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Abstract
In this work,  CoFe2O4 nanoparticles were fabricated by the Pechini sol–gel technique. Then,  Cu3(BTC)2 or HKUST-1 
metal–organic framework was used to prepare Co-ferrite@HKUST-1 composite. The as-synthesized composite powder and 
Co-ferrite nanoparticles were compared by their performance for methyl orange (MO) and methylene blue (MB) degradation. 
X-ray diffractometry (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and vibrating 
sample magnetometer (VSM) were utilized to evaluate the as-prepared samples. Results showed that the average grain size 
was about 20–30 nm. The magnetic saturation value for Co-ferrite nanoparticles and Co-ferrite@HKUST-1 composite were 
65 and 20 emu/g, respectively. Results of the removal efficiency of the Co-ferrite samples approved that just the cation dyes 
concentrations decreased, whereas in the case of the Co-ferrite@HKUST-1 composite samples both anionic and cationic 
organic dyes were degraded efficiently.
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1 Introduction

Human activities since the advent of the industrial revolu-
tion have generated a deeply negative impact on the Earth’s 
ecosystem. Currently, nearly half of the world’s population 
is living in water-stressed areas, and it is projected to get 

worse in the following decades with the increase in global 
temperatures as a consequence of global warming. Providing 
universal access to clean freshwater is one of the main goals 
of the governments. Organic pollutants are by their diversity, 
in nature and as a source of contamination, a more wide 
family than inorganic contaminants [1]. Dyes, detergents, 
oils, polyaromatic hydrocarbons, pesticides/insecticides/
herbicides and pharmaceuticals, and personal care products 
(PPCPs) are some of the most common organic contami-
nants found in water streams [2]. Methyl orange is one of the 
well-known acidic/anionic dyes and has been widely used in 
textile, printing, paper, food and pharmaceutical industries 
and research laboratories and methylene blue is one of the 
most common dying materials for wood, silk, and cotton so 
and the removal of MO and MB from water is very impor-
tant due to their toxicity [3].

Various treatment techniques including physical, biologi-
cal, chemical and electrochemical methods as well as a com-
bination of these techniques for removing organic dyes from 
wastewater have been reported and reviewed in the literature. 
Biological treatment is commonly used for the removal of 
organic pollutants from textile wastewater. These methods 
are environmentally friendly, produce less sludge, and are 
relatively inexpensive [4, 5]. However, the application of 
these techniques may be limited by their needs for a large 
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land area, very slow treatment process and the presence of 
recalcitrant toxic organic dyes. Physicochemical methods 
such as adsorption by activated carbon and nanostructured 
porous metal–organic framework materials [6, 7], chemical 
methods such as ozonation [8], and UV assisted advanced 
oxidation and dielectric discharge in a falling liquid film [9, 
10] are widely used for the removal of organic dyes from 
aqueous solution. Also recently, magnetic loaded adsorbent 
materials have gained special attention in water purification, 
based on their numerous advantages such as high separation 
efficiency, simple manipulation process, kind operation con-
ditions and easy specifically functional modifications [11, 
12].

Magnetic adsorbents should be utilized in the magnetic 
separation method. After the adsorption procedure, the mag-
netic adsorbents could be easily collected from wastewater 
via an external magnetic field. This method is an efficient, 
fast and economical procedure for the separation of magnetic 
compounds from the medium after the adsorption treatment 
of pollutants [13]. Furthermore, magnetic separation pro-
vides a suitable route for online separation [14]. Ferrites 
of the form  MFe2O4 commonly include metal cations such 
as  Ba2+ [15],  Cu2+ [16],  Mg2+ [17],  Fe2+ [18],  Sr2+ [19], 
 Ni2+ [18], Zn/Ni/Fe [20], Mg/Cu/Zn [21], and  Zn2+ [22]. 
 CoFe2O4 is classified in this category and shows some spe-
cific characteristics which make it interesting for different 
research groups [23–25].

The most widely used catalytic process for dyes decol-
orization is Fenton oxidation, and several modification 
methods were introduced to improve its performance [26, 
27], such as using some metal ligands [28, 29]. Recently, 
several coppers and cobalt-based Fenton-like systems for 
homogeneous catalytic decomposition of hydrogen peroxide 
and production of hydroxyl radicals were described. They 
take advantage of simple organic molecules, such as organic 
acids or amino acids, to increase the oxidative performance 
of Cu/H2O2 to degrade synthetic dyes or nonpolar organic 
compounds [30–32].

Baldrian et al. have shown that ferrites can be effective in 
Fenton-type systems at neutral to basic pH. It has been seen 
that the production of  OH− from  H2O2 can be effective at 
pH 4–8 for  MnFe2O4,  CuFe2O4,  CoFe2O4, and  Fe3O4 [25]. 
In certain cases, the effective pH range can be extended even 
further, for example,  CuFe2O4 and  CoFe2O4 still produce 
 OH− up to pH 12 and  MnFe2O4 remains effective at a pH 
of 2. This is a large improvement over the normal limiting 
acidic conditions needed (pH 2–4) for traditional Fenton sys-
tems [33]. On the other hand surface coating of nanoparticles 
with various materials to form core–shell morphologies is 
often used for the development of catalysts [34]. Moreover, 
metal–organic frameworks (MOFs) are an emerging class 
of coordination networks, or porous coordination polymers 
(PCPs), consisting of two main components: a metal ion or 

cluster of metal ions and an organic molecule called a linker. 
The choice of metal and linker has a significant impact on 
the structure and characteristics of the MOF [35]. During 
recent years, intensive interest has been aroused in the cata-
lytic properties of MOFs [36]. Furthermore, under light irra-
diation, the bridging linkers of MOFs can serve as antennas 
to harvest photons and activate the metal nodes [37], or the 
metal oxide clusters of MOFs can be directly excited by 
absorbing photons [38]. This can induce the charge transi-
tion either between linker and metal cluster or within metal 
oxide cluster itself, and illustrate the semiconductor-like 
behavior. Therefore, based on their catalytically active met-
als/organic linkers [39–41].

In this study, for the first time,  CoFe2O4 nanoparticles 
composed to the  Cu3(BTC)2 metal–organic framework were 
introduced as an adsorbent and to the removal of organic 
dyes. MO and MB solutions were selected in this study as 
a representative acidic (anionic) dye and basic (cationic) 
dye, respectively. Then the experiments were conducted to 
compare the removal efficiencies of MO or MB by  CoFe2O4 
and  CoFe2O4@HKUST-1 compound. This compound could 
be classified as an engineering material due to its possible 
applications in different fields due to its specific charac-
teristics such as high specific surface area and adsorption 
capability, strong magnetic behavior, and non-toxic nature. 
These properties could make this compound as a candidate 
for further investigation.

2  Experimental Procedures

2.1  Starting Chemicals

I ron ni t ra te  (Fe(NO3)3·9H2O),  cobal t  n i t ra te 
(Co(NO3)2·6H2O), citric acid, ethylene glycol, trimesic 
acid  (C6H3(CO2H)3, benzene-1,3,5-tricarboxylic acid: 
 H3BTC), copper nitrate (Cu(NO3)2·3H2O), thioglycolic acid 
 (HSCH2CO2H, or mercaptoacetic acid: MAA), methylene 
blue (MB), methyl orange (MO), hydrogen peroxide and 
ethanol were purchased from Merck and used as received 
without any further treatment. Deionized water obtained 
from a system was used to prepare aqueous solutions for 
 CoFe2O4 and  CoFe2O4@Cu3(BTC)2 synthesize and for the 
catalytic removal experiments.

2.2  CoFe2O4 Preparation

CoFe2O4 nanoparticles were synthesized by Pechini sol–gel 
method. In this procedure, 309 mmol citric acid was added 
to 14 mmol of deionized water and stirred for 10 min. 
63 mmol Fe(NO3)3·9H2O and 32 mmol Co(NO3)2·6H2O 
had been separately dispersed in 0.6 mmol deionized water 
and stirred using magnetic stirrer for 30 min. In this study, 
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the molar ratio Co(NO3)2·6H2O: Fe(NO3)3·9H2O was kept 
constant at 1:2. 41.58 mL ethylene glycol was added to the 
above solution slowly and stirred for 4 h at 90 °C. The sols 
were allowed to gel at room temperature for 7 days in par-
tially closed glass vessels. The obtained alcogel was dried 
at 300 °C for 2 h then fired at 500 °C with a heating rate of 
10 °C/min.

2.3  Synthesis of  CoFe2O4@HKUST‑1 Nanocomposite

0.51 g the obtained powder and 0.02 mL MAA were added 
to 100 mL ethanol and stirred for 24 h at room tempera-
ture. The product was summed by an external magnetic 
field and washed three times with deionized water and etha-
nol. Then, 0.2 g of the prepared compound and 7.5 mmol 
Cu(NO3)2·3H2O were added to 100 mL ethanol. 4.1 mmol 
 H3BTC was dissolved in 100 mL of ethanol, separately, and 
added dropwise to the first solution under vigorous agitation 
for 2 h. The prepared compound was collected by an external 
magnetic field and washed three times with deionized water, 
as well as ethanol, then dried at 70 °C.

2.4  Evaluation of Dye‑Removing Activity Activities

The degradation experiments were performed in an aque-
ous solution containing MB or MO. In the beginning, MO 
and MB solutions with a concentration of 20 mg/L were 
prepared. Then, 0.1 mmol  H2O2 was added to each solution. 
40 mg Co-ferrite powder or 10 mg Co-ferrite@HKUST-1 
compound were added to the solutions to evaluate the dye-
removing performances of the samples. Ultrasonic irradia-
tion with the power of 400 W was utilized to disperse the 
as-synthesized compounds in the solutions. After a while, 
magnetic particles were separated using an external magnet. 
The concentrations of dyes were measured by a UV–Visible 
spectrophotometer at the wavelength of 200–800 nm (Perkin 
Elmer device). This procedure was designed to evaluate the 
dye-removing performance through adsorption but not via 
catalytic activity.

2.5  Characterization

X-ray diffraction (XRD) data were recorded by a Philips 
PNA analytical device. Based on the resulted data, crystallite 
size was calculated from broadening of XRD peaks using 
the Williamson–Hall Equation, where B, θ, λ, d, and η are 
the peak full width at half maximum (FWHM), diffraction 
angle, wavelength of the X-ray, crystallite size, and lattice 
strain, respectively [42]. Scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) analy-
ses were conducted by an LEO 1455VP device and a Philips 
200 FEG device, respectively. FTIR spectra in the range of 
400–4000 cm−1 were recorded on a Perkin Elmer Spectrum 

One spectrophotometer with KBr pellets. The magnetization 
curves were measured at room temperature under a varying 
magnetic field from − 10.000 to 10.000 oe by a BHV-55 
vibrating sample magnetometer (VSM).

3  Results and Discussion

3.1  FTIR Spectroscopy

Figure 1 shows the FTIR spectra of Co-ferrite (a) and Co-
ferrite@HKUST-1 (b) samples and the IR peaks and their 
assignments are summarized in Table  1. According to 

(1)B . Cos(�) = (0.9�∕d) + � . Sin(�)

Fig. 1  FTIR spectra of a Co-ferrite and b Co-ferrite@HKUST-1 sam-
ples

Table 1  Frequencies and assignments of FTIR bands of the Co-ferrite 
and Co-ferrite@HKUST-1 samples

υ stretching vibration, δ bending vibration

Sample IR frequen-
cies  (cm−1)

Assignment Related compound

CoFe2O4 595 S
1060 W
1660 W
2360 W
2940 W
3460 W

υ Co–O and Fe–O
υ C–O
υ C = C
–
υ C–H
υ O–H

CoFe2O4
Alcohol
Aromatic ring
Atmospheric  CO2
Alkane
H2O

Co-ferrite@
HKUST-1

531 M
731 M
760 W
934 W
990 W
1110 M
1375 S
1445 M
1567 M
1619 S
1640 S
2428 W
3415 S

υ Co–O and Fe–O
δ = C–H
δ = C–H
δ = C–H
δ = C–H
υ C–O
δ –C–H
υ C = C
υ C = O
υ C = C
υ C = O
–
υ O–H

CoFe2O4
Alkene
Alkene
Alkene
Alkene
Alcohol
Alkane
Aromatic ring
Aromatic ring
Alkene
Amide
Atmospheric  CO2
H2O
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Fig. 1a, the main peak occurred at 595 cm−1 and is related 
to the vibrations of Co–O and Fe–O bond in the Co-ferrite 
nanoparticles. The other 3 week peaks localized at 1060, 
1660, and 2940 are related to the C–O, C = C, and C–H 
stretching vibration bands, respectively. These events could 
originate from organic materials that were used during Co-
ferrite syntheses, such as MAA. A tiny peak at 2360 cm−1 
maybe refers to the atmospheric  CO2 gas. Finally, a week 
peak at 3460 cm−1 is related to the surface water. 

Based on Fig. 1b, Co-ferrite@HKUST-1 nanocomposite 
contains some absorption peaks, which are listed in Table 1. 
The first one at 531 cm−1 is due to vibrations of Co–O and 
Fe–O in Co-ferrite. Four peaks at the frequency range of 
700–1000 cm−1 are related to bending = C–H vibration and 
one peak at 1619 cm−1 is assigned to the stretching C = C 
vibration. These events may originate from alkene functional 
groups. Furthermore, a peak with medium intensity at 1110 
could be related to stretching C–O vibration and originated 
from alcohol. There is a strong peak at 1375 cm−1, which is 
related to the bending –C–H vibration and may be originated 
from an alkane functional group. Two peaks with medium 
intensity at 1445 and 1567 cm−1 are attributed to the stretch-
ing C = C and C = O vibration, respectively. Both of them 
could be originated from aromatic rings. Observation of 
a peak at 1640 cm−1 is not routine in such a compound. 
Although this maybe refers to the stretching C = O vibration, 
the originate of such a vibration is an amide. The origina-
tion of the two last peaks has been disused before. How-
ever, a comparison between FTIR spectra of the synthesized 
HKUST-1 [43] and this composite compound approved the 
existence of HKUST-1 in the as-synthesized compound.

3.2  Phase Component and Morphology

Figure 2a shows XRD patterns of the synthesized samples, 
 CoFe2O3 and  CoFe2O4@HKUST-1. According to Fig. 2a, 
the XRD peaks at 2θ = 8.08° (111), 11.06° (220), 13.00° 
(311), 15.92° (222), 18.17° (400), 20.20° (422), 23.44° (333) 
are match well with the standard XRD data for the cubic 
spinel phase and Fd3 m (2 2 7) space group of  CoFe2O3 
(JCPDS: 22-1086). This phase has been formed without 
any additional peak or impurity. Figure 2b shows that the 
diffraction pattern of  CoFe2O4@HKUST-1 compound con-
sists of the  CoFe2O3 diffraction peaks and also those of the 
 Cu3(BTC)2 compound (JCPDS: 1-276). Weakening and 
thickening of the crystalline Co-ferrite plates and  Cu3(BTC)2 
were observed, and the reduction of peaks intensity and their 
expansion could be due to the reduction of crystallite size in 
the nanocomposite compared to  CoFe2O4 and  Cu3(BTC)2.

Figure 3 shows SEM and TEM images of the as-synthe-
sized Co-ferrite and Co-ferrite@HKUST-1 compounds. The 
SEM images of both samples showed that the morpholo-
gies of particles were almost semi-spherical, and dispersed 

unevenly. On the other hand, Co-ferrite nanoparticles have 
a size of about 25–35 nm. TEM images of the Co-ferrite@
HKUST-1 sample exhibited no significant changes in the 
particle size compared with that of the Co-ferrite sample. 
Another point that should be noticed is that the as-synthe-
sized particles are agglomerated. This might originates from 
residual polymeric materials covering particles and result-
ing in agglomeration. However, TEM images approved that 
the average particle size of the synthesized composite com-
pound is about 30 nm. For further study, the average crys-
tallite sizes of the samples, based on the Williamson–Hall 
technique, were calculated about 24 nm, which is in good 
agreement with TEM observation.

3.3  VSM

Figure 4 shows the hysteresis curves of the synthesized com-
pounds; HKUST-1, Co-ferrite, and Co-ferrite@HKUST-1. 
Although the magnetic saturation of the Co-ferrite pow-
der and HKUST-1 compound were about 65 and 0 emu/g, 
respectively, the ferromagnetic characteristic of the Co-fer-
rite@HKUST-1 compound was measured about 20 emu/g. 
The importance of this achievement would be clear when 
the magnetization values of other compounds are studied. 
The reported values are about 1.5 [44] and 15 [45] emu/g 
for  Fe3O4@HKUST-1, and 30 emu/g for Cu-CuFe2O4@
HKUST-1 [46].

3.4  The Effect of the Different Synthesized Samples 
on the Removal of MO and MB Solutions

The effects of different samples on the removal of MO and 
MB solutions were studied to evaluate the surface charge of 
the powder samples. Figs. 5, 6; Table 2 represent the results 
of MB and MO degradation due to the existence of the syn-
thesized particles.

Fig. 2  XRD patterns of a Co-ferrite and b Co-ferrite@HKUST-1 
samples
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As can be seen, in the presence of the Co-ferrite powder 
(see Fig. 5a; Table 2), the removal efficiency of MB after 
100 min was about 94%. This is due to the positive charges 
of MB molecules in the neutral pH, which could facilitate 
the adsorption process due to the negative surface charge 
of the HKUST-1 particles. On the other hand, more than 
95% of the MO degradation occurred after 100 min in the 
acidic pH (see Fig. 5b; Table 2). These results suggest that 
the surface of Co-ferrite is probably anionic in aqueous 
solution, however, it should also be noted that the presence 
of Co-ferrite,  H2O2, and acidic pH was necessary to gener-
ate the Fenton phenomenon for the removal of MO dyes.

In the presence of the Co-ferrite@HKUST-1 compound 
(see Fig. 6a; Table 2), the removal efficiency of MO dye 
was about 90% after 210 min in Neutral pH, which is less 
than the Co-ferrite efficiency. Therefore, in comparison 
with the Co-ferrite@HKUST-1 compound, more amount 
of Co-ferrite is required to remove MO and Co-ferrite@
HKUST-1 removal efficiency is higher than that of the 
Co-ferrite sample. Accordingly, the higher performance of 
Co-ferrite@HKUST-1 in comparison to Co-ferrite can be 
related to the presence of the active sites of Co-ferrite in 
the matrix of the modified adsorbent and its higher capac-
ity [47].

Fig. 3  SEM and TEM images of Co-ferrite and Co-ferrite@HKUST-1 samples

Fig. 4  Magnetic saturation of Co-ferrite, HKUST-1, and Co-ferrite@
HKUST-1 samples
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A comparison between the observed results with other 
works approved that the removal efficiency of the as-
synthesized Co-ferrite@HKUST-1 compound is as high 
as that of HKUST-1/graphite oxide [48] and  Fe3O4@
HKUST-1 [45].

3.5  The Effects of Dye Concentration 
on the Removal Efficiency

Figure 6 shows the influences of the dye concentration 
on the dye removal efficiency in the presence of the Co-
ferrite@HKUST-1 compound. The experiment of the 
initial dye concentration was carried out in two dye con-
centrations; 10 and 20 mg/L, pH of 6, and the addition 
of 10 mL  H2O2 to 100 mL of the dye solution. It is clear 
that with an increase in the initial dye concentration from 
10 to 20 mg/L, the removal of dye was reduced from 93% 
to about 90% at 210 min. This can be attributed to the 
fact that the active sites on the adsorbent for dye removal 
decrease when the dye concentration increased.

3.6  The Effects of Co‑ferrite@HKUST‑1 Composite 
Dosage on the Removal Efficiency

Figure 7 showed the impacts of Co-ferrite@HKUST-1 
concentration of the removal efficiency. This effect was 
evaluated under certain conditions in which the pH value 
was adjusted at 6 and 10 mL  H2O2 was added to 100 mL 
dye solution. Increasing 10 cyclethe concentration of 
the Co-ferrite@HKUST-1 from 10 to 20 mg/L led to an 
increase in removal efficiency. The removal efficiencies 

Fig. 5  The variation of UV–visible absorption spectra for a MO 
and b MB dyes (20 mg/L) in the present of Co-ferrite nanoparticles 
(40 mg/L)

Fig. 6  The variation of UV–visible absorption spectra for MO dye. 
a and b synthesized powder dosage-dependent, c dye concentration-
dependency in the present of Co-ferrite@HKUST-1 sample
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of MO in the presence of synthesized powder with the 
concentration of 10 or 20 g/L were about 93 and 80%, 
respectively. In the case of MB, these values were about 
99.8 and 90%, respectively. These results showed that the 
solution with the higher concentration would provide a 
high enough surface area and more operational adsorp-
tion traps. Comparing the influence of synthesized powder 
amount on the removal of MO or MB demonstrated the 
excellent removal efficiency by the optimum dosage of the 
magnetic nanocomposite.

3.7  The Effects of Alkaline pH on the Removal 
Efficiency by the Co‑ferrite@HKUST‑1

The pH value is one of the most significant variables influ-
encing the adsorption behavior. An appropriate pH value 
can improve the adsorption efficiency, and reduce interfer-
ence from the matrix. NaOH or HCl was used to adjust pH 
values. The pH of the MO solution as an anionic dye was 
set on 3 because the positive charge on the particles sur-
face will increase. On the other hand, electrostatic attrac-
tion between the negative surface charge of MO and positive 
surface charge of the adsorbent will increase, too. The pH 
of the MB solution as a cationic dye was set on 9. Based on 
Fig. 8, the removal efficiency of MO dye by Co-ferrite@
HKUST-1 (20 mg/L) in pH 3 was 78% after 75 min, and the 
removal efficiency of MB dye in pH 9 was 88% after 15 min.

3.8  Stability of Co‑Ferrite@HKUST‑1

Figure  9 shows the FTIR evaluation results of the Co-
ferrite@HKUST-1 samples before and after 10 cycles of 
the decolorization process. As can be seen, the main peaks 
of this compound at 530 cm−1 (attributed to the Fe–O and 
Co–O stretch mode) and at 1142, 1784, 1719 cm−1 (assigned 
to  Cu3(BTC)2 vibrations) remained unchanged, indicating 
that there was no change in the molecular structure of the 
Co-Ferrite@HKUST-1 samples before and after catalytic 
reactions. These results confirmed that the Co-Ferrite@
HKUST-1 compound was stable in aqueous solution, and 
could be used circularly.

4  Conclusion

In this work, Co-Ferrite@HKUST-1 nanocomposite was 
prepared by a novel method and used as an efficient magneti-
cally separable environmental compound for decolorization 
of various dyes. Moreover, the magnetic saturation extent for 
Co-ferrite particles and Co-ferrite@HKUST-1 samples were 

Table 2  The effects of the 
Co-ferrite and Co-ferrite@
HKUST-1 samples on the 
removal of dye solutions

Sample Dye Dye concentra-
tion (mg/L)

Synthesized powder 
concentration (mg/L)

pH Time (min) R (%)

Co-ferrite MO 20 40 3 100 95
MB 6 94

Co-ferrite@
HKUST-1

MO 20 40 6 210 90
10 10 6 90 93

20 6 35 80
3 75 78

MB 10 6 135 97
6 70 90

20 9 15 91

Fig. 7  The variation of UV–visible absorption spectra for MB dye 
(10 mg/L), synthesized powder dosage-dependent in the presence of 
Co-ferrite@HKUST-1 sample
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special for ferromagnetic compounds. The catalytic proper-
ties of Co-ferrite@HKUST-1 compound were evaluated by 
decolorization of different dyes. The results and observa-
tions showed that the as-prepared Co-Ferrite@HKUST-1 
composite improved the catalytic activity compared to the 
Co-ferrite nanoparticles. It seems that the Co-Ferrite sur-
face was negatively charged due to the removal of anionic 
dyes in pH 3. This creates a positive charge on the particles 

surface and generates an electrostatic attraction between 
anionic dyes and particles surface. Also, the Co-ferrire@
HKUST-1 compound seems to be more positive than Co-
Ferrite, because the cationic dyes were removed in neutral 
pH. Finally, different removal efficiencies approved that the 
Co-ferrite nanoparticles had good properties for the removal 
of cationic dyes, and Co-ferrite@HKUST-1 composite was a 
good candidate for removal of organic dyes existed in aque-
ous solutions.
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