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ABSTRACT

In this manuscript, titanate (Na, Ti;07) nanotubes synthesized from alkali hydrothermal route, with high
BET surface area (206 m?/g), were used as an effective sorbent to remove cadmium ions from water.
Sorption capacity (qm, angmuir = 1.1 mmol/g at pH 7) was higher than other sorbents. X-ray photoelectron
spectroscopy (XPS) analyses performed on fresh and cadmium-sorbed samples reveal intensities of Na
1s peak decreased after sorption indicating ion-exchanging between cadmium and sodium ions occurred
at interlayer of nanotubes. However kinetic study did not show a stoichiometrically equivalent amount
of Na* being released suggesting Cd uptake was not due solely to ion-exchange mechanism. Batch tests
also showed that cadmium uptake was not significantly affected by variation in ionic strength, signi-
fying cadmium ions form an inner-sphere complexation with surface hydroxyl groups. Finally, surface
complexation modeling was performed based on charge distribution multisite ion complexation (CDMU-
SIC) model. It was found that CDMUSIC was able to fit the experimental data best when inner-sphere
complexation and ion-exchange were applied together.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cadmium is a toxic heavy metal and a possible carcinogen to
humans. Anthropogenic origins of cadmium include wastewater
of many industries such as pigments, batteries, pesticides, plastics
manufacturing and metal-plating. Due to the inability to biolog-
ically remove the element, cadmium is accumulated inside the
human body. Prolonged exposure to the heavy metal can result
in cancer and other chronic illnesses [1-3].

Treatment methods to separate heavy metals from the wastew-
ater include coagulation-precipitation, sorption, electrolysis and
nanofiltration. Despite emerging technologies, sorption remains a
cost-effective and widely studied method for the removal of heavy
metals from water [4-6]. Recently, inorganic titanate nanotubes
have received increasing attention as a sorbent for removal of var-
ious pollutants. The monocrystalline titanate nanotube has high
surface area and dimensions comparable to that of multiwalled
carbon nanotube. The morphology of nanotube also allows itself
to have better separation/recovery efficiency than nanoparticle.
Studies have shown that the one-dimensional materials can be
efficiently separated by membrane filtration [7]. Similar to TiO,
anatase and rutile, titanate nanotube is resilient under acid and
basic conditions. Clearly, the aforementioned characteristics would
make titanate nanotube a potential sorbent.
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Sun and Li [8] studied the uptake of six cations by titanate
nanotubes. Ou et al. [9] applied titanate nanotube to sorb aque-
ous ammonium species. Niu et al. [10] investigated the feasibility
of titanate nanotubes as sorbents for arsenic removal. Liu et al.
[11] used titanate nanotube for the removal of copper (II) ions
from water. From the mentioned literatures, the sorption mech-
anism was either attributed exclusively to the ion-exchange at the
interlayer of the nanotube or not stated at all. However, in surface
chemistry metal oxides are known to have hydroxyl groups at its
solid-water interface and these functional groups are capable of
adsorbing protons and other ions from the bulk solution.

In view of the handful of inconclusive studies, there is need for
more in-depth analyses on sorption of ions onto titanate nanotube.
Hence the objectives of this work are to (i) synthesize titanate
nanotubes and characterize the sorbent using X-ray photoelectron
spectroscopy (XPS), (ii) investigate the sorption behavior of titanate
nanotubes under different solution compositions, (iii) utilize sur-
face complexation model to fit experimental data and simulate
sorption process, and (iv) provide a mechanistic description of the
sorption process.

2. Materials and methods
2.1. Chemicals
All chemicals are reagent grade unless otherwise stated. Sodium

hydroxide (NaOH) pellets were supplied by VWR BDH. Titanium
dioxide (Merck) was used as precursor for the synthesis of sodium
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titanate nanotubes (STN). Synthesis procedure was a modified ver-
sion of Kasuga et al. [12]. Typically, 4 g of TiO, powder was added
to 50 mL NaOH solution (10 M). The mixture was stirred for 1 day
and loaded into an acid digestion bomb (125 mL, Parr Instruments)
for 2 days at 150°C. As-synthesized STN were retrieved from the
Teflon cup and washed with de-ionized (DI) waterina 1 LHDPE bot-
tle. After 1 day, the STN were separated (centrifuged at 10,000 rpm
for 30 min) and washed with de-ionized water. The washing pro-
cess was repeated until solution has neutral pH and a conductivity
of 1076 S/cm. The STN were freeze dried and added into de-ionized
water to form slurry of known concentration. The slurry was subject
to conditioning in an end-over-end mixer for 2 weeks. To ensure
a homogenous STN stock the slurry was transferred to a settling
column to separate larger aggregates. After 30 min the supernatant
in the column was retrieved and the concentration of STN in super-
natant was calculated by determining the dry weight of the settled
particles. The BET surface area of the STN was 206 m?/g.

2.2. Equipments

X-ray photoelectron spectroscopy (XPS) analyses were carried
out in an ultrahigh vacuum (UHV) chamber with a base pressure
below 2.66 x 10~7 Pa at room temperature. Photoemission spectra
were recorded by a Kratos Axis Ultra spectrometer equipped with a
standard monochromatic Al Ko excitation source (hv=1486.71eV).
The pass energy and step size of low-resolution XPS scan were per-
formed at 160eV and 1 eV, respectively. For the high-resolution
XPS scan, the parameters above were adjusted to 40eV and 0.1 eV.
Due to surface charge effects, the binding energy (BE) scale was
calibrated using C 1s peak at 284.8 eV. Background was corrected
with Shirley and peaks were fitted with Gaussian-Lorentzian (GL)
function. XPS samples were lightly dust onto a double-sided car-
bon tape [13]. Cadmium was measured using inductively coupled
plasma optical emission spectrophotometer (ICP-OES, Perkin Elmer
Optima 2000).

2.3. Experiments

The rationale of choosing nitrate for all chemicals
(Cd(NO3),-4H,0, HNO3 and NaNOs) is to ensure interference
of anion to sorption is minimal. Nitrate is known to bind weakly
to surface of metal oxides [14]. Thereby, most, if not all, sites
were made available for Cd-sorption studies. Discontinuous
batch titration was conducted in this work [15]. Suspension of
12.5g/L STN with appropriate ionic strength (IS) was prepared
and divided into aliquots of 20 mL. pH were adjusted with 0.25M
HNO3; and NaOH. The pH value was measure using a Horiba pH
meter/electrode. Readings were taken after 5-10min. Kinetics
was performed to determine the duration required to achieve a
pseudo-equlibrium. Two 1L HDPE bottles containing 0.05 g/L STN
were adjusted to pH 3 and 4.8. Third bottle of DI water (without
STN) were used as a control. At various time intervals 10 mL
sample were collected, filtered (0.2 wm Nylon, Sartorius). The
filtrates were preserved with 20 pL HNO3 (70%). Samples were
measured for Cd, Na and Ti. Dissolution was not considered in this
study as it was found that molarity of Ti at pH 3 was negligible
(Fig. S1). Sorption edge and isotherm studies were conducted
with samples of 50 mL each containing appropriate proportions
of STN and ionic strength. Cadmium was spiked into the solution
followed by end-over-end mixing for 24 h. pH values before and
after equilibration were recorded. The samples were then subject
to centrifuging at 10,000 rpm and 30 min. All samples were filtered
prior to analyses. A blank sample (i.e. without STN) was prepared
for each set of test as a control. All equilibration were performed
in the dark.

T T T T T T T T T T T T T T
Jos
0.0015}F o NaNO, Expt. Data CDMUSI
N
N 0.001M o - 1os
LN 0.01M o
0.0010} " 0@ 0AM A
BRI 404
AN
) <
='0.0005 A £
g {025
¢} &
0.0000 ! 0.0
4 5 1h
4-02
-0.0005 |-
H-04
-0.0010 I 1 1 1 1 1 I 1 I 1 1 1 " 1

Fig. 1. Titration curves of STN under different ionic strengths. STN=12.5g/L;
V=0.02L.

2.4. Modeling software

In this work, computations involving speciation, titration and
sorption were perform using PhreePlot [16]. Thermodynamic con-
stants were from wateq4f.dat database. For the modeling of
titration and sorption experiment data a charge distribution mul-
tisite ion complexation (CDMUSIC) model was chosen [17]. In
comparison with other models CDMUSIC is able to describe sorp-
tion at different ionic strength and able to achieve a better fit with
its charge distribution function [18,19]. A sample of the program-
ming language used in this work can be found in the supporting
information.

3. Results and discussion
3.1. Acid-base titration

Titration was conducted at different ionic strength (IS). It is
evident that STN is positively charged at acidic condition and neg-
atively charged at basic condition (Fig. 1). At each IS, a point of zero
charge (PZC) can be observed. The curves are parallel and do not
intersect and STN is less protonated at higher IS. At IS=0.1 M, high
concentration of Na* ion competes with protons for binding sites
and, thereby, reduces the amount of protons being sorbed. When
pH > PZC, effect of de-protonation is lesser at lower ionic strength.
These characteristics of STN titration curves are similar to clays
[20]. The shape of titration curves can be explained by the origin
of the charges. Titanate nanotube is different from bulk anatase or
rutile. The titanate nanotube has a layered structure and two types
of charges. At the solid-water interface hydroxyl groups (=TiOH)
are variably-charged and permanently-charged sites (=Ti307%")
are located within the interlayer which is also the walls of the tube.

3.2. Sorption isotherms

In order to elucidate the effect of pH on sorption capacity,
isotherm studies were carried out (Fig. 2). Each set of data points
was fitted with Langmuir isotherm:
q= lqu]_Ce (1)

—+ KLCE
where q is the amount of cation sorbed at equilibrium (mol/g), gm
is the sorption capacity of STN, K is Langmuir sorption constant
(L/mol) and Ce is the concentration of solution cation at equilibrium
(mol/L). It is observed that increasing Cd concentration resulted in
increase of Cd uptake until a saturation point. Subsequent increase
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Fig. 2. Sorption isotherms of Cd on STN. Scale bars represent standard deviation of
triplicates. Lines are Langmuir isotherms. STN =0.05 g/L; NaNO3 =0.1 M.

of Cd concentration only resulted in a plateau. This indicates Cd
ions has fully occupied and saturated the possible sites on STN.
At pH 3 sorption capacity is only half of that at pH 7 thus, the
sorption capacity is largely affected by solution pH. Nevertheless,
sorption capacity (qm) at neutral pH was 1.1 mmol/g whichis higher
than other metal oxides and clays reported [21,22]. The mecha-
nisms behind this relatively higher sorption capacity of STN will be
discussed in the following sections.

3.3. X-ray photoelectron spectroscopy

Due to the detection limit of XPS, the concentrations of STN and
Cd were higher than that of batch tests. The ratio of sorbent to sor-
bate remains the same as batch tests. Increased concentrations did
not affect the shape of sorption edge. It is known that valence state
of cadmium in aqueous is +2 [1,23]. XPS is performed on samples
after equilibration at pH 3 and 7. The data indicated an increas-
ing surface Cd with increasing pH (Fig. S2). At pH 3, Cd 3ds;, and
Cd 3dsj, peaks were found at 405.4eV and 412.1eV respectively.
Under neutral and basic conditions, the peaks shifted to lower bind-
ing energy. Peaks of Cd 3ds;, and Cd 3d;j, were shifted to 405.0 eV
and 411.6 eV, respectively. This is attributed to the presence of two
types of Cd bond present on STN at pH 7. This can be explained by
the deconvolution of Cd 3ds, peaks as shown in Fig. 3.

It reveals there a primary curve for pH 3 whereas two primary
curves for pH 7. Curve 1 corresponds to Cd-0 bond in which oxy-
gen originates from the surface hydroxyl groups of STN rather than
the solution species, CAOH*. As shown from the speciation curves
(Fig. S5), at pH 7, cadmium is present as Cd2* rather than CdOH*.
Curve 2 is attributed to the presence of CdCO3q), otavite. It is known
that Cd-CO3 bond has a higher binding energy position than Cd-0
[13]. Note that at a higher Cd;,;;ja) precipitation of otavite shifts to
pH 7 as shown from the speciation curve. Hence, it is expected that
Cd will precipitate as CdCOj3s) for sorption at pH 7. Table S1 quan-
tifies the raw areas of all the Cd peaks and it is observed that the
areas of both Curve 1 and 2 increases as pH increase.

The presence of CdCO3(5) on sample pH 7, in theory, should be
reflected in C 1s spectrum and this would give a quantitative con-
firmation of the presence of precipitation. This method, however,
is not practical due to the strong signals from adventitious carbon
and the adhesive carbon tape. Any possible signals from the low
concentration of CdCO5(y would be overlapped by the other two
carbon sources. Fig. S3 showed that all peaks have same binding

408 406 404 408 406 404
Binding Energy (eV)

Fig. 3. Deconvolution of Cds;, peaks of Cd-sorbed STN at different pH conditions.
STN=0.05g/L; NaNO3 = 0.1 M; Cdinitjar = 10~4 M.

energy positions suggesting the signals originate from the same
dominant source (i.e. carbon tape).

In order to verify the presence of ion-exchange process involved,
XPS scans were done on Na 1s. High resolution scan of Na 1s peaks
(Fig.4)reveal that Na was absent from the sample which undergone
sorption at pH 3. This could be explained by the exchange of pro-
tons with Na ions within STN interlayer to form hydrogen titanate.
However, at pH 7 the peak area was also reduced when compared
to peaks before sorption. With a higher fractional uptake of Cd at
these pH conditions, Na ions are being exchanged by Cd ions during
the sorption process.

3.4. Sorption kinetics

Kinetic studies were conducted to determine whether Na* has
been released during the sorption process. Concentration of STN
was in excess to ensure the sufficient sites were available for Cd
bonding. From Fig. 5, Cd was not detected in solution after 10 min
at pH 4.8. In contrast, maximum Cd sorption efficiency at pH 3 was
only 80%.
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Fig. 4. Na 1 s peaks of samples before (top curve) and after (bottom) sorption under
different pH conditions. STN =0.05 g/L; NaNOs3 =0.1 M; Cdjpjtja1 =104 M.
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Fig. 5. Kinetic studies of Cd and Na at pH 3 and 4.8. STN =0.05 g/L; Cdinjja = 107> M.

Pseudo-second-order rate model was fitted to the sorption data
(Fig. S4 main). It was found that, at pH 3, Cd sorption can be
described by the pseudo-second-order equation. This model is
known to encompass the reactions of external film diffusion, sur-
face adsorption and intra-particle diffusion [24]. The rate-limiting
step is the putative solute diffusion into the bulk sorbent. Firstly,
Cd ions can diffuse and adsorb onto outer wall of STN relatively
quickly. Upon the saturation of outer sites, the slower reactions
would be the diffusion of cations into the interlayers and the mass
transfer to the inner wall of the tube. Despite the good linear regres-
sion analysis (Fig. S4 inset), the model was unable to fit sorption
kinetics at pH 4.8. The reason for this incompatibility could be due
to the faster kinetics and different sorption mechanism. Reaction
rate models are known to have their inadequacy in modeling sorp-
tion data. Regardless of the orders of reaction, these models are
affected by only apparent parameters (e.g. initial concentration,
sorbent dosage and type of solute) and failed to consider other
equally pertinent conditions [25]. In this case, the difference due
to effect of pH cannot be simulated using the pseudo-second-order
equation.

Prolonged mixing over at pH 3 resulted in desorption of Cd. It
was observed that after Day 1, Cd in solution increased gradually
and equilibrium was not achieved during the 60 day test. At pH 3
more protons compete with cadmium ions for high energy sites on
STN. During the 60 days there is shifting of cadmium ions from high
energy sites to low energy sites and to the bulk solution. The trend
is not uncommon and has been reported in other works. It has been
pointed out that, at a given pH, contact time affects the sorption effi-
ciency [26]. In this study, Cd was desorbed from STN due to the high
concentration of protons in the solution. Nevertheless, equilibra-
tion duration of 24 h was chosen for subsequent batch test studies.
In a sorption process involving only ion-exchange the uptake of
Cd?* should release a stoichiometrically-equivalent amount of Na*
as shown in Eq. (2) (i.e. for every 1 Cd%* ion, 2 Na* ions should be
released):

NapX + Cd** — CdX + 2Na* (2)

where X2~ represents =Tiz072", the fixed charge at the interlayer
of nanotube. In this study, however, concentrations of Na* mea-
sured is much less than the theoretical amount calculated from Eq.

(2). Hence sorption of Cd should not involve purely ion-exchange
mechanism. It is indeed plausible that fresh STN is already in the
form of HxNa,_,TizO7 at low solution pH. Under acidic condition
exchange of Cd2* with protons is possible.

3.5. Effect of ionic strength

Ionic strength was varied to investigate its effect of on sorp-
tion efficiency (Fig. 6). Percentage of Cd being sorbed by STN was
calculated by:

Co—Ce

Cdsorbed(%) = Ce

x 100%

(3)

where C, and Ce are the initial and equilibrium cadmium con-
centration (M). About 90% of cadmium ions were sorbed at pH
7.5 before the onset of otavite precipitation, indicating only dis-
solved cadmium ions are sorbed in the process. Cadmium uptake
is higher at basic pH than acidic pH. From the titration of STN
we know that the points of zero charge range from 6.5 to 8.5.
At pH>PZC, the hydroxyl groups are mainly negatively charged.
Negatively charged surface hydroxyl groups are able to sorbed cad-
mium ion more readily than a positively charged group. It was
observed that change in IS did not affect the position of sorption
edges significantly from IS=0.001-0.01 M. Sorption edges which
are independent of IS are characteristic of inner-sphere complex
formation. In addition, the presence of inner-sphere complexation
can also be observed from the acid-base titration plot of the used
sorbent. PZC of inner-sphere-complexed sorbent is lower than the
virgin sorbent [27]. Cadmium ions are directly bonded onto the
surface functional groups rather than being bonded as a hydrated
form. This can be explained by the nature of the sorbate. In contrast
to ions of alkaline earth metals, cadmium is a soft acid and is able to
bond strongly onto metal oxides [1,14,28]. lons can bond onto the
surface regardless of the thickness of the electric double layer. This
observation of cadmium ion is in accordance with previous studies
on other metal oxides [29,30].

When IS=0.1 M, however, there was a slight reduction in Cd
uptake, indicating that there is more than one sorption mechanism
involved, plausibly inner-sphere complexation and ion-exchange.
In this study, to determine the bonding mechanisms based on the
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sorption edge gradient is more complex as there are fixed charge in
addition to the variably-charged surface sites. Rather, the bonding
of Cd ions to STN-water interface is determined by selecting the
model which best fits the experimental data.

3.6. Surface complexation modeling

CDMUSIC was used to fit experimental data from titration and
sorption tests. The basal plane of the nanotube is the solid-water
interface and its singly and doubly coordinated oxygen atoms
were identified as potential sites for ion complexation. From crys-
tallographic calculation the density of each site is 2.9nm~2. In
addition the ion-exchange can occur at the interlayer of basal planes
and cation exchange capacity from crystallographic calculation is
6.629 meq/g. The capacitances of inner and outer Stern layers were
fixed at 0.9F/m? [17]. A two-step fitting approach was used to
determine equilibrium constants and Table 1 shows the equations
and respective parameters from the final models. Firstly, a titra-
tion model is set up to determine affinity constants for Reactions
1-6, 8. Results from titration fitting were input into a second file
which involves fitting of sorption edges data to obtain parameters
of Reactions 7 and 9.

Both singly and doubly coordinated functional groups are
responsible for the acid-base behavior of the nanotubes whereas
the triply coordinated group is inert within the pH range of inter-
est and will not be considered in this work [31,32]. For sorption of
cadmium ions only singly coordinated oxygen is involved. In our
study we found that cadmium adsorption is better described as
bidentate instead of monodentate reaction. This is in accordance
with previous literature on cadmium sorption [33]. The presence
of outer-sphere complexation at the surface is not possible because
as stated earlier cadmium is a soft acid and tends to bond strongly
to metal oxides [1,14,28]. Addition of outer-sphere reaction (Eq.
(4)) did not achieve a better fit than that of inner-sphere reaction
alone.

2 = TIOH?333~ 4 Cd?** 4+ H,0 < (= TiOH),CdOH®334* L+ Ht  (4)

In general better fit was achieved when both surface adsorption
and ion-exchange of cadmium ion (Table 1 Reaction 7 and 9) was
considered simultaneously. From the results of this work sorption
of Cd onto STN involved two mechanisms. Firstly, Cd ions can be
adsorbed onto hydroxyl groups at titanate nanotube surface form-
ing inner-sphere complex with the OH groups. Secondly, the heavy
metal can be sorbed by ion-exchange at the interlayer. An uptake

Table 1
Equilibrium constants used in CDMUSIC model.

Reaction Proton? Log K Az Azq
=Ti,0%667~ + H* «» =Ti, OH%333* 5.14 1¢ 0¢
=TiOH?333~ + H* <~ =TiOH,667* 5.70 1¢ 0¢
Electrolyte

3 =TiOH%333~ + Na* <> =TiOHNa®667* 2.21 0¢ 1¢

4 =TiOH%333~ + H* + NO3 ~ < =TiOH,NO; %333~ 6.60 1¢ —1¢

5 =Ti,0%667- + Na* <> =Ti; ONa?333* 2.21 0¢ 1¢

6 =Ti,0%667- + H* + NO3~ < =Tip OHNO3 %667~ 6.60 1¢ —1¢
Cadmium ion

7 2=TiOH®333~ + Cd?* < (=TiOH),Cd"334* 9.1 0.3 1.7
Ion-exchange site¢

8 NaX+H* <> Na* +HX 14 - -

9 2NaX + Cd?* < 2Na* +CdX, -2 - -

aSite densities of singly coordinate sites (=TiOH%333~)=doubly coordinate sites (=Ti, 0%667-)=2.88 nm~'.

bBoth capacitances of inner (C;) and outer (C,) Stern layer are 0.9 F/m2.

¢In the chemical equations ion-exchange site (=Ti30,2") is denoted by X. Cation exchange capacity is calculated to be 6.629 meq/g.

dSurface area from BET measurement is 206 m?/g.
¢Fixed parameters.
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of a single Cd ion results in the release of two monovalent ions into
the solution.

4. Conclusion

Titanate nanotubes was synthesized by hydrothermal and
applied to remove cadmium. Sorption isotherms showed that
titanate nanotubes have high sorption capacity for cadmium
(1.1 mmol/g). Low ionic strength (<0.01 M) did not have signifi-
cant effect on the sorption behavior, indicating cadmium formed
inner-sphere complexation onto titanate surface. XPS data revealed
decrease in surface Na after sorption equilibrium suggesting an
underlying ion-exchange mechanism. On top of spectroscopic
result, CDMUSIC modeling based on inner-sphere complexa-
tion and ion-exchange mechanism fitted the experimental data.
Thereby sorption of cadmium onto titanate nanotubes can be
ascribed to (i) complexation at the surface hydroxyl and (ii) ion-
exchange at the inter-layers of the basal plane.
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