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a b s t r a c t
In this research, multi-walled carbon nanotubes-CoFe2O4 magnetic (MWCNTs-CoFe2O4) 
based-magnetic nanocomposite was used for removal of Remazol Brilliant Blue Reactive (RBBR) 
dye, which is one of the most widely used organic dyes in the textile industry. The various char-
acterization methods such as Fourier-transform infrared spectroscopy, field-emission scanning 
electron microscopy, X-ray diffraction, energy-dispersive X-ray spectroscopy, transmission 
electron microscopy, Brunauer–Emmett–Teller and vibrating sample magnetometer were used 
to confirm the formation of nanocomposite adsorbent and study its magnetic properties. The 
effective parameters on the removal process were time, adsorbent dose, dye concentration, pH 
and temperature. The optimal values of each of these parameters were determined as 40 min, 
0.4 g, 20 mg/L, 3 and 298 K, respectively. The removal efficiency of RBBR dye in the presence of 
MWCNTs-CoFe2O4 nanocomposite was 95% under optimal conditions. The maximum adsorption 
capacity (qmax) of MWCNTs-CoFe2O4 for RBBR dye was 106.5 mg/g. The obtained experimental 
data were then analyzed with different isotherms such as Langmuir, Freundlich and Temkin and 
the results showed a very good agreement of the data with the Langmuir isotherm (R2 = 0.9998). 
In addition, two quasi-first-order and quasi-second-order kinetic models studied the kinetic 
of the adsorption process. It was observed that the process follows the quasi-second-order 
kinetic. Finally, a thermodynamic study was carried out at four temperatures of 298, 308, 318 
and 328 K to calculate the Gibbs free energy (ΔG) changes, enthalpy changes (ΔH) as well as 
entropy changes (ΔS). The calculated values for the mentioned thermodynamic parameters were 
–8.93 kJ/mol, –32.38 kJ/mol and 0.078 kJ/mol K, respectively. The results showed that dye adsorption 
is an exothermic, spontaneous process and is associated to a reduction in system irregularities.
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1. Introduction

Dyes compounds, which are one of the largest sub-
sets of industrial organic compounds and are produced 
in large quantities annually [1,2], in addition to the textile 
industry are also widely used in other industries such as 
leather, wood, paper, food, pharmaceuticals, cosmetics, 
printing, rubber and plastics [3–5]. Studies have confirmed 
that about 10%–20% of the organic dyes used in the textile 
industry are wasted during the dyeing process. In addi-
tion to organic dyes, effluents produced from the textile 
industry contain very high amounts of suspended solids, 
chemical oxygen demand and biochemical oxygen demand, 
acids and alkalis used for pH adjusting, heavy met-
als, and many other various chemical compounds. If these 
compounds are discharged into the environment along 
with the effluent from the process, they can have adverse 
effects on the human health [4,6,7].

These compounds have a very high stability due to 
the presence of aromatic rings and have been proven to be 
carcinogenic, allergenic and mutagenic in nature. These 
compounds can cause kidney failure and severe dam-
age to the reproductive system, liver, brain and central 
nervous system if contact with the human body [8–11]. 
In addition, the turbidity caused by the presence of sus-
pended particles disrupts photosynthesis and the presence 
of colored residues affects the beauty of the environment. 
Accordingly, it can be said that the effluents of the textile 
industry are in the category of the most toxic industrial 
effluents because of the presence of many chemical pollut-
ants in it; therefore, it is essential to treat textile effluents 
before releasing into environment [12,13].

There are different methods including physical, 
chemical, biological and advanced oxidation methods to 
remove, degrade and separate organic dyes from industrial 
effluents. Methods such as adsorption and membrane 
technology in the category of physical methods, coagula-
tion and flocculation in the category of chemical methods, 
aerobic and anaerobic purification processes related to 
biological methods, as well as homogeneous and hetero-
geneous photocatalytic methods are among the methods 
that can be used for removal of organic dyes from aqueous 
solutions [14–19].

Among the various methods for the removal of organic 
dyes, the adsorption method is known as an effective 
method due to easy operation, low cost, without the 
production of sludge, harmful and dangerous interme-
diate compounds and also low required space [20–22]. 
From this viewpoint, cost-effective adsorbents with very 
high efficiency based on carbon materials such as carbon 
nanotubes (CNTs) and their modification have been con-
sidered to increase the level and capacity of this class of 
adsorbents. Numerous studies have shown that CNTs 
have a higher level and capacity than other carbon mate-
rials such as activated carbon (AC) and at the same time 
have a shorter equilibrium time. Duta et al. demonstrated 
that the multi-walled carbon nanotubes was able to simul-
taneously remove anionic and cationic dyes from aqueous 
solution. Therefore, they showed that carbon nanotubes, as 
an efficient adsorbent, have good properties for industrial 
application to remove various organic dyes from effluents.

Magnetic nanomaterials act as efficient adsorbents 
due to its easy separation under an external magnetic and 
field high specific surface area have been used as adsor-
bents for the adsorption of many pollutants from aqueous 
solutions [23–25]. Among different magnetic nanomateri-
als, magnetic iron oxide (Fe3O4) nanoparticles are widely 
used as adsorbents of various contaminants [26,27].

In another study, Li et al. [28], compared the adsorption 
of Remazol Brilliant Blue Reactive (RBBR) and heavy metal 
cations of copper on carbon nanotubes with different sizes 
of carboxyl groups and specific surface area in aqueous 
solutions. Based on their findings, about 291 mg of RBBR 
and about 49 mg of copper cation per gram of adsorbent 
were adsorbed. In this study, it was clearly shown that the 
adsorption rate was directly dependent on the specific sur-
face area of the adsorbent. Arya et al. [29] also examined 
the removal of RBBR using activated carbon from the leaves 
of Thuja orientalis as an environmentally friendly method 
in 2020. RBBR removal was investigated in the concentra-
tion range of 0.1–6.65 mmol/L. The highest efficiency was 
obtained at pH = 6 and contact time of 300 min. In this 
study, it was found that adsorption was well described 
by the Freundlich model. The adsorption efficiency 
was obtained 73% after four consecutive.

Easy separation of the adsorbent from the solution for 
reuse is another aspect of the design of an effective adsor-
bent. Recently, much attention has been paid to the sepa-
ration of the adsorbent from the solution after the removal 
of contaminants by creating a magnetic field. This method 
is a fast, easy and very efficient method for separation 
of the adsorbent from heterogeneous suspension systems.

In this research, the synthesis and application of magnetic 
carbon nanotubes nanocomposites with high surface area 
and capacity with the aim of easy separation from the 
solution by a magnetic field is presented. Therefore, multi-
walled carbon nanotubes-CoFe2O4 (MWCNTs-CoFe2O4)  
nanoparticles based-magnetic composite for surface 
adsorption of RBBR is considered. To determine the optimal 
conditions for dye removal, isotherms, kinetics and ther-
modynamic parameters, the effect of parameters affecting 
the adsorption process such as adsorbent dose, dye con-
centration, time, pH and temperature was investigated. 
It should be noted that RBBR dye is also known as 
Reactive Blue 19 (RB19).

2. Materials and methods

2.1. Materials

The materials used in this study were cobalt ferrite 
(CoFe2O4) nanoparticles which prepared by co-precipita-
tion method, iron(III) chloride hexahydrate (FeCl3·6H2O), 
cobalt(II) chloride (CoCl2·6H2O) and sodium hydroxide 
(NaOH) as the precipitating agent. These materials were 
purified and purchased from Merck (Germany). Also for 
the preparation of multi-walled carbon nanotubes-CoFe2O4 
nanoparticles based-nanocomposite (MWCNTs-CoFe2O4), 
multi-walled carbon nanotubes with laboratory purity pur-
chased from Merck (Germany) and used for the synthesis of 
magnetic nanocomposites. Deionized water has also been 
used as a solvent. In order to adjust pH of the solutions 
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used in the experiments, 1 M solutions of hydrochloric 
acid and sodium hydroxide (Merck, Germany) were used. 
RBBR organic dye as a pollutant was purchased from 
Alvan Sabet, Iran with commercial purity and used with-
out any secondary purification for preparation of the syn-
thetic effluents in experiments. Some of the physical and 
chemical properties of dye molecule are shown in Table 1.

2.2. Synthesis of MWCNTs-CoFe2O4 nanocomposite

FeCl3·6H2O and CoCl2·6H2O were each dissolved sepa-
rately in 100 mL of deionized water at a molar ratio of 2 to 1.  
Each solution was then stirred separately for 30 min by a 
magnetic stirrer. After this step, both solutions were added 
to each other in a 500 mL beaker and mixed together by 
stirring. Then, 250 mL of 1 M NaOH solution was prepared 
separately and added dropwise to the mixture containing 
FeCl3·6H2O and CoCl2·6H2O under stirring conditions. pH 
changes were also controlled by a pH meter. The addition 
of 1 M NaOH solution was continued until the pH of the 
solution was exactly 12. After completing all the above steps, 
the cobalt ferrite cores will appear in a test vessel contain-
ing FeCl3·6H2O and CoCl2·6H2O, and the nucleation phase 
will begin. Then, in order to start the synthesis of magnetic 
nanocomposite, a mixture containing of multi-walled car-
bon nanotubes and ethylene glycol was added to the solu-
tion and the mixture was stirred by magnetic stirrer with the 
high speed (150 rpm). The solution was stirred for 120 min at 
a constant temperature of 80°C to ensure the completion of 
the chemical reaction. The nanoparticle growth step begins 
after the completion of the nucleation stage. To remove 
impurities as well as disturbing ions in the solution, the 
obtained precipitate was washed several times with deion-
ized water and then the formed precipitate was separated 
from the solution by centrifugation. After centrifugation 
and separation of the solid and liquid phases, the resid-
ual nanoparticles were washed several times with deion-
ized water. Finally, the prepared precipitate was placed in 
an oven for 24 h at 70°C [30,31]. The resulting powder was 
considered as MWCNTs-CoFe2O4 nanocomposite and sub-
jected to various instrumental analyzes for identification 
and confirmation.

2.3. Characterization of MWCNTs-CoFe2O4 nanocomposite

In this study, various characterization methods have been 
used for identification and analysis of the synthesized nano-
composite. Different techniques such as Fourier-transform 
infrared spectroscopy (FTIR) analysis, Thermo Company, 
Model AVATAR, (USA). Field-emission scanning electron 
microscopy (FESEM), TESCAN Company, Model MIRA 3, 
(Czech Republic). Energy-dispersive X-ray spectroscopy 
(EDS), TESCAN Company, Model MIRA 2, (Czech Republic). 
X-ray diffraction (XRD), PHILIPS Company, Model PW1730, 
(Netherlands). Transmission electron microscopy (TEM), 
Model CM120, (Netherlands). Brunauer–Emmett–Teller 
(BET), BEL Company Model BELSORP MINI II, (Japan) and 
vibrating sample magnetometer (VSM), Model LBKFB, (Iran) 
were applied for identification of the functional groups in 
the adsorbent structure, study the surface characteristics and 
elemental analysis of the composition, calculation of the size 

of crystal particles in the sample, morphology of the nano-
composite structure, calculation of the specific surface area 
and also study the magnetic properties of the synthesized 
nanocomposite, respectively.

2.4. Preparation of synthetic effluent and study of dye removal by 
adsorption method

At the first, a stock solution with a concentration of 
1,000 mg/L was prepared from RBBR dye. To perform var-
ious experiments and optimization process, a synthetic 
effluent was prepared in the required volume and concen-
tration by diluting the stock solution. In order to draw the 
calibration curve (absorption vs. concentration (mol/L)), 
volumes of 50 mL of dye solutions with different concen-
trations of 10, 20, 30, 50, 100 and 200 mg/L were prepared 
for absorption measurements by a UV-Vis spectrophotom-
eter (Model of Cecil CE2021). Based on the Beer–Lambert 
equation and the calibration curve, the dye molar absorption 
coefficient was calculated and used for quantification of the 
unknown concentration of the samples [Eq. (1)]. To investi-
gate the factors affecting the adsorption efficiency such as 
adsorbent dose, dye concentration, time, pH and tempera-
ture, solutions with an initial concentration of 30 mg/L in 
a volume of 1 L were prepared and the adsorption process 
was optimized by one factor at a time (OFAT) method. 
Changes in the concentration of the solution during each of 
the experiments at regular intervals of the synthetic efflu-
ent samples, and then the rate of adsorption of the result-
ing sample after separation of the adsorbent by a magnet 
measured it placed. Dye removal efficiency and adsorbent 
capacity have been calculated based on techniques in accor-
dance with Eqs. (2) and (3). Then, to determine the type of 
dye adsorption mechanism on the adsorbent, the experi-
mental data were matched with different isotherms under 

Table 1
Some physical and chemical properties of RBBR dye

Chemical structure 
of the dye

Chromophore 
(Anthraquinone)

Molecular formula C22H16N2Na2O11S3

Molecular weight 626.55 g/mol
Maximum 
wavelength (max.)

590 nm

Degree of purity Commercial
Nature Anionic
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optimal conditions. Finally, thermodynamic and kinetic 
parameters of the process were resulted from conducting 
experiments in which temperature and concentration were 
considered as effective independent variables.
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where A0, qt, C0, Ct, m and V are related to the initial 
absorption of the sample, the adsorbent capacity at time 
t, the initial solution concentration (mg/L), the sample 
concentration after t min (mg/L), adsorbent mass (g) and 
solution volume (L).

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. FTIR spectroscopy

FTIR spectroscopy as one of the most useful and effi-
cient techniques is used for identification of functional 
groups of the organic compounds. Fig. 1 shows the 
FTIR spectrum of the MWCNTs-CoFe2O4 nanocompos-
ite in the range of 400–4,000 cm–1. The peaks appeared in 
the area of 400–600 cm–1, are related to the metal oxide 
nanoparticles [32]. The sharp peak appeared in the area 
of 596.71 cm–1 is related to the stretching vibration of the 
bonds of the metal (Fe, Co) – oxygen (O). The peak formed 
in the area of 459.51 cm–1 is also related to the stretching 
vibrations of Co–O bonds. The peaks formed in the areas 
of 1,383.35 and 1,628.32 cm–1 are related to the asymmet-
ric stretching vibrations of the –COOH and C=C groups 
of the carbon nanotubes structures, respectively [33]. The 
band at 2,950 cm–1 assigned to the C–H group of aliphatic 
section of carbon nanotubes structures. The peaks in 
around of 3,428.58 cm–1 can be attributed to the symmet-
ric stretching of the O–H groups that is due to ethylene 
glycol or water molecules adsorbed on the adsorbent sur-
face. The assigned pattern corresponding to this analysis 

method can be convincing evidence about the formation of  
MWCNTs-CoFe2O4 nanocomposite [32,33].

3.1.2. FESEM and EDS analysis

To investigate the surface properties, shape and dis-
persion of the components of the synthetic nanocomposite, 
FESEM images of MWCNTs-CoFe2O4 based-nanocompos-
ite are shown in Fig. 2. In these images, the tubular struc-
tures represent multi-walled carbon nanotubes as well as 
amorphous and sometimes spherical or cubic structures 
represent cobalt ferrite nanoparticles. The agglomeration 
phenomenon among cobalt ferrite nanoparticles which 
can be clearly seen in the 500 nm scale can be led to the 
formation of dense structures on the adsorbent surface. 
The agglomeration phenomenon can be attributed to the 
magnetic interaction and resulted aggregation between 
CoFe2O4 nanoparticles. Also, according to the FESEM 
image obtained with a resolution of 1 μm, the disper-
sion of carbon nanotubes and cobalt ferrite nanoparticles 
among each other is very good. Dispersion between two 
organic and inorganic parts of the nanocomposite has 
caused porosity. The diameter of multi-walled carbon 
nanotubes as well as the size of cobalt ferrite nanoparti-
cles was estimated to be about 90–100 and 50 nm, respec-
tively, and generally the size of all particles was less than 
100 nm. Also, to evaluate the chemical composition of 
synthesized nanocomposite, a nanocomposite sample was 
analyzed by EDS method. The result of this analysis is 
shown in Fig. 3. Based on this investigation, it was found 
that the weight percentages of the constituent elements 
of this nanocomposite including carbon (C), oxygen (O), 
iron (Fe) and cobalt (Co), were 71.34%, 17.39%, 7.75% and 
3.52%, respectively. Therefore, the detection of Fe and Co 
elements in the nanocomposite sample by the EDS anal-
ysis confirms the formation of the bulk of the MWCNTs-
CoFe2O4 nanocomposite. Also, based on the obtained 
information in Table 2, it is determined that predominant 
part of the nanocomposite consists of carbon nanotubes.

3.1.3. TEM analysis

TEM analysis was used to recognize the morphology 
of MWCNTs-CoFe2O4 nanocomposite with high precision 

Fig. 1. FTIR spectrum of MWCNTs-CoFe2O4 nanocomposite.
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and resolution. The result of this study is shown in Fig. 4. 
In this figure, the transparent filament lines represent the 
presence of carbon nanotubes and the dark (black) dots 
are the image of the available CoFe2O4 nanoparticles in 
the nanocomposite. These nanoparticles are often cubic; 
However, due to the accumulation of a large number of them 
in some places, spherical structures have been identified. 
As can be clearly seen in Fig. 4, CoFe2O4 nanoparticles are 
well placed on carbon nanotubes. In addition, the proper 
dispersion of carbon nanotubes and their greater amount 
than CoFe2O4 nanoparticles is obvious. In this regard, these 
images confirm the results of nanocomposite elemental 
analysis regarding of the constituents of its surface.

3.1.4. XRD analysis

In order to calculate the average size of the crystal-
lite sample, XRD analysis was performed. XRD pattern of 
MWCNTs-CoFe2O4 nanocomposite is shown in Fig. 5. This 

analysis was performed using range from 10° to 80° radi-
ations (λ = 0.154nm) in 2q Cu-Kα. To estimate the average 
size of crystals, Eq. (4), known as the Scherrer equation, 
was used. Accordingly, the size of the nanocomposite 
constituent crystals was calculated to be approximately 
8 nm. The size of CoFe2O4 nanoparticles will increase 
the surface area of multi-walled carbon nanotubes.

d K
=

λ
β θcos

 (3)

where d, K, β and q are the particle crystal size, Scherrer 
constant (0.94), the width at half the height of the phase 
peak and the diffraction angle, respectively [34].

3.1.5. Determination of specific surface area and 
porosity of nanocomposite by BET method

To measure the specific surface area of MWCNTs-
CoFe2O4 nanocomposite and compare it with the specific 
surface area and porosity of multi-walled carbon nano-
tubes, BET method has been applied by nitrogen adsorption 
process. This method, which is based on adsorption, is a 
completely non-destructive method.

Also, the porosity of the synthetic nanocompos-
ite has been measured by conventional nitrogen gas 

Fig. 2. FESEM images of MWCNTs-CoFe2O4 nanocomposite.

Fig. 3. Elemental analysis (EDS) of MWCNTs-CoFe2O4 nano-
composite.

Table 2
Quantitative elemental analysis of MWCNTs-CoFe2O4 nano-
composites

Elt Line K Kr W%

C Ka 0.7930 0.4539 71.34
O Ka 0.0572 0.0328 17.39
Fe Ka 0.1040 0.0595 7.75
Co Ka 0.0458 0.0262 3.52

1.0000 0.5724 100.00
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adsorption method under temperature of 77 K and pres-
sure of 91.43 Kpa. In this analysis, samples of multi-walled 
carbon nanotubes were subjected to BET analysis, and then 
a comparative study was performed between changes in 
surface area, porosity, and pore diameter of MWCNTs 
and MWCNTs-CoFe2O4 nanocomposite. The results of 
this study are presented in Table 3. Based on the results, it 
was found that the specific surface area, porosity and also 
the pores diameter in MWCNTs-CoFe2O4 nanocompos-
ite compared to carbon nanotubes has increased by about 
35%, decreased by 66% and decreased by 78%, respec-
tively. Since increasing the specific surface area is one of 
the effective points for an adsorbent, it can be said that the 
synthesis of this nanocomposite and its using as adsorbent 
has been more efficient than multi-walled carbon nano-
tubes. The reason for the increase in the surface area of the 
nanocomposite compared to multi-walled carbon nano-
tubes was due to the binding of CoFe2O4 nanoparticles to 
carbon nanotubes. CoFe2O4 nanoparticles are not a porous 
compound and then the porosity and pore diameter of the 
nanocomposite structure have been reduced compared to 
carbon nanotubes. This is due to the closure of cavities in 
the structure of carbon nanotubes due to the attachment 
of CoFe2O4 nanoparticles to their walls. These results also 
confirm what was said in the XRD analysis section regard-
ing the increase in surface area of multi-walled carbon 
nanotubes after the binding of CoFe2O4 nanoparticles.

3.1.6. VSM analysis

Magnetic behavior different types of ferromagnetic, 
paramagnetic, and diamagnetic materials can be deter-
mined using the magnetic hysteresis curve. In order to 
investigate the magnetic properties of MWCNTs-CoFe2O4 

Fig. 4. TEM image of MWCNTs-CoFe2O4 nanocomposite.

Table 3
Comparative study of specific surface area, porosity and diameter of MWCNTs and MWCNTs-CoFe2O4 pores

Compounds MWCNTs MWCNTs-CoFe2O4

Specific surface area (m2/g) 73.237 113.63
Total pore volume (p/p0 = 0.990) (cm3/g) 0.5398 0.1824
Mean pore diameter (nm) 29.48 6.4222

Fig. 5. XRD pattern of the MWCNTs-CoFe2O4 nanocomposite.

Fig. 6. Magnetization curves of MWCNTs-CoFe2O4.
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nanocomposite, VSM analysis was performed in the range 
of –10,000 to +10,000 and saturation magnetization (Ms) of 
–40 to +40 emu/g at room temperature. The result of this 
analysis is shown in Fig. 6. Based on the obtained diagram, 
it can be considered that the saturation magnetization of 
the nanocomposite is set at 34.9 emu/g. The obtained value 
indicates that the synthesized nanocomposite has significant 
magnetic properties. Based on the type of obtained curve, 
the ferromagnetic properties of the nanocomposite are also 
confirmed. Therefore, it is possible to separate this nano-
composite from the aqueous solution containing the con-
taminant by a magnet after the adsorption process [35,36].

3.2. Effects of factors on the removal of RBBR by 
MWCNTs-CoFe2O4 nanocomposite

3.2.1. pH effect

One of the parameters that directly affects the changes 
in the surface electric charge of the adsorbent and also 
changes in the electrostatic attraction between the adsor-
bate and the adsorbent is the acidity and alkalinity of the 
studied solution, which is expressed by the pH parame-
ter. If the adsorbate become ionic, changes in the surface 
charge of the adsorbent can greatly affect the removal 
efficiency of the charged compound in the adsorption 
process. First, the pHpzc point of the adsorbent was deter-
mined by the diagram shown in Fig. 7. According to this 
diagram, pHpzc = 7.41 was obtained. This indicates that the 
adsorbent surface charge will be positive when the pH of 
the solution is less than 7.41 and negative when the pH 
of the solution is greater than that number. At pH = 7.41, 
the charge of the adsorbent surface is neutral (no charge). 
Then, in order to study the effect of solution pH on the 
removal efficiency of RBBR dye, volume of 1 L of 30 mg/L 
dye prepared with 298 K. HCl and NaOH were used for 
adjusting the pH of the solution in the range of 3–11. In 
this experiment, the adsorbent dose was 0.2 g/L and the 
contact time was 80 min. The test results are shown in 
Fig. 8. According to the results, it is clear that the amount 
of dye adsorption on the adsorbent surface has sharply 
decreased with increasing of solution pH. The lowest and 
the highest removal rate was observed in the pH = 11 and 
pH = 3, respectively. The reason of this observation can 
be discussed from two perspectives. First, the amount of 
OH– ions in solution increased in alkaline pH; As a result, 
competition will take place between these ions and the 
anionic part of the dye molecule in solution for the occu-
pation of active adsorbent sites. Since size of OH– ions is 
smaller than the volume of the anionic part of the dye mol-
ecule, this ion will win the competition and will occupy 
the active sites of the adsorbent [37]. Second, in alkaline 

pH and the placement of OH– ions on the adsorbent sur-
face, the surface will be negative, and as a result, due to 
the electrostatic repulsion that will occur between the 
OH– ions and the anionic part of the dye molecule, the 
amount of dye adsorption on active surfaces will decrease. 
For this reason, the removal efficiency of the dye mole-
cule has significantly decreased with increasing the pH of 
the solution. With decreasing alkalinity of the solution, the 
removal efficiency increased and reached to its maximum 
value (approximately 94%) in the acidic pH (pH = 3). In 
acidic media, the H+ ions in solution increase and cover 
the adsorbent surface in a similar way. With the emergence 
of electrostatic attraction between the surface of the adsor-
bent coated with H+ ions and the anionic dye, the removal 
efficiency has increased. Accordingly, pH = 3 was selected 
as the optimal pH and used in the next experiments.

Table 4
Parameters of isotherm models for RBBR dye adsorption on the MWCNTs-CoFe2O4 nanocomposite

Langmuir isotherm model Freundlich isotherm model Temkin isotherm model

R2 β KT R2 n KF R2 qm KL

0.9998 7.0153 651.97 0.835 1.81 8.9866 0.7716 72.46 5.75

Fig. 7. Determination of pHpzc of MWCNTs-CoFe2O4 nanocom-
posite.

Fig. 8. Effect of pH changes on removal efficiency of RBBR dye.
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3.2.2. Effect of nanocomposite dosage

Determining the optimal amount of adsorbent as one of 
the main parameters in the adsorption process is import-
ant. Requiring the optimal dosage of adsorbent is signifi-
cant from two aspects. From the first aspect, the goal of 
the optimal use of adsorbent is increasing the removal 
efficiency of pollutant and from the second aspect; it is to 
prevent excessive use of the adsorbent after optimizing its 
amount. As a result, it is economically viable. For this pur-
pose, dyes solutions in 1 L volume and initial concentration 
of 30 mg/L were prepared from the stoke solution and effect 
of the nanocomposite dosage on the removal efficiency was 
studied in the range of 0.1–1 g/L in the experimental con-
ditions of temperature = 298 K, contact time = 80 min and 
pH = 3. The results of this study are shown in Fig. 9. Based 
on the results, it was found that increasing the adsorbent 
dose from 0.1 to 0.4 g/L increased removal efficiency of 
organic dye. The reason for this is that when the adsorbent 
dose increases, active sites become available in the adsorp-
tion process. This mechanism will have a direct effect on 
increasing the removal efficiency. But with increasing the 
adsorbent dose from 0.4 to 1 g/L, it is observed that the 
removal efficiency has decreased step by step. The cause of 
this phenomenon can be due to agglomeration of nanoparti-
cles in the solution as a result of excessive use of adsorbent. 
Agglomeration can reduce the active sites of the adsorbent, 
and ultimately reduces the efficiency of dye removal [38]. 
In addition, according to the graph shown in Fig. 10, it is 
observed that in the initial times of the process (first 10 min), 
the rate of removal process is very high due to available 
sites of adsorbent, but with increasing the time from 10 to 
80 min, this trend has decreased significantly. The reason 
for this is that over time and due to the occupation of active 
sites by pollutants, these sites has declined, resulting in the 
decreased removal efficiency. Based on the results, the opti-
mal dosage of MWCNTs-CoFe2O4 Nano composite for RBBR 
dye removal was selected 0.4 g/L. Also, based on the results 
in two recent experiments, the optimal time for the organic 
dye removal by the MWCNTs-CoFe2O4 nanocomposite was 
obtained 40 min. Because there is no significant, change 
in the organic dye removal efficiency in more than 40 min.

3.2.3. Effect of initial concentration of RBBR dye

Another effective parameter on the pollutant removal 
efficiency in the adsorption process is the initial concen-
tration of pollutant in the solution. In order to study the 
effect of this parameter on the removal efficiency and 
also to obtain the necessary experimental information 
for studying the process kinetics and determination the 
type of removal process mechanism by matching the 
experimental data with different isothermal equations, 
dye solutions in a volume of 1 L and different concen-
trations 10, 20, 50, 100 and 200 mg/L were prepared and 
experiments were performed under the experimental 
conditions of pH = 3, dosage 0.4 g/L and temperature 
of 298 K. The results of this study are shown in Fig. 10. 
The experimental results clearly show that the contam-
inant removal efficiency has decreased with increas-
ing the initial concentration of dye. The cause of this 

phenomenon can be attributed to the decrease of adsor-
bent capacity for dye adsorption with increasing the dye 
concentration. Therefore, it is obvious that removal effi-
ciency has decreased with increasing the dye concentra-
tion. Therefore, a concentration of 20 mg/L was selected 
as the optimal concentration of the process [39–41].

3.2.4. Effect of temperature

In this study, the effect of temperature parameter on 
dye removal efficiency was also investigated in order to 
study and calculate the thermodynamic parameters of the 
process. For this purpose, 1 L of dye with 20 mg/L concen-
tration prepared in pH = 3 and 0.4 g of adsorbent was added 
to them. This study was performed at three temperatures of 
308, 318 and 328 K, and the results of this study are shown 
in Fig. 11. Based on these results, it can be said that tem-
perature changes did not have a significant effect on the 
process efficiency. However, looking at the general trend of 
changes, it was observed that slight increase in temperature 
has reduced the removal efficiency of organic dyes [42].

3.3. Study of isotherms

The experimental data obtained in this research were 
matched with three different models of isotherms including 
Langmuir, Freundlich and Temkin isotherms. Eqs. (4)–(6) are 
related to the Langmuir, Freundlich and Temkin isotherms, 
respectively.

C
q q

C
K q

e

e m
e

L m

= ( ) +1 1  (4)

Log = Log + 1 Log eq K C
ne F  (5)

q K Ce T e= +β βln ln  (6)

where Ce, qe, qm, KL, KF and β are equilibrium concentration 
(mg/L), equilibrium capacity, maximum capacity (mg/g), 

Fig. 9. Effect of adsorbent dosage changes on RBBR dye removal 
efficiency.



H. Rahbar et al. / Desalination and Water Treatment 272 (2022) 290–302298

Langmuir constant (L/mg), Freundlich (mg/g/(mg/L)1/n), 
Temkin constant (L/mg) and the parameter related to the 
maximum connection energy (J/mol), respectively [42–45].  
The results of this study are shown in Fig. 12 and the regres-
sion coefficient and the constants related to each of these 
isotherms are shown in Table 4. Based on the results, it has 
been determined that the experimental data obtained from 
the removal of RBBR dye by MWCNTs-CoFe2O4 nanocom-
posite based-adsorbent have shown high compatibility 
with Langmuir isotherm. Accordingly, it can be said that 
the surface of the synthetic nanocomposite is homoge-
neous and the dye adsorption on the adsorbent surface 
has occurred in a single layer [40,42].

3.4. Kinetic study

To investigate the dynamics and the factors affect-
ing the rate of RBBR dye adsorption process, kinetic study 
of the process is necessary. The obtained experimental 
data were matched with two kinetic models of pseudo- 
first-order equation [Eq. (7)] and pseudo-second-order  
[Eq. (8)]:

ln lnq q k t qe t e−( ) = − +1  (7)

1 1
2

2q k
t
q q

t
e t e

= +  (8)

where t, qt, K1 and K2 are time (min), capacity at time t 
(mg/g), rate constants related to the pseudo-first-order 
kinetic model (min–1) and pseudo-second-order (g/mg min), 
respectively [46–49]. The results of this study are shown 
in Fig. 13 and Table 5. The results of the calculations indi-
cate that the data are well matched to the pseudo-second- 
order kinetic equation. It is found that the occupancy rate 
of active sites of adsorbent is proportional to the square 
of empty sites. Therefore, it can be said that according to 
the obtained regression coefficient and the agreement 
of the data with the pseudo-second-order model, these 
indicate that chemisorption is relatively dominant and 
controls the adsorption process for RBBR dye adsorption 
using MWCNTs-CoFe2O4 nanocomposite [50,51]. In Table 6,  

Fig. 10. Effect of initial concentration changes on RBBR dye 
removal efficiency.

Fig. 11. Effect of temperature changes on RBBR dye removal 
efficiency.

Fig. 12. Langmuir, Freundlich and Temkin isotherms.
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the maximum adsorption capacity (qmax) of several similar 
adsorbents in different studies has been shown; the qmax 
of the MWCNTs-CoFe2O4 nanocomposite was 106.5 mg/g, 
which is considered to be efficient compared to other 
similar adsorbents and nanocomposite (Table 6).

3.5. Thermodynamic study

Based on the data obtained from experiments related 
to the effect of temperature changes on removal efficiency 
of RBBR dye, thermodynamic parameters of the process 
including Gibbs free energy changes (ΔG), enthalpy changes 
(ΔH) and entropy changes (ΔS) can be calculated from 
Eqs. (9) and (10) [52,53].

∆G RT K T K T
q
Cad
e

e

0 = − ( ) =( )ln  (9)

lnK T
H
R T

S
R

( ) = − 







 +

∆ ∆ad
0

ad
01  (10)

The results of this study are shown in Fig. 14 and 
Table 7. According to the results, it is clear that this process 
is exothermic and spontaneous. The standard free energy 
(ΔG°) was negative at different temperatures, indicating 
spontaneity and applicability of the process. The negative 
value of ΔH° (–32.38 kJ/mol) indicates that the adsorp-
tion process has small adsorption heat and is exother-
mic. The increase of temperature will facilitate the activity 
of molecule and disturb the stable adsorb, consequently 
restricts the adsorption capacity [54]. That is consistent with 
the results of adsorption capacity at different temperatures.

4. Conclusion

In this research, MWCNTs-CoFe2O4 nanocomposite 
synthesized, characterized and used as an effective mag-
netic adsorbent for removal of RBBR organic dye. The opti-
mal values of each of the parameters were determined as 
40 min, 0.4 g, 20 mg/L, 3 and 298 K, respectively. Based on 
the isotherm models analysis, the adsorption data were 
found to be best described by the Langmuir isotherm 
model. The kinetic study also showed that the process fol-
lows a pseudo-second-order kinetic model. The maximum 
adsorption capacity (qmax) of MWCNTs-CoFe2O4 for RBBR 
dye was 106.5 mg/g. Based on the thermodynamic stud-
ies, it was found that the adsorption process is exother-
mic and spontaneous and associated with a decrease in 
entropy. Therefore, considering these conditions, MWCNTs-
CoFe2O4 nanocomposite can be used to remove antibiotic 
contaminants from water sources.

Table 5
Kinetic models coefficients for RBBR dye adsorption in the pres-
ence of MWCNTs-CoFe2O4 nanocomposite

Pseudo-first-order model Pseudo-second-order model

qe K2 R2 qe K1 R2

51.81 0.0038 0.9995 33.17 0.0855 0.9303

Fig. 13. Kinetic models of RBBR dye adsorption process in the 
presence of MWCNTs-CoFe2O4 nanocomposite.

Table 6
Comparison of the adsorption for RBBR dye adsorption in the presence of MWCNTs-CoFe2O4 nanocomposite and other reported 
adsorbents

Adsorbent qmax (mg/g) Reference

MWCNTs-CoFe2O4 nanocomposite 106.5 This study
Agro-industrial waste Jatropha curcas pods as an activated carbon 237.5 [55]
Sewage activated carbon 33.5 [56]
Peanut hull-based H3PO4 activated carbon 149.2 [57]
Magnetic chitosan-glutaraldehyde/zinc oxide/Fe3O4 nanocomposite 176.6 [58]
Ultraporous aluminas (UPA) 122.5 [59]
Aspergillus tubingensis 143 [60]
Poly[2-hydroxy-3-(1-naphthyloxy)propyl] methacrylate [poly(NOPMA)] 60.8 [61]
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