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Abstract 
 

Organic dyes and copper ions are the main industrial wastewater pollutants, which have potential threats to the environment 
and humans. Here, a novel β-cyclodextrin decorated reduced graphene oxide complex (rGO-β-CD) is synthesized by wet-
chemical strategy. The characterization results confirm the successful synthesis of the rGO-β-CD complex, which also exhibits 
high stability in the polar solvent. In addition, the quantitative analysis reveals that rGO has excellent loading capacity for β-
CD (up to 19 wt.%). Benefiting from the tightly stacked structure, the rejection rate of the rGO-β-CD membrane for rhodamine 
B (RhB), methyl orange (MO), and even blue (EB) is nearly 100%. Furthermore, the membrane displays significantly lower 
copper ions permeation in mixed ion solutions, with a permeability of 0.05 mmol m-2 h-1. Importantly, the membrane exhibits 
specific adsorption for copper ions, resulting in a Zn2+/Cu2+ selectivity of 4.6. Based on the results, the rGO-β-CD membrane 
was observed to be a promising material for wastewater treatment. This study provides a novel rGO-β-CD membrane to 
separate organic dyes and copper ions from wastewater.  
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1. Introduction  

Organic dyes and heavy metal ions are the main pollutants in 

industrial wastewater. Some organic dyes and heavy metals 

are not only non-biodegradable but also difficult to be 

discharged through metabolism, potentially causing serious 

health hazards to humans and other organisms.[1] Untreated 

organic dyes discharged into water will cause eutrophication 

of the water body, which could damage the animal and plant 

communities seriously in water. Moreover, excessive copper 

ions can lead to toxic effects such as serious mucous 

membrane stimulation and corrosion, liver and kidney damage, 

extensive capillary damage, and even liver and kidney 

necrosis.[2,3] Therefore, toxic copper ions in industrial 

wastewater must be effectively removed before releasing them 

into the environment.  

Generally, the methods of ion removal include coagulation, 

adsorption, chemical precipitation, ion exchange, reverse 

osmosis, and membrane separation.[4-6] Among these available 

technologies, adsorption is the most widespread technology 

due to its simplicity, flexibility, and economy. Recently, β-

cyclodextrin (β-CD) has received much attention in 

wastewater treatment due to its special cavity structure tends 

to combine with metal ions or organics to form clathrate 

through the host-guest effect.[7] However, the recovery of β-

CD in water is difficult due to the lack of a suitable platform 

to achieve high-efficiency loading of β-CD.  

Fortunately, graphene materials are expected to become 

efficient carriers owing to the large surface area, sufficient 

active sites, and easily modified characteristics.[8,9] Moreover, 

graphene materials have been reported to be used in water 

treatment[10] as well as gas and ion separation[11,12] due to their 

excellent film-forming and ion-sieving properties.[13] Here, a 

novel multilayer membrane based on the β-cyclodextrin 

modified partially reduced graphene oxide (rGO-β-CD) is 

presented to remove Cu (II) ions from wastewater. The 

membrane can not only completely block the organic dyes in 

the solution but also specifically remove the copper ions in 

simulated wastewater. This paper provides a new adsorptive 

membrane system for the removal of organic dyes and copper 

ions and proposes a synergistic strategy for efficient 
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wastewater treatment. 

 

2. Experimental section 

2.1 Chemicals and materials 

Graphite powder was provided by Shandong Leadernano 

Technology Co., Ltd. β-cyclodextrin (β-CD), Evans blue (EB), 

methyl orange (MO) and rhodamine B (RhB), hydrochloric 

acid (HCl), hydrazine hydrate (N2H4·H2O), potassium 

chloride (KCl), sodium chloride (NaCl), calcium chloride 

(CaCl2), copper chloride (CuCl2), cobalt chloride (CoCl2), 

nickel chloride (NiCl2) and zinc chloride (ZnCl2) were bought 

from Shanghai Macklin Biochemical Co., Ltd. All the raw 

materials and chemical reagents used in the synthesis process 

were of analytical grade without any further purification.  

 

2.2 Synthesis of rGO and rGO-β-CD complex  

The preparation approach of the complex and membrane is 

exhibited in Fig. 1. GO powder was synthesized by the 

modified Hummers’ method.[14] Then the rGO-β-CD complex 

was prepared as follows: First, the mixed solution of GO (0.5 

mg/mL, 20.0 mL) and β-CD (4 mg/mL, 20.0 mL) was 

obtained by stirring at room temperature. Then add a certain 

proportion of hydrazine hydrate solution and ammonia water 

solution. Finally, the rGO-β-CD was collected by stirring in a 

water bath at 45 °C for 5 hours. A similar approach was 

adopted to prepare rGO, except that β-CD was not added 

during the preparation process.  

 

2.3 Preparation of the membranes  

The membrane was prepared by a vacuum filtration method at 

1 bar transmembrane pressure. Next, 0.5 mL of rGO-β-CD 

solution was vacuum filtered through a polyvinylidene 

fluoride (PVDF) membrane to produce the rGO-β-CD 

membrane. Similarly, 0.5 mL rGO aqueous solution was used 

to prepare the rGO membrane. At last, the obtained products 

were vacuum dried under mild conditions at 35°C.  

 

2.4 Characterization 

Transmission electron microscope (TEM) and Scanning electron 

microscope (SEM)) were applied to detect the surface structure 

of the complex and membrane. X-ray diffraction (XRD) 

patterns were investigated with DMAXRB-III. The molecular 

structures of rGO and rGO-β-CD were analyzed using Fourier 

transform infrared spectrometer (FT-IR, MAGNA-IR 550) 

and an Ultraviolet visible spectrophotometer (UV-vis). The 

content of each component in the rGO-β-CD complex was 

analyzed by a thermogravimetric analyzer (TGA) heated from 

room temperature to 790 °C in a nitrogen atmosphere. The 

concentration of ions was determined using inductively 

coupled plasma mass spectrometry (Agilent 7800 ICP-MS). 

 

3. Results and discussion  

3.1. Characterization of rGO-β-CD membrane  

According to Fig. S2, the rGO-β-CD complex aqueous 

solution prepared by chemical reduction can maintain 

uniformity within 24 hours, which is an attribute to the 

stability and water solubility of β-CD.[15,16] Then the rGO-β-

CD membrane is uniformly deposited on a 

polytetrafluoroethylene (PTFE) substrate by vacuum 

filtration,[17,18] and a freestanding rGO-β-CD membrane is 

obtained after peeling off (Fig. 2a). The TEM image of the 

rGO-β-CD complex shows that β-CD has been successfully 

loaded on the surface of rGO (Fig. S3). As we can see in Fig. 

2, the filtration of rGO-β-CD dispersion through a membrane 

filter yielded a flexible membrane (d = 15 mm). In addition, 

typical wavy wrinkles are formed on the rGO-β-CD 

membrane, which provides special channels for small 

molecules and ions (Fig. 2b). As shown in Fig. 2c, the cross-

sectional view of rGO-β-CD membrane indicates its well-

packed layered structures. This is because rGO-β-CD sheets 

can be assembled into a multilayer macrostructure under 

vacuum filtration-induced directional flow. Moreover, the 

thickness of the membrane is 310 nm, and it is a multilayered 

structure membrane. Fig. S4 exhibits a diffraction peak value 

of 26.5° for rGO nanosheets, and after grafting with β-CD, 

rGO-β-CD shows a diffraction peak value at 24.78°, indicating 

the interlayer spacing is slightly expanded.[19] All of these 

indicate that GO was successfully reduced and modified. 

Moreover, rGO-β-CD maintains a similar stacking structure to 

rGO.  

 
Fig. 1 Schematic of preparation procedure of rGO and rGO-β-CD membrane. 
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Fig. 2 (a) Digital photo of rGO-β-CD membrane on PTFE substrate. (b) Surface and (c) cross-section SEM images of the rGO-β-CD 

membrane. 

 

The functionalization of the rGO-β-CD complex is further 

confirmed by FT-IR and UV-vis studies. The FT-IR spectra in 

Fig. 3a and Table S1 show that the rGO-β-CD complex 

contains the vibrational bands of β-CD at 1029 cm-1 (coupling 

vibration of −C−C and −C−O), 1159 cm-1 (stretching vibration 

of −C−O−C) and 2926 cm-1 (stretching vibration of −CH3 and 

−CH2).[20,21] Similarly, a vibration band of rGO is observed for 

rGO-β-CD at 1638 cm-1, which should be due to the C=C 

vibration. The FT-IR results indicate that the rGO surface was 

successfully combined with β-CD molecules. In Fig. 3b, UV-

vis spectroscopy shows that GO displays a maximum 

absorption at 210 nm, which may be caused by the π-π* 

transition. Besides, the adsorption peak at 300 nm is related to 

the n-π* transition of the lone pair electron on the carbonyl 

group.[22] After modification, the absorption peak at 210 nm is 

red-shifted to 265 nm, which suggested that the electronic 

conjugation was restored during the reduction process.[23] 

 
Fig. 3 (a) FT-IR spectra, (b) UV spectra, (c) TGA, and (d) Differential scanning calorimetry (DTG) curves of rGO before and after 

functionalization with β-CD. 
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The degree of functionalization is estimated by TGA. As 

shown in Fig. 3c, the TGA curve of rGO-β-CD shows a slight 

loss stage below 100 °C (5.1 wt.%) owing to the evaporation 

of moisture. When the temperature reached 220−400 °C, rGO-

β-CD showed a significant weight loss stage (36.4 wt.%) due 

to the thermal decomposition of β-CD and oxygen-containing 

groups on rGO. However, rGO-β-CD shows ~19 wt.% extra 

weight loss at the end of 790 °C as compared to rGO, which is 

attributed to the loading of β-CD. Fig. 4a shows that in the X-

ray photoelectron spectroscopy (XPS), the ratio of C to O is 

~3.2:1. The C 1s spectra of GO (Fig. 4c) and rGO-β-CD (Fig. 

4b) both exhibit four typical peaks.[24,25] However, according to 

the changes in peak area corresponding to the four types of 

carbon bonds (Fig. 4d), the proportion of C-C/C=C bonds in 

rGO-β-CD increases greatly from 40.55% to 54.07%. 

Meanwhile, the relative contents of C-O, C=O, and O-C=O 

reduced from 35.12%, 15.15%, and 9.18% to 32.26%, 8.58%, 

and 5.09%, indicating the chemical reduction leads to the 

disappearance of some oxygen groups.[26,27]  

 

3.2. Removal of organic dyes by rGO-β-CD membrane  

Encouraged by the successful modification of β-CD on the 

rGO surface, the separation performance for organic dyes is 

investigated, including Evans blue (EB), methyl orange (MO), 

and rhodamine B (RhB). The structures of typical dye 

molecules used for the permeation experiments are exhibited 

in Fig. S5. The concentration of all feed solutions was 0.1 mM, 

and the permeate solutions are collected at 24, 48, 72, and 96 

hours, respectively. As presented in Fig. 5, the absorption 

peaks of the dye molecules in the permeated solution have 

disappeared. Moreover, the absorption spectra of permeate 

solution almost overlap at different time points, which 

indicates that organic dyes such as EB, MO, and RhB can 

hardly pass through the rGO-β-CD membrane. In Fig. 5d, the 

permeation rates of EB, MO, and RhB molecules are 

calculated in 96 h, which were 0.31 × 10-4, 1.58 × 10-4, and 

0.70 × 10-4 mmol m-2 h-1, respectively. The permeation rates 

demonstrate that almost all organic dyes have been 

successfully retained by the rGO-β-CD membrane and the 

difference in permeation rate was related to the size of dye 

molecules. According to the structure of the rGO-β-CD 

membrane, this could be ascribed to the synergy of multi-

mechanism: (1) absorption caused by π-π interaction between 

organic dyes and benzene ring in graphene; (2) formation of 

inclusion complex owing to the interaction between organic 

dyes and β-CD molecules; (3) physical sieving mechanism 

controlled by the interlayer spacing of rGO-β-CD 

membrane.[28-30] 

 

3.3. Removal of Cu (II) ions from mixed ionic solution  

To verify the separation performance of copper ions, a mixture 

solution with K+, Na+, Ca2+, and Cu2+ has been employed as a 

feed solution. Over time, the changes in ion permeation 

measured for the permeate solution shows a similar trend. Ion 

permeation increases significantly in the beginning and then 

gradually stabilized over time as shown in Fig. 6. This 

phenomenon may be attributed to the existence of 

hydrophobic nanochannels between the interlayers of the 

rGO-β-CD membrane in the initial stage. When the 

nanochannels are large enough, hydrated ions can enter the 

permeate side from the feed side. However, the variations in 

the amplitudes of ion permeation decreases gradually (Fig. 6f)

 
Fig. 4 (a) XPS spectra of the rGO-β-CD complex. The C 1s spectra of (b) GO, (c) rGO-β-CD, and (d) The proportion of carbon 

bonds in GO and rGO-β-CD complex. 
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Fig. 5 The UV-Vis absorption spectra of (a) EB, (b) MO, (c) RhB, and (d) the permeation rate of organic dye molecules. 

 

due to the coordination between Cu (II) ions and oxygen-

containing groups in rGO. Meanwhile, the accumulation of Cu 

(II) ions between the layers lead to a reduction in the size of 

the nanochannel, which blocked the permeation through the 

physical ion-sieving mechanism. Moreover, the order of ion 

concentration in permeate solution is K+ > Na+ > Ca2+ > Cu2+ 

(Fig. 6e), suggesting that the rGO-β-CD membrane has ion-

sieving performance.[31,32] When the size of metal ions is larger 

than that of nanochannels, the metal ions are blocked on the 

feed side. Hence, the order of ion concentration is related to 

the hydrated ionic diameter, with the hydrated ionic diameter 

(dH) being in the following order (Table S2): K+ (6.62 Å) < 

Na+ (7.16 Å) < Ca2+ (8.24 Å) < Cu2+ (8.38 Å). Moreover, the 

dehydrated ion is smaller than the cavity of β-CD, which can 

form clathrate through host-guest interaction, especially when 

the dehydrated ionic diameter (dD) highly matched the size of 

the inner cavity. Generally, the characterizations prove that the 

rGO-β-CD membrane can efficiently separate Cu (II) ions 

from the mixed ionic solution by multiple mechanisms. 

To verify the effect of β-CD on Cu (II) ions separation 

efficiency, we have measured the permeation of mixed ionic 

solution by rGO membrane without β-CD modification. As 

shown in Fig. 7a, the ion concentration in the rGO membrane 

exhibits similar trends as that of those in the rGO-β-CD

 
Fig. 6 The permeation parameters of the rGO-β-CD membrane to (a) K+, (b) Na+, (c) Ca2+, (d) Cu2+; and the comparison of (e) 

concentration and (f) permeation amplitude. 
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Fig. 7 Ion transport performance in rGO membrane (a), (d). Comparison of permeation of (b) K+, (c) Ca2+, (e) Na+, and (f) 

Cu2+ ions between rGO and rGO-β-CD membrane. 

 

membrane, indicating that both coordination and physical ion-

sieving mechanisms exist in this process. Nevertheless, when 

compared with the rGO-β-CD membrane quantitatively, the 

ion concentrations in permeate solution are obviously 

increased (Figs. 7 b, c, e, f) due to the absence of β-CD, which 

can form complex with cations. In general, the β-CD 

functionalized membrane has higher separation efficiency 

than the rGO membrane in metal ions removal.  

To further evaluate the specificity of rGO-β-CD membrane 

for Cu (II) ions removal, a mixed ionic solution including four 

ions (Co2+, Ni2+, Cu2+, Zn2+) with similar hydration diameters 

(Table S3) has been selected to measure the permeability of 

ions in the rGO-β-CD membrane (Fig. 8a). Compared with the 

former mixed ionic solution, the ion concentration changes 

slightly at the initial stage due to the rGO-β-CD membrane 

having a wetting process where the increase of interlayer 

distance led to the expansion of nanochannels. In the next two 

stages, the ion concentration shows the same tendencies. 

Meanwhile, the calculated permeation rates of rGO-β-CD 

membrane to Co2+, Ni2+, Cu2+ and Zn2+ are 0.13, 0.14, 0.05 

and 0.23 mmol m-2 h-1, respectively. The selectivity ratios of 

Co2+/Cu2+, Ni2+/Cu2+, and Zn2+/Cu2+ were 2.6, 2.8, and 4.6, 

respectively. It is noteworthy that although Co2+, Ni2+, Cu2+, 

and Zn2+ have similar hydration diameters, the transportation 

of rGO-β-CD membrane to Cu2+ is apparently lower than other 

metal ions. This demonstrates that even if the ion size is 

uniform, the rGO-β-CD membrane is specific for Cu2+. In 

addition, different types of Cu (II) ions removal membranes 

are also compared in Table S4, and as a result, the retention of 

rGO-β-CD membrane for Cu (II) ions is higher than that of 

others. Theoretically, the host-guest and sieving effects of 

rGO-β-CD membrane for ion removal mainly depend on the 

size of the ion hydration diameter and dehydration diameter. 

However, the tight square-planar coordination of Cu (II) ions 

with oxygen groups on rGO-β-CD lead to the enrichment of 

Cu (II) ions on the membrane.  

 
Fig. 8 The specificity of rGO-β-CD membrane for Cu (II) ions removal in a mixed ionic solution (Co2+, Ni2+, Cu2+, Zn2+). 
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3.4. Adsorption kinetics and isotherm  

The amount of Cu (II) ions adsorbed by the rGO-β-CD 

complex increases rapidly in the early stage of the adsorption 

process (Fig. 9a). For the sake of further investigating the 

mechanism, pseudo-first-order and pseudo-second-order 

models are selected to study the adsorption kinetics in detail:  

log(𝑞𝑒 − 𝑞𝑡)  =  log 𝑞𝑒 −
𝑘1𝑡

2.303
          (1) 

𝑡

𝑞𝑡
 =  

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                   (2) 

where qe is the adsorption capacity calculated using two 

models; qt is the amount of Cu (II) ions adsorbed by the rGO-

β-CD complex at time t; k1 and k2 represent the rate constants 

in the two kinetic models, respectively.  

The kinetic curves are obtained by nonlinear fitting using 

two adsorption kinetic models, as shown in Figs. 9b and c and 

the results are summarized in Table 1. The determination 

coefficients (R2) of the pseudo-first-order model (Fig. 9b) were 

0.977 and 0.891, respectively, which are lower than those of 

the pseudo-second-order model in Fig. 9c (0.990 and 0.998). 

More importantly, the qe calculated by the pseudo-second-

order model is basically equivalent to the results of the 

adsorption experiment. The result indicates that the Cu (II) 

adsorption process is more inclined to the chemical adsorption 

kinetic.  

Table 1. Kinetic parameters of Cu (II) adsorption onto rGO-β-CD.  

C0 

mg L-1 

Pseudo-first-order Pseudo-second-order 

k1 

min-1 

qe 

mg g-1 
R2 

k2 

g mg-1 min-1 

qe 

mg g-1 
R2 

1 0.026 0.240 0.977 0.093 0.242 0.990 

2 0.025 0.647 0.891 0.066 0.686 0.998 

When the adsorption process reaches equilibrium, the 

distribution of copper ions in the liquid and solid states was 

characterized by adsorption isotherms. The adsorption 

isotherm has been exhibited in Fig. 9d, determined by the 

Langmuir model and Freundlich model, which can be 

described as:  

𝑞𝑒  =  
𝐾𝐿𝑞𝑚𝑎𝑥𝐶𝑒

𝐾𝐿𝐶𝑒+1
                  (3)                                              

𝑞𝑒  =  𝐾𝐹𝐶𝑒
1 𝑛⁄

                  (4)                                               

where KL and qmax refer to the constant in the Langmuir model 

and the maximum adsorption capacity respectively; KF and n 

represent the constant and heterogeneity factor in the 

Freundlich model.  

Table 2. The isotherm parameters of Cu (II) adsorption onto rGO-β-CD.  

T 

°C 

Langmuir model Freundlich model 

qmax 

mg g-1 

KL 

L mg-1 
R2 n KF R2 

25 35.682 0.078 0.971 3.844 8.119 0.774 

 

The calculated results of the Langmuir and Freundlich 

adsorption isotherms are listed in Table 2. According to the R2 

values, the adsorption behavior of Cu (II) is more in line with 

the Langmuir isotherm. And it can be seen from Fig. 9d that 

the Langmuir model is more consistent with the experimental 

data than the Freundlich model. All these analyses show that 

the adsorption of Cu (II) by rGO-β-CD is mainly monolayer 

adsorption, and the adsorption active sites are evenly 

distributed.  

 

 

Fig. 9 The (a) adsorption capacity, (b,c) adsorption kinetics, and (d) adsorption isotherm of rGO-β-CD for Cu (II) ions. 
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3.5. Mechanism of Cu (II) ions removal  

Based on the discussion on its characterization and Cu (II) ions 

removal, the unique structure of the rGO-β-CD membrane 

contributes to the specific removal of Cu (II) ions through 

multiple mechanisms, as shown in Fig. 10. Generally, Cu (II) 

ions can be connected to the carbonyl group by forming 

coordination bond, which is due to the existence of lone pair 

electrons.[33] Hence, square-planar coordination interaction 

exists between Cu (II) ions and oxygen-containing groups (e.g. 

carbonyl and carboxyl) on the surface of the membrane. 

Meanwhile, the hollows of β-CD tend to specifically select Cu 

(II) ions in mixed ionic solutions through the host-guest effect 

to form inclusion compounds. In addition to the above 

interactions, nanochannels exist between the interlayer of the 

rGO-β-CD membrane, and Cu (II) ions are blocked when the 

nanochannel is smaller than Cu (II) ions, which is also called 

the physical ion-sieving mechanism. Because of the combined 

effect of the various components in the membrane system, the 

rGO-β-CD membrane has a remarkable removal efficiency on 

transition metal ions (such as Cu2+, Co2+, and Ni2+), especially 

for Cu (II) ions.  

 
Fig. 10 The proposed multi-mechanism of rGO-β-CD membrane 

for the removal of Cu (II) ions. 

 

4. Conclusions 

The β-cyclodextrin functionalized multilayer structured 

graphene membrane has been successfully prepared by an 

environmentally friendly method. The TGA and XPS analysis 

confirm the content of β-CD is about 19 wt.%, which allows it 

to stabilize in water. Most importantly, the high adsorption 

capability of the rGO-β-CD membrane indicates its 

outstanding separation performance for organic dyes and Cu 

(II) ions. The multi-mechanism of the Cu (II) ions removal in 

the rGO-β-CD membrane has been investigated systematically, 

the coordination effect with the carbonyl group, host-guest 

interaction, and the physical ion-sieving are the main reasons 

to improve the separation performance. This study provides a 

multi-mechanism membrane for the adsorption of organic 

dyes and Cu (II) ions in industrial wastewater, which has 

potential applications in water purification and desalination. 
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