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Abstract
The removal of pharmaceutical pollutants from the aqueous environment is a great environmental concern, mainly due to their
diversity, high consumption, and sustainability. In the current study, we aimed to investigate the ability of multi-walled carbon
nanotubes (MWCNTs) modified by sodium hypochlorite (NaOCl) and ultrasonic treatment in refining wastewaters contaminated
with Atenolol β-blocker drug (ATN). The physical and structural characteristics of the raw MWCNTs and modified MWCNTs
(M-MWCNTs) were analyzed using SEM, TEM, Raman spectroscopy, TGA, and FT-IR techniques. The effects of different
parameters, including pH, initial concentration, contact time, and temperature were studied and optimized. Subsequently, the
adsorption data were analyzed by several kinetic and equilibrium isotherm equations and modeled by artificial neural network
(ANN). Highest ATN removal (87.89%) ((qe,exp = 46.03 mg g−1)) occurred on the adsorbent activated within 10 s of
ultrasonication time and NaOCl 30%. Moreover, adsorbent modification significantly improved the ATN removal, so that the
removal rate on the raw MWCNTs was about 58%, but in the same conditions, M-MWCNTs removed more than 92% of the
adsorbate. The adsorption process reached equilibrium after 90 min under the optimized pH of 6. According to ANN modeling,
approximately the whole values dispersed around the 45°line, indicating a good compatibility between the trial results and ANN-
predicted data. The modification of MWCNTs in proper ultrasonic power via appropriate concentration of NaOCl solution
removed many of the impurities and significantly improved the adsorption performance of MWCNTs.
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Introduction

Recently, the use of pharmaceutical compositions has dramat-
ically grown in human beings and animals, but due to diver-
sity, high consumption, and sustainability, they are one of the
most important water contaminants [1, 2]. Atenolol (ATN) is
one of the most prescribed antagonist β-blocker drugs [3],
widely used to treat cardiovascular diseases, reduce the prob-
ability of heart attacks, treat angina (chest pain) as well as
hypertension, and control some forms of heart arrhythmias.
Therefore, it extensively exists in hospital wastewaters [4, 5].
Maszkowska, et al. claimed that ATN could alter the amount
of testosterone in human by generating disruption in endo-
crine glands [6].

Since the most consumed β-blockers are not fully metab-
olized in the human body, major parts of these drugs (about
90%) are excreted through urine as unaltered [7]. Lack of
adequate and sufficient technologies has caused the necessary
removal of these compounds from municipal and hospital
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wastewater treatment plants (WWTPs) ineffective.
Consequently, ATN concentration in WWTP outputs can in-
crease, ranging from about 0.78 mg L−1 to 6.6 mg L−1, which
is much more than the permissible level (10 ng L−1) [8]. In a
study, ATN, Metoprolol, and Propranolol were frequently de-
tected in the WWTP effluents. In this study, the maximum
concentrations of ATN in influents and effluents were
2.346 mg L−1 and 1.707 mg L−1, respectively [9].

As previously mentioned, the conventional wastewater
treatment processes, such as activated sludge, are not enough
to remove ATN and other similar pharmaceutical compounds
completely from the aqueous environment. So, complementa-
ry treatment methods such as advanced oxidation processes
(AOPs) [10, 11], ozonation [12], and membrane filtration [5,
13] are often applied along with the conventional methods for
treating the wastewater containing β-blockers. However, low
mineralization and increased toxicity of wastewater, expen-
sive equipment, and high-energy consumption are among
the disadvantages attributed to some of these processes [7,
11, 14].

Recently, the adsorption process has been reported as an
alternative for removing the persistent pollutants because of
its ease of use, lower energy consumption, high efficiency,
safety, and non- or less toxicity [7, 8, 15, 16]. Carbon nanotubes
(CNTs) are unique macromolecules that have attracted a lot of
attention due to their high thermal resistance, chemical stability,
and fast operation [17]. These nanomaterials have the necessary
chemical, mechanical, and electrical properties to be used in
biosensors and electronic transistors [1].Moreover, considering
the porosity and hollow structure, functional groups at the sur-
face, and hydrophobicity, CNTs can be used as an adsorbent in
water purification [18, 19]. One of the main drawbacks of con-
ventional adsorbents is their rapid saturation and low adsorp-
tion capacity [20]. Therefore, in the current study, we tried to
investigate the adsorbent surface modification by sodium hy-
pochlorite (NaOCl), and employing ultrasonic waves as new,
inexpensive, and environmentally sound methods for refining
the wastewaters containing ATN β-blocker drug [21].
Naghizadeh et al. (2017) reported that we can regenerate
graphene nanoparticles with an ultrasonic process as 85.37%
and 72.47% at frequencies of 60 kHz and 37 kHz, respectively.
[22]. However, we assumed that the modification of adsorbent
surface by using these methods could increase the efficiency of
removal of pollen adsorbents.

Adsorption is a complex process, so describing it in the
form of modeling systems such as artificial neural network
(ANN), can help us in better understanding of the involved
mechanisms [1]. Accordingly, the effects of different param-
eters such as pH, initial concentration of ATN, contact time,
and temperature were studied and optimized. Subsequently,
the adsorption data were analyzed by several kinetic and equi-
librium isotherm equations and modeled by artificial neural
network (ANN).

Material and methods

Instruments and reagents

All chemicals such as ATN (chemical formula =
C14H22N2O3), NaOCl, HCl, and NaOH, etc. were purchased
from Sigma Aldrich without further purification. Raw
MWCNTs (Cheap Tubes Inc., USA) were used as the base
adsorbent. The physical and chemical characteristics of select-
ed adsorbent are listed in Table 1.

Modification of adsorbent

In order to modify the adsorbent surface, the raw MWCNTs
were initially contacted with NaOCl solutions (30% and 60%
purities), placed on a stirrer for 2 h at 300 rpm, and then dried.
Subsequently, the pretreated MWCNTs were placed in an ul-
trasonic bath at a frequency of 22 kHz and different times (1,
5, 10, and 20 s). Next, they were rinsed and heated at 70 °C for
7 h in an oven, and kept in the desiccator for next uses.

Batch adsorption experiments

The experimental design of this study was one factor at a time.
The affective factors on the adsorption process, including pH
(3–10), contact time (2–150 min), initial concentration of
ATN (2, 5, 7.5 and 10 mg L−1), MWCNTs and M-
MWCNTs doses (50, 75, 100, 125, 150 and 200 mg L−1),
and solution temperature (20–50 °C) were investigated and
optimized in a laboratory scale. It should be noted the ATN
solutions without any adsorbents, as well as the untreated
adsorbents were used as controls. Accordingly, the ATN ad-
sorption on the flask wall was negligible.

Measurements and data analyzing

The ATN concentrations in the aqueous phase were measured
via a high-performance liquid chromatography (HPLC,
CE4200, England). Samples were pre-filtered before using
in the chromatographic studies by a 0.45 μmPTFE hydrophil-
ic sterile filter. Meanwhile, the HPLC mobile phases were

Table 1 Physical and
chemical properties of
MWCNTs used during
this study

Characteristics Values

Purity > 95%

Outer Diameter < 8 nm

Inner Diameter 2–5 nm

Length >10 μm

Specific Surface Area > 500 m2 g−1

Electric Conductivity >100 s cm−1

Tap density 0.27 g cm−3

True density ~2.1 g cm−3
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Acetonitrile (ratio of 55% to 100%) and 0.05 M Phosphate
buffer (ratio of 45% to 0%), respectively, at 1.5 mLmin−1 flow
rate. The absorbances of the sample solutions were recorded at
224.20 nm.

Surface morphology, shape, as well as the size of
MWCNTs and M-MWCNTs were investigated through scan-
ning electron microscopy (SEM, Stereo Scan LEO, Model-
400) and transmission electron microscopy (TEM, PHILIPS,
EM400). SEM image of raw MWCNTs (Fig. 1) showed a
uniform distribution and regular filamentous structure.
Raman spectroscopy (Renishaw, RM 1000) technique was
also applied to find the spectral fingerprint of materials.
Furthermore, an FT-IR spectrometer (Bruker Optics,
TENSOR 27) was used to determine the functional groups
and formation of chemical bonds in MWCNTs and M-
MWCNTs.

The ATN removal efficiency (E, %) and adsorption capac-
ities (q, mg g−1) of MWCNTs and M-MWCNTs were deter-
mined based on the following equations [23]:

E ¼ C0−Ceð Þ
C0

� 100 ð1Þ

q ¼ V

m
� C0−Ceð Þ ð2Þ

Co and Ce (mg L−1) are the initial and equilibrium ATN
concentrations, respectively. V (L) is solution volume, and m
(g) is the mass of each adsorbent used.

Kinetics of adsorption

Kinetic equations are applied to explain the transport
behavior of the adsorbate molecules on the adsorbent

surface per time unit. In the current study, four kinetic
models were used to define the adsorption kinetics. The
non-linear forms of these models are presented below
[24]:

Pseudo first order qt ¼ qe 1−exp −K1tð Þ½ � ð3Þ
Pseudo second order qt ¼ K2q

2
et= 1þ K2qetð Þ ð4Þ

Intra−particle diffusion qt ¼ Kpt
0:5 ð5Þ

Elovich qt ¼ βLn αβtð Þ ð6Þ
qe and qt (mg g−1) are adsorption capacities of MWCNTs and
M-MWCNTs at equilibrium and time t, respectively. The con-
stants of K1 (1 min−1), K2 (g mg−1 min−1), and Kp

(mg g−1 min-1/2) are related to pseudo first order, pseudo sec-
ond order, and intra-particle diffusion model, respectively. In
addition, α (mg g−1 h−1) and β (g mg−1) are the constants of
Elovich model.

Isotherm of adsorption

Equilibrium isotherms describe the relationship between
adsorbate concentration and adsorbent capacity at a con-
stant temperature. Here, Freundlich, Langmuir, and
Temkin isotherms were employed to evaluate the exper-
imental data. The non-linear expressions of used iso-
therm models are given in equations below [7, 25]:

Lanumuir qe ¼ qmKLCeð Þ=1þ KLCe ð7Þ
Freundlich qe ¼ K FC1=n

e ð8Þ
Temkin qe ¼ qmln KTCeð Þ ð9Þ

The constants of KL, KF, and KT are related to Langmuir,
Freundlich, and Temkin models, respectively. Moreover, 1/n
is the Freundlich constant associated to adsorption intensity,
and qm (mg g−1) is the maximum theoretical adsorption ca-
pacity of adsorbent.

Furthermore, RL that is a dimensionless separation factor in
the Langmuir model was calculated as:

RL ¼ 1

1þ KLC0
ð10Þ

Thermodynamics of adsorption

Three main parameters, comprising the standard enthalpy
(ΔHo), standard entropy (ΔSo), and free energy change
(ΔGo) were determined to study the adsorption thermody-
namic. Often, Vant Hoff relation is used to show the relation-
ship between temperature (T, °K) and adsorption equilibrium
constant, (Kc = qe/Ce), and is expressed as [16, 26]:Fig. 1 scanning electron microscopy (SEM) image of raw MWCNTs

J Environ Health Sci Engineer



Lnkc ¼ −
ΔH°

RT
þ ΔS°

R
¼ −

ΔG°

RT
ð11Þ

where T (∘K) is the temperature of solution and R is the uni-
versal gas constant (8.314 J mol−1 K−1).ΔHo andΔSo are the
slope and intercept of a linear diagram of Ln (qe/ce) versus 1/T,
respectively. The value of ΔGo can also be determined
through the following equation:

ΔG° ¼ −RTLnKc ð12Þ

Validity of kinetic and isotherm models

Correlation coefficient (R2), Chi-square (X2) and normalized
standard deviation (NSD) were used to assess the validity of
kinetic and isotherm models. X2 and NSD are defined as [27]:

X2 ¼ ∑
n

i¼1

qi;exp−qi;cal
qi;cal

" #2

ð13Þ

NSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N−1
∑
N

i¼1

qi;exp−qi;cal
qi;exp

" #2
vuut ð14Þ

qi,exp and qi,cal (mg g−1) are the experimental and calculated q
of ATN adsorption at time t, and N is the number of measure-
ments made. The R2 values close to 1 as well as smaller X2

and NSD values indicate more accurate estimation of qt [28].

Modeling based on artificial neural network (ANN)

The Neural Network Toolbox in MATLAB R2012a was
employed to model and predict the ATN adsorption ef-
ficiencies on adsorbents used. Here, a three-layer ANN
consisting of hidden, input, and output layers was used.
ANN model had a tangent sigmoid transfer function at
the hidden layer, a linear transfer function at output
layer, and Levenberg–Marquardt back propagation algo-
rithm with 1000 iterations. The data obtained from the
experiments, 70% for training and 30% for the testing
set, were classified randomly into three categories, in-
cluding three neurons (ATN concentration (mg L−1),
contact time (min), and M-MWCNTs dose (g)), one
neuron (ATN removal percentage) in the output layer,
and 1 to 25 neurons in the hidden layer. The data were
then normalized between 0.1 and 0.9 to avoid computa-
tional problems. The following normalization equation
was used for modeling:

y ¼ xi−xmin

xmax−xmin
� 0:8þ 0:1 ð15Þ

where y is the normalized value of xi, and xmax and
xmin are associated with the maximum and minimum

values of xi, respectively. Ultimately, the ANN removals
were modeled according to the coefficient of determina-
tion (R2) and mean squared error (MSE), which can be
defined as:

coefficient of determination R2
� �

¼ 1−
∑
N

i¼1
yp;i−yexp;i

� �

∑
N

i¼1
yp;i−yav

� � ð16Þ

MSE ¼ 1

N
∑
N

i¼1
yp;i−yexp;i
�� ��� �2

ð17Þ

where yp,i is the predicted value of ANN model, yexp,i is the
experimental value. N is the number of data, and yav is the
average of the experimental values.

Results and discussion

M-MWCNTs characteristics

Figure 2a-c indicates the TEM of MWCNTs treated via
30% NaOCl and in different ultrasonication time. Fig.
2a, b shows a tubular structure of M-MWCNTs, when
they have not lost their structures yet. However,
MWCNTs have been deformed in Fig. 2c, while isolat-
ed nanotubes still exist at the edges of bundles of
aggregates.

The thermal stability of the M-MWCNTs has been
depicted in Fig. 3. Based on the thermal gravimetric
analysis (TGA); M-MWCNTs are stable without any
significant damage from about 40 °C to 537.88 °C.
However, they began to decay from 537.88 °C, contin-
ued to a temperature of about 620 °C, and after this
point, no other weight loss was observed. In this tem-
perature range, weight loss was 96.33%. This can be
justified by the loss of organic matter and the water
molecule adsorbed by M-MWCNTs [29]. The derivative
thermogravimetric (DTG) analysis showed only one
large digital interceptor at 582.17 °C.

Moreover, Raman’s technique, which is a spectroscopy
method based on the scattering phenomenon and is unique
for each molecule, was used to find out the structure of a
composite (Fig. 4). In the Raman spectrum of M-MWCNTs,
two sharp peaks are seen; the D band (about 1340 cm−1) was
caused by the disordered structure and the G band, which is
the first-order Raman band, appeared at about 1580 cm−1. The
G band that was higher than the D band is related to the in-
plane vibrational mode of C-C group.

FT-IR spectra of MWCNTs and M-MWCNTs are also
presented in Fig. 5. The MWCNTs spectrum shows the
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presence of various functional groups such as hydroxyl,
carboxyl, and carbonyl in carbon nanotubes, but in M-
MWCNTs, many of the impurities were removed. The
dominant peaks at 1566 and 2352 cm−1 in M-MWCNTs
are related to the stretching vibration characteristic of
C=C and C-O groups, respectively. Furthermore, the
peaks that appeared at 1708 and 1150 cm−1 are associ-
ated with the C=O group. These results are consistent
with those obtained from Raman’s spectroscopy.

The effect of variables

Ultrasonication

The effect of different ultrasonication time on the modification
of MWCNTs is represented in Table 2. As shown, by increas-
ing the ultrasonication time of MWCNTs from 1 to 5 and then
to 10 s, the efficiency of ATN removal onto the adsorbent
increased. The highest removal (87.89% ± 2.3) occurred in

Fig. 2 TEM images of M-
MWCNT (Ultrasonication time
of a: untreated MWCNT, b: 5 s, c:
10 s, and d: 20 s. NaOCl concen-
tration of 30%)

Fig. 3 TGA and DTG profiles of
M-MWCNTs
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the adsorbent activated within 10 s, but increasing the
activation time to 20 s reduced the removal efficiency,
which is likely because of structural damage. The surface
ultrasonic treatment can remove catalyst particles, increase
porosity, shorten the length of the nanotubes, and increase
the specific surface area of CNTs [30, 31]. Furthermore,
high performance, short duration, and environmental
soundness are other benefits of the adsorbent ultrasonic
modification [19]. Naghizadeh et al. (2017) regenerated
as 85.37% and 72.47% of graphene nanoparticles with
an ultrasonic process at pH of 11 during 60 min and
frequencies of 60 kHz and 37 kHz, respectively, [22].
Similar results were obtained in the related literature. In
a study by Omastova et al. (2014), CNTs were modified
via anodic surfactants, and ultrasonication (64 or 360W).
Their results showed that the modification of MWCNTs in
high ultrasonic power (>64 W) can reduce its electrical
conductivity [32]. Also, Dotto et al. (2015) concluded
modifying chitin surface by ultrasonic waves increases its
active surface and porosity [33].

NaOCl pretreatment

In the case of NaOCl concentration, the solution having 30%
concentration indicated better results and an increase in
NaOCl concentration to 60% resulted in a significant reduc-
tion of the efficiency (Table 2). This finding can be justified by
the fact that the balanced chlorine concentration of 30% in-
creases the adsorbent porosity, which led to an improvement
in the removal efficiency. Su et al. (2010) found that the un-
treated CNTs have more porosity in micropores but less po-
rosity in mesopores as compared to the CNT(NaOCl) [34].
When the NaOCl solution of 60% is used, the increased chlo-
rine oxidizes carbon nanotubes, and thereby, the electrical
conductivity is reduced [35]. Yu et al. (2011) attributed the
adsorption of toluene, ethylbenzene and xylene (TEX) on
NaOCl-treated MWCNTs to the combined action of hydro-
phobic interaction, π-π bonding interaction between the aro-
matic ring of TEX and the oxygen-containing functional
groups of MWCNTs and electrostatic interaction [36].
Furthermore, chemical pre-treating of adsorbents can increase
their surface-active protons, and thereby their chemisorption
capability [27, 36, 37]. In the Lu et al. study, CNTs were
synthesized by catalytic chemical vapor deposition method,
and then by HCl, H2SO4, HNO3, and NaOCl solutions, sepa-
rately. The NaOCl-oxidized CNTs had superior adsorption
performance of BTEX from the aqueous solution compared
to the untreated activated carbon [18]. Therefore, the 30%
NaOCl solution and 10 s ultrasonication time were selected
as the optimum conditions for adsorbent modification.

The effect of pH

The results of the ATN adsorption onM-MWCNTs in various
pHs showed that this parameter plays an effective role in the

Fig. 5 FT-IR spectra of untreated
MWCNTs (red line) and M-
MWCNTs (blue line)

Fig. 4 Raman spectra of M-MWCNTs
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adsorption process (Fig. 6). According to the experimental
study, the ATN adsorption rate at pH less and more than 6,
the removal efficiency was reduced, and from pH 6 to 9, this
reduction continued, however, re-increased at pHs more than
9. Therefore, the highest ATN removal rate was observed at
pH = 6 with a yield of 86.08%. In acidic pH close to 6, the
carboxyl and hydroxyl functional groups are protonated on
the surface of CNTs and the adsorbent surface has a positive
charge, which promotes the total adsorption through the elec-
trostatic interaction between the adsorbent and the adsorbate.
However, in pHs greater than 6, the amount of ATN removal

was reduced due to an increase in negative charge and elec-
trostatic repellence between adsorbent and adsorbate [1]. In
addition, at higher pHs of 9, the competition of OH− ion with
ATN for occupation activated sites is another factor reducing
the efficiency of ATN elimination [15, 38]. The optimum pH
of ATN adsorption on M-MWCNTs was lower than the
pHzpc value (7.6, see supplementary material), meaning that
the adsorbent surface was positively charged (attracting an-
ions) and the acidic water donates more protons than hydrox-
ide groups [39].

On the other hand, regarding ATN has an octanol-water
partition coefficient (Kow) of 0.23 and is a lipid insoluble
hydrophilic compound (pKa = 9.6) [40]; therefore, adsorption
seems to be a suitable process for removing it from aqueous
solutions.

In the current study, it was found that the oxidation of
carbon nanotubes by various chemical solutions leads to the
formation of different functional groups on them, so that the
total acidity of the carbon nanotubes has increased after the
oxidation, which can be due to the presence of phenol, lac-
tone, and carboxyl groups. The main factors of acidity were
respectively carboxylic groups followed by lactone and phe-
nolic groups [18].

In the study of Haro, et al. [7] the optimum pH value equal
to 6 was found for the removal of ATN by granular activated
carbon. The optimum pH of 7 was obtained in the study of
Ardakani and Zandipak [41] about Janus Green dye removal
onto MWCNTs. While, the most effective removal of amox-
icillin by commercial activated carbon and NH4Cl-induced
activated carbon was reported at pH 6 [42].

Effect of contact time and kinetic modeling

The kinetic of ATN adsorption on M-MWCNTs was investi-
gated over a 150-min period at initial concentration of
5 mg L−1 and the optimized pH of 6. The ATN adsorption rate
during the early minutes of experiments was much higher than
the late one, in other words, the adsorption capacity of adsor-
bate increases during the early minutes (Fig. 7). This may be
attributed to the presence of specific functional groups and
abundant unsaturated active sites on the outer surfaces of M-
MWCNTs at the beginning phase of adsorption [1, 43].
Moreover, the incremental adsorption of ATN in the early
minutes showed that M-MWCNTs had a high ability to re-
move ATN over a short period of time, which was very im-
portant in terms of energy and cost saving. After 90 min, al-
most no significant changes in the ATN adsorption capacity
were observed, so 90 min was considered as the equilibrium
time in the next adsorption experiments. Our results are com-
patible with those of similar studied e.g. Naghizadeh et al.
who obtained the maximum RB-29 adsorption capacity (qm)
of chitin onto shrimp shell as 116.07 mg g−1 at 50 mg L−1 and
contact time of 90 min [44].

Table 2 ATN removal on untreatedMWCNTs andMWCNTs treated in
different Conditions (Ultrasonic wave frequency: 22 kHz, contact time
with NaOCl solution: 2 h)

solution Concentration
(%)

Ultrasonication
time
(sec)

Removal
(%)

NaOCl 60 1 55.89

5 59.38

10 76.14

20 78.11

30 1 59.87

5 64.63

10 87.89

20 83.21

Distilled
water

– 1 45.13

5 56.14

10 58.63

20 58.72

Untreated MWCNTs 58.2
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Fig. 6 Effect of pH on the ATN adsorption (ATN initial concentration of
5 mg L-1, room temperature, and contact time of 120 min)

J Environ Health Sci Engineer



According to a previous study Pourzamani et al., the
highest removal efficiency of benzene removal from aqueous
solution byMWCNTs was observed at 20min and there was a
direct correlation between removal efficiency and contact time
[19]. Further, in another study, the optimum time of 75 min
was obtained to remove dye by CNTs [41]. In a similar re-
search, the best results were found after 90 min to adsorb ATN
onto granular activated carbon [7], which is similar to equilib-
rium time obtained in the current study. In the study of ATN
elimination by cherry seed, the best equilibrium time was
obtained at 60 min, then, by an increase of the contact time,
a decreasing trend was observed. The reason was attributed to
the presence of negative charges on the surface of adsorbent
after equilibrium time [45]. In general, by increasing the con-
tact time, availability of the adsorbate ions to unoccupied ac-
tive sites on the adsorbent surface decreases and ultimately
these sites become saturated when the process reaches the
equilibrium point [8].

In our study, four well-known models, including pseudo
first order, pseudo second order, intra-particle diffusion, and
Elovich were used to describe the adsorption process kinetic
(Fig. 8). The kinetic parameter values of ATN adsorption onto
M-MWCNTs have been presented in Table 3. As seen, the R2

values of pseudo first order, pseudo second order, Elovich and
intra-particle diffusion were 0.943, 0.994, 0.958, and 0.863,
respectively. The values of X2 and NSD of pseudo first order
were higher than those of pseudo second order and Elovich.

Low correlation coefficient (0.863), higher values of X2

(10.95) and NSD (3385.9), as well as Ki value higher than
zero, representing the thickness of boundary layer, demon-
strate that the intra-particle diffusion model was not the only
controlling step of the process. It reveals that adsorption of

ATN on the M-MWCNTs was a multi-step process, involving
the adsorption on the external surface and diffusion into the
interior.

Table 3 also shows that the calculated capacity of the pseu-
do second order model (qe,cal = 49.01 mg g−1) was closer to its
experimental value (qe,exp = 46.03 mg g−1). These explana-
tions verify that the adsorption of ATN on M-MWCNTs was
better fitted by pseudo second order models; expressing chem-
isorption was the dominant mechanism controlling the process
of ATN adsorption on M-MWCNTs. This also means that the
ion exchanging or electrons sharing had been occurred be-
tween adsorbate and the binding sites on the M-MWCNTs
[24, 28]. Chemisorption process is typically limited to one
layer of molecules on the surface of the adsorbent commonly
followed by added layers of the physically adsorbed mole-
cules of the adsorbate [46, 47].

The pseudo second order model also indicates that
two parallel reactions are involved in the ATN adsorp-
tion on M-MWCNTs; the first one that quickly arrives
to equilibrium and the second slower one that last lon-
ger [26, 27]. Haro, et al. [7] evaluated ATN adsorption
on the activated carbon and reported the pseudo second
order as the suitable kinetic model for data description.

Isotherm modeling

Equilibrium data commonly known as adsorption iso-
therms provide basic requirements for the design of ad-
sorption systems. These data express the capacity of the
adsorbent or the amount required to remove a unit mass
of the pollutant under the system conditions [24]. In
order to evaluate the ATN adsorption equilibrium on
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Fig. 7 Effect of contact time on ATN adsorption onto M-MWCNTs
(ATN initial concentration of 5 mg L−1, room temperature, and pH of 6)
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M-MWCNTs and the mechanisms affecting it, three iso-
therm models, including Langmuir, Freundlich, and
Temkin were selected. The results of the adsorption iso-
therm parameters for different equations are presented in
Table 4. According to R2, X2, and NSD values, the
ATN adsorption behavior on M-MWCNTs followed
from both Freundlich (0.97) and Langmuir (0.95)
models, although the adsorption process somewhat fits
more with the Freundlich model. Temkin isotherm was
also tested in the investigation.

The R2 of Temkin model was roughly comparable
with the Langmuir and Freundlich R2, which highlight-
ed the extent to which the Temkin model is applicable
for the adsorption of ATN by M-MWCNTs. The process
fitness according to Langmuir adsorption model de-
scribes monolayer and homogeneous adsorption of ad-
sorbate on the surface while the Freundlich model sug-
gests the adsorption is occurred onto a multilayer and
heterogeneous surface [27].

Once again in Table 4, the n value in the Freundlich
model was higher than 2 (between 2 to 10), indicating
the favorable adsorption of ATN onto M-MWCNTs.
Furthermore, in the Langmuir model, the value of RL

was between 0 and 1, which represents that ATN mol-
ecules were favorably adsorbed by the adsorbent [26].

Moreover, the maximum ATN adsorption capacity
(qm) of M-MWCNTs based on the Langmuir model
was equal to 61.72 mg g−1, indicating the good capacity
of M-MWCNTs in removal of pharmaceutical pollutants
existed in wastewaters. The qm of current adsorbent is

comparable to similar materials used to pharmaceutical
pollutant removal [8, 38, 48]. The constant values of
Langmuir (KL) and Freundlich (KF) were 1.29 L mg−1

and 33.72 (mg g−1) (l mg−1) n−1, respectively.
Considering that the larger values of the two constants
indicate that the adsorption is more favorable [26], it is
concluded that the M-MWCNTs have a good adsorption
capacity for ATN removal as compared to carbons in
the same researches [1, 8].

Thermodynamic study

The increasing temperature can have two major effects
on the adsorption process. First, it increases the diffu-
sion rate of the adsorbate molecules into internal pores
and the external boundary layer of adsorbent as a result
of the reduced viscosity of the solution. Second, it
amends the equilibrium capacity of the adsorbent for a
specific adsorbate [47].

The ATN adsorption studies were carried out at dif-
ferent temperatures of 20, 30, 40, and 50 °C (Fig. 9).
As seen, the adsorption capacity improves with the in-
creasing temperature from 20 °C to 40 °C, indicating
that adsorption is an endothermic process in this tem-
perature range. This may be a result of the increase in
the ATN mobility upon temperature rising. The growing
number of molecules may also attain sufficient energy
to undertake an interaction with active sites at the sur-
face [25]. Furthermore, the increasing temperature may
produce an enlarging effect within the internal structure
of M-MWCNTs and cause the large ATN molecule to
penetrate more [43]. However, with an additional in-
crease in temperature to 50 °C, the ATN removal

Table 3 Kinetic models parameters for the adsorption of ATN by M-
MWCNTs (pH of 6, ATN initial concentration of 5 mg L−1, and room
temperature)

Kinetic models Constants

Pseudo
first order

qe, Cal (mg g−1) K1 (min
−1) R2 X2 NSD

30.49 0.0335 0.943 14.55 3390.8
Pseudo second

order
qe, Cal (mg g−1) K2 (g mg−1 min−1) R2 X2 NSD
49.01 0.0021 0.994 0.4864 3346.5

Elovich α β R2 X2 NSD
0.5437 7.3176 0.958 0.1076 3344.9

Intra-particle
diffusion

Ki R2 X2 NSD
3.3029 0.863 10.95 3385.9

Experimental qe, exp (mg g−1)
46.03

Table 4 Isotherm parameters of ATN adsorption on M-MWCNTs for
different equations (pHof 6, contact time of 90min,ATN initial concentration
of 5 mg L−1, and room temperature)

Coefficient/constant

Isotherm
model

Langmuir qm (mg g−1) KL (l mg−1) RL R2 X2 NSD
61.72 1.29 0.67 0.95 0.189 2330.8

Freundlich n kf (mg g−1)(l mg−1) n-1 R2 X2 NSD
2.60 33.72 0.97 0.064 2330.5

Temkin KT BT R2 X2 NSD
13.85 13.85 0.93 0.13 2330.5
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efficiency was reduced. This can be because high tem-
peratures cause damage to the adsorbent structure.

The values of thermodynamic parameters such as
(ΔG°), (ΔH°), and (ΔS°) for the adsorption of ATN
on M-MWCNTs are shown in Table 5. The negative
value of ΔHo suggests that the adsorption process was
exothermic and it was not favored at higher tempera-
tures [39]. Moreover, the positive value of ΔSo is an
indicator of the ATN tendency toward the adsorbent, It
also demonstrates the improved efficiency as a result of
the increasing temperature in solid and liquid phases
during the adsorption process. In other words, positive

ΔSo values imply that the degree of disorder increased
during the adsorption process [25].

The negative values of ΔG° confirm that the process
of ATN adsorption on M-MWCNTs is spontaneous and
feasible. Since ΔHo value of ATN adsorption is greater
than 40 kJ mol−1, it can be concluded that the adsorp-
tion process had a chemical mechanism [35].

ANN modeling

In the current study, initially, the ANN model with dif-
ferent back propagation algorithms was developed to
estimate the performance of the ATN adsorption pro-
cess. Among all back-propagation algorithms, the
Levenberg–Marquardt algorithm typically resulted in a
lower MSE, which was then selected as the training
algorithm in the present study.

The optimal structure of ANN model achieved based
on the minimum value of MSE and the maximum value
of R2 for testing set. Figure 10 shows four scatter plots,
evaluating the experimental values against the predicted
neural network values for all training, testing, and val-
idating data. According to Fig. 10, approximately the
whole values dispersed around the 45° line, indicating
a good compatibility between the trial results and ANN-

Table 5 Thermodynamic parameters of ATN adsorption on M-
MWCNTs (pH of 6, contact time of 90 min, ATN initial concentration
of 5 mg L−1)

Temperature
(°K)

Parameters

Ln kc ΔG°
(kJ mol−1)

ΔH°
(kJ mol−1)

ΔS°

(kJ mol−1 K−1)

293 5.54 × 104 −1.35 × 108

303 5.73 × 104 −1.45 × 108 −1573.6 9.18

313 5.92 × 104 −1.54 × 108

323 6.11 × 104 −1.64 × 108

Fig. 10 ANN model results
according to different divisions of
datasets
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predicted data. Correspondingly, Fig. 11 presents the
relation between the number of neurons, R2, and MSE
for the ANN modeling of ATN adsorption onto M-
MWCNTs.

Figure 12 illustrates the relationship between the ex-
perimental and predicted values of ATN removal using
the ANN model for the whole dataset after de-normali-
zation. The determination coefficient (R2) for training
data was 0.9492 and for testing data was 0.9911.
These results are in agreement with previous studies,
which reported a determination coefficient of 0.9813
for microcystins LR adsorption using MWCNT-Fe3O4

[24] and 0.98 for adsorption of triamterene using
multi-walled and single-walled carbon nanotubes [1].

Conclusion

As one of the most frequently prescribed β-blocker drugs, ATN
exists widely in hospitals and municipal wastewaters. In this
study, we investigated the ability of MWCNTs modified by
NaOCl and ultrasonic treatment in treating the aqueous environ-
ment containingATN drug. The results of our study showed that
the application of reasonable NaOCl concentration and ultrason-
ic frequency remove many impurities, increase porosity, and
thereby significantly improves adsorption efficiency of
MWCNTs. However, if the time and frequency of ultrasonic
waves, as well as the chlorine concentration in the liquid exceed
the optimal levels, these led to oxidizing the adsorbent context
and ultimately reducing adsorption capabilities. The highest
ATN removal occurred in the adsorbent activated within 10 s,
but increasing the activation time to 20 s reduced the removal
efficiency. Therefore, the adsorbent treatment with the proposed
method of this study is not time consuming and also is not rather
costly. Based on TGA, M-MWCNTs are stable without any
significant loss from about 40 °C to 537.88 °C. Moreover, we
proved that ANN can be a good way to estimate the experimen-
tal data in different conditions (more than 94% accuracy).
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