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Abstract
In this work, we report the synthesis of a Cu (II) based metal–organic frameworks (HKUST-1) by mechanochemical

method and metal-oxide–carbon nanocomposite (CuO@C) as thermolysis products. The prepared HKUST-1 and com-

posite were characterized by elemental CHNS/O microanalysis, scanning electron microscopy equipped with energy

dispersive X-ray spectroscopy (SEM–EDX), transmission electron microscopy (TEM), ultraviolet–visible spectroscopy

(UV–vis), thermogravimetric analyses (TGA), fourier-transform infrared spectroscopy (FTIR), powder X-ray diffraction

(PXRD) and Brunauer–Emmett–Teller (BET) analysis. The TEM analysis, confirmed the CuO nanoparticles in the porous

carbon matrix. The synthesized compounds were further investigated for adsorption of Cd (II) from aqueous solution. The

composite exhibited a high cadmium uptake of 132.6 mg g-1 compared to the parent HKUST-1, and fast kinetics with a

kinetic rate constant k2 of 0.031 g mg-1 min-1, which is greater than some existing adsorbents for cadmium adsorption

from aqueous solution under similar condition. The cadmium adsorption on CuO@C composite showed pH, temperature

and time dependence to the prepared HKUST-1, as well as greater surface area and pore volume. The CuO@C composite

can be readily recycled and regenerated without significant loss of the cadmium adsorption capacity.

Keywords Metal–organic frameworks � Nanostructure � Adsorption � Metal-oxide–carbon � Composites

Introduction

In recent times, metal/metal oxide embedded in carbon

matrix have demonstrated superior performances in various

areas of applications such as adsorption, catalysis and gas

sensing [1, 2]. Also, much attention has been drawn on the

use of nanostructured porous carbon materials as sorbents

in liquid adsorption, catalyst support and fuel cells [3, 4].

Nevertheless, the synthesis of metal oxide still suffers

drawbacks, such as aggregation, which ultimately reduces

their performances [4]. In order to improve their potential,

the textural properties of these low surface area (non-por-

ous) metal oxides may undergo significant changes upon

their dispersion onto carbon matrices such as porous car-

bon, graphenes and carbon nanotubes [5–7]. The role of

porous carbon materials is to modify their physical prop-

erties and to prevent the aggregation of nanoparticles [8].

Metal–organic frameworks are new types of hybrid

materials that are constructed by metal ions or metal

clusters and organic linkers. They are highly-crystalline
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porous solids that have gained a great deal of research

interest in the last decade [9, 10]. Due to their high

porosities and tunable structural properties, they have wide

applications including adsorption, catalysis and gas storage

[11, 12]. Recently, metal–organic frameworks have been

used as template materials and precursors for preparation

of nano-porous carbon and nano-porous oxides [13, 14].

During thermal treatment of the MOFs under N2 atmo-

sphere, the organic linkers in the MOFs are transformed

into carbon phases with highly-porous structural properties,

which leads to the formation of metal-oxide carbon com-

posites [15]. On the other hand, thermal treatment in the

presence of air, converts the organic linkers (existing in the

MOFs) to gaseous CO2, leaving metal oxides behind [16].

Increase in industrial and mining activities are respon-

sible for the presence of toxic pollutants such as heavy

metal ions in aqueous system [17]. The discharge of

untreated wastewater/effluents into the aquatic environ-

ment poses higher health risks to their dependents [18, 19].

Heavy metal ions are non-biodegradable and persistence in

nature and thus, a variety of methods to achieve effective

removal of Cd2? from wastewater has been explored in the

past [20, 21]. Among these methods, adsorption has been

investigated extensively for the removal of Cd2? from

wastewater considering its facile regeneration, low cost,

simple design and easy operations [22–24]. However,

adsorbents like activated carbon suffer drawbacks ranging

from low capacity, moderate affinity and low surface area

for Cd2? removal. The drawbacks associated with the

existing sorbents led to the development of new porous and

highly ordered hybrid materials, for efficient removal of Cd

(II) from aqueous solutions. Metal–organic frameworks, a

new class of porous materials have played a great role to

this advantage.

In this study, interest is on the conversion of a Cu (II)

based coordination polymer (HKUST-1) into a metal

oxide–carbon nanostructured composite, by thermolysis at

800 �C under N2 atmosphere. The aim is to prepare a

highly active, stable and reusable adsorbent materials for

the removal of Cd (II) from aqueous solution. This pro-

cedure is adopted in order to develop materials with

enhanced properties.

Experimental

Materials and Reagents

The 1,3,5-benzenetricarboxylic acid (H3BTC) ligand and

high purity copper acetate monohydrate salt (98%) were

purchased from BDH chemicals and used as received. All

other chemicals, including the solvents, were of analytical

grade and used as received. The cadmium stock solution of

0.01 mol dm-3 was prepared by dissolving 0.3085 g of Cd

(NO3)2�4H2O in 100 cm3 of deionized water. The standard

solutions of the Cd (II) were prepared by serial dilution of

the original stock solution with deionized water.

Instrumental Measurements

The elemental CHNS/O microanalyses were carried out

using Perkin–Elmer 240C series (USA) elemental analyzer

whereas the infrared spectra were obtained within the range

of (4000–400 cm-1) using a SHIMADZU 8400C (Japan)

Fourier transform spectrometer. Powder X-ray diffraction

(PXRD) patterns were recorded on a Bruker D8 Advanced

X-ray Diffractometer (Germany) under Cu–Ka radiation.

The morphologies and sizes of the materials were studied

using Hitachi S-4800 scanning electron microscope (SEM)

and JEOL 1010 transmission electron microscope (TEM)

instruments. The images were processed using an Image J

(1.42q) software. The absorption spectra were recorded

with a T-60 UV–visible spectrophotometer (USA) at a

resolution of 1 nm, within the wavelength range of

200–800 nm and the cadmium concentration determined

using A Zeenit 700 absorption spectrometer (Germany)

coupled with a flame atomizer and a cadmium hollow

cathode lamp. A quantachrome NOVA/4000 adsorption

instrument, were used to determine the specific surface area

(BET) with N2 sorption at 77 K. Thermal behavior of the

composites were analyzed on a TA instruments Q500

Thermogravimetric analyzer system (USA) with the sam-

ple held in a platinum pan under N2 gas flow of

100 mL min-1 and heating rate of 25 �C min-1.

Synthesis of HKUST-1 by Method of Ball-Milling

The mechanochemical synthesis was carried out in a con-

ventional ball mill by adopting the procedure described by

Pichon et al. [25], with little modification. Briefly, copper

acetate monohydrate and 1,3,5-benzenetricarboxylic acid

(molar ratio of 3:2) were introduced into a stainless-steel

ball-mill closed vessel equipped with steel balls at room

temperature for 20 min at a speed of 30 Hz. The products

obtained were desolvated by heating at 150 �C for 45 min

with 88% yield.

Synthesis of CuO@C Nanocomposite

The composite material was prepared by direct calcination

of the precursor compound (HKUST-1). About 0.20 g of

the HKUST-1 was weighed in an alumina crucible and

placed into the reactor (Chemglass tubular reactor) for

calcination. It was heated from 25 to 800 �C under N2

atmosphere. The obtained black products (CuO@C) were

cooled to room temperature and further characterized.
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Adsorption Studies

The adsorption of Cd2? from aqueous solution with the

HKUST-1 and calcined composite were investigated using

a batch equilibrium technique. In general, 25 cm3 of

known initial Cd2? concentration was maintained at pH 6.0

by the addition of appropriate amount of 0.1 M NaOH and

HNO3 solutions. About 0.05 g of the adsorbent was added

and then mounted on a shaker for at least 20 min to speed

up the adsorption process. Physicochemical parameters

such as initial metal ion concentration, effects of pH,

temperature and contact time, were varied to maximize

their adsorption and to obtain the adsorption isotherms. The

amount of heavy metal ions adsorbed is reported by the

removal efficiency in (%), as given thus:

Removal efficiency %ð Þ ¼ Ci � Ce

Ci

� 100 ð1Þ

where Ci and Ce (mg L-1) are the initial and final equi-

librium concentrations of Cd2? in the solution respectively.

Results and Discussion

Characterization of the MOFs and Copper Oxide
Composite

The powder X-ray diffraction (PXRD) patterns of HKUST-

1 and CuO@C composite are presented in Fig. 1. From

Fig. 1b, the diffraction peaks at 2h = 32.2�, 36.8�, 39.2�,
49.4�, 53.2�, 59.4�, 61.9�, 66.1�, 69.3�, 73.2� and 75.6�
which corresponds to 110, 002, 111, 202, 020, 202, 113,

311, 220, 113 and 311 lattice planes can be assigned to the

monoclinic crystalline CuO structure (JCPDS card no.

80-1917). However, the peak at 26.4� (002) was specifi-

cally due to carbon. The absence of additional peaks in the

CuO@C composite spectra indicates its high purity [26].

Figure 1a, b show that, there was a significant change in

structure upon calcination of HKUST-1 at 800 �C. The

sharp peaks observed in the composite may be due to the

high crystalline nature of the calcined products [26].

The FTIR spectra (Fig. 2) of the HKUST-1 showed

broad bands at the range of 3446–3281 cm-1 [27]. How-

ever, the disappearance of these bands in the composite is

due to total transformation of the organic linkers present in

the HKUST-1 into carbon phases, leaving behind a highly

porous nanostructured composite [15]. The bands at 532

Fig. 1 PXRD patterns and comparison of the prepared and simulated a HKUST-1 and b CuO@C composite

Fig. 2 FT-IR spectra of the HKUST-1 and CuO@C composite
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and 643 cm-1, further confirmed the presence of the

stretching vibrations of the Cu metal in the nanomaterials.

The SEM images were used to investigate the surface

morphologies of the prepared HKUST-1 and composite.

The materials displayed uniform (homogeneous) structure

(Fig. 3a, c).

The TEM image and the particle size distribution chart,

showing the average particle diameter (10.6 nm) of the

CuO@C nanostructure are shown in Figs. 3d and 4

respectively. The nanoparticles Ferrets diameter were

determined using an Image J software, by counting the

particles on each image. The nanostructured composite

showed slight agglomeration which may be attributed to

the high heat treatment exceeding the threshold for effec-

tive stabilization of the particle size. The SEM–EDX

spectra (see Supplementary Material Fig. S1), confirmed

the presence of copper metal and oxygen at different per-

centages by weight of the prepared HKUST-1 and CuO@C

composite respectively. The BET and Langmuir surface

area with pore volumes of HKUST-1 and CuO@C were

derived from nitrogen isotherms at 77 K and results are

presented in Fig. S4 and Table S1 respectively. In com-

parison with the CuO@C (879 m2 g-1), the BET surface

area of the MOFs was reduced to 692 m2 g-1. This could

be due to the fact that the organic linkers in the HKUST-1

have been converted to carbon phases during the calcina-

tion process [15]. Thus, the porous properties of this cal-

cined composite are better compared to the parent MOFs.

Thermal Stability of the Materials

The thermal decomposition of HKUST-1 and CuO@C

nanostructured composites carried out under nitrogen

atmosphere are presented in Fig. S2.

The percentage weight loss was monitored within the

range of 20–1000 �C. As shown in the TG curves, weight

loss of 3% between room temperature to 90 �C for

HKUST-1, was due to desorption of water molecules from

the porous framework structure. The second weight loss of

Fig. 3 SEM and TEM images

of a, b HKUST-1 and c,

d CuO@C
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Fig. 4 Particle size distribution chart of CuO@C nanostructure

composite
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32% observed at 450 �C was ascribed to the decomposition

of organic matter in the HKUST-1 structure. The CuO@C

composite show good stability up to 900 �C before total

decomposition.

Investigation of the Effects of pH, Temperature
and Contact Time on Cadmium Adsorption

The cadmium adsorption was evaluated as a function of

initial cadmium concentration (25–200 mg L-1), at a pH of

6.0, 0.05 g adsorbent dose and 20 min contact time

(Fig. 5a). The quantity of Cd2? removed at equilibrium by

the sorbents increased with an increase in initial metal ion

concentration. An increase in the metal ion concentration

does not correspond to enhanced removal of cadmium but a

decline due to an increase in the driving force of the con-

centration gradient [28]. Figure 5b describes the influence

of the pH on the adsorptive capacities and surface changes

of the adsorbents [28]. The variation in pH shows that the

optimum pH for the adsorption of Cd (II) is 6.0. The

quantity adsorbed at equilibrium qe (mg g-1) improves

with increasing pH from 3.0 to 6.0 for the HKUST-1 and

the composite material. Such situation arises due to drop in

competition between the proton [H?] and the positively

charged metal ion surface sites, resulting in a low repulsion

of the adsorbing metal ion [29]. A further increase in pH

values[ 6.0, results in a gradual decrease of the adsorption

capacity due to degree of protonation of the adsorbent

functional groups [29]. Low amount of cadmium can be

adsorbed due to the competition between protons and the

cadmium ions in aqueous solution at pH\ 3.0. The highest

quantity adsorbed by CuO@C at a pH of 6.0 was achieved

at 80.99% (Fig. 5b).

The increase in adsorption due to steady rise in tem-

perature (Fig. 5c), may be due to diffusion control system,

which is an endothermic process i.e. the rise in temperature

Fig. 5 Initial cadmium concentration (a) and effect of pH (b) temperature (c) time (d) of HKUST-1 and CuO@C

Thermolytic Conversion of Copper (II) Based Coordination Polymer into Copper Oxide–Carbon…
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favors the transport of the metal ions within the pores of the

adsorbent materials. The peak of adsorption was reached at

40 �C for the HKUST-1 and 30 �C for CuO@C composite.

A further increase in the temperature led to gradual

decrease of the metal ions adsorbed on the surface of the

sorbents due to weakening of the forces between the sor-

bent materials and cadmium ions in the solution [28]. The

metal ions escape from the surface of the sorbents at higher

temperature into a solution phase is attributed to an

increase in kinetic energy [28].

The importance of contact time significantly influences

the identification of possible adsorption rate process of

heavy metal ions uptake. In order to achieve the rapidness

of binding and saturation uptake, the effect of contact time

in adsorption of cadmium was studied within the range of

10–150 min, with 0.05 g of the adsorbents at cadmium

concentration of 200 mg L-1 for CuO@C and 150 mg L-1

for the HKUST-1. In (Fig. 5d), the absorptivity of the Cd2?

on the sorbents increased with increase in contact time until

equilibrium is reached at 60 min, with CuO@C uptake at

80.9% (Fig. S3). There was no change in the removal

efficiency of cadmium after 60 min. The CuO@C com-

posite showed a faster adsorption rate for Cd (II) ions in

aqueous solution compared to the parent HKUST-1 and

other adsorbents under similar conditions. Such improve-

ment in adsorption could be due to the enhanced surface

area and pore volume of the CuO@C nanocomposites

[30, 31]. The contact time of 60 min was then selected for

further investigations.

Cadmium Adsorption Isotherm

Adsorption isotherm was obtained using solutions con-

taining different initial cadmium concentration ranging

from 25 to 200 mg L-1, to estimate the Cd (II) uptake

capacity on the sorbents, under optimized experimental

conditions of 60 min contact time, and pH of 6.0 as shown

in Fig. 6. The Langmuir isotherm model described by

Eq. 2 assumes that the solid surface-active sites can be

occupied by a layer of adsorbate, since their active sites are

independent [32].

Ce

qe
¼ Ce

Qm

þ 1

QmKl

ð2Þ

where Ce is the concentration at equilibrium in the solution

(mg L-1), qe is the amount of Cd2? adsorbed on the sor-

bents at equilibrium (mg g-1), Qm (mg g-1) is the maxi-

mum adsorption capacity and KL is the Langmuir constant

(L mg-1). The reciprocal of slope of the plot of Ce/qe

against Ce, can be used to obtain the maximum adsorption

capacity (Qm) at a monolayer coverage. The Langmuir

constant KL can be obtained from the intercept (1/Qm KL),

which quantitatively reflects the affinity of binding sites to

the energy of adsorption. The Langmuir isotherm model

was preferred in this work, since it gave a satisfactory fit to

the experimental data and a higher R2 values for the

sorbents.

The CuO@C showed greater adsorption uptake to

HKUST-1 (Fig. 6). The Langmuir plot was used to deter-

mine the maximum adsorption capacity (Qm), [33] and the

values are presented in Table S1. The composite

(136.2 mg L-1) showed a higher maximum uptake

capacity better than HKUST-1 and other reported sorbents

used for cadmium adsorption under similar conditions as

summarized in Table S1. The higher uptake of Cd2? in

aqueous solution by the CuO@C composite was attributed

to its high surface area and pore volumes.

Cadmium Adsorption Kinetics

Further study on the adsorption kinetics of Cd2? on the

adsorbents was carried out at initial cadmium concentration

of 200 mg L-1 for CuO@C and 150 mg L-1 for HKUST-

1 at a pH of 6.0. A pseudo-second-order linear kinetic

model as shown in Eq. 3 was applied to obtain the linear

plot in Fig. 7. Adsorption process of adsorbate depends on

a blend of multiple mechanistic steps such as chemical

reactions, mass transfer, diffusion control etc.

The pseudo-second-order kinetic model is described

with the Eq. 3 below [33]:

lnqe � qt ¼ ln qeð Þ � kit ð3Þ

where qe (mg g -1) and qt (mg g -1) are the amounts of

heavy metal ions (cadmium) adsorbed at equilibrium and at
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Fig. 6 Langmuir plot of HKUST-1 and CuO@C

C. O. Oseghale et al.

123

Author's personal copy



time t (min) respectively; k2 (g mg min-1) is the pseudo-

second-order kinetic rate constant.

The high correlation factors (r2), indicate that the kinetic

data obtained for the cadmium adsorption, are in good

agreement and well fitted with the model. The value of

0.031 g mg-1 min-1 (Table S1), was calculated for the

kinetic rate constant k2, which is greater than some existing

benchmark adsorbents for cadmium adsorption from

aqueous solutions [34, 35].

Cadmium Desorption and Reusability of CuO@C

The powder X-ray diffraction and UV–vis analyses were

used to monitor and confirm the structural integrity of the

adsorbents as shown in Fig. 8a, b respectively. From the

figures, it can be seen that the uptake capacity of the Cd2?

on CuO@C was gradually reduced after each cycle. This

may be due to subsequent loss of the composite porosity

after each desorption cycles. The CuO@C composite was

easily regenerated by washing with 35 cm3 of deionized

water, and dried in an oven (70 �C) for 40 min before

reuse. The CuO@C nanostructured composite retained

more than 74% of its initial cadmium uptake capacity after

a varied four cycle (Fig. 9).

Conclusion

The study successfully demonstrated the synthesis of

copper nanostructured composite (CuO@C) by thermolysis

of the synthesized copper (II) based MOF (HKUST-1)

under N2 atmosphere. The HKUST-1 and CuO@C com-

posite were used for cadmium adsorption from aqueous

solution. The CuO@C composite showed a maximum

uptake of 132.6 mg g-1 compared to the parent HKUST-1,

and fast kinetics with a kinetic rate constant k2 of

0 100 200 300

2

4

6

 HKUST-1

 CuO@C

C
e

/q
e 
(g

 L
-1

)

Ce (mg L-1)

Fig. 7 Pseudo-second-order kinetics of HKUST-1 and CuO@C

Fig. 8 PXRD patterns (a) and UV–vis (b) of CuO@C after 0, 2, 4 adsorption/elution cycles

Fig. 9 Recyclability of CuO@C composite
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0.031 g mg-1 min-1, which is greater than some existing

benchmark adsorbents for cadmium adsorption from

aqueous solution under similar conditions. The higher

uptake of cadmium on the composite could be attributed to

its high surface area and synergistic effect of the well-

dispersed and small-sized metal oxide nanoparticles

embedded within the porous carbon matrix. Also, a

favorable adsorption of the Cd (II) ions was achieved at a

pH of 6.0. In addition, the composite can be readily recy-

cled and regenerated without significant loss of the cad-

mium adsorption capacity. The preparation of the CuO@C

nanostructured composite with the synthesized HKUST-1

as a precursor, paves way for efficient cadmium removal

and other heavy metal ions from wastewater.
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