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ABSTRACT: Pollution of water by heavy metals such as cadmium is becoming a serious ecological
and public health hazard due to their toxic effects even at very low concentrations. Thus, the removal of
heavy metals from wastewater is very important for controlling environmental pollution. The purpose
of this study was removal of cadmium from aqueous solution by polydopamine surface functionalized
and magnetized single-walled carbon nanotubes (SWCNTs/Fe,O,@PDA). In present study, the effects of
experimental parameters such as adsorbent dosage, initial metal ion concentration and pH of solution on
adsorption Cd (II) in batch system were fully studied. Also, to characterize the adsorbent, SEM and FT-
IR analyses were utilized. The results showed that with increasing adsorbent dose and pH the adsorption
percentage of cadmium increased and the optimum pH for cadmium removal was determined as pH=7.
The results of fitting the data to the isotherm models showed that the Langmuir (R?=0.99), Freundlich
(R?=0.97), Temkin (R’=0.97) and Dubinin-Radushkevich (R’=0.96) models logically described the data.
The maximum adsorption capacity (g, ) was obtained by Langmuir model as 186.48 mg/g which indicates
a good absorption capacity of this adsorbent. The obtained experimental adsorption capacity (g, exp.)
120.72 mg/g was close to g, obtained by pseudo-second-order (PSO) kinetic model (121.95 mg/g).
Therefore, it can be concluded that SWCNTs/Fe,O,@PDA adsorbent can be used as a new adsorbent in
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optimum conditions for removal of cadmium ions from aqueous solutions.

1. INTRODUCTION

One of the most concerning environmental issues in
the world is water pollution. Water sources quality gets
critical day by day due to rapid industrial development,
population increment, the activities of agricultural and other
environmental changes [1]. Nonstop discharge of different
pollutants such as organic compounds and heavy metals
into the environment has led to a serious global concern
[2]. Unlike several organic pollutants, heavy metals are non-
biodegradable that can accumulate in living tissues. They are
also considered as a major threat to human health and the
environment [3]. Heavy metals generally include cadmium
(Cd), mercury (Hg), arsenic (As), lead (Pb), chromium (Cr),
copper (Cu) , cobalt (Co), nickel (Ni), zinc (Zn) etc. These
ions cause serious adverse health effects [4]. Cd is a heavy
metal, which is naturally found in reserves containing other
elements. It is highly toxic in a way that it is considered as
one of the major contaminations of drinking water [5].
Cd can cause emphysema, kidney damage, hypertension,
skeletal abnormalities and cardiovascular disorders even
in low concentrations [6]. Regarding these problems,
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cadmium removal from wastewater is very important for
maintaining community health. Many methods have been
employed to remove heavy metals from water; the particular
choice is mainly based on the level of initial concentration
of heavy metals and economics [5]. Common techniques
for removal of metal ions include reverse osmosis, electro-
dialysis, resuscitation, oxidation, ion exchange, coagulation-
flocculation, membrane filtration, chemical deposition,
bioremediation and adsorption [7,8]. However, new
technologies are mineral adsorption [9], fluorescent covalent
organic framework [10], SO, promoted ultrafine nano-sulfur
dispersion [11] and magnetic nanomaterial with bifunctional
groups and core-shell structure [12]. All of these techniques
have their own capabilities and limitations [5]. Among all of
the aforementioned methods, surface adsorption is conceded
as an effective and economically reasonable technique to treat
wastewater. The most significant benefits of surface adsorption
compared to other methods are proven as high efficiency,
inexpensive and metal recycling possibility. During the past
decade, carbon nanotubes (CNTs) were used to eliminate
different contaminations from aqueous solutions owing to
porous structure, high specific surface area, high interaction
and low density with pollutants molecules [13]. Initially,
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CNTs do not interact with some of the materials because of
its unique chemical structure; therefor surface modification
of CNTs is essential for adsorption of metallic ions [14].
Providentially, chemical surface functionalizing can enhance
the distribution of nanotubes in solvents and increase their
applicability to the adsorption of aquatic contaminations
[15]. Polydopamine is considered as an extremely resistant
coating, which is used to coat metals, CNTs, polymers, oxides
and magnetic nanoparticles [16]. Polydopamine can bind to
heavy metal ions or organic contaminants through covalent
and non-covalent interactions such as cutylation, hydrogen
bonding, - interaction and Van der Waals force [17]. Getabi
et al. (2016) used magnetic multiwall carbon nanotubes to
remove cadmium, efficiently. The results showed that the
Freundlich isotherm model was in better agreement with the
experimental data than the other isotherms and its maximum
adsorption capacity was 81.78 mg/g [18]. In another study,
Zhang et al. (2014), used polydopamine biopolymer with
magnetic nanoparticles to prepare Fe,O,/PDA particles and
employed it to eliminate multiple pollutants. Results displayed
that under proper pH condition, the highest Langmuir
adsorption capacities of 467,3, 112.9, 259.1, 100 and 204.1
mg/g can be attained for pollutants of Hg*, Cu*, Ag',
tetrazine and methylene blue, respectively. This indicating
great potential of Fe,O,/PDA particles for removal of several
pollutants [19].

The purpose of the present investigation is to remove Cd
(I) ion from aqueous solutions by SWCNTs, which were
functionalized by polydopamine. The effect of test parameters
such as adsorbent dosage, solution pH, initial metal ion
concentration and kinetics were studied, comprehensively.

2. MATERIALS AND METHODS
2.1. Adsorbent preparation and characterization

At first, 0.5 g of SWCNTs was poured into a container
containing 50 ml dejonized water under ultrasonic
Homogenizer and dispersed for half-hour. Then a 0.45 um
filter paper was used to filter the dispersed CNTs. At that time,
CNTs were added to a beaker containing 100 ml 1.5 M NaOH
and agitated vigorously. Afterwards, 0.5 g FeCL,.4H,0 and 1.3
g FeCl..6H,0 added to 25 ml deionized water to be dissolved.
The solution was then deoxygenized. 0.85 ml concentrated
HCI was poured into the solution and it was added to the
dispersed CNTs dropwise while being ultra-sonicated. The
prepared nanoparticles were separated by a powerful magnet
and they were washed three times by 200 ml deionized water.
It was dried in an oven at 40 °C that resulted in formation of
SWCNT/Fe,O,. Finally, 1 g polydopamine was added to 500
ml Tris buffer (10 mM, pH=8.5) containing 1 g SWCNT@
Fe,O, and stirred for 24 h at ambient temperature. After the
reaction (resulting in preparation of SWCNTs/Fe,O,@PDA)
the prepared particles were collected by a magnet, washed
once more with ethanol and deionized water, and dried at
room temperature. Fig. 1 demonstrates the functionalization
procedure of CNTs. To characterize the functional groups and
observe the morphology of the adsorbent, scanning electron
microscopy (SEM) and Fourier Transform Infrared (FT-IR)
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spectroscopy were utilized, respectively.

2.2. Adsorption experiments

The adsorption study of Cd (II) metallic ions from aqueous
solutions in the batch system was performed using a 250
mL Erlenmeyer containing 100 mL of metallic ion solution,
which was stirred by a magnet stirrer at 200 rpm. Initially,
the metallic stock solution was prepared by dissolving Cd (II)
salt with the concentration of 1000 mg/L and other required
concentrations were prepared daily by diluting the stock
solution with deionized water (electrical conductivity=0.05
uS/m). To optimize the adsorption process, the effect of
adsorbent content was first investigated (100 to 400 mg/L)
under constant pH, initial metallic ion concentration at
ambient temperature. After determining the optimum amount
of adsorbent, adsorption experiments were performed
at different pH values (2, 4, 6, 7 and 8). Then, by changing
the initial metallic jon concentration (10 to 50 mg/L), the
effect of ion concentration was evaluated on the adsorption
procedure. During each experiment, samples were taken out
after 0, 5, 10, 20, 30, 40, 50 and 60 min of the test initiation.
The adsorbent-free metallic ion solution was then transferred
into 1.5 mL-plastic vials. After the sampling, the metallic ion
concentration in the filtered solution was measured in the
range of standard calibration curve. Concentration of the
samples containing Cd ions were determined by spectroscopy
method using dithizone and UV/VIS spectrophotometer
at wavelength of 480 nm [20]. In each experiment, the Cd
removal rate and adsorbent efficiency according to maximum
adsorption capacity (g,) were determined by Eq. (1) and Eq.
(2), respectively.

C.)

C —
%RZIOOX(Oie (1)

V
qf? :M(CO _Ce) (2)

Where, C, (mg/L) is the initial concentration Cd (II) in
the solution, C, (mg/L) is the equilibrium concentration of Cd
(IT) ions in the solution, g, (mg/g) is the mg adsorbed Cd (II)
per g adsorbent, V (L) is working volume and M (g) is dried
weight of the adsorbent.

2. 3. Adsorption isotherm models

In order to determine the optimum Cd absorption, the
consistency of adsorption experimental data with Temkin,
Freundlich, Dubinin-Radushkevich and Langmuir isotherm
models was evaluated. The Langmuir model is described as
Eq. (3) [21].

_ 49,bC,
1+bC,

The Freundlich isotherm is an experimental model. It is
based on heterogeneous energy distribution on adsorbent

q. 3)
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active sites and multilayer adsorption on heterogeneous
surfaces. The Freundlich model is described as Eq. (4) [22].

q.=K,C" (4)

In equations 3 and 4, g, (mg/g) is the adsorption capacity,
C, (mg/L) is the equilibrium concentration of ions, g, (mg/g)
is the maximum adsorption capacity of adsorbent and b (L/
mg) is equilibrium constant which is related to bond formation
energy during adsorption process. Dubinin-Radushkevich
isotherm generally implies the adsorption mechanism with
Gaussian energetic distribution on a heterogeneous surface
which its nonlinear form is presented as Eq. (5) [20].

9, = 4,xp(-KE?) (5)
Where, E is adsorption energy (kJ/mol) that can be

calculated by E=RTLn[1+Cij or E=(2K)_%, K (mol/k])? is

Dubinin-Radushkevich isotherm constant, R=8.314 J/mol.K
is gas constant and T (K) is temperature. Temkin adsorption
isotherm represents the proportion of the adsorbed material
to the logarithm of adsorbing pressure. The linear form of it is
expressed as Eq. (6) [23].

q, = B,LnK, + B,LnC, (6)

Where, B, and K, are isotherm constants, which can be
attained using the slope and y-intercept of the line drawn by
q,vs. LnC,

2.4. Kinetic studies

The pseudo-first-order (PFO) model assumes that the rate
of solution adsorption changes directly with time and it is
proportional to the changes in the saturation concentration
and the rate of adsorption over the time [24]. This model was
first proposed by Lagrange as Eq. (7). The Lagrange equation
is widely used for adsorption of minerals from aqueous
solutions [25].

k_, 7)
2.303

The PSO kinetic describes the dependence of the rate
on the adsorption capacity in the solid phase, which is
independent of the concentration of the adsorbing material
[26]. This model was expressed by Ho in 1995 as Eq. 8.

_ ikt
q. bt +1

Log(q,—q,)=Logq, -

q, (8)

Where, g, (mg/g) and g, (mg/g) are the amount of adsorbed
material at the time of equilibrium and time t, respectively.
k, (1/min) and k, (g/mg.min) are reaction rate constants of
pseudo-fist-order and PSO kinetic models, respectively.
Moreover, the initial adsorption rate of H in terms of mg/g.
min is determined via Eq. (9) [27].

H =Ky, ©)

3. RESULTS AND DISCUSSION
3. 1. FTIR spectroscopy analysis

FTIR spectra was used to determine the functional groups
in the adsorbent. According to Fig. 1, presence of the peak at
3420 cm™ was attributed to O-H stretching vibration [28,29].

The breadth and asymmetry of the peak represents the
strong hydrogen bonds. These bonds could lead to severe
adsorption of water on the surface of the hydrophilic adsorbent
[30]. In the spectrum of final synthetized adsorbent, O-H peak
was broader than that of raw CNTs. The peaks appeared at 2854
cm™ and 2920 cm™! were both assigned to C-H bonding [29].
The peaks observed in the range of 467-630 cm™ were related
to the presence of Fe-O bond that confirm the formation of
Fe,O, in the prepared adsorbent [20]. The peaks detected at
831 cm™ [31], 1290 cm™ [19], 1307 cm™ [31], 1440 to 1620
cm™! [32] were assigned to aromatic rings of polydopamine.
Furthermore, the peak at 1380 cm™ was correlated to indole
unit of the polydopamine [31]. Consequently, the existence
of 1570 cm™! peak approves the presence of C=C bond [33].
The peak at 1542 cm™ was assigned to H-N bond. The peak
at 1620 cm™ is a sign of the existence of C=0 bond [14]. As

Fe(1l), Fe(11I)
—_——
_ NaOH

SWCNTs

T e %,

SWCNTs/Fe304

HO

Tris, pH = 8.5

Te%,

SWCNTs/Fe;0,@PDA

(D = Fe;0, NPs

Fig. 1. Schematic of the functionalization of the SWCNTs/Fe O,@PDA.
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well, the peaks at 1410 cm™ [34] and 1035 cm™ were related
to C-O stretching vibration [18]. Lastly, the peak at 1126 cm™!
was attributed to C-N stretching vibration [35]. The intensity
of the peaks in the FTIR spectra of SWCNTs/Fe,O,@PDA was
higher than SWCNTs. This confirms the well-functionalized
structure of the SWCNTs/Fe,O,@PDA adsorbent.

3.2. SEM observations

The SEM micrographs of SWCNTs/Fe,O,@PDA are
illustrated in Fig. 2. As can be seen in the figure there are
several bright spots on the functionalized CNTs, which
indicates that CNTs were more functionalized on the walls,
defect sides and ends [36]. Besides, the functionalized CNTs
grew thicker and had a web-like morphology with respect
to raw CNTs. This shows the increase of surface area of the
functionalized CNTs [37].

3.3. The effect of adsorbent dosage on adsorption process

As shown in Fig. 3, with elevating the adsorbent dosage
from 100 to 400 mg/L, the rate of cadmium removal increased
to 74.13%. The rise in cadmium ion elimination rate can be
due to the presence of unsaturated adsorption sites and high
specific surface area of the adsorbent [38,39]. On the other

—— SWCNTs

SWCNTs/Fe,0, —— SWCNTs/Fe,0,]

Tranc. (a.u)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, (cm)

Fig. 2. FTIR spectra of SWCNTs/Fe,O,@PDA nanotubes.

WD: 3.96 mm
Det: InBeam SE
View field: 1.38 um | Date(m/diy): 07/16/16

SEM HV: 15.0 kV
SEM MAG: 150 kx

Fig. 3. SEM image of SWCNTs/Fe, O,@PDA nanotubes.
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side, the equilibrium adsorption capacity reduced because
of the unsaturated adsorption sites. SWCNTs/Fe,O,@PDA
adsorbent effectively eliminated the cadmium ions from the
aqueous media due to aromatic ring ligands [40,41]. In a
previous investigation by Vukovic et al. (2010), they showed
that oxidized carbon nanotubes have more oxygenated
groups and perform better in cadmium adsorption. They
reported that the oxygenated groups are better proton donors,
which results in increase of cation exchange capacity and
electrostatic adsorption [42].

3.4. The effect of pH on adsorption process

Regarding the Fig. 4, with increasing pH the cadmium
removal rate improved from 35.10% at pH=2 to 73.27% at
pH=8. By enhancing the pH value, the rate of cation removal
increased due to the fact that, at acidic pH values, the presence
of H* ions prevents the adsorption of heavy metal ions on the
adsorbent surface. Because a competition is occurred between
the adsorbent surface and the heavy metal ions to bind with
H* ions that prevents the complete adsorption of metallic ions
and reduces the removal efficiency [43].

In higher pH values, deprotonation of the adsorbent
surface occurs that increases the negative-charged sites. This
improves the attraction force between the adsorbent surface
and the cations, thus removal efficiency increases [25].
Studies on cadmium described that pH values higher than 6,
the predominant type of Cd** is Cd (OH)* [44]. Although,
the removal efficiency is high at alkaline or neutral pH values,
acidic or neutral pH values were not selected. Since cadmium
is present in the form of insoluble hydroxide. This compound
either is separated by depositing without adsorbent particles
[39], or displays a false removal via depositing on the
adsorbent surface [45]. For this reason, the pH of the solutions
was considered 7 for all experiments.

3.5. The effect of initial metallic ion concentration on the
adsorption process

As it is shown in Fig. 5, the highest and the lowest
cadmium removal rates were obtained at 10 and 50 mg/L,
respectively. Also it can be seen that as the concentration of

90 80
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Removal, %
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removal [ 60

40 4 rss

30 T T T T 50
0.00 0.01 0.02 0.03 0.04 0.05

Adsorbent dose, g/L
Fig. 4. The effect of adsorbent dose on adsorption percentage and
adsorption capacity of cadmium ijons under conditions (pH=7,
equilibrium time: 60 min and cadmium initial concentration: 20 mg/L).
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Fig. 5. Effect of metal ion concentration on adsorption percentage
and adsorption capacity of cadmium ions (adsorbent dosage: 0.2
g/L, equilibrium time 60 min, pH=7).
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Fig. 6. Adsorption isotherm of Cd(IT) on SWCNTs/Fe,O,@PDA
at initial metal ions concentration from 10 to 50 mg/L, adsorbent
dose of 0.2 g/L, pH=7 and temperature of 25 °C for 60 min.

contamination increased, the adsorption capacity improved.
In a way that, at the concentration of 10 mg/L, cadmium
removal rate and adsorption capacity were 71.16% and 39.73
mg/g, respectively. Conversely, for cadmium concentration
of 50 mg/L, the removal rate and adsorption capacity were
47.48% and 132.84 mg/g, respectively.

The increase in adsorption capacity with elevating the
pollutant concentration may be due to the improvement
of driving force due to the concentration gradient [46]. In
addition, the decline in adsorption efficiency by rising the
metallic ion concentration could be attributed to the constant
number of adsorbent active sites against the increasing
number of pollutant molecules. In other words, saturation of
the adsorbent surface at high cadmium concentrations was
the main cause of this decreasing trend [47]. On the other
hand, by increasing the initial concentration of the cadmium
ions, a repulsive force between the metallic ions can form that
suppresses their adsorption by the adsorbent [48].

3.6. Adsorption isotherm models

The adsorption isotherm indicates the relationship
between the amount of metal jon adsorbed at constant
temperature and its equilibrium concentration in the
solution. It also provides essential physicochemical data for
evaluation the applicability of the adsorption process as a
single operation [30]. The hydrophilic surface of SWCNTSs/
Fe,O,@PDA adsorbent leads to an increase in surficial
electron density and electronegativity due to the presence of
oxygenated functional groups such as carbonyls and aliphatic
carboxylic, which plays an important role in the adsorption
mechanism [30]. In order to describe the process, four
important isotherm models including Langmuir, Freundlich,
Dubinin-Radushkevich (nonlinear) and Temkin (linear)
were studied. Isotherm studies of cadmium ion removal are
demonstrated in Fig. 6. The Temkin model is not shown in
the figure because it was in linear form. The experimental
data and the fitting coeflicients of the adsorption isotherms
are presented in Table 1.

Correlation coefficients (R?) of Freundlich, Langmuir,
Dubinin-Radushkevich and Temkin models were calculated
0.978,0.990,0.962 and 0.975, respectively. However, all models
logically describes the adsorption trend, the comparison
of correlation coeflicients revealed that Langmuir model
(R?=0.990) fitted better with the data than other models. The
Langmuir model proposes that the adsorption of metal ions
occurs as a single layer (or monolayer) on a homogeneous
surface [21]. In the Langmuir model, the maximum adsorption
capacity (g, ) was obtained to be 186.48 mg/g, which is higher
than the experimental value of 132.84 mg/g.

3.7. Kinetics of the adsorption process

Fig. 7 illustrates the adsorption kinetics of cadmium ions
on the SWCNTs/Fe,O,@PDA adsorbent. Adsorption kinetics
control the equilibrium time and affect the adsorption
mechanism [49]. The parameters related to these models as
well as their correlation coefficients are shown in Table 2.

It is shown that the correlation coefficient of the PFO
model for cadmium ions is very low. In contrast, the fitting of

1q,

0 10 20 30 40 50 60 70
Time, min

Fig. 7. PSO of cadmium adsorption onto SWCNTs/Fe,O,@PDA.
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Table 1. Freundlich, Langmuir, Temkin and Dubinin-Radushkevich parameters for adsorption of Cd(II) onto SWCNTs/Fe O, ,@PDA.

Table 2. Kinetic adsorption parameters obtained using PFO model and PSO model.

SS. Ghasemi et al., AUT J. Civil Eng., 4(3) (2020) 315-322, DOI: 10.22060/ajce.2020.17477.5635

Langmuir gm, (mg/g) b, (L/mg) RrR?
186.48 0.0974 0.990
Freundlich 1/n Ky R?
0.46 30.04 0.978
Dubinin- gm, (mg/g) E (kJ/mol) R?
Radushkevich
127.51 4.15 0.962
Temkin Kr (L/mol) Br R?
4.32 3.237 0.975

Conc. PFO model PSO model

(mg/L) et K qe1, (mg/g) R? K qe2, (mg/g) R? H

10 39.73 0.106 2441 0.95 0.035 40.65 0.99 57.83
20 67.23 0.028 19.45 0.14 0.005 68.49 0.97 23.45
30 106.45 0.041 42.07 0.47 0.005 107.52 0.98 61.27
40 120.72 0.043 41.75 0.52 0.006 121.95 0.98 99.64
50 132.84 0.032 48.65 0.32 0.008 140.84 0.98 105.32

the experimental data to the PSO model was good with high
correlation coefficient. Therefore, the PSO model reasonably
provides a better expression for the experimental data. Low
k, values in the PSO model also imply that the adsorption
process reached equilibrium very rapidly. This indicates
that by elevating the metal ion concentration, k, values had
a general decreasing trend. This also signifies that the active
sites of the adsorbent were quickly saturated by cadmium ions,
resulting in the formation of monolayer coatings of metallic
ions on the adsorbent surface [29,50]. As shown in Table 2,
the adsorption rate (H) usually increases with enhancing the
concentration of adsorbing material in the solution [27].

4. CONCLUSION

The results of this investigation showed that adsorption
efficiency increased and the adsorption capacity declined by
improving the adsorbent dosage and decreasing the initial
metal ion concentration. The prepared adsorbent showed a
better efficiency at alkaline pH values for cadmium removal.
Comparison of experimental data and fitting coefficients of
different adsorption isotherms displayed that the Langmuir
model fitted better than other models (R’= 0.99). Correlation
coefficients (R’) of Freundlich, Langmuir, Dubinin-
Radushkevich and Temkin models were calculated 0.978,
0.990, 0.962 and 0.975, respectively. Additionally, analysis
of cadmium adsorption kinetics on the adsorbent surface
confirmed that the PSO kinetic equation provides good
fitting to the experimental data and this model is capable for
properly describing the cadmium adsorption mechanism.
The R? values for PSO model obtained about 0.99 for all metal
concentration values. Therefore, it should be stated that,
under optimum conditions, single-walled carbon nanotubes
functionalized with polydopamine can be used as a novel
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adsorbent for elimination of cadmium metallic ions from the
aqueous solutions with high efficiency.
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