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Abstract This research was carried out to evaluate the

capability of multi-walled carbon nanotubes (CNTs) and

NiFe2O4-decorated multi-walled carbon nanotubes (NiFe2

O4-CNTs) toward waste water treatment relevant to organic

dyes. CNTs were prepared via chemical vapor deposition

method. NiFe2O4-CNTs were prepared by in-situ chemical

precipitation of metal hydroxides followed by hydrothermal

processing. The samples were characterized using XRD and

TEM. The adsorption efficiency of CNTs and NiFe2O4-CNTs

of methyl green dye at various temperatures was examined.

The adsorbed amount increased with the CNTs and NiFe2O4-

CNTs dosage. The linear correlation coefficients and stan-

dard deviations of Langmuir and Freundlich isotherms were

determined. It was found that Langmuir isotherm fitted the

experimental results well in both adsorption cases n of methyl

green onto CNTs and NiFe2O4-CNTs. Kinetics analyses were

conducted using pseudo first-order, second-order and the

intraparticle diffusion models. The results showed that the

adsorption kinetics was controlled by a pseudo second-order

model for adsorption of methyl green onto CNTs and best

controlled by pseudo first-order in case of NiFe2O4-CNTs.

Changes in the free energy of adsorption (DG�), enthalpy

(DH�), entropy (DS�), and the activation energy (Ea) were

determined. The DH�, DG� and Ea values indicated that the

adsorption of methyl green onto MWCNTs and NiFe2O4-

MWCNTs was physisorption.

Keywords Carbon nanotubes � Decorated CNT �
NiFe2O4 � Adsorption � Methyl green � Isotherm

Introduction

Due to their unique physical and chemical properties (Treacy

et al. 1996; Wildoer et al. (1998) and their immense potential

for numerous applications (Liu et al. 1999; Kong et al. 2000),

carbon nanotubes (CNTs) have attracted considerable

attention. To date, much effort has been devoted to prepare

and synthesize various composites of CNTs with metal and

semiconductor nanoparticles (Liu et al. 2004; Yang et al.

2008a, b). Composite materials based on CNTs and inor-

ganic nanomaterials integrate the unique characters and

functions of the two types of components and may also

exhibit some new properties due to the cooperative effects

between the two kinds of materials (Hu and Dong 2008; Peng

et al. 2009) Therefore, these composite materials have very

attractive potential applications in many fields.

To optimize the potential applications of CNTs, it is

essential to modify the CNTs with functional groups to

enhance their properties. Of late, much more research has

been conducted on decorating CNTs with iron oxide and

preparing magnetic carbon nanomaterials. It is believed that

such coated CNTS will have potential application in electric

devices, magnetic data storage and heterogeneous catalysis.

Various chemistry-based processing routes have been

developed to synthesize Fe3O4-CNTs magnetic nanocom-

posites. Magnetic functionalization of CNTs was done by

coating them with iron oxide nanoparticles through polymer
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wrapping and layer-by-layer assembly techniques and then

aligning the magnetic CNTs under low magnetic fields

(Correa-Duarte et al. 2005). Also magnetic multi-walled

CNTs were prepared based on the electrostatic attraction

between the templated amino-functionalized CNTs and the

magnetic Fe3O4 nanoparticles, and used as magnetic handles

for the bio-manipulation of blood cells (Gao et al. 2006).

Magnetite beads CNT composites were also synthesized

through a hydrothermal approach (Jia et al. 2007).

CNTs are relatively new adsorbents that can remove

trace pollutants from wastewater. CNTs have been proven

to possess great potential for removing many different

kinds of organic and inorganic pollutants such as dioxin

(Long and Yang 2001) volatile organic compounds (Gau-

den et al. 2006) from air stream (Li et al. 2003), 1,2-

dichlorobenzene (Peng et al. 2003) and soil organic matters

(Yang et al. 2006).

Magnetic separation technology combined with the

adsorption process has been widely used in environmental

purification applications. In general, magnetic adsorbents

are often composed of magnetic nanoparticles dispersed in

a crosslinked polymer matrix that is composed of both

natural and synthetic polymer. It was reported that mag-

netic alginate microcapsule containing cyanex 272 could

efficiently remove nickel ions from effluents (Ngomsik

et al. 2006). Also magnetic-chitosan particle was used as

magnetic adsorbent for the removal of fluoride (Ma et al.

2007). Arabic modified magnetic nano-adsorbent gum was

studied for fast removal of copper ions (Banerjee and Chen

2007). Magnetic Fe3O4-activated carbon nanocomposite

particles were developed for the removal of methylene blue

from aqueous solutions (Yang et al. 2008a, b). Moreover a

research group prepared magnetic alginate beads contain-

ing magnetic nanoparticles and activated carbon for the

removal of organic dyes (Rocher et al. 2008).

In this paper, CNTs were prepared via chemical vapor

deposition (CVD) method and decorated with NiFe2O4 by

a hydrothermal precipitation method. The crystallographic

structure of the prepared composites was investigated using

XRD and TEM. Pure and decorated CNTs were evaluated

as possible sorbents for the removal of methyl green dye

from water. The effect of methyl green dye concentration,

temperature, and contact time on the adsorption process

was investigated. Kinetics and thermodynamic studies

were performed.

Experimental

CNTs synthesis and purification

CNTs were produced by CVD of carbon from acetylene

cracking over a Fe-Co/CaCO3 catalyst/support matrix. The

method of synthesis was described elsewhere (Bahgat et al.

2011). The raw product contains CaCO3 support particles,

Fe-Co and a traces of amorphous carbons as impurities.

This product was purified by via chemical oxidation

method. In this method, 0.05 g of the as-grown CNTs was

added to a mixture of concentrated nitric and sulfuric acids

(3:1 v/v, respectively). The mixture was refluxed in an oil

bath for 4 h at 120 �C, cooled to room temperature, diluted

with distilled water and then filtered through a filter paper

(3 lm porosity). This washing operation was repeated

several times and then the mixture was dried at 100 �C. All

chemicals used were of analytical grade.

Decoration of CNTs

A weight of 0.05 g of the purified CNTs was first ultr-

asonicated in 100 ml distilled water for 30 min. Afterward,

the suspension was mixed with solution of Ni(NO3)2�6H2O

and Fe(NO3)3�9H2O, in which the Ni:Fe molar ratio was

maintained at 1:2. Then, a sodium hydroxide solution

(6 M) was added drop wise into the above mixture with

vigorous stirring until the pH value reaches 10. The mix-

ture was stirred for another 30 min to ensure complete

reaction and then the solution was neutralized using diluted

HCl. The product mixture was placed in a Teflon-lined

autoclave maintained at 220 �C for 5 h. The obtained

precipitates were rinsed repeatedly with water and ethanol

and dried at 100 �C for 12 h in a vacuum oven. The dec-

orated CNTs were denoted as NiFe2O4-CNT composite.

Characterization

The phase structure of Fe-Co/CaCO3 catalyst/support

powder was investigated by X-ray phase analysis (PW

1730) with nickel filtered Cu radiation at 40 kV and

30 mA. The inner cavity, wall thickness and tube length of

the CNTs were characterized using TEM (JEOL JEM-

1230) and SEM (Jeol JSM-5410). Functional groups that

formed at oxidized CNTs surface were characterized by

Fourier transform infrared spectroscopy (FTIR, JASCO

410). The BET surface area was determined from adsorp-

tion isotherms using a Quantachrome NOVA Automated

Gas Sorption System Report.

Adsorption activity

Adsorption experiments were performed at 25 �C in an

open borosilicate glass reactor of 250 ml capacity whose

temperature was regulated by thermostat. To determine the

effects of dye concentration, the dye concentrations were

50, 100 and 200 mg/L and 1 g/L of CNTs and NiFe2O4-

CNT at 25 �C. To determine the effect of adsorbent dos-

age, the adsorbent concentrations were 0.6, 1 and 1.4 g/L
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and that of the dye was 100 mg/L and the temperature was

25 �C. To examine the effect of temperature, the adsorbent

concentration was 1 g/L and dye was 50, 100, 200, 300 and

400 mg/L at temperatures of 25, 40 and 50 �C. After the

equilibrium, suspensions were filtered to be analyzed for

dye concentration. The amount of dye adsorbed at equi-

librium qe (mg/g) was calculated from the following

equation:

qe ¼ VðC0 � CeÞ=W ð1Þ

where C0 and Ce (mg/L) are the liquid-phase concentra-

tions of dye initially and at equilibrium, respectively.

V (L) is the volume of the solution and W (g) is the used

mass of adsorbent.

Results and discussion

Characterizations of synthesized materials

The FTIR spectra of as-prepared and surface-oxidized

CNTs are shown in Fig. 1. The absence of hydroxyl

groups and carbonyl groups in the as-prepared MWCNTs

is obvious from the FTIR spectrum. On the other hand,

characteristic bands due to generated polar functional

groups are observed for CNTs oxidized in H2SO4/HNO3.

These functional groups exist at the tip and on the outer

shell of the tubes and make them easily dispersed in

polar solvents, such as water, ethanol, etc (Liu et al.

1998).

Figure 2a shows a TEM image of CNTs prepared by

CVD method at 600 �C and treated with the concentrated

sulfuric acid/nitric acid mixtures (3:1 v/v) for 4 h at

120 �C. It shows that the CNTs have clear inner channel

with a length of several microns. Figure 2b shows TEM

image of the CNTs decorated with NiFe2O4. It was found

that NiFe2O4 covered the surface of CNTs. The hollow

morphology of the carbon nanotubes is still identifiable and

the average size of the NiFe2O4 nanoparticles is 11 nm.

The XRD charts for pure CNTs, NiFe2O4 and NiFe2O4-

CNTs are shown in Fig. 3. It shows that the characteristic

XRD patterns for NiFe2O4 and MWCNTs are present in the

NiFe2O4-CNT nanocomposite. The characteristic peaks of

NiFe2O4 are found at 30.25�, 35.62�, 43.26�, 57.36� and

63.08�. This shows the formation of pure NiFe2O4 on

MWCNTs without any contamination. Using Scherrer’s

formula, Eq. (2), the average crystallite size of the NiFe2O4

particles is estimated to be about 11 nm, confirming TEM

observation.

D ¼ 0:89k=Bcosh ð2Þ

where k = 0.154056 nm, B is full peak width at half

maximum value, and h is the diffraction angle.

Figure 4 shows the N2 adsorption–desorption isotherm

of CNTs and NiFe2O4-CNTs decorated with nanoparticles.

The adsorption isotherms exhibited a type II shape
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3439 cm-1 (OH) 
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Fig. 1 FTIR spectra of as-prepared and oxidized CNTs

Fig. 2 TEM images of CNTs treated with acid mixture (a) and

NiFe2O4-CNT (b)
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according to IUPAC classification (Gregg and Sing 1982).

It was observed that there was a small closed adsorption–

desorption hysteresis loop, which might be due to meso-

pore capillary condensation (Bansal 2005).

The BET surface area, the average pore diameter, and

the average pore volume of CNTs were 35.5 m2/g, 19.6 nm

and 0.017 cm3/g, respectively, while those of NiFe2O4-

MWCNTs were 73.9 m2/g, 19.4 nm, and 0.039 cm3/g,

respectively. The large hysteresis area indicates the nearly

uniform distribution of pores and large surface area of

CNTs decorated with NiFe2O4 nanoparticles. It can be seen

that the surface area increased when NiFe2O4 nanoparticles

attached to CNTs surface due to the added surface area of

the NiFe2O4 nanoparticles. On the contrary, the average

pore diameter decreased after decoration which could be

attributed to the attached NiFe2O4 nanoparticles blocking

the pores on the CNTs surface.

Adsorption of organic dye

To study the adsorption behavior of methyl green onto CNTs

and NiFe2O4-CNTs, concentrations of 0.6, 1.0 and 1.4 g/L of

the adsorbent were used to adsorb methyl green from the

aqueous solution as shown in Fig. 5. After 120 min of

adsorption time, percent (% adsorption) of methyl green onto

CNTs was 30.8, 51.9 and 59.4 as the CNTs concentration

increased from 0.6, 1.0 and 1.4 g/L, respectively. While in

case of NiFe2O4-CNTs, the adsorption percent reached

28.08, 49.35 and 56.19 for composite concentrations of 0.6,

1.0 and 1.4 g/L, respectively. Percent of adsorption increases

with CNTs or NiFe2O4-MWCNTs concentration due to

increase of adsorbent surface area and adsorption sites

availability. Figure 6 shows the variation of adsorption

percent of methyl green with time for different initial dye

concentrations. The initial concentration plays an important

role in the adsorption capacity of the dye on CNTs and

NiFe2O4-CNTs. The amount of adsorbed dye per unit of

CNTs and NiFe2O4-MWCNTs mass increased with initial

dye concentration due to the increase in concentration gra-

dient which the mass transfer driving force.

Evaluation of equilibrium adsorption isotherm

The adsorption equilibrium isotherm is important for

describing how the adsorbate molecules distribute between

the liquid and the solid phases, the adsorbent, when the

adsorption process reaches an equilibrium state. The

adsorption isotherms of methyl green on the CNTs and

NiFe2O4-MWCNTs at 25, 40 and 50 �C are shown in

Fig. 7. The equilibrium uptake increased with methyl green

concentration since the active sites of the CNTs or

NiFe2O4-MWCNTs are surrounded by many more methyl
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green ions. Therefore, the values of qe increase with the

values of equilibrium methyl green concentrations. Figure

7 shows that the adsorption capacities of methyl green onto

the CNTs were 119.05, 160.12 and 181.2 mg/g at 25, 40

and 50 �C, respectively, while those of NiFe2O4-CNTs

were 88.5, 98.02 and 110.3 mg/g, respectively. The

adsorption capacity of CNTs is higher than the adsorption

capacity of NiFe2O4-CNTs despite its relatively higher

surface area. This is due to the numerous chemical sorption

sites formed as a result of functionalization (acid treatment)

of CNTs surface while in case of NiFe2O4-CNTs the

attached NiFe2O4 nanoparticles may block the active sites

and function groups on CNTs surface.

The increase of the equilibrium adsorption with tem-

perature indicated that the adsorption of methyl green ions

onto CNTs and NiFe2O4-CNTs was endothermic in nature.

At equilibrium, no change could be observed in the

solute concentration on either the solid surface or in the

bulk solution, regardless of the system’s solute, adsorbent,

solvent, and temperature which ensures equilibrium

attainment. The isotherm data were fitted to the Langmuir

and Freundlich isotherms (LeVan and Vermeulen 1981).

The Langmuir model (Langmuir 1918) assumes that there

is no interaction between the adsorbate molecules and that

adsorption is localized in a monolayer. The Langmuir

isotherm is represented by the following linear equation:

Ce=qe ¼ 1= qoKLð Þ þ 1=qoð ÞCe ð3Þ

where Ce (mg/L) is the equilibrium concentration, qe (mg/g)

is the amount of adsorbate adsorbed per unit mass of

adsorbate, and q0 and KL are the Langmuir constants related

to the adsorption capacity and the rate of adsorption,

respectively. When Ce/qe was plotted against Ce, a straight

line with a slope of 1/q0 was obtained, as shown in Fig. 8a, b,

indicating that the adsorption of methyl green on CNTs and

NiFe2O4-CNTs follows the Langmuir isotherm. The

Langmuir constants KL and q0 were calculated from this

isotherm and their values are listed in Table 1. Another

important parameter, RL, called the separation factor or the

equilibrium parameter, is evaluated in this study and

determined from the following relation (Hall et al. 1966):

RL ¼ 1= 1 þ KLC0½ � ð4Þ

where KL is the Langmuir constant (l/mg) and C0 (mg/L) is

the highest dye concentration. The value of RL indicates

whether adsorption will be unfavorable (RL [ 1), linear

(RL = 1), favorable (0\RL\1) or irreversible (RL = 0). RL

values of methyl green adsorption onto CNTs and NiFe2O4-

MWCNTs were calculated. The RL values were between one

and zero indicating favorable adsorption (Table 1). The

langmuir equation fitted the data of the adsorption of methyl

green onto both pure and decorated CNTs with R2 values

more than 0.99, indicating that the formation of a monolayer

of dye molecules was predominant.

The Freundlich isotherm model is an empirical rela-

tionship describing the adsorption of solutes from a liquid

to a solid surface, and assumes that different sites with

several adsorption energies are involved. The linear form

of the Freundlich equation is the following:

lnqe ¼ lnKF þ 1=nð ÞlnCe ð5Þ

where qe is the amount adsorbed at equilibrium (mg/g) and

Ce is the equilibrium concentration of methyl green. KF and

n are Freundlich constants, where KF (mg/g (L/mg)1/n) is

the adsorption capacity of the adsorbent and n giving an

indication of how favorable the adsorption process. Figure

8c, d shows the linear relationship between ln qe and ln Ce,

indicating that the adsorption of methyl green onto CNTs

and NiFe2O4-CNTs also follows the Freundlich isotherm.
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Accordingly, Freundlich constants (KF and n) were calcu-

lated and listed in Table 1.

Evaluation of adsorption kinetics

Adsorption is a physicochemical process that involves

mass transfer of a solute from the buck of the solution to

the adsorbent surface. Kinetics analysis provided important

information about the mechanism of methyl green

adsorption onto CNTs and NiFe2O4-CNTs composite,

which was necessary to depict the adsorption rate of

adsorbate and control the residual time of the whole

adsorption process. The temperature effect on process

kinetics was evaluated, as shown in Fig. 9. The adsorption
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Table 1 Isotherm parameters for removal of methyl green by CNTs and CNTs-NiFe2O4 at different temperatures

Isotherm Parameters Temperature

CNT NiFe2O4-CNTs

25 �C 40 �C 50 �C 25 �C 40 �C 50 �C

Langmuir q0 (mg/g) 146 187 190 88.495 99.01 113.43

KL (L/mg) 0.017 0.028 0.06 0.0437 0.0585 0.0854

RL 0.13 0.082 0.04 0.054 0.041 0.028

R2 0.998 0.999 0.998 0.99 0.991 0.992

Freundlich KF (mg/g (L/mg)1/n) 8.58 14.73 39.6 8.758 17.24 61.123

n 2.08 2.15 3.27 1.59 1.7 2.54

R2 0.992 0.995 0.994 0.967 0.80 0.968
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is initially rapid, and then slows. A large number of vacant

surface sites are available for adsorption during the initial

stage and then the adsorption decreases gradually due to

the repulsive forces between the dye molecules on the

CNTs, NiFe2O4-CNTs and the bulk phase (Mall et al.

2006). Increasing the temperature reduces the viscosity of

the solution and increases the diffusion rate of dye

molecules.

Three of the most widely used kinetics models: pseudo-

first-order, pseudo-second-order and intra-particle diffusion

models were used to examine the adsorption kinetics

behavior of methyl green onto CNTs and NiFe2O4-CNTs

composite. The best-fit model was selected based on the

linear regression correlation coefficient values (R2). The

pseudo-first-order kinetics model might be represented by

the following equation (Demirbas et al. 2009):

ln qe � qð Þ ¼ ln qeð Þ � k1t ð6Þ

where qe and q (mg/g) are the amounts of methyl green

adsorbed onto CNTs and NiFe2O4-CNTs composite at

equilibrium at any given time, t (min), and k1 (min-1) is the

rate constant of the pseudo-first-order model for the

adsorption. The values of qe and k1 can be determined

from the intercept and slope of the linear plot of ln(qe - q)

versus t. A linear form of pseudo-second-order kinetics

model is expressed by the following equation (Feng et al.

2009:

t=qð Þ ¼ 1=ðk2q2
eÞ þ t=qeð Þ ð7Þ

where qe and q are the same as defined in the pseudo-first-

order model; k2 is the rate constant of the pseudo second-

order model for adsorption (g/mg.min). The slope and

intercept of the linear plot of t/q against t yielded the values

of qe and k2.

An intra-particle mass transfer diffusion model was

proposed as (Weber and Morris 1963):

q ¼ kit
1=2 þ C ð8Þ

where C is the intercept and ki is the intraparticle diffusion

rate constant (mg/g min1/2), which can be evaluated from

the slope of the plot of q versus t1/2.

Plots of pseudo-first-order and second-order kinetics

models are shown in Fig. 10a–d. Table 2 lists the coeffi-

cients of the pseudo-first and second-order adsorption

kinetics models and the intraparticle diffusion model. The

plots of t/qt versus t show good agreement between

experimental (qe,exp) and calculated (qe,cal) values in case

of methyl green adsorption onto CNTs. Furthermore, the

correlation coefficients for the second-order kinetics model

(R2) are greater than 0.99. Thus, the kinetics of the

adsorption of methyl green onto CNTs could be described

by the second-order kinetics model. This adsorption pro-

cess may involve the sharing of electrons between anions

(Dye) and the adsorbent (CNTs). On the other hand, the

pseudo-first-order kinetics model was more valid in

describing the adsorption kinetics of methyl green onto

NiFe2O4-CNTs composite as revealed from its higher

correlation coefficient values (R2[0.98) and closer values

between qe,cal and qe,exp as shown in Table 2.

For the intra-particle diffusion model, the larger the

intercept, the greater the surface adsorption contributes to

the rate-controlling step. All the intercepts of the plots

showed the boundary layer effect, as shown in Fig. 10e, f

and Table 2, as well as all the correlation coefficients were

low. Also all the linear portions did not pass through the

origin, as shown in Fig. 10e, f indicating that intra-particle

diffusion was not the only rate-controlling step (Ho and

McKay 2003).

Adsorption thermodynamics

To estimate the effect of temperature on the adsorption of

methyl green onto NiFe2O4-CNTs, the standard free energy
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change (DG�), enthalpy change (DH�), and entropy change

(DS�) were determined. The Langmuir isotherm (Langmuir

1918) was used to calculate thermodynamic parameters

using the following equations:

DG� ¼ �RTlnðKLÞ ð9Þ
lnðKLÞ ¼ ðDS�=RÞ � ðDH�=RTÞ ð10Þ

where KL is the Langmuir equilibrium constant (L/mol); R is

the gas constant (8.314 J/mol K); and T is temperature (K).

Considering the relationship between DG� and KL, DH� and

DS� were determined from the slope and intercept of the

van’t Hoff plots of ln(KL) versus 1/T. Table 3 presents the

thermodynamic parameters of methyl green adsorption onto

pure and decorated CNTs at various temperatures. The

adsorption of methyl green increases with temperature,

indicating that DH� is positive. The positive DH� value

shows that the absorption process is endothermic for methyl

green, suggesting a strong attractive force between the
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adsorbents and methyl green. For methyl green ions to travel

through solution and reach the adsorption sites, it is neces-

sary for them first to be stripped out of their hydration shell

(at least partially) which requires energy input. If the

attractive force associated with the adsorption of methyl

green onto the adsorbents does not exceed the dehydration

energy of methyl green ions, the overall energy balance will

lead to endothermic behavior. DG�was negative as expected

for a spontaneous process under the conditions applied. The

decrease in DG�with the increase of temperature implied the

adsorption process enhancement at higher temperatures

where anions are readily dehydrated and their adsorption

becomes more favorable. The positive value of DS� reflected

the affinity of the used adsorbents toward methyl green

anions in aqueous solutions and may suggest some structural

changes in adsorbents (Genç-Fuhrman et al. 2004; Alt-

undoan et al. 2000) under the studied conditions.

The rate constants (k1 and k2) of the pseudo-first and sec-

ond-order models, with respect to the adsorbent, were adop-

ted to calculate the activation energy of the adsorption

process using the Arrhenius equation (Doan and Alkan 2003):

ln kið Þ ¼ ln Að Þ � Ea=RTð Þ ð11Þ

where ki, A, Ea, R and T are the rate constants of the

pseudo-first-order model (min-1) or second-order model

(g/mg min), the Arrhenius factor, the activation energy (kJ/

mol), the gas constant (8.314 J/mol K) and the temperature

(K), respectively. The activation energy could be deter-

mined from the slope of the plot of ln(k1) or ln(k2) versus 1/

T. The activation energy of the adsorption of methyl green

onto CNTs and NiFe2O4-CNTs was 8.98 and 21.4 kJ/mol,

respectively as shown in Table 3. These activation energies

as well as the DH�, DG� and DS� values lead to the same

conclusion: the adsorption of methyl green onto CNTs and

NiFe2O4-CNTs is a physisorption process (Nollet et al.

2003). It was reported that the activation energy of

adsorption of diffusion-controlled processes is less than

25–30 kJ/mol (Lazaridis and Asouhidou 2003).

Based on the activation energy values and the

intraparticle diffusion model results, as shown in Table 3

and Fig. 10e, f, it is believed that the adsorption process

involves intraparticle diffusion though this was not the only

rate-controlling step and other kinetics models might affect

the adsorption rate.

Conclusions

Multi-walled CNTs were synthesized by CVD method

from acetylene then purified and functionalized using

Table 2 Parameters of pseudo-first and second-order kinetics models and intraparticle diffusion model (methyl green = 100 mg/L, CNT and

NiFe2O4-CNTs = 1 g/L)

Orders model Parameters Temperature

CNTs NiFe2O4-CNTs

25 �C 40 �C 50 �C 25 �C 40 �C 50 �C

Pseudo-first-order model qe,cal (mg/g) 93.69 88.23 78.7 57.2 60.28 63.24

qe,exp (mg/g) 80.729 88.17 91.6 59.99 69.022 77.57

k1 (min-1) 0.0144 0.0152 0.0155 0.00196 0.00275 0.0039

R2 0.988 0.987 0.987 0.981 0.986 0.989

Pseudo-second-order model qe,cal (mg/g) 83.3 90.9 95.6 60.24 33.44 29.58

qe,exp (mg/g) 80.729 88.17 91.6 59.99 69.022 77.57

k2 (g/mg min) 0.00021 0.00024 0.00028 9.31 9 10-6 6.26 9 10 -4 1.27 9 10-3

R2 0.994 0.995 0.998 0.90 0.98 0.988

Intraparticle diffusion model ki (mg/g min0.5) 5.628 6.41 5.76 2.747 2.197 1.81

C (mg/g) 0.735 7.79 18.7 0.0154 0.672 5.31

R2 0.996 0.992 0.997 0.989 0.988 0.972

Table 3 Thermodynamic

parameters of adsorption of

methyl green dye onto CNTs

and NiFe2O4-CNTs at various

temperatures

T (�C) CNTs NiFe2O4-CNTs

DG�
(kJ/mol)

DH�
(kJ/mol)

DS�
(J/mol K)

Ea

(kJ/mol)

DG�
(kJ/mol)

DH�
(kJ/mol)

DS�
(J/mol K)

Ea

(kJ/mol)

25 -5.09 38.9 45.336 8.98 -7.43 20.83 94.57 21.4

40 -6.64 -8.56

50 -8.9 -9.85
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mixture of concentrated acids. NiFe2O4-CNT composites

were synthesized using an in-situ hydrothermal method.

The prepared composite exhibited a homogeneous disper-

sion of CNTs in the matrix with a NiFe2O4 nanoparticles

coating. This study investigated the removal of methyl

green from aqueous solutions using CNTs and NiFe2O4-

CNTs absorbent composites. The amount of dyes adsorbed

per unit of adsorbent mass increased with increasing initial

dye and adsorbent concentrations and temperature. The

adsorption kinetics of methyl green onto CNTs was con-

trolled by the pseudo second-order model and by the

pseudo-first-order model in the case of adsorption onto

NiFe2O4-CNTs. The equilibrium adsorption data fit to the

Langmuir isotherm. The thermodynamics of the adsorption

process revealed that it was an endothermic, spontaneous

and physisorption process. This study showed that CNTs

and NiFe2O4-MWCNTs are efficient adsorbents for the

removal of methyl green from wastewater.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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dynamic properties of benzene adsorbed in activated carbons and

multi-walled carbon nanotubes. Chem Phys Lett 421:409–414
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