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a b s t r a c t

Self-assembly of three-dimensional graphene oxide-melamine (GO-MEx:y) composites with various 
GO-to-ME mass ratios (x:y) of 5:1 to 25:1 was carried out by a facile hydrothermal method. GO-ME 
was characterized by Fourier transform infrared (FTIR) spectroscopy and scanning electron micros-
copy (SEM). The adsorption properties of GO-ME toward rare earth elements (REEs), phenols and 
dyes in aqueous solutions were investigated. It was found that REEs could be better adsorbed onto 
GO-ME20:1 with maximum adsorption capacities of 25.04, 14.08, 20.88, 19.96, 26.68 and 25.28 mg g–1 

toward La3+, Y3+, Yb3+, Er3+, Eu3+ and Nd3+, respectively. And GO-ME15:1 showed relatively higher 
adsorption capacities of 65.77, 70.11 and 23.49 mg g–1 for 3-nitrophenol, p-nitrophenol and hydro-
quinone, respectively. Organic dyes could be preferably adsorbed by GO-ME10:1, and its maximum 
adsorption capacities toward neutral red (NR) and alizarin yellow R (AYR) were 80.49 and 189.33 mg 
g–1, respectively. In brief, GO-MEx:y nanocomposites were expected to be used as efficient sorbents for 
the adsorption removal of REEs, phenols and organic dyes.
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1. Introduction

Discharged wastewater from textile industries, electro-
plating factories, mineral processing industries, and even 
sewage contains various contaminants including metal 
ions, phenolic and dye seriously affected the human life 
and the environment. For example, rare earth elements 
(REEs) were found in the ecological system due to the 
directly discharged REEs-containing wastewater, which 
has caused seriously negative effects to water resources, 
soil and human life. Both recovery and removal of REEs 
are urgently needed due to their high economic value as 
well as strong environmental pollution effects [1,2]. Phenols 
are widely used in medicine, pesticide, dye, photographic 
materials and other fields [3–5], while they are very sta-
ble and hard to degrade naturally [6–8]. Organic dyes are 

widely used in cosmetics, food, coatings, plastics, paper, 
textile and other industries, while most of organic dyes are 
toxic, non-biodegradable, mutagenic and/or carcinogenic, 
and some even cause skin irritation and human allergies [9]. 

Various methods including photocatalytic degrada-
tion, chemical precipitation, electrochemical degradation, 
ozonation and membrane filtration have been developed 
to remove these organic and inorganic pollutants from the 
contaminated wastewater [10–14]. However, these tech-
nologies are limited due to high costs, slow removal rates 
and secondary pollutions and so on. And adsorption has 
attracted great attention due to its advantages including 
high efficiency, low energy consumption, high removal 
capacity, and easy to use [15,16]. An efficient adsorption 
procedure usually depends on a well-developed adsorbent. 
Therefore, it is essential to construct novel adsorbents with 
high-performance.
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Graphene oxide (GO) and its derivatives/composites as 
efficient adsorbents have been widely studied due to their 
particular physical-chemical properties including large sur-
face area and abundant active sites such as oxygen-contain-
ing functional groups (hydroxyl, carboxyl and epoxy) and π-π 
stacking interactions [17–21]. Additionally, the physicochemi-
cal properties of GO can be regulated by covalent modification 
and non-covalent coating technology, providing new oppor-
tunities for fabricating novel GO-based adsorbents [22–24]. 
Melamine (1,3,5-triazine-2,4,6-triamine, ME) owns three free 
amino groups which can covalently/non-covalently bind to 
other species to form different composites [25,26], providing 
opportunities for the fabrication of ME based adsorbents. 

Three-dimensional (3D) cylindrical GO-ME composites 
were hydrothermally assembled through the strong hydro-
gen bonding interactions between GO and ME, and their 
adsorption capacities for various substances including rare 
earth elements (REEs), phenols and organic dyes in water 
were evaluated. The 3D GO-ME composites were expected 
to be used as novel, inexpensive and reusable adsorbents 
due to low cost of as-prepared GO, commercially available 
and cheap ME, and easy separation and facile recovery of 
the adsorbents.

2. Experiments

2.1. Materials and characterizations

Flake graphite was purchased from Qingdao Braide 
Graphite Co., Ltd. (Qingdao, China). Melamine was pro-
vided by Tianjin Dingshengxin Chemical Industry Co., 
Ltd. (Tianjin, China). Phosphoric acid (H3PO4, 85%), potas-
sium permanganate (KMnO4), 3-nitrophenol, p-nitrophenol 
and hydroquinone were obtained from Sinopharm Group 
Chemical Reagent Co., Ltd. (Shanghai, China). Sulfuric 
acid (H2SO4, 98%) and hydrochloric acid (HCl, 37%) were 
supplied by Chengdu cologne chemical Co. Ltd. (Chengdu, 
China). Hydrogen peroxide (H2O2, 30%) was purchased 
from Tianjin Fuqi chemical Co. Ltd. (Tianjin, China). Lan-
thanum chloride heptahydrate (LaCl3·7H2O; 9.99 wt%), 
Yttrium chloride heptahydrate (YCl3·7H2O; 99.90 wt%), 
Ytterbium chloride hexahydrate (YbCl3·6H2O; 99.99 wt%), 
Erbium chloride hexahydrate (ErCl3·6H2O; 99.90 wt%) and 
Neodymium chloride hexahydrate (NdCl3·6H2O; 99.90 
wt%) were bought from Aladdin Chemical Co. Ltd. (Shang-
hai, China). Alizarin yellow R was obtained from Xiang-
zhong chemical reagent development center (Chengdu, 
China). Neutral red was provided by Tianjin Fuchen Chem-
ical Reagent Factory (Tianjin, China). All chemicals were 
used without further purification.

The surface functional groups of GO and GO-ME com-
posite were characterized using a Shimadzu FTIR spec-
trophotometer (IR-prestige 21; Japan) in the wavenumber 
region between 4000 and 400 cm−1 with a resolution of 4 
cm−1. The morphologies and microstructures of GO and 3D 
GO-ME composite were characterized by scanning electron 
microscopy (SEM; JEOL; JSM-6360LV; Japan).

2.2. Preparation of GO dispension

GO dispersion with a concentration of 5.0 mg mL–1 was 
prepared by an improved Hummers’ method [27–29]. Flake 

graphite (0.3 g) and 1.5 g of KMnO4 were mixed together and 
added into a round bottom flask (100 mL). Then, a mixed 
acid containing 36 mL of H2SO4 and 4 mL H3PO4 (v/v = 9:1) 
was slowly added to the mixture to obtain a black green 
suspension. After it was heated to 50°C for 12 h, H2O2 was 
added into the reaction until no bubble would be produced. 
After that, the mixture was rinsed using HCl (1.0 mol l–1) 
and deionized water for several times, centrifuged until the 
supernatant was neutral. The solid residue was dispersed 
in ultrapure water to obtain GO (5 mg L–1) dispersion.

2.3. Preparation of 3D GO-ME composites

Various porous 3D GO-ME composites were hydro-
thermally fabricated. In a typical procedure, 20 mg of ME 
was ultrasonically dissolved in 4 mL of ultrapure water, 
then 20 mL of GO (5 mg L–1) dispersion was added into the 
reaction. The mixture was sonicated for 5 min to form a 
homodisperse dispersion, and then transferred to a reaction 
vial (50.0 mL, screw cap, Teflon septa) and heated to 180°C 
for 4 h. After the reaction was finished, it was naturally 
cooled to room temperature, and porous GO-ME5:1 compos-
ite could be obtained by freeze-drying (Fig. 1). Other porous 
GO-MEx:y composites with different GO-to-ME mass ratios 
(x:y = 10: 1, 15: 1, 20: 1 and 25: 1) were prepared in the same 
way and expressed as GO-ME10:1, GO-ME15:1, GO-ME20:1 and 
GO-ME25:1, respectively.

2.4. Adsorption experiments

The adsorption experiments were performed by adding 
a certain amount of GO-MEx:y composites to 20 mL of vari-
ous aqueous various adsorbate-containing solutions (50 mg 
L–1). The conical flasks containing the adsorbate and adsor-
bent were shaken in a constant-temperature shaker at 25°C 
for 5 h. The adsorbate concentrations were measured by an 
inductively coupled plasma-optical emission spectrometry 
(ICP-OES; 2X00-5000; PerkinElmer Inc., Boston, MA, USA) 
or a 752 UV-Vis spectrophotometer (Shanghai Jinghua Tech-
nology Instrument Co., Ltd.; Shanghai, China). The adsorp-
tion capacities of GO-MEx:y composites for the adsorbates 
could be calculated according to Eq. (1):

q
C C V

me
e=

− ×( )0 �  (1)

where qe (mg g−1) represents the adsorption capacity at 
equilibrium; C0 (mg L−1) is the initial concentration of con-
taminants solutions; Ce (mg L–1) is the concentration at equi-
librium; V (L) is the volume of the contaminants solutions; 
and m (g) is the mass of the adsorbent.

The adsorption properties of GO-MEx:y composites for 
REEs including La3+, Y3+, Yb3+, Er3+, Eu3+ and Nd3+, phenols 
such as 3-nitrophenol, p-nitrophenol and hydroquinone, 
and organic dyes including neutral red (NR) and alizarin 
yellow R (AYR) were studied. To evaluate the reusability 
of the developed adsorbents, the adsorption of AYR and 
NR onto GO-ME10:1 for 5 h at room temperature was inves-
tigated. After adsorption, the adsorbent was taken out and 
rinsed with ultrapure water, then used for another adsorp-
tion. The adsorption/desorption experiment was repeated 
three times. 
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3. Results and discussions

3.1. Characterization

3.1.1. IR spectroscopy

FTIR spectra of GO, ME and GO-ME20:1 are shown in Fig. 
2. The characteristic peaks at 3400 cm–1, 1725 cm–1, and 1617 
cm–1 of GO could be attributed to the stretching vibration of 
hydroxyl group (O-H), the carboxyl group (O=C-OH) and 
the C=C double bonds of aromatic rings, respectively [30]. 
Obviously, the two characteristic peaks at 3419 cm–1, 1647 
cm–1 of ME can be assigned to the N-H and C=N stretch-
ing vibrations of melamine, respectively. By comparison, 
the broad peak at 1639 cm–1 could be attributed to the C=O 
stretching vibration, which shifted towards the lower wav-
enumber due to the possible intermolecular hydrogen bond 
between GO and ME. 

3.1.2. Morphological characterization

In comparison with the smooth surface of GO (Fig. 3b), 
GO-ME20:1 possesses a thickened lamellar structure. Lots 
of folds are presented on the surface due to the assembled 
organic component, ME (Fig. 3c). While too much assem-
bled ME would result in a collapsed 3D structure (Fig. 3a). 
And an elastic and robust structure which would facilitate 
the recovery is usually necessary for 3D GO-based compos-
ite [11,14]. 

3.2. Adsorption tests

The adsorption capacities of GO-MEx:y for REEs, phe-
nols and organic dyes were evaluated. Although GO-ME25:1 
exhibited higher adsorption capacities for REEs, GO-ME20:1 
was identified as a better adsorbent because GO-ME25:1 
was easy to be collapsed and difficult to recycle. GO-ME20:1 
showed adsorption uptakes of 25.04, 14.08, 20.88, 19.96, 
26.68 and 25.28 mg g−1 for La3+, Y3+, Yb3+, Er3+, Eu3+ and Nd3+, 

respectively (Fig. 4a). Due to the small complexation con-
stant of REEs and N-containing compounds, the adsorption 
capacities of GO-ME20:1 composite for REEs were relatively 
low [31]. GO-ME20:1 composite showed lower adsorption 
capacity for Y3+, indicating the complexation constant of Y3+ 
and N-containing compounds was the smallest. Phenols 
could be well adsorbed on GO-ME15:1, and its adsorption 
capacities for 3-nitrophenol, p-nitrophenol and hydro-
quinone were 65.77, 70.11 and 23.49 mg g–1, respectively 
(Fig.  4b). The acidities of the phenols are p-nitrophenol 
> 3-nitrophenol >> hydroquinone, the low adsorption 
capacity of GO-ME15:1 composite for hydroquinone could 
be observed due to the relatively weaker acid-base inter-
actions. That is to say, the interactions of –NH2 groups on 
GO-ME15:1 composite with these phenols contributed a lot 
to the efficient adsorption. GO-ME10:1 showed relatively 
higher adsorption capacities of 80.49 and 189.33 mg g–1 for 
AYR and NR, respectively (Fig. 4c). The results indicated 
that the adsorption efficiencies of GO-MEx:y could be regu-
lated by changing GO-to-ME mass ratios. 

Fig. 1. Schematic diagram for hydrothermal assembly of GO-MEx:y composites.
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Fig. 2. FTIR spectra of GO, ME and GO-ME composite.
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3.3. Repeated adsorption/desorption experiments

Repeated adsorption/desorption experiments were 
performed. As it can be seen from Fig. 5, the removal rates 
of GO-ME10:1 for AYR and NR were almost 100% even after 
3 cycles of adsorption/desorption procedures, which was 

better than previously reported GO-based adsorbents 
[23,32], indicating the fabricated 3D GO-MEx:y could be used 
as efficient and reusable adsorbents.

Reusability is a crucial factor in the practical application 
of a newly-developed adsorbent. For this reason, 3 cycles 
of adsorption/desorption experiments were carried out for 
GO-ME 20:1 composite toward two organic dyes, NR and 

Fig. 3. A comparison of morphologies of the samples: (a) Photo-
graphs of GO-ME5:1 (left) and GO-ME25:1; (b) SEM images of GO; 
(c) SEM images of GO-ME20:1. 
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Fig. 4. The adsorption performance of GO-MEx:y composites for 
various adsorbates: (a) REEs; (b) Phenols; (c) Organic dyes.
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AYR, with an initial concentration of 10 ppm, and ultrapure 
water was used as the desorption reagent. It is obvious that 
GO-ME20:1 composite still retained removal efficiencies of 
~90% for the adsorption/desorption of NR or AYR (Fig. 6). 

3.4. A comparison with previously reported adsorbents 

As shown in Table 1, the removal efficiencies of 
GO-ME10:1 composite for organic dyes are compared with 
some previously reported adsorbents. Obviously, GO-ME10:1 
composite possessed relatively higher removal efficiencies 
than those of magnetic metal-organic framework (MOF) 
[33], Fe@C magnetic nanocapsules [34], acrylic acid-acry-
lonitrile-N-isopropylacrylamide (AA-AN-N-IPAA) poly-
meric gel [35] and pentaerythritol modified multi-walled 
carbon nanotubes (ox-MWCNT-PER) [36]. Although the 
nanoporous polyethylene imine (PEI) functionalized silica 
(Si-PEI) possessed higher adsorption capacity for AYR [37], 
GO-ME composites showed better reusability. In addition, 
the procedure for the fabrication of GO-ME composites was 
relatively more facile and time-saving. Therefore, the prac-
tical application of the developed GO-ME composites for 
the removal/enrichment of organic/inorganic substances 
from water is greatly anticipated.

4. Conclusions

GO-MEx:y nanocomposites with different GO-to-ME mass 
ratios were hydrothermally fabricated and characterized. 
The removal efficiencies of GO-MEx:y composites for REEs, 
phenols and organic dyes in water were investigated. It was 
found that the adsorption efficiencies of GO-MEx:y could be 
regulated by changing GO-to-ME mass ratios. Moreover, 
3D GO-MEx:y could be easily recycled and possessed higher 
removal efficiencies even after 5 cycles of adsorption/desorp-
tion procedures. It can be expected that GO-MEx:y composites 
may be used as efficient and reusable adsorbents.

Fig. 5. Repeated adsorption/desorption experiments for GO-ME10:1 (Red: NR; Yellow: AYR): (a-b) before adsorption; (c-d) first ad-
sorption; (e-f) second adsorption; (g-h) third adsorption. 
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 Fig. 6. The reusability of GO-ME10:1 composite for adsorption/
desorption of NR and AYR.

Table 1
A comparison of GO-ME10:1 for organic dyes with some 
previously reported adsorbents

Adsorbent Adsorption capacity for 
dyes (mg/g)

Ref.

MOF 30 mg/g for methylene 
blue (MB)

[33]

AA-AN-N-IPAA 2.79 mg/g for MB [35]
Fe@C 44.5 mg/g for MB [34]
ox-MWCNT-PER 45.39 mg/g for AYR [36]
Si-PEI 400 mg/g for AYR [37]
GO-ME10:1 80.49 and 189.33 mg g–1 for 

AYR and NR, respectively
This work
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