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Abstract—A procedure was developed for in situ preparation of a composite material consisting of graphene 
oxide and a copper-containing metal-organic framework by the reaction between 1,3,5-benzenetricarboxylic acid, 
graphene oxide, and copper sulfate. The materials obtained were examined by X-ray diff raction, IR spectroscopy, 
scanning electron microscopy, and energy-dispersive X-ray microanalysis. The composite was used for removing 
organic dyes Congo Red and Methylene Blue from their aqueous solutions. The samples containing 20% graphene 
oxide showed the highest adsorption rate. The structure of the composite does not change in the course of the 
sorption.
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Metal-organic frameworks consisting of metal ions 
or clusters and organic linkers [1, 2] are characterized, 
on the one hand, by a three-dimensional porous crystal 
structure, diversity of framework structures and 
topologies, large pore volume, and large amount of 
active sites and, on the other hand, by good thermal 
stability and by useful magnetic, optical, and other 
properties [3, 4]. 

However, wide use of these materials is restricted by 
such drawbacks as poor moisture resistance, structural 
degradation under the action of high pressure and 
temperature, insuffi  cient light stability, and low levels 
of electrical conductivity and mechanical strength [5, 6]. 
To expand applications of metal-organic frameworks, it 
seems promising to develop their composites with other 
materials, so as to obtain polyfunctional materials with 
improved properties [7, 8]. Such composites exhibit 
enhanced stability, increased electrical conductivity, 
high strength, chemical and thermal stability, water 
resistance, and valuable mechanical properties [9, 10]. In 
addition, higher surface area and porosity are important 

advantages of the composites over unmodifi ed metal-
organic frameworks [11, 12].

Because the conditions for preparing the composites 
can signifi cantly aff ect the nature of the interaction 
between the metal-organic frameworks and graphene 
oxide and hence the properties of the composite, various 
strategies were developed for preparing such materials. 
The in situ synthesis procedure consists in preparation of 
metal-organic frameworks in the presence of graphene 
oxide. An indubitable advantage of the synthesis of 
composites consisting of metal-organic frameworks and 
graphene oxide using this approach is that the synthesis 
is simple and rapid [13, 14]. Oxidized functional groups 
of graphene oxide act as growth sites of metal-organic 
framework structures. Introduction of graphene oxide 
into metal-organic frameworks increases the surface 
area and porosity and improves the morphology and 
sorption characteristics of the materials.

This study was aimed at preparing a composite 
based on copper trimesate and graphene oxide by the in 
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situ procedure and at determining the properties of the 
material obtained. 

EXPERIMENTAL

We used commercially available chemicals: 
1,3,5-benzenetricarboxylic acid (98%, Acros Organics, 
catalog no. 105350500), NaOH (technical grade, 
Kaustik, Russia), and CuSO4·5H2O (99%+, Acros 
Organics, catalog no. 197720050). As solvents we used 
ethanol, methanol, ethyl acetate, and dichloromethane 
(all chemically pure grade, Reakhim, Russia). All the 
chemicals were used without preliminary treatment and 
purifi cation.

As starting material we used S-1 fl aky graphite 
(technical grade, Lenreaktiv, Russia) without additional 
purifi cation. The graphite particle size was 125–1000 
μm (mean size 200 μm). Graphene oxide was prepared 
by the Hummers method [15] in accordance with the 
previously developed protocol [16]. 

The composite was prepared in two steps. 
In the fi rst step, we prepared a soluble form of 
1,3,5-benzenetricarboxylic acid (sodium salt). To 
an aqueous solution containing 0.09 mol of sodium 
hydroxide in 50 mL of water, we added with heating 
to 80°С 0.03 mol of the acid. The pH was maintained 
in the range 5.5–6.0. In the second step, to the sodium 
trimesate solution obtained we added an aqueous 
suspension of graphene oxide and an aqueous solution 
of 0.03 mol of copper sulfate. The precipitate formed 
was fi ltered off , dried in air, and treated in succession 
with alcohol, dry ethyl acetate, and dichloromethane, 
with keeping in each solvent for 8 h. After that, the 
precipitate was separated by centrifugation, washed with 
dry dichloromethane, and dried for 10 h in a dynamic 
vacuum at 120°С. Graphene oxide was introduced into 
the composite in amounts of 5, 10, and 20% relative to the 
calculated copper trimesate weight. After the synthesis, 
the material was thoroughly dried with the replacement 
of water in the composite by dichloromethane, followed 
by the solvent removal.

X-ray diff raction (XRD) analysis was performed with 
a Phywe XR 4.0 device (Phywe, CuKα, λ = 0.15418 nm, 
scanning rate 2 deg min–1, step 0.02°). The Fourier 
transform IR (FTIR) spectra were taken with a Perkin 
Elmer Spectrum 100 FTIR spectrometer (Perkin Elmer) 
from KBr pellets using Softspectra software for the data 
analysis (Shelton, CT). Scanning electron microscopic 

(SEM) images were taken with a ZEISS Crossbeam 340 
device (Carl Zeiss) at an accelerating voltage of 3 kV. 
Secondary electrons were detected with an Everhart-
Thornley detector (SE2). The magnifi cation was varied 
from 1.92 to 50 000. The distribution of chemical 
elements on the sample surface was determined by 
energy-dispersive X-ray (EDX) microanalysis using an 
Oxford X-max 80 microanalyzer (Oxford Instruments) 
with the electron probe energy of ≤10 keV.

As adsorbates we chose Methylene Blue and Congo 
Red dyes (Sigma–Aldrich, catalog nos. 556416 and 
B24310.14). The concentration of their stock aqueous 
solution was 200 mg L–1. Working solutions were 
prepared by dilution of the stock solution with distilled 
water (Liston A 1104 distiller) to the required working 
concentrations.

The adsorption was studied in batch experiments 
[17]. A dye solution (200 mL) was placed in a beaker 
and thermostated at 283, 293, and 308 K on a magnetic 
stirrer. The rotation rate was chosen so as to ensure 
effi  cient stirring and, on the other hand, to avoid the air 
drawing into the liquid phase. The sorbent was added 
when the preset temperature was reached. At 15-min 
intervals, a 10-mL sample of the sorbent suspension in 
the dye solution was taken and centrifuged; the residual 
dye concentration in the fi ltrate was determined with 
a Cary 50 UV-visible spectrophotometer (Varian) at 
λmax = 492 (Congo Red) and 664 nm (Methylene Blue) 
[18]. In all the cases, high coeffi  cients of determination 
R2 (0.837–0.991) were obtained.

The adsorption value was calculated by the following 
equations: 

                            (1)

                           (2)

where qt and qe are the amounts (mg g–1) of the dye 
adsorbed at time t and at equilibrium, respectively; с0, 
сt, and сe are dye concentrations in the solution (mg L–1) 
at the initial moment, at time t, and at equilibrium, 
respectively; m (g) is the sorbent amount; and V (L) is 
the dye solution volume.

The degree of adsorption А (%) (degree of adsorbate 
removal) was calculated by the formula
 

А = (с0 – сe)/с0×100.                             (3)

The Gibbs free energy (ΔG) and the standard 
enthalpy (ΔH) and entropy (ΔS) were calculated from 
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the adsorption isotherms at diff erent temperatures. 
The thermodynamic characteristics can be calculated 
analytically using the equations

1
1 2

2

2 1

ln
,

K RT T
KH
T T

 
                             

(4)

,G H T S                                (5)

where K1 and K2 are the adsorption equilibrium 
constants at temperatures Т1 and Т2, respectively, and R 
is the universal gas constant.

RESULTS AND DISCUSSION

The content of elements in the graphene oxide sample 
obtained, determined by EDX analysis and combustion, 
was as follows (%): 66.5 ± 0.1 (carbon), 31.8 (oxygen), 
and 1.72 (hydrogen). 

Graphene oxide particles are aggregates in the form 
of stacks of long nanosheets less than 100 nm thick; 
defects and folds can be seen on their edges (Fig. 1a).

The synthesized graphene oxide was identifi ed by 
XRD (Fig. 2a). The diff raction pattern of the sample has 
a well-defi ned peak in the region of 11.4°, corresponding 
to graphene oxide, with the corresponding large 
d-spacing (0.998 nm). This pattern reasonably agrees 
with the data from [19, 20]. According to [21], strongly 
oxidized graphene oxide is characterized by the 
d-spacing of approximately 1 nm; thus, the formation 

of strongly oxidized graphene oxide in our study can be 
assumed. The diff raction pattern of the graphene oxide 
obtained has an ill-defi ned peak at ~25.1°, suggesting 
the presence of a small amount of unoxidized graphite. 
These particles have a more ordered structure and 
are centers of orientation of distorted graphene oxide 
(minimizing its potential energy) [22, 23]. In the UV-
visible absorption spectrum of graphene oxide from 
aqueous suspension, there is a peak in the region of 
235 nm, corresponding to π–π* transitions of the sp2 
C–C bonds (Fig. 2b).

The IR spectrum contains a peak in the region 
of 3400 cm–1, assignable to stretching vibrations of 
hydroxy groups of adsorbed water, and a strong band in 
the region of 1730 cm–1, corresponding to vibrations of 
carboxyl groups and epoxy carbon atoms. The absorption 
band in the region of 1640 cm–1 is assigned to bending 
vibrations of hydroxy groups. Strong absorption bands at 
1222 and 1050 cm–1 can also characterize the formation 
of epoxy groups. These data well agree with the results 
of studying laboratory and commercial samples of 
graphene oxide [19, 20].

The composites have a unique layered structure in 
which the graphene oxide blocks are separated by metal-
organic frameworks. A strong band at 3400 cm–1 in the 
IR spectrum suggests the presence of adsorbed water.

The composite does not form such dense structure 
as the initial coordination polymer does (Fig. 1b) but 
has a layered structure irrespective of the amount of 

Fig. 1. SEM images of the composite and starting components. (a) Graphene oxide, (b) copper trimesate, and (c–e) composites of copper 
trimesate with 5, 10, and 20% graphene oxide, respectively. 
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Fig. 3. (Color online) Degree of adsorption of (a–c) Congo Red and (d–f) Methylene Blue onto composites containing copper trimesate 
and (a, d) 5, (b, e) 10, and (c, f) 20% graphene oxide as a function of time at diff erent temperatures.
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Fig. 2. (a) Diff raction pattern and (b) UV-visible absorption spectrum of a graphene oxide sample.     

the introduced graphene oxide (Figs. 1c–1e). Graphene 
oxide sheets are directly adjacent to copper trimesate 
crystals, forming a common system. The diff raction 
patterns of the composites have similar shape, which 
does not depend on the graphene oxide content, and 
coincide with the previously published data [24].

We examined the ability of the composite containing 
5, 10, and 20% graphene oxide to adsorb organic dyes 
from their aqueous solutions. As investigation objects 
we chose Methylene Blue (cationic dye) and Congo 
Red (anionic dye), which are technogenic pollutants 
[25]. The adsorption of the dyes onto the composite 
rapidly increases in the initial period of contact and 
then decelerates (Fig. 3). Rapid diff usion to the external 
surface is accompanied by the diff usion into the matrix 

pores at relatively high rate, so that the equilibrium is 
attained quickly. The adsorption of Congo Red onto the 
composite is higher than that of Methylene Blue. 

The composite exhibits satisfactory sorption activity 
with respect to both dyes, but the process rate strongly 
depends on the weight fraction of the introduced 
graphene oxide. The adsorption rate is the highest 
for the samples containing 20% graphene oxide. The 
adsorption onto the composite containing 5 and 10% 
graphene oxide depends on temperature; hence, it was 
interesting to study the thermodynamics of this process. 

The negative values of the Gibbs free energy, 
indicating that the adsorption is spontaneous, are 
determined by the positive entropy of adsorption and 
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negative enthalpy of adsorption (exothermic process, 
Table 1). Lower adsorption of cationic Methylene 
Blue compared to anionic Congo Red may be caused 
by the competing eff ect that water occupying open 
metal sites in the architecture of the composite exerts 
on the adsorption of Lewis base [–N(CH3)2] groups 
of Methylene Blue. The adsorption of the dyes onto 
the composites containing 5 and 10% graphene 
oxide strongly depends on temperature, whereas for 
the composite containing 20% graphene oxide such 
dependence is less pronounced. The Gibbs free energy 
decreases with increasing temperature, which means 
that an increase in the temperature favors spontaneous 
occurrence of the adsorption. 

The experimentally found values of ΔG can also 
be used for determining the kind of adsorption. At ΔG 
from 0 to  –20 kJ mol–1, physical adsorption is more 
probable, whereas chemisorption is characterized by 
ΔG from –80 to  –400 kJ mol–1. For Methylene Blue, 
the chemisorption is more pronounced because of the 
fact that graphene oxide containing suffi  cient amount 
of carboxyl groups chemically binds Methylene Blue, 
whereas the physical sorption of the dye is limited [26]. 

The products of dye adsorption onto the composite 
were examined by XRD. No changes in the crystal 
structure of the composite upon sorption were observed 
(Fig. 4).

CONCLUSION

The developed one-step method for in situ synthesis of 
composites based on a copper-containing metal-organic 

framework and graphene oxide is cost-saving and can 
be used for large-scale production. The composites have 
a unique layered structure in which graphene oxide 
blocks are separated by metal-organic frameworks. A 
study of the ability of the composites to adsorb organic 
dyes (Congo Red and Methylene Blue) has shown that 
the adsorption largely depends on the graphene oxide 
content of the composites. The adsorption does not 
noticeably aff ect the crystal structure of the starting 
composite. The composite material obtained can be 
demanded as a sorbent for solid-phase extraction of 
organic dyes.

Table 1. Thermodynamic functions of the adsorption of Congo Red and Methylene Blue onto a composite of graphene oxide 
and a metal-organic framework

Dye Т, 
K

Graphene oxide content of the 
composite 5%

Graphene oxide content of the 
composite 10%

Graphene oxide content of the 
composite 20%

ΔH, 
kJ mol–1

ΔG, 
kJ mol–1

ΔS, 
J mol–1 K–1

ΔH, 
kJ mol–1

ΔG, 
kJ mol–1

ΔS, 
J mol–1 K–1

ΔH, 
kJ mol–1

ΔG, 
kJ mol–1

ΔS, 
J mol–1 K–1

Congo 
Red

283 –15.6 –75.5 211.6 –20.4 –89.5 244.2 –25.3 –102.4 272.4

291 –17.2 –82.3 220.7 –23.2 –96.7 252.6 –29.6 –115.2 291.1

308 –22.3 –97.2 243.2 –26.6 –107.4 262.3 –34.3 –128.4 305.0

Methylene 
Blue

283 –10.3 –86.7 270.0 –12.4 –98.2 303.2 –17.5 –112.6 336.0

291 –22.4 –92.4 240.5 –29.3 –109.7 276.3 –23.5 –119.4 329.5

308 –66.2 –101.4 114.3 –74.6 –107.4 106.5 –29.2 –120.3 295.8

Fig. 4. Diff raction patterns (1) of the initial composite 
containing copper trimesate and 10% graphene oxide and of 
the composite after contact with solutions of (2) Congo Red 
and (3) Methylene Blue.

2θ, deg
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