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Abstract. Surface-modified carbon nanotubes (CNTs) were prepared in order to remove lead ions (Pb%t) from aqueous
solution. The modification of CNTs was conducted by oxidation, using a mixture of nitric acid (HNO3) and sulphuric acid
(H2S0y). The adsorption behaviour was well fitted to the Langmuir model and the maximum adsorption capacity of Pb>*
was found to be 100 mg g~!. The adsorption of Pb>* reached equilibrium in 80 min. The experimental data were well fitted
to a pseudo-second-order rate model rather than a pseudo-first-order model. The activation energy and activation enthalpy of
the adsorption calculated from Arrhenius and Eyring equations were, respectively, 21.08 and 18.56 kJ mol~!, which reflect
the outside surface adsorption and ion exchange mechanism. The thermodynamical studies showed that the adsorption of
Pb%* was a spontaneous and endothermic process. The ion exchange mechanism of Pb2* removal was confirmed by the pH

and electrical conductivity data in solution before and after adsorption.
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1. Introduction

Recently, in Vietnam and many other countries, the pollution
of water by inorganic and organic compounds has increased
with the development of industry. The presence of heavy metal
ions in water, including copper (Cu®"), lead (Pb*"), cadmium
(Cd**), zinc (Zn*T) and chromium (Cr**), may be a potential
hazard to human health [1,2]. Among such metal ions, lead
ions (Pb>*) are a noted contaminant that can cause numerous
health problems when accumulated in the human body for a
long time.

The carbon nanotubes (CNTs) are known to possess excel-
lent adsorption behaviour against heavy metals [3—6], but
the agglomeration nature of CNTs restricts the effective sur-
face areas of CNTs for the adsorption of heavy metals. The
excellent adsorption behaviour of CNTs may be remark-
ably enhanced by the surface modification that increases
the effective surface area, e.g., the utilization of some oxi-
dants, such as HNO3, H,SO,4, KMnO4 H,O, or NaClO [7-9].
Additionally, the acid treatment of CNTs plays an important
role in (i) the enhanced dispersion in water or solvents that
may depend on the amount of polar functional groups, e.g.,
—OH, —-C=0 and —-COOH [10-12] and (ii) the removals of
not only impurities such as metals or metal oxides (cata-
lysts) used for the preparation of CNTs but also byproducts
(e.g., amorphous carbon) [13—15]. Further, the electrostatic
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charge that is derived from such polar functional groups
causes attraction forces of metal ions, thereby enhancing the
adsorption of heavy metals. The amounts of such functional
groups may be varied, depending on the oxidant concentra-
tion and modification temperature/time [16]. In some cases,
the oxidation is utilized as the first step to functionalize
the surface of CNTs by the additional groups like amines
[17].

Regarding the removal of Pb>* ions by CNTs, many stud-
ies conducted so far showed the values of maximum Pb>*
adsorption capacity to be still comparatively low [18-21],
regardless of the useful proposals of ion exchange technique
or adsorption mechanism of the Pb>* ions in aqueous solution.
In this study, the modification conditions of CNTs surfaces
suitable for the adsorption of Pb?>* in the aqueous solution
are examined, together with the ion exchange and adsorption
mechanism.

2. Experimental

2.1 Materials

The starting CNTs were synthesized from liquid petroleum
gas (LPG) by the chemical vapour deposition (CVD) method,
in which LPG carried in a nitrogen flow was pyrolysed at
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Figure 1. SEM image of CNTs.

800°C, using the catalyst Fe/Al,O3. The tubes of material
were uniform in the range 20-30nm (see figure 1).

The resulting CNTs were suspended and sonicated for
15 min in concentrated HNO3 and H,SO,4 with stirring, prior
to the refluxing operation. The surface-modified CNTs were
separated, washed by de-ionized water and dried at 80°C until
unchanged weight.

2.2 Methods

2.2a Characterization of CNTs: The phases were identi-
fied using an X-ray diffractometer (XRD) (Model RINT2000/
PC (Rigaku, Tokyo, Japan)) with Acyk o = 0.15406 nm, and
a Fourier transform infrared (FT-IR) spectroscope (Model
IRPrestige-21 (Shimadzu, Kyoto, Japan)). Raman spectrum
was employed to realize the presence of defects on the sur-
face of material using a Cary 5000 device (Netherlands). The
particle morphology was studied using a field-emission scan-
ning electron microscope (FE-SEM; Model S-4800 (Hitachi,
Tokyo, Japan)), and a scanning transmission electron micro-
scope (STEM) attached to the FE-SEM. The specific surface
area was measured by nitrogen adsorption—desorption mea-
surement at 77 K (Model BELSORP-mini, MicrotrackBEL,
Osaka, Japan) and calculated on the basis of Brunauer—
Emmett-Teller (BET) theory.

2.2b Adsorption studies:  All the working solutions of
Pb** were further diluted from stock solution containing
1000 mg1~! Pb>* (Merck). The concentration of Pb** was
determined by atomic absorption spectrometry (AAS). The
adsorption capacity of Pb?* is calculated as follows:

(Co - Ce) Vv

Qe = ————— (1)
m

where ¢, is Pb*" adsorption capacity, C, and C, are concen-
trations of Pb>* before and after adsorption, respectively, m
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is the mass of surface-modified CNTs and V is the volume of
Pb>* solution.

To determine the effect of pH on the removal of Pb>* ions
from aqueous solution, 10 mg of surface-modified CNTs was
dispersed in 50 ml of 20 mg1~! Pb** solution for 120 min and
pH was varied from 2 to 6. Pb(OH), precipitation appeared
when pH was more than 6. The effect of adsorbent dosage on
Pb** ion adsorption was also studied from 0.1 to 0.3 g1~

For kinetic studies, the surface-modified CNTs were added
to 250ml of 20mgl1~! Pb** solution at 0.2gl~! of CNTs
dosage at 30°C. After every 10 min, 10 ml of the sample solu-
tion was taken out and the concentration of Pb** determined.

The maximum Pb*>" adsorption capacity (gn) of the
surface-modified CNTs was determined on the basis of
isothermal data. The sample including S0ml of Pb** solu-
tions was stirred at 30°C for 80 min, using the solutions with
the amounts ranging from 10 to 60 mg1~'. Here, the dosage
of surface-modified CNTs was fixed at 0.2 g1~!. The equilib-
rium amount of Pb>* in the solution was determined after the
adsorption.

The effect of temperature on Pb“" removal reaction was
surveyed from 10 to 50°C. At each temperature, 250 ml of
20mg1~! Pb>* solution was stirred with 50mg of surface-
modified CNTs. After every 10 min, 10 ml of the sample solu-
tion was taken out and the concentration of Pb>* determined.
Consequently, Gibbs free energy (AG®), enthalpy (AH®),
entropy (AS°) and activation energy (E,) and activation
enthalpy (A H*) parameters of adsorption were determined.

b2+

3. Results and discussion

3.1 Determination of suitable modification conditions of
CNTs

The surface modification of CNTs was carried out using a
mixture of strong acids, i.e., HNO3; and H,SOy (1:3 (volume))
[22-24]. Among these acids, H,SO,4 was used to restrict the
decomposition of HNOj for the enhancement of oxidation
ability. Firstly, the effects of oxidants concentration and mod-
ification temperature/time on the properties of CNTs were
checked with the results shown in figure 2. The surface of
CNTs was oxidized by 100 ml of mixture of acids; the concen-
trations of acids were varied from 3.25 to 16.25% for HNOj;
and 14.70 to 73.50% for H,SOy (figure 2a). The non-surface-
modified CNTs exhibited low adsorption capacity of Pb**
(approximately 10 mg g~!), much lower than that of surface-
modified CNTs. On the other hand, the higher the temperature
and the longer the time, the higher the Pb>* adsorption capac-
ity. In the range of modification temperatures and times from
50t090°C and 5 to 8 h, respectively, Pb>* adsorption capacity
attained 70 mg g~! or higher values (figure 2b and c).

The effect of high modification temperatures and long
times, as well as the increased concentration of oxidant
(HNO3;-H,SO4 mixture), contributed to enhancing the Pb**
adsorption capacity. The utilization of high concentration of
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Figure 2. Effect of modification conditions on Pb2t adsorption
capacity: (A) oxidant concentrations; (B) modification temperature
and (C) modification time.
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Figure 3. FT-IR studies performed on CNTs and modified CNTs
samples.

acids, however, notably reduced the particle sizes, thereby
making filtration of the modified CNTs difficult. This phe-
nomenon may be explained in terms of the chemical degra-
dation due to the attack of strong acids on the C—C bonding
within CNTs. We, therefore, carried out this surface modi-
fication operation at 50°C for 5 h, using a mixture of 13%
HNO3; and 58.80% H,SO, acids.

3.2 Charaterization of modified CNTs

The oxidation operation by strong acids is simple and effective
for the formation of oxygen-containing functional groups on
the CNTs. The formation of such funtional groups on the
CNTs was checked by FT-IR spectroscopy, with the results
shown in figure 3.

Many peaks/bands of oxygen-containing groups were
detected from the FT-IR spectrum. The band assigned to
—OH groups of carboxylic acid, alcohol and water appeared
at around 3364, 2922 and 2851 cm~!. Also, the C=0 groups,
which proved the presence of —-COOH, appeared at around
1701 cm~!. Moosa et al [4], Li et al [25] and Wang et al
[26] found similar characteristic peaks/bands for the oxidized
CNTs. The weak peak at the wavenumber of around 1000 and
1400 cm™! might be assigned to the C—O and C=C groups.

In order to identify the presence of defects on the surface
of the modified CNTs caused by oxidation, Raman charac-
terization was performed, and it is shown in figure 4. The
Raman D band (D—disorder) located at 1319 cm™! is due to
amorphous carbon and structural defects; graphite structures
were proved by the G band (G—graphite) at 1567 cm~'. The
G’ band at 2642 cm ™! is an overtone of the D band. The den-
sity of defects in the CNTs structure can be estimated by the
ratio of integrated intensities of the D to G bands (Ip/Ig) and
D to G’ bands (Ip/Ig). This means the larger the value of
Ip/lg and Ip/l ratios, the higher the defect density [27].
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Figure 4. Raman studies performed on CNTs and surface-
modified CNTs samples.

Figure 4 shows that the values of Ip/Ig and Ip/lg for the
modified CNTs are both larger than those for non-modified
CNTs. As aresult of this, oxidation of surface of CNTs indeed
bred defects in its structure.

EDX analysis of raw and surface-modified CNTs
(figure 5) provided the evidence for the presence of carbon as
the main component of both samples, in which the raw sam-
ple consisted of more percent (w/w) of carbon (93.74%) than
surface-modified one (88.93%). This might be because weight
percent of oxygen increased strongly from 3.98% for initial
CNTs to 10.30% for surface-modified CNTs, which demon-
strated that functional groups containing oxygen appeared on
the surface of CNTs. Additionally, small amounts of impu-
rities, including Fe and Al derived from the catalysts, were
detected by EDX. The decrease of weight percent of these ele-
ments after oxidation of CNTs proved the purification ability
of the oxidation by acids because Fe and Al dissolved in acids.

Figure 6 shows the FE-SEM and STEM images of the
surface-modified CNTs. The observation of FE-SEM images
shows that the tube structure is still maintained after the
oxidization by acid. Compared with the microstructure of
raw CNTs (figure 1), however, most tubes seemed to be
shorter in long-axis direction, reflecting the partial damage
by oxidation of CNTs. On the other hand, rough surface
of surface-modified CNTs observed through STEM images
demonstrated the presence of defects on the surfaces of tubes,
which was learnt also from Raman spectra.

The specific surface area of surface-modified CNTs mea-
sured by BET method was 159 m? g~!, which is higher than
that of raw CNTs (134m? g~!) (figure 7a and b). The rup-
ture of CNTs indicated the formation of defects, for example,
increased amounts of pentagon and heptagon defects, thereby
enhancing the surface area [28].

3.3 Pb** adsorption onto surface-modified CNTs

3.3a Effect of pH: The point of zero charge (PZC) is a
concept related to the characteristics of adsorption, i.e., the
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Figure 5. EDX analyses of CNTs (A) and surface-modified CNTs
(B) samples.

electrical charge density on the surface is zero. When the pH
is higher than PZC value, the basic solution donates more
hydroxide groups (OH™) than protons (H™), and the surfaces
of CNTs are negatively charged and favourable for attracting
cations. Conversely, below the PZC, the positively charged
surface is not advantageous to the adsorption of cations. The
relationship between pH and Pb>* adsorption capacity is
shown in figure 8.

The value of PZC of surface-modified CNTs reported pre-
viously was about 5 [29]. The experimental data showed
that the enhancement of pH from 2 to 5 reduced the pos-
itive charge on the surface of CNTs and increased Pb>"
adsorption capacity from 2.65 to 55.55mgg~!. At pH 6, the
surface-modified CNTs exhibited the highest Pb>* adsorption
capacity (70.60 mg g~') or suitable pH for Pb>* adsorption.
The present results have been supported by Tehrani ef al [30].

3.3b  Effect of surface-modified CNTs (adsorbent) dosage:
Changes in Pb*>" adsorption capacity are shown in figure 9,
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Figure 6. FE-SEM (A) and STEM (B) images of surface-modified
CNTs sample.

as a function of CNTs dosage amount. On increasing initial
Pb** concentration to 20mg1~!, a strong uptrend of Pb**
adsorption capacity was observed from 33.60 to 68.75 mg g !
when the amount of CNTs dosage increased from 0.1 to
0.2 g17!. Subsequently, Pb>* adsorption capacity slightly var-
ied around the value of 68 mg g~!. Thus the suitable amount
of surface-modified CNTs for Pb>* removal was determined
as 0.2 gl L

3.3c Effect of Cu** ions: United States Environmental
Protection Agency (EPA) put forward some federal regula-
tions for drinking water, and among them, Lead and Copper
Rule is one of these regulations, which limits the concentra-
tion of lead and copper allowed in public drinking water at
the consumer’s tap [31,32]. In the present study, the effect of
the presence of Cu”>" in solution on Pb>* adsorption capacity
of adsorbent was investigated. The initial Pb** was 10, 20
and 30 mg1~" and the added Cu®>* concentration varied from
0 to 30mgI1~!. The effect of added Cu*" concentration on
the Pb>* adsorption capacity is presented in figure 10. The
results showed that the higher the concentration of Cu**
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Figure 7. BET analyses of CNTs (A) and surface-modified CNTs
(B) samples.
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solution, the lower the Pb>* adsorption capacity of modified
CNTs. This can be explained based on the fact that affinity
of Cu** ions towards surface of adsorbent hindered the con-
tact between Pb>* ions and adsorption centres existing on its
surface. Therefore, Pb’>" adsorption of adsorbent was partly
impeded by the presence of Cu®* ions.

Figure 10b shows the increase of the total adsorption capac-
ity of modified CNTs when Cu** concentration is lower than
15 mg1~! and after this, there is no remarkable change of Pb>*
adsorption capacity when Cu’* concentration increases from
15 to 30mg1~!. This demonstrated that the addition of other
heavy metals cations seemed not to change total adsorption
capacity of modified CNTs. In other words, Pb>* selectivity
of modified CNTs was not high.

3.3d Adsorption kinetics: Figure 11 shows the changes in
Pb>* adsorption capacity of surface-modified CNTs with time
at different temperatures. Pb>* adsorption capacity increased
with time and showed a maximum after around 80 min at all
surveyed temperatures; with further increase in time, how-
ever, the variation was not remarkable. This fact indicates that
Pb>* adsorption of surface-modified CNTs reached equilib-
rium state after 80 min.

These data were applied to a pseudo-first-order rate model
(equation (2)) or pseudo-second-order rate model (equation
(3)) [6,33]. The pseudo-first-order and pseudo-second-order
kinetic equations are given, respectively, as follows:

In(ge — q1) =Inge — kit (2)
t 1 t
Lo 3)
@ kg qe

where g and ¢, are Pb>* adsorption capacities at equilibrium
and any time, respectively; k; and k, are pseudo-first-order
and pseudo-second-order rate constants, respectively.
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Table 1.
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Parameters of the pseudo-first-order and pseudo-second-order kinetic equations at surveyed temperatures.

Pseudo-first-order kinetic equation

Pseudo-second-order kinetic equation

2

ge experimental
2

Temperature (°C)  ge (mgg™") r ge (mgg™") r (mgg™")
10 48.35 0.976 78.13 0.994 63.8
20 59.13 0.866 78.13 0.989 66.1
30 37.52 0.946 77.52 0.994 68.3
40 4591 0.945 80.00 0.998 72.3
50 57.86 0.963 81.96 0.998 75.3
As shown in table 1, the correlation coefficients of the -6.4 4 - -

pseudo-second-order kinetic equation at all surveyed temper- 1 = Arrhenius equation

atures were all higher than those of pseudo-first-order kinetic -6.6 1 Ink, = -2535.87(1/T) + 1.364

equation. On the other hand, with the increase of temper- 6 8—- 2= 0.9%4

ature, the model values of equilibrium adsorption capacity o

(ge) calculated from pseudo-second-order kinetic equation < 704

were more consistent with experimental values than those - ]

calculated from pseudo-first-order kinetic equation. This con- 272

firmed that the pseudo-second-order kinetic model described 1

the adsorption of Pb>* onto the modified CNTs well. In other -7.44

words, Pb>t adsorption onto surface-modified CNTs at low 1

initial concentration may be controlled by chemisorption pro- 761

cess [34].

The activation energy refers to the minimum amount of
energy that must be overcome for adsorption. The activation
energy, E,, was determined by Arrhenius equation

kr = Ae”Fa/RT )

Taking the natural logarithm on both sides of equation (4),
one obtains

E,

Inky =InA —
RT

&)

where A is the pre-exponential factor; R is the universal gas
constant, which is 8.314 Jmol ! K~!; T is absolute tempera-
ture in Kelvin (K).

Figure 12 illustrates the linear plot of In k7 vs. 1/T. E, can
be obtained from the slope (—E,/R). The obtained E, (using
the Arrhenius equation) was 21.08 kJ mol~!. Low activation
energy (below 42 kJ mol~!) implies diffusion-controlled pro-
cess because the temperature dependence of pore diffusivity
is relatively weak and the diffusion process refers to the move-
ment of the solute to an external surface and not diffusivity
of material along microscope surfaces in a particle.

Thermodynamic parameters of activation can inform
whether or not the adsorption process follows an activated
complex prior to the final adsorption. Thermodynamic param-
eters of activation, including the enthalpy (A H¥), entropy
(AS*) and Gibbs free energy (AG*) of activation for Pb>*
adsorption kinetics, were obtained by applying the Eyring

0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
T

Figure 12. Arrhenius plot studied on Pb>* adsorption onto
surface-modified CNTs.

equation. The linear form of Eyring equation is expressed as
follows:

ky AH? kg AS*
In— =— In— 4+ —, 6
n RT+nh+ R (6)

where k7 is the rate constant, equal to the rate constant in the
pseudo-second-order model, KB (1.3807 - 10~ JK~!) is the
Boltzmann constant and 4 (6.621 J s) is the Planck constant.

Using the linear plot of In(k/T') vs. 1/T, the AS* and AH*
were obtained from the slope (—AH#/T) and y-intercept
[In(kg/h + (AS*/R)]. The linear plot of In(k/T) vs. 1/T is
presented in figure 13. Activation parameters for Pb>* adsorp-
tion are shown in table 2.

Positive value of AS* (466.27 Jmol~! K~!) suggests a pos-
sibility of an associative chemisorption through the formation
of an activated complex between Pb>* molecule and adsor-
bent. Also, positive value of AS* normally reflects that no
significant change occurs in the internal structure of the adsor-
bent during the adsorption process [35,36]. The values for
AH* (18.6 kI mol ') suggest that the reactions are endother-
mic. The large, negative AG* implies that in these reactions,
activated complex occurs spontaneously.
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Figure 13. Eyring plot studied on Pb2* adsorption onto surface-
modified CNTs.

This result emphasizes two important points: (i) the
adsorption of Pb>* onto modified CNTs takes place mainly
on the outside surface of CNTs and the structure of CNTs is
not changed because Pb>" does not diffuse inside the tubes;
(i) the reaction between Pb>T ions in solution and functional
groups on the surface of CNTs such as -COOH and —OH
might be ion exchange reaction, which means each Pb*>* ion
in solution would bond with two O atoms of two groups of
—COOH or one group of -COOH and one group of —OH and
replace two HT ions [32]. The ion exchange mechanism can
be supported by the change of pH and electrical conductiv-
ity values of solution before and after adsorption at 30°C, as
shown in figure 14.

Clearly, it is found that in case of the solution containing
high amount of H" ions, the electrical conductivity of solu-
tion will be high, because the ionic mobility of H' is larger
than that of Pb>*. The results indicate that the solutions after
the adsorption at initial concentrations from 20 to 60 mg1~!
exhibit lower values of pH and higher values of electrical
conductivity than the case before the adsorption, which means
that the solution after the adsorption contains more amount of
H™ ions than the case before the adsorption. This mechanism
is illustrated by schema 1.

3.3e Adsorption isotherm: Langmuir and Freundlich
isotherm models [6,28,33] are used in order to evaluate the
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adsorption as follows:

C. Ce 1
Loty )
qe qdm Kigm

Inge =InKg+nlnC, ®)

where C. is the equilibrium concentration of Pb’* in the
solution after adsorption, ¢. is Pb** adsorption capacity of
modified CNTs that is calculated by equation (1), gn is

Table2. Activation parameters for Pb>* adsorption onto surface-modified CNTs.

Temperature (K) ~ AH* (kI mol~1)

AS* (Jmol~ 1 K—1)

AG* (kI mol~1)

283 18.56
293
303
313
323

466.27 —113.39
—118.05
—122.72
—127.38

—132.04
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COOH COO~_
Pb
COOH > coo -~
Fb > +4H"
COOH CO0 ~_
Fh
OH o~

Scheme 1. Ion exchange mechanism of Pb?T adsorption onto
modified CNTs.

maximum Pb>* adsoprtion capacity and K is the Lang-
muir constant, which is related to the strength of adsorption.
An essential characteristic of Langmuir isotherm can be
expressed by a dimensionless constant called equilibrium
parameter:

1

RL=—"—""—+,
1+ K1.C,

(€))

where C, is the highest initial concentration of Pb?>* and the
value of Ry indicates the type of the isotherm; K and n are
Fruendlich constants [33].

Figure 15 illustrates the linear correlation between g,
and C, corresponding to Langmuir and Freundlich isotherm
models. The correlation coefficient for the Langmuir model
(r?> = 0.996) was greater than that of the Freundlich model
(r? = 0.682). This fact indicates that the adsorption is in the
monolayer form, i.e., experimental data are in agreement with
the Langmuir model.

The equilibrium parameter (Ry ) value of 0.06 characteriz-
ing dimensionless constant calculated from Langmuir model
approximated to zero and was in the range 0—1. The maximum
Pb>" adsorption capacity (g,,) was 100mgg~".

These results indicate that Pb** adsorption onto modified
CNTs takes place favourably and irreversibly, and this sor-
bent has good adsorption capacity. In comparison with the
adsorbents of many studies listed in table 3, maximum Pb>*
adsorption capacity of our material was much higher than in
the previous research. This proved that the simultaneous use
of HNO;3; and H,SO,4 enhances the efficiency of surface mod-
ification. Thereby, the number of oxygen-containing groups
on the surface of CNTs is increased; more Pb>t ions can
approach the surface of CNTs and replace H' ions of these
groups.

3.3f Thermodynamic studies: The equilibrium constant of
adsorption (K,) is calculated by the following equation [26]:

K. = ==, (10)

where C,. and C, are equilibrium Pb>* concentration on the

adsorbent and in solution, respectively.
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Figure 15. Langmuir (A) and Freundlich (B) isotherm models for
Pb?* adsorption onto modified CNTs.

Further, Gibbs free energy (AG°) parameter of adsorption
was determined by equation (11), whereas enthalpy (A H°)
and entropy (AS°) parameters were calculated on the basis
of Van’t Hoff equation (equation (12)):

AG®° = —RT In K.
AG® AS°  AH°
InK.=— = -

RT R RT

(11

12)

Thermodynamic nature of Pb>™ adsorption onto surface-
modified CNTs was examined through thermodynamic para-
meters AG®, AH®° and AS° calculated from equations (10)—
(12), as shown in table 4.

The experimental data show that Pb=" adsorption capacity
increased with temperature. The positive value of standard
calorific effect (AH® = 11.56kJmol™!) confirmed the
endothermic nature of adsorption. Gibbs free energy variation

b2+
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Table 3. Isotherm parameters calculated from Langmuir model of Pb>* adsorption onto

many kinds of surface-modified CNTs.

Sorbents

gm (mgg™") r References

CNTs refluxed in HNO3 and HpSO4

CNTs refluxed in HNO3 at 120°C for 48 h
CNTs refluxed in HNOj3 at 140°C for 5 h
CNTs

CNTs ultrasonically stirred for 24 h in HNO3

CNTs dispersed into Tris(2-aminoethyl)amine

MWCNTs

MWCNTs oxidized by NaClO (3.2 %0)
MWCNTSs oxidized by NaClO (4.7 %0)
MWCNTs

CNTs refluxed in HNO3 at 140°C for 2h
MWCNTs—polyacrylamide

100.00 0.996  Present study
6.6 0.973 [18]
17.44 0.905 [19]
15.34 0.988 [20]
2.06—11.70 0.955 [21]
71 0.986 [30]
61.35 0.998 [34]
70.42 0.995 [34]
102.04 0.998 [34]
85.61 0.963 [37]
51.81 0.992 [38]
29.71 — [39]

Table4. Thermodynamic parameters of Pb2>* adsorption onto
surface-modified CNTs.

AG°
T(K) (mol ™) AH°&Imol™') AS°(J (molK)™)
283 —998.52 11.56 44.00
293 —1290.86
303 —1583.01
313 —2194.39
323 —2776.54

(AG®) at different temperatures possessed negative values.
This fact shows that Pb** adsorption onto modified CNTs is
spontaneous and favourable at high temperature. The posi-
tive value of standard entropy (AS® = +44.00Jmol~' K™')
demonstrated that the adsorption enhances the chaotic level
of system because the number and kind of ions increase in
the solution after adsorption. Thermodynamic nature of this
adsorption is similar to Cu®>* adsorption by oxidized multi-
walled CNTs [26].

4. Conclusions

CNTs modified by the mixture of HNO; and H,SO,4 acids
are a good sorbent useful for removal of Pb>* ions from
aqueous solution. The suitable condition for modifying CNTs
were 50°C, 5h, HNO; and H,SOy4 concentration of 13 and
58.80%, respectively. Isotherm data exhibited that the Lang-
muir model described the adsorption well; the maximum
adsorption capacity was found to be 100.00mgg~!. The
chemisorption nature was demonstrated by a pseudo-second-
order rate model and the sorption reached equilibrium after
80min. The negative Gibbs free energy variation (AG®) and
positive calorific energy (A H®) in the range of temperature

from 10 to 50°C showed that the adsorption was a spontaneous
and endothermic process. The ion exchange mechanism of
Pb%* removal was proved through positive entropy variation
(AS#), activation energy (E,) or activation enthalpy (A H*),
pH and electrical conductivity values of Pb>* solution before
and after adsorption.
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