water

~50-60 (Cu)
~ 70-100
(Pb)

GOs-FeOOH
GOs-FeOOHAc

F

10-150

pH 2-13
temp. = 298 K
co-ions

17.7
(GOFeOOH)

rGOs

GO nanosheets showed outstanding Cd(II) removal capability at
acidic conditions. The removal efficiencies of Cd(II) by GO
nanosheets a bit increased with the temperature changed from 283
K to 313 K.
At high conductivity, the electrostatic repulsion decreases and the
particle aggregation increases, which then decreases the available
sites to bind metals on GO surfaces.
The results show that no substantial change was observed in the
adsorption of U) and Th onto rGOs at varying ionic strength
conditions.
The oxygen-containing groups might be first occupied by Cd over
1-naphthol and the straight H-bonding could be replaced by a
moderately strong cation– interaction between Cd and 1naphthol.
The determined Langmuir separation constant was <1.0, showing
the suitability for adsorption of radionuclides onto GOs,
suggesting that monolayer adsorption happened in the binding
sites on the adsorbent homogeneity surface.

(Xue et al.,
2016)
(Zhao et al.,
2011)
(Lingamdin
ne et al.,
2017)
(Wang and
Chen, 2015)
(Lingamdin
ne et al.,
2017)

Graphene based
nanocomposites
Gs-Fe3O4

pH 2-12
temp. = 293-313 K
synthetic water
pH 2-12
temp. = 293-343 K
synthetic water

68.5-106

The Fe3O4/G nanocomposites, high electrochemical conductivity,
and high specific surface area allow ultra-high electrochemical
removal of Cd, Pb, and Cu.
The polydopamine modification could not only strengthen the 3D
G-based macroscopic architecture but also improve the load age
and binding capacity of Fe3O4 nanoparticles.

(Bharath et
al., 2017)

Graphene/MgAl-layered double hydroxides (G–MgAl-LDH)
nanocomposite was fabricated by urea hydrolyzed hydrothermal
reaction of Al(NO3)39H2O, Mg(NO3)26H2O.
While the removal of U(VI) was completed by instantaneous
precipitation and inner-sphere surface complexation at high pH
conditions, the adsorption mechanism of U(VI) was inner-sphere
surface complexation at low pH conditions.
The high adsorption abilities were due to the coordination of both
GOs and chitosan with metals, indicating that GOs–chitosan
composite hydrogels are broad spectrum adsorbents for different
types of heavy metals.
Anchor iron oxide particles onto GO sheets was found to better
removal due to adsorption of fluoride anions which is promising
from practical purpose.

(Yuan et al.,
2013)

(Guo et al.,
2015b)

(Zong et al.,
2013)
(Chen et al.,
2013)
(Kuang et
al., 2017)
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xGOs-Fe3O4

Hg

5-80

GOs-Fe3O4

Cu

10

GOs-Fe3O4

Co

10

GOs-Fe3O4-OH

Pb

0-550

Amino-GOFe3O4

Cr

33, 45

Magnetic GO

Cd

200

pH 3-10
temp. = 298 K
synthetic water
pH 2-11
temp. = 293-333 K
synthetic water
pH 3.5-10.5
temp. = 303-343 K
synthetic water
pH 5, 7
temp. = 298 K
synthetic water
pH 2
temp. = 298-318 K
synthetic water
pH 3-8
Ultrapure water
tap water
pH 2-6
temp. = 298 K
synthetic water

3D GOs
monoliths

Pb

100

Sulfonated
magnetic GOs

Cu

20-80

Magnetic GOs

Sr
Cs

10

Magnetic GOs

Pb

10-200

Magnetic GOshydrogel beads

Pb
Cu
Cv
Cr
Pb

20-200

pH 2-8
temp. = 293 K
synthetic water

5-300

pH 3-12
temp. = 298 K
synthetic water

GOs-EDTA

pH 3-6
temp. = 283-323 K
synthetic water
pH 2-11
temp. = 293-333 K
synthetic water
pH 6
temp. = 298-318 K
landfill leachate

19.8
(GOFeOOH-Ac)
181.8
18.3-25.6
13.0-22.7
125-173
125-152

91.3
59.7
42.0-101

50.7-63.7
14.7 (Sr)
9.26 (Cs)
41.7-58.4

Pb (88.5)
Cu (76.9)
Cv (106)
Cr (115)
525

Xanthate functionalized magnetic graphene oxide (Fe3O4-xGO) as
successfully manufactured through linking xanthate groups to
graphenes magnetic materials (Fe3O4-Gs).
Cu(II) sorption on GOs/Fe3O4 was primarily governed by innerphere surface complexation instead of outer-sphere surface
complexation or ion exchange.
The magnetic composite of the magnetite-GO composite is a very
suitable material for metal ion pollution cleanup in the natural
environment.
The removal of Pb(II) was found mainly from the sorption
contribution of the nanocomposite component through surface
induced precipitation of Pb3(CO3)2(OH)2.
Cr(VI) adsorption included both the electrostatic attraction on the
surface of amino-GO-Fe3O4 and the reduction process from Cr(VI)
to Cr(III).
The Cd(II) sorption capacity was influenced by the initial Cd(II)
concentration. For tap water samples, the sorption capacity of
Cd(II) was 65% of that in ultrapure deionized water.
Hydroxyl-containing small organic compounds are more favorable
than carboxyl-containing agents to induce GO sheets selfassemble into 3D networks and achieve macrostructures with well
structural plasticity and stability.
The thermodynamic parameters specified that the adsorption
reaction of Cu(II) was a spontaneous and endothermic process for
the sulfonated magnetic GOs.
The results suggested that Sr(II) was more accessible to bond with
surface complexation sites of magnetic GOs compared to Sr(I),
which was constant with the batch experiments.
Magnetic GOs could remove the recalcitrant organic matter heavy
metal Pb(II) with somewhat high removal percentages under
readily control conditions, which was advantageous to enhance the
biodegradability of wastewaters.
The adsorption followed the pseudo-second-order kinetic model
indicating chemical sorption as the rate-limiting step. The beads
exhibited insignificant loss of capacity after several reuses.
The ethylenediamine triacetic acid (EDTA) groups together with COOH and -OH groups on the GO surface could make EDTAGOs an outstanding adsorbent for removal of toxic heavy metals.

(Cui et al.,
2015)
(Li et al.,
2012a)
(Liu et al.,
2011)
(Zhang et
al., 2015)
(Zhao et al.,
2016)
(Deng et al.,
2013)
(Fang et al.,
2017a)
(Hu et al.,
2013)
(Li et al.,
2015)
(Zhang et
al., 2016)
(Sahraei et
al., 2017)
(Madadrang
et al., 2012)
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Magnetic CB(6)
-GOs

U

36

pH 2-10.5
temp. = 298-328 K
synthetic water

123

LDHs-GOs

As

40

pH 3-9.5
temp. = 298 K
synthetic water

130-180

GOs-iron oxide

Pb

10-15

588

Hydrous cerium
oxide-GOs

As

0.1-80

pH 5
temp. = 303 K
synthetic water
pH 4, 7
temp. = 298 K
surface water

rGOs-Mn3O4

Sb

10-1,000

pH 2-12
temp. = 293-313 K
surface water

rGOs-Fe3O4

As

3-7

pH 7
temp. = 293 K
synthetic water

rGOs-Fe3O4polypyrrole

Cr

48.4

rGOs-iron oxide

Pb

10-15

pH 3-10
temp. = 303 K
various ions
pH 5
temp. = 303 K
synthetic water

62.3 (pH 4)
41.3 (pH 7)
102-151
(Sb(III))
82-106
(Sb(V))
5.27-5.83
(As(V))
10.2-13.1
(As(III))
181
455

Magnetic cucurbit[6]uril/graphene oxide,
(CB[6]/GO/Fe3O4)
composite, showed competitive adsorption performance and
satisfactory recyclability due to its strong complexation capability,
high magnetic separability, and decent stability.
Water-swellable layered double hydroxides and GO
nanocomposites (LDHs/GO) with varying GO quantities are
synthesized by using a simple one-pot hydrothermal method, and
the LDHs were effectively developed on the surface of GOs.
The high Pb(II) adsorption on GO-iron oxides was primarily
attributed to surface complexation of Pb(II) with the oxygencontaining groups on GOs-iron oxides.
The adsorbent surface charge would become more negative and
the strong electrostatic repulsion between the active
sites and arsenic species would thus hinder the ligands
exchange and finally reduce the adsorption capacity.
rGOs/Mn3O4 was first used to remove Sb(III) and Sb (V) from
water. Experimental findings show that rGOs/Mn3O4 has a much
greater adsorption ability than that of Mn3O4 and rGOs.
These composites exhibit high binding capacity for As(III) and
As(V), owing to increased adsorption sites in the presence of rGOFe3O4. The composites has near complete (over 99.9%) As
removal within 1 g L-1.
Compared to the Fe3O4/rGOs, the polypyrrole–Fe3O4/rGOs
exhibited higher adsorption efficiency in removing Cr(VI) from
aqueous solution. The adsorption process was pH dependence.
Adsorption ability of Pb(II) on rGOs-iron oxides is considerably
lower than that of Pb(II) on GOs-iron oxides, owing to the
difference between GOs-iron oxides and rGOs-iron oxides.

(Shao et al.,
2016)
(Wen et al.,
2013)
(Yang et al.,
2012)
(Yu et al.,
2015)
(Zou et al.,
2016)
(Chandra et
al., 2010)
(Wang et
al., 2015)
(Yang et al.,
2012)

Co = initial concentration; qm = maximum adsorption capacity; NOM = natural organic matter; Gs = graphenes; temp. = temperature.
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Table 2. Summary of removal of selected organic species by graphene-based nanoadsorbents.
Adsorbent

Contaminant

Co

-1

(mg L )

Experimental
condition

qm (mg g-1)

Main finding

Ref.

138-151
(phenanthrene)
92.7-116
(biphenyl)
86,000

Graphenes showed similar or superior adsorption capacities
than granular activated carbon and carbon nanotubes for
biphenyl and phenanthrene in the presence of NOM.

(Apul et al.,
2013)

The results exhibited some excellent features of spongy
graphene: quick and efficient absorption of organic
solvents and oils, high restoration of absorbates,
recyclability, and long-life of the sorbent material.
The common hypothesis that a positively-charged
graphene-based sorbent may favor sorption of anionic
microcontaminants was confirmed.

(Bi et al.,
2012)

Graphenes
Phenanthrene
biphenyl

0.0011.53

pH 7
NOM preloading
synthetic water

Oils
toluene
chloroform

0-100

Spongy graphene
synthetic seawater

Ibuprofen
atenolol
carbamazepine

5-200

Ethylenediamine
graphene, pH 7.2
synthetic water

6 (ibuprofen) >
carbamazepine ≥
atenolol

m-Dinitrobenzene
nitrobenzene
p-nitrotoluene

0-400
0-500
0-200

pH 2-12
synthetic water

103.8
101.1
100.3

Methylene blue

60-100

154-204

TCB
TCP
2-naphthol
naphthalene
Benzene
toluene

1-30

pH 3-10
temp. = 293-333 K
synthetic water
pH 5
temp. = 278 K
synthetic water

5801,790

pH 7
temp. = 293 K
synthetic water

132 (benzene)
188 (toluene)

The encouraging adsorption of graphene nanosheets
compared with that of the carbon nanotubes was steady
with the order of their pore volume and specific surface
area.

(Raad et al.,
2016)

Phenanthrene
biphenyl

0.0011.53

pH 7
NOM preloading
synthetic water

119 (phenanthrene)
69.0 (biphenyl)

(Apul et al.,
2013)

m-Dinitrobenzene
nitrobenzene
p-nitrotoluene

0-400
0-500
0-200

pH 2-12
synthetic water

42.3
92.8
48.2

The somewhat small reduction in phenanthrene and
biphenyl uptake was determined for GOs followed by
pristine graphene, carbon nanotubes, and granular activated
carbon.
An electron was detached from the surface of GOs and
transferred to the m-dinitrobenzene through several
interaction modes, which additionally excludes the role of
H-bonding.

14.2-22.7 (2naphthol > TCP >
TCB > naphthalene

A multiple molecular mechanism originally proposed was
the π-π EDA interactions between the electron-rich
graphene and the electrondeficient phenyl groups of the
nitroaromatic compounds.
The thermodynamic parameters suggested that the
adsorption of Methylene blue onto graphene was a
spontaneous and endothermic process.
The results indicated that except for hydrophobic
interaction, four aromatic compounds were adsorbed on
graphenes mainly via – interaction.

(Cai and
LareseCasanova,
2016)
(Chen and
Chen, 2015)
(Liu et al.,
2012b)
(Pei et al.,
2013)

GOs/rGOs
GOs

(Chen and
Chen, 2015)
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Sulfamethoxazol
ciprofloxacine

1-20
4-40

pH 2, 5, and 9
NaCl and CaCl2
synthetic water

379
240

Phenanthrene
trichloroethylene

0.03-1.0

10.1-16.4

17-estradiol

0.05-4

Cationic blue

50-350

pH 7
different NOM
preloading
pH 3-12
temp. = 298-338 K
various background
ions
Temp. = 303-333 K
4 different natural
graphites
synthetic water

Cationic dyes
(Basic Yellow 28
& Basic Red 46)

25-57
(BY28)
36-71
(BR46)
10-50

pH 2-12
temp. = 293-333 K
synthetic water

68.5 (BY28)
76.9 (BR46)

pH 3-11
temp. = 293-333 K
synthetic water
pH 1-12
temp. = 298 K
synthetic water

29.0 (AO8)
15.3 (DR23)

500
(diclofenac)
3,709
(sulfamethoxazole)
0.93-4.20 (2naphthol > TCP >
TCB > naphthalene

Acid Orange 8
Direct Red 23

rGOs

Phthalic acid
esters

1-200

Diclofenac
sulfamethoxazole

2.5-2.9

pH 7
temp. = 293 K
synthetic water

TCB
TCP
2-naphthol
naphthalene
Methylene blue

1-30

pH 5
temp. = 298 K
synthetic water

600

pH 2-9
temp. = 298 K
synthetic water
Temp. = 303/323 K
low and high pH
synthetic water

1-naphthol

14.44,325

129-149

3,207-4,249

59.0-84.1

48.7-598
800-1,241

The sorption of ciprofloxacine onto GOs was mostly
through electrostatic attractions on the charged surface
functional groups (possibly at the edges), while the sorption
of sulfamethoxazol onto GOs, was primarily via the EDA
attraction on the basal planes.
The adsorption depended on the availability of the organic
molecules to the inner areas of the adsorbent which was
affected from the molecular size of organic pollutants.
The large adsorption affinity of GOs for 17-estradiol
could be mostly owing to hydrogen bonds and–
interactions. The adsorption capacity was insignificantly
influenced by the solution pH.
GOs fabricated from graphites with lower graphitization
rates contained greater oxygen-containing functional
groups, higher rates of defect and specific surface areas, as
well as numerous thin layers compared to those with higher
graphitization rates.
The results suggest that intraparticle diffusion is not the
only rate-limiting phase, but also other kinetic models
would control the adsorption rate of Basic Yellow 28 and
Basic Red 46 onto GOs.
While the adsorption of Direct Red 23 (DR23) onto GOs
was endothermic in nature, the adsorption process of Acid
Orange 8 (AO8) onto GOs was exothermic.
The physical morphology of graphene materials
accompanied by hydrophobic surface determined the
adsorption mechanism in agreement to phthalic acid esters
properties and molecular size.
Molecular modeling indicated that the adsorption site of
diclofenac is more exposed to the GO surface than that of
sulfamethoxazole, causing an increase in adsorption.

(Chen et al.,
2015)

The adsorption affinity of four aromatic compounds
increased in the order NAPH < TCB < TCP < 2-naphthol
on GO adsorption sites.

(Pei et al.,
2013)

The GO series shows higher affinity to MB in aqueous
solution, resulting in rapid dye removal degree and pH
independence of adsorption ability.
Change of rGOs to water dispersible graphene does not
essentially enhance the adsorption efficiency, particularly
for compounds such as 1-naphthol and comparable

(Yan et al.,
2014)

(Ersan et
al., 2016)
(Jiang et al.,
2016)
(Jiao et al.,
2017)

(Konicki et
al., 2017a)
(Konicki et
al., 2017b)
(Lu et al.,
2018)
(Nam et al.,
2015a)

(Ali and
Sandhya,
2014)
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m-Dinitrobenzene
nitrobenzene
p-nitrotoluene
Malachite green
dye

0-400
0-500
0-200
50-200

Sulfapyridine
sulfathiazole

0-75

Phthalic acid
esters

1-200

pH 1-12
temp. = 298 K
synthetic water

Humic acid

10

pH 2-12
temp. = 300 K
synthetic water

223

Methylene blue

10-25

pH 2-11
temp. = 293-318 K
synthetic water

24.9-35.7

Methylene blue

10-30

pH 2-10
adsorption/desorption
synthetic water

82.0

Gs-Fe3O4

Crystal violet

10-40

460

GsTi nanotubes

Enrofloxacin

2-8

pH 2-10
time = 0-300 min
synthetic WW
pH 2-12
synthetic WW

Gs-tannic acid

Rhodamine B

8.0-512

pH 11
temp. = 298 K
synthetic water

201

Graphene based
nanocomposites
Gs-Fe3O4

Gscarbon naotubes

pH 2-12
synthetic water
pH 3.5-9
temp. = 303-323 K
synthetic WW
pH 1-12
temp. = 298 K
synthetic WW

265.7
260.9
238.8
476
35-191
(sulfapyridine)
34.9-245
(sulfathiazole)
127-385

13-3-13.9

aromatic compounds, which are capable of dispersing rGOs
in water.
The strong buildup of nitroaromatic explosives on the
surface of rGOs through π-π stacking interactions increases
the detection sensitivity for explosives.
High surface area rGOs were explored for adsorption of
both anionic (methyl orange and fuchsin acid) and cationic
(malachite green and methylene blue) dyes.
The uncharged species showed strong adsorption affinity
and high contributions to the general adsorption of
sulfonamides, which attributed to the great hydrophobicity
and -electron accepting capability.
Environmental exposure and subsequent humic acid
quoting will alter the molecular composition and physical
properties of graphene materials which sequentially will
influence their effectiveness regarding removal of organic
contaminants.
Iron-functionalized reduced GOs can be adopted as an
effective adsorbent material for the removal of
contaminants such as fulvic acid.

Fe3O4-graphenes showed unusual removal capacity due to
the electrostatic attraction between the negative surface
oxygen containing groups and cationic Methylene blue and
the interactions between the methylene blue molecules and
the aromatic rings of graphenes.
The increase in hydrophobicity associated with the
reduction of oxygen-containing functional groups and the
self-induced – interaction might result in a threedimensional random stacking between flexible carbon
nanotubes and graphene.
The Fe3O4 nanoparticles have been effectively dispersed on
the surfaces of porous graphene nanosheets through
hydrothermal process.
The optimal pH for adsorption and photocatalytic
degradation was found to be 5 and adsorbent dose was
2,000 g L-1.
Owing to the intensive stacking interaction and electrostatic
attraction, tannic acid-graphenes blue showed acceptable
adsorption performance for rhodamine B.

(Chen and
Chen, 2015)
(Gupta and
Khatri,
2017)
(Liu et al.,
2016b)
(Lu et al.,
2018)

(Ray et al.,
2017)

(Ai et al.,
2011)

(Ai and
Jiang, 2012)

(Bharath et
al., 2017)
(Anirudhan
et al., 2017)
(Liu et al.,
2015)
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GOs-sodium
alginate

Ciprofloxacin

10-150

pH 2-12
various NaCl conc.
synthetic WW

55.5-86.1

GOs-alginate
bead

Methylene blue

1,600

pH 4-9
temp. = 293 K
synthetic water

2,556-3,356

GOs-Fe-Mn

Methylmercury

0.5

28.0-43.9

GOs-chitosan

Methylene blue
eosin Y

80

GOs-MIL-101

Indole
quinoline

1,000

GOs monoliths

Methylene blue
bisphenol A

1 (MD)
0.1
(BPA)

pH 7
temp. = 298 K
synthetic water
Various GO:chitosan
ratios (5:1, 10:1,
20:1), synthetic water
75% n-octane + 25%
p-xylene
model fuel
pH 7
temp. = 298 K
synthetic water

GOs sponge

Methylene blue
methyl violet

960-980

GOs-hydrogels

Methylene blue
rhodamine B

10 (MG)
4 (RhB)

pH 3-10
temp. = 298-343 K
synthetic water
Pseudo first/second
temp. = 298 K
synthetic water

389-397 (MB)
385-467 (methyl
biolet)
323-334 (MB)
114-131 (MB)

GOs-MC

Methylene blue

100

pH 2-11
temp. = 298 K
synthetic water

84.3

GOs-CGM

E2

2

56.7-85.8

Magnetic GOs

Tetracycline

30-50

pH 4-10, various
ionic strength
temp. = 298-323 K
pH 2-11, various
ionic strength
temp. = 283-313 K

GOs-Fe3O4

Tetracycline
antibiotics

50

pH 3-10, various
ionic strength

35.5-45.0

~150-300 (MB)
~ 50-300 (eosin Y)
417-593 (indole)
458-498
(quinolone)
154 (MD)
204 (BPA)

155-212

The encapsulation of GOs-sodium alginate made the
materials more porous, provided  EDA interactions
between GOs- ciprofloxacin, and introduced C=O bonds
into the composite.
The nearly unexplored effect of the drying method,
specifically ethanol-drying or lyophilization, on
physicochemical-mechanical characteristics of the resulting
beads and on their adsorption performance was thoroughly
studied.
GOs-Fe-Mn was formed primarily through the interaction
between hydrolyzed compound and surface oxygen
containing groups of GOs-Fe-Mn.
The porous structure in the hydrogels enables the diffusion
of adsorbates in the hydrogel, enhancing the adsorption
capacity of the GOs–CS composite.
The composite exhibited the adsorption abilities owing to
the double effect of enhanced porosity and hydrogen
bonding.
The treatment allowed removal of the compact shell of
graphene based monoliths by strong electrostatic
interaction induced by sodium ascorbate to destroy the
surface anchoring of GOs.
The potential of graphene nanomaterials as environmental
pollutant adsorbents by using the characteristics of ultra
large surface area and strong π-π interaction on the surface.
The GOs/polyethylenimine hydrogels exhibited decent
removal degrees for both methylene blue and rhodamine B
in
accordance
with the pseudo-second-order model.
Magnetic-cyclodextrin–GO materials (MC-GOs) were
synthesized through a facile chemical route and their
application as outstanding adsorbents for dye removal were
also demonstrated.
A novel adsorbent, namely, b-cyclodextrin/poly (Lglutamicacid) supported magnetic graphene oxide (CGMGOs), was fabricated via a facile chemical route.
Findings exhibited that hydrogen bonds, - interaction,
cation-p bonding, and amidation reaction between magnetic
GOs and tetracycline could be the key adsorption
mechanism.
It is extraordinary that the ionic strength and the pH of
solution nearly had no effect on the adsorption process,

(Fei et al.,
2016)
(Platero et
al., 2017)

(Huang et
al., 2017)
(Chen et al.,
2013)
(Ahmed and
Jhung,
2016)
(Fang et al.,
2017b)
(Liu et al.,
2012a)
(Guo et al.,
2015a)
(Fan et al.,
2013)
(Jiang et al.,
2017)
(Li et al.,
2017)
(Lin et al.,
2013)
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room temp.
synthetic water
GOs-Fe3O4

Bisphenol A

10-50

pH 6, desorption by
various solvents
temp. = 298-328 K

71.9-84.75

GOs-Fe3O4SiO2

p-nitrophenol

100-800

1,142-1,549

GOsrhamnolipid-

Methylene blue

50-400

pH 3-9, various ionic
strength
temp. = 298-318 K
pH 7
temp. = 298-318 K
Tap/river/ dye WW

rGOs-metalFe2O4
rGOs-Fe3O4

Rhodamine B
methylene blue
Rhodamine B

5-10
7.38

22.5 (RhB)
34.7 (MB)
~40-50

rGOs-Ni-CrCO3

Methyl orange

100

rGOs-Fe3O4

Rhodamine B
malachite green

5

rGOshydrogel

Methylene blue
rhodamine B

10

Temp. = 298-318 K
synthetic water
pH 3.5, 7.5, 11.5
temp. = 298 K
synthetic water
pH 7
temp. = 298 K
synthetic water
pH 4-10
temp. = 298 K
industrial WW
pH 6.4
temp. = 298 K
synthetic water

529-581

313
13.2 (RhB)
22 (malachite
green)
7.85 (MB)
29.4 (RhB)

which makes GOs-Fe3O4 to be the possible adsorbents in
the application of removing TCs from environment water
samples.
Low temperature and neutral pH were found to be
satisfactory for the adsorption, while the presence of
sodium salts in the solution educed the adsorption
efficiencies.
The Fe3O4@mSiO2/GO hybrid composites might be readily
separated from solutions through an external magnetic
force.
The adsorption of MB is a spontaneous and endothermic of
physisorption and chemisorptions process ascribing to the
electrostatic attraction, - interaction and hydrogen band
between rhamnolipid-GOs and methylene blue.
The high adsorption performance to rhodamine B and MB
was mostly attributed to the large surface area of rGOs.
The hybrid holds pretty good adsorption abilities to the
dyes under investigation, which can be slowly tuned by
altering the rGOs:Fe3O4 ratios.
The sorption progress of methyl orange was mostly
improved by large specific area and the bridge of rGOs and
methyl orange in the presence of heavy metals.
These nanocomposites were found to be an effective way to
remove dye pollutants from different waters including
industrial waste water and lake water.
Reusing experiments exhibited that the materials might be
readily regenerated using ethylene glycol washing and the
regenerated material exhibited insignificant loss in
adsorption ability.

(Ouyang et
al., 2015)
(Liu et al.,
2016a)
(Wu et al.,
2014)
(Bai et al.,
2012)
(Geng et al.,
2012)
(Ruan et al.,
2016)
(Sun et al.,
2011)
(Tiwari et
al., 2013)

Co = organic initial concentration; qm = maximum sorption capacity; NOM = natural organic matter; Gs = graphenes; temp. = temperature; WW = wastewater; TCB = 1,2,4trichlorobenzene; TCP = 2,4,6-trichlorophenol.
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