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Abstract: The adsorption of Cr(VI) on the raw multiwalled carbon nanotubes (MWCNTs) as a function of initial Cr(VI) 
concentration, pH, temperature, and MWCNT dosage were studied. The removal of Cr(VI) from aqueous solution was 
dominated by adsorption of Cr(VI) and redox reaction of Cr(VI) to Cr(III). The adsorption of Cr(VI) decreased with in-
creasing pH and increased with the rise in temperature and MWCNT dosage. The adsorption data of Cr(VI) on MWCNTs 
could be described well by Langmuir isotherm model. The thermodynamic values of Gibbs free energy ( G

o ), enthalpy 
( H

o ), and entropy ( S
o ) were calculated from temperature-dependent adsorption data, and the results indicated that 

the adsorption of Cr(VI) on the raw MWCNTs was a spontaneous process. The results suggest that MWCNTs are suitable 
materials in the preconcentration and solidification of Cr(VI) from large volume of solutions.  

INTRODUCTION  

Chromium is one of the extremely toxic heavy metals 
found in various industrial wastewaters [1]. It presents in the 
environment in two main oxidation states, i.e., Cr(III) and 
Cr(VI). Cr(III) is an essential element in humans and is 
much less toxic than Cr(VI), which is recognized as a car-
cinogenic and mutagenic agent [2]. Cr(VI) usually exists in 
wastewater as oxyanions such as chromate (CrO4

2-) and di-
chromate (Cr2O7

2-) ions. The latter form is the most toxic [3]. 
EPA (Environmental Protection Agency) has set the maxi-
mum level of total chromium concentration allowed in drink-
ing water at 0.1 mg/L [4]. The contamination of soil and 
water from chromium arises from various industry processes 
such as leather tanning, electroplating, manufacturing of dye, 
paint and metal processing [3].  

The most common approach for Cr(VI) removal is 
through reduction of Cr(VI) to Cr(III), followed by Cr(III) 
precipitation under the alkaline conditions [5]. Other viable 
technologies include extraction, ultrafiltration, electrodialy-
sis, reverse osmosis and adsorption technology. However, 
adsorption technology is considered as the most cost-
effective method to handle a large amount of aqueous solu-
tion with low concentration of Cr(VI). As one of the most 
promising techniques for the removal of chromium from 
industrial wastewaters, adsorption technology has been  
employed for many years and the effectiveness of various 
adsorbents (such as calcined Mg-Al-CO3 hydrotalcite, acti-
vated carbon, seaweed biosorbent, cactus leaves and rice 
husk) have been demonstrated [4, 5-9]. 
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Carbon nanotubes (CNTs) have attracted great attention 
since their discovery [10] because of their small sizes, large 
surface areas, unique hollow structures, high mechanical 
strength and remarkable electrical conductivities. According 
to the carbon atom layers on the sidewalls of the nanotubes, 
CNTs can be visualized as a sheet of graphite that has been 
rolled into a tube, and divided into single walled carbon 
nanotubes (SWCNTs) and multiwalled carbon nanotubes 
(MWCNTs) [11-14]. Our previous results suggested that the 
oxidized MWCNTs showed exceptional adsorption capabil-
ity and high adsorption efficiency for the removal of Ni(II), 
Am(III) and Th(IV) from wastewater [15-17]. The oxidized 
MWCNTs may be promising materials in environmental 
pollution management. 

Although the studies of metal ions adsorption on oxi-
dized MWCNTs are available in many literatures, the inves-
tigation of raw MWCNTs in the removal of metal ions is still 
interesting because the oxidation treatment of MWCNTs 
needs a large amount of acids. Although the oxidation of 
MWCNTs generates large amount of oxygen-containing 
functional groups such as –COOH, C-H, -COH on the  
surfaces of oxidized MWCNTs, the oxidation process is it-
self an environmental pollution process because acid is used 
in the oxidation process and a large amount of water is 
needed in the water rinsing of oxidized MWCNT samples. 
Thereby, the study of the raw MWCNTs in the removal of 
heavy metal ions from large volume of solutions is still sig-
nificant. The main objectives of this study are: (1) to charac-
terize the surface properties of raw MWCNTs with acid-base 
titration; (2) to investigate the effects of pH, temperature, 
initial Cr(VI) concentration, and MWCNT dosage on Cr(VI) 
adsorption; (3) to calculate the thermodynamic parameters 
( G

o , H
o , S

o ) of Cr(VI) adsorption on the raw 
MWCNTs; (4) to compare the removal ability of raw and 
oxidized MWCNTs; and (5) to predict the required amount 
of raw MWCNTs according to develop a single stage batch 
adsorbent design model.  
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EXPERIMENTATION 

Adsorption Materials  

MWCNTs were prepared by using chemical vapor depo-
sition (CVD) of acetylene in hydrogen flow at 760 ºC using 
Ni-Fe nanoparticles as catalysts (Fe(NO3)2 and Ni(NO3)2 
were treated by sol-gel process and calcinations to get FeO 
and NiO, and then deoxidized by H2 to get Fe and Ni as cata-
lysts). The as-grown MWCNTs (raw MWCNTs) were used 
directly in the experiments. Part of the samples was added 
into the solution of 3M HNO3 to remove the hemispherical 
caps of the nanotubes [16]. Thus oxidized MWCNTs were 
also studied as a comparison.  

The Cr(VI) solution used in the experiments was pre-
pared by diluting a 100 mg/L potassium dichromate 
(K2Cr2O7) solution into deionized water to obtain the desired 
Cr(VI) concentration. All chemicals used in the experiments 
were purchased in analytical purity, and used without further 
purification. 

Batch Adsorption Experiments 

All the experiments were carried out under ambient con-
ditions. The stock suspensions of MWCNTs and NaClO4 
solution were equilibrated for 2 days, and then the stock  
solution of Cr(VI) was added in the polyethylene tubes to 
achieve the desired concentration of different components by 
using batch technique. The temperature control was provided 
by the water bath shaker units. The pH values of the suspen-
sions were adjusted by adding negligible volumes of 0.1 or 
0.01M HClO4 or NaOH. All the experimental data were the 
averages of duplicate determinations. The relative errors of 
the data were about 5%. 

After the suspensions were stirred for 165 hours, the 
solid phase was separated from the solution by ultra-
centrifugation method (18000 rpm for 40 min) under con-
trolled temperature to the adsorption experiments, and then 
the supernatant was filtered using 0.45 μm membrane filters 
for analysis of the supernatant. The amount of adsorbed 
Cr(VI) were calculated as follows: 

m

V
CCq t= )( 0

                              (1) 

where q (mg/g) is the amount of adsorbed Cr(VI) onto 
MWCNTs, C0 (mg/L) the initial Cr(VI) concentration, Ct the 
Cr(VI) concentration after a certain period of time t, V (L) 
the volume of the suspension, and m (g) is the mass of 
MWCNTs. 

Analytical Methods 

The concentration of Cr(VI) was analyzed by spectropho-
tometry at wavelength of 540 nm by using diphenylcarbazide 
as chromogenic reagent, 0.2 mol/L H2SO4 and 0.1 mol/L 
H3PO4 as buffering agent at pH maintained to 0.67±0.01. 
The morphology of raw MWCNTs was analyzed by using 
TM (FEI Sirion-200) and the functional groups on the sur-
face of samples for the Fourier transform infrared spectrome-
ter (FT-IR) measurement were mounted on a Bruker EQUI-
NOX55 spectrometer in a KBr pellet at room temperature.  

THEORETICAL CALCULATION  

Removal Percent (%) and Distribution Coefficient (Kd) 

The removal percent (%) is calculated by using the equa-
tion: 

%100%Removal

0

0=
C

CC
e                     (2) 

where C0 is the initial concentration of Cr(VI) in suspension 
and Ce is the equilibration concentration of Cr(VI) in super-
natant after centrifugation. 

The distribution coefficient (Kd) is regarded as a standard 
parameter in the assessment of the physicochemical behavior 
of metal ions between solid and liquid phases. It can be cal-
culated by the following equation: 
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e

e
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= 0                         (3) 

Adsorption Isotherms 

Adsorption isotherm models are used to describe experi-
mental adsorption data. The model parameters and the under-
lying thermodynamic assumptions of these adsorption  
models can provide some insight into the sorption mecha-
nism, the surface properties and affinity of the adsorbent. 
Therefore, obtaining the “best-fit” isotherm is very impor-
tant. 

Langmuir Isotherm 

The Langmuir model was first used to describe the ad-
sorption of gas molecules onto metal surface [18]. However, 
this model has been used successfully in many other proc-
esses. It is represented as follows [19]: 

  

=
q

e

q
m

=
KL C

+ K C
                        (4) 

where  is the fraction of the surface coverage, qe (mg/g) and 
Ce (mg/L) are the amount of adsorbed adsorbate per unit 
weight of adsorbent and the remained adsorbate concentra-
tion in solution. qm (mg/g) and KL (L/mg) are Langmuir con-
stants related to adsorption capacity and energy of adsorp-
tion. Eq. (4) can be linearized by inversion to obtain the fol-
lowing form: 
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Freundlich Isotherm 

The Freundlich isotherm model can be applied to non-
ideal adsorption on heterogeneous surfaces as well as multi-
layer sorption. The model has the following form [20]: 

n

eFe CKq =                                          (6) 

Eq. (6) can be rearranged as: 

ln qe = ln KF + nln Ce                        (7) 

where KF (mg1-1/nL1/ng-1) relates to adsorption capacity and n 
(0<n<1) to adsorption intensity. For n = 1, the partition be-
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tween the two phases is independent of the concentration. 
The situation n <1 is the most common and corresponds to a 
normal L-type Langmuir isotherm, while n >1 is indicative 
of a cooperative sorption, which involves strong interactions 
between the molecules of adsorbate [3]. 

Dubinin-Radushkevich (D-R) Isotherm 

The D-R isotherm model is valid at low concentration 
ranges and can be used to describe adsorption on both ho-
mogeneous and heterogeneous surfaces [21]. The D –R equa-
tion has the general expression: 

2

= eqq
m

                               (8) 

or in the linear form: 

2
lnln =

m
qq                            (9) 

where qm (mmol/g) is the D-R monolayer capacity,   
(mol2/kJ2) is the constant related to the adsorption energy, 
and is the Polanyi potential, which equals to: 

)/11ln(
e

CRT +=                             (10) 

where R is ideal gas constant (8.314 J/(mol· K)), and T is the 
absolute temperature in Kelvin (K). The constant  gives the 
adsorption free energy, E (kJ/mol), which is defined as the 
free energy change required to transfer 1 mol of ions from 
solution to the solid surface [22]. The relation is as the fol-
lowing: 

2

1
=E                                   (11) 

The magnitude of E is useful for estimating the mecha-
nism of the adsorption reaction. If E is in the range of 8-16 
kJ/mol, adsorption is governed by chemical ion exchange. In 
the case of E < 8 kJ/mol, physical forces may affect the ad-
sorption. On the other hand, adsorption may be dominated 
by particle diffusion if E > 16 kJ/mol [23, 24]. 

Adsorption Thermodynamics 

The thermodynamic parameters, i.e., the free energy 
change ( G

o ), the enthalpy change ( H
o ), and the en-

tropy change ( S
o ), for the adsorption of Cr(VI) on 

MWCNTs were calculated using the following equations: 

RTHRSK //ln
d

oo
=                                                   (12) 

ooo
STHG =                                                 (13) 

The values of enthalpy change ( H
o ) and entropy 

change ( S
o ) were calculated from the slope and the inter-

cept of the plot of lnKd vs. 1/T. The free energy change 
( G

o ) was determined from Eq. (13). 

RESULTS AND DISCUSSION  

Characterization of MWCNTs 

The N2-BET surface area was measured to be 93.59 m2/g. 
The TEM image (Fig. 1A) shows that the raw MWCNTs are 
curve and have cylindrical shapes with an external diameter 

of 10 ~ 30 nm. The FT-IR spectrum of the raw MWCNTs 
(Fig. 1B) indicates that there are some oxygen-containing 
functional groups at the surfaces of MWCNTs. The peak at 
3430 cm-1 is associated to –OH stretching mode. The peak at 
2915 cm-1 may be the stretching vibration of –CH on the 
sidewalls. The peak at 1630 cm-1 may be the stretching band 
of C=C, and the peaks at 1095 and 1380 cm-1 may be associ-
ated to carboxylic groups.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1A). TEM image of raw MWCNT sample. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1B). FTIR spectrum of raw MWCNT sample. 
 

The acid-base titration data of raw MWCNTs are shown 
in Fig. (2A). TOTH is the total concentration of consumed 
protons in the titration process, which is calculated from the 
following equation: 

b0

beb1b )(
TOTH

VV

CVV

+
=                           (14) 

where Vb is the volume of NaOH used in titration at each 
point; Veb1 is the volume of NaOH used in titration at Gran 
point to zero on the acidic side; V0 is the initial volume of the 

suspension; 
b

C is the concentration of NaOH used in the 

acid-base titration. 
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Fig. (2A). Acid-base titration of raw MWCNTs I=0.01M NaClO4 

and T=20 ºC. The line represents model calculation based on the 
CCM with the aid of FITEQL 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2B). Distribution of surface site concentrations of MWCNTs 
(5.0 g/L) as a function of pH at I=0.01M NaClO4 and T=20 ºC. 
 

For experimental data modeling, various surface com-
plexation models (SCMs) have been developed and exten-
sively utilized to interpret and to predict the interfacial pro-
cedures. The commonly adopted forms include the diffusion 
layer model (DLM), the constant capacitance model (CCM) 
and the triple layer model (TLM) [25, 26]. In the aqueous 
medium, the solid surface is used to characterize hydroxyl 
groups which exhibit amphoteric behavior. Accordingly, the 
surface protonation and deprotonation reactions can be  
expressed as: 

++
=+

2xx
OHCHOHC                              (15) 

+
+= HOCOHC

xx

                                        (16) 

where +

2x
OHC , OHC

x
 and OC

x
represent positively 

charged, neutral and negatively charged sites on the surface 
of raw MWCNTs, respectively. The distribution of these 
sites as a function of pH can be calculated from the acid-base 
titration with the aid of FITQEL 3.2 (Fig. 2B). 

According to Fig. (2B), the site ( OC
x

) concentration 

increases with increasing pH, whereas the site ( +

2x
OHC ) 

concentration decreases with pH increases. The positive sur-
face charge of MWCNTs is found at pH <~4.3 (according to 
Fig. 2B) (pHpzc, i.e., point of zero charge). Li et al. [27] had 
ever measured the point of zero charge (pHpzc) of oxidized 
MWCNTs and found it to be about 5. We measured the pHpzc 
of oxidized MWCNTs to be ~5 in our previous paper [16]. 
Below the pHpzc, the site ( OHC

x
) concentration increases 

with increasing pH, and then decreases with increasing pH at 
pH>pHpzc. The site density at the surfaces of raw MWCNTs 
calculated from the titration result is 0.397 mmol/g. The con-
secutive acidity constants of OHC

x
 sites of MWCNTs as 

pKa are optimized to be 3.076 for 
 
C

x
OH

2

+ , and -5.665 for 

OC
x

 with WSOS/DF = 16.41 (the value of WSOS/DF be-

low 20 indicates a reasonably good fit). 

Effect of MWCNT Dosage 

The adsorption of Cr(VI) on MWCNTs as a function of 
MWCNT dosage at T=20±1 ºC and pH = 2.05±0.02, 
2.88±0.02 and 4.40±0.05 are shown in Fig. (3). The removal 
percentage of Cr(VI) on MWCNTs increased with increasing 
MWCNT dosage at the three pH values. With increasing 
MWCNT dosage, the number of available sites for binding 
Cr(VI) increased, thereby resulted in the higher removal per-
centage of Cr(VI) at higher MWCNT dosage [28].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Removal of Cr(VI) as a function of raw MWCNT content 
at different pH values. C[Cr(VI)]initial=3.0 mg/L, I=0.01M NaClO4, 
T=20±1 ºC, contact time=165 h. 

Effect of pH and Temperature  

The adsorption of Cr(VI) from aqueous solution to the 
raw MWCNTs at three pH values (pH =2.05±0.02, 
2.88±0.02 and 4.40±0.05) and T=20±1 ºC are shown in Fig. 
(4A). The contact time has been fixed to 165 h for all ex-
periments. Fig. (4A) shows that the adsorption isotherm of 
Cr(VI) at pH 2.05 is the highest and that of Cr(VI) at pH 
4.40 is the lowest, which indicates that the adsorption of 
Cr(VI) decreases with increasing pH. It is well known that 
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Cr(VI) exists mainly in the form of HCrO4
- at low pH, and as 

CrO4
2- at high pH (Fig. 5) [4, 29, 30]. From the acid-base 

titration and FT-IR analysis, it is known that there are many 
functional groups, such as –OH and –COOH on the surfaces 
of MWCNTs. The surface sites ( OHC

x
) can either be pro-

tonated to form +

2x
OHC  at low pH or be deprotonated to 

form OC
x

 at high pH. It is clear that negatively charged 

HCrO4
- and Cr2O7

2- are easily to be adsorbed to the posi-
tively charged MWCNTs at low pH values due to the elec-
tronic attraction. The electrostatic repulsion between nega-
tive Cr(VI) species and negatively charged MWCNTs in-
creased with increasing pH values at pH>pHpzc, and thereby 
resulted in the decrease of the adsorption of Cr(VI) on 
MWCNTs at pH>pHpzc. Cr(VI) can be captured by adsorp-
tion and ion exchange on the weak acid surface groups or on 
the basal plane sites [2]. At low pH values, the HCrO4

- and 
Cr2O7

2- ions can be reduced to Cr(III) on the occurrence of 
redox reactions between the surface groups [31]: 

OHCrHCrOOCHOCrOHC
xx 2

3

4

2

72
3343 +++=++

++    (17) 

OHCrOCHHCrOOHC
xx 2

3

4
4343 ++=++

++               (18) 

where CxO represents the functional groups of the MWCNT 
sites. The total Cr concentration in solution was measured 
and found that Cr was mainly in trivalent form at pH 2.05 
and 2.88 and Cr(III) cations accounted for about 30% of total 
Cr at pH 4.40. This means that Cr(VI) is reduced to Cr(III) in 
the presence of reducing substrate (CxOH ) on the occurrence 
of redox reactions between the surface groups and Cr(VI) at 
low pH values. The results were very similar to the results 
reported by Di Natale et al. [2]. To further understand the 
removal mechanism of Cr(VI) on MWCNTs, the sample 
after the adsorption of Cr(VI) for 165 hours at pH 2.88 was 
analyzed with X-ray photoelectron spectroscopy (XPS). XPS 
spectrum (Fig. 6) shows two Cr2p1/2 and Cr2p3/2 peaks that 
are respectively centered at 587.4 eV and 577.3 eV, which 
are consistent with Cr(VI) and Cr(III) [5]. The XPS result 
also indicates that Cr are adsorbed on MWCNTs as Cr(III) 
and Cr(VI), which also suggests that part of adsorbed Cr(VI) 
is reduced to Cr(III). 

It is well known that temperature is an important parame-
ter in the adsorption process of metal ions. An increase in 
temperature is known to increase the diffusion rate of the 
adsorbate molecules across the external boundary layer and 
within the pores. Furthermore, the temperature changing 
may modify the equilibrium capacity of the adsorbent for a 
particular adsorbate [3]. The effect of temperature on the 
removal of Cr(VI) to MWCNTs was investigated at three 
temperatures 293.15±1 K, 306.15±1 K and 316.15±1 K, re-
spectively (Fig. 4B). The results show that the adsorption of 
Cr(VI) increases with increasing temperature.  

Comparison of Raw and Oxidized MWCNTs  

Fig. (7) shows the removal percentage of Cr(VI) on the 
oxidized and raw MWCNTs at different MWCNT dosages. 
The results show clearly that the removal percentage of 
Cr(VI) on the oxidized MWCNTs is higher than that of 
Cr(VI) on the raw MWCNTs. The amorphous carbon, car-
bon nanoparticles and catalyst particles, introduced by CVD 
preparation process, are removed during the oxidation proc-
ess with HNO3. It is also well known that the oxidation proc-
ess can generate not only a more hydrophilic surface struc-
ture, but also a large number of oxygen-containing func-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Adsorption isotherms of Cr(VI) on raw MWCNTs. 
I=0.01M NaClO4, m/V=1.0 g/L, and contact time=165 h. (A): at 
different pH values at T=20±10 ºC; (B): at different temperatures at 
pH=2.88±0.02. 

 

 

 

 

 

 

 

 

 

Fig. (5). The relative species of Cr(VI) in solution as a function of 
pH values. 
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tional groups, which increases the ion-exchange capacity of 
carbon nanotubes [27]. These functional groups are also hy-
drophilic and make the oxidized MWCNTs to be dispersed 
more easily in water [32]. This also results in the higher re-
moval percentage of Cr(VI) on the oxidized MWCNTs than 
that of Cr(VI) on the raw MWCNTs.  

The distribution coefficients (Kd) of Cr(VI) on oxidized 
and raw MWCNTs as a function of Cr(VI) concentration are 
also shown in Fig. (7). The distribution coefficient (Kd) in-
creases with increasing MWCNT content. With increasing 
solid content, the available sites for binding Cr(VI) increases 
and thereby enhances the adsorption of Cr(VI) from solution 
to solid. Another important interpretation is that the amount 

of Cr(VI) reduction to Cr(III) increases with increasing 
MWCNT dosage. In the experiments, the removal of Cr(VI) 
by adsorption of Cr(VI) and the reduction of Cr(VI) to 
Cr(III) were both taken into account. Thereby, it is reason-
able that the Kd values increases with increasing MWCNT 
dosage.  

Adsorption Isotherm Model Analysis  

Three models, the Langmuir, Freundlich and D–R iso-
therms models, have been adopted for Cr(VI) adsorption on 
raw MWCNTs at different pH values and at different tem-
peratures in the experiment. The relative parameters calcu-
lated from Eqs. (5, 7 and 9) are listed in Table 1. From the R 

 

 

 

 

 

 

 

 

 
Fig. (6). XPS spectrum of MWCNT sample after Cr(VI) adsorption 
for 165 h at pH 2.88. The solid lines represent the Cr(III) and 
Cr(VI) components, and the fit envelope. 

 

 

 

 

 

 

 

 

Fig. (7). Removal of Cr(VI) on the oxidized and raw MWCNTs as 
a function of MWCNT content. C[Cr(VI)]initial=3.0 mg/L, I=0.01M 
NaClO4, T=20±1 ºC, contact time=165 h, pH=2.88±0.02. 

Table 1. The Parameters for Langmuir, Freundlich and D-R Models 

pH T (K) 
Isothermal Model 

Parameters 
2.05 2.88 4.40 293.15 306.15 316.15 

Langmuir       

qm(mg/g) 4.434 2.679 1.551 2.679 3.427 5.811 

KL(L/mg) 20.80 12.08 11.64 12.08 10.53 10.01 

R
2 0.997 0.998 0.998 0.998 0.997 0.996 

Freundlich       

KF(mg
1-1/n

L
1/n

g
-1

) 3.735 2.224 1.230 2.224 2.790 4.860 

n 0.146 0.101 0.138 0.101 0.153 0.108 

R
2 0.989 0.988 0.980 0.988 0.988 0.956 

D-R       

(mol
2
/kJ

2
) 2.31 10-3 2.23 10-3 2.47 10-3 2.23 10-3 3.53 10-3 2.18 10-3 

qm(mol/g) 0.91 10-3 0.53 10-3 0.32 10-3 0.53 10-3 0.74 10-3 1.16 10-3 

E(kJ/mol) 14.74 15.07 14.43 15.07 11.92 15.40 

R
2 0.990 0.977 0.96 0.97 0.96 0.930 
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values, the adsorption isotherms can be simulated well by the 
three models. However, Langmuir model fits the data best in 
the three models, which suggests that the adsorption of 
Cr(VI) on MWCNTs mainly as monolayer on the sidewalls. 
The adsorption capacities (qm) decrease with increasing pH 
and increase with increasing temperature. The parameters 
(KF) of Freundlich model decrease with pH increasing and 
increase with increasing temperature. It is well known that 
KF is related to adsorption capacity, the values of KF are con-
sistent with the values of qm.  

Thermodynamics Data 

The thermodynamic parameters calculated from Eqs. (12) 
and (13) are tabulated in Table 2. The values of H

o  and 
S
o are calculated from the plots of lnKd versus 1/T (Fig. 

8). One can see that the H
o values are positive, indicating 

the endothermic nature of the adsorption process. Positive 
values of S

o  suggest the increased randomness at the 
solid-solution interface. Negative values of G

o  confirm 
the adsorption process is spontaneous, which becomes more 

negative with an increase in temperature. This indicates that 
a higher adsorption is actually occurred at higher tempera-
tures [33]. At higher temperature, ions are readily desolvated 
and thereby their adsorption becomes more favorable [15]. 
The G

o  values are more negative at low initial concentra-
tion than those at high initial concentration, which also con-
firms the more efficient adsorption at low initial concentra-
tions.  

CONCLUSIONS  

In the light of the finding in this work, the following con-
clusions can be stressed: 

(i) The hydroxyl groups on the surfaces of MWCNTs 
exhibit amphoteric behavior and undergo the proto-
nation reactions at low pH and the deprotonation 
reactions at high pH. The pHpzc value of the raw 
MWCNTs is determined to be ~4.3 from the acid-
base titrations. 

(ii) The adsorption of Cr(VI) on MWCNTs is strongly 
dependent on temperature and pH values. The re-
moval percentage of Cr(VI) increases with increas-
ing temperature and decreases with increasing pH 
values.  

(iii) The removal of Cr(VI) is mainly dominated by ad-
sorption of Cr(VI) on MWCNTs. The surface ad-
sorbed Cr(VI) can be reduced to Cr(III) on the sur-
faces of MWCNTs, and part of Cr(III) is released to 
solution in the adsorption process of Cr(VI) at low 
pH values. The XPS analysis indicates that the ad-
sorbed Cr on MWCNTs are present as Cr(III) and 
Cr(VI) forms. 

(iv) The oxidized MWCNTs show higher capacity for 
the adsorption of Cr(VI) than the raw MWCNTs. 
Considering the oxidation process, the raw 
MWCNTs can be used directly in the removal of 
Cr(VI) from aqueous solution. 

(v) The adsorption of Cr(VI) on MWCNTs can be 
simulated well with Langmuir, Freundlich and D-R 
isotherm models. Assuming the batch adsorption to 
be a single-staged equilibrium operation, the separa-

Table 2. The Thermodynamic Parameters of Cr(VI) Adsorption on MWCNTs at Different Cr(VI) Initial Concentrations 

H o  S o  G o  
C0 

(mol/L) 

T 

(K) 

Kd 

(ml/g) 
(kJ·mol

-1
) (kJ·mol

-1
·K

-1
) (kJ·mol

-1
) 

R
2 

6.73 10-5 293.15 573.71 48.96 0.219 -15.25 0.935 

 306.15 982.89 48.96 0.219 -18.10  

 316.15 2571.16 48.96 0.219 -20.29  

9.62 10-5 293.15 372.45 51.26 0.223 -14.23 0.956 

 306.15 695.68 51.26 0.223 -17.13  

 316.15 1775.73 51.26 0.223 -19.37  

 

 

 

 

 

 

 

 

Fig. (8). Plot of distribution coefficient Kd vs. temperature for 
Cr(VI) adsorption on the raw MWCNTs. I=0.01M NaClO4, 
m/V=1.0 g/L, pH=2.88±0.02. 
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tion process can be defined mathematically using 
the Langmuir isotherm constants to estimate the re-
sidual concentration of Cr(VI) or amount of adsorb-
ent for desired purification. 

(vi) MWCNTs are suitable in the preconcentration and 
solidification of Cr(VI) from aqueous solutions be-
cause of the high stable properties at acidic condi-
tions.  
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