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Abstract 20 

Amphiphilic carbon nitride (g-C3N4) was decorated onto reduced graphene oxide (rGO) 21 

to obtain rGO-g-C3N4 composites as excellent adsorbents for the removal of aromatic 22 

organic compounds from industrial wastewater. The as obtained rGO-g-C3N4 23 

composites are effective adsorbents for organic compounds due to the amphiphilic g-24 

C3N4. We propose a new adsorption model using an amphiphilic additive which can 25 

enhance the water accessibility and hydrophobic interactions between rGO with organic 26 

compounds in aqueous media. Where, even water-soluble organic molecules like 27 

rhodamine B (RhB) have a high adsorption capability for the rGO-g-C3N4 (520 mg g-28 

1). Molecular dynamics simulations were used to investigate the interactions between 29 

RhB and rGO-g-C3N4 and indicated that amphiphilic g-C3N4 accelerates the adsorption 30 

process. In addition, the amphipathic adsorption approach is enhanced as the salinity of 31 

water increases, which can offer great operational flexibility and versatility. This 32 

research demonstrates that the highly efficient interactions between aromatic organic 33 

molecules and amphiphilic carbon-based nanomaterials can be used for practical 34 

applications. 35 

Keywords: Amphipathicity, Graphitic carbon nitride, Adsorption, Aromatic pollutants, 36 

Wastewater treatment 37 

1. Introduction 38 

Increasing industrialization, has resulted in a rise of environmental contamination by 39 

organic dyes which are widely used in food processing, preparation of pharmaceutical 40 

drugs, personal care products, and industrial chemicals, etc [1]. Consequently, large 41 
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amounts of organic pollutants have leaked into the groundwater or wastewater, which 42 

leads to potential health risks due to toxicity towards both humans and animals [2, 3]. 43 

For instance, rhodamine B (RhB), is a typical organic pollutant, which is produced 44 

during various industrial processes, and is widely found in rivers and lakes [4]. RhB 45 

concentrations beyond a certain threshold can be dangerous to aquatic life and human 46 

health [5]. Therefore, it is essential to develop effective methods to prevent the release 47 

of such organic pollutants into the natural environment [6]. Currently, various 48 

approaches have been employed for the effective removal of these organic compounds 49 

from water, such as coagulation [7], nanofiltration [8], electrochemical deposition [9], 50 

and oxidation [10]. However, significant operational expenses, the risk of secondary 51 

contamination, and maintenance requirements limit their use. Compared to these 52 

methods, adsorption techniques are preferred due to the low cost, high efficiency, and 53 

ease of operation. Hence, it is crucial to develop appropriate multifunctional adsorbents 54 

in order to decontaminate wastewater at source before release [11]. 55 

So far, various carbon-based adsorbents have been developed for wastewater 56 

purification due to the large surface area, low cost, and easy operation, including 57 

activated carbon [12], carbon nanotubes [13], and graphene [14]. Generally, such 58 

hydrophobic carbon-based materials need to be functionalized with hydrophilic 59 

moieties [15], such as functional groups [16] or cross-linked polymers [17], to increase 60 

their dispersibility in water and enhance aqueous accessibility [18, 19]. For instance, 61 

graphene oxide (GO) is a two-dimensional single layer nano-material with a large 62 

number of oxygen-containing functional groups (e.g., hydroxyl, carboxyl, carbonyl, 63 
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and epoxy groups). The abundance of surface functional groups ensures that GO 64 

exhibits good hydrophilicity and can be dispersed in aqueous solutions. However, due 65 

to the reduced hydrophobic interactions of GO, the adsorption capability of these 66 

carbon-based adsorbents in aqueous media needs to be improved. As such, the GO 67 

needs to be reduced in order to exhibit enhanced absorption of organic pollutants. After 68 

reduction, most of the –OH groups on the GO surface are removed, leaving only –69 

COOH groups resulting in enhanced hydrophobic characteristics. As such, hydrophobic 70 

rGOs can be effectively used for the removal of organic pollutants from water. 71 

Limited research has been carried out on how the amphiphilic behavior of carbon 72 

materials contributes to organic pollutant removal [20-23]. Previous research indicated 73 

that by using amphiphilic polymers, rGO can be modified to exhibit amphiphilic 74 

properties [24-26]. But there are concerns about using such polymer decorated rGO as 75 

efficient aromatic organic pollutant removal adsorbents because the introduced polymer 76 

may block the hydrophobic attraction between rGO and aromatic dye molecules: since 77 

with a polymer covering the rGO’s surface, the rGO’s sp2 structure (the main driving 78 

force to form π-π interaction) is masked. In this study, we use just a few layers of 79 

graphic carbon nitride (g-C3N4) for amphiphilic decoration to manufacture and stabilize 80 

rGOs in aqueous media [27]. Compared with bulky carbon nitride particles, the 81 

exfoliated g-C3N4 with layered structure interact well with layered rGO due to the flat 82 

morphology and Van der Waals forces [28, 29]. In addition, the functional groups of g-83 

C3N4 are mainly –N/–NH/–NH2– and the structure of rGO are a periodic honeycomb 84 

lattice composed of six-membered carbon rings, which can provide abundant binding 85 
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sites and interact with aromatic molecules through hydrophobic attraction, hydrogen 86 

bonding and electrostatic attraction [30-32]. To the best of our knowledge, this research 87 

represents the first time that amphiphilic nanosheets (rather than additional functional 88 

groups or polymers) have been used to modify two-dimensional materials with the 89 

purpose of increasing the amphiphilicity towards absorbents.  90 

The g-C3N4 structure contains a hydrophobic conjugated basal plane to form 91 

noncovalent interactions with rGO and/or dye molecules, and the edge groups endow 92 

hydrophilicity, which results in the amphiphilic nature of g-C3N4. The g-C3N4 93 

nanosheets are well dispersed in many water-oil systems, where the oil phases include 94 

hexane, toluene, dichloromethane, and n-heptane [33, 34]. As a result, by dispersing 95 

carbon nanostructures in the liquid phase, g-C3N4 can function as a colloidal surfactant 96 

that stabilizes pickering emulsions [33]. Additionally, we note that g-C3N4 not only 97 

helps hydrophobic rGOs disperse in water as absorbents, but it also helps to prevent 98 

aggregation of hydrophobic rGOs, which may happen when organic molecules are 99 

adsorbed [35, 36]. As such, g-C3N4 could be used as an amphiphile to disperse rGOs 100 

and improve the adsorption ability [37]. Therefore, g-C3N4 modified reduced graphene 101 

oxide was designed and used as an adsorbent to remove organic pollutants from 102 

wastewater (Scheme 1).  103 
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 104 
Scheme 1. Illustration of the preparation of the rGO-g-C3N4 composite and its 105 

adsorption for organic pollutants. 106 

2. Materials and methods 107 

2.1 Chemicals and materials 108 

Graphene oxide was purchased from Ashine Graphene Co., Ltd. The melamine was 109 

purchased from TCI. The reagents: hydrochloric acid (HCl) and sodium hydroxide 110 

(NaOH) were analytical grade and were purchased from Tianjin Damao Chemical 111 

Reagent Factory, calcium chloride (CaCl2) were purchased from Tianjin Tianda 112 

Chemical Experimental Plant, sodium chloride (NaCl) were purchased from Tianjin 113 

BeiChen Fang Zheng Reagent, Sodium borohydride (NaBH4) and Malachite green 114 

were purchased from Tianjin Kermel Chemical Reagent, Methyl orange were 115 

purchased from Tianjin Fuchen Chemical Reagent, Blush Y were purchased from 116 

Shanghai Macklin Biochemical Co., Ltd., Methyl violet were purchased from Tianjin 117 

Guangfu Fine Chemical Research Institute. 118 

2.2 Synthesis of rGO-g-C3N4 composites 119 

g-C3N4 was synthesized according to our published procedure [38]. In a beaker 120 

containing 60 mL deionized water, g-C3N4 0.96 g and graphene oxide 0.5 g were added, 121 
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after ultrasonication for one hour, the two solutions were mixed and then ultrasonicated 122 

for 1 hour. After the ultrasonication, the mixed solution was poured into a 200 mL 123 

reactor and underwent hydrothermal reaction at 180 oC for 12 hours, after filtration and 124 

freeze-drying GO-g-C3N4 composites were obtained [39]. 200 mg of the composite 125 

material was then taken out and placed in a 200 mL sodium borohydride solution (1 mg 126 

mL-1) for 24 hours to obtain a reduced adsorbent (rGO-g-C3N4) [40, 41]. 127 

2.3 Adsorption of organic compounds 128 

For the adsorption experiments, 5 mg of the adsorbent was added to 20 mL of the 129 

organic dye solution with an initial concentration of 10 to 500 mg L-1 for 2 hours. The 130 

residual dye content in the solution was determined using an infrared atomic absorption 131 

spectrophotometer. The effects of contact time (0 to 120 minutes), pH (1 to 13) and 132 

temperature (25 to 65 °C) were also investigated, wherein the concentration of the dye 133 

was 500 mg L-1 [35]. The amount of dye adsorption (Qt, mg g-1) was determined 134 

according to equation (1): 135 

Qt =
(C0−Ct)∗V

m
                                                                                                        (1)  136 

Where C0 is the initial solution concentration (mg g-1), and Ct is the solution 137 

concentration at time t, V is the volume of solution (L) and m is the weight of rGO-g-138 

C3N4 (g). 139 

2.4 Recyclability 140 

The recyclability of the adsorbent was recorded at 25 °C. 50 mg was added to 200 141 

mL of 500 mg L-1 dye solution for 2 hours. Then the adsorbent was then taken out from 142 

the solution. Desorption and regeneration of the dye-adsorbed adsorbent was carried 143 
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out by immersing the adsorbent in 100 mL of a 1.0 mol L-1 HNO3 solution and stirring 144 

at 25 °C for 100 minutes. The resulting adsorbent was used for another adsorption in 145 

the subsequent cycle. 146 

2.5 Molecular Dynamics Simulation 147 

The structure of the compounds was optimized using MMFF94s Force Field 148 

through Open Babel in Avogadro2 (v 1.91.0). After the structure optimization, the 149 

electrostatic surface potentials were calculated using MarvinSpace (v 17.21.0), 150 

ChemAxon. To simplify the simulation without sacrificing key characteristics, rGO and 151 

4-sheets g-C3N4 were employed as the model system. Since the form and surface 152 

characteristics of 4-sheets g-C3N4 were comparable to those of multi-layer g-C3N4, it 153 

was suggested that the simulation results may also reflect the behavior of the system 154 

with 4-sheets g-C3N4. The rhodamine B was placed nearby rGO and 4-sheets g-C3N4 155 

with minimum distance larger than 5.0 Å. NAMD version 2.10 was used to do MD 156 

simulations [42]. The simulation was run using the CHARMM forcefield, with 157 

Lennard-Jones parameters of ε = − 0.0700 kcal mol
-1 and Rmin/2 = 1.9924 Å for carbon 158 

atoms in rGO and g-C3N4. The long-range electrostatic interactions were computed 159 

using the Particle Mesh Ewald (PME) technique, with a cut-off of 12 Å for non-bonded 160 

interactions. The system was minimized before simulation, then gently heated and 161 

minimized again. With a 2 fs timestep, the system was simulated for 20 ns. VMD and 162 

MATLAB programs were used to analyze the data. 163 

2.6 Docking to generate dyes complexed with adsorbents and determine binding free 164 

energies 165 
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The optimized structures from the Molecular Dynamics Simulation were converted to 166 

the PDB file format using the Avogadro program. Then, all PDB files were opened and 167 

saved in the PDBQT file format in AutoDockTools (ADT) which is the molecular 168 

graphical visualization tool. In our work, the adsorbent and dye were set as the receptor 169 

and ligand, respectively, in ADT. The condition to generate grid map was set to 60 X 170 

60 X 60 points with spacing of 0.375 Å based on AutoGrid program. AutoDock 171 

program [43] was used to search conformations and calculate binding free energies 172 

based on Lamarckian genetic (LGA) algorithms. The population and energy function 173 

evaluation were set to 50 individuals and 2.5 x 105 with 27,000 for maximum number 174 

of generations. 175 

2.7 Water flux of the membrane  176 

The adsorption properties of rGO-g-C3N4 membranes were evaluated using high-177 

pressure plate membrane experimental equipment. The membrane flux is an important 178 

operating parameter in membrane separation processes, which refers to the amount of 179 

fluid passing through unit membrane area in unit time. The water flux of the membrane 180 

(J, L/m2 h) was determined according to equation (2): 181 

J =
V

T×A
                                                                                                                                     (2) 182 

Where V is the volume of solution (L), and T is the sampling time (h), A is the 183 

effective area of the membrane (m2). In particular, the effective area of the membrane 184 

in this experiment is 0.0049 m2 and the experiments was carried out at an average 185 

pressure of 26 Mpa. 186 

2.8 Characterization 187 
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SEM was recorded on an S-4800 field-emission scanning electron microanalyzer 188 

(Hitachi, Japan) at a magnification of 2500-100000. The morphology and the structure 189 

of the sample were characterized using a JEM-2100 transmission electron microscope 190 

(TEM) at an acceleration voltage of 200 kV. The X-ray diffraction (XRD) patterns of 191 

the crystalline phases of the prepared samples were obtained using Bruker D8 Advance 192 

under wide-angle (10-900) scanning with a step size of 0.010. The layer 193 

thickness and horizontal distance of the sample were collected using an atomic force 194 

microscope (AFM, Asylum research Cypher ES). The analysis of elements and function 195 

groups on the surface of adsorbent were determined using X-ray photoelectron 196 

spectroscopy (XPS, ESCALAB 250Xi) with a resolution of 0.48 eV (Ag 3d5/2) and 0.68 197 

eV (C 1s), respectively. The obtained UV-vis absorption spectra were registered with 198 

the Beijing Puxi T6 New Century UV-vis spectrophotometer. 199 

3. Results and discussion 200 

3.1 Characterization 201 
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 202 

Figure 1. a) Optical image of rGO-g-C3N4 powder, inset: SEM image of rGO-g-C3N4. 203 

b-c) TEM image of rGO-g-C3N4, inset: corresponding FFT pattern. d-f) TEM image 204 

and corresponding EDS element mapping of rGO-g-C3N4. g-i) Wide scan XPS spectra 205 

of rGO-g-C3N4. j) N2 adsorption desorption curves of rGO-g-C3N4 and GO-g-C3N4. 206 

Figure 1a displays an optical image of the synthesized rGO-g-C3N4 powder, which 207 

is grey black and differs significantly from yellow pristine exfoliated g-C3N4 powder 208 

(Figure S1). In the experimental section, the fabrication method is described 209 

(Supporting Information). Generally, the g-C3N4 modified reduced graphene oxides 210 
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(rGOs) were synthesized by NaBH4 reduction of g-C3N4 modified graphene oxides 211 

(GOs) [41]. The SEM image in Figure 1a indicates that the rGO-g-C3N4 composite 212 

possesses a wrinkled and fluffy structure with stacked nanosheets when compared with 213 

g-C3N4 (Figure S2) [39]. To describe the morphology and structure of rGO-g-C3N4, 214 

TEM studies were conducted. From Figure 1b and S3, it can be seen that rGO-g-C3N4 215 

exhibits two-dimensional sheets with chiffon-like ripples and wrinkles. After g-C3N4 216 

decoration, the ripples can cause the development of nano-sized channels or pores on 217 

the surface of rGO, resulting in a large surface area of the rGO. While, g-C3N4 also 218 

exhibits a layered structure with stacking similar to graphite [44]. Figure S4a shows a 219 

typical TEM image of GO, which appears transparent and consists of thin stacked flakes 220 

of micron size. Compared with the TEM images of rGO-g-C3N4 (Figure S4b), rGO-g-221 

C3N4 has a two-dimensional structure consisting of small flat sheets with wrinkles and 222 

irregular shape, indicating that g-C3N4 decorates the rGO surface. In order to further 223 

prove that g-C3N4 can be modified on rGO, we prepared a controlled sample using a 224 

three times higher concentration of g-C3N4 than the original sample. As indicated in 225 

Figure S4c, more g-C3N4 nanosheets are dispersed and stacked on the rGO surface. 226 

Meanwhile, it also indicates that for the adsorbent, g-C3N4 is the shell and rGO acts as 227 

the core [45, 46]. Furthermore, regarding the AFM measurements (Figure S5), the flake 228 

size of g-C3N4 is approximately 100 nm, whereas the flake size of GO is approximately 229 

5-10 microns. By measuring the flake size, we can confirm that g-C3N4 can be 230 

considered as a surface decorator (rather than scaffold) to coat on the rGO surface and 231 

act as a shell structure for the final absorbent. Figure 1c shows the results of additional 232 
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research using a high-resolution TEM with an FFT (Fast Fourier Transform) pattern as 233 

an inset. The hexagonal diffraction spots indicate a crystalline structure for rGO. The 234 

diffraction rings in the center are due to a few layers of g-C3N4 sheets on rGO which 235 

are rotation-oriented with respect to each other, and the properties of each layer are 236 

unique as expected. In theory, the thickness of a single-layer g-C3N4 is approximately 237 

0.4 nm [47], while the thickness of single-layer of GO is approximately 0.6 to 1.2 nm 238 

and depends on the oxidization degree[48]. Figure S5 shows the AFM image and height 239 

profile of g-C3N4 and GO. A height difference of 4 nm is observed for the g-C3N4 height 240 

profile (Figure S5a) indicating that the number of g-C3N4 layers is approximately 6. In 241 

addition, as shown in the GO height profile (Figure S5b), a height difference of 1.5 nm 242 

is observed indicating that the number of GO layers is less than 3. TEM elemental 243 

mapping analysis was conducted to explore the elemental distribution of rGO-g-C3N4 244 

(Figure 1d-f). The elemental mapping of rGO-g-C3N4 indicated a homogeneous 245 

distribution of N atoms all over the rGO-g-C3N4 nano layer, indicating decoration of g-246 

C3N4 on the rGO surface. The amount of O atoms (1.15 %) indicates that GO was 247 

partially reduced by NaBH4, which is important since functional groups may be 248 

beneficial for hydrogen bonding with the organic compounds (Figure S6, Table S1). 249 

The XPS survey spectrum of rGO-g-C3N4 is shown in Figure S7 and Figure 1g-i 250 

indicates the presence of C, N and O elements. As shown in Figure 1g, The XPS spectra 251 

of C1s could be deconvoluted into four peaks that appeared at ca. 284.8, 285.9, 288.9, 252 

and 289.3 eV [39]. The adventitious carbon or sp2 C–C bonds of graphitic carbon from 253 

the rGO were ascribed to the peak at 284.8 eV. Furthermore, the peaks at 285.9 and 254 
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288.9 eV from g-C3N4 corresponded to C=N coordination and sp2-hybridized carbon in 255 

N–C=N aromatic rings. The emergence of peaks at 289.3 eV are due to the existence of 256 

C–OH and OH–C=O bonds, respectively, ascribed to the partial reduction of GO [49]. 257 

Similarly, the nitrogen atom bonding topologies in rGO-g-C3N4 were investigated using 258 

high resolution N1s XPS spectra (Figure 1h). The N1s XPS spectra of rGO-g-C3N4 259 

reveals three peaks centered at 399.2, 400.5, and 401.7 eV, respectively. Peaks with 260 

lower binding energy of about 399.2 and 400.5 eV, correspond to pyridinic-like (N-261 

sp2C) and pyrrolic like (N-sp3C) nitrogen’s, respectively, which come from the g-C3N4 262 

[39, 50, 51]. While the graphitic nitrogen is represented by the peak centered at 401.7 263 

eV. The presence of the C-O bonds is further confirmed by the peak (531.4 eV) in the 264 

O1s XPS spectrum (Figure 1i). Curve fitting of the O1s spectra reveals components at 265 

532.0 and 533.7 eV, which are typically attributed to carbon phase surface oxygen 266 

complexes [52]. As shown in Figure 1j, rGO-g-C3N4 exhibits a typical type IV isotherm 267 

(IUPAC classification with a relative pressure range of 0.4-1.0), indicating a slit-like 268 

porous structure. Compared with GO-g-C3N4 at 94.0158 m3 g-1, the surface area of 269 

rGO-g-C3N4 is larger at 189.4248 m3 g-1, which is particularly beneficial for the 270 

adsorption of organic compounds. 271 

3.2 Amphiphilic nature of rGO-g-C3N4 272 
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 273 

Figure 2. a) Optical photographs of rGO-g-C3N4 stabilized Pickering emulsions in a 274 

water/decane mixture at various concentrations. b) Water contact angle for n-decane 275 

(above) and water (below). c) Optical microscopy images of rGO-g-C3N4 stabilized 276 

emulsion droplets (A colour version of this figure can be viewed online.) 277 

In order to demonstrate the amphiphilic nature of rGO-g-C3N4, we added it to a 278 

equi volumetric, biphasic n-decane/water mixture [53]. It was found that rGO-g-C3N4 279 

flakes diffuse in the nonpolar phase of n-decane and an emulsion was produced by 280 

manually shaking the experimental bottle [20, 54], as schematically presented in Figure 281 

2a. It can be seen that as the concentration of rGO-C3N4 increases, rGO-C3N4 gradually 282 

diffuses into the water-oil phase and gradually forms a stable solution in the water/n-283 

decane mixture [53, 55]. Additionally, Figure S8 shows photographs of rGO-g-C3N4 284 

stabilized Pickering emulsions in a water/decane mixture at various concentrations, 285 

which have been preserved for at least six months since the last experiment. Which 286 

indicates that the droplets can be stable towards coalescence under ambient conditions 287 
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for sustained periods. The contact angle (θ) was measured by pressing the powders into 288 

a flat disk, and it was found that the θ for decane is 10.4°, while the θ for water is 49.5°, 289 

confirming the amphipathicity of rGO-g-C3N4 (Figure 2b). Figure 2c illustrates the 290 

optical microscopic images of rGO-g-C3N4 stabilized emulsion droplets. The droplets 291 

are clearly observable under an optical microscope, further demonstrating the formation 292 

of stable water-in-oil assembly and the amphiphilic nature of rGO-g-C3N4. Particularly, 293 

the sizes of the decane droplets varied with the rGO-C3N4 concentration. In addition, at 294 

a rGO-g-C3N4 concentration of 0.1 mg mL−1, the existence of agglomerated flakes 295 

indicated that rGO-g-C3N4 was more difficult to disperse in solvents [33]. It is worth 296 

mentioning that the droplets were stable against coalescence in an ambient setting for 297 

at least six months. The rGO-g-C3N4's extraordinary ability can be ascribed in part to 298 

its nanosheet-like texture, which generates tangled, locked networks at the interface. 299 

3.3 Theoretical calculations 300 
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 301 
Figure 3. a) Schematic of the hydrophobicity of rGO, amphiphilicity of g-C3N4 and 302 

RhB. b) Molecular dynamic simulation of the interaction rGO, g-C3N4 (4 sheets), and 303 

rhodamine B. Histograms and estimated densities of the distance between the atoms of 304 

rhodamine B and: c) the surface of rGO at 0 (blue), 10 (yellow), and 20 (green) ns 305 

respectively. d) the surface of g-C3N4 (4 sheets) at 0 (blue), 6 (yellow), and 15 (green) 306 

ns respectively. 307 

The amphipathic nature of rGO-g-C3N4 promotes the fast adsorption of RhB (See 308 

the video attached). The interactions between rGO and g-C3N4 as well as the 309 

adsorption of RhB were evaluated using theoretical simulations. Structures of 310 

hydrophobic rGO, amphiphilicity of g-C3N4 and organic RhB are schematically 311 

represented in Figure 3a. Molecular dynamics (MD) simulations were carried out to 312 

investigate the interactions between rGO/ g-C3N4 (4 sheets), and RhB. A 4-sheet stack 313 

of g-C3N4 has been used, and theoretical calculations indicate that the smallest stack 314 

that is sufficiently stable, and therefore more likely in the real exfoliation scenario 315 

compared to a single g-C3N4 sheet, or a stack of two sheets. While, it has been 316 
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confirmed that the behavior can be extrapolated to larger stacks [56]. As shown in 317 

Figure 3b, the RhB was initially located away from the rGO and rGO-g-C3N4, and was 318 

gradually adsorbed on to the surface of the rGO and rGO-g-C3N4. Significantly, the 319 

RhB was in contact with the surface of the rGO after about 10 ns and around 6 ns for 320 

the rGO-g-C3N4. RhB was then "stuck" to both surfaces until the simulation ended. 321 

Considering the conformational changes during this process, the transition state for the 322 

rGO contact was defined as 10 ns and the rGO-g-C3N4 interaction was defined as 6 ns, 323 

which means that rGO-g-C3N4 can absorb RhB faster and more efficiently compared 324 

with only rGO. During the process, several of the atoms appeared at the rGO and g-325 

C3N4 (4 sheets) surfaces. The atoms of RhB have comprehensive distribution 326 

histograms and estimated densities at the beginning state, transition state, and final state 327 

are shown in Figures 3c and 3d, respectively. Figures 3c and 3d show the detailed 328 

distribution histograms and estimated densities of the atoms of RhB for the initial state, 329 

transition state, and final state, respectively (In addition, from Figure S9 the 330 

distribution histograms and estimated densities of the atoms of g-C3N4 for the initial 331 

state, transition state, and final state, respectively are given). A slight shifting of the 332 

distance distribution towards a smaller value was observed, indicating that the RhB was 333 

closer to the surface. The same behavior is observed for the g-C3N4 (Figure S9). In 334 

addition, a peak appeared at around 0.35 nm (Figure 3c, 3d and Figure S9), indicating 335 

that an absorption layer was due to π–π interactions, suggesting the existence of π-π 336 

interactions at the interface of the materials between g-C3N4, GO and/or RhB. 337 

Furthermore, the chemical structure of RhB shows that the absorption is linked to the 338 
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central aromatic groups, which can interact with the rGO and g-C3N4 surfaces via π–π 339 

interactions. We assume that the absorption of RhB on the surface is associated with 340 

the central aromatic groups and based on π–π interactions between rGO and g-C3N4 and 341 

the aromatic groups [57]. In order to estimate the interaction energy between the dye 342 

and the adsorbent, theoretical calculations were carried out using the AutoDock 343 

program [43] to calculate the free binding energies. The docking program provides the 344 

orientations of the complexes (lowest ΔG values from docking) between dye and 345 

adsorbent. The calculated f ΔG values for the most stable conformation is -23.47 KJ 346 

mol-1, which agrees very well with the experimental data as shown in Table S4. 347 

Experimental data for the interaction between rGO-g-C3N4 and RhB were also 348 

determined. The FTIR spectrum of rGO-g-C3N4 with adsorbed RhB is shown in Figure 349 

S10. The broad peak in the spectra of rGO-g-C3N4 at 3000–3500 cm-1 corresponds to 350 

the stretching mode of -OH and the physically adsorbed H2O. While the broad peak at 351 

3000~3500 cm-1 was assigned to the -OH stretching vibration. C–O in the C–OH and 352 

C–O–C functional groups are responsible for the maxima at 1401 and 1208 cm-1, 353 

respectively. The peaks at 1245, 1322, 1411, 1578, and 1636 cm−1
 correspond to the 354 

typical stretching modes of C–N heterocycles. In the tensile mode, after adsorption, 355 

characteristic peaks for RhB (1592, 1165, 1600 and 1135 cm-1) were observed on rGO-356 

g-C3N4 [44, 52]. XRD was used to investigate the RhB adsorption process and 357 

mechanism on rGO-g-C3N4. Figure S11 shows the XRD patterns of rGO-g-C3N4 358 

before and after adsorption of RhB. The diffraction peak corresponding to the (200) 359 

crystal plane has a corresponding distance of d = 0.324 nm. The diffraction peak 360 
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corresponding to the (100) crystal plane has a distance of d = 0.671 nm [53]. Compared 361 

with rGO-g-C3N4, the XRD peak position and shape of rGO-g-C3N4 before and after 362 

adsorption of RhB did not change significantly, demonstrating that the adsorption of 363 

RhB did not affect the lattice structure of rGO-g-C3N4 [58]. According to analysis of 364 

the XRD and FTIR data, the main mechanism of adsorption is physical interaction and 365 

coordination, therefore a physico-chemical interaction. Meanwhile, based on the 366 

interlayer spacings of rGO-g-C3N4, it indicated that the rGO-g-C3N4 does not swell 367 

during the adsorption process. Because of the abundance of oxygen-containing groups, 368 

GO flakes are extremely hydrophilic, this causes changes of interlayer spacing for GO 369 

assembled membranes resulting in the exclusion of small ions or organic molecules [50, 370 

59, 60]. However, due to the amphiphilic nature of rGO-g-C3N4, the rGO-g-C3N4 layers 371 

are stable and do not swell during the adsorption process, as such the intercalation of 372 

large organic pollutant molecules into the rGO-g-C3N4 interlayer space is very difficult 373 

and is negligible during the absorption process. 374 

3.4 The amphipathic superiority of rGO-g-C3N4 for removal of organic pollutants  375 
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 376 

Figure 4. a) Fluorescence spectra of RhB after the addition of rGO-g-C3N4 and rGO-377 

CNC. b) Fluorescent images of RhB solutions: RhB only (left vial), rGO-CNC addition 378 

(middle vial), and rGO-g-C3N4 addition (right vial). c-d) Fluorescence spectra of RhB 379 

titrated with rGO-g-C3N4 and rGO-CNC. e) Fluorescent intensity vervus added 380 

adsorbents amount. f) UV-vis absorption spectra of RhB solutions before and after 5 h 381 
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of rGO-CNC and rGO-g-C3N4 adsorption. g) Adsorption isotherms of RhB in water for 382 

rGO-g-C3N4 (pink circles) and rGO-CNC (blue circles). h) Adsorption isotherms of 383 

methyl violet with rGO-g-C3N4 (pink bar) and rGO-CNC (blue bar) in an ethanol/water 384 

mixture. (A colour version of this figure can be viewed online.) 385 

To further obtain insight into the amphipathic superiority of rGO-g-C3N4 towards the 386 

adsorption of organic compounds a hydrophilic nanocellulose (CNC) decorated rGO 387 

(rGO-CNC) was synthesized as a reference material. The adsorption properties of rGO-388 

g-C3N4 and rGO-CNC for RhB were evaluated using fluorescence Figure 4a. The 389 

emission of RhB at 580 nm decreases significantly (89 %) upon the addition of rGO-g-390 

C3N4, while the fluorescence intensity decreases (73 %) using the same amount of rGO-391 

CNC. The pictures of the fluorescence for RhB aqueous solution clearly demonstrate 392 

that rGO-g-C3N4 can more effectively remove RhB from water under the same 393 

conditions (Figure 4b). Noncovalent interactions preserve the characteristics of 394 

functional molecules and carbon materials, providing considerable benefits over 395 

covalent alteration. Therefore, RhB can be adsorbed by rGO-g-C3N4 and rGO-CNC due 396 

to noncovalent interactions such as π-π and electrostatic interaction [61, 62]. To 397 

understand the supramolecular interactions between RhB and rGO-g-C3N4 and rGO-398 

CNC, fluorescence emission measurements were conducted. Figure 4c-d shows the 399 

fluorescence spectra of RhB in solution and titrated with rGO-g-C3N4 and rGO-CNC. 400 

The RhB emission peak at 580 nm was reduced 10-fold when rGO-g-C3N4 and rGO-401 

CNC were added gradually into the RhB solution, up to 1 mg mL-1 and 2 mg mL-1, 402 

respectively. As shown in Figure 4e, when rGO-g-C3N4 and rGO-CNC were added into 403 

the RhB solution, RhB was adsorbed onto the rGO-g-C3N4 and rGO-CNC, and the 404 

fluorescence intensity decreased continuously. Upon the continuous addition of rGO-405 
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g-C3N4 and rGO-CNC, the fluorescence intensity continued to decrease until reaching 406 

a minimum level, and the adsorption balance was achieved at the intersection points in 407 

Figure 4e, indicating that RhB had been completely adsorbed by rGO-g-C3N4 and rGO-408 

CNC. As shown in Figure 4f, the amounts of RhB adsorbed by rGO-g-C3N4 and rGO-409 

CNC increased with changes of the initial concentration of RhB. It can be seen that the 410 

absorption band at 554 nm decreased after adsorption by rGO-g-C3N4 and rGO-CNC 411 

due to the adsorption of RhB. The absorbance of rGO-g-C3N4 was about 3.7-fold 412 

smaller than that of rGO-CNC, indicating the rGO-g-C3N4 has better adsorption ability 413 

for the RhB. Langmuir and Freundlich adsorption models were used to simulate the 414 

experimental data for the adsorption of RhB on rGO-g-C3N4 and rGO-CNC (Figure 415 

4g). After fitting the adsorption isotherms with the Langmuir model, the maximum 416 

adsorption capacity of rGO-g-C3N4 towards RhB is 520.2 mg g-1, which is ca. 1.93-fold 417 

larger than that of rGO-CNC (269.3 mg g-1; Table S2), indicating that the adsorption 418 

capacities of rGO-C3N4 are higher than that of rGO-CNC. Furthermore, in order to 419 

confirm the adsorption capacity of composite rGO-g-C3N4, pure rGO and pure g-C3N4 420 

were also used to remove RhB respectively as control experiments (Figure S12). After 421 

fitting the adsorption isotherms using the Langmuir model, the maximum adsorption 422 

capacity of pure rGO towards RhB is 135.0 mg g-1, which is ca. 3.85-fold smaller than 423 

that of rGO-g-C3N4 (520.2 mg g-1). While the maximum adsorption capacity of pure g-424 

C3N4 towards RhB is 178.8 mg g-1, which is ca. 2.91-fold smaller than that of rGO-g-425 

C3N4 (520.2 mg g-1), indicating that the adsorption capacities of rGO-C3N4 are higher 426 

than those of pure rGO and pure g-C3N4. To further evaluate the high capacity of rGO-427 
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g-C3N4 for the removal of other organic pollutants methyl violet was used. Figure 4h 428 

illustrates the effective adsorption of methyl violet by rGO-g-C3N4 and rGO-CNC. 429 

When the Ce value increased to 500 mg L-1, the Q value of rGO-g-C3N4 is about 2-fold 430 

larger than that of the rGO-CNC, indicating that the amphiphilic rGO-g-C3N4 exhibits 431 

a higher adsorption efficiency than the adsorbent with just hydrophilic decoration. 432 

Both the theoretical and experimental results indicate that the amphiphilic rGO-g-433 

C3N4 has excellent capacity for aromatic organic pollutant removal, thus, we propose a 434 

new adsorption model for an amphiphilic adsorbent: the hydrophilic nature of 435 

amphiphilic adsorbents helps the dispersion of the adsorbent in water and facilitates the 436 

maximum access of water and interaction with organic pollutants, while, the 437 

hydrophobic nature of an amphiphilic adsorbent assists with the hydrophobic force 438 

driven adsorption between the adsorbent and the target pollutants. Compared with 439 

adsorbents exhibiting only hydrophilic or oleophilic /functionalization, such dual 440 

driving forces available for amphiphilic adsorbents will significantly enhance the 441 

removal ability towards aromatic pollutants. The adsorption capacities of some other 442 

previously reported hydrophobic, hydrophilic, and amphiphilic adsorbents for RhB are 443 

compared with rGO-g-C3N4 (Table 1). It is noted that rGO-g-C3N4 exhibits the highest 444 

adsorption capacity for RhB over the other types of adsorbents, indicating the excellent 445 

potential of our as-prepared amphipathic adsorbents for the removal of RhB from 446 

contaminated water. 447 

Table 1. Comparison of adsorption capacity of different adsorbents on rhodamine B. 448 

Material 
Qm 

(mg g-1) 

Modified 

component 

Molecular 

property 
Reference 
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hypercrosslink

ed polymeric 

adsorbent 

functionalized 

 (HJ-1) 

72.993 

 

formaldehyde 

carbonyl groups oleophilic [63] 

copolymerizati

on of 

divinylbenzene 

and 1- 

vinylimidazola

te 

(PDVB-VI) 

99.01 

 

 

Divinylbenzene 

1-vinylimidazolate oleophilic [64] 

modifying 

activated 

carbondevelop

ed from 

Lythrum 

salicaria L. 

with pyruvic 

acid (LSAC-

PA) 

333.33 

 

 

 

 

activated carbons oleophilic [65] 

AgarBs loaded 

with reduced 

graphene 

oxides 

 (rGO-AgarBs) 

321.7 

 

 

AgarBs hydrophilic [35] 

iron doped 

TiO2 

nanotubes PES 

mixed matrix 

Membranes 

(FeTNTePES 

MMMs) 

185.18 

 

 

 

AgTNT 

FeTNT 

hydrophilic [66] 

hydrophilic 

(hydroxyl-

group) silica 

aerogel  

(HSA) 

185.61 

 

 

silica aerogel hydrophilic [67] 

The 

multifunctional 

reduced-

graphene-

oxide/rare-

earth-metal-

oxide aerogels 

(RGO/REMO) 

234.4 

 

 

 

rare-earth-metal-

oxide aerogels 
hydrophilic [68] 

graphene 

aerogel with 
111  

 

graphene aerogel 
amphipathic [57] 
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polyvinyl 

alcohol (PVA) 

rGO-g-C3N4 520.2 g-C3N4 amphipathic This work 

 449 

3.5 Adsorption behavior and membrane applications 450 

 451 

Figure 5. a) Pseudo-secondary kinetic model for rhodamine B adsorption. (C0 = 500 452 

ppm; T = 298 K; adsorbent = 5 mg; V = 10 mL). b) rGO-g-C3N4 at different 453 

temperatures of rhodamine B in water (298 K, 318 K, 338 K) adsorption. c) Adsorbent 454 

cycle adsorption efficiency of rGO-g-C3N4. d) UV-vis absorption spectra of RhB/MB 455 

combination solution in water before (black curve) and after rGO-g-C3N4 incubation 456 

(red curve) for 5 h. Images of aqueous solutions of RhB/MB mixed with rGO-g-C3N4 457 

are shown in the insets. The topimage shows vial immediately after adding rGO-g-C3N4, 458 

and the bottom image shows vial after 5 h incubation e) Fluorescence spectra of 459 
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RhB/MB combination solution in water before (dashed curves) and after (solid curves) 460 

5 hours of incubation with rGO-g-C3N4 (red curves). The RhB/MB mixture solutions 461 

in water are shown in the insets before (left vials) and after (right vials) 5 h incubation 462 

with rGO-g-C3N4. f) Plots of the MB content in RhB/MB mixed solution in water versus 463 

adsorption time in the absence (red curve) and presence of 0.1 M NaCl (black curve). 464 

g) Q values for rGO-g-C3N4 versus concentration of MgCl2 and NaCl in water. h) 465 

Comparison of adsorption efficiency with different dyes. i) Comparison of adsorption 466 

performance of pristine membrane (Nylon6) and rGO-g-C3N4 membrane (GCM) under 467 

direct current and cross flow conditions. j) Images of pristine membrane (Nylon6) and 468 

rGO-g-C3N4 membrane, inset: small angle electron diffraction image of rGO-g-C3N4. 469 

k) Schematic diagram of high-pressure plate membrane experimental equipment and 470 

membrane filtration system. (A colour version of this figure can be viewed online.) 471 

We then evaluated the adsorption of RhB under complex conditions in order to 472 

evaluate the capability of rGO-g-C3N4’s under more realistic practical environments. 473 

As illustrated in Figure 5a, the adsorption capacity of rGO-g-C3N4 increased at an early 474 

stage, and then slowed down until it reached equilibrium. The adsorption isotherms of 475 

RhB on the rGO-g-C3N4 are shown in Figure S13. From the correlation coefficients 476 

(R2) and fitting curves (Supporting Information, Table S3), it was found that the 477 

Langmuir model is more suitable to simulate RhB adsorption than the Freundlich model, 478 

indicating a monolayer coverage of adsorbents. Moreover, the pseudo-second-order 479 

model has an r-square value higher than 0.99, suggesting that a pseudo-second-order 480 

model for the adsorption kinetics of the g-C3N4. The rate constants for all these kinetic 481 

models were calculated, and the results indicate that the second order kinetic model was 482 

a suitable model for the kinetic adsorption of RhB (Table S3, Figure S14), 483 

demonstrating the presence of significant attractive forces between the RhB molecules 484 

dissolved in water and the rGOs loaded with g-C3N4. Then, the influence of temperature 485 

on the adsorption process with rGO-g-C3N4, at 25 ℃, 35 ℃, and 45 ℃ were determined 486 

(Figure 5b，Figure S15). The values of ∆G, ∆S and ∆H are given in Table S4. As can 487 
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be observed, the entropy changed in a positive direction during adsorption, indicating 488 

an increase in randomness at the cation-exchange interface [69]. While the presence of 489 

negative ∆G values indicates that the adsorption process is spontaneous. (Supporting 490 

Information, Table S4). The value of ∆G for the adsorption of RhB is around −15 kJ 491 

mol−1, which indicates that the adsorption process was physisorption [70]. Which 492 

indicated that a mixed mechanism of chemisorption and physisorption might be 493 

responsible for removing RhB from aqueous media. The adsorption properties of the 494 

recovered rGO-g-C3N4 were also determined as shown in Figure 5c. The recyclable 495 

adsorption behavior of rGO-g-C3N4 toward RhB remained comparable after four 496 

desorption cycles, and the adsorption capacities only slightly decreased. In single 497 

systems, the removal efficiency of rGO-g-C3N4 towards RhB after one and four cycles 498 

was above 85.3 %, indicating that rGO-g-C3N4 has great reproducibility. Acid washing 499 

is commonly used for the regeneration of the adsorbent [71, 72]. Figure S16 shows the 500 

SEM images of rGO-g-C3N4 before and after acid treatment. It can be seen that rGO-501 

g-C3N4 still exhibits a crumpled and fluffy structure of stacked nanosheets after acid 502 

treatment, demonstrating that acid treatment has little effect on the morphology of rGO-503 

g-C3N4. 504 

Furthermore, rGO-g-C3N4 was used to treat binary mixtures of organic dyes in 505 

aqueous solutions to verify its good capacity for aromatic pollutants. Figure 5d and 5e 506 

indicates that after the rGO-g-C3N4 was incubated in mixed aqueous solutions of RhB 507 

(50 mg mL-1) and methyl blue (MB) (25 mg mL-1) for 5 h, the adsorption and 508 

fluorescence of RhB and MB in the aqueous media is negligible, indicating excellent 509 
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RhB removal even in binary solutions. As the adsorption time increases, the MB content 510 

in RhB/MB mixed solution in the absence of 0.1 M NaCl is circa 2-fold higher than 511 

that in 0.1 M NaCl (Figure 5f). The lower adsorption selectivity in 0.1 M NaCl reflects 512 

the fact that salt improves MB adsorption more than that of RhB. 513 

To investigate the impact of salinity on RhB adsorption, the adsorption capacities 514 

of rGO-g-C3N4 towards RhB in NaCl and MgCl2 solutions were determined (Figure 515 

5g). In general, rising salinity has a negative influence on traditional wastewater 516 

treatment methods. However, the removal capacity increased significantly with 517 

increasing water salinity, which is consistent with the reduced solubility of RhB in 518 

water caused by salinity, implying that the attractive hydrophobic interactions between 519 

the rGO-g-C3N4 and the RhB molecules drive RhB adsorption by the composite rGO-520 

g-C3N4 [8, 35]. The Qm value of rGO-g-C3N4 is 528 mg g-1 in 0.5 M NaCl and 574 mg 521 

g-1 in 0.5 M MgCl2, corresponding to an increase of ca. 7.0 % and 16.4 %, respectively. 522 

The excellent adsorption performance of rGO-g-C3N4 in high salinity water validates 523 

its potential for practical applications. In order to learn more about the potential for 524 

organic compound adsorption, rGO-g-C3N4 was used to treat aqueous solutions of 525 

different organic dyes. From the results presented in Figure 5h, it can be seen that rGO-526 

g-C3N4 has excellent adsorption capacity for both cationic dyes (methyl blue and 527 

malachite green) and anionic dyes (methyl orange), maintaining a good adsorption 528 

efficiency of over 80 % for both 5 ppm and 50 ppm concentrations. In addition, the 529 

adsorption capacities of rGO-C3N4 for phenol and sulfonamide have been investigated 530 

to further clarify the absorbent’s capability for other organic pollutants. (Figure S17). 531 
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After fitting the adsorption isotherms with the Langmuir model, the maximum 532 

adsorption capacity of rGO-g-C3N4 towards phenol is 133.9 mg g-1, while the maximum 533 

adsorption capacity of rGO-g-C3N4 towards sulfonamide is 140.2 mg g-1, indicating the 534 

rGO-C3N4 exhibits good removal efficiency for other typical pollutants. 535 

Moreover, to investigate the adsorption properties of rGO-g-C3N4 composites for 536 

industrial applications, we deposited rGO-g-C3N4 on a Nylon6 membrane to fabricate 537 

a rGO-g-C3N4 membrane (Figure 5j) and investigated its performance for RhB removal 538 

with water flux at 1000 L m-2 h-1 (Figure S18). The small-angle x-ray scattering (SAXS) 539 

patterns of rGO-g-C3N4 membrane, inset in Figure 5j, shows a symmetric cycle 540 

scattering pattern indicating a randomly aligned layered structure. The high-pressure 541 

flat membrane experimental equipment is suitable for a variety of membrane evaluation 542 

and research applications and is widely used in biology, pharmacy, and environmental 543 

protection, etc. It is also used for the separation, purification, and sterilization of liquid 544 

materials [73]. The adsorption properties of rGO-g-C3N4 membranes were evaluated 545 

using high-pressure plate membrane experimental equipment. The detailed 546 

arrangement of the membrane filtration system is shown in Figure 5k. The upper space 547 

of the filter membrane is the residence space of the liquid that can pass through the 548 

membrane, and the macromolecular substances that cannot pass through the membrane 549 

will outflow through the bottom space. In addition, the whole filtration process adopts 550 

the principle of cross-flow filtration. Under the power of the feed pump, the solution 551 

containing RhB enters the filter membrane from the bottom to top along the direction 552 

of the pink arrow, and the cross-flow filtration is carried out following the direction of 553 
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the dashed pink arrows on the filter membrane. The liquid that passes through the 554 

membrane is filtered and discharged using the pipe connected to the top of the filter 555 

membrane module in the direction of the pink arrow. The liquid and macromolecular 556 

substances that cannot pass through the membrane are circulated in the direction of the 557 

blue arrow. We compared the effects of using both filtration with a suction flask and 558 

the above-mentioned cross-flow filtration on the adsorption performance of rGO-g-559 

C3N4. The direct-flow filtration experiment was carried out by using filter flasks, while 560 

the cross-flow filtration experiment was carried out using the high-pressure plate 561 

membrane experimental equipment. With direct-flow filtration the feed solution flows 562 

perpendicular through the membrane to directly get filtered. While with cross flow 563 

filtration the feed solution moves under pressure parallel to the membrane and is filtered 564 

as the solution flows past the membrane. As can be seen from the results presented in 565 

Figure 5i, the rGO-g-C3N4 membrane exhibits good adsorption efficiency for RhB at 566 

different concentrations [74]. 567 

4. Conclusions 568 

In summary, we propose a new aromatic organic pollutant removal approach using 569 

a novel amphiphilic engineering strategy using reduced graphene oxide (rGO) loaded 570 

with g-C3N4. Compared with conventional polymer decoration to achieve amphiphilic 571 

properties, applying an amphiphilic layered material can minimize changes of the rGO 572 

surface chemistry and ability to form π-π interactions with aromatic organic pollutants. 573 

Moreover, the amphiphilic nature of g-C3N4 can enable hydrophobic rGOs to disperse 574 

evenly in water and stabilize the aggregation of hydrophobic rGOs. The prepared rGO-575 
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g-C3N4 exhibits efficient removal efficiency for many types of organic compounds from 576 

aqueous solution with excellent adsorption capacity, and especially rhodamine B. In 577 

addition, the amphipathic force-driven adsorption approach is enhanced as the salinity 578 

in water increases, which can offer great operational flexibility and versatility. 579 

Furthermore, we have fabricated a rGO-g-C3N4 membrane and performed lab-scale 580 

cross flow experiments, to demonstrate the potential for real industrial water 581 

purification applications. We believe the present research will shed light on the future 582 

development of amphipathic carbon-based materials and result in them being used in 583 

more efficient and selective organic compounds removal from industrial wastewater 584 

sources. 585 
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