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a b s t r a c t
In this work, a new composite material was prepared and used to remove 17α-ethinyl estradiol 
(EE2). The structure and morphology of multi-walled carbon nanotubes (MWNTS), activated multi-
walled carbon nanotubes (A-MWNTS) and nano-iron/multi-wall carbon nanotubes (A-MWNTS/
Fe) were characterized by transmission electron microscopy, scanning electron microscopy, X-ray 
photoelectron spectroscopy, and Brunauer–Emmett–Teller. The influencing aspects including 
equilibrium time, A-MWNTS/Fe dosage, pH, initial EE2 concentration, temperature, different mate-
rials, and interference factors on the EE2 removal were investigated. The results show that when 
the time is 20 min, the dosage of A-MWNTS/Fe is 0.015 g, pH is 6–8, the initial concentration of EE2 
is 3 mg L–1, and the temperature is within the range of 15°C–25°C, the removal rate of EE2 reach 
over 99%. Moreover, the adsorption data are in good agreement with the Langmuir isotherm model 
and the pseudo-second-order kinetic model. EE2 can be removed by A-MWNTS/Fe because of its 
high practicability and good application prospect, and the removal rate can reach more than 90%. 
In summary, A-MWNTS/Fe with facile synthesis method, efficient adsorption performance, and 
excellent reusability shows potential promise for the treatment of wastewater.
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1. Introduction

Endocrine-disrupting chemicalsors (EDCs), also known 
as environmental hormones, mainly originate from domes-
tic sewage, industrial wastewater, and precipitation runoff 
[1,2]. EDCs can be absorbed by humans, animals, and plants 
through diet and contact [3,4]. As studies show, human 
beings and animals may have healthy problems due to the 
long-term exposure of EDCs, such as male reproductive tis-
sue malformation, female genital tissue cancer, neurological 
disorders, and other hazards [5]. EE2 is an oral contracep-
tive with strong estrogen activity and one of the most active 

EDCs [6,7]. It can spread to the human body through the 
biological chain, which causes the body’s endocrine disor-
ders and other more serious hazards [8–10]. Therefore, it 
is necessary to develop an effective process combined with 
wastewater treatment technology to completely remove 
EE2 from wastewater and discharge it into the receiving 
water environment [11,12].

Some studies have pointed out that the removal meth-
ods of pollutants in environmental water include chemical 
precipitation [13], adsorption, and membrane separation 
[14,15]. Adsorption has been considered as one of the most 
common and efficient methods because the method has 
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the advantages of simple operation, high efficiency, good 
selectivity, and low cost [16,17]. The main principle is that 
the adsorption material can effectively remove the residual 
refractory organic matter and trace metals after conventional 
sewage treatment. Therefore, the selection of adsorption 
materials has become a key factor in the treatment. Nano-
iron is widely used in aqueous environment due to its small 
size, large specific surface area, and high surface energy [18]. 
However, nano-iron has some defects such as instability, 
agglomeration, oxidation, and loss of application in water, 
which will limit its practical application in water treatment. 
To solve these problems, many researchers have paid atten-
tion to the modification of nano-iron [19]. The purpose is to 
improve the stability, the oxidation resistance of nano-iron, 
and maintain its original activity. The preparation of nano-
iron composite is one of the effective ways to alleviate the 
defects of it, and the problems of agglomeration and oxi-
dation should be avoided in the preparation of composite 
[20,21]. In order to challenge the above drawbacks, it is of 
vital importance to select the right carriers [22,23]. Besides 
the characteristics of stable structure, good dispersion, and 
high adsorption capacity, it should also prevent oxidation of 
nano-iron.

Carbon nanotubes have a large surface area and a large 
number of active sites for adsorption, and have been used 
in environmental water treatment due to their unique 
adsorbability [24]. Yangmei et al. [25] used carbon nanotubes 
to adsorb four phenolic substances, including A-naphthol 
and nitrophenol. El-Sweify et al. [26] showed that the oxide 
carbon nanotubes could rapidly adsorb Sudan red, with the 
maximum adsorption capacity of 41.0408 and 47.037 mg g–1. 
Yang [27] conducted adsorption studies on carbon nano-
tube materials such as fullerenes, single-walled carbon 
nanotubes, and multi-walled carbon nanotubes, and found 
that the adsorption performance of different polycyclic 
aromatic hydrocarbons was related to the molecular size, 
specific surface area, and micropore structure of carbon 
nanotubes. It can be seen that the adsorption capacity of 
the functionalized carbon nanotubes is significantly better 
than that of unactivated carbon nanotubes. Because acti-
vated multi-walled carbon nanotubes (A-MWNTS) has 
unique topological structure, high mechanical strength, 
and chemical inertness [28], this is the essential condition of 
nano-iron carrier [29,30].

In this work, nano-iron/multi-wall carbon nanotubes 
(A-MWNTS/Fe) was prepared by loaded nano-iron on 
A-MWNTS to improve EE2 removal efficiency. The effects 
of different parameters on the removal of EE2 in wastewa-
ter by A-MWNTS/Fe, the kinetics, thermodynamics of the 
adsorption process, the characterization of composite, and 
the evaluation of regeneration performance are investigated. 
This is of great significance for the following research on 
the complete removal of target pollutants.

2. Experimental

2.1. Materials

All aqueous solutions were prepared using ultrapure 
water. All chemicals used in this work were analytical 
grade. Ferric chloride (FeCl3), potassium hydroxide (KOH), 

and sodium hydroxide (NaOH) were purchased from 
Fengchuan Chemical Reagent Technology Co., Ltd., Tianjin, 
China. Potassium borohydride (KBH4) was provided by 
Tianjin Damao Chemical Reagent Factory Co., Ltd., China. 
Anhydrous ethanol (C2H5OH) was bought from Xilong 
Chemical Co., Ltd., China. 17-ethynyl estradiol (EE2, purity 
98%) was obtained from Sigma-Aldrich  Co., Ltd., (Shanghai). 
Methanol (CH3OH) was guaranteed reagent from American 
TEDIA reagent company. Multi-wall carbon nanotubes 
(MWNTS; Purity > 95 wt.%, OD > 50 nm) was bought from 
Chengdu Organic Chemicals Co., Ltd., Chinese Academy of 
Sciences.

2.2. Preparation of A-MWNTS/Fe

The composite A-MWNTS/Fe was successfully com-
pleted by the following main steps [31]. Firstly, 0.436 g 
FeCl3 was dissolved in 30 mL ethanol/water (V ethanol/V 
water = 7:3) and 0.218 g A-MWNTS solution was added 
(KOH as activator, the ratio of alkali and carbon was 3:1, 
the MWNTS were activated at 850°C for 40 min after ultra-
sonic mixing). Then, it was transferred to a three-mouth 
flask of 250 mL and stirred under nitrogen for 15 min. 
Under the condition of rapid agitation, 15 mL of newly 
prepared 0.573 mol L–1 of KBH4 solution was added to the 
mixture at a constant speed of 10.0 mL min–1 for 90 min. 
Thereafter, after centrifugation, the precipitate was rinsed 
deionized water and ethanol for three times respectively. 
After freeze- drying, they were dried in a vacuum drying 
oven, which was designated as A-MWNTS/Fe.

2.3. Detection and characterization

0.0300 g EE2 was accurately weighed in a 10.00 mL 
volumetric flask, and 3 g L–1 EE2 reserve solution was pre-
pared with methanol as the co-solvent at constant volume. 
The EE2 reserve solution was put into a refrigerator at 5°C 
for preservation.

EE2 was determined by high-performance liquid chro-
matography. The detection conditions were as follows: the 
column was SB-C18 reversed phase column (4.6 × 250 mm, 
5 μm), the column temperature was 30°C, the injection 
volume was 25 μL, the mobile phase was methanol/water 
(volume ratio 9:1), the flow rate was 0.8 mL min–1, and the 
ultraviolet detection wavelength was 210 nm. Under this 
detection condition, the retention time of EE2 was 7 min. 
The peak time of EE2 was about 5.6 min. As shown in 
Fig. 1, the linear equation of EE2 was A = 75.848c – 3.4826 
(c is EE2 concentration, A is measured peak area) and 
the linear correlation coefficient was 0.9999.

The morphological structure, chemical composition, 
specific surface area, and pore size distribution of MWNTS, 
A-MWNTS, and A-MWNTS/Fe were characterized by trans-
mission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), and Brunauer–Emmett–Teller (BET), 
respectively.

2.4. Adsorption experiment

In this work, the adsorption was influenced by some 
important parameters encompassing initial concentration of 
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EE2, contact time and solution temperature, etc. Therefore, 
the adsorption behavior of adsorbent was discussed. The 
working solutions of the EE2 stock were prepared at a 
low temperature and kept for use. The certain amount of 
A-MWNTS/Fe was accurately weighed, then 100 mL of 
3 g L–1 EE2 solution was added, and the pH of the solu-
tion was adjusted with 1 mol L–1 NaOH and HCl. After 
oscillating in a constant temperature oscillator for 60 min 
at a speed of 240 rpm at 25°C, the supernatant was passed 
through a 0.45 μm membrane microporous filter, and then 
its concentration was determined. The adsorption capacity 
of the adsorbent was calculated by the following equations:

R
C C
C

t% %=
−

×0

0

100  (1)

where C0 (mg L–1) and Ct (mg L–1) are the initial, the equilib-
rium concentration of EE2, respectively. The R is the removal 
rate (%) of EE2.

The amount of EE2 adsorbed per unit mass of the adsor-
bent was quantified using the mass balance equation as 
follows:

q
V C

m
C

e
t=
−( )0  (2)

where qe is the adsorption capacity (mg g−1), C0 (mg L–1) and 
Ct (mg L–1) are the initial, the equilibrium concentration of 
EE2, respectively, V is the volume (L) of solution, and m 
is the weight (g) of adsorbent.

2.5. Regeneration experiment

The initial concentration of EE2 was 3 mg L–1, the dos-
age of A-MWNTS/Fe was 0.015 g, and the adsorption time 

was 20 min when the first adsorption experiment was 
conducted. After the adsorption was completed, the satu-
rated adsorption A-MWNTS/Fe was washed by anhydrous 
alcohol for reuse. After seven adsorption–regeneration 
cycles, the adsorption performance was compared.

3. Results and discussion

3.1. Material characterization

3.1.1. Materials morphology by TEM and SEM

The microstructures of materials are indicated in 
TEM. Fig. 2 depicts TEM images of MWNTS, A-MWNTS, 
and A-MWNTS/Fe. From Figs. 2a and b, MWNTS 
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Fig. 1. EE2 standard curve.

 

 
Fig. 2. TEM image of MWNTS (a and b), A-MWNTS (c and d), and A-MWNTS/Fe (e and f).
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intertwine with each other and have serious agglomer-
ation. Obviously, comparing with the original MWNTS 
(Figs. 2a and b), the A-MWNTS (Figs. 2c and d) are char-
acterized with dispersed, rough surface, partial frac-
ture, and collapse. Moreover, the specific surface area is 
effectively increased, which is beneficial to the loading of 
nano-iron [32]. It is known as Figs. 2e and f that the nano-
iron is loaded on the surface of A-MWNTS in the form of 
particles, and a few enter the interior of A-MWNTS with 
irregular shapes. It can be proved that KOH can not only 
corrode the surface of A-MWNTS, but also open its ports to 
allow nano-iron to enter. The results show that nano-iron 
is successfully loaded on A-MWNTS, which increases the 
active site of A-MWNTS/Fe composites [33,34].

Fig. 3 shows the SEM scan of A-MWNTS/Fe. Comparing 
Fig. 3a and b, there is obvious nano-iron with a parti-
cle size of about 39 nm, which further shows that the 
nano-iron has been successfully loaded on A-MWNTS.

3.1.2. XPS analysis

The main elemental composition and chemical state 
of A-MWNTS/Fe were analyzed by XPS. The XPS full 
scan spectrum, Fe3p spectrum, and Fe2p spectrum of 
A-MWNTS/Fe before and after EE2 adsorption are shown 
in Fig. 4. Comparing Figs. 4a and b show that there are 
three elements of Fe, O, and C on the surface of the adsor-
bent before and after the reaction. These elements come 
from MWNTS, nano-iron, and nano-iron oxides in the com-
posite materials. These further explanation that A-MWNTS 
and nano-iron have been successfully compounded. After 
adsorption, the Fe and O peaks are obviously weakened. 
It may be that EE2 is deposited on the nano-iron surface 
[35,36]. Figs. 4e and f clearly show that the binding energies 
of Fe2p3/2 and Fe2p1/2 are 709.5 and 723.2 eV after adsorp-
tion respectively (Fig. 4f), and the two peak heights are 
weaker than that before adsorption. It shows that there 
are a lot of Fe2+and Fe3+ in the composite after the reaction. 
The satellite peak of Fe2p3/2 is located at 715.5 ev, and the 
binding energy difference between Fe2p3/2 and the satellite 
peak is 6 ev (Fig. 4f), which is consistent with the results of 
other researchers [3].

3.1.3. BET analysis

The BET analysis of the three adsorbents is presented 
in Table 1. The specific surface areas of MWNTS, A-MWNTS, 
and A-MWNTS/Fe were 90.792, 295.361, and 68.773 m2 g–1, 
respectively. The total pore volume were 0.419, 0.490, and 
2.678 cm3 g–1. Compared with MWNTS, the specific sur-
face area of A-MWNTS increased, because the surface of 
activated carbon nanotubes changed. The specific surface 
area of A-MWNTS/Fe was the lowest. It may be that the 
surface of A-MWNTS is occupied by nano-iron. Compared 
with one of other single materials, the adsorption capacity 
of the material had been effectively improved because the 
total pore volume of A-MWNTS/Fe had increased more 
than four times.

3.1.4. Fourier transform infrared characterization

The Fourier transform infrared (FT-IR) of MWNT, 
A-MWNTS, nano-iron, and A-MWNTS/Fe are compared as 
shown in Fig. 5. It can be seen that A-MWNTS/Fe retains the 
characteristic peak of A-MWNTS and nano-iron. The char-
acteristic peaks of A-MWNTS and nano-iron in A-MWNTS/
Fe did not change significantly before and after loaded, 
indicating that the loaded process did not destroy their 
skeleton structure. The peak at 619 cm–1 (A-MWNTS/Fe 
and Fe) corresponds to the combination of iron and sur-
rounding oxygen ions [37], which corresponds to the Fe–O 
stretching vibration and deformation vibration, respec-
tively. There is no obvious displacement of the characteris-
tic peak of nano-iron before and after loaded, which proves 
that the structure of nano-iron before and after loaded has 
not changed [38]. The FTIR of A-MWNTS/Fe before and 
after EE2 adsorption were compared. There was no sig-
nificant change in the peak of Fe–O contraction vibration, 
which proved that EE2 removal was an adsorption process.

3.2. Adsorption experiments

3.2.1. Evaluation of removal effect of three adsorbents

In order to evaluate the removal effects of three adsor-
bents, Fig. 6 presents the removal rate of EE2 by MWNTS, 

Fig. 3. SEM of A-MWNTS, A-MWNTS/Fe (a) A-MWNTS and (b) A-MWNTS/Fe.
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A-MWNTS, and A-MWNTS/Fe, respectively. It can be 
seen that the removal rates of EE2 by using A-MWNTS 
and MWNTS are 86% and 70%, respectively. The removal 
rate of EE2 by A-MWNTS/Fe can reach 96%. It is further 
known that the A-MWNTS/Fe composite material has stron-
ger adsorption capacity, which is beneficial to practical 
applications.

3.2.2. Effect of initial concentration of EE2

The initial concentration of EE2 is an important fac-
tor to optimize the adsorption conditions. As exhibited in 
Fig. 7, C0 was 3 mg L–1, the removal rate of EE2 was 99%, 
and the removal rate gradually decreased with the increase 
of C0. When C0 increased to 9 mg L–1, the removal rate 
was reduced to 85%. At low concentrations, A-MWNTS/
Fe may have more adsorption sites conducive to the rapid 
adsorption of EE2 [39,40]. With the increase of EE2 concen-
tration, the adsorption capacity of A-MWNTS/Fe will be 
limited and the removal rate will decrease [41]. Therefore, 
the optimal initial concentration of EE2 is 3 mg L–1.

3.2.3. Effect of contact time on removal rate

The contact time between the adsorbent and EE2 also 
has a significant effect on the removal rate. As shown in 
Fig. 8, the removal capacity of A-MWNTS/Fe drastically 
increases in the first 20 min. The removal rate of EE2 by 
A-MWNTS/Fe reached 92% when the removal time was 

20 min (the point of saturation), and then remained basi-
cally stable. These results show that there are plenty of avail-
able active sites on the adsorbent surface at the beginning 
of the experiment, thus facilitating adsorption of EE2. Over 
time, the active sites are mostly occupied by EE2 until the 
point of saturation, thereby slowing down the adsorption 
process beyond the saturation point [42].

3.2.4. Effect of A-MWNTS/Fe dosage

The removal efficiency and adsorption capacity of EE2 
are closely related to the dosage of A-MWNTS/Fe. With the 
increase of the dosage of A-MWNTS/Fe, the removal rate 
and adsorption capacity of EE2 were gradually increased 
(Fig. 9). The removal rate reached 95% when the dosage 
amount reached 0.015 g. Theoretically, as the A-MWNTS/
Fe dosage increases, the contact sites of A-MWNTS/Fe 
and EE2 will increase and the EE2 in the solution is lim-
ited, so the removal rate and adsorption capacity of EE2 
will remain unchanged. Therefore, the optimum amount of 
A-MWNTS/Fe is 0.015 g.

3.2.5. pH influence on adsorption process

pH is regarded as a key parameter impacting adsorp-
tion capacity. Adjust the pH of the solution with 1 mol L–1 
NaOH and 1 mol L–1 HCl. As shown in Fig. 10, under the 
optimal conditions, the removal rate of EE2 was 63% at 
pH = 2, and the removal rate of EE2 was 64% at pH = 12. 
In the pH range of 6–8, the removal rate of EE2 was 

Table 1
BET analysis of MWNTS, A-MWNTS, and A-MWNTS/Fe

Sample  
specific

Surface area  
(m2·g–1)

Micropore specific 
surface area (m2·g–1)

Total pore 
volume (cm3·g–1)

Pore volume 
(cm3·g–1)

Micropore 
volume (cm3·g–1)

Average pore 
width (nm)

MWNTS 90.792 95.509 0.419 0.573 0.037 1.213
A-MWNTS 295.361 290.728 0.490 1.005 0.119 1.264
A-MWNTS/Fe 68.773 74.451 2.678 0.289 0.030 1.407
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Fig. 5. FTIR spectra of MWNTS, A-MWNTS, Fe, A-MWNTS/Fe, 
and A-MWNTS/Fe before and after EE2 adsorption.
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up to 98%. As the pH value is higher or lower, the removal 
effect will be suppressed. This may be because further reac-
tions are affected in acidic and alkaline environments [43]. 
The results show that the adsorption reaction of EE2 is 
obviously related to pH, and the optimal range is pH 6–8.

3.2.6. Effect of reaction temperature on removal rate

As shown in Fig. 11, the removal rate was consistently 
reduced with the increase of temperature. At 15°C, 25°C, 
35°C, and 45°C, the removal rates of EE2 were 98%, 86%, 
79%, and 74%, respectively. In the range of 15°C–25°C, the 
removal rate was more than 80%. This shows that adsorption 
can be carried out in a wide temperature range. This sug-
gests that the adsorption process most likely underwent 
chemical rather than physical action, and the adsorption 
is beneficial at the lower temperature range [44]. Perhaps 
this adsorption is an exothermic process, and the increase 
in temperature leads to a decrease in the removal rate [45]. 
Therefore, in order to ensure the feasibility of operation, the 
temperature can be controlled at 15°C–25°C.

3.2.7. Influence of interference factors

Due to the actual application, there are some interfer-
ing substances in the actual water, such as common anions 
(Cl–, CO3

2–), humic acid, etc. The effects of surfactants, inor-
ganic ions, and organics (such as CTAB, NaCl, CaCl2, HAc, 
CO3

2–, and humic acid) on adsorption were also investi-
gated under optimal treatment conditions. As shown in 
Fig. 12, the removal rate of EE2 was 98% without interfer-
ence, and the removal rate of EE2 was more than 90% in the 
presence of CTAB, NaCl, CaCl2, and HAc. When CO3

2– and 
humic acid were contained in the solution, the removal 
rate remained above 80%. This results show that CO3

2– and 
humic acid have little effect on the removal rate of EE2. 
This is propitious to its application and generalization.

3.2.8. Removal of EE2 from actual water samples

In order to explore the effect of A-MWNTS/Fe on the 
removal of EE2 in actual water samples, the experimental 
measurements performed in the laboratory involved the 
analysis of EE2 removal from water samples extracted from 
public water resources. These samples came from Yuhua 
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Lake, Laoyu River, and a university wastewater treatment 
plant. Among the three real water samples, only a univer-
sity wastewater treatment plant detected EE2 with a concen-
tration of 0.47 mg L–1. After removed by A-MWNTS/Fe, the 
EE2 was completely removed (Table 2). This experimental 
evidence discloses that A-MWNTS/Fe are qualified for prac-
tical application in integrative purification of wastewater 
polluted by EE2.

3.3. A-MWNTS/Fe regeneration performance evaluation

A good adsorbent should possess high adsorption 
capacity and good reusability to reduce the total cost. 
Herein, the A-MWNTS/Fe with saturated adsorption of 
EE2 was eluted with absolute ethanol and dried for regen-
eration, and then the regenerated A-MWNTS/Fe material 
was reapplied to the removal of EE2. As shown in Fig. 13, 
the removal rate of EE2 could maintain at 88% after three 
adsorption–desorption cycles. After seven times, the removal 
rate decreased but still remained at about 70%. This may 
be the decrease of adsorptionsites and reaction activity of 
A-MWNTS/Fe with the increase of cycle times. The results 
show that A-MWNTS/Fe has certain recovery value and 
economic utilization value.

3.4. Comparison of removal properties of similar materials

The endocrine disruptors is mainly removed by the 
method of microbial treatment, physical adsorption, and 
chemical method. At present, the removal rate of EE2 in 

various treatment processes is different, the removal rate is 
39.33%–88% [46]. As shown in Table 3, the effect of differ-
ent materials on the removal rate of EE2 is compared. It can 
be seen that the removal rate of EE2 by A-MWNTS/Fe is 
99%. Obviously, the composite material of this paper has a 
higher adsorption capacity than other reported adsorbents. 
In addition, the method is simple in operation, low in cost, 
and of higher economic value. Therefore, the removal of 
EE2 by A-MWNTS/Fe is of great significance.

3.5. Adsorption kinetics

We calculated the relevant parameters of the adsorp-
tion reaction kinetics. The pseudo-first-order and pseudo- 
second-order models are commonly used to evaluate the 
adsorption kinetics using the following equations [47]:

V
d c
d t

k a C C k Cs= −
 
 

= ⋅ ⋅ ⋅   = ⋅  sa obs0  (3)

where V is the removal rate of EE2 (mg L–1 min–1); ksa is 
the rate constant of the surface area normalized reaction 
(min–1 m–2 L); as is the specific surface area of A-MWNTS/
Fe (m2 g–1); [C0] is the initial concentration of A-MWNTS/Fe 
(g L–1); [C] is the balance concentration of EE2 in the liquid 
phase (mg L–1); t is the reaction time (min).

The integral of the above formula can be obtained as 
follows:

ln lnC C k t  =   − ⋅0 obs  (4)
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Fig. 11. Effect of temperature on the EE2 removal rate.
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Fig. 12. Effect of interference factors on the EE2 removal rate.

Table 2
EE2 removal analysis in actual water samples

Water sample EE2 initial concentration  
(mg L–1)

Residual concentration 
of EE2 (mg L–1)

Removal  
rate (%)

Yuhua Lake – – –
Laoyu River – – –
A university wastewater treatment plant 0.47 – 100

“–” Undetected.
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t
k1

2

2
=
ln

obs

 (5)

where t1/2 is the half-life (min).

t
q

t
q k qt e e

= +
1

2
2  (6)

where qt (mg g−1) and qe (mg g−1) are the adsorption capac-
ities of EE2 at time t (min) and equilibrium time (min), 
res pectively, k2 (g (mg min)–1) is a pseudo-second-order 
kinetic constant rate constant.

As shown in Table 4 and Fig. 14, the R2 value of 
A-MWNTS/Fe is 0.9999, indicating that the adsorption 
process of EE2 by the A-MWNTS/Fe composite mate-
rial follows the pseudo- secondary model. It proves that 

the adsorption capacity of A-MWNTS/Fe for EE2 is better 
than that of a single material [28].

3.6. Study on adsorption thermodynamics

Many isotherms of adsorption can be used to describe 
the adsorption of liquid–solid system. The Langmuir and 
Freundlich isotherm models are the most common.

The linear equations of its isothermal are as follows:

C
q q K

C
q

e

e m L

e

m

= +
1

 (7)

ln ln lnq
n

C Ke e F= +
1  (8)

where qm is the saturated adsorption capacity (mg g–1), qe 
is the equilibrium adsorption capacity (mg g–1), KL is the 
adsorption coefficient (L mg–1) related to temperature and 
heat of adsorption and Ce is the concentration of EE2 (mg L–1) 
in the equilibrium of adsorption where n is an empirical 
constant related to temperature. It is generally believed that 
1/n value of 0.1–0.5 indicates that adsorption is easy, while 
1/n > 2 indicates that adsorption is difficult. KF is Freundlich 
adsorption coefficient.

According to the Langmuir and Freundlich adsorption 
isotherm models, the relevant adsorption isotherm param-
eters were calculated (Table 5). The correlation coefficient 
R2 of the Langmuir isotherm model is all greater than 0.9. 
The Langmuir isotherm model can better characterize the 
adsorption capacity of A-MWNTS/Fe on EE2. Therefore, EE2 
is adsorbed as a monolayer on the surface of A-MWNTS/
Fe. Because nano-iron itself has a certain adsorption effect 
on EE2 [48], and A-MWNTS can enhance the activity of 
nano-iron to make the iron carbon contact closely. EE2 is 
easier to enter the surface of A-MWNTS/Fe, thus greatly 
improving the removal rate of EE2 [49].

4. Conclusion

In this study, a novel material A-MWNTS/Fe for 
EE2 removal in water was successfully prepared. The 
A-MWNTS/Fe for the EE2 removal performance was char-
acterized by using TEM, XPS, and BET. Using A-MWNTS 
as carrier can improve the dispersion of composite materi-
als and increase the active points and effective contact area 
of A-MWNTS/Fe. When the dosage of A-MWNTS/Fe is 
0.015 g and the reaction time is 20 min, the initial concen-
tration of EE2 is 3 mg L–1, the pH is 6–8 and the temperature 
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Fig. 13. Evaluation of regeneration performance of A-MWNTS/Fe.

Table 3
Comparison of the maximum removal rate of EE2 by different 
materials

Material Removal rate (%) References

HRP@Fe3O4 64.5% [41]
Algal 60% [42]
CAS 39% [43]
Nitrifying bacteria 80% [44]
A-MWNTS/Fe 99% This article

Table 4
Comparison of apparent rate constants for removal of the EE2 removal by three materials

Variable Pseudo-first-order kinetic Pseudo-second-order kinetic

k1 (min–1) R2 Equation k2 (g·mg–1·min–1) R2 Equation

A-MWNTS/Fe 0.0204 0.9873 y1 = 0.61716 – 0.02037x 0.0181 0.9999 y1 = 0.02161x – 0.02586
A-MWNTS 0.0089 0.9771 y2 = 1.15656 – 0.00892x 0.0396 0.9998 y2 = 0.03367x – 0.0286
MWNTS 0.0034 0.8752 y3 = 1.53582 – 0.00336x 0.0252 0.9999 y3 = 0.02952x – 0.03461
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is within the range of 15°C–25°C, the EE2 has good adsorp-
tion performance and the removal rate can reach more than 
99%. In addition, the composite material has good reusabil-
ity, and the adsorption capacity is maintained at 70% after 
seven sorbent–desorption cycles. It can be seen that the 

A-MWNTS/Fe has excellent recycling value. The adsorption 
data are found to be more consistent with both pseudo-sec-
ond-order kinetic models and Langmuir isotherm mod-
els. Therefore, A-MWNTS/Fe is an ideal adsorbent for EE2 
removal. This study is expected to shed some new light on 
broader potential applications in environmental research.
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