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The adsorption of Cu(Il) on multiwalled carbon nanotubes (MWCNTSs) as a function of pH and ionic
strength in the absence and presence of humic acid (HA) or fulvic acid (FA) was studied using batch
technique. The results indicated that the adsorption is strongly dependent on pH but independent of
ionic strength. A positive effect of HA/FA on Cu(Il) adsorption was found at pH <7.5, whereas a negative
effect was observed at pH >7.5. The adsorption isotherms can be described better by the Freundlich
model than by the Langmuir model in the absence and presence of HA/FA. Adsorption isotherms of Cu(II)

ﬁgg\%’\?gz: at higher initial HA/FA concentrations are higher than those of Cu(Il) at lower FA/HA concentrations.
cu(l) The thermodynamic data calculated from temperature-dependent adsorption isotherms suggested that
Adsorption the adsorption was spontaneous and enhanced at higher temperature. Results of this work suggest that
HA MWCNTs may be a promising candidate for the removal of heavy metal ions from aqueous solutions.

FA © 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery by lijima in 1991 [1,2], carbon nanotubes
(CNTs) have attracted great attention because of their unique hol-
low tube structure and their many remarkable and outstanding
mechanical, electronic, chemical and optical properties [3-8]. CNTs
have been proposed for a large number of applications such as
hydrogen storage devices, flat-panel displays, chemical sensors,
microelectronic devices, catalyst supports, and so forth [9,10]. Due
to their large surface area and high reactivity, CNTs have been
widely used as superior solid phase extractors or adsorbents for
the preconcentration and removal of various organic and inorganic
pollutants from water [11-16].

In previous studies, extensive experiments have been conducted
on the adsorption of heavy metal ions or organic contaminants
on CNTs [13,14], and it was reported that CNTs possess higher
adsorption capacity and show better reversibility through many
cycles of water treatment and regeneration than that of commer-
cial adsorbents, suggesting that CNTs are promising adsorbents for
the removal of heavy metal ions or organic contaminants from large
volumes of aqueous solutions regardless of their high unit cost at
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the present time [17,18]. However, there is little information with
respect to the effect of organic contaminants on the adsorption of
heavy metals and vice versa, while it should be realized that heavy
metal ions and organic contaminants may present simultaneously
at many contaminated sites [19,20]. For example, the presence of
natural organic matter (NOM), such as humic acid (HA) and ful-
vic acid (FA), may influence the adsorption of heavy metal ions on
CNTsin natural environment. Therefore, it is significant to study the
adsorption behaviors of heavy metal ions on CNTs in the presence
of organic contaminants and vice versa.

NOM exists ubiquitously in natural aquatic environments, with
two of its main fractions as HA and FA. CNTs would readily inter-
act with NOM upon contact [21-24]. As the consequence of these
interactions, the surface properties of CNTs would be altered, thus
affecting the adsorption of environmental contaminants by CNTs
[24].Inrecent studies, Hyung et al.[21,22] reported that NOM inter-
acted strongly with CNTs and formed stable complexes in aqueous
solutions. It was also observed that the adsorptive interaction was
dependent on the types of NOM and proportional to the aromatic
carbon contents of NOM. However, according to our literature sur-
vey, influence of the bound NOM on the adsorptive behavior of
heavy metal ions to CNTs has not been examined.

In this work, we investigated the adsorption of Cu(Il) on multi-
walled carbon nanotubes (MWCNTSs) in the absence and presence
of HA or FA. Cu(ll) was selected as a model heavy metal ion
because of its extensive existence in water environment. The
basic objectives of the present work are: (1) to investigate the
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Table 1
13C NMR characteristics (chemical shift ppm) of HA and FA.
0-50 51-105 106-160 161-200 Aromaticity
HA 15 21 47 17 57
FA 16 28 19 39 30

adsorption kinetics and to analyze the experimental data with
the pseudo-second-order equation; (2) to study the adsorption
of Cu(ll) on MWCNTs by varying experimental conditions, i.e.,
pH, ionic strength, HA/FA concentrations, addition sequences; (3)
to investigate the adsorption thermodynamic and isotherms and
to analyze experimental data with the Langmuir and Freundlich
models.

2. Experimental process
2.1. Materials

MWCNTs were prepared by using chemical vapor deposition
(CVD) of acetylene in hydrogen flow at 760 °C using Ni-Fe nanopar-
ticles as catalysts [25]. Fe(NOs3); and Ni(NOs), were treated by
the sol-gel process and calcinations to obtain FeO and NiO and
then deoxidized by H, to achieve Fe and Ni nanoparticles. Oxi-
dized MWCNTSs were prepared by oxidization with 3 mol L-! HNO3
[26]. Briefly, 400 mL 3 mol L-! HNOs including 2 g of MWCNTs was
ultrasonically stirred for 24 h, filtrated, and then rinsed with doubly
distilled water until the pH reached about 6. Such prepared sample
was dried overnight in an oven at 80 °C, and then calcined at 450°C
for 4h to completely remove nitrate ions and amorphous carbon
[27]. The catalysts Fe and Ni in the oxidized MWCNTs were mea-
sured by ICP-MS and the results indicated that Ni and Fe were less
than 0.01% and 0.03%, respectively.

HA and FA were extracted from the soil of Hua-Jia county (Gansu
province, China) [28-30]. Cross-polarization magic angle spinning
(CPMAS) 13C NMR spectra of HA and FA were divided into four
chemical shift regions, i.e., 0-50 ppm, 51-105 ppm, 106-160 ppm,
and 161-200 ppm. These regions were referred to as aliphatic, car-
bohydrate, aromatic, and carboxyl regions. The percentage of total
intensity for each region is calculated by integrating the CPMAS 13C
NMR spectra with each region, and the fraction of aromatic groups
calculated by expressing aromatic C as percentage of the sum of
aliphatic C (0-105 ppm)+aromatic C (106-160 ppm) is listed in
Table 1. HA and FA have also been characterized as a suite of 3
discrete acids with pK, values listed in Table 2. The concentrations
of functional groups of HA and FA determined by fitting the poten-
tiometric titration data using FITEQL 3.1 are given in Table 2. The
weight-averaged molecular weights (M, ) of dissolved HA and FA
are determined according to the method of Chin et al. [31], and the
M,y values of dissolved HA and FA are calculated to be 2108 and
1364, respectively.

All chemicals were purchased in analytical purity and were
used without further purification. Milli-Q water was used in all
experiments. The Cu(II) stock solution was prepared by dissolving
Cu(NO3), in Milli-Q water and then diluted to 60 mgL~1.

2.2. Characterization

The morphology of MWCNTSs was characterized by a field emis-
sion scanning electron microscope (FE-SEM, JEOL JSM-6700, Tokyo,
Japan) and a high-resolution transmission electron microscope
(HR-TEM, JEOL JEM-2010, Tokyo, Japan). Fourier transform infrared
(FTIR) technique was used in the analysis of the chemical surface
groups of the adsorbents. FTIR analysis was performed using a
Nexus670 FTIR spectrometer (Thermo Nicolet, Madison) equipped
with a KBr beam splitter (KBr, FTIR grade). Spectra were acquired
in the 4000-400 cm~! wavenumber with 4cm~! resolution. The
background spectrum of KBr was also recorded at the same condi-
tions. The structural information of MWCNTs was evaluated by a
Raman Spectrometer (Model Nanofinder 30R., Tokyo Instruments
Inc., Tokyo, Japan).

2.3. Adsorption experiments

Duplicate batches were examined to prepare adsorption curves
and to study the characteristics of adsorption process. The relative
errors of the data were about +5%.

Firstly, adsorption kinetic experiments were performed in a
500mL conical flask, at predetermined time intervals, 5mL of
supernatant solutions was pipetted from the conical flask, and then
separated after ultracentrifugation at 18,000 rpm (i.e., 31,152 x g)
for 20 min. The residual Cu(II) concentration in the solution was
determined by ICP-AES (Perkin-Elmer). For pH and ionic-strength
effect experiments, the adsorption of Cu(ll) on MWCNTs was
investigated using batch experiments. The pH of the systems was
adjusted by addition of 0.1 or 0.01 mol L-! HNO3 or NaOH.

Adsorption isotherms were investigated by using batch tech-
nique in polyethylene centrifuge tubes under ambient conditions
at 293, 313, and 333K, respectively. The stock solutions of
0.01 molL~! NaNO3 and 1.0gL~! MWCNTs were pre-equilibrated
for 5 h before the addition of Cu(Il) stock solution. The initial con-
centrations of Cu(Il) were from 1.0 t0 20.0 mg L~!. The samples were
gently shaken for 2 days (which was enough to achieve equilib-
rium).

To take into account of Cu(lI) loss for Cu(Il) adsorption on tube
wall, calibration curves were obtained separately under otherwise
identical conditions as the adsorption process but without MWC-
NTs. Based on the obtained calibration curves, the amount of Cu(II)
adsorbed on MWCNTSs was calculated by subtracting the mass in
the solution from the mass spiked.

3. Results and discussion
3.1. Characterization of MWCNTSs

The scan electron microscope (SEM) and transmission elec-
tron microscope (TEM) images of oxidized MWCNTs are shown in
Figure SI-1. The oxidized MWCNTSs have very smooth surfaces and
cylindrical shapes with 1-10 wm long and 10-30 nm outer diam-
eter. N, adsorption-desorption isotherms and the corresponding
BJH pore-size distribution curve of the MWCNTs are shown in
Figure SI-2A and 2B, respectively. The stepwise adsorption and des-
orption isotherms are indicative of 3D intersection of a solid porous

¥;le)l§0?1centrations of functional groups of HA and FA calculated from potentiometric titration by using FITEQL 3.1.
log K, C(molg1)? Surface sites density (molg=1) WSOS/DF
Ly L L3 HL; HL, HL;
HA -5.04 —7.40 -9.60 2.20x 103 1.08 x 103 3.18 x 1073 6.46 x 103 2.37
FA -5.19 -7.77 —-10.53 1.83x10°3 1.08 x 103 242 %1072 2.71x 1072 0.10

2 HL;, HL; and HL; represent the carboxyl groups (-COOH), the phenolic groups (Ar-OH) and the amine groups (-NH, ) of HA and FA, respectively.
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Fig. 1. Raman spectra of as-prepared and oxidized MWCNTSs.

material [32]. The specific surface area of the oxidized MWCNTs
was 197 m? g~ ! and the main pore inner diameter of the oxidized
MWCNTs was 3.6 nm. Li et al. [33,34] had measured the surface
area of MWCNTs and found that the MWCNTs oxidized with HNO3
had a larger specific surface area than that of the untreated MWC-
NTs. The amorphous carbon, carbon nanoparticles, produced by
the CVD method, was removed during the oxidation process using
HNOj3. The FTIR spectrum (Fig. SI-3) indicates that the acid treat-
ment process introduces many functional groups onto the surface
of MWCNTs. The pHzpc (zero point charge) value is measured to be
5.3 by using potentiometric titration (Fig. SI-4).

The Raman spectra of raw and oxidized MWCNTs presented
in Fig. 1 are composed of two characteristic peaks. The peak
near 1350cm~! is the D-band corresponding to the disordered
sp2-hybridized carbon atoms of nanotubes while the peak near
1580 cm™! is the G-band corresponding to the structural integrity
of sp?-hybridized carbon atoms of nanotubes. Together, these
bands can be used to evaluate the extent of carbon-containing
defects [36]. As can be observed, the raw MWCNTs have a higher
Ip/Ig ratio (the intensity ratio of D-band to G-band) than the oxi-
dized MWCNTSs. This suggests that the raw MWCNTSs contain more
amorphous carbon and multishell sp2-hybridized carbon nanopar-
ticles that can encapsulate residual metal catalysts. In other words,
the raw MWCNTSs have less crystalline graphitic structures.

3.2. Effect of pH and ionic strength

The pH dependence of Cu(Il) adsorption on MWCNTSs ranging
from 3.0 to 10.0 at three different ionic strengths (i.e., 0.1, 0.01 and
0.001 molL~! NaNO3) is shown in Fig. 2. As can be seen, the pH
of the aqueous solution plays an important role to the adsorption
of Cu(Il) on MWCNTs. With the Cy of 8 mgL-!, the adsorption of
Cu(IT) on MWCNTSs increases slowly at pH ranging from 3.0 to 5.3,
then increases abruptly at pH 5.3-7.5 and at last maintains the high
adsorption with increasing pH at pH >7.5. About 90% of Cu(Il) is
adsorbed on MWCNTs at pH >7.5.

It is well known that Cu(Il) species can be present in aque-
ous solution in the forms of Cu?*, Cu(OH)*, Cu(OH),, Cu(OH)3~
and Cu(OH)42~ [13]. At pH <7.5, the predominant Cu(ll) species
is always Cu?* and the removal of Cu(Il) is mainly accomplished
by adsorption reaction. Therefore, the low Cu(Il) adsorption that
took place at low pH can be attributed in part to competition
between H* and Cu2* ions on the same sites [13]. Furthermore,
as is mentioned above, the pHzpc of MWCNTs is about 5.3. In the
pH range lower than the pHgpc, the surface charge of MWCNTSs
is positive and Cu(ll) is hardly adsorbed on the surface of MWC-
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Fig. 2. Adsorption of Cu(ll) on MWCNTs as a function of pH. MWCNT con-
tent=1.0gL"!, initial Cu(ll) concentration=8.0mgL-!, T=293K. Solid points:
adsorption vs. initial pH values; open points: equilibrium pH values vs. initial pH
values.

NTs because of the electrostatic repulsion. Therefore, the removal
percentage of Cu(ll) is very low at pH <5.3. When pH value is
higher than pHp,, the negative charged surface of MWCNTs pro-
vides electrostatic attraction that are favorable for the adsorption of
cationic species, thus the adsorption of Cu(Il) on MWCNTs increases
abruptly at pH 5.3-7.5. In the pH range of 7.5-10.0, the removal
of Cu(Il) remains constant and reaches maximum. The main Cu(lII)
species are Cu(OH)*, Cu(OH),, and Cu(OH)3~, and thus the removal
of Cu(ll) is possibly accomplished by simultaneous precipitation
of Cu(OH),(s) and adsorption of Cu(OH)* and Cu(OH);~ on MWC-
NTs.

The finial pH values against the initial pH values are also plotted
in Fig. 2. The solid line represents that the pH values do not change
during the adsorption process. However, one can see that the finial
pH was lower than the initial pH with a value which decreased with
increasing of the initial pH. The decrease of pH may be attributed
to the release of H* from the surface of MWCNTSs into solution.
With the increasing of solution pH, the degree of deprotonation of
MWCNT surfaces increased, thus more metal ions were adsorbed
and more H* ions were released into solution, which resulted in the
decrease of pH values after Cu(Il) adsorption [37].

The effect of the background electrolyte concentrations on Cu(Il)
adsorption to MWCNTs in wide pH range is fairly negligible (Fig. 2).
The results of ionic-strength effect on Cu(Il) adsorption are con-
sistent with those reported in the literature [38]. The background
electrolyte concentration influences the thickness and interface
potential of the double layer, affecting the binding of the adsorb-
ing species. The background electrolyte ions are placed in the
same plane as the outer-sphere complexes, thus, outer-sphere
complexes are expected to be more susceptible to ionic-strength
variations than inner-sphere complexes. Consequently, the adsorp-
tion of Cu(Il) may imply the formation of inner-sphere complexes
on the surfaces of MWCNTSs. Hayes and Leckie [39] proposed that
the influence of the background electrolyte on the adsorption
reaction can be applied to predict the adsorption reaction. [3-
plane adsorption can be assumed to proceed when the background
electrolyte easily influences the adsorption reaction; otherwise, o-
plane adsorption may occur. The results of this work suggests that
Cu(Il) participates in an o-plane complex reaction, without being
affected by the [3-plane complex reaction of the background elec-
trolyte (i.e., Na* and NO3~). The ionic strength independent and
pH dependent of Cu(Il) adsorption on MWCNTs indicate that the
adsorption mechanism of Cu(Il) is inner-sphere surface complexa-
tion at low pH values, whereas the removal of Cu(Il) is accomplished
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Fig. 3. 3D plots of pH, C. and g. of the adsorption of Cu(Il) on MWCNTs. MWCNT
content=1.0gL", initial Cu(Il) concentration=8.0mgL~!, T=293K, ({0) 0.1 mol L'
NaNOs; () 0.01 mol L-! NaNOs; (A) 0.001 mol L-! NaNOs.

by simultaneous precipitation and inner-sphere surface complex-
ation at high pH values.

To illustrate the variation and relationship of pH, C., and g,
(mgg~1, the concentration of Cu(Il) on solid phase), experimental
data of Cu(Il) adsorption in 0.1,0.01 and 0.001 mol L-! NaNO3 were
plotted as 3D plots of pH, C,, and ge (see Fig. 3). On the pH-q, plane,
the lines are very similar to that of pH-adsorption percentage (see
Fig. 2); On the pH-C, plane, the projection on the pH-C, plane is
just the inverted image of the projection on the pH-g, plane; On the
Ce—qe plane, the projection is a straight line containing all experi-
mental data. It is well known that the initial concentration of Cu(II)
in each experimental point is the same. The following equation can
describe the relationship of Co—¢e:

VCo = mge + VCe (1)

Eq. (1) can be rearranged as:
1% 1%
QeZCOE_CeE (2)

where V is the volume and m is the mass of MWCNTSs. Thereby,
the experimental data of C.—qe lies in a straight line with a lope
(=V/m) and intercept (CoV/m). The slope and intercept calculated
from the C.—q, line are —1.0 and 8.0, which are quite in accordance
with the values of V/m=1.0(Lg~!)and CoV/m=8.0(mgg~! xLg~1)
(i.e., the values calculated from V/m=1.0Lg"! and Co=8.0mgg1).
The 3D plots show the relationship of pH, Ce, and g, very clearly,
i.e., all the data of C.-q, lie in a straight line with slope —V/m and
intercept CyV/m for the same initial concentration of Cu(II) and the
same MWCNTs content.

3.3. Effect of HA/FA

Fig. 4 shows the pH dependent of Cu(Il) adsorption on MWC-
NTs in the absence and presence of HA/FA. As it is illustrated in
Fig. 4, a positive effect of HA/FA on Cu(Il) adsorption to MWCNTSs
is observed at low pH values, while a negative effect of HA/FA on
Cu(II) adsorption to MWCNTs is observed at high pH values. Fig. 5
shows the adsorption of HA and FA on MWCNTs as a function of
pH, it can be clearly found that about (90 4+ 2%) HA/FA is adsorbed
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Fig.4. Effect of HA/FA on Cu(Il) adsorption on MWCNTs as a function of pH. MWCNT
content=1.0gL~", initial Cu(Il) concentration=8.0mgL~!, I=0.01 molL-! NaNO3,
T=293K. Solid points: adsorption vs. initial pH values; open points: equilibrium pH
values vs. initial pH values.

on MWCNTs at pH <7.5, and then the adsorption decreases with
increasing pH. Ghosh et al. [40] and Yang and Xing [23] measured
the zeta potentials of HA and FA as a function of pH, respectively,
and it was reported that both HA and FA were negatively charged in
the pH range of 3.0-10.0. The observations are in agreement with
our potentiometric titration results. Therefore, at low pH values, the
negatively charged HA/FA can be easily adsorbed on the positively
charged surfaces of MWCNTSs because of the electrostatic attraction,
the strong complexation ability of surface adsorbed HA/FA with
Cu(II) results in the enhancement of Cu(Il) adsorption on MWC-
NTs at low pH values. However, at high pH values, the adsorption
of the negatively charged HA/FA on the negatively charged sur-
faces of MWCNTs becomes difficult because of the electrostatic
repulsion, thus, the HA/FA in solution forms soluble complexes of
HA/FA-Cu(Il) in solution, and thereby results in the reducing of
Cu(Il) adsorption on MWCNTs.

It is very interesting to find that the adsorption curve of Cu(Il)
on MWCNTs in the presence of HA is quite similar to that of Cu(II)
in the presence of FA. HA and FA are chemically heterogeneous
compounds containing different types of functional groups at dif-
ferent proportions and configurations. HA and FA contain carboxyl
groups, amine groups and phenolic groups [28], and these func-
tional groups play an important role in affecting Cu(Il) adsorption
on MWCNTs. The samples of HA and FA are extracted from the same
soil samples and they have similar functional groups such as car-
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Fig. 5. Sorption of HA and FA on MWCNTSs as a function of pH. Cara) =10.0mgL~!,
MWCNT content=1.0gL-?,1=0.01 molL-! NaNOs, T=293K.
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boxyl and phenolic groups. It is obvious in Fig. 5 that the adsorption
behavior of HA is very similar to that of FA. These similar functional
groups and adsorption behavior of HA and FA may interpret the
similar adsorption curve of Cu(Il) on MWCNTs in the presence of
HA/FA.

The equilibrium pH values are also plotted as a function of ini-
tial pH values for each experimental data (Figs. 2 and 4). One can
see that the final pH value is lower than the initial pH value, and
this difference becomes higher for higher adsorption percentage
of Cu(Il) on MWCNTSs. The pH decreasing after Cu(ll) adsorption
suggests that part of H" is released from MWCNTs to solution [37].

The adsorption isotherms of Cu(Il) on MWCNTs at pH 5.95 4+ 0.05
in the absence and presence of HA/FA are shown in Fig. 6. For
isotherm modeling, herein, both the Langmuir and the Freundlich
isotherm models were employed to describe the adsorption char-
acteristics of Cu(ll) on MWCNTs.

The Langmuir model can be represented by the following equa-
tion:

_ bgmaxCe
%= TibC ®
Eq. (3) can be expressed in the linear form:
1 1 1 1
g — 4
Ge  qmax  bgmax Ce )

where qmax (mgg=!) and b (Lg!) are the Langmuir constants
related to the adsorption capacity and adsorption energy, respec-
tively.

The Freundlich model has the following form:

de = keCe" (5)

q, (mg.g")

(%)
T

oLt . 1 . 1 . 1 , I . 1
0 2 4 6 8 10

C, (mg,L’W)

Fig. 7. Adsorption isotherms of Cu(Il) on MWCNTs at three different temperatures.
MWCNT content=1.0gL"1, pH: 5.95+0.05, I=0.01 mol L-! NaNO3, symbols denote
experimental data, dot lines represent the model fitting of Langmuir equation, solid
lines represent the model fitting of Freundlich equation.

Eq. (5) can also be expressed in the linear form:
log qe = log kg +n log Ce (6)

where kr (mg!~"g~1 L") represents the adsorption capacity and n
represents the degree of dependence of adsorption at equilibrium
concentration.

The Langmuir and Freundlich constants are obtained from fitting
the isotherm model to the adsorption equilibrium data and given in
Tables 3A and 3B. The R? values of the Freundlich model are much
higher than those of the Langmuir model, indicating that the Fre-
undlich model fits the adsorption data better than the Langmuir
model. It is generally regarded that metal ion adsorption equi-
librium data can be commonly correlated with the Langmuir or
the Freundlich isotherm models [41-43]. The Langmuir isotherm
model is valid for dynamic equilibrium adsorption process on com-
pletely homogenous surfaces whereas the Freundlich isotherm
model is applicable to heterogeneous surface. The adsorption of
metal ions on MWCNTs can be well described by both Langmuir
and Freundlich isotherm model [34,44,45]. Xu et al. [35] and Li et
al. [46] have studied the adsorption of Pb(II) on MWCNTS, respec-
tively, and reported that the adsorption can be well correlated by
the Freundlich isotherm model. Some other researchers stated that
metal ion adsorption on MWCNTs followed the Langmuir isotherm
model [17,47-52]. The results found in this work are identical to
those reported in the references [35,46,47].

Fig. 6 also shows the influence of HA/FA initial concentrations
on Cu(Il) adsorption onto MWCNTSs. From Fig. 6, one can see that
adsorption isotherms of Cu(Il) at higher initial HA/FA concentra-
tions are higher than those of Cu(II) at lower FA/HA concentrations.
At higher concentrations of HA/FA, more functional groups, such as
phenolic and carboxylic groups, are available to form strong com-
plexes with Cu(II), and results in more Cu(II) ions to be adsorbed on
FA/HA-MWCNT hybrids. The different addition sequences of FA/HA
and Cu(Il) to MWCNT suspensions on Cu(ll) adsorption are also
studied and the results show that no difference is found in Cu(lII)
adsorption in the ternary systems of the three addition sequences
(Figure SI-6).

3.4. Adsorption thermodynamics
The adsorption isotherms of Cu(Il) on MWCNTSs at T=293, 313

and 333 K are shown in Fig. 7. The adsorption isotherm is the high-
est at T=333K and is the lowest at T=293K, indicating that the
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Table 3A
The parameters of Langmuir isotherm fitting of Cu(II) adsorption on MWCNTSs.

Conditions Langmuir parameters
(max (Mg gil) b R?

Cu(II)-MWCNTs (T=293K) 3.309 + 0.167 3.466 + 1.136 0.864
Cu(II)-MWCNTs (T=313K) 3.439 £+ 0.141 13.559 + 4.930 0.868
Cu(I)-MWCNTSs (T=333K) 4.239 + 0.177 33.036 + 10.819 0.861
Cu(I)-MWCNTs-10mg L' HA (T=293 K (batch 1)) 5.524 4+ 0.291 14.087 £ 5.917 0.886
Cu(II)-MWCNTs-10mgL-! FA (T=293 K (batch 1)) 5.540 + 0.272 9.830 + 3.473 0.824
Cu(II)-MWCNTs-20 mg L' HA (T=293 K) 7.776 £+ 0.538 19.177 £ 12.274 0.853
Cu(I)-MWCNTs-20 mg L~! FA (T=293K) 8.246 + 0.336 16.788 + 4.867 0.868
Cu(Il)-MWCNTs-10mgL-! HA (T=293 K (batch 2)) 6.004 + 0.506 3.120 + 1.760 0.816
Cu(II)-MWCNTs-10mgL-! FA (T=293 K (batch 2)) 5.827 + 0.424 6.073 + 3.123 0.817
Cu(Il)-MWCNTs-10 mg L' HA (T=293 K (batch 3)) 6.458 £ 0.391 2.259 + 0.630 0.866
Cu(Il)-MWCNTs-10mg L' FA (T=293 K (batch 3)) 6.190 + 0.244 4.331 + 1.026 0913

Table 3B
The parameters of Freundlich isotherm fitting of Cu(Il) adsorption on MWCNTSs.

Conditions Freundlich parameters
kr (mg!-"g-1L") n R?

Cu(II)-MWCNTSs (T=293K) 2.270 + 0.054 0.192 + 0.014 0.974
Cu(II)-MWCNTs (T=313K) 2.696 + 0.082 0.177 + 0.020 0.941
Cu(I1)-MWCNTs (T=333K) 3.608 + 0.053 0.125 + 0.008 0.977
Cu(Il)-MWCNTs-10mgL~! HA (T=293 K (batch 1)) 4.372 + 0.064 0.160 + 0.008 0.986
Cu(I)-MWCNTs-10mgL~! FA (T=293K (batch 1)) 4.240 £ 0.111 0.170 + 0.015 0.958
Cu(1I)-MWCNTs-20 mg L~ HA (T=293K) 6.581 + 0.119 0.124 + 0.010 0.968
Cu(I)-MWCNTs-20 mg L~! FA (T=293K) 6.127 + 0.186 0.184 + 0.019 0.942
Cu(I)-MWCNTs-10mgL~! HA (T=293 K (batch 2)) 4.369 + 0.136 0.156 + 0.018 0.942
Cu(I)-MWCNTs-10mgL~! FA (T=293K (batch 2)) 4.149 + 0.151 0.213 + 0.022 0.947
Cu(Il)-MWCNTs-10 mg L' HA (T=293 K (batch 3)) 4.088 + 0.121 0.226 + 0.019 0.962
Cu(I)-MWCNTs-10mgL~! FA (T=293 K (batch 3)) 4.295 +0.213 0.213 £+ 0.022 0.988

adsorption of Cu(Il) on MWCNTs is more pronounced at higher
temperature.

The thermodynamic parameters (AH®, AS°, and AG®) for Cu(II)
adsorption on MWCNTSs can be calculated from the temperature-
dependent adsorption. The values of standard enthalpy change
(AH°) and standard entropy change (AS°) can be calculated from
the slope and y-intercept of the plot of InKj vs. 1/T (Fig. SI-7) using
the following equations:

G-CV
AS°  AH°
In Kd = T — RT (8)

where Cy is the initial concentration (mgL~1), C, is the equilibration
concentration after centrifugation (mgL~1), V is the volume (mL)
and m is the mass of MWCNTSs (g), R (8.314] mol~1 K-1) is the ideal
gas constant, and T (K) is the temperature in Kelvin.

Gibbs free energy changes (AG®) of specific adsorption are cal-
culated from:

AG® = AH® — TAS® (9)

Relevant parameters calculated from Eqgs. (8) to (9) are given
in Table 4. The determination of thermodynamic parameters pro-
vides an insight into the mechanism concerning the adsorptive
interaction of Cu(Il) with MWCNTSs. It is clear that the values of

Table 4
Thermodynamic parameters for Cu(Il) adsorption on MWCNTSs.

Co(mgL~') AH° (Kfmol-') AS° (Jmol-'K-') AG° (kjmol-1)
293K 313K 333K
2.0 61.38 281.32 -21.09 -87.81 -93.74
6.0 18.18 118.08 -1644 -36.86 —-39.35
10.0 10.24 86.26 —-15.05 -26.93 -28.75
14.0 6.42 70.26 —-14.18 -21.93 -23.42

AH° are positive, i.e., the adsorption process is endothermic. One
possible interpretation of the endothermic process is that Cu(Il)
ions are well solvated in water. In order for Cu(lIl) ions to adsorb,
they are denuded of their hydration sheath to some extent, and
this dehydration process need energy. It is assumed that this
energy of dehydration exceed the exothermicity of Cu(Il) ions
attaching to MWCNTs surface. The removal of water molecules
from Cu(ll) ions is essentially an endothermic process, and the
endothermicity of the desolvation process exceed the enthalpy
of adsorption to a considerable extent. The Gibbs free energy
change (AG°) is negative as expected for a spontaneous pro-
cess under our experimental conditions. The decrease of AG®
with the increase of temperature indicates more efficient adsorp-
tion at higher temperature. At higher temperature, Cu(Il) ions are
readily desolvated, and thereby their adsorption becomes more
favorable. The positive values of entropy change (AS°) reflect the
affinity of MWCNTSs towards Cu(Il) ions in aqueous solutions and
might suggest some structure changes [53]. In previous studies,
the thermodynamic parameters of oxidized MWCNTs for adsorp-
tion of heavy metal ions, such as Cd(II), Ni(II), Pb(II), Zn(II), Eu(III),
Th(IV) and Cr(VI) from aqueous solutions have been extensively
investigated [13,17,28,33-37,45,46]. The results revealed that the
enthalpy change (AH°) and entropy change (AS°) are positive
indicating the endothermic nature of the adsorption process and
the increase of randomness at the solid/liquid interface during
the adsorption process, while the negative free energy change
(AG°) suggests that the adsorption process is spontaneous. The
thermodynamic parameters are identical to those reported in the
literatures [13,17,18,33-37,45,46].

4. Conclusions

From the results of Cu(ll) adsorption on MWCNTs under
our experimental conditions, the following conclusions can be
obtained:
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(1) The adsorption of Cu(Il) on MWCNTs is strongly dependent on
pH values in the range of 3.0-10.0. The adsorption of Cu(Il) on
MWCNTs increases with pH increasing from 3.0 to 7.5, and then
maintains high level at pH >7.5.

(2) The adsorption of Cu(Il) on MWCNTs is independent of ionic
strength in the wide pH range. The adsorption of Cu(II) is mainly
dominated by inner-sphere surface complexation atlow pHval-
ues, whereas the adsorption is accomplished by precipitation
and inner-sphere surface complexation at high pH values.

(3) The adsorption isotherms of Cu(ll) on MWCNTs can be
described well by both the Langmuir and Freundlich model,
and the Freundlich model fits the adsorption data better than
the Langmuir model.

(4) The thermodynamic data derived from temperature-
dependent adsorption isotherms suggest that the adsorption
reaction is spontaneous and is enhanced at higher temperature.

(5) The adsorption of Cu(ll) is influenced by HA/FA significantly,
and the effect of HA/FA on Cu(Il) adsorption is dependent on
pH values. The adsorption is enhanced at low pH values and is
reduced at high pH values.

(6) Results of this work are of great importance for environmental
application of MWCNTs in the treatment and removal of metal
ions from large volume of aqueous solutions.
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