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a b s t r a c t
Nowadays, ensuring the protection and health of the environment is an effective step toward sus-
tainable development. One of the primary environmental concerns around the world is the removal 
of pharmaceutical contaminants from water and wastewater. Solving such problem and many other 
environmental issues, along with treading the path toward sustainable development, can be achieved 
with the use of nanotechnology. This study investigated the use of multiwalled carbon nanotubes 
(MWCNTs) in removing the beta-blocker atenolol from aqueous solutions. To achieve this goal, the 
efficiency of atenolol removal was evaluated in a four-level Taguchi experiment that involved the 
evaluation of pH value (2–11), contact time (5–90 min), adsorbent dose (0.5–2 g/L), and initial atenolol 
concentration (10–90 mg/L). Data analysis and interpretation were performed using Design Expert 6. 
The results indicated that the highest atenolol removal (94.8%) occurred at a pH of 7, a contact time of 
20 min, an atenolol concentration of 10 mg/L, and a MWCNT dose of 0.5 g/L. The adsorption capacity 
of the MWCNTs used in this work was 16.76 mg/g. The data analysis based on the adsorption isotherm 
models of the Isotherm Fitting Tool showed good agreement with the results of a linear model. The 
findings confirmed that MWCNTs present great potential as effective adsorbents for the removal of 
atenolol from water and wastewater.
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1. Introduction

The use of medications today is considered an integral 
and very useful part of life. These pollutants and their effects 
on living organisms and the environment have been explored 
by researchers in recent years [1]. One such pollutant is the 

beta-blocker atenolol, which is an antagonist used to treat 
angina (chest pain) and control blood pressure and some 
forms of heart arrhythmias [2].

The widespread consumption of atenolol as a most-pre-
scribed drug and its limited metabolic function in the human 
body make nondecomposability of its major part during 
excretion, resulting in a large presence of beta-blockers in 
wastewater and surface waters [3].



213M.M. Amin et al. / Desalination and Water Treatment 133 (2018) 212–219

Some of the toxic effects of beta-blockers on nontarget 
living organisms include effects on the endocrine glands 
and the consequent disturbance of testosterone levels in 
male organisms [4]. The presence of these pollutants in the 
environment has been exacerbated by advancements in the 
pharmaceutical industry, agricultural development, and 
inadequate wastewater treatment processes for the removal 
of beta-blockers [4]. Traditional and conventional systems 
for urban wastewater treatment, such as the activated sludge 
process, have been minimally effective because of insuffi-
cient technologies for pollutant removal [5]. This deficiency 
prompted practitioners to frequently adopt complemen-
tary treatment approaches, such as advanced oxidation [6], 
membrane filtration [7], reverse osmosis [8], and adsorption 
[9–22]. One of the most effective approaches for the removal 
of pollutants from water and wastewater is adsorption, 
which is a simple, inexpensive, and applicable method [23]. 
The most used adsorbents to remove pollutants from aque-
ous solution are activated carbons [24–26], clays [27,28], and 
carbon nanotubes (CNTs) [29,30].

As an adsorption material, CNTs have recently been 
among the most important contributions of nanotechnology 
to environmental protection efforts. These nanomaterials 
have high thermal resistance and high chemical stability; 
their high adsorption capacity has been one of the reasons for 
their use in environmental activities [31].

The application of CNTs in recent years has been among 
the most important parts of nanotechnology. They have an 
adsorption capacity higher than that of other compounds, 
such as porous graphitic carbon. CNTs also present high 
potential for reuse. Previous studies indicated that rehabil-
itation through nanomaterials is achieved in an economical 
manner with the use of methanol, ethanol, sodium hydrox-
ide, and acetic acid. With respect to usage for the removal 
of atenolol, an effective factor in atenolol adsorption on an 
adsorbent, such as a CNT, is the presence of a hydroxyl func-
tional group and a benzene ring in the chemical structure of 
the drug [19].

2. Materials and methods

2.1. Materials

In the experiment, atenolol (C14H22N2O3) with a purity 
≥98% (Sigma Aldrich Co., USA) was used to prepare aqueous 
solutions (Fig. 1 shows the chemical structure of atenolol). 
To examine the adsorption process, multiwalled carbon 
nanotubes (MWCNTs; purity >95%, outer diameter <8 nm, 
inner diameter: 2–5 nm, length >10 μm, specific surface area 
>500 m2/g, electric conductivity >100 S/cm) (Cheap Tubes 
Co., USA) were prepared. For pH adjustment, HCl ≥37% and 

NaOH ≥98% (Merck, Germany) were used. Deionized water 
was employed in the preparation of all the solutions.

2.2. Characterization of the nanoparticles

The electron microscope imaging was recruited to inves-
tigate the surface shape and morphology of nanoparticles.

2.3. Batch adsorption study

Initially, 100 mg of atenolol was weighed to produce a 
stock solution (1,000 mg/L). The resultant substance is highly 
soluble in water at 25°C. On the basis of similar investiga-
tions, the factors evaluated in this study were initial ateno-
lol concentration (10, 30, 70, and 90 mg/L), adsorbent dosage 
(0.5, 1, 1.5, and 2 g/L), contact time (5, 20, 60, and 90 min), and 
pH (2, 4, 7, and 11). The samples were stirred at 250 rpm and 
then passed through a filter (0.22 CA). Subsequently, they 
were centrifuged at 5,000 rpm for 15 min; a control sample 
was prepared to control the removal of pollutants by cen-
trifugation. The final atenolol concentration was determined 
after adsorption using a Hach spectrophotometer instru-
ment (DR 5000™, USA) set at a wavelength of 274 nm. This 
wavelength is the configuration employed in the scanning of 
drug samples in practice. The pH values were adjusted using 
0.1 M HCl and 0.1 M NaOH.

2.4. Data analysis and design of experiment

As previously described, four parameters that influence 
atenolol adsorption (i.e., initial concentration, adsorbent 
dosage, contact time, and pH) were selected to optimize the 
adsorption process. Each of the parameters had four levels 
for selection, which were presented via the Taguchi approach 
using Design Expert 6 (Design Expert 6 Stat-Ease, Inc., USA) 
[31–35] (Table 1).

2.5. The effect of the concentration

Atenolol adsorption by the MWCNTs was evaluated in 
an isotherm study featuring optimal conditions, an initial 
atenolol concentration of 0–90 mg/L, an adsorbent dose of 
0.5 g/L, a contact time of 20 min, and a pH of 7 at room tem-
perature. The water solubility (Sw) of atenolol was estimated 
as 300 mg/L at pH 7. The Isotherm Fitting Tool (ISOFIT) 
was used to match the isotherm parameters to the experi-
mental data. ISOFIT is a software program that implements 
the aforementioned matching procedure by minimizing the 
objective function of the weighted sum of squared error 
(WSEE). ISOFIT supports a number of isotherms, including 

Fig. 1. Chemical structure of atenolol.

Table 1
Controlling factors and their levels

Factors Level 1 Level 2 Level 3 Level 4
Atenolol concentration 
(mg/L)

10 30 70 90

Adsorbent dose (mg/L) 500 1,000 1,500 2,000
Contact time (min) 5 20 60 90
pH 2 4 7 11
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Brunauer–Emmett–Teller (BET), Freundlich, Freundlich with 
Linear Partitioning (F-P), Generalized Langmuir–Freundlich 
(GLF), Langmuir, Langmuir with Linear Partitioning (L-P), 
Linear, Polanyi, and Toth isotherms.

3. Results

After the experiments were designed using the Taguchi 
approach, 16 test steps were performed (Table 2), the results 
of which have been mentioned. The percentage of efficiency 
and importance of each parameter are presented in Table 3. 
Charts regarding atenolol adsorption by the MWCNTs are 
shown in Figs. 2–5 to illustrate optimal adsorption conditions.

3.1. Isotherm studies

In this study, ISOFIT was used to analyze the adsorp-
tion of atenolol by the MWCNTs in batch conditions. Table 4 
summarizes some of the diagnostic statistics computed by 

ISOFIT; these data are also reported in the output file. Notes: 
AICc: multimodel ranking, Ry

2: correlation between mea-
sured and simulated observations, RN

2: correlation between 
residual and normality, M2: Linssen measure of nonlinearity.

As shown in Table 5, the Linssen measure indicated 
significant WSSE nonlinearity near the optimal parameter 
values. Statistical measures, such as RN

2 and the Durbin–
Watson test (D), showed normally distributed weighted 
residuals with no serial autocorrelation. Fig. 5 presents a 
plot of the fitted isotherm, which was organized into visu-
ally indistinguishable groups, along the observed data 
points. qe (the atenolol adsorption uptake of adsorbent) ver-
sus Ce (equilibrium adsorbate concentration) curve must be 
obtained for an adsorption isotherm graph.

3.2. Specifications of the adsorbent

Fig. 6 shows the MWCNTs used in this research using the 
scanning electron microscopy (SEM). The internal diameter 

Table 2
Design matrix and results of atenolol removal by multiwalled carbon nanotubes in different conditions

ResponseFactorsRun

qe (mg/g)R (%)CtpHTime (min)Adsorbent dose (mg/L)Atenolol concentration (mg/L)

36.1451.6233.8 ± 0.22901,000701
1.7526.317.36 ± 2.411601,500102

100.3555.7539.82 ± 2.41190500903
33.5055.8439.73 ± 2.32201,500904
29.1862.5326.22 ± 0.3451,500705
18.190.490.95 ± 025500106
11.0573.687.89 ± 2.22602,000307
16.3181.575.52 ± 3.57901,500308
27.0145.0216.49 ± 0.2420500309
62.0168.9027.98 ± 3.34601,0009010

2.1442.985.70 ± 4.84902,0001011
15.7852.6314.21 ± 1.91151,0003012
26.7176.3116.57 ± 0.611202,0007013
35.0877.9719.82 ± 7.9752,0009014
71.5751.1234.21 ± 0.27605007015

3.2432.456.75 ± 0.17201,0001016

Table 3
Effects of the factors and interactions for atenolol removal by multiwalled carbon nanotubes

Contribution (%)p-ValueF-ValueMean squaresSum of squaresDegree of freedomFactor/interaction

8.550.16741.92396.611,189.833A: Adsorbent dose (mg/L)
8.040.18751.80372.571,117.703B: Atenolol concentration (mg/L)
13.760.05713.09638.061,914.193C: Contact time (min)
9.600.13362.15445.141,335.433D: pH
36.260.00168.131,681.035,043.083AB interaction

00Lack of fit
0206.83,308.9516Pure error
23.79206.83,308.9516Residuals
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of raw nanotubes (ID = inner diameter) was 2–5 nm, whereas 
their external diameter (OD = outer diameter) was less than 
8 nm. Its length was determined to be over 10 μm [19].

4. Discussion

4.1. Effect of pH

According to Fig. 2, the maximum removal efficiency 
occurred within a pH range of 4–7. With increasing pH and 
a decrease in this value to below 4, removal efficiency exhib-
ited a descending trend. Given the absence of significant dif-
ferences in removal efficiency at different pH values, 7 was 
chosen as the optimal pH. Solution pH is one of the most 
important factors that affect the adsorption process because 
it indicates the statuses of adsorbent surface charges and 
drugs. It also affects adsorbents and adsorbate interactions. 
The increase in atenolol removal efficiency at a pH of 4–7 
can be interpreted according to the pHZPC of the MWCNTs, 
which was equal to 8, as determined in the present research 
and by Lu et al. [31]. Nanotubes exhibit a positive pH charge 

lower than the pHZPC and a negative charge higher than 
the pHZPC.

Decreased adsorption efficiency occurs at pH values 
higher than 8 through the electron repulsion of negative 
charges. Additionally, increased pH values due to the com-
petition of OH– ions with atenolol for activated sites can 
reduce atenolol removal. In acidic conditions, the carboxyl 
and hydroxyl groups on an adsorbent surface are proton-
ated, thereby producing a positively charged surface. This 
phenomenon increases adsorption through the electrostatic 
interaction between an adsorbent and an adsorbate [36]. In 
evaluating the efficiency of MWCNTs in removing Janus 
Green B dye, they considered 7 as the optimal pH for the 
removal process [36]. A previous study reported that a pH 
of 6 enabled the highest efficiency in amoxicillin removal by 
commercial activated carbon and activated carbon modified 
with ammonium hydroxide [37]. Tetracycline removal by 
MWCNTs was achieved at a maximum pH range of 4.5–7; 
the minimum efficiency was observed at pH values smaller 
than 4.5 and greater than 7 [38].

Fig. 2. pH effect on atenolol removal by MWCNT.
Fig. 4. Adsorbent dose effect on atenolol removal by MWCNT.

Fig. 5. Contact time effect on atenolol removal by MWCNT.

Fig. 3. Effect of initial concentration on atenolol removal by 
MWCNT.
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4.2. Effect of initial concentration

The effects of initial atenolol concentration on adsorp-
tion efficiency are illustrated in Fig. 3. Maximum removal 
occurred at low concentrations, and efficiency decreased 
with increasing concentration. As a result, 10 mg/L was 

regarded as the optimal initial atenolol concentration. 
Limited adsorption sites on an adsorbent cause the rapid 
saturation of these sites because of the increase in initial 
concentrations of atenolol. This increase, in turn, diminishes 
removal efficiency. Consequently, other processes involved 
in adsorption, such as particle penetration or mass influx, 
will be ineffective. The selective adsorption of a type of pol-
lutant on an adsorbent leads to limited adsorption. In one 
study, Iraqi cherry seeds were used as adsorbents to compare 
atenolol and paracetamol removal [39]. The results showed 

Table 4
Summary of selected diagnostics for atenolol adsorbed by MWCNT

Isotherms AICc R2
y R2

N M2 linearity assessment Constants Parameter values

Langmuir 25.82 0.950 0.935 9.43 × 10–1 Nonlinear Q0 (mg/g)
B

8.52
0.0023

BET 25.07 0.953 0.943 1.107 Nonlinear Q0 (mg/g)
B

1.5 × 103

0.001
Linear 22.61 0.966 0.890 1.20 × 10–9 Linear Kd 1.7

F–P 43.22 0.966 0.954 5.81 Nonlinear kf

1/nf

Kd

6 × 10–7

0.12
1.4

L–P 43.24 0.966 0.952 1.179 Nonlinear Q0 (mg/g)
B

1.6
3.3 × 10–10

Freundlich 24.29 0.958 0.964 1.709 Nonlinear kf

1/nf

0.0232
1.022

Toth 44.76 0.956 0.934 3.03 × 10–1 Nonlinear Q0 (mg/g)
B
nT

1.6
2.2×10–5

0.214
GLF 44.81 0.954 0.926 2.50 × 103 Nonlinear Q0 (mg/g)

B
1.23 × 103

2.6 × 10–3

Polanyi 33.43 0.000 0.946 1.83 × 10–15 Linear Q0 (mg/g)
A
B

76.4
0.0006
0.15

Table 5
Selected ISOFIT post regression output (linear isotherm)

Parameter or statistic ISOFT  result

Overall quality of fit WSSE 2.36 × 102

RMSE 6.87
Ry 0.983

Parameter statistics kd 8.82 × 10–1

Parameter standard error kd 5.98 × 10–2

Test of assumptions 
Linssen (M2)

M2 1.20 × 10–9

Threshold 1.16 × 10–2

Assessment Linear
Normality (RN

2) RN
2 0.890

Critical value 0.71
Assessment Normal residuals

Runs test Number of runs 4
p-Value 0.9
Assessment No correlation

Durbin–Watson test (D) D 1.29
p-Value 0.55
Assessment No correlation

Fig. 6. Plots of the linear isotherm.



217M.M. Amin et al. / Desalination and Water Treatment 133 (2018) 212–219

that the optimum weight of atenolol in the adsorption pro-
cess was 0.05 g; this increase resulted in decreased adsorp-
tion efficiency – a finding that is consistent with the results 
of the current work. The researchers also found that atenolol 
was more effectively adsorbed on the Iraqi cherry seeds than 
paracetamol because the higher molecular weight of the for-
mer under the same adsorption conditions reduced polarity 
and ionization in the solution. Consequently, the atenolol 
molecules were adsorbed vertically on the adsorbent surface, 
occupying small and selective adsorbent sites [40].

4.3. Effect of adsorbent dose

Fig. 4 illustrates the effects of adsorbent dosage on aten-
olol adsorption. The adsorbent dosage at low concentrations 
played a significant role in removal efficiency. Because a 
downward trend occurred with increasing adsorbent dosage, 
500 mg/L was chosen as the optimal dosage. The results of 
this experiment (Table 3) indicated that the adsorbent–adsor-
bate interaction played a significant role compared with 
the other factors [41]. Such significance is attributed to the 
high reactivity between the adsorbent and adsorbate in low 
doses relative to high doses; such reactivity resulted in the 
rapid saturation of activated adsorption sites [41]. Although 
the adsorbent dosage and the initial pollutant concentration 
exerted strong effects on removal efficiency, the relevant 
curves followed, in principle, an upward trend between the 
increase in adsorbent dosage and the increase in removal 
efficiency. This experiment showed that on the basis of the 
stated reasons, the best efficiency was achieved at low adsor-
bent dosages and pollutant concentrations. This outcome is 
economically acceptable. Furthermore, a decreasing trend 
occurred with increasing adsorbent dosage. According to 
previous studies, the collision between adsorbent particles 
probably increases with rising adsorbent dosage and contact 
time. This phenomenon then results in increased adhesion 
and decreased efficiency [40]. However, nitrate removal effi-
ciency is improved by the increase in the dose of function-
alized CNTs given the increased number of active sites and 
surfaces available [41].

4.4. Effect of contact time

The effects of contact time on atenolol removal efficiency 
showed that maximum adsorption occurred at contact times 
of 20 and 90 min (Fig. 5). Correspondingly, the selected opti-
mal contact time was 20 min given the absence of significant 
differences. This decision was also driven by the fact that 
MWCNTs are highly efficient in atenolol removal at early 
stages, thereby enabling the rapid occupation of active sites 
in the adsorption process. A contact time of 20 min was thus 
regarded as optimal in terms of time and energy savings. 
Equilibrium time is influenced by several factors, such as 
adsorbent properties, adsorbate properties, and the inter-
actions between these materials. In previous research, the 
highest removal efficiency of benzene from aqueous solu-
tions using modified MWCNTs occurred at a contact time 
of 20 min [31]. In this study, a direct correlation was found 
between removal efficiency and contact time; in this research, 
a nearly direct relationship was observed. In another study, 
the optimal contact time for dye removal using CNTs was 

75 min [35]. In atenolol removal by cherry seeds, the opti-
mal contact time was 1 h; increasing contact time resulted in 
reduced adsorption because of the presence of a negatively 
charged space after an hour of reaction, which provided 
conditions for adsorption on the cherry seeds [39].

The effects of the factors shown in Table 3 and their 
interactions showed that initial concentration, adsorbent 
dosage, contact time, and pH effectively facilitated atenolol 
removal but that contact times and their interactions were 
more effective than the rest of the factors, as indicated by the 
significance level of less than 0.05. The significance levels of 
initial atenolol concentration, pH, and dosage were greater 
than 0.05. The strongest effect was related to interaction 
(36.26%), and the weakest effect was associated with initial 
atenolol concentration (8.04%). The severity of the effect of 
any of the factors on atenolol removal via the MWCNTs fol-
lowed the order interaction between initial atenolol concen-
tration and MWCNT dosage > contact time > pH > adsorbent 
dosage > initial atenolol concentration.

The removal of atenolol by MWCNT was calculated by 
Eq. (1) as follows:

Atenolol removal percent (%) = 59.45 − (8.28 × Adsorbent  
 dose (mg/L)) − (5.16 × atenolol concentration (mg/L))  
 − (13.42 × Contact time (min)) + (0.62 × pH) (1)

The corrected Akaike Information Criterion (AICc) val-
ues indicated that the linear isotherm expression exhibited 
the best fit with the sorption data, as determined on the basis 
of its lowest value in the multimodel ranking (Table 4).

Linear constant b was calculated to be less than unity for 
the majority of the adsorbent and the adsorbent combina-
tions, indicating that the adsorption of the selected contam-
inant onto the MWCNT samples was favorable. Uncertain 
regression techniques overcome many of the deficiencies 
associated with trial-and-error approaches and the linear-
ization approaches to isotherm fitting. The effectiveness of 
uncertain regression techniques, however, can be impeded 
by the presence of local minima or excessive parameter cor-
relations. Table 5 presents the selected ISOFIT output for the 
linear isotherm. ISOFIT provides two “standard” measures 
for evaluating isotherm fit, namely root mean square (RMSE, 
Eq. (2)) and the correlation between the measured and the 
fitted observations (Ry, Eq. (3)).

RMSE WSSE
=

−( )m p
 (2)

R
wS S w S S

w S S w
y

i i
i

m

i i

i i i

=
−( ) −( )

−( )
=
∑ ,

,

obs obs
avg avg

obs obs
avg

1

2
SS Si

i

m

i

m
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avg−( )

==
∑∑

2

11

 (3)

In these measures, WSSE is the weighted sum of squared 
error, m denotes the total number of experimental observa-
tions, p represents the number of isotherm parameters, wi is 
the weight assigned to observation i, Si,obs is the ith experi-
mentally measured sorbed concentration, Si denotes the ith 
simulated sorbed concentration computed via an isotherm 
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expression, and Sobs
avg and Savg are the averages of the weighted 

measure and weighted isotherm-simulated adsorbed concen-
trations, respectively.

Fig. 6 shows plots of the linear isotherm, which described 
the equilibrium adsorption data better than did the other 
isotherm alternative.

4.5. SEM analysis of the MWCNT

SEM determined the morphology of the nanoparticles, 
their surface properties, and the degree of purity of the sam-
ples. As shown in Fig. 7 [42,43], the adsorbent sample exhib-
ited a regular structure and uniform distribution. Significant 
purity and homogeneity in the adsorbent sample were 
remarkable points in the SEM image; these properties were 
also determined on the basis of the mentioned characteristics 
of CNTs.

5. Conclusion

The findings indicated that contact time and the inter-
action between the adsorbent and the adsorbate had the 
greatest effects on removal efficiency. The most efficient pH 
for the adsorption process was 4–7, but a neutral value was 
selected as the optimal pH because of its cost-effectiveness. 
On the basis of the results, population growth and industrial 
development play significant roles in increasing the amount 

of pollutants in the environment. Such pollutants should 
be managed using easy, fast, high-efficiency, and afford-
able strategies. Previous studies showed that CNTs have a 
high capacity to remove various pollutants and that even 
their modified forms can be used as novel removal materials 
(Table 6). The environment-friendly nature and reusability of 
these nanomaterials have rendered them valuable tools for 
water and wastewater treatment.
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