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Abstract Multi-walled carbon nanotubes were used
successfully for the removal of Copper(Il), Lead(Il),
Cadmium(II), and Zinc(Il) from aqueous solution. The
results showed that the % adsorption increased by raising the
solution temperature due to the endothermic nature of the
adsorption process. The kinetics of Cadmium(II), Lead(Il),
Copper(Il), and Zinc(IT) adsorption on Multi-walled carbon
nanotubes were analyzed using the fraction power function
model, Lagergren pseudo-first-order, pseudo-second-order,
and Elovich models, and the results showed that the
adsorption of heavy metal ions was a pseudo-second-order
process, and the adsorption capacity increased with
increasing solution temperature. The binding of the metal
ions by the carbon nanotubes was evaluated from the
adsorption capacities and was found to follow the following
order: Copper(Il) > Lead(Il) > Zinc(II) > Cadmium(II).
The thermodynamics parameters were calculated, and the
results showed that the values of the free energies were
negative for all metals ions, which indicated the spontaneity
of the adsorption process, and this spontaneity increased by
raising the solution temperature. The change in entropy
values were positives, indicating the increase in randomness
due to the physical adsorption of heavy metal ions from the
aqueous solution to the carbon nanotubes’ surface. Although
the enthalpy values were positive for all metal ions, the free
energies were negative, and the adsorption was spontaneous,
which indicates that the heavy metal adsorption of Multi-
walled carbon nanotubes was an entropy-driving process.
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Introduction

Since the discovery of carbon nanotubes (Ilijima 1991),
they have attracted considerable interest due to their
outstanding structural characteristics, such as unique
electronic properties, interesting physicochemical proper-
ties, excellent thermal conductivity, high thermal stability,
and mechanical strength, which allows them to be used in
various applications (Fam et al. 2011; Gomez-Gualdrén
et al. 2011; Cheung et al. 2010; Khandoker et al. 2011; Chu
et al. 2010). One of the promising applications of carbon
nanotubes is their use as an adsorbent for the removal of
different environmental contaminants such as heavy metals
(Kosa et al. 2012; Abdel Salam et al. 2011; Vukovic et al.
2011; Rao et al. 2007; Tofighy and Mohammadi 2011) and
organic pollutants (Al-Johani and Abdel Salam 2011;
Abdel Salam et al. 2010a; Ai et al. 2011) from polluted
water. Industrial wastewater contaminated with heavy metals
is commonly produced from various industrial activities.
Therefore, efficient treatment of the wastewater is crucial
as it can cause a serious environmental problem that will
affect the natural ecosystem. Exposure to heavy metals
such as cadmium, lead, copper, and zinc, even at very low
levels, is believed to pose a risk to living organisms
through their toxic effect. There are various techniques
currently used for efficient removal of heavy metal from
waters, such as electrochemical technologies, chemical
precipitation, membrane filtration, ion exchange, and
adsorption (Fu and Wang 2011; O’Connell et al. 2008;
Kurniawan et al. 2006). Among these techniques, adsorp-
tion is considered the most effective because it offers
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flexibility in operation and design; it also has a reversible
nature as adsorbents can be regenerated by suitable
desorption processes for multiple use (Pan et al. 2009). In
most cases, it produces high-quality treated effluent.
Hence, the adsorption process has come to the forefront as
one of the major techniques for heavy metal removal from
wastewater. Consequently, the investigation of new clas-
ses’ adsorbents and their application for the removal of
heavy metals became the main concern and challenge of
environmental remediation scientists around the world.
Although there are many studies that focused on heavy
metals removed from polluted water using carbon nano-
tubes (Kosa et al. 2012; Abdel Salam et al. 2011; Vukovic¢
et al. 2011; Rao et al. 2007; Tofighy and Mohammadi
2011), there is a need for more research to explore their
adsorption on different types of carbon nanotubes from
the kinetic and thermodynamic point of view to reveal the
possible adsorption mechanism for efficient removal. The
study of adsorption kinetics illustrates the adsorbate uptake
rate. This rate governs the residence time of the adsorbate
at the solid—solution interface. Adsorption kinetics is the
study of the adsorption process rate to understand the
factors that affect the adsorption process. The study of
adsorption kinetics includes careful monitoring of the
experimental conditions that influence the speed of
adsorption, such as solution temperature, and hence help
attain equilibrium in a reasonable length of time. Kinetic
studies help to develop appropriate mathematical models to
describe the interactions between the adsorbent and the
adsorbate. Kinetic studies provide valuable information
about the possible adsorption mechanism and the different
transition states on the way to the formation of the final
adsorbate—adsorbent complex. Once the adsorption rates
and the dependent factors are clearly identified, the
development of adsorbent materials for industrial applica-
tion could be evaluated and optimized. Currently, there are
quite a few mathematical models used for adsorption
description. These mathematical models could be classified
as adsorption reaction models; which consider the
adsorption as one step, and adsorption diffusion models
which assume that adsorption occurs in three main
consecutive steps; liquid film diffusion, followed by
intra-particle diffusion and finally adsorption and desorp-
tion between the adsorbate and adsorbent active sites (Qiu
et al. 2009). The main objectives of this manuscript were
first to study the adsorption of Cd(II), Pb(Il), Cu(Il), and
Zn(I), from aqueous solution by MWCNTs kinetically and
thermodynamically, and secondly to explore the potenti-
ality of using carbon nanotubes as a promising adsorbent
for environmental remediation. In this research paper, the
effect of temperature on the adsorption of cadmium, lead,
copper, and zinc ions by MWCNTs was investigated
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kinetically and thermodynamically. Both kinetic mathe-
matical models; adsorption reaction models and adsorption
diffusion models, were applied to the kinetic data, and
different mechanisms were postulated and evaluated. Dif-
ferent thermodynamic parameters, Gibbs free energy
change (AG), enthalpy change (AH), and entropy change
(AS) were calculated to evaluate the thermodynamic fea-
sibility and the spontaneous nature of the process. This
research has been carried out in the Chemistry Department,
Faculty of Science, King Abdulaziz University, (Jeddah,
Saudi Arabia), in September 2011.

Materials and methods
Materials

Multi-walled carbon nanotubes with average diameter
between 20 and 40 nm were obtained from Shenzhen
Nanotech Port Co., Ltd and were used as received. Ana-
lytical grade cadmium, lead, copper and zinc nitrate (Fluka,
Ion Solution, 1,000 mg/L) were employed to prepare stock
solutions each containing 100 mg/L. of Cd(I), Pb(Il),
Cu(Il) and Zn(II). The stock solutions were further diluted
to the desired ion concentrations. All other chemicals were
of analytical grade and were obtained from Sigma-Aldrich.
The experiments were performed using ultrapure water
with resistivity not <18.2 MQcm obtained with a Millipore
Milli-Q system (Billerica, USA).

Characterization techniques

A transmission electron microscope (TEM) (type JEOLJEM-
1230 operating at 120 kV attached to a CCD camera) was
used to characterize the morphological structure of the
MWCNTs. The specific surface area of the different
MWCNTs was determined from nitrogen adsorption/
desorption isotherms measured at 77 K using a model
NOVA 3200e automated gas sorption system (Quanta-
chrome, USA).

Analytical measurements

The total metal ion concentration was determined by
voltammetric measurement using a Metrohm, 797 VA
computrace (Switzerland) with a three electrode system,
including hanging mercury as the working electrode, a
platinum plate as the counter electrode, and Ag/AgCl
(3.0 mol/LL KC1) as the reference electrode. The metal ion
determination was evaluated by differential pulse anodic
stripping voltammetry (DPASV).
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Adsorption experiments

Kinetic experiments were carried out to establish the effect
of time and temperature on the adsorption process and to
identify the adsorption rate. The experimental procedures
are described as follows: (1) a series of 100 ml solutions
containing 0.5 mg/L of Cd(II), Pb(Il), Cu(Il) and Zn(II)
was prepared in 250 ml glass bottles and kept at 278, 298,
313, or 333 K, (2) the pH of the solution was adjusted to
7.0 using universal pH buffer (Britton—Robinson buffer),
(3) the ionic strength was adjusted to 0.01 M using a
0.10 M KNOj solution, (4) 125 mg of MWCNTs was
added into the solution, (5) the solution was shaked con-
tinuously for a period of time starting from 1 to 120 min,
(6) after the completion of preset time intervals, the solu-
tion was taken and immediately filtered through a filter
paper to collect the supernatant, (7) the residual metal ion
concentrations in the aqueous solution were then deter-
mined by DPASV and the amount of adsorbed metals ions
were calculated as follows:

q:(Co—Ct)V (1)

m

where ¢ is the amount of metals ions adsorbed by the
MWCNTs (mg/g), Cy is the initial metals ion concentration
(mg/L), C, is the final metal ion concentration after a
certain period of time (mg/L), V is the initial solution
volume (L) and m is the MWCNT dose (g). The percentage
of removed metal ions in solution was calculated using

Eq. (2):

% Removed = G-G) x 100 (2)
Co

It is noteworthy to mention that, the adsorption of metals
ions on the walls of the glass flasks and the filter paper was
determined by running a blank experiment without
MWCNTs and found to be negligible.

Results and discussion
Characterization of multi-walled carbon nanotubes

Figure 1 presents images produced by TEM imaging,
which revealed the morphological structure of the
MWCNTs. It is clear from the images that the MWCNTSs
were long and entangled with an average diameter
between 20 and 40 nm and a length of 5 pm. The TEM
analysis verified the hollow structure of MWCNTSs used
and showed that the inner diameter was between 3 and
10 nm. The nitrogen adsorption/desorption isotherms were
determined from an N, adsorption isotherm measured at
77 K, and the results are presented in Fig. 2. The specific

Fig. 1 Transmittance electron microscope images for the MWCNTs

surface area was calculated using the Brunauer—Emmett—
Teller equation-specific surface areas and was found to be
69.0 m*/g.

Kinetic studies

The effect of temperature on the removal of Cd(II), Pb(Il),
Cu(Il), and Zn(II) from aqueous solution by MWCNTs was
studied kinetically, and the results are presented in Fig. 3.
It is clear from Fig. 3 that the adsorption process was
enhanced by increasing the solution temperature. The %
removal of Cd(Il) increased from 16.1 to 34.8 %, whereas
for Pb(Il), the % removed increased from 83.6 to 99.2 %,
and for Zn(Il), the % removed increased from 74.6 to
95.9 %, when the solution temperature raised from 278 to
333 K, respectively. In the case of Cu(Il), there was not
any significant change in the % removed by raising the
solution temperature as the % removed was mostly 100 %.
This enhancement in the adsorption of Cd(II), Pb(II),
Cu(D), and Zn(Il) with MWCNTs by raising the solution
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adsorption process. The Fig. 3 also showed that the
adsorption reached equilibrium after 15 min in the case of
Cd(II), Pb(I), and Zn(II), regardless of temperature, whereas
in the case of Cu(II), the adsorption reached equilibrium after
1 min, at all temperatures, which indicates the strong binding
of Cu(Il) to MWCNTSs compared to the other metal ions
under investigation. At 298 K, The binding of the metal
ions by MWCNTs followed this order: Cu(Il) > Pb(Il) >
Zn(Il) > Cd(II), which is consistent with the authors’ pre-
vious study (Kosa et al. 2012). The high percentage of Cu(Il)

w @ Springer
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explained earlier in previous study and could be summarized
as: Cu(ll) usually form inner-sphere complexation, the
Cu(II) complexes stabilized by the Jahn—Teller effect, and its
ability to be reduced by the carbonaceous surface (Kosa et al.
2012). As was explained earlier, the lower adsorption of
Cd(II) might be due to its lower tendency to form hydrolysis
products and because its ions do not compete effectively for
variable charge surfaces, such as MWCNTSs, which restrict
its adsorption to permanently charged sites (Srivastava et al.
2005).
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Many kinetic models could be used to describe the In(ge — q;) = Inge — kit (4)

adsorption of heavy metal ions by MWCNTs from aqueous
solution at different temperatures. The kinetics of Cd(Il),
Pb(II), Cu(ll), and Zn(Il) adsorption on MWCNTs were
analyzed using the chemical reaction models such as
fraction power function (Khambhaty et al. 2009), Lager-
gren pseudo-first-order (Lagergren 1898), pseudo-second-
order (Ho et al. 2000), and Elovich models (Ho and McKay
2002).

The fractional power function model is a modified form
of the Freundlich equation and can be written in its line-
arized form as follows:

Ing, =Ina+blnt (3)

where ¢, (mg/g) is the amount of metal ion adsorbed per
unit mass of MWCNTs at any time ¢ while a and b are
coefficients with b < 1. The function ab is the specific
sorption rate when ¢ = 1 min. By the application of the
fractional power function equation to the adsorption of the
target metal ions on MWCNTs at different solution
temperatures, a linear relationship that exists between In
q; and In ¢ with very low correlation coefficients was
obtained. This may indicate that the fractional power
function model was not the appropriate model to describe
the adsorption of the Cd(II), Pb(Il), Cu(Il), and Zn(II) on
MWCNTs.

Lagergren pseudo-first-order kinetics is one of the most
used equations to describe adsorption from aqueous solu-
tion by solid adsorbent:

where k; (minfl) is the pseudo-first-order adsorption rate
coefficient, and g. and g, are the values of the amount
adsorbed per unit mass at equilibrium and at any time f,
respectively. Plotting In (g. — ¢;) versus ¢ for the four
metal ions at the four different temperatures under inves-
tigation did not converge well and did not give straight
lines (Fig. 4), which indicates that the pseudo-first-order
Lagergren equation was inappropriate to describe the
adsorption of the Cd(II), Pb(Il), Cu{l), and Zn(Il) on
MWCNTs.

The pseudo-second-order equation has also been con-
sidered to describe the adsorption of the Cd(II), Pb(Il),
Cu(Il), and Zn(II) on MWCNTs. The pseudo-second-order
model assumed that the adsorption; in general, might be
second order, the rate limiting step may be chemical
adsorption involving sharing or exchange of electrons
between the solid adsorbent and divalent metal ions, and
finally the adsorption follows the Langmuir equation (Ho
and McKay 2000). The linearized form of the pseudo-
second-order rate equation is as follows:

t 1 t

S 5
q: kZQg ge ®)
where k, (g/mg min) is the pseudo-second-order rate
coefficient, and g. and ¢, are the values of the amount
adsorbed per unit mass at equilibrium and at any time ¢,
respectively. The plot of #/g, and ¢ of Eq. (4) must give a
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linear relationship from which ¢, and k, can be estimated
from the slope and intercept of the plot, respectively.
Applying the pseudo-second-order rate equation to the
adsorption of Cd(II), Pb(Il), Cu(Il), and Zn(Il) experi-
mental data converged very well for all the metal ions with
excellent regression coefficients (R* > 0.99) and straight
lines (Fig. 5). These findings prove the suitability of the
pseudo-second-order rate equation for the description of
the Cd(II), Pb(I), Cu(Ill), and Zn(II) adsorption by
MWCNTs from aqueous solution. The pseudo-second-
order rate equation parameters; ¢., and k,, calculated from
the slope and intercept of the plot of #/g, versus t are
showed in Table 1. It is clear from the table that the
amount of metal ions adsorbed per unit mass of MWCNTs
at equilibrium (gecqc) calculated from the slope of the
pseudo-second-order plot was in good agreement with
experimental values (geexp). In general, the amount
adsorbed at equilibrium (g.) increased by raising the
solution temperature, indicating the endothermic nature of
the adsorption process of the target heavy metal ions on
MWCNTs from aqueous solution, which is consistent with
other adsorbents such as MWCNTs/chitosan composite
(Abdel Salam et al. 2011), silica-supported dithiocarba-
mate (Bai et al. 2011), and amine-functionalized meso-
porous Fe;O, nanoparticles (Xin et al. 2012). The
applicability of the pseudo-second-order rate equation for
the adsorption of Cd(I), Pb(Il), Cu(Il), and Zn(II) by
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MWCNTs agreed well with previous studies, but the cur-
rent study is distinguished by the low equilibration time
(Tofighy and Mohammadi 2011; Bai et al. 2011; Lu et al.
2006; Ruparelia et al. 2008).

The Elovich equation is another kinetic model that
describes the adsorption of adsorbate by a solid in an
aqueous medium (Ho and McKay 2002). The linear form
of the Elovich equation is as follows:

¢ = BIn(ap) + fint (6)

where o and [ are the Elovich coefficients that represent
the initial adsorption rate [g/(mg min)] and the desorption
coefficient [mg/(g min)], respectively. The Elovich coef-
ficients were calculated from the plots of g, versus In
t after applying the Elovich equation to the experimental
data and the results are presented at Fig. 6. The Elovich
coefficients o and B were calculated from the slope and
intercept of the plots of Fig. 6. The correlation coeffi-
cients of the Elovich plots were not satisfactory in most
cases, which indicate the unsuitability of the Elovich
equation to describe the adsorption of the metal ions
under investigation.

Comparing the results obtained from application of
different chemical reaction models; fractional power
function model, the Lagergren pseudo-first-order model,
the pseudo-second-order model, and the Elovich equation,
to fit the experimental data, it could conclude that the
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Table 1 Parameters of the pseudo-second-order kinetic model for the adsorption of Cd(II), Pb(II), Cu(II), and Zn(II) adsorbed on MWCNTs at

different temperatures

Temperature (K) k&, (2/mg min)  Geexp (M) Gecare (Mg/E) h R ky(g/mgmin) geexp (ML)  Gecarc (Mg/g) h R
Cd(rn Pb(II)

278 16.9 0.065 0.065 0.072 0.999 37.8 0.334 0.334 423  0.999

298 11.3 0.085 0.086 0.083 0.999 299 0.386 0.386 445  0.999

313 6.77 0.117 0.118 0.094 0.999 26.7 0.391 0.391 4.08 0.999

333 4.30 0.139 0.141 0.085 0.999 20.3 0.397 0.397 3.21 0.999
Cu(Il) Zn(II)

278 59.0 0.396 0.396 924 0.999 10.3 0.298 0.299 0.921 0.999

298 55.2 0.398 0.398 8.76  0.999 9.07 0.325 0.323 0.965 0.999

313 49.8 0.399 0.399 791 0.999 6.75 0.342 0.343 0.796 0.999

333 45.9 0.399 0.399 732 0999 4.80 0.384 0.384 0.711 0.999

k», the pseudo-second-order rate coefficient; g cxp, amount of metal ions adsorbed per unit mass of MWCNTs at equilibrium experimentally;
e cale- amount of metal ions adsorbed per unit mass of MWCNTS at equilibrium calculated; 4, initial adsorption rate
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adsorption of Cu(Il), Pb(Il), Cd(Il), and Zn(I) from an
aqueous solution by MWCNTs could be expressed well by
the pseudo-second-order model. Fitting the experimental
data with the pseudo-second-order model yielded straight
lines with excellent regression coefficients (R* > 0.99) and
with good agreement between experimental and calculated
amount of metal ions adsorbed per unit mass of MWCNTSs
at equilibrium. The finding agrees with previous results for

the adsorption of heavy metals on different adsorbents (Ho
and McKay 2002; Kwon et al. 2010; Liu et al. 2011).
Although the application of the present MWCNTs for the
removal of Cd(Il), Pb(Il), Cu(Il), and Zn(II) from aqueous
solution characterized with low adsorption capacities;
0.084, 0.386, 0.398, and 0.325 mg/g; at 298 K, respec-
tively, compared with other MWCNTSs reported in litera-
ture (Tofighy and Mohammadi 2011; Lu et al. 2006;
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Ruparelia et al. 2008), the present work characterized with
short equilibration time; almost 5 min, whereas the other
studies have more equilibration time (Tofighy and
Mohammadi 2011; Bai et al. 2011; Lu et al. 2006; Ruparelia
et al. 2008). Also, the calculated pseudo-second-order rate
constants in the present study were significantly higher com-
pared with the previous studies (Tofighy and Mohammadi
2011; Vukovica et al. 2010).

From the adsorption diffusion approach, the adsorption
of the Cu(Il), Pb(Il), Cd(II), and Zn(II) from an aqueous
solution by MWCNTs takes place at different steps, film
diffusion, followed by intra-particle diffusion, followed by
mass action (adsorption/desorption). In this study, it was
observed that the adsorption of the heavy metal ions
under investigation by MWCNTs took place in two dis-
tinctive steps. This agreed well with the physical
adsorption through the adsorption diffusion approach
where the mass transfer is a very fast step, and the
adsorption process always controlled by liquid film dif-
fusion or intra-particle diffusion or both of them together
(Qiu et al. 2009). Therefore, it is important to use
adsorption diffusion models for the description of the
kinetic process.

The intra-particle diffusion model by Weber and Morris
(1963) could be expressed as follows:

where, g; is adsorption capacity at any time f; kjq is the
intra-particle diffusion rate constant (mg/g min'/?); and
C (mg/g) is a constant proportional to the thickness of the
boundary layer. Applying the intra-particle diffusion model
to the experimental data for the metal ions under investi-
gation at different temperatures did not converge well and
did not give straight lines to pass through the origin
(Fig. 7). This may indicate that the intra-particle diffusion
model is not the rate determining step.

Liquid film diffusion is another kinetic model that
assumes that the flow of the adsorbate molecules through a
liquid film surrounding the solid adsorbent is the slowest
step in the adsorption process and determines the kinetics
of the rate processes. The liquid film diffusion model is
given by the following equation (Boyd et al. 1947):

In(1 — F) = —kggst (8)

where F is the fractional attainment of equilibrium (F =
q/q.), and kgq (min— 1) is the film diffusion rate coefficient. A
linear plot of —In(1 — F) versus ¢ with zero intercept sug-
gests that the kinetics of the adsorption process are controlled
by diffusion through the liquid film. The application of the
liquid film diffusion model to the adsorption of Cu(Il),
PbI), Cd(II), and Zn(IT) by MWCNTs at different temper-
atures did not converge well and did not provide a straight
line through the origin, which indicated that the liquid film

1/2 . . . ..
g = kiat 2+cC (7)  diffusion model is not the rate determining step.
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According to the adsorption diffusion models, it could
be concluded that the removal of the Cu(Il), Pb(II),
Cd(I), and Zn(II) by MWCNTs from an aqueous solution
involves different steps, including the migration of metal
ions from the bulk solution to the external surface of
MWCNTs, followed by the diffusion of metal ions
through the boundary layer to the external surface of
MWCNTs. This is then followed by the adsorption of
metal ions at an active site on the MWCNTSs’ surface and
finally the intra-particle diffusion and adsorption of metal
ions through the MWCNTs aggregates. However, in this
study the adsorption kinetics may be controlled by both
film diffusion and intra-particle diffusion simultaneously.
Finally, it is noteworthy to mention that the adsorption is
mainly due to the electrostatic attraction between the
positively charged metal ions and the delocalized =
electrons at the MWCNTSs’ surface (Abdel Salam and
Burk 2008).

The pseudo-second-order rate constant for the removal
of heavy metal ions under investigation could be expressed
as a function of temperature by the Arrhenius type
relationship:

E,

Ink, =InA — RT 9)
where E, is the Arrhenius activation energy of adsorption,
representing the minimum energy that reactants must have
for the reaction to proceed; A is the Arrhenius factor; R is
the gas constant and is equal to 8.314 J/mol/K; and T is
the solution temperature. The adsorption activation ener-
gies obtained were 6.30, 18.1, 9.94, and 11.2 kJ/mol for
Cu(Il), Pb(Il), Cd(I), and Zn(II) adsorbed by MWCNTs,
respectively. These low activation energies indicate that
the adsorption of the heavy metal ions was physical in
nature; the physical adsorption is characterized by acti-
vation energy between 5 and 40 kJ/mol (Nollet et al.
2003).

Thermodynamic parameters were evaluated to confirm
the adsorption nature of the heavy metal ions under
investigation by MWCNTSs. The thermodynamic parame-
ters, Gibbs free energy change (AG), enthalpy change
(AH), and entropy change (AS) were calculated to evaluate
the thermodynamic feasibility and the spontaneous nature
of the process. Thermodynamic parameters were calculated
from the variation of the thermodynamic equilibrium
constant K, with a change in temperature (Dabrowski et al.
2005; Abdel Salam and Burk 2010b). K, for the adsorption
reaction can be defined as follows:

_nlc/)
ac 7.(Ce/CD)

where a4 and a, are the activities of the adsorbed metal ions
on the MWCNTSs’ surface and in solution at equilibrium,

as

Ky = (10)

respectively; v, and vy, are the activity coefficients of the
adsorbed metal ions on the MWCNTSs’ surface and in
solution at equilibrium, respectively; C, is the surface
concentration of metal ions in mole per gram of MWCNTs;
C., is the aqueous concentration of the metal ions at
equilibrium (mol/L); CS is the surface concentration of the
metal ions at monolayer coverage of the adsorbent and its
value calculated from the adsorption isotherm (unpublished
data); Cg is the molar concentration of the metal ions at
conditions (1 M). In diluted solution and at low surface
coverage, Ys and Y. approach unity and Eq. (10) reduced to
the following:

_ G/
G/

Ko (11)
The free energy change (AG) for adsorption can be
calculated using the following equation:

AG = —RT In(K,) (12)

The average enthalpy change AH could be estimated
using the Van’t Hoff equation:

In(Ky) = (—AH/RT) + constant (13)

The entropy changes (AS) are calculated as follows:
AG=AH—-TAS (14)

Using Egs. 7-10, the free energy change, AG; the
enthalpy change, AH; and the change in the entropy,
AS were calculated from the variation of the
thermodynamic equilibrium constant; Ky, with a change
in temperature. Table 2 presents the thermodynamic
parameters for the adsorption of Cd(Il), Pb(I), Cu(Il),
and Zn(I) by MWCNTs from an aqueous solution at
different temperatures. It is obvious from the table that
the free energy change, AG, is always negative for
the adsorption of the four target metal ions under
investigation by MWCNTs, as would be expected for a
product-favored reaction. These AG values became less
negative as the temperature increased, indicating the
endothermic nature of the adsorption of Cd(II), Pb(Il),
Cu(ID), and Zn(Il) by MWCNTs from an aqueous solution.
Figure 8 shows the linear plots of In(K,) versus (1/7) for
the adsorption of heavy metal ions under investigation on
MWCNTs and the values of AH were calculated from the
slope. The enthalpy change (AH) values were +14.5,
+41.7, 422.9, and +25.8 kJ/mol, for Cd(Il), Pb(Il), Cu(II),
and Zn(Il) adsorbed by MWCNTs, respectively. These
positive values verify the endothermic nature of the
heavy metal adsorption on MWCNTs, which explains the
decrease in adsorption at higher temperatures. The positive
values of AS suggested the increase in the degree of
freedom at the solid-liquid interface mostly encountered in
metal binding due to the release of water molecules of
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Table 2 Thermodynamic parameters for the adsorption of Cd(II), Pb(II), Cu(Il), and Zn(II) adsorbed on MWCNTs at different temperatures

Temperature (K) AG (KJ/mol) AH (KJ/mol) AS (J/mol) AG (KJ/mol) AH (KJ/mol) AS (J/mol)
Cddr) Pb(Il)
278 —11.6 14.5 93.9 —19.2 41.7 21.9
298 —124 14.5 90.2 —23.1 41.7 21.7
313 —134 14.5 87.7 —24.1 41.7 20.7
333 —14.0 14.5 85.6 —26.6 41.7 20.5
Cu(II) Zn(II)
278 —25.8 22.9 175.2 —-17.9 25.8 116.6
298 —28.1 22.9 171.0 —18.9 25.8 111.8
313 —284 22.9 161.3 —19.6 25.8 107.0
333 -30.0 22.9 158.7 —22.8 25.8.8 111.8
Fig. 8 Plot of In K|, versus 6
UT to estimate the | A
thermodynamic parameters for e
the adsorption of Cd(Il), Pb(ID, T e T
Cu(II), and Zn(IT) on MWCNTs w .
(experimental conditions: 100 L T
ml sample volume, pH 7.0, 125 ® T, O u
mg MWCNTs, and metal ion ¥ s ®
concentration 0.5 mg/L) c .-
........ ”’
2
1
*cd(n) mPb(II) cu(ln) ®zn(ll)
0
0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037

the hydration sphere during the adsorption processes.
Although the enthalpy values were positive for all
metal ions, the free energies were negative, and the
adsorption was spontaneous, which indicates that the heavy
metal adsorption on MWCNTSs was an entropy-driving
process.

Conclusion

The removal of Cd(II), Pb(Il), Cu(Il), and Zn(II) from an
aqueous solution at different temperatures by multi-walled
carbon nanotubes was studied kinetically and thermody-
namically. The results showed the enhancement of the
adsorption by raising the solution temperature, which
indicated the endothermic nature of the adsorption process.

@ Springer

Temperature™ (K1)

At 298 K, the binding of the metal ions by MWCNTSs was
found to follow the following order: Cu(Il) > Pb(Il) >
Zn(II) > Cd(I). The kinetics of Cd(II), Pb(II), Cu(I), and
Zn(Il) adsorption on MWCNTSs were analyzed using dif-
ferent kinetic models, and the results revealed that the
adsorption of the heavy metal ions process was a pseudo-
second-order process. The thermodynamics study showed
that the adsorption process is spontaneous in the experi-
mental temperature range and becomes more spontaneous
by raising the solution temperature. The positive values of
enthalpy for the adsorption of Cd(II), Pb(Il), Cu(Il), and
Zn(II) by MWCNTs from an aqueous solution verified
the endothermic nature of the heavy metal adsorption. The
changes in entropy values were positives, indicating the
increase in randomness due to the physical adsorption of
heavy metal ions from the aqueous solution to the carbon
nanotubes surface. Finally, carbon nanotubes demonstrated
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that they are a promising adsorbent for the removal of
heavy metal ions from an aqueous solution.
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