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a b s t r a c t

Multi walled carbon nanotubes (MWCNTs) modified with sodium lauryl sulfate (SLS) were synthe-
sized, characterized and successfully used for the removal of Pb2+ from aqueous solutions. Adsorp-
tion results revealed that this surface modification increased adsorption capacity from 3.84 to 141 
mg/g. Adsorption on raw-MWCNTs followed the Langmuir isotherm with qm = 3.84 mg/g and KL = 
0.29 L/mg, whereas adsorption on SLS-MWCNTs followed the Freundlich isotherm with n = 2.50 and 
KF = 15.40 mg0.6·L0.4/g. Adsorption kinetics on raw and modified MWCNTs followed a pseudo second 
order law with rate constants 0.11 and 0.06 g/mg·min, respectively. Thermodynamic studies showed 
that Pb2+ was physisorbed on both adsorbents, with apparent Gibbs free energy, ∆G°, values of –0.45 
and –9.21 kJ/mol at 25°C, respectively. Magnetite derivatives of SLS-MWCNTs were synthesized and 
used for Pb2+ removal. Batch adsorption studies on the magnetite and non-magnetite SLS-MWCNTs 
gave similar results. The enhanced density of the magnetite pellets of SLS-MWCNTs allowed for 
their use in a packed bed column. Column operation modeling results showed that the modified 
dose response model most adequately describes the column data with parameter values qmdr = 28.4 
mg/g and a’ = 3.47 mg–1.
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1. Introduction

Recently, carbon nanotubes (CNTs) have been employed 
extensively as new adsorbents for the removal of a number 
of pollutants. CNTs have large surface areas with hollow, 
porous and layered structures that make them potentially 
effective adsorbents [1]. However, a major problem of car-
bon nanotubes is their tendency, driven by van der Waals 
forces, to agglomerate and form bundles in aqueous solu-
tions [1,2]. This behavior can cause difficulties in CNTs dis-
persion. However, the problem can be resolved by surface 
modifications that reduce accumulation of CNTs and conse-
quently enhance their dispersion in different media. More-

over, such modifications can increase adsorption capacity 
for pollutants [1,2]. 

Surface modification can be done using either of two 
main methods. The covalent method can be used to attach 
the desired functional group permanently to the surface of 
nanotubes. In this method, groups are chemically bound 
to the surface, with the possibility of causing defects in 
the structure of the CNTs, thereby affecting their original 
properties [3,4]. Moreover, large amounts of chemicals are 
used in this method, thus possibly harming the environ-
ment [2]. In the non-covalent method, functional groups 
are only physically, or weakly, bound to the surface [4]. 
This method is important and very common because it 
does not damage the structure or substantially affect CNTs 
properties [3]. Examples of non-covalent functionalization 
include wrapping of polymer chains around the nanotubes 
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and adsorption of surfactants on the surface [4]. Surfac-
tants are adsorbed on the surface of raw carbon nanotubes 
through their hydrophobic chains, thereby making nano-
tubes hydrophilic and dispersible in aqueous solutions [2]. 
Carbon nanotubes functionalization was considered by 
many researchers. Examples of reported functional groups 
include magnetic hydroxypropyl chitosan [5], 2-vinylpyri-
dine (VP) [6], titanium dioxide [7], tris (2-aminoethyl) amine 
[8], 1-isatin-3-thiosemicarbazone [9], thiol [10], manganese 
oxide [11] and concentrated nitric acid [12].

One limitation of the application of CNTs and their 
organic surface modification arises from their very light 
weight, which limits their application in fixed bed columns 
under normal conditions. It is thus important to devise a 
process for making them denser and consequently stable 
when packed in a column. Magnetation is an efficient way 
to make carbon nanotubes heavier and granular. In previ-
ous studies, thiol-groups grafted on the surface of CNTs/
Fe3O4  nanocomposites [10] and magnetic hydroxypropyl 
chitosan/oxidized multi walled carbon nanotubes compos-
ites were used for Pb2+ removal [13].

In this work, the efficiency of using sodium lauryl 
sulfate modified multi walled carbon nanotubes (SLS-
MWCNTs) as adsorbents in the removal of Pb2+ from aque-
ous solutions was studied and compared to that obtained 
with raw-MWCNTs. Moreover, equilibrium, kinetics, 
mechanistic and thermodynamics studies were carried 
out for both adsorbents. Furthermore, both magnetization 
and surface modification were applied to raw MWCNTs. 
Magnetite pellets of MWCNTs modified with sodium lau-
ryl sulfate (SLS-MWCNTs-magnetite) were synthesized, 
characterized and used for Pb2+ removal in batch mode 
experiments. The results were compared to those without 
magnetite. Moreover, SLS-MWCNTs-magnetite were used 
in packed bed column.

2. Experimental

2.1. Materials

Multi walled carbon nanotubes (>95% purity) with less 
than 8 nm diameter and 10–30 µm length were obtained 
from Grafen Chemical Industries (KNT-M31, Turkey). All 
chemicals were of analytical grade. Sodium lauryl sulfate 
(SLS) was from Daejung Chemicals & Metals (South Korea) 
and lead nitrate from Pharmacos (England). Ferrous sulfate 
heptahydrate, from Fluka (Germany) and ferric chloride 
hexahydrate, from Panreac (Spain) were used without fur-
ther purification to prepare magnetite nanotubes. Doubly 
distilled water (DDW) was used throughout. 1.0 M HNO3 
and 1.0 M NaOH were used for pH adjustment.

2.2. Instrumentation

DDW was generated using an Aquatron A4000D (UK) 
water still. Samples were shaken in a temperature con-
trolled flask shaker (Edmund Buhler, Germany). 0.45 µm 
syringe filters were used (MCE Membrane, Membrane 
Solutions, USA). pH measurements were conducted on an 
Orion 210A+ pH meter (ThermoElectron, USA). [Pb2+] was 
measured using either an inductively coupled plasma optical 

emission spectrometer  (Varian sequential ICP-OES, USA) 
or an atomic absorption spectrometer (SpectraAA 220FS 
Varian, USA). An ultrasonication bath (Elma, Germany) 
was used to obtain surfactant-coated MWCNTs. The mod-
ified adsorbent was centrifuged (HERMLE Labortechnik, 
Germany). A hot box oven with fan (Gallenkamp, UK) and 
a vacuum oven (Wisd Laboratory Instruments, Ireland) 
were used for drying. MWCNTs were characterized using 
an energy dispersive X-ray spectroscopy EDS detector 
(Oxford instruments, UK), a thermogravimetric analyzer 
TGA (PerkinElmer, USA) and a Fourier transform infra-
red spectrometer (PerkinElmer, USA). Surface area and 
pore size characterization were done on Quantachrome 
gas sorption analyzer (Autosorb iQ, USA), using nitrogen 
adsorption and desorption isotherms at 77 K. Zeta potential 
measurements were conducted on Anton Paar Litesizer 500 
(Australia). 

2.3. Synthesis of SLS-MWCNTs

In order to modify the MWCNTs surface with SLS, 0.5 
g of raw MWCNTs was added to 500 ml of 8 mM SLS 
aqueous solution. A well-dispersed SLS-MWCNTs sus-
pension was obtained after ultrasonication at 144 W for 
2 h. The dispersion was then centrifuged at 4000 rpm for 
15 min and pellets were obtained. Finally, SLS-modified 
MWCNTs were obtained after drying the pellets for 2 h 
at 110°C in the hot box oven followed by vacuum drying 
for 48 h at 60°C.

2.4. Synthesis of magnetite SLS-MWCNTs 

Magnetite pellets of raw MWCNTs were prepared fol-
lowing the procedure developed by Kerkez et al. [14]. SLS 
modification was then carried out following the procedure 
described in Section 2.3.

2.5. Batch experiments

 The effect of adsorbent dosage, contact time and solu-
tion pH on removal efficiency was studied using batch 
mode adsorption experiments. The effect of each parameter 
was followed by varying it while keeping all other parame-
ters fixed and observing the change in removal percentage, 
as calculated from Eq. (1). The optimum value of a parame-
ter was then used in further experiments.

Removal
C C

C
o e

o

  % =
−

× 100 �  (1)

where Co and Ce are the initial and equilibrium concen-
trations, respectively (ppm). For adsorption experiments, 
1000 ppm stock Pb2+ solution was prepared and the 
required dilutions were made. pH was adjusted using 1.0 
M HNO3 and 1.0 M NaOH. Known masses of MWCNTs 
were separately added to 10 ml aliquots then placed in 
the thermostated shaker at 150 rpm. After shaking for a 
predetermined time interval, samples were filtered using 
0.45 µm syringe filters. Final [Pb2+] was measured using 
either ICP or AA. Glassware were repeatedly cleaned 
using 15% nitric acid then washed thoroughly with DDW 
before drying. 
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2.6. Fixed bed column operation

For column operation, magnetite SLS-MWCNTs were 
packed in a glass column of 50 cm length and 1.0 cm inter-
nal diameter. The height of the bed, supported by glass 
wool, was kept at 2.0 cm. The column was loaded with 100 
ppm Pb2+ solution, percolated under gravity at a flow rate of 
1.0 ml/min. Samples were collected for analysis at different 
intervals.

2.7. Modeling for fixed bed column operation

It is essential to predict the performance of fixed bed 
column under different conditions. Since experimen-
tal determinations are expensive and time-consuming, 
it is convenient to use mathematical models to deter-
mine the best operating conditions and to optimize the 
design of packed bed columns [15]. Data collected from 
the operation of the fixed bed column were fitted to the 
following models:

2.7.1. Thomas model

This is a frequently used model to predict the adsorp-
tion capacity of adsorbents in columns. It is based on the 
Langmuir isotherm, assumes second order kinetics and 
negligible internal and external diffusion resistances [15]. 
The model is expressed by Eq. (2) [7]:

ln
C
C

kTh q m
Q

k C to

t
th o

*
−









 = −1

*
�  (2)

where Ct is the concentration at time t (mg/L), kTh is the 
Thomas kinetic coefficient (ml/min·mg), q is the adsorption 
capacity (mg/g), m is the mass of adsorbent in the column 
and Q is the fluid volumetric flow rate (ml/min). kTh and 
qo can be calculated from the slope and intercept of ln [(Co/
Ct) – 1] vs t [16]. 

2.7.2. Yoon–Nelson model

This is a simple model that is applicable to one com-
ponent systems. It requires fewer column data than 
other models and can predict the time required for 50% 
column breakthrough without the need to run prolonged 
column experiments. However, it is not suitable for pre-
dicting process variables [15,16]. This model follows Eq. 
(3) [16]:
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where kYN is the Yoon-Nelson rate constant (min–1) and 
t is the time required for 50% column breakthrough 
(min). kTh and t can be found from a plot of ln [Ct / Co – 
Ct] vs t [16].

2.7.3. Adam–Bohart model

This model is based on surface reaction theory and 
assumes that the reaction is not immediate. It is convenient 

in describing the initial part of column operation and is 
expressed by Eq. (4) [16]:
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where kAB is the Adam-Bohart kinetic constant (L/mg·min), 
No  is the saturation concentration (mg/L), z is the bed 
height (cm) and Uo is the velocity calculated from the vol-
umetric flow rate over the column cross section area (cm/
min). kAB and No can be found by plotting ln [Ct/Co] vs. t [16].

2.7.4. Modified dose response model (MDR)

This model was developed originally for pharmacology 
studies and has recently been used to describe adsorption 
of metals [15]. Compared to the Thomas model, MDR is 
more accurate in predictions of the breakthrough curve at 
low and high time intervals curve [17]. MDR is expressed 
by Eq. (5) [15]:
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where a’ is the MDR constant, obtained by plotting ln [(Ct / 
Co) – Ct] vs ln (Co*Q*t).

3. Results and discussion

3.1. Surface characterization

Surface characterization of raw and SLS modified 
MWCNTs was conducted using scanning electron micros-
copy (SEM), energy dispersive spectrometry (EDS), thermo-
gravimetric analysis (TGA), zeta potential, surface area and 
Fourier transform infrared spectroscopy (FTIR). EDS, TGA 
and FTIR results are shown in Figs. 1–6. 

Fig. 1 displays the SEM image of MWCNT (1a) and SLS-
MWCNT (1b) and reveals the morphology changes in the 
adsorbent’s surface changes upon modification with SLS. 
This observation shows that binding of SLS to the surface of 
MWCNT lead to this modification. 

EDS of raw nanotubes (Fig. 2) shows that carbon, alu-
minum and iron are present on the surface of the MWCNTs 
in 96.5, 3.2 and 0.4 wt %, respectively. The presence of small 
amounts of aluminum and iron is due to metal catalysts 
used in the synthesis of the MWCNTs. After modifica-
tion (Fig. 3), the carbon weight percentage on the surface 
dropped to 80.4%, with sodium and sulfur also present. 
This confirms that modification was successfully achieved. 

TGA results (Fig. 4) also confirmed that the raw 
MWCNTs have been modified. The behavior of raw and 
modified nanotubes with increasing temperatures mark-
edly differ. Fig. 4 also shows that the modified nanotubes 
are stable with no loss in weight, up to 200°C. FTIR results 
for both raw and SLS-MWCNTs are shown in Fig. 5. Attach-
ing the SLS surfactant to the raw carbon nanotubes resulted 
in the appearance of new peaks. Those at 1059.02, 1209.91 
and 1374.51 cm–1 belong to the S=O functional group of sul-
fur in [CH3(CH2)11SO4 Na] and those at 2851.64 and 2917.58 
cm–1 can be attributed to the C-H group in CH3 and CH2. 
The peak at 3406.59 cm–1 belongs to the O–H group [18]. In 
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sum, the four characterization techniques employed clearly 
highlight the difference between the surfaces of raw and 
SLS-MWCNTs and confirm that surface modification has 
been successfully achieved. 

The magnetite pellets of MWCNTs before and after mod-
ification with SLS were characterized using FTIR (Fig.  6). 

A      B 
Fig. 1. SEM image of raw-MWCNTs (a) and SLS-MWCNTs (b).

Fig. 2. Energy dispersive spectrometry (EDS) analysis of raw-
MWCNTs.

Fig. 4. TGA results of raw and SLS-MWCNTs.

Fig. 3. Energy dispersive spectrometry (EDS) analysis of SLS-
MWCNTs.

Fig. 5. FTIR results for (a) SLS-MWCNTs and (b) Raw-MWCNTs.
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The peak at 493.89 cm–1 in the magnetite raw-MWCNTs 
spectra belongs to the iron oxide used in magnetization 
[19]. Attaching the SLS surfactant to the raw magnetite car-
bon nanotubes resulted in the appearance of the same peaks 
of the non-magnetite SLS-MWCNTs. The interaction of SLS 
with MWCN adsorbents probably follows the scheme pro-
posed in Fig. 7. The interaction is based on physical sorption 
of SLS by the carbon backbone, whereas Pb2+ adsorption 
occurs mainly by an ion exchange mechanism. 

Nitrogen adsorption-desorption was carried out in 
order to determine the pore characteristics of MWCNTs 
and their derivatives. The isotherms shown in Fig. 8 are 
type III (multilayer) and indicate that all the samples have 
macroporous surfaces. The nitrogen uptake was low at 
low pressure indicating low nitrogen-solid affinity. The 
results suggest multilayer, rather than monolayer, for-
mation. Fig.  9 shows the pore size distribution (PSD) of 
MWCNT and its derivatives. The PSD results are consis-
tent with type III isotherm and indicate that the major-
ity of the pores are macroporous, with only a few being 
mesoporous. Fig. 9 also shows the consistency of the pore 
structure of samples, before and after being modified with 
magnetite and SLS. 

Table 1 presents the BET surface area and pore volumes 
of the samples. The BET surface area of MWCNT and mag-
netite MWCNT are almost identical. Similarly, the BET 
surface area of SLS-MWCNT and magnetite SLS-MWCNT 
are identical. The BET surface area, total pore volume and 
micropore volume decrease when the MWCNT and magne-
tite MWCNT samples are modified by SLS. This can be due 

to the coating of these samples by SLS, thereby reducing the 
surface area and the pore volumes.

The zeta potentials of MWCNT and its derivatives are 
presented in Fig. 10. Inspection of the results reveals that 
its value for MWCNT is positive at pH 6.5 with isoelec-
tronic point at pH 3.2. All other samples show negative zeta 
potentials, with that for SLS-MWCNT being the highest at 
pH 6.5. These results contribute to explaining why the affin-
ity of these adsorbents towards Pb2+ removal from indus-
trial wastewater is pH dependent.

Fig. 6. FTIR results of (a) magnetite raw-MWCNTs and (b) mag-
netite SLS-MWCNTs.

Fig. 7.  Schematic representation of the modification of MWCNTs 
by SLS and the subsequent adsorption of Pb2+ by the SLS-
MWCNTs complex.

Fig. 8. Nitrogen isotherms at –196°C for raw-MWCNT and its 
derivatives. 

Fig. 9. Pore size characteristics of raw-MWCNT and its  
derivatives. 
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3.2. Parameters optimization

3.2.1. Effect of adsorbent dosage

The effect of adsorbent dosage on removal efficiency 
for raw and SLS-MWCNTs was studied. The results are 
shown in Fig. 11. This was done by testing different 
adsorbent masses per 10 ml aliquots of Pb2+ solution. 
Other conditions such as initial metal concentration, 
pH, contact time, temperature and shaking speed were 
kept constant. The removal efficiency rise with adsorbent 
mass is due to the increase in available active adsorption 
sites. In the case of raw-MWCNTs, a small increase in 
removal efficiency was observed beyond 0.15 g/10 ml. 
Thus, this value was chosen as optimum dosage. In addi-
tion, removal efficiency was essentially constant using 
0.03, 0.04 and 0.05 g/10 ml of the SLS-MWCNTs. Thus, 
optimum dosage of SLS-MWCNTs was chosen to be 0.03 
g/10 ml. The optimum SLS-MWCNTs dosage is 5 times 
less than that for raw-MWCNTs. The removal efficiencies 
at optimum dosages are 53.9% and 95.9% for raw and 
SLS-MWCNTs, respectively. 

3.2.2. Effect of contact time

Allowing sufficient contact time is essential for best 
adsorption results. The effect of contact time on removal 

efficiency was studied by changing the contact time in the 
range 5–120 min while keeping other parameters constant. 
Results are presented in Fig. 12, which shows that, for both 
raw and SLS-MWCNTs, most of the Pb2+ was adsorbed 
during the first 5 min. This can be attributed to the empty 
active sites available at the beginning of the process. At pro-
longed intervals, virtually all adsorption sites were occu-
pied by Pb2+ and this explains the small increase in removal 
efficiency. Equilibrium was attained after 50 min for raw-
MWCNTs and 30 min for SLS-MWCNTs. 

3.2.3. Effect of pH

Pb2+adsorption is sensitive to solution pH. This is 
because this ion exists in different forms depending on the 
pH of the solution. The predominant form of lead below 
pH 7 is Pb+2. In the pH range 7–10, lead can precipitate in 
the form of Pb(OH)2. Thus, within this pH range it is inac-
curate to claim that lead removal is due to adsorption only 
[1]. Solutions with different pH, in the range 2–7, were pre-

Table 1
BET surface area and pore characteristics of MWCNT and its 
derivatives

Samples
Surface area 
(m2/g)

DFT V<20 DFT Vtotal

CNTMW 191.022 1.74E-03 1.34E+00
Magnetite-
MWCNT

184.794 3.81E-03 1.04E+00

SLS-MWCNT 91.717 0.00E+00 7.02E-01
Magnetite SLS-
MWCNT

88.702 0.00E+00 6.80E-01

Fig. 10. Zeta potential of raw-MWCNT and its derivatives at dif-
ferent pH. The results are average of 1000 runs with maximum 
standard deviation of ± 0.0005 V. The adjusted voltage is 200 V 
at 25.0°C.

Fig. 11. Effect of adsorbent dosage on the removal of Pb2+ from 
aqueous solutions for raw and SLS-MWCNTs at initial concen-
tration = 100 ppm, pH = 5.30 ± 0.05, T = 25.0 ± 0.2°C, contact time 
= 120 min and shaking rate = 150 rpm.

Fig. 12. Effect of contact time on the removal of Pb2+ from aque-
ous solutions for raw and SLS-MWCNTs. Initial adsorbent con-
centration = 100 ppm, pH = 5.30 ± 0.05, T = 25.0 ± 0.2°C, shaking 
rate = 150 rpm. Adsorbent dosage 0.15 g/10 ml for raw-MWCNTs 
and 0.03 g/10 ml for SLS-MWCNTs.
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pared and the effect of pH on the removal efficiency was 
studied. Removal percentage as a function of solution pH 
for raw and SLS-MWCNTs is shown in Fig. 13. For both 
cases, removal efficiency increases with pH. This is prob-
ably due to the competition between H+ and Pb2+ ions for 
adsorption sites. For raw-MWCNTs, the optimum pH was 
6.5. Removal efficiency with SLS-MWCNTs was constant 
starting from pH 5.3, with further pH increases having no 
effect. Thus, pH 5.3 was chosen as the optimum pH of SLS-
MWCNTs, with 95.1% removal. This compares with 45.8% 
removal using raw-MWCNTs at the same pH.

3.3. Adsorption isotherms

Information on adsorption equilibria can be valuable in 
predicting the effectiveness of adsorption [20]. Pb2+ solutions 
of different initial metal concentrations and with fixed pH, 
contact time, temperature and adsorbent dosage were used 
to study adsorption equilibrium. The equation used was:

q
C C V

me
o o=

−( ) * � (6) 

where: qe is the equilibrium adsorption capacity (mg/g), V 
is the volume of solution (ml) and m is the mass of adsor-
bent (g). Adsorption capacity as function of initial concen-
tration as calculated from Eq. (6) is shown in Figs. 14 and 15 
for raw and SLS-MWCNTs, respectively. The capacity using 
raw-MWCNTs at 100 ppm was 3.70 mg/g, compared to 30 
mg/g using SLS-MWCNTs at the same concentration. This 
shows that the modification greatly enhances adsorption 
capacity. 

The equilibrium data of raw and SLS-MWCNTs were 
fitted to four isotherms: Langmuir, Freundlich, Temkin and 
Dubinin-Radushkevich. Linear equations of these models are: 
Langmuir model [21]: 

C
q

C
q q K

e

e

e

m m L

= +
1
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where qm is maximum adsorption capacity (mg/g) and KL is 
the Langmuir isotherm constant.

log log logq K
n

Ce F e= +
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where KF is directly related to adsorption capacity and n to 
the intensity of adsorption.

Temkin model [22]:

q
RT
b

A
RT
b

Ce
T

T
T
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where AT is equilibrium binding constant (L/g) and bT is the 
Temkin constant. 

Dubinin-Radushkevich (D–R) model [22]:
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� (10)
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where qs is the theoretical isotherm saturation capacity 
(mg/g) and KDR is the Dubinin–Radushkevich constant.

Results of data fitting on isotherm models for both raw and 
SLS-MWCNTs are given in Table 2. With a regression coeffi-

Fig. 13. Effect of pH on the removal of lead from aqueous solu-
tions for both raw and SLS-MWCNTs. Initial [Pb2+] = 100 ppm, T 
= 25.0 ± 0.2°C, shaking rate = 150 rpm. Raw-MWCNTs: adsorbent 
dosage = 0.15 g/10 ml, contact time = 50 min. SLS-MWCNTs: ad-
sorbent dosage = 0.03 g/10 ml, contact time = 30 min.

Fig. 14. Change in adsorption capacity with Pb2+ concentration 
using raw-MWCNTs at adsorbent dosage = 0.15 g/10 ml, contact 
time = 50 min, pH = 6.50 ± 0.05, T = 25.0 ± 0.2°C, shaking rate = 
150 rpm.

Fig. 15. Change in adsorption capacity with initial concentration 
using SLS-MWCNTs at adsorbent dosage = 0.03 g/10 ml, contact 
time = 30 min, pH = 5.3 ± 0.05, T = 25.0 ± 0.2°C, shaking rate = 
150 rpm.
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cient of 0.99, the Langmuir isotherm best describes the process, 
indicating monolayer and reversible adsorption of Pb2+ raw-
MWCNTs [23]. The maximum adsorption capacity of raw-
MWCNTs, as given by the Langmuir model, is 3.84 mg/g. By 
contrast, the Freundlich isotherm best describes adsorption on 
SLS-MWCNTs. KF values for raw and SLS-MWCNTs are 1.1 
and 15 g/mg, respectively. KF is a measure of relative adsorp-
tion capacity of an adsorbent and thus SLS-MWCNTs have 
higher adsorption capacity [24]. Moreover, a 1/n value less 
than 1 points to favorable adsorption [22]. Adsorption capac-
ity of SLS-MWCNTs was found to be 141 mg/g. 

The adsorption capacities and removal times of different 
modified MWCNTs used in previous studies of Pb2+ removal 
from aqueous solutions are shown in Table 3. Wang et al. 
[5] used magnetic hydroxypropyl chitosan/oxidized multi 
walled carbon nanotubes (MHC/OMCNTs) composites as 
adsorbent. The maximum adsorption capacity in this study 
was 101.1 mg/g and the optimum contact time was 120 min. 
Moreover, Zhao et al. [7] compared removal of Pb2+using raw 
MWCNTs to that using MWCNTs modified by TiO2. The 
modification resulted in a large increase in adsorption capac-
ity, from 33 to 137 mg/g. In the same study, the optimum 
contact time was found to be 60 min. Inspection of Table 3 
reveals that the adsorbent used in this work has the highest 
adsorption capacity among those previously attempted, with 
a value of 141 mg/g, closely followed by the TiO2 modified 
adsorbent. The lowest contact time (20 min) occurred with 
MWCNT modified with HNO3 [12], followed by the SLS-
MWCNT adsorbent used in this work (30 min). 

3.4. Adsorption kinetics

Adsorption kinetics provides information on adsorbate 
residence time and is thus of value for system design [27]. 
Pseudo-first order, pseudo-second order and Elovich mod-
els were used to study the adsorption kinetics of Pb2+ on 
raw and SLS-MWCNTs. 

The linear form of the pseudo- first order equation given 
by Langergren and Svenska is [28,29]: 

ln (qe – qt) = ln qe – k1 t �  (12) 

where qt and qe are the amounts (mg) of adsorbate adsorbed 
per gram of adsorbent at time t and at equilibrium, respec-

tively, kl is the Lagergren first order adsorption rate constant 
(min–1), obtained from plotting ln (qe – qt) vs. t. 

The pseudo-second order kinetic model can be 
expressed by the following linear form [28,29]: 

t
q k q

t
qt e e

= +
1

2
2

�  (13) 

where k2 is the second order adsorption rate constant  
(g/mg·min) which can be obtained from the intercept of the lin-
ear plot of t/q vs. t. The linear form of the Elovich model is [20]: 

q
t

t = +
ln lnβ
αβ β

�  (14) 

Table 2
Parameters for the four adsorption isotherm models for Pb2+ removal using raw and SLS-MWCNTs

Adsorption 
isotherm model

Parameters R2

Raw-MWCNTs SLS-MWCNTs Raw-MWCNTs SLS-MWCNTs

Langmuir qm = 3.84 mg/g
KL = 0.29 L/mg

qm = 167 mg/g
KL = 0.021 L/mg

0.99 0.96

Freundlich n = 2.90
KF = 1.10 (mg1–1/n·L1/n )/g

n = 2.50
KF  = 15.00 (mg1–1/n·L1/n )/g

0.88 0.97

Temkin AT = 10.00 L/g
BT = 4200 mol/J

AT = 0.38 L/g
BT = 86.00 mol/J

0.94 0.90

Dubinin-
Radushkevich

qs = 3.20 mg/g
KDR = 1*10–6 mol²/kJ²

qs = 78.00 mol²/kJ²
KDR = 4*10–6 mg/g

0.89 0.53

Table 3
Adsorption capacities and contact times of various modified 
MWCNTs used for Pb2+ removal from aqueous solutions

Functional group
Adsorption 
capacity 
(mg/g)

Contact 
time 
(min)

Reference

Magnetic 
hydroxypropyl 
chitosan

101.1 120 [5]

Nitric acid 82 NA [25]
2-vinylpyridine (VP) 37 NA [6]
Oxygen-containing 40.79 90 [26]
Ethylenediamine 44.19 90 [26]
Diethylenetriamine 58.26 90 [26]
Titanium dioxide 
(TiO2)

137 60 [7]

tris(2- aminoethyl) 
amine

43 45 [8]

1-isatin-3-
thiosemicarbazone

14.56 60 [9]

Thiol 65.40 NA [10]
Manganese oxide 78.74 120 [11]
Concentrated nitric 
acid

85 20 [12]

Sodium lauryl sulfate 141 30 This study
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where α is the initial adsorption rate (mg/g·min) and β is 
the desorption constant (g/mg). Table 4 shows R2 values 
and parameters of pseudo-first order, pseudo-second order 
and Elovich models for both raw and SLS-MWCNTs. 

It can be seen that adsorption contact time data of both 
raw and SLS-MWCNTs are well fitted by the pseudo-sec-
ond order model. R2 values were found to be equal to 1 for 
both raw and SLS nanotubes. Thus, it can be concluded that 
Pb2+ uptake on the surface of both adsorbents is governed 
by the pseudo-second order rate equation with rate con-
stants 0.11 and 0.055 g/mg·min, for raw and SLS-MWCNTs, 
respectively.

3.5. Adsorption mechanism

Adsorption involves three major steps: film diffusion, 
particle diffusion and adsorption. Since the last step is typ-
ically very fast, either film or particle diffusion will be lim-
iting [28]. Adsorption models were used to determine the 
controlling step in the process. Liquid film and intra-par-
ticle diffusion models were applied to adsorption by raw 
and SLS-MWCNTs. The liquid film diffusion model can be 
expressed as follows [30]:

ln [1–F] = –Kfd t� (15)

F
q
q

t

e

= � (16)

where: Kfd is the liquid film diffusion constant. Data on raw 
and SLS-MWCNTs were fitted to this liquid film diffusion 
model (Fig. 16). Although, both plots show some linearity, 
neither passes through the origin, indicating that liquid film 
diffusion is not the limiting step in the process [30].

The intra-particle diffusion model is an empirical func-
tional relationship based on theory developed by Weber 
and Morris. It can be expressed as follows [28]: 

 qt = kid t1/2 + C �  (17) 

where kid is the intra-particle diffusion rate constant 
(mg/g·min), and kid and C are the slope and the intercept 
of the linear plot of qt vs t1/2, respectively. Fig. 17 shows the 
results of the intra-particle diffusion model for raw and 
SLS-MWCNTs. Both plots do not pass through the origin, 
indicating that other mechanisms, beside intra-particle dif-
fusion, contribute to the controlling step [29]. Moreover, 
the large value of the intercept in the case of SLS-MWCNTs 
indicates higher contribution of surface adsorption in the 
limiting step [30]. 

3.6. Adsorption thermodynamics

The standard values of the apparent Gibbs free change 
(ΔG°\), apparent enthalpy (ΔH°\), and apparent entropy 
(ΔS°\), were calculated using Eqs. (18) and (19). 

ΔG°/ = ΔH°/ – T ΔS°/ �  (18)

ln ln/
/ /

K
Ca
Ce

S
R

H
RTc = 





=
°

−
°Δ Δ

�  (19)

where Kc
/ is the apparent equilibrium constant and Ca is 

the concentration of adsorbate on adsorbent at equilib-
rium (mg/L) [31,32]. The values of ΔG°/, ΔH°/ and ΔS°/ of 
raw and SLS-MWCNTs are given in Table 5. The positive 

Fig. 16. Liquid film diffusion model for Pb2+ adsorption using 
raw and SLS-MWCNTs.

Fig. 17. Intra-particle diffusion model for Pb2+ adsorption using 
raw and SLS-MWCNTs.

Table 4 
Parameters for three adsorption kinetics models for Pb2+ removal using raw-MWCNTs

Adsorption kinetics model
Parameters R2

Raw-MWCNTs SLS-MWCNTs Raw-MWCNTs SLS-MWCNTs

Pseudo-first order kl = 0.038 min–1 kl = 0.066 min–1 0.94 0.92
Pseudo-second order k2 = 0.110 g/mg·min k2 = 0.055 g/mg·min 1.00 1.00
Elovich α = 36000 mg/g·min

β = 4.9 g/mg
α = 5.00 * 109 mg/g·min
β = 0.88 g/mg

0.95 0.81
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value of ΔH°/ with raw MWCNTs indicates an endother-
mic adsorption. By contrast, for SLS-MWCNTs, the negative 
ΔH°/ indicates an exothermic process [32]. This difference in 
behavior can be attributed to ion exchange in the case of raw-
MWCNTs. The negative values of ΔG°/ indicate that adsorp-
tion is spontaneous [31]. Moreover, since all ΔG°/ values 
are small, (0 to –20 kJ/mol), it may be concluded that Pb2+ 
is physisorbed [33]. This is the case for both raw and SLS-
MWCNTs. The sign of the entropy change gives information 
about the degree of freedom of the adsorbate. The positive 
ΔS°/ for raw-MWCNTs indicates an increase in the freedom 
associated with of Pb2+ adsorption, while the negative value 
for SLS-MWCNTs points to increased restriction [32].

3.7. Adsorption studies on the magnetite derivatives

Before using the magnetite pellets of SLS-MWCNTs in 
fixed bed column, they were tested in batch mode exper-
iments. The effect of adsorbent dosage and contact time 
on the removal efficiency using magnetite SLS-MWCNTs 
(Mag. SLS-MWCNTs) and non-magnetite SLS-MWCNTs 
(SLS-MWCNTs) was studied. Figs. 18 and 19 show that the 
removal efficiencies of magnetite and non-magnetite SLS-
MWCNTs, under the same conditions, are almost the same. 
Thus, magnetization has no effect on the efficiency of mod-
ified multi walled carbon nanotubes.

3.8. Packed bed column results

 The first step in testing the efficiency of any new adsor-
bent is using it in a batch process. However, the batch 
method is not convenient in treating large scale wastewa-
ter; fixed bed adsorption columns are used instead. In col-
umn operation, the contaminated fluid is continuously fed 
through a bed packed with the adsorbent until it is fully 
loaded with the adsorbate. 

Column experiments were carried out using the mag-
netite SLS-MWCNTs. Fig. 20 shows that results of the col-
umn operation expressed in terms of the change in Ct/Co 
with time. It can be seen that Ct /Co increases with time. 
This is because more volume of the contaminated fluid has 
passed through the column which exhausts it and loads it 
with the lead. The data collected from column operation 
were fitted to the Thomas, Yoon-Nelson, Adam–Bohart 
and the modified dose response (MDR) models. The exper-
imental conditions were: height of the column (z): 2.0 cm, 
volumetric flow rate (Q): 1.0 ml/min, initial concentration 
(Co): 100 ppm and velocity (Uo): 1.27 cm/min. These data, 
combined with the slopes and intercepts of experimental 

data fitting were used to calculate the parameters of the 
four models. Table 6, shows that MDR the best describes 
the data with R2 = 0.95. By substituting MDR parameters in 
Eq. (5), it can be predicted that the column will reach 90% 
exhaustion after 160 min.

Fig. 18. Effect of adsorbent dosage on the removal of Pb2+ from 
aqueous solutions for magnetite and non-magnetite SLS-
MWCNTs. Contact time = 120 min, pH = 5.30 ± 0.05, T = 25.0 
± 0.°C. Initial [Pb2+] initial = 100 ppm, shaking rate = 150 rpm.

Fig. 19. Effect of contact time on the removal of Pb2+ lead from 
aqueous solutions for magnetite and non-magnetite SLS-
MWCNTs. Adsorbent dosage = 0.03 g/10 ml, pH = 5.30 ± 0.05, 
T = 25.0 ± 0.2°C. Initial [Pb2+] initial = 100 ppm, shaking rate = 
150 rpm.

Fig. 20.  Breakthrough curve of column operation at initial con-
centration = 100 ppm, pH = 5.30 ± 0.05, bed height = 2.0 cm, flow 
rate = 1.0 ml/min, T = 25.0 ± 0.2°C.

Table 5
Thermodynamic parameters for Pb2+ adsorption using  
raw-MWCNTs

Adsorbent
∆G °\ (kJ/mol) ∆H °\  

(kJ/mol)
∆S °\

(J/molK)298 K 308 K 318 K

Raw-
MWCNTs

–0.45 –0.79 –1.10 9.9 35

SLS-
MWCNTs

–9.21 –7.80 –6.40 –51 –140
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3.9. Regeneration attempts

Regeneration experiments on magnetite SLS-MWCNTs 
equilibrated with Pb2+ were carried out under optimum 
conditions. 0.7 M HNO3 was added to the used adsorbent 
was shaken for 30 min in 0.7 M HNO3 at 150 rpm and 
room temperature, followed by washing with DDW. The 
adsorbent was then vacuum-dried at 60°C for 24 h and 
reused in further adsorption-desorption cycles. In the first 
cycle, Pb2+ percentage removal dropped from 97.0 to 59.1 
and in the second cycle from 59.1 to 33.6. These results 
lead to the conclusion that regeneration of SLS-MWCNT 
is inefficient. 

4. Conclusion

Recently, carbon nanotubes have been employed 
extensively as new adsorbents for the removal of many 
pollutants. However, one of the main problems of carbon 
nanotubes is their tendency to agglomerate and form bun-
dles in aqueous solutions. This reduces CNT dispersion and 
hence the surface area, thereby limiting available adsorp-
tion sites. To overcome these shortcomings, surface modi-
fication with SLS was applied to the pristine MWCNTs in 
order to obtain SLS-MWCNs. SLS-MWCNTs were charac-
terized using SEM, EDS, TGA, FTIR, BET, and zeta potential, 
which also showed that the surface was successfully mod-
ified. Optimum values of adsorbent dosage, contact time 
and pH using raw-MWCNTs were 15.0 g/L, 50 min and 
6.5, respectively. For SLS-MWCNTs, these were 3.00 g/L, 
30 min and 5.3, respectively. The Langmuir isotherm best 
described raw-MWCNTs with 3.84 mg/g maximum capac-
ity. The Freundlich isotherm best described SLS-MWCNTs 
with adsorption capacity of 141 mg/g at 700 ppm. Fur-
thermore, kinetics studies revealed that both raw and SLS-
MWCNTs followed the pseudo-second order kinetic model 
with rate constants 0.11 and 0.06 g/mg·min, respectively. 
Adsorption of Pb2+ by raw-MWCNTs was endothermic but 
that of SLS-MWCNTs was exothermic. However, Pb2+ was 
physisorbed on both surfaces. Magnetite pellets of SLS-
MWCNTs were prepared, characterized using FTIR and 
used in batch experiments. Characterization showed that 
raw multi walled carbon nanotubes were successfully mag-
netized and modified with SLS. Batch adsorption results 
did not show any difference in removal efficiency between 
magnetite and non-magnetite SLS-MWCNTs. Magnetite 

pellets of SLS-MWCNTs were used in the packed column. 
Column operation modeling showed that MDR model was 
the best to describe the data with parameters qmdr = 28.4 
mg/g and a’ = 3.47 mg–1.
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