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Multi-walled carbon nanotubes (MWCNTs) were used in the adsorptive removal of aniline, an organic
pollutant, from an aqueous solution. It was found that carbon nanotubes with a higher specific surface
area adsorbed and removed more aniline from an aqueous solution. The adsorption was dependent on
factors, such as MWCNTs dosage, contact time, aniline concentration, solution pH and temperature.
The adsorption study was analyzed kinetically, and the results revealed that the adsorption followed

Keywords: pseudo-second order kinetics with good correlation coefficients. In addition, it was found that the adsorp-
iiriziz nanotubes tion of aniline occurred in two consecutive steps, including the slow intra-particle diffusion of aniline
Adsorption molecules through the nanotubes. Various thermodynamic parameters, including the Gibbs free energy
Kinetics change (AG°), enthalpy change (AH°) and entropy change (AS°), were calculated. The results indicated

Thermodynamics that the spontaneity of the adsorption, exothermic nature of the adsorption and the decrease in the ran-

domness reported as AG°, AH° and AS®, respectively, were all negative.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

A common problem in most industries is the disposal of large
volumes of wastewater containing potentially toxic organic sol-
utes. Considering general safety and the environmental conse-
quences of these solutes, their presence in wastewater requires
treatment prior to disposal. Aniline is one of the most common pol-
lutants found in effluents from the pharmaceutical, pesticide,
dyestuff, petrochemicals and agrochemical industries. Aniline
harmfully affects both public health and environmental quality.
Aniline-containing wastewater has created a series of serious envi-
ronmental problems due to its high toxicity and environmental
accumulation. Strict limits on the release of aniline have been
established. Traditionally, aniline-containing wastewater is treated
with photodecomposition [1-3], electrolysis [4], adsorption [5,6],
oxidation [7,8], biodegradation [9] and other processes. Generally,
adsorption technology has proved to be one of the most effective
techniques in the separation and removal of a wide variety of or-
ganic pollutants from wastewater [10,11]. These techniques do
not produce harmful byproducts, and the regeneration of both
the adsorbent and pollutants is possible. One challenge faced by
adsorption technologies is the discovery of new adsorbents that
successfully remove organic pollutants, such as aniline, from
aqueous solutions.
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Carbon nanotubes (CNTs) are a relatively new adsorbent that
have been shown to possess great potential for removing many
types of pollutants. Examples of the potential of CNTs for the
removal of several types of pollutants include the following:
ionizable organic compounds from water [12,13]; dichlorodiphen-
yltrichloroethane and its metabolites at trace levels from water
samples [14]; organophosphorus pesticides from wastewater
sludge [15]; nicosulfuron, thifensulfuron-methyl and metsulfu-
ron-methyl from water samples [16]; atrazine from aqueous
solutions [17-19]; polyhalogenated organic pollutants from envi-
ronmental water samples [20-24]; tetrabromobisphenol A [25],
pharmaceuticals from spiked water samples [26]; drugs from urine
samples [27]; viruses from water [28]; polyaromatic hydrocarbons
[29]; thiamethoxam, imidacloprid and acetamiprid [30]; polycyclic
aromatic hydrocarbons from environmental water [31]; and pesti-
cides [32] and metal ions [33-38] from various environments. The
remediation ability of CNTs relative to other adsorbents is due to
its strong interactions with the pollutants. This interaction results
from the delocalized electrons in hexagonal arrays of carbon atoms
on the surface of CNTs.

Although it has been reported that carbon nanotubes have
strong adsorption capabilities for various pollutants, the literature
detailing the removal of organic compounds, such as aniline, using
CNTs is still scarce [11,39,40]. Further investigations on the adsorp-
tion/removal of aniline using carbon nanotubes in an aqueous
environment are needed. In this study, various carbon nanotubes
were used to study the removal/adsorption of aniline from an
aqueous solution. The effects of various operating parameters, such


http://dx.doi.org/10.1016/j.jcis.2011.04.097
mailto:masalam16@hotmail.com
http://dx.doi.org/10.1016/j.jcis.2011.04.097
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

H. Al-Johani, M.A. Salam /Journal of Colloid and Interface Science 360 (2011) 760-767 761

as solution pH, temperature, and aniline concentration, were stud-
ied and optimized. In addition, the type and mass of the carbon
nanotubes was considered. The kinetics and thermodynamics of
the adsorption process of aniline were studied. Kinetic studies
are important to understand the factors and transport mechanisms
that affect aniline interactions with an adsorbent, such as multi-
walled carbon nanotubes (MWCNTSs), and to determine the condi-
tions that affect these interactions. Thermodynamic calculations of
the adsorption process are required to understand the mechanism
of adsorption, spontaneity, and heat of adsorption using different
thermodynamic parameters.

2. Materials and methods
2.1. Materials

Two different diameters of multi-carbon nanotubes (MWCNTSs)
were used in this study. Short multi-walled carbon nanotubes with
average diameters of 10-20 nm [SMWCNTs (10-20)] and short
multi-walled carbon nanotubes with average diameters of
40-60 nm [SMWCNTs (40-60)] were obtained from Shenzhen
Nano-Technologies, China (MWCNTs Shenzhen) and were used as
received. All chemicals used in this study were obtained from
Sigma-Aldrich (analytical grade), and all solutions were prepared
using deionized water.

2.2. Characterization techniques

A transmission electron microscope (TEM) (type JEOL JEM-1230
operating at 120 kV attached to a CCD camera) was used to charac-
terize the MWCNTs morphological structure. The specific surface
area of the MWCNTs was determined from nitrogen adsorption/
desorption isotherm measurements at 77 K using a model NOVA
3200e automated gas sorption system (Quantachrome, USA).

2.3. Adsorption experiment

Adsorption experiments were performed to determine the ef-
fect of time and temperature on the adsorption process and to
identify the adsorption rate. The experimental procedures were
performed as follows: (1) a series of solutions of various aniline
concentrations were prepared; (2) the initial pH was measured,
and a defined amount of the MWCNTSs was then added to the solu-
tion; (3) these solutions were agitated on a magnetic stirrer for a
certain period of time at room temperature; (4) at defined time
points, a certain volume of the solution was removed and immedi-
ately filtered to collect the supernatant; and (5) the residual aniline
concentration in the supernatant was determined using a UV/Vis
instrument. The amount of aniline adsorbed was determined by
measuring the difference in concentration between samples that
were obtained at two consecutive time intervals over the course
of the adsorption experiment. The adsorption capacity of the
MW(CNTs, g, (mol g~!), which represents the amount of aniline
adsorbed per amount of MWCNTSs, was calculated using a mass-
balance relationship:

(C, — C)V

=t (1)
where C, and C; are the concentrations of aniline in solution
(mol L) at time t=0 and t, respectively. V is the volume of the
solution (L) and m is the mass of the dry adsorbent used (g). The
kinetic curves obtained were analyzed using various-order kinetic
equations to obtain the parameters for understanding the adsorp-
tion process.

3. Results and discussion
3.1. Characterization of multi-walled carbon nanotubes

Transmission electron microscope imaging was used to study
the morphological structure of the pristine MWCNTS; representa-
tive images are presented in Fig. 1. The outer diameters and inner
cavities of MWCNTs (10-20) were 20-30 nm and 5-8 nm, respec-
tively. The outer diameters and inner cavities of SMWCNTSs (40-60)
were 30-70 nm and 8-12 nm, respectively. In addition, the TEM
analysis verified the hollow structure of the MWCNTSs. Nitrogen
adsorption/desorption isotherms for the pristine SMWCNTs (10-
20) and SMWCNTs (40-60) were determined from a N, adsorption
isotherm measured at 77 K; the results are presented in Fig. 2.
According to the original IUPAC classification, the isotherms ob-
tained from the different samples could be classified as type IV iso-
therms with H3 type hysteresis loops. However, according to the
extended classification of the adsorption isotherms, the obtained
isotherms could be classified as type IIb isotherms. The BET specific
surface areas for SMWCNTs (10-20) and SMWCNTSs (40-60) were
116.1 m? g ! and 79.2 m? g !, respectively. This indicted a higher
specific surface area for MWCNTs 10-20 relative to MWCNTs
40-60.

3.2. Method development for the determination of aniline

Fig. 3 shows the aniline calibration curve that was determined
using a UV/Vis spectrophotometer. The analytical figures of merit
to measure aniline concentration using a UV/Vis spectrophotome-

Fig. 1. Transmittance electron microscope images for the various MWCNTSs.
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tion of aniline in an aqueous solution was calculated from the slope
of the calibration curve and was 0.0123. The limit of detection
(LOD), defined as the concentration that produces a signal that is
three times the standard deviation of the blanks (signal/noise ratio
of 3), was measured by integrating blank peak areas of aniline from
ten (10) independent samples using deionized water as the blank.
The LOD was 2.76 mg/l. The limit of quantification (LOQ) is the
lowest analyte concentration that can be quantified in a sample
with acceptable relative standard deviation (RSD) under the stated
operational conditions. The LOQ, 9.20 mg/l, was determined to be
the analyte concentration corresponding to a signal/noise ratio of
10. The average relative standard deviation was 9.0% that confirms
the good reproducibility of the UV/Vis spectrophotometer in the
determination of the aniline.

3.3. Adsorption study

3.3.1. The effect of adsorption parameters

The effect of varying the parameters that affect the adsorption
of aniline from an aqueous solution was investigated to optimize
the adsorption process. The effect of carbon nanotubes dosage on
the adsorption process was studied, and the results are illustrated
in Fig. 4. It is clear from the figure that the percentage of aniline re-
moved from the aqueous solution increased from 43% to 94% when
the MWCNTs 10-20 dose increased from 10 mg to 40 mg. Increas-
ing MWCNTSs 40-60 dose from 10 mg to 40 mg also increased the
percentage of aniline removed, from 20% to 92%. The increase in
the percentage of aniline removed from the aqueous solution is
primarily due to the greater number of active sites available for
adsorption as a result of the increased amount of carbon nanotubes
present. Especially at low doses, MWCNTs 10-20 had higher
adsorption rates relative to MWCNTs 40-60. This observation
may be due to the higher specific surface area of MWCNTs 10-
20, 116.1 m? g}, relative to MWCNTSs 40-60, 79.2 m? g~!. A dose
of 30 mg of carbon nanotubes was used for the further studies.

The effect of the solution pH on the removal of aniline by carbon
nanotubes was also studied. Using diluted solutions of hydrochlo-
ric acid and sodium hydroxide, the pHs were adjusted, and the re-
sults are presented in Fig. 5. At an acidic pH of 3.0, which is lower
than the pKa value of aniline (4.6), the percentage of aniline re-
moved from aqueous solution was very low. This low adsorption
is primarily due to the electrostatic repulsion between the posi-
tively charged protonated carbon nanotubes and the positively
charged aniline molecules [41,42]. Increasing the pH from 3.0 to
5.0, which is higher than the pKa of aniline, enhanced the percent-
age of aniline removed to 80% and 68% for MWCNTs 10-20 and

Fig. 3. The aniline calibration curve using a UV-Vis spectrophotometer. The insert
shows the UV-Vis spectrum of the aniline samples.

ter were calculated from its calibration curve. These figures are
presented in Table 1. The calibration curve was linear for aniline
within the experimental concentration range, 10-100 mg/l
(1 x 107*-1 x 1073 M), with a correlation coefficient (R?) value of
0.989. The sensitivity of the spectrophotometer for the determina-

Table 1
Figures of merit in the determination of aniline in an aqueous solution using a UV-Vis
spectrophotometer.
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Fig. 4. Effect of MWCNTs mass on the adsorption of aniline from an aqueous
solution. (experimental conditions: 20 ml solution, pH 7.0, 298 K, and aniline
concentration 50 mg/l).
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Fig. 5. Effect of the solution pH on the adsorption of aniline by different MWCNTSs.
(experimental conditions: 20 ml solution, 30 mg CNTs, 298 K, 30 min and, aniline
concentration 50 mg/l).

MW(CNTSs 40-60, respectively. At a pH of 8.0, the percentage of ani-
line removed from the solution decreased slightly to 74% and 60%
for MWCNTs 10-20 and MWCNTs 40-60, respectively. Under
slightly basic conditions, aniline presents as negatively charged
ions and carbon is negatively charged as well. Dispersive interac-
tions are expected to predominate in this pH range. This was con-
firmed by increasing the solution pH to 11.0. At this pH, the
percentage of aniline removed decreased to 70% and 51% for
MWCNTs 10-20 and MWCNTs 40-60, respectively. A pH of 7.0
was selected for further studies.

The effect of aniline concentration on its removal by carbon
nanotubes was studied, and the results are shown in Fig. 6. It is
clear from the figure that increasing the aniline concentration
while keeping the dose of carbon nanotubes constant led to a sig-
nificant decrease in the percentage of aniline removed from an
aqueous solution. Increasing the concentration from 10 mg/l to
100 mg/l decreased the percent of aniline removed from the solu-
tion from 64% to 36% and from 47% to 16% for the MWCNTs 10-20
and MWCNTSs 40-60, respectively. These results are due to the lim-
ited number of active sites available for aniline adsorption.

The temperature of the solution was considered to be a critical
factor affecting the adsorption process. If the removal efficiency
of a certain pollutant from an aqueous solution is temperature
dependent, which occurs in most cases, then it might affect the
suitability of the adsorbent. The effect of solution temperature on
aniline removal was studied at four different temperatures:
278 K, 298 K, 313 K and 333 K. The results are presented in Fig. 7.
It is obvious from the figure that increasing the temperature
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Fig. 6. Effect of aniline concentration on the adsorption of aniline from an aqueous
solution by MWCNTSs. (experimental conditions: 20 ml solution, pH 7.0, 298 K,
30 min and 30 mg CNTs).
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Fig. 7. Effect of the solution temperature on the adsorption of aniline from an
aqueous solution by MWCNTSs. (experimental conditions: 20 ml solution, pH 7.0,
30 mg CNTs, 30 min and aniline concentration 50 mg/1).

significantly affected the percentage of aniline removed from
solution by carbon nanotubes. Increasing the temperature from
278 K to 333K linearly decreased the percentage of aniline ad-
sorbed and removed from the solution. At 278 K, 298 K, 313 K
and 333 K, the percentage of aniline adsorbed decreased to 81%,
71%, 60% and 48% for MWCNTs 10-20, respectively; these percent-
ages decreased to 80%, 64%, 51% and 38% for MWCNTs 40-60,
respectively. This result suggests an exothermic nature of the
adsorption process.

The effect of the contact time on the removal of aniline by car-
bon nanotubes was studied, and the results are shown in Fig. 8. It is
obvious from the figure that increasing the contact time enhanced
the adsorption process. This effect was especially observed within
the first 30 min when most of the aniline was adsorbed. The per-
centage of aniline removal reached equilibrium within 3 h. It
seems that the adsorption of aniline on carbon nanotubes occurred
in two consecutive steps. The first step, which was the fastest, was
the transfer of the aniline molecules from the aqueous phase to the
external surface of carbon nanotubes. The second slower step was
the diffusion of the aniline molecules between the carbon nano-
tubes bundles.

3.3.2. Kinetics and thermodynamic studies

Kinetics involves the study of the rates of chemical processes
and facilitates an understanding of the factors that influence those
rates. The study of chemical kinetics involves careful monitoring of
the experimental conditions that influence the speed of a chemical
reaction in its race toward equilibrium. These studies yield infor-
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Fig. 8. Effect of the contact time on the adsorption of aniline from an aqueous

solution by different MWCNTSs. (experimental conditions: 20 ml solution, pH 7.0,
30 mg CNTs, 298 K and aniline concentration 50 mg/l).
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mation about the possible mechanisms of adsorption and the
different transition states formed on the way to a final adsor-
bate-adsorbent complex. The data obtained is used to develop
appropriate mathematical models to describe the interactions.
Once the reaction rates and the dependent factors are unambigu-
ously known, these results can be utilized to develop adsorbent
materials for industrial applications. The models are useful in
understanding the complex dynamics of the adsorption process.

The effect of temperature on the removal of aniline from an
aqueous solution by two different MWCNTs was studied kineti-
cally, and the results are presented in Fig. 9. It is clear from the
curves that the removal process was inhibited by increasing the
solution temperature. This inhibition is indicative of the exother-
mic nature of the adsorption process, which will be discussed in
detail below in the thermodynamic section. The curves of aniline
adsorption exhibited two distinct phases. The first phase (initial
steep slope) indicates the instantaneous adsorption of the aniline
molecules over approximately 30 min. This steep slope may be
attributed to the diffusion of the aniline molecules from the aque-
ous phase to the outer-surface of the solid MWCNTs. The initial
adsorption reached equilibrium gradually, exhibiting a classic
physisorption process. The second phase exhibits a gradual attain-
ment of equilibrium due to the intra-particle diffusion of the ani-
line molecules between the MWCNTs. The kinetic adsorption
data was processed to understand the dynamics of the adsorption
process in terms of the order of the rate constant. Adsorption kinet-
ics can be analyzed using several models. The pseudo-firstorder
Lagergren equation and the pseudo-second order rate equation
as shown below as Eqgs. (2) and (3), respectively.

In(q, — q,) = Ingq, — kit 2)
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Fig. 9. Effect of solution temperature on the kinetics of aniline adsorption from an
aqueous solution by different MWCNTs. (experimental conditions: 20 ml solution,
pH 7.0, 30 mg CNTs, and aniline concentration 50 mg/l).

In these equations, k; is the rate constant of the pseudo-first-order
adsorption (min~!), k, (g mol~! min) is the rate constant of the
pseudo second-order adsorption, g. and g, are the amounts of
aniline adsorbed on adsorbent (mol g~!) at equilibrium and at time
t, respectively. The plotting of log (g.—q;) versus time (t) for the
pseudo-first order kinetic model did not converge well and did
not produce straight lines at the studied temperatures.

When the pseudo-second order adsorption equation was ap-
plied by plotting (t/q,) versus time (t), all of the data converged
well into a straight line with a high correlation coefficient (R?).
Based on these results, it is clear that the equilibrium adsorption
from the pseudo-second order model is much closer to the exper-
imental data as shown in Fig. 10. The pseudo-second order adsorp-
tion parameters, the rate constant (k;), and the amount of aniline
adsorbed (g.) on MWCNTs at equilibrium were calculated from
the slope and the intercept. The results are tabulated in Table 2.
The values of k; increased with increasing solution temperature
to 533.43, 729.24, 832.54, and 1732.2 for MWCNTs 10-20 at
298 K, 308 K, 313 K, and 323 K, respectively; these values were
276.08, 540.38, 600.42, and 845.36 for MWCNTs 40-60 at 298 K,
308 K, 313 K, and 323 K, respectively. Meanwhile, the values of g,
decreased with increasing the solution temperature to 2.49, 1.74,
1.24, and 0.799 for MWCNTs 10-20 at 298 K, 308 K, 313 K, and
323 K, respectively; these values were 2.24, 1.71, 1.38, and 0.907
for MWCNTSs 40-60 at 298 K, 308 K, 313 K, and 323 K, respectively.
The calculated g, values are consistent with the experimental data.
The relationship between the calculated amount of aniline ad-
sorbed (q.) on the MWCNTs at equilibrium was plotted against
the solution temperature for both MWCNTSs, and the results are
presented in Fig. 11. It is obvious from the figure that there is a
good correlation between g, and the solution temperate (R?> was
0.9769 for MWCNTSs 10-20 and 0.9971 for MWCNTs 40-60). These
results indicate that the adsorption of aniline from an aqueous
solution by MWCNTs obeys a pseudo-second order kinetic model.
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Fig. 10. Plots of the pseudo-second order kinetics of aniline adsorption on pristine

MWCNTs (linear form). (experimental conditions: 20 ml solution, pH 7.0, 30 mg
CNTs, and aniline concentration 50 mg/1).



H. Al-Johani, M.A. Salam /Journal of Colloid and Interface Science 360 (2011) 760-767 765

Table 2
Parameters of the pseudo-second-order kinetic models for the adsorption of aniline
on pristine MWCNTSs.

Temperature ~ MWCNTSs (10-20 nm) MW(CNTs (40-60 nm)
() ks qe R? ka qe R?
(x107%) (x107%)
298 533.43  2.49 0.9859 276.08 2.24 0.9824
308 72924 1.74 0994 54038 1.71 0.9902
313 83254 1.24 09771 60042 1.38 0.9836
323 1732.218 0.799 0.9908 84536 0.907 0.9962
3
R?=0.9769 @ MWCNTs 10-20
2.5
= R?=0.9971 B MWCNTs 40-60
3
[=] w3
£ .“‘-“_
— 1.5 ~
T "
X 14 i o
& o
0.5
0

290 295 300 305 310 315 320 325
Solution Temperature (K)

Fig. 11. The relationship between the calculated amounts of aniline adsorbed on
MWCNTs at equilibrium (qe) and the solution temperature. (experimental condi-
tions: 20 ml solution, pH 7.0, 30 mg CNTs, and aniline concentration 50 mg/l).

A similar phenomenon was observed for the adsorption of aniline
on Cr-bentonite [42] and activated carbon [43].

As previously stated, the adsorption of aniline on MWCNTs
occurred in two steps. The faster first step could be attributed to
the diffusion of the aniline molecules from the aqueous phase to
the outer-surface of the solid MWCNTs. The slower second step
could be attributed to the intra-particle diffusion of the aniline
molecules between the MWCNTs aggregates. The probability of
intra-particle diffusion was explored by using the intra-particle
diffusion model [44]:

q; = k,‘dtl/z +C (4)

where ¢, is adsorption capacity at any time (t), ki is the intra-
particle diffusion rate constant (mole/g min'/?) and C (mole/g) is a
constant proportional to the thickness of the boundary layer. Plot-
ting g, versus t'/?, “Weber-Morris plot” [44], provides an indication
of the dependency of adsorption on intra-particle diffusion. If the
plot produces a straight line, then the adsorption process is
controlled by intra-particle diffusion only. If it exhibits multi-linear
plots, then there are two or more steps affecting the adsorption pro-
cess. Fig. 12 shows the Weber-Morris plot of the aniline adsorption
by MWCNTs. It is clear from the figure that the removal of aniline by
both MWCNTSs occurred in two different steps as the plot contains
two different straight lines. The first line from 0 to 20 min was
attributed to the fast diffusion of the aniline molecules from the
aqueous phase to the MWCNTs surface. The second line from
20 min to 220 min was due to the intra-particle diffusion. The
amount of aniline adsorbed (q,) was found to be linearly correlated
with t'/? at different temperatures. The correlation coefficients (R?)
were greater than 0.94, indicating that the adsorption mechanism
followed the intra-particle diffusion process. This confirms that
the adsorption of aniline by MWCNTs was a multi-step process
and involved the adsorption to the external surface and diffusion.
The mechanism of the removal of aniline by adsorption is assumed
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Fig. 12. Intra-particle diffusion plots of aniline on MWCNTs at different temper-
atures. (experimental conditions: 20 ml solution, pH 7.0, 30 mg CNTs, and aniline
concentration 50 mg/l).

to involve the following steps: (1) migration of aniline from the bulk
solution to the external surface of MWCNTs; (2) diffusion of aniline
through the boundary layer to the external surface of MWCNTSs; (3)
adsorption of aniline at an active site on the surface of ash; (4) in-
tra-particle diffusion and adsorption of aniline through the
MWCNTs particles. Table 3 presents the values for the intra-particle
diffusion parameters obtained from the slope and intercept of the
graph in Fig. 12. The intra-particle diffusion rate constant, k;q, was
in the range of 4.0-10 x 10~® (mol/g min'/?) for both MWCNTs.
As presented in Fig. 13, the intra-particle diffusion rate constant
(kig) was found to be linearly correlated with t'/? at different tem-
peratures and revealed the dependency of intra-particle diffusion
of aniline on the solution temperature. The driving force of diffusion
is very important in adsorption processes. While the intra-particle
diffusion model has indicated that aniline adsorption by MWCNTSs
is the rate-determining step, it does not sufficiently indicate which
of the two steps (surface adsorption or intra-particle diffusion) was
the limiting step. As it is essential for the g, versus t'/2 plots to go
though the origin if intra-particle diffusion is the sole rate limiting
step [45], and because the values of C range from 4.0 x 107°° to
10 x 10~ (mol/g min'/?), it may be concluded that the surface
adsorption and intra-particle diffusion occurred concurrently dur-
ing the adsorption of aniline by MWCNTs.

The pseudo-second order rate constant for the removal of ani-
line could be expressed as a function of temperature by the Arrhe-
nius type relationship, as shown in following equation:

Ink, = lnA—% (5)
where E, is the Arrhenius activation energy of adsorption, repre-
senting the minimum energy that reactants must have for the
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Table 3
Intra-particle diffusion parameters for the adsorption of aniline from an aqueous solution by different MWCNTSs at different temperatures.
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Temperature (K)

MWCNTs (10-20 nm)

MWCNTs (40-60 nm)

kiq (mol/g min'/?) C (mol/g) R? kiq (mol/g min'/?) C (mol/g) R?
298 9.0 x 1076 10.0 x 107° 0.976 10.0 x 107 6.0 x 107> 0.967
308 6.0x10°° 8.0x107° 0.977 6.0x10°° 8.0x107° 0.975
313 5.0x 1076 50x10°° 0.969 6.0x 1076 5.0x 107> 0.946
323 2.0x10°C 5.0x 107> 0.946 3.0x10°¢ 40x1073 0.959

12.0
R'=0.997 ® MWCNTs 10-20 nm

g 1007 i
= o .. RY=0.952 B MWCNTs 40-60 nm
E 80
~
e ey ey
E 6.0 - Ix\‘-.!
= i g
o 4.0 T e
] e N
g ~E
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Fig. 13. The relationship between the calculated intra-particle diffusion rate
constant (Kig) and the solution temperature for the adsorption of aniline by
different MWCNTSs. (experimental conditions: 20 ml solution, pH 7.0, 30 mg CNTs,
and aniline concentration 50 mg/l).

reaction to proceed, A is the Arrhenius factor, R the gas constant and
is equal to 8.314 ] mol~! K7}, and T is the solution temperature.
As shown in Fig. 14, the slopes of the linear plots of In k; versus
1/T for the adsorption of aniline by MWCNTs 10-20 and MWCNTSs
40-60 were constructed to calculate the adsorption activation en-
ergy. The adsorption activation energies obtained were 36.79 and
35.27 k mol~! for MWCNTs 10-20 and MWCNTs 40-60, respec-
tively. Low activation energies are characteristic of a physical
adsorption (5-40 k] mol~!), while higher activation energies (40—
800 kJ mol~') suggest chemical adsorption [46]. The chemical
(chemisorption) or physical adsorption (physisorption) mecha-
nisms are often an important indicator to describe the type of
interaction between the organic pollutants, such aniline molecules,
and adsorbents, such as MWCNTs. The pseudo-second order

8.0
-+
7.0
- ® -,
= Bm T
6.0
n
= MWCNTs (40-60 nm) ® MWCNTs (10-20 nm)
5.0 . ; .
0.003 0.0031 0.0032 0.0033 0.0034
1/T(KY)

Fig. 14. Arrhenius plot of the pseudo-second order kinetics for the adsorption of
aniline on different MWCNTs. (experimental conditions: 20 ml solution, pH 7.0,
30 mg CNTs, and aniline concentration 50 mg/l).

adsorption capacity (q.) for aniline by MWCNTs (from Fig. 11),
which decreases with increasing temperature, was determined to
be a physisorption process.

Thermodynamic parameters were evaluated to confirm the nat-
ure of the adsorption of the aniline by MWCNTSs. The thermody-
namic parameters including the Gibbs free energy change (AG°),
enthalpy change (AH°) and entropy change (AS°) were calculated
to evaluate the thermodynamic feasibility and spontaneous nature
of the process. These parameters were calculated from the varia-
tion of the thermodynamic equilibrium constant K, with respect
to temperature [22,47]. K, for the adsorption reaction can be de-
fined as follows:

e 7(C/C)
where a; and a. are the activities of adsorbed aniline on the
MWCNTs surface and in solution at equilibrium, respectively, C; is
the surface concentration of aniline in mole per gram of MWCNTS,
C. is the aqueous concentration of aniline at equilibrium (mole/l),
C? is the surface concentration of aniline at a monolayer coverage
of the adsorbent, C° is molar concentration of aniline at standard
conditions and is equal to 1 M, y; is the activity coefficient of the ad-
sorbed aniline and 7. is the activity coefficient of the aniline in solu-
tion. In dilute solutions and at low surface coverage the activity
coefficients approach unity, reducing Eq. (6) to the following form:

C,/C?
Ce/CC

Ko = (7)
The standard free energy change (AG®°) for adsorption was cal-
culated from the following relationship:

AG® = —RTIn(Ky) (8)

where R is the universal gas constant, and T is the temperature in
Kelvin. Using the Van't Hoff equation, the average standard enthal-
py change (AH®) can be calculated from the relationship between Ky
and T:

)

In(Kyp) = + const (9)

and standard entropy changes (AS°) can be calculated from:
AG® = AH° — TAS® (10)

Using the above relationships, the thermodynamic parameters,
including the standard free energy change (AG®), the standard en-
thalpy change (AH°), and the change in the entropy (AS°), were
calculated from the variation of the thermodynamic equilibrium
constant K, with respect to temperature. Table 4 summarizes the
variations of the thermodynamic parameters for the adsorption
of aniline on the MWCNTs 10-20 and MWCNTs 40-60.

In general, the adsorption equilibrium constant, Ko, increased by
decreasing the temperature for both MWCNTSs. The following Ky
values were calculated at 298 K, 308 K, 313 K, and 323 K, respec-
tively: 5.41, 5.01, 4.77, 4.48 for MWCNTs 10-20; and 5.20, 4.90,
471, and 4.47 for MWCNTs 40-60. The standard free energy
change, AG®, is negative for both MWCNTSs. The negative value of
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Table 4
Values of the different thermodynamic parameters for the adsorption of aniline on
different MWCNTSs.

Temperature (K) In K,
MWCNTs (10-20 nm)

AG° (kJ]/mol) AH® (kJ/mol) AS° (J/K mol)

298 5.41 -12.28 -30.11 —65.33
308 5.01 -11.37 -30.11 —68.67
313 4.77 —10.84 -30.11 —70.62
323 448 -10.167 —30.11 -73.07
MWCNTs (40-60 nm)
298 5.20 -12.89 —-23.94 —37.06
308 4.90 —-12.56 —-23.94 —36.94
313 4.71 -12.26 —23.94 —-37.32
323 447 -11.99 -23.94 —36.98
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1/T(K1)

Fig. 15. Plot of In K¢ versus 1/T to estimate the thermodynamic parameters for the
adsorption of aniline on different MWCNTs. (experimental conditions: 20 ml
solution, pH 7.0, 30 mg CNTs, and aniline concentration 50 mgj/l).

AG° was expected for a product favored reaction. These values
became more negative as the temperature increased, indicating
the exothermic nature of the adsorption of aniline by MWCNTs.
Fig. 15 shows the Van't Hoff plot for the adsorption of aniline on
both MWCNTs. It is clear from Fig. 15 and Table 4 that the negative
values of AH° verify the exothermic nature of aniline adsorption on
different MWCNTs. This observation explains the decrease in
adsorption at lower temperature. The negative values of AS° sug-
gested the decrease in randomness at the solid/solution interface
during the adsorption of aniline on MWCNTs. The negative entropy
of the adsorption and immobilization of aniline on the MWCNTSs
surface may be attributed to the decrease in the degree of freedom
of aniline molecules.

4. Conclusions

The removal of aniline from an aqueous solution by pristine
multi-walled carbon nanotubes was studied. The effect of varying
parameters that affect the removal/adsorption process such as ani-
line concentration, carbon nanotubes mass, solution temperature,
and pH were investigated using two multi-walled carbon nano-
tubes. The adsorption of aniline on pristine MWCNTSs at different
temperatures was studied kinetically and thermodynamically.
The kinetic study revealed that the adsorption follows a pseudo-
second order process and occurred in two steps. The first step
was the diffusion of the aniline from the aqueous solution to the
outer surface of the multi-walled carbon nanotubes. The second
slower step involved aniline molecules diffusion through the

nanotubes. The thermodynamic study revealed that the adsorption
process is product favored and becomes less so by increasing the
temperature because the adsorption is exothermic. The change in
entropy values was negative which indicated a decrease in ran-
domness due to the transfer of aniline molecules from the aqueous
phase to the surface of the carbon nanotubes. We have shown that
carbon nanotubes can be considered a potential and promising
adsorbent for the removal of aniline, a typical organic pollutant,
from an aqueous solution.
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