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a b s t r a c t

In this work, adsorption of Ni(II) from aqueous solution to titanate nanotubes (TNTs) as a function of
various water quality parameters was investigated under ambient conditions. The results indicated that
the adsorption of Ni(II) to TNTs was strongly dependent on pH and ionic strength. A positive effect of
0 December 2010
ccepted 20 December 2010

eywords:
itanate nanotubes
dsorption

humic acid (HA)/fulvic acid (FA) on Ni(II) adsorption was found at pH < 6.0, whereas a negative effect
was observed at pH > 6.0. At low pH, the adsorption of Ni(II) was dominated by outer-sphere surface
complexation or ion exchange with Na+/H+ on TNT surfaces, whereas inner-sphere surface complexation
was the main adsorption mechanism at high pH. The TNTs are suitable material for the preconcentration
of Ni(II) from large volumes of aqueous solutions.
umic acid
ulvic acid

. Introduction

The increasing levels of toxic heavy metals or radionuclides,
hich have been discharged into the environment as industrial
astes, pose a serious threat to human health, living resources and

cological systems. Among the potentially contaminants, nickel
s one of the most widespread pollutants in the environment.
t is generally regarded that the wastewater containing nickel
s mainly derived from industrial production processes includ-
ng mining, electrolysis, electroplating, batteries dyes metallurgy,
esticides, etc. [1]. 63Ni(II) (T1/2 = 96 a), an important product of
he neutron activation of the reactor materials, is present in liq-
id wastes released from pressurized water from the nuclear
ower reactors and is also widely used in research and medi-
al applications. The presence of nickel in drinking water above
he permissible limit of 0.02 mg/L (WHO drinking-water qual-
ty standards) can cause adverse health impacts such as anemia,
iarrhea, encephalopathy, hepatitis and the dysfunction of cen-
ral nervous system. For ecosystem stability and public health
ake, it is of great importance to remove nickel from wastewa-
ers. Among most methods of wastewater management, sorption

echnique has been widely used for the treatment of wastewa-
er and retention of nuclear waste due to its simplicity of design,
igh sorption efficiency and low cost. In Sweden, the Svensk Kärn-
ränslehantering AB (SKB, the Swedish Nuclear Fuel and Waste
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Management Co.) presents an R&D program every three years
to manage spent nuclear fuel and other radioactive waste [2].
The studies on the sorption of radionuclides have been exten-
sively conducted. Many R&D programs and various results have
been reported [3–8]. For the long-term performance assessment of
nuclear waste, it is of great significance to obtain in-depth under-
standing on the sorption mechanism of radionuclides at solid/water
interfaces.

Since the innovative work of Kasuga et al. [9–11], titanate nan-
otubes (TNTs) have been of particular research interest for their
potential application as hydrogen sensors, catalyst supports, ion-
exchange materials and superior sorbents due to their fascinating
microstructures and excellent physicochemical properties [12]. In
the past few years, various investigations have been conducted
to study the adsorption potential of TNTs towards the removal
of gas [13], organic dyes [14–17], Ag(I) [18], Pb(II) [18–20], Cu(II)
[18,21] and As(V) [22]. It was first reported by Umek et al. [13]
that gaseous NO2 could be physically adsorbed on the surface of
TNTs by py orbital of the oxygen atoms. Adsorption of organic
dyes on TNTs was studied by Lee et al. [14,15], and they indicated
that the amount of Na(I) within TNT structure appears to domi-
nate the adsorption potential of TNTs. Regarding the adsorption of
heavy metal by TNTs, An et al. [18] and Lin et al. [21] indicated
that TNTs showed high adsorption capacity for Cu(II), Pb(II), and
Ag(I), and the results revealed that a decrease in adsorption was

owing to the strengthening O–H bond and the intercalation of H(I)
in TNT structure. However, these limited studies only focused on
the adsorption kinetic and thermodynamic of TNTs towards organic
dyes and heavy metals and little attention has been paid to the
adsorption characteristic of radionuclides onto TNTs.

dx.doi.org/10.1016/j.cej.2010.12.060
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gdsheng@mail.ustc.edu.cn
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Table 1
13C NMR characteristics (chemical shift, ppm) of HA and FA [27–29].

0–50 51–105 106–160 161–200 Aromaticity

HA 15 21 47 17 57
FA 16 28 19 39 30

Table 2
The concentrations of functional groups of HA and FA calculated from potentiometric titration by using FITEQL 3.1 [27].

Log Ka C (mol/g)a Surface sites
density (mol/g)

WSOS/DF

L1 L2 L3 HL1 HL2 HL3
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HA −5.04 −7.40 −9.60 2.20 × 10−3

FA −5.19 −7.77 −10.53 1.83 × 10−3

a HL1, HL2 and HL3 represent the carboxyl groups (–COOH), the phenolic groups

Despite of the extensive studies on the adsorption of metal ions
18–22] or organic compounds [14–17] on TNTs, according to our
iterature survey, there is still little information with respect to
he influence of organic compounds on the adsorption of metal
ons. However, it should be noted that metal ions and organic
ompounds exist simultaneously at many contaminated sites. For
xample, the presence of natural organic matter (NOM), such as
umic acid (HA) and fulvic acid (FA), may influence the fate of
etal ions in natural environment. In our previous studies [23–26],

he effect of HA/FA on metal ion adsorption to minerals had been
xtensively studied. It was generally found that the adsorption was
ncreased at low pH values but decreased at high pH values. How-
ver, the effect of HA/FA on metal ion adsorption to TNTs is still
carce. Therefore, to better understand the practical application of
NTs as a potential adsorbent in the wastewater management, it
s greatly important to investigate the adsorption of metal ions to
NTs in the presence of HA/FA.

In this work, we investigated the adsorption of Ni(II) on TNTs
nder various solution chemistry conditions. Ni(II) was selected as
model metal ion because of its extensive existence in water envi-

onment, and as a representative radionuclide because radionickel
s one of most important radionuclides in nuclear waste. The objec-
ives of this work are: (1) to study the adsorption of Ni(II) on TNTs
nder various common conditions; (2) to discuss the adsorption
echanism of Ni(II) on TNTs.

. Materials and methods

.1. Materials

All chemicals used in the experiments were purchased as ana-
ytical purity and used directly without any further purification.
ll the reagents were prepared with Mill-Q water. HA and FA
ere extracted from the soil of Hua-Jia county (Gansu Province,
hina) and were characterized in detail [27–29]. Cross-polarization
agic angle spinning (CPMAS) 13C NMR spectra of HA and FA
ere divided into four chemical shift regions, i.e., 0–50 ppm,

1–105 ppm, 106–160 ppm and 161–200 ppm. The four regions
ere referred to as aliphatic, carbohydrate, aromatic, and carboxyl

egions. The percentage of the total intensity of each region was
stimated by integrating CPMAS 13C NMR spectra for each region.
he fractions of aromatic groups calculated by expressing aromatic
as percentage of the sum of aliphatic C (0–105 ppm) and aro-
atic C (106–160 ppm) are tabulated in Table 1. HA and FA have
lso been characterized as a suite of 3 discrete acids with pKa val-
es listed in Table 2. The concentrations of functional groups of HA
nd FA determined by fitting the potentiometric acid–base titra-
ion data using FITEQL 3.1 are given also in Table 2. In addition, the
eight-averaged molecular weights (Mw) of dissolved HA and FA
1.08 × 10−3 3.18 × 10−3 6.46 × 10−3 2.37
1.08 × 10−3 2.42 × 10−3 2.71 × 10−2 0.10

H) and the amine groups (–NH2) of HA and FA, respectively.

are evaluated according to the method of Chin et al. [30], and the
Mw values of dissolved HA and FA are 2108 and 1364, respectively.
The preparation and characterization of TNTs have been described
in detail in our previous study [31].

2.2. Batch adsorption procedures

All the experiments were carried out by using batch technique in
polyethylene centrifuge tubes under ambient conditions. The stock
suspension of TNTs and NaClO4 solution was pre-equilibrated for
24 h and then Ni(II) stock solution was added to achieve the desired
concentrations of different components. The pH was adjusted to
desired values by adding negligible volumes of 0.1 or 0.01 M HClO4
or NaOH. After the suspensions were oscillated for 24 h, the solid
and liquid phases were separated by centrifugation at 7788 × g
for 30 min. To take into account of Ni(II) adsorption on tube wall,
calibration curves were obtained separately under otherwise iden-
tical conditions as the adsorption process but no TNTs. Based on
the obtained calibration curves, the amount of Ni(II) adsorbed on
TNTs was calculated by subtracting the mass in the solution from
the mass spiked. Radionuclide 63Ni was used in the experiments
as radiotracer. The concentration of radiotracer 63Ni was ana-
lyzed by Liquid Scintillation counting using a Packard 3100 TR/AB
Liquid Scintillation analyzer (PerkinElmer). The sorption percent-
age (sorption % = (C0 − Ceq)/C0 × 100%) and distribution coefficient
(Kd = (C0 − Ceq)/Ceq × V/m) of 63Ni(II) on TNTs were derived from the
initial concentration of Ni(II) (C0), the equilibrium concentration
of Ni(II) (Ceq), the mass of TNTs (m) and the volume of the sus-
pension (V). All experimental data were the average of triplicate
determinations and the relative errors were about 5%.

3. Results and discussion

3.1. Effect of ionic strength

Fig. 1 shows the pH dependence of Ni(II) adsorption to TNTs
in 0.001, 0.01, and 0.1 mol/L NaClO4 solutions, respectively. As
indicated in Fig. 1, solution pH is an important factor to influ-
ence the removal of Ni(II) from aqueous solution to TNTs. The
removal of Ni(II) increases slowly at pH ranging from 2.0 to 4.0,
then increases abruptly at pH 4.0–6.0, and at last maintains the high
level with increasing pH at pH > 6.0. About 90% of Ni(II) is adsorbed
on TNTs at pH > 6.0. It is well known that the species of Ni(II) in
aqueous solution are important to Ni(II) sorption. The species of

Ni(II) in aqueous solution are strongly dependent on pH values.
Fig. 2 shows the relative distribution of Ni(II) species calculated
from the overall hydrolysis constants (Log K1 = −9.9, Log K2 = −19,
Log K3 = −30 and Log K4 = −27.7) (Kn = [Ni(OH)2−n

n ] · [H+]n/[Ni2+])
[32]. It can be clearly found from Fig. 2 that Ni(II) presents in
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Fig. 1. Effect of ionic strength on Ni(II) adsorption onto TNTs as a function of pH,
T = 20 ◦C, C(Ni)initial = 10 mg/L, m/V = 0.5 g/L.
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which indicates that cations can change the surface properties of
pH

Fig. 2. Relative proportion of Ni(II) species as a function of pH.

he species of Ni2+, Ni(OH)+, Ni(OH)2
0, Ni(OH)3

− and Ni(OH)4
2−

t different pH values. At low pH values, Ni2+ and Ni(OH)+ are
he main species of Ni(II) in aqueous solution. Because of the pro-
onation reaction (i.e., ≡ TiOH + H+ ↔≡ TiOH+

2 ) on TNT surfaces,
he concentration of protonated sites (≡TiOH2

+) decreases with pH
ncreasing. Therefore, the removal of Ni2+ and Ni(OH)+ is difficult
s a result of coulombic repulsion at pH range 2.0–4.0. However,
t high pH values, the concentration of deprotonated sites (≡TiO−)
ncreases with pH increasing because of the surface deprotonation
eaction (i.e., ≡ TiOH ↔≡TiO− + H+). The deprotonated sites (≡TiO−)
re more available to retain Ni(II) ions and surface complexation
etween Ni2+, Ni(OH)+ and TNTs is facilitated, thus resulting in
harp increase of Ni(II) sorption at pH 4.0–6.0.

Fig. 1 also demonstrates the influence of ionic strength on the
emoval of Ni(II) from solution to TNTs. It is generally regarded that
lO4

− does not form complexes with Ni(II) in solution or on TNT
urfaces. The influence of NaClO4 concentration on Ni(II) sorption
s mainly contributed to the competition of H+/Na+ with Ni(II) on
he surfaces of TNTs. It can be clearly seen that the removal of Ni(II)
t pH < 6.0 is obviously influenced by ionic strength, while no dras-

ic difference of Ni(II) sorption to TNTs is found at pH > 6.0 in the
hree different solution concentrations of NaClO4. The effect of ionic
trength effects on Ni(II) sorption is consistent with those reported
n the literatures [33,34].
pH

Fig. 3. Effect of foreign cations on Ni(II) adsorption onto TNTs as a function of pH,
T = 20 ◦C, C(Ni)initial = 10 mg/L, m/V = 0.5 g/L.

Based on the triple-layer model, a possible equilibrium adsorp-
tion reaction of Ni(II) with the TNT surface can be expressed as
follows: (i) if Ni(II) ions react similarly to a background electrolyte
with TNTs, then ion-pairs are formed at the �-plane, on which the
adsorption process is nonspecific and the reaction product is an
outer-sphere surface complex; (ii) if the adsorption of Ni(II) ions is
visualized as a chemically specific reaction, then the reaction can be
considered as an inner-sphere coordination process. Ni(II) ions with
1 and 2 mol of reactive surface hydroxyl of TNTs forms inner-sphere
monodentate and bidentate surface complexes, respectively; (iii)
if hydrate Ni(II) ions react with TNTs, inner-sphere and outer-
sphere surface complexes can be formed, respectively [35,36]. The
background electrolyte concentration influences the thickness and
interface potential of the double layer, affecting the binding of the
adsorbing species. Hayes and Leckie [37] proposed that the influ-
ence of the background electrolyte on the adsorption reaction can
be applied to predict the adsorption reaction. �-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 suggest that Ni(II) participates
in a �-plane complex reaction at low pH values, as the adsorption is
greatly affected by the �-plane complex reaction of the background
electrolyte (i.e., Na+ and NO3

−). Meanwhile, Ni(II) participates in an
o-plane complex reaction at high pH values, without being affected
by the �-plane complex reaction of the background electrolyte (i.e.,
Na+ and NO3

−). From the discussion mentioned above, we can draw
a conclusion that the pH- and ionic strength-dependent adsorption
of Ni(II) suggests that the removal of Ni(II) to TNTs is dominated
by ion exchange or outer-sphere surface complexation at pH < 6.0,
whereas the pH-dependent and ionic strength-independent Ni(II)
adsorption indicates that the removal of Ni(II) is mainly due to
inner-sphere surface complexation at pH > 6.0 [33,34,38,39].

3.2. Effect of cation

Fig. 3 shows the removal of Ni(II) from aqueous solution to TNTs
as a function of pH in 0.01 mol/L LiClO4, NaClO4 and KClO4 solutions,
respectively. The removal of Ni(II) to TNTs is clearly affected by
cations in the TNT suspension. One can see that the removal percent
of Ni(II) to TNTs at pH < 6.0 is in the following order: Li+ > Na+ > K+,
TNTs and thus influences the adsorption of Ni(II) onto TNTs. Cations
in TNT suspension will compete for interaction with the surface of
TNTs, and Ni(II) has higher charge and higher affinity to the surface
of TNTs than that of the alkali metal ions. As support for this compe-
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Fig. 5. Effect of HA/FA on Ni(II) adsorption onto TNTs as a function of pH, T = 20 ◦C,
I = 0.01 mol/L NaClO4, C(Ni)initial = 10 mg/L, m/V = 0.5 g/L.
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ig. 4. Effect of foreign anions on Ni(II) adsorption onto TNTs as a function of pH,
= 20 ◦C, C(Ni)initial = 10 mg/L, m/V = 0.5 g/L.

ition principle, the order of Ni(II) uptake under the same pH value
s found to be the lowest for K+ and the highest for Li+, which is the
rder of their radii of hydration: K+ = 2.32, Na+ = 2.76 and Li+ = 3.4 Å
33,34]. The adsorption of Ni(II) to TNTs can be considered as a
ompetition of Ni(II) with Li+ (or Na+, K+) at the TNT surfaces. The
adius of Li+ is larger than those of the other two cations and thus
he influence of Li+ on Ni(II) adsorption to TNTs is smaller than those
f Na+ and K+. However, at pH > 6.0, no drastic difference of Ni(II)
orption to TNTs in LiClO4, NaClO4 and KClO4 solutions is observed,
hich may be attributed to the inner-sphere surface complexation

r surface precipitates at high pH values as mentioned in the above
ection. Hu et al. [33,34] investigated the effect of Li+, Na+ and K+ on
he sorption of Ni(II) in goethite/water and illite/water suspensions,
espectively, and similar results were also found.

.3. Effect of anion

Fig. 4 demonstrates the adsorption curves of Ni(II) onto TNTs
s a function of pH in 0.01 mol/L NaClO4, NaNO3 and NaCl solu-
ions, respectively. The results suggest that the anions affect Ni(II)
dsorption onto TNTs obviously at pH < 6.0. The removal percent
f Ni(II) from aqueous solution to TNTs is the lowest in NaCl solu-
ion and the highest in NaClO4 solution under the same pH values.
his phenomenon can be ascribed to the factors that: (I) Cl− and
O3

− can form soluble complexes with Ni(II) ions in solution (e.g.
i(II)Clx(2−x)−, Ni(II) (NO3)x

(2−x)−), while ClO4
− does not form solu-

le complexes with Ni(II) in solution. Ni(II) has the highest affinity
o Cl− and the lowest affinity to ClO4

−; (II) idiocratic adsorption of
l− to TNT surface is a little easier than that of NO3

− and ClO4
−,

nd Cl− adsorption on TNT surface alters the surface properties of
NTs and decreases the availability of binding sites for Ni(II); (III)
he inorganic acid radicals radium sequence is Cl− < NO3

− < ClO4
−,

he smaller radium inorganic acid radicals can take up more ionic
xchange sites and lead to the decline of Ni(II) adsorption on TNTs
33,34].

.4. Effect of HA/FA

Fig. 5 shows the pH dependent of Ni(II) adsorption onto TNTs in
he absence and presence of HA/FA. A positive effect of HA/FA on

i(II) adsorption onto TNTs is observed at low pH values, while a
egative effect of HA/FA on Ni(II) adsorption to TNTs is observed at
igh pH values. Fig. 6 shows the adsorption of HA and FA to TNTs as
function of pH. It can be obviously found that about 90% of HA/FA

s adsorbed on TNT surface at pH < 6.0, and then the adsorption
pH

Fig. 6. Adsorption of HA and FA to TNTs as a function of pH, C(HA/FA) = 10.0 mg/L,
m/V = 0.5 g/L, I = 0.01 mol/L NaClO4, T = 20 ◦C.

decreases with increasing pH. Ghosh et al. [40] and Yang and Xing
[41] had determined the zeta potential of HA and FA as a function
of pH, respectively, and it was found that both HA and FA were neg-
atively charged in the pH range of 3.0–10.0. The observations are
in agreement with previous potentiometric titration results [27].
Therefore, at low pH values, the negatively charged HA/FA can be
easily adsorbed on the positively charged surfaces of TNTs because
of the electrostatic attraction. The strong complexation between
surface adsorbed HA/FA and Ni(II) leads to the enhancement of
Ni(II) adsorption to TNTs at low pH values. However, at high pH
values, the adsorption of the negatively charged HA/FA on the neg-
atively charged surfaces of TNTs becomes difficult because of the
electrostatic repulsion. Thus the HA/FA in solution forms soluble
complexes of HA/FA–Ni(II) in solution, and thereby reduces Ni(II)
adsorption to TNTs.

It is also seen from Fig. 5 that the influence of FA on the
removal of Ni(II) is a little stronger than that of HA at the whole
pH range when the mass concentrations of HA and FA are the
same. Although the samples of HA and FA were extracted from

the same soil samples and both of them contain functional groups
such as carboxyl, amine and phenolic, the proportions and config-
urations of these functional groups and surface sites density are
different. As is illustrated in Table 2, the surface site density of
FA (i.e., 2.71 × 10−2 mol/g) is much higher than that of HA (i.e.,
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.46 × 10−3 mol/g), which can provide more available surface sites
or the binding of Ni(II). Therefore, it is reasonable that FA has a
tronger effect on Ni(II) removal than HA at the whole pH range.

. Conclusion

Batch technique was adopted to investigate the adsorption of
i(II) from aqueous solutions onto TNTs as a function of various
nvironmental factors such as pH, ionic strength, coexisting elec-
rolyte ions and humic substances under ambient conditions. The
dsorption increases with increasing pH values at pH < 6.0, and
hen maintains high level at pH > 6.0. The adsorption of Ni(II) is
ependent on ionic strength and foreign ions at low pH values, and

ndependent of these factors at high pH values. The presence of
A/FA enhances the adsorption of Ni(II) at pH < 6.0, while reduces
i(II) adsorption at pH > 6.0. By integrating all the above-mentioned
nalysis together, one can conclude that the adsorption of Ni(II)
n TNTs is dominated by ion exchange or outer-sphere surface
omplexation at low pH values, and by inner-sphere surface com-
lexation at high pH values. Considering the accessibility and low
ost of TNTs, one can conclude that this material has a great applica-
ion potential for the cost-effective disposal of Ni(II)-contaminated
astewaters. Based on the results noted for Ni(II), TNTs may also be

uitable for the removal of other heavy metals and radionuclides.
ence, more investigations on the adsorption properties of TNTs

owards various environmental pollutants are ongoing in our labo-
atory so as to have a more thorough view of the possibility of using
NTs as a promising material for wastewater management.
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