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Abstract 

Background:  Butachlor (BUT) as an organochlorine pesticide (OCP) that prevents weeds from growing has been 
used in the agriculture field. It remains in the environment for a long time and causes mutagenicity and cancer.

Results:  In the current study, magnetic multi-walled carbon nanotube with zeolitic imidazolate frameworks-67 
(Fe3O4–MWCNT–ZIF67) was used as adsorbent to remove BUT from the aqueous solution. The characteristics and the 
chemical composition of the adsorbent were evaluated using FE-SEM, TEM, MAP, EDX, FTIR, BET, TGA and VSM. The 
response surface methodology (RSM) as a method for the design of experiment was applied to optimize variables 
such as the initial concentration of BUT, adsorbent dosage, contact time and temperature in the batch experiment by 
central composite design (CCD). The optimum adsorption condition predicted by RSM was pH = 4.5, initial concentra-
tion = 5.75 ppm, dosage = 0.07 g and contact time = 95 min. The results showed that maximum removal efficiency 
for the butachlor is 86%.

Conclusions:  Different adsorption isotherms were evaluated using adsorption equilibrium data and results showed 
that Temkin model has the best compatibility with the experimental data. In addition, the adsorption kinetics data 
were closer with pseudo-second-order model. Thermodynamic study showed that the adsorption process was spon-
taneous, endothermic and physical. This composite can be effectively used for the remediation/clean-up of ground-
water and agricultural run-off water which are contaminated with harmful pesticides.

Keywords:  Adsorption, Butachlor, Magnetic nanocomposite, Metal–organic framework, Response surface 
methodology
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Introduction
According to some studies, the most important envi-
ronmental pollutants are pesticides and fertilizers [1, 
2]. Excessive use of pesticides in the agricultural indus-
try causes environmental pollution, especially in water 
resources. Organochlorine (OC) toxins can stay in the 
environment for long time. Even low concentration of 
OCs is harmful to human health and they can accumulate 
in tissues due to their low rate of chemical and biological 
degradation and hydrophobicity. With increasing their 
concentrations, they enter to the food cycle and affect the 
nervous system and cause carcinogenicity. According to 
the European Union, the amount of pesticides in drink-
ing water should not exceed 0.1 μg L−1 [3].

One of the organochlorine pesticides (OCP) is 
N-(butoxymethyl) 2-chloro 2’,6’-diethyl acetanilide 
known as butachlor (BUT). It is widely used in African 
and Southeast Asian countries such as China, India and 
Iran. BUT is used to prevent weeds in rice, wheat, bar-
ley, sugarcane, cotton and corn fields [4].

Numerous adsorbents have been used to remove 
pesticides, such as two-dimensional carbon materi-
als including graphene oxide [5], carbon nitride [6], 
silica particles [7], magnetic materials [8], and organic 
porous polymers [9]. Carbon nanotubes (CNT) are  
nanomaterial with one-dimensional and multidi-
mensional tubular structure [10]. Due to their small 
radial dimension, special surface area, outstanding 
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mechanical properties, electrical and thermal conduc-
tivity, they have excellent effect in adsorbing inorganic 
and organic pollutants from solutions, such as heavy 
metal ions [11], antibiotics [12], dyes [13], and other 
organic materials [14].

Multi-walled carbon nanotubes (MWCNTs) are com-
posed of graphene sheets with high specific surface area, 
hollow porous structure, and excellent stability, which 
make them suitable as adsorbents [15]. Functionalized 
CNTs have strong interaction with organic molecules 
through non-covalent forces such as hydrogen bonding, 
π–π bonding, electrostatic force, and hydrophobic inter-
action, which leads to increased special benefits in the 
removal of organic pollutants. However, MWCNTs are 
1D nanomaterials and it is difficult to separate them from 
the aqueous solutions, which limits their application. For 
easy separation, they can be combined with iron oxide 
(Fe3O4) to form a magnetic composite [10].

New adsorbents such as metal–organic frameworks 
(MOF) have recently received much attention due to 
high surface area and porosity. Metal centers coordinated 
with oxygen or nitrogen atoms are connected by link-
ers to aromatic rings. The main characteristics of MOFs 
are strong crystalline frames with permanent porosity, 
crystalline properties, super-adjustable porosity, variable 
structure, large surface area and pore volume, uniform 
pore size, and special sites for selective adsorption [16]. 
Due to their high removal ability, they are ideal options 
for various applications such as removal of pollutants 
[17], fuel storage (methane and hydrogen) [18], carbon 
dioxide adsorption [19], sensor, photocatalytic degrada-
tion [20], catalytic purpose [21], separation [22], mem-
brane [23] and heterogeneous decomposition [24].

Zeolite imidazolate frameworks (ZIF) are one exam-
ple of MOFs, which has well-formed porous and three-
dimensional structure. Due to their high specific surface 
area, high adsorption capacity, often high chemical and 
physical stability, they have been considered in many 
different fields such as: gas storage [25], separation [26], 
catalyst [27], contaminant removal [28], chemical sen-
sors [29] and drug delivery [30]. The properties, type 
and structure of ZIF depend on different combinations 
of imidazole binders and metal ions. Many synthetic ZIF 
structures have been reported. It is possible to synthesize 
them using different transition metals (such as zinc and 
cobalt), imidazole binders (such as: 2-methylimidazole 
and benzimidazole) and solvents such as: water, dimeth-
ylformamide, diethylformamide, ethanol and methanol 
[31, 32]. ZIF-67 is a conventional MOF made from bind-
ing the cobalt ion and 2-methylimidazole ligand. Due 
to its attractive structure, large surface area, distinct 
morphology, permanent nanoscale porosity and excel-
lent chemical stability, it is widely used in various fields 

such as separation [33], adsorption [34], inhomogeneous 
decomposition [35], oxygen evolution [36] and electro-
chemical reaction [37].

There is limited research on the removal of BUT by 
adsorption method [38]. With this aim, a composite of 
magnetic carbon nanotubes with ZIF-67 was fabricated 
and used as an adsorbent for BUT removal. In addition, 
the effect of parameters such as initial herbicide concen-
tration, adsorbent dosage, pH, contact time and tempera-
ture were investigated using experimental design method.

Materials and methods
Chemicals
Co(NO3)2 0.6H2O, 2-methylimidazole (2MIM), FeCl2 
and FeCl3, ammonium hydroxide solution (25%), HNO3 
(65%) and sulfuric acid (98%) were all provided by Merck 
Company. MWCNT (diameter of 30–50  nm) was pur-
chased from Sigma-Aldrich. BUT toxin with 98% purity 
was provided by Golsam Company (Golestan province, 
Iran).

Adsorbent synthesis
ZIF‑67
The ZIF-67 was synthesized according to the literature 
with little modification. First, 0.45 g of 2MIM and 0.45 g 
of Co(NO3)2.6H2O were dissolved separately in 20  mL 
and 3  mL water. Co(NO3)2 solution was then added to 
the 2MIM solution and the mixture was stirred at room 
temperature for 6  h. The resulting purple precipitate 
(ZIF-67) was collected by centrifugation, washed with 
distilled water and then with ethanol for several times, 
and finally dried in oven at 60 °C for 24 h [39].

Functionalization of MWCNT
To oxidize and functionalize MWCNTs, 2  mL of nitric 
acid and 1.8 mL of H2SO4 were added separately to two 
100-mL volumetric balloons. Then, 25 mL of HNO3 and 
75 mL of H2SO4 were mixed with volume ratio of 1:3 and 
0.6 g of MWCNTs was added to the mixture. It was irra-
diated in an ultrasonic batch for 2  h at 40  °C and then 
rinsed several times with distilled water and centrifuged. 
The precipitate was dried at 60 °C in an oven for 60 h.

Preparation of Fe3O4–MWCNT
At this stage, the synthesis of Fe3O4–MWCNT was 
performed by co-precipitation method. First, 0.6  g of 
MWCNT was added to 720  mL of distilled water and 
irradiated by ultrasonic for 1 h to obtain a homogeneous 
and dispersed mixture in water and then transferred to 
a three-neck round-bottom flask. The temperature of the 
hot water bath was set at 80 °C. 2.4 g of FeCl2 and 5.4 g 
of FeCl3 with 50 mL of distilled water were added to the 
balloon and allowed to mix for 1 h under N2 atmosphere, 
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and then 17 mL of ammonium solution was added drop-
by-drop into flask for 20 min. The mixture was stirred for 
another 1 h to allow the reaction of any unreacted mate-
rials. The product was washed using water and ethanol 
with a volume ratio of 1:1. The washing step was contin-
ued until the pH reaches neutral values. A strong magnet 
was used to separate the sediment. The precipitate was 
then dried in a vacuum oven at 60 °C for 24 h.

Fe3O4–MWCNT–ZIF67
2.4 g of Fe3O4–MWCNT was mixed with 60 mL of dis-
tilled water and subjected to ultrasonic irradiation for 
30 min. 1.35 g of Co(NO3)2.6H2O and 1.35 g of 2-MIM 
were mixed separately in 9 and 60 mL of water, respec-
tively. The dissolved cobalt nitrate solution was added to 
the Fe3O4–MWCNT in a beaker and placed on a mag-
netic stirrer for 30 min. Then 2-MIM solution was added 
to the mixture and stirred for another 6  h. Water and 
ethanol with a volume ratio of 1:1 were used to wash the 
precipitate and a strong magnet was used to collect the 
particles from the mixture. The washing step was per-
formed several times to reach the pH of mixture to neu-
tral range. The product was then transferred to a vacuum 
oven for drying at 60 °C for 24 h.

Adsorbent characterization
To determine the morphology and characteristics of 
adsorbent, field emission scanning electron microscope 
(FE-SEM) (TESCAN, MIRA III) and transmission electron 
microscopy (TEM, Philips, accelerating voltage of 100 kV) 
were used. X-ray diffraction (XRD) (PHILIPS, PW1730) 
was performed to investigate the crystal structure of sam-
ples. Fourier transform infrared spectroscopy (FTIR) was 
conducted to identify the functional groups and molecular 
structure (Thermo, AVATAR). For chemical identification 
of materials, energy dispersive X-ray spectroscopy (EDS) 
and mapping analysis were used to provide the frequency 
distribution of available elements (TESCAN, MIRA III). 
To investigate the porosity and surface area of Fe3O4–
MWCNT–ZIF67 nanocomposite, N2-adsorption/desorp-
tion isotherm was recorded using BELSORP MINI II. To 
determine the thermal stability of the adsorbent, TGA 
analysis (by TA, Q600) was applied in the temperature 
range of 25–800 °C under argon gas with a heating rate of 
10 °C min−1. A vibrating-sample magnetometer (Meghna-
tis Daghigh Kavir Co. Kashan, Iran) was used to investigate 
the magnetic properties of the adsorbent.

Removal of BUT herbicide
Adsorption experiments
In order to investigate the batch adsorption process, the 
effect of various parameters such as adsorbent dosage 

(0.01–0.09  g), pH (3–9), initial solution concentration 
(2–17 ppm), contact time (5–125 min) and temperature 
(20–40 °C) were evaluated using a design of experiments 
(DOE).

Various experiments were defined and performed to 
evaluate the efficiency of adsorbent and the effect of dif-
ferent parameters on the rate of toxin adsorption. To pre-
pare the stock solution of BUT (17 ppm), it was dissolved 
in acetone and all the required concentrations were 
diluted using the same stock solution. 50  mL of solu-
tion containing pesticide in certain concentrations was 
added to an Erlenmeyer with a volume of 100  mL, and 
after adjusting the pH of the solution, a certain mass of 
adsorbent was added to the solution. The Erlenmeyer is 
then transferred to an incubator shaker so that the solu-
tion and the adsorbent are in contact under the defined 
operating conditions. Then, after a certain period of time, 
some of the solution was separated using a strong magnet 
in order to separate the adsorbent particles from the solu-
tion. Gas chromatography coupled with flame-ionization 
detector (GC-FID, Agilent 6850) was used for determina-
tion of BUT residues and stock solution concentration. 
The capillary column HP-5 (30 m × 0.25 mm × 0.25 μm) 
was used for separation. Nitrogen was used as the carrier 
gas at a flow rate of 1 mL min−1. The following tempera-
ture program was employed: initial temperature of 180 °C 
held for 3 min; increased at 30 °C min–1 to 240 °C, total 
runtime of 8 min. The injector and detector temperatures 
were 260 °C. To extract the BUT from aqueous solution,  
ethyl acetate was used.

The following equation was used to calculate the 
removal percentage of BUT pesticide:

where C0 and Ct are initial concentration and concentra-
tion of the BTU in solution at time t.

Design of experiments
Response surface methodology (RSM) is a set of math-
ematical and statistical methods that are used in DOE, 
model development, factor evaluation and condition 
optimization. In order to investigate the main factors 
in the process of removing BUT toxin, the interactions 
among them, and also minimize the number of experi-
ments, the central composite design (CCD) method, 
which is one of the methods of the RSM family, was 
utilized. In this work, five variable factors including ini-
tial concentration of BUT, pH, adsorbent dosage, con-
tact time and temperature were considered. The lower, 
middle, and upper limit ranges of CCD are tabulated in 
Table 1. Analysis of variance (ANOVA) was performed 

(1)BUT removal% =

(

C0 − Ct

C0

)

∗ 100,
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by determining the correlation coefficient (R2). The sta-
tistical values of the coefficients of the approach and 
model variables were measured based on probability. 
The experimental design was done with Design Expert 
software version 10. The design of the semi-partial rule 
experiment was performed. The total number of experi-
ments is 36 (Table 2). The purpose of response surface 
optimization is to determine the optimal maximum or 
minimum location in the design space that the response 
is stable. Response surface optimization is obtained 
with Design Expert software version 10 and based on 
the model equation. After determining the optimal con-
ditions by the model, the last step was done at the opti-
mum point to confirm the credibility of the model.

Adsorption isotherm
To study the adsorption process, Langmuir, Freundlich 
and Temkin isotherms were investigated to describe the 
adsorption isotherms of Fe3O4–MWCNT–ZIF67 for 
removal of BUT pesticide.

Langmuir model assumes monolayer coverage on 
adsorbent [40]:

where qe and qmax(mg g−1) indicates equilibrium adsorp-
tion capacity and maximum adsorbent capacity; KL (L 
mg−1) equilibrium constant and Ce (mg L−1) is equilib-
rium concentration.

Freundlich model is an empirical model allowing for 
multilayer adsorption on adsorbent [41]:

where Kf and n are the Freundlich constants. Kf is roughly 
an indicator of the adsorption capacity (L  g−1) and 1/n 
is an empirical parameter relating the adsorption inten-
sity. Temkin model interaction between adsorbent and 
adsorbed considers [42]:

(2)qe =
qmaxKLCe

1+ KLCe
,

(3)qe = KFC
1/n
e ,

where KT and BT Temkin constant; R general gas con-
stant; (8.314 J mol−1 K−1);and T is the absolute tempera-
ture (K).

Adsorption kinetics
Kinetic study provides information about rate of pro-
cess throughout of adsorption pathway. There are 
several adsorption kinetic models for analyzing of 
experimental data. In this study, the pseudo-first-order 
kinetic model and pseudo-second-order kinetic model 
were investigated.

The pseudo-first-order kinetic model was generally 
expressed as the following equation [43]:

where K1 is the constant speed (min−1); parameters qt 
and qe, respectively, the adsorption capacity is at time t 
and equilibrium time (mg g−1). The pseudo-second-order 
kinetic model was expressed as following [44]:

where h = K2q
2
e  initial species uptake rate; the param-

eter K2 is the quadratic velocity constant of the relation, 
h = K2q

2
e  are obtained.

Another kinetic model is the Elovich model which is 
represented as follows [45]:

The parameter α is the initial adsorption rate of 
Elovich equation (mg g−1  min−1) and β is the desorp-
tion constant (g mg−1).

A model on the basis of intra-particle diffusion theory 
was proposed by Weber and Morris was investigated. 

(4)qe =

(

RT

BT

)

Ln(KTCe),

(5)log(qe − qt) = logqe −
K1

2 · 303
t,

(6)
t

qt
=

1

h
+

t

qe
,

(7)qt =
1

β
ln(αβ)+

1

β
ln(t)

Table 1  Range and levels of laboratory independent variables

Variable Axial bottom
(−α)

Low factorial
(−1)

Central point
(0)

High factorial
(+1)

High axial
(α)

Concentration (ppm) 2 5.75 9.5 13.25 17

Dosage (g) 0.01 0.03 0.05 0.07 0.09

pH 3 4.5 6 7.5 9

Time (min) 5 35 65 95 125

Temp (°C) 20 25 30 35 40
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According to this model, adsorption capacity is propor-
tional to the square root of time [46]:

The parameter K is intra-particle diffusion rate con-
stant and C is boundary layer thickness constant.

Thermodynamic studies
The effect of temperature on removal percentage was 
investigated in the range of 20–40 °C. Important thermo-
dynamic parameters such as Gibbs free energy change 

(8)qt = K t0.5 + C

(ΔG°), standard enthalpy (ΔH°) and standard entropy (ΔS°) 
were calculated as follows [47]:

where R is the universal gas constant (8.314 J mol−1 K−1), 
T is the absolute temperature (K) and Kd is the thermo-
dynamic equilibrium constant, determined from qe

Ce
.

(9)�G0
= �H0

− T�S0

(10)lnKd =
�S0

R
−

�H0

RT
,

Table 2  Total number of experiments

Std. Block Run A: concentration 
(ppm)

B: dosage (gr) C:pH D: time (min) E: tempe (°C) Response 
removal %

14 Day1 1 13.25 0.03 7.5 95 25 37.6112

9 Day1 2 5.75 0.03 4.5 95 25 63.4589

1 Day1 3 5.75 0.03 4.5 35 35 25.5359

20 Day1 4 9.5 0.05 6 65 30 42.7421

18 Day1 5 9.5 0.05 6 65 30 37.0163

17 Day1 6 9.55341 0.05 6 65 30 35.694

5 Day1 7 5.75 0.03 7.5 35 25 44.5341

21 Day1 8 9.5 0.05 6 65 30 39.912

6 Day1 9 13.25 0.03 7.5 35 35 21.7093

10 Day1 10 13.25 0.03 4.5 95 35 6.9871

24 Day1 11 9.5 0.05 6 65 30 38.8849

7 Day1 12 5.75 0.07 7.5 35 35 31.2209

13 Day1 11 5.75 0.03 7.5 95 35 27.5952

2 Day1 14 13.25 0.03 4.5 35 25 8.4832

19 Day1 15 9.5 0.05 6 65 30 40.0994

8 Day1 16 13.25 0.07 7.5 35 25 60.1487

15 Day1 17 5.75 0.07 7.5 95 25 67.5347

16 Day1 18 13.25 0.07 7.5 95 35 79.6741

22 Day1 19 9.5 0.05 6 65 30 41.9663

11 Day1 20 5.75 0.07 4.5 95 35 85.7869

3 Day1 21 5.75 0.07 4.5 35 25 61.5044

4 Day1 22 13.25 0.07 4.5 35 35 53.2293

12 Day1 23 13.25 0.07 4.5 95 25 59.8452

23 Day1 24 9.5 0.05 6 65 30 40.4256

32 Day2 25 9.5 0.05 6 125 30 21.8978

25 Day2 26 2 0.05 6 65 30 78.1712

27 Day2 27 9.5 0.01 6 65 30 1.9092

31 Day2 28 9.5 0.05 6 5 30 24.013

34 Day2 29 9.5 0.05 6 65 40 34.6366

26 Day2 30 17 0.05 6 65 30 39.2351

35 Day2 31 9.5 0.05 6 65 30 26.9979

29 Day2 32 9.5 0.05 3 65 30 36.1749

33 Day2 33 9.5 0.05 6 65 20 17.0762

30 Day2 34 9.5 0.05 9 65 30 31.3592

28 Day2 35 9.5 0.09 6 65 30 58.3809

36 Day2 36 9.5 0.05 6 65 30 24.6729
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Results and discussion
Characterizations of Fe3O4–MWCNT‑OH/ZIF67
Figure  1a, b shows the FE-SEM images of Fe3O4–
MWCNT at two different magnifications. Spheri-
cal Fe3O4 nanoparticles are formed on the surface of 
MWCNT and aggregated to each other. Figure  1c, d 
shows the morphology of Fe3O4–MWCNT–ZIF67, in 
which the MWCNTs and other nanoparticles with sizes 
lower than 100 nm can be observed in the image. It seems 

that with addition of ZIF-67 to the structure of sample, 
the aggregation of sample is somewhat decreased. In 
addition, Fig.  1e, f shows the structure of ZIF-67 which 
are composed of some spherically interconnected nano-
particles in the form of plates.

TEM was used to obtain more information about the 
structure of Fe3O4–MWCNT–ZIF67 at different magnifi-
cations (Fig. 2). MWCNTs can be observed in the images 
and some nanoparticles are attached to them. The dark 

(a)

(c) (d)

(f)(e)

(b)

Fig. 1  FE-SEM images of a, b Fe3O4–MWCNT, c, d Fe3O4–MWCNT–ZIF67 and e, f ZIF67
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regions in the images are due to the presence of Fe in 
Fe3O4 and Zn in ZIF-6, respectively, with higher atomic 
weight than carbon and oxygen elements in MWCNTs. 
As can be seen, the nanoparticles are aggregated to each 
other which cause to create thickness contrast in the 
images.

Figure 3 shows the EDS spectrum and elemental map-
ping analysis of Fe3O4–MWCNT-OH–ZIF67. The pres-
ence of Co and N in the spectrum of sample originates 
from the presence of ZIF-67. Furthermore, the charac-
teristic peaks of Fe (Kα, Kβ and Lβ) arise from the Fe3O4 
formation. The characteristic peaks of Fe, C, O, N and 
Co in spectrum confirm the formation of nanocompos-
ite (Fig. 3A). The quantitative results of EDS analysis are 
included in the table (inset of Figure). Figure  3B shows 
the FE-SEM image of the selected area on the surface. 
The mapping analysis on the defined area shows the 
homogeneous distribution of the different elements.

Figure  4A shows the FTIR spectra of ZIF-67, Fe3O4–
MWCNT-OH and Fe3O4–MWCNT–ZIF67 (before 
and after asorption). In the FTIR spectrum of Fe3O4–
MWCNT, the characteristic peaks with wavenumbers 
of 1270, 1399 and 1715  cm−1 correspond to iron oxide 
nanoparticles and peak with wavenumber of 543  cm−1 
is related to the stretching vibration of Fe–O bands 
[48]. The peaks at 1110 and 1649 cm−1 are attributed to 
multi-walled carbon nanotubes with hydroxyl functional 

groups of MWCNT-OH [40]. The peak at 2923  cm−1 is 
the asymmetric stretching adsorption of C–H bands [41]. 
The peak at 3414 cm−1 is due to the stretching vibrations 
of the O–H group.

In the FTIR spectrum of ZIF-67, the peak at 
435  cm−1 is related to  the stretching vibrations of the 
Co–N bands [40]. The peaks with wavenumbers in 
the range of 620 to 1419  cm−1 correspond to 2-meth-
ylimidazole [49]. The peak at 1170  cm−1 is related to 
the deformation vibrations within the plane of the 
C–H bands. The peaks at 1569  cm−1 and 1632  cm−1 
are attributed to the vibrations of the imidazole rings 
[40]. The peak at 2922  cm−1 is related to the stretch-
ing of aliphatic C–H bands indicating the presence 
of 2-methylimidazole [50]. The characteristic peak of 
N–H bands, which is related to the combination of 
nitrogen atoms and metal ions, occurs at 3428  cm−1 
[49]. The peak at 3682  cm−1 corresponds to the free 
O–H bands. The peak at 1715  cm−1 related to the 
C=O stretching is observed in the spectra of Fe3O4–
MWCNT and ZIF-67. With formation of the nano-
composite, the intensities of peaks are decreased which 
confirms the formation of Fe3O4–MWCNT–ZIF67. In 
addition, as the nanocomposite was  used in adsorp-
tion process of BUT (Fig.  4A), the intensity of peaks 
reduced substantially which means the interaction of 
BUT with Fe3O4–MWCNT–ZIF67.

Fig. 2  TEM images of Fe3O4–MWCNT–ZIF67 at different magnifications (scale bars are: a 75 nm b 100 nm and c 150 nm)
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Figure  4B shows the XRD patterns of different sam-
ples. For ZIF-67, the characteristic peaks appeared in 
2θ = 10.6, 12.7, 14.9, 16.8, 18.1, 19.7, 22.4, 25.3, 31.3 and 
33.7°. For Fe3O4–MWCNT, the peaks at 2θ = 30.7, 35.98, 
54.06, 57.43 and 63.11° are for Fe3O4 and the peaks at 
2θ = 26.96 and 43.7° arise from the MWCNT. Due to the 
presence of MOF in Fe3O4–MWCNT–ZIF67, the peak 
intensities of nanocomposite were slightly decreased in 
comparison to Fe3O4–MWCNT [49].

Figure  5A shows N2-adsorption and desorption iso-
therm of Fe3O4–MWCNT–ZIF67 composite. The iso-
therm is from type IV and has a hysteresis loop of type 

H3. BET surface area, specific surface area of pores, 
average pore diameter and total pore volume obtained 
from the analysis were 48.73 m2  g−1, 53.175 m2  g−1, 
907.35  nm and 0.43662 cm3  g−1, respectively. ZIF-67 
has type I isotherms with microporous structure and 
provides high specific surface area of 1714 m2  g−1 and 
total pore volumes of 0.631 cm3  g−1. The comparison 
of the results shows that with mixing the MWCNTs, 
ZIF-67 and Fe3O4, the surface area of nanocomposite 
reduces and changes in physical and chemical proper-
ties have occurred.
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Figure  5B shows TGA curves for Fe3O4–MWCNT, 
Fe3O4–MWCNT–ZIF67 and ZIF-67. With increas-
ing the temperature to 800  °C, a three-step weight 
loss is observed for ZIF-67 and reach to 90.91% of ini-
tial weight. The first stage of weight loss in the range 

of 25–275  °C is due to the loss of surface moisture in 
the sample. The second and third stage occurred in the 
range of 275–480 and 480–800  °C, respectively, which 
are attributed to the loss of trapped water and solvent 
and destroying the structure of MOF. The TGA curves 

Fig. 4  A FTIR spectra and B XRD patterns of Fe3O4–MWCNT, Fe3O4–MWCNT–ZIF67, and ZIF-67
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of Fe3O4–MWCNT and Fe3O4–MWCNT–ZIF67 show 
weight loss of 6.927 and 12%, respectively. MWCNT 
encounters with the weight loss due to removal of 
oxygen-containing groups. When Fe3O4 and MWCNT 
were added to ZIF-67 in nanocomposite, thermal sta-
bility was significantly increased and becomes stable 
[50].

The magnetic properties of the adsorbent were 
measured using VSM analysis at ambient tempera-
ture. Figure  5C shows the VSM curves for Fe3O4 
and Fe3O4–MWCNT–ZIF67. No hysteresis loop is 
observed and the sample shows the superparamag-
netic behavior which is due to the formation of Fe3O4. 
The presence of non-magnetic materials of MWCNT 
and ZIF-67 in nanocomposite reduced the magnetic 
property of iron oxide from 69.03 to 45.8 emu g−1 
which is due to decreasing of non-magnetic satura-
tion of the nanoparticles covered by the materials. 
Although the magnetic strength of the adsorbent is 
lower than that of Fe3O4 nanoparticles, the magnetic 
strength of the adsorbent is sufficient for easy separa-
tion from the aqueous solution by applying an exter-
nal magnetic field.

Optimization
Among several possible models and according to the 
experimental results, a third-degree model can be fitted 
on the results. Equation  11 shows the resulting model 
in terms of the initial concentration (A), pH (C), adsor-
bent dose (B), temperature (E) and time (D) of solution 
with the following relation:

The parameter that has the great positive coefficient 
value in the equation indicates a greatly positive influ-
ence on the response. The mean squares, the degree of 
freedom, and the sum of squares were also obtained. 
Moreover, F and p-values were used to display when 
these terms are significant in the quadratic model. Data 
reported in Table 2 exhibit that all coefficients are sig-
nificant. The significance of the quadratic model with 
consideration of Table 1 is presented in Table 3.

The accuracy of the designed equations is expressed by 
the convergence coefficient R2. The R2 and R2

adj values of 

(11)
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the model are 0.91 and 0.86, respectively, which is in good 
agreement with the experimental values. Figure 6 shows 
the correspondence between experimental data and the 
predicted response by the RSM optimization approach. 
Data closer to the line represent small difference between 
the experimental and the predicted responses. Therefore, 
a good optimal point can be obtained from the designed 
experiment.

Analysis of three‑dimensional response surface curves
To better understand each response surface, three-
dimensional curves of effective parameters in the pres-
ence of BUT removal percentage were plotted and 
analyzed (Fig. 7). In these curves, a pair of parameters 
is displayed while other factors are kept constant. Fig-
ure 7a shows the response surface curve of the removal 
percentage with the initial BUT concentration and the 
adsorbent dosage. According to the proposed model 
(i.e., Eq. 11), the initial concentration of BUT has a neg-
ative effect on the adsorption percentage. The reason 

for decreasing the removal percentage is that with 
increasing the initial concentration of BUT from 5.75 
to 13.25  ppm, the mole of contaminant increases, but 
there is a given amount of adsorbent in the solution, in 
other words, the active adsorption sites are constant.

The adsorbent dose has a positive effect on the 
removal percentage because the adsorbent active sites 
on the surface are higher than the adsorbate molecule. 
However, with increasing the adsorbent dose to values 
higher than 0.07  g in 50  mL solution, the active sites 
become saturated in the surface, therefore, the removal 
percentage decreases. However, considering the inter-
action of two parameters on the removal percentage, 
it showed a positive effect on the removal process of 
BUT. An increase in the percentage of BUT removal 
by decreasing the initial concentration from 13.25 to 
5.75  ppm and increasing the adsorbent dosage from 
0.03 to 0.07g are also observed.

Figure  7b shows the response surface curve of the 
removal percentage with the initial BUT concentration 
and pH. According to the proposed model (i.e., Eq. 11), 
the initial concentration of BUT and pH have nega-
tive effect on BUT removal percentage, so that with 
increasing pH from 4.5 to 7.5, the removal percentage 
decreases. In the natural and alkaline pH range, the 
percentage of BUT removal is negligible because BUT 
has anionic form due to the presence of carboxylic 
and phenolic groups. However, the adsorbent surface 
is positively charged at low (acidic) pH range 4.5 and 
converts to the cationic form, thus establishing a strong 
electrostatic bond between the adsorption surface and 
BUT, causes further removal of BUT. However, consid-
ering the interaction of both parameters, the removal 
percentage had a positive effect.

Figure  7c shows the response surface curve of per-
centage of BUT removal with the initial BUT concen-
tration and temperature. According to the proposed 
model (i.e., Eq.  11), the initial concentration of BUT 
has a negative effect and the temperature has a posi-
tive effect, so that if the process is endothermic, the 

Table 3  Results of model analysis of variance

Source Sum of squares Degrees of freedom Average total squares F value P value

Model 12,056.52 11 1096.05 20.96 < 0.0001

A (concentration) 1031.69 1 1031.69 19.73 0.0002

B (dosage) 589,978 1 5859.78 112.62 < 0.0001

C (pH) 0.82 1 0.82 0.016 0.0994

D (time) 579.15 1 579.15 11.07 0.0029

E (temp) 154.18 1 154.18 2.95 0.0994

Residual 1202.81 23 52.30

Fig. 6  The predicted data versus actual data obtained by 
experimental data removal efficiency of BUT
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kinetic energy of the pollutant increases with increas-
ing temperature from 25 to 35  °C and the probability 
of their collision with the adsorbent surface increases. 
However, considering the interaction of the two 
parameters, it has a positive effect on the removal per-
centage trend.

Figure 7d shows the response surface curve of percent-
age of BUT removal with adsorbent dosage and tempera-
ture. An increase in percentage of BUT removal is also 
observed by increasing the adsorbent dosage from 0.03 to 
0.07 g and the temperature from 25 to 35 °C. According 
to the model, both of them have positive effects.

Fig. 7  Effect of factors on BUT Removal (%) RSM plots
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Figure  8 represents the adsorption isotherm of BUT 
on Fe3O4–MWCNT–ZIF-6. Equilibrium parameters 
related to above isotherms are presented in Table 4. The 
results show that the Temkin isotherm is in good agree-
ment with equilibrium data. The highest value of R2 for 
the Temkin isotherm (R2 = 0.993) in comparison to Lang-
muir (R2 = 0.988) and Freundlich (R2 = 0.942) isotherms 

proved that the interactions between the Fe3O4–
MWCNT–ZIF-6 and the BUT are considered.

In addition, from Tables 5 and 6, different models are 
fitted with kinetic data. As can be seen, the pseudo-first-
order equation, Elovich and intra-particle diffusion mod-
els do not fit well, but the pseudo-second-order equation 
can be properly fitted.

The thermodynamic quantities are calculated from 
the Van’t Hoff equation plot (Fig. 9) and summarized in 
Table 7. Based on the results, the negative values of ΔG° 
indicate the spontaneous as well as the physicality (range 
of 0 to 20 kJ mol−1) of the adsorption process. The posi-
tive value of ΔH° is a representative of the endothermic 
process. The positive value of ΔS° also demonstrates the 
increase of irregularities in the interface of liquid–solid 
during the adsorption, which exhibits the enhancement 
of the performance for BUT adsorption.

Conclusions
In this research, the ability of Fe3O4–MWCNT–ZIF67 
adsorbent was studied for BUT removal from the aqueous 
solution. RSM and CCD analyses were used to optimize 
the important adsorption parameters (i.e., adsorbent dos-
age, initial concentration, pH, contact time and tempera-
ture). The optimum adsorption conditions predicted by 
RSM were pH = 4.5, initial concentration = 5.75 ppm, dos-
age = 0.07  g and contact time = 95  min. The kinetic data 
are better fitted to the pseudo-second-order kinetic model. 
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Fig. 8  Equilibrium adsorption data (V = 40 mL, dosage = 0.07gr, 
pH = 4.5 and temp = 35 °C)

Table 4  Parameters obtained from fitting equilibrium data with 
different isotherms

Model Parameters Amounts

Langmuir qmax (mg g−1) 8.2440

KL (L mg−1) 0.4188

R2 0.988

Freundlich n 1.5698

KF (mg1−(1/n) L1/n g−1) 2.1492

R2 0.942

Temkin BT (J mol−1) 1.7659

KT (L g−1) 4.6427

R2 0.993

Table 5  Parameters of kinetic models

C0 (mg L−1) qe,exp (mgg−1) Pseudo-first 
order

Pseudo-second 
order

k1 R2 k2 R2

2 0.9404 0.0110 0.9523 0.1466 0.9922

5.75 2.6605 0.0110 0.9523 0.0506 0.9919

9.5 4.1791 0.0110 0.9523 0.0299 0.99

13.25 5.3234 0.0110 0.9523 0.0198 0.9889

17 5.9219 0.0071 0.9821 0.0802 0.9827

Table 6  Parameters of kinetic models

C0
(mg L−1)

qe,exp
(

mg g−1
)

Elovich model Intra-particle diffusion model

β α R2 K C R2

2 0.9404 0.852 18.572 12.722 0.972 0.5258 0.0272

5.75 2.6605 0.8281 50.151 4.504 0.9225 1.481 0.0765

9.5 4.1791 0.8521 40.64 2.678 0.972 2.21 0.1293

13.25 5.3234 0.8521 21.545 1.921 0.972 2.5771 0.181

17 5.9219 0.8377 3678.059 2.323 0.65 4.5922 0.123
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Comparison between the regression coefficients of differ-
ent isotherm models indicates that Temkin isotherm is in 
a good agreement with equilibrium data. It was concluded 
from the thermodynamic investigations that the removal of 
BTU by the adsorbent is spontaneous and endothermic.
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