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ABSTRACT

Titanium-based nanostructures due to their special physicochemical properties are receiving
a great deal of interest for their applications in several fields. Among these applications, the
various Ti-based nanostructures are finding their value as “green adsorbents” or ion
exchangers for metals present in aqueous solutions arising from various environments. The
present paper reviewed significant applications of these amazing materials in the removal

of metals from heavy to radioactive ones.
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1. Introduction

1.1. Preparation of titanium-based nanostructures

Beneficial aspects of nanotechnology have attracted
great attention toward the synthesis and application of
nanomaterials. Titanate nanomaterials (TNMs) have
become a major concern because of their unique
properties, such as large specific surface area, good
structural stability, and ion-exchange capability [1-3].
Generally, TNMs refer to titanate nanotubes (TNTs)
[1], titanate nanosheets (TNSs) [4], titanate nanorods
[5], titanate nanowires [6], titanate nanobelts [7], and
so on.

Until now, the only precursor used to prepare the
various forms of titanium-based nanostructures is
TiO,, though some titanium nanostructures serve
themselves as precursors of other ones, furthermore
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and broadly speaking, all these various nanostructures
are prepared by an alkaline hydrothermal processing
of titanium(IV) oxide by a process dated back in 1998
[8,9]. A couple of years before, it was reported the
procedure to obtain TiO,-based nanotubes via an elec-
trochemical deposition in a porous aluminum oxide
mold, and in 1999 the electrochemical anodic oxida-
tion technique was used to produce titanium-based
nanotubes [10].

As it is mentioned above, the first description of
how TNTs were obtained by a hydrothermal process
in alkaline media dated back to 1998. In the process,
anatase powders were chemically treated with 5-10 M
NaOH solutions during 20 h at 110°C. The as-obtained
nanotubes presented a specific surface as high as near
400 m*/g [8]. This type of treatment was constantly
repeated in all the literature consulted in this review.

The growth of the nanostructures during the
hydrothermal process follows 3D, 2D, 1D mechanism
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[11]. The raw TiO, precursor is first transformed into
2D lamellar structures and then roll to form 1D
structures.

It is doubtless that the synthesis conditions
(hydrothermal temperature, the concentration of
reactants, the hydrothermal duration) and the post-
treatment (washing times, acid concentration, and the
sequence of washing by solvent and acid, post heat-
treatment) are crucial parameters that affect the struc-
tures (crystallography and morphology) and physical-
chemical properties of the products in the synthesis of
TMN materials by hydrothermal method [12-20].

Some studies reported the effect of alkaline type
and concentration on the formation and transforma-
tion of titanate microstructures [21-25]. In general, the
morphologies of the titanate products were deter-
mined by the reaction conditions, especially the con-
centration of alkali, generally NaOH [25]. Various
TNMs were synthesized by TiO, nanoparticles (90%
anatase and 10% rutile) via hydrothermal reaction
(T*=130"C for 72 h) under different NaOH concentra-
tions (4-15 M). The Morphology of TNMs successively
exhibited as nanogranules (Cnaon =4 M), nanoplates
(Cnaon =5 M), nanotubes are began to form when a
concentration of 7 M coexisted with nanosheets, with
a concentration of 10 M the nanotubes are obtained,
these present a long length of hundred nanometers.
Nanosheets are obtained to a NaOH concentration of
12 M and nano-blocks to higher NaOH concentration,
15 M [26]. Huang et al. [25] research also the effect of
the NaOH concentration (3—-15 M) on the formation of
TNMs by hydrothermal method treating anatase at
180°C for 24 h. Under the different concentrations of
NaOH, 3, 5, 10, 12, and 15M the products obtained
were nanosheets, nanotubes, an admixture of nan-
otubes and nanowires, nanowires and amorphous
particles, respectively. The structure of both
nanosheets and nanotubes can be identified as
Na,Ti;05-2H,0, while the crystal structure of nano-
wires is in agreement with NaTi,O,-OH.

If the precursor reacts with solutions of NaOH
concentrations below 5M, the titanate-based nanos-
tructure formed is nanoflowers. The decrease in alka-
line concentration may also result in a slower rate of
nanosheets scrolling, the lamellar structures cannot
roll into 1D structures due to the thickness of
nanosheets growing faster than the width of it, and by
this reason, the nanosheets are too rigid to bend
before curving occurs. As a result, the sheet curled to
thin curled flakes. The flakes did not complete sepa-
rate so its looks like a flower [27].

If the alkaline precursor in the hydrothermally
treated is KOH solutions with a concentration of
4-25M not tubular structure are produced but
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wire-like products are obtained. Also, the hydrother-
mal treating of TiO, powders with LiOH solution
leads to the formation of nanoparticles only [1]. A bin-
ary mixture containing KOH and NaOH concentrated
could reduce the hydrothermal temperature on the
formation of TNTs [28].The molar ratio TiO,/NaOH
can also affect the diameter of the nanotubes [17,22].

The reaction time can also affect the structure of
the TMNSs, the production of nanotubes increase with
prolonged duration of hydrothermal treatment,
although prolonged duration might lead to the trans-
formation from nanotubes to nanofibers [29]. Yoshida
et al. [18] prepared nanotubes by hydrothermal syn-
thesis from TiO, powder as a starting material and
10 M NaOH at 120°C for a reaction time 6-72 h. Under
the synthesis conditions, at all reaction times, nan-
otubes were obtained. The nanotubes became long
until 12 h. At 12 h or more, the structure of the nan-
otubes was not obviously changed, maybe due to the
fineness of the starting powder and rather the low
reaction temperature. The nanotubes prepared from a
reaction time of 12h have diameter of 10 nm and
specific surface areas of 300 m?/g.

However, different only titanate-based nanostruc-
tures can be isolated by variation of the sodium
hydroxide concentration and the reaction time at a
fixed temperature of 180°C. When the TiO, precursor
is treated during 2 h with 5-12M NaOH solutions,
nanosheets with Na,Ti,05-H,O stoichiometry are
formed. An increasing in the treatment duration to
4 h, transformed the first structure, nanosheets, to nan-
otubes with orthorhombic Na,Ti,0s-H,O composition,
if the treatment is prolonged to 6 h, nanowires with
monoclinic NaTi;O4(OH) structure begin to form,
formation which is completed after 12 h of treatment
[25]. On the other hand, at 130°C and time reaction of
12 h, many thin sheets and some nanotubes coexist, at
24h many nanotubes and few thin sheets are
observed. After 36 h, almost all the products are nan-
otubes [30]. Sreekantan and Wei [22] observed at tem-
peratures of 150°C, 15h are enough for complete
conversion of titania nanoparticles to nanotubes.

Different titanate nanostructure composites can be
formed at various temperatures; thus, when the
hydrothermal temperature increases from 60 to 230°C,
the various structures formed are: nanoparticles,
nanosheets, nanotubes, nanowires, nanoribbons, and
nanorods, see Table 1 [23,31-36]. Huang et al. [37]
demonstrated that the variation of the temperature
only results in the acceleration of the kinetic reaction
rate and does not determine the morphology of the
end nanostructure.

The post-treatment of the titanium-based
nanostructures had found in order to investigate their
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Table 1
Effect of the temperature in the titanate nanostructures
Refs. T° Nanostructures
[23,25,33,34] 60-100 Nanosheets
100-180 Nanotubes
>180 Nanowires
[31,32] 180-250 Nanoribons
[33] 100 Sodium titanate nanoparticles
125 Nanotubes
>180 Nanorods
[35] 120 Nanotubes
150 Nanowires
[36] 110-160 Nanotubes
>160 Nanorods

structure and properties. It was also described that the
acid washing of layered TNTs played an important
role in controlling the amount of Na* remaining in the
TNTs, Na,H,_,TizO,-nH,0, leads to the substitution of
Na* for H*, modifying the structure and properties of
the substituted nanocompound [38].

Lee et al. [39] studied the effect of washing with
0.1-0.001 M HCI solution and distilled water the TNTs
after the hydrothermal process. In samples washed
with 0.01 and 0.001 M HCI], a large amount of nan-
otubes of which formula may be Na,H,_,Ti;O;, with a
diameter of 10-30 nm and a length of several hun-
dreds of nanometers, are obtained. However, the nan-
otubular structure of sample washed with 0.1 M HCl
becomes diffuse and the lengths of the TNTs become
short. When the sodium content of TNT is approxi-
mately 0 wt% (nearly complete proton exchange), the
nanotubular structure of titanates may be destroyed.
Moreover, it has been reported that for TNT sample
with low sodium content (such as 1.2 wt%), the TNTs
were essentially a protonic layered titanate and the
structure was very close to H,Ti;O; [40]. Liu et al. [41]
studied the effect of different washing treatment. A
washing with 0.1 M NaCl aqueous solution mainly
resulted in TNSs while treating with deionized water
or 0.1M HCl (pH >7) aqueous solution can obtain
highly crystallized TNTs. If the pH after acid washing
processes were below 7, trace of nanotubes can be
found, but almost all of them were damaged.

The temperature variation in the post heat-treat-
ment of nanomaterials may be affected in the structure
and the stability of these [42].

There are no significant differences in the physical
appearance of TNTs before and after annealing (400°C
for 2 h). This suggests that the annealing under this
condition does not damage the tubular structure of
the sample [43,44]. However, the measured Bet Sur-
face area and pore volume in the annealing TNTs
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samples show a decrease, Sp and Vt of TNTs is
448.4 m?/g, and 1.3 cm®/g to the annealed titanotubes
these values are 128.1 and 1.0 m?/g, respectively.
Zhao et al. [45] annealed titania nanotubes at 500°C
for 3 h, the Bet area was 121.2 m?/g, Peng et al. [46]
reported the BET surface area of TNTs at 450°C 2 h
was 149.6 m?/g.

The post heat-treatment of nanotubes synthesized
at 120°C for 72 h, during 2 h at temperatures between
100 and 600°C was studied by Yoshida et al. [35].
Apparently, the samples treatment for 2 h at 100, 200,
and 300 are composed by nanotubes and not changed
their microstructure drastically; however, a slight
decrease in the interlayer spacing with the increase of
the temperature is observed. However, the nanotubes
microstructure were destroyed and changed into parti-
cles when the samples were heated for 2 h at tempera-
tures higher than 350°C. The nanotubes, with less Na*,
began to be destroyed and became into anatase-type
TiO, particles and the others of the nanotubes remain
as the nanotubes where a lot of Na exist, indicating
the remnant Na stabilized nanotubes structures. At
higher heat-treatment temperatures (650-900°C), the
particles change into rutile phase and the nanotubes
change into solid nanorods of NayTigO13.

2. Titanate-based nanomaterials as adsorbents of
metals from aqueous solutions

One-dimensional carbon-titanate nanomaterials
composites: particles, sheets, tubes, wires, and ribbons,
presented good properties against the adsorption of
Cu** and Pb** from aqueous solutions [47]. The maxi-
mum metal uptake for the above nanostructures is in
the 1.3-2.0 and 0.9-2.8 mmol/g ranges for copper(Il)
and lead(Il), respectively.

CS,-modified TNTs were used for the adsorption
of copper(Il), lead(Il), and silver(I) presented in water
[48]. The adsorption capacity seemed to be related
with the accompanying anion and the pH value of the
aqueous solution, being the adsorption capacity of the
modified nanotubes better than that of the raw TNTs
(Table 2) in the case of lead(Il), worse in the case
of silver(I) and practically constant in the case of
copper(ID).

TNTs prepared via a hydrothermal treatment of
titanium(IV) oxide powders in a 10 M sodium hydrox-
ide medium and 150°C during 24 h were used for the
removal of copper(Il) from aqueous solutions [49]. The
adsorption capacity of the nanotubes depends on the
amount of Na" in the nanotube; if this presence is not
very low (i.e. higher than 7.2 wt%), the nanotubes are
good adsorbents of copper(ll) with a maximum capac-
ity of near 1.9 mmol/g at a pH value of 5. With an



17606 F.J. Alguacil et al. | Desalination and Water Treatment 57 (2016) 17603-17615

Table 2

Comparison of metals adsorption capacity of unmodified and CS,-modified TNTs [48]

Nanotube Metal Anion pH Adsorption capacity (mmol/g)

Unmodified Pb(II) Acetate 5.2 29
Cu(ID Chloride 4.0 1.8
Cu(D) Acetate 5.1 2.6
AgD Nitrate 7.3 44

CS,-modified Pb(I) Acetate 5.0 3.2
Cu(D) Chloride 32 1.5
Cu(l) Acetate 5.0 2.5
Ag() Nitrate 7.2 3.9

endothermic adsorption process, the adsorption of
copper(ID) is well described with the Langmuir model:

. Qmax bCC

T 140G, M

Qe
where Q. (mmol/g) is the adsorption capacity at
equilibrium, C. (mmol/L) is the concentration of the
metal in the solution at equilibrium, Qua.x (mmol/g) is
the maximum metal uptake of the adsorbent, and b
(L/mmol) is the Langmuir constant related to the
affinity of binding sites and it is also a measure of free
energy of adsorption. The adsorption kinetics followed
the pseudo-second-order model:

t 1 t
0 REQ @
where Q; and Q. are the amount of metal adsorbed at
an elapsed time and at equilibrium, respectively, and
k, is the second-order rate constant. Experimental data
concluded that the controlling process is attributed to
the aqueous diffusion.

Arsenic, in its two stable oxidation states (III) and
(V) in aqueous solution, is one of the most toxic ele-
ments; thus, its removal from aqueous solutions is a
general concern. TNTs were among the many adsor-
bents investigated for their use in this field [50], and
whereas As(V) is mainly adsorbed at acidic pHs val-
ues, As(IIl) is best removed from aqueous solutions at
pH around 7 using these nanoadsorbents. In any case,
the temperature in which the nanotubes are formed
influences the arsenic uptake as results in Table 3
showed, and is far greater than that obtained by the
use of titanium oxide powders.

The maximum capacity of As(IIl) and (V) obtained
by the Langmuir model is 0.8 and 2.8 mmol/g, respec-
tively, and both can be desorbed from loaded TNTs
by the use of sodium hydroxide solutions, with des-
orption yields of 95% for arsenic(V) and 85% for
arsenic(I1I).

Two types of TiO, nanostructures were used for
the reduction of chromium(VI) presented in aqueous
solution [51]. The titanium-based nanostructures used
in the investigation were TiO, nanofibers and TiO,
nanoparticles, where the nanofibers were used as pre-
cursors of various types of nanoparticles. Results
obtained from this study showed that the elimination
of chromium(VI), from an aqueous solution of pH 2.5,
is best performed using TiO, nanoparticles (75% metal
removal after 180 min) if compared with that of the
nanofibers (32% in the same period time), though
chromium(VI) reduction efficiency is pH dependent,
being this removal higher as the pH of the solution is
decreasing. The removal of chromium(VI) is carried

out upon UV irradiation, being the overall
photocatalytic reaction described as:

Cr,03 + 14H' + 6e~ — 2Cr*" + 7H,0 ®3)
2H,0 +4H" — O, + 4H* @

The photoreduction of chromium(VI) was also investi-
gated by the use of WO, doped TiO,-nanotubes but in
the presence of citric acid [52]. This acid plays a defi-
nite role in the reduction process since it acts as an
electron-donor and it takes part in the reaction under
UV light. The pH of the solution is also a key-variable
to improve the reduction of chromium(VI), since this
is increased as the pH of the solution decreased (i.e.
near quantitative chromium(VI) removal at pH 1 and
60 min against near 2-5% removal at pH 7 and the
same elapsed time). Strangely, in this work, there is a
terrible mistake since in most of the figures, chromium
is erroneously captioned as Cr®" when this element in
the oxidation state of VI never exists as a cation.
Solutions containing Cr(IIl) and Cr(VI) were sub-
jected to the simultaneous metal adsorption with mix-
ture of TiO, and TNTs [53]. The process is well
conducted at pH of 5, and consists of a single step in
which chromium(II) is transferred from the TiO,
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Table 3

As(IIl) and (V) adsorption using various TNTs [50]
Temperature

of formation (°C) As(III) (mmol/g) As(V) (mmol/g)
110 0.08 0.08

180 0.11 0.13

Notes: Time: 300 min The adsorption using the pristine titanium
oxide powder is 0.02 and 0.03 mmol/g for arsenic (III) and (V),
respectively.

surface to the TNTs interlayers, process which greatly
promoted the release of photocatalytic activity of the
nanotubes by inhibiting electron-hole pairs recom-
bination; moreover, the presence of calcium(II) ions
benefit photocatalysis due to the formation of bridges
~TiOH"-HCrO, —Ca**~HCrO; .

Titanate whiskers were used to the adsorption of
Cu(II), Pb(I), and Cr(II) [54]. Titanate whiskers with
formula, H,_,K,TizO;, were prepared by autoclaving
metatitanic acid at 150°C for 18 h to obtain anatase
which react by hydrolysis, at 140° for 48 h, with a con-
centration of 4-12 M KOH, then part of the samples
was washed with distilled water and other part was
washed with HCl (0.1 M). The samples washed with
water present an x value of 0.6; however, in the sam-
ples washing with HCI the potassium content dimin-
ish, the hydrochloric acid cause the ion exchange
between protons and potassium ions, x = 0.3, with a
decrease in the layer distance. In all the cases, the sur-
faces areas are ranged between 245.0 and 382.0 m?/g.
Cu(I), Pb(Il), and Cr(II) ions are rapidly adsorbed on
the surfaces of titanate whisker, in 30 min. At 150 min,
the maximum adsorption capacities are 2.2, 1.9, and
1.9 mmol/g, respectively, when the initial concentra-
tions are 150, 300, and 80 mg/L. The adsorption is
affected by the ion exchange of metals ions with K.
The whiskers present a pseudo-second-order adsorp-
tion kinetics. The Langmuir adsorption isotherms are
well fitted to Cu(ll) and Pb(Il) with a maximum
adsorption capacity of 2.3 and 1.9 mmol/g, respec-
tively, while the Freudlich adsorption equation is well
fitted for the adsorption of Cr(Ill) by titanate whiskers.

Chang et al. [55] study the influences of lignosul-
fonate on the structure and adsorption capacity of Pb
(I, Cudl), and Cd(I) onto TNTs. The layer spacing
and crystallinity on the lignosulfonate-TNTs (L-TNTs)
is higher than TNTs, the layer spacing calculated from
the Bragg formula is 0.96 and 0.69 nm, respectively.
The surface are of L-TNTs (229 m*/g) is lower than
that of TNTs (247 m?/g), this may be due to the par-
tial occupation of the surface by lignosulfonate
adsorbed. Langmuir monolayer adsorption model is

17607

described to the adsorption isotherms of L-TNTs for
Pb(I), Cu(l), and Cd(II). The maximum adsorptions
capacities are 3.6, 2.0, and 2.3 mmol/g for Pb(ID),
CddI), and Cu(l), these values are higher than those
of TNTs.

It is described that in the adsorption of lead(I)
using TNTs [56], the metal adsorption onto the nan-
otubes is mainly attributed to exchange with sodium
ions and binding with the oxygen atoms on the nan-
otubes surface:

Pb** + Na — TiNT < Pb — TiNT + 2Na™* (5)

Pb — TiNT < Pb — OTiNT 6)

In this investigation, it is also found that high lead
loadings onto the nanotubes, as much as near
1.0 mmol Pb(Il)/g adsorbent, can be achieved at pH
values of 5-6, and that the microwave intensity and
energy used in the hydrothermal preparation of the
nanotubes did not affect linearly with the adsorption
capacity of the adsorbents. With respect to the influ-
ence of the pH value on the metal adsorption, its
influence is resumed in Table 4; it can be seen that the
adsorption decreased with the decrease of the pH
value.

An important step after adsorption is separation of
the spent adsorbent for the treated water, which is
conventionally performed by filtration or centrifuga-
tion [57]. Recently, spinel ferrite nanoparticles have
attracted considerable interest owning to their excel-
lent magnetic properties. Among such nanoparticles,
cobalt ferrite (CoFe,O4) has received special attention.
Zhang et al. [58] developed a novel magnetic
CoFe,O4-coated TNTs (MTNTs) adsorbent for the
removal of heavy metal. The MTNTs are synthesized
by a two-step hydrothermal method and CoFe,O,

Table 4
Influence of the pH on lead adsorption onto TNTs
generated by microwave hydrothermal procedure [56]

pH Lead adsorption (mmol/g)
2 0.3
3 0.7
4 0.9
5 1.0
6 1.0

Notes: Conditions: 500 mL of solution containing 40 mg/L Pb(I),
adsorbent: 20 mg of titanate nanotube generated at 400 W, time:
25 min, and temperature: 25°C.
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nanoparticles are successfully incorporated with TNTs,
maintaining the tubular structure. The BET surface
area of MTNTs was 218 m?/g and the pore volume
0.763 cm®/g, a decreased or these are observed it is
due to the fact that CoFe,O, occupies the partial sur-
face areas of nanotubes. The Pb(Il) adsorption over
MTNTs is strongly pH dependent. The maximum
adsorption capacity of Pb(Il) is 2.1 mmol/g at pH 5
and decrease sharply to 0.8 mmol/g at pH 2. The
adsorption of Pb(Il) on MTNTs fits better to the Lang-
muir model. Kinetic studies reveal that the adsorption
of Pb(Il) on MTNTs is found to be strongly dependent
and favored at high pH values. The enhanced Pb(II)
adsorption amount with pH can be explained by the
surface charge of MTNTs and H' competition for
active adsorption sites. The adsorption on Pb(II) onto
MTNTs is ionic exchange between Pb(Il) and Na* or
H* attached to Ti3O§_ nanosheets.

Inorganic or organic acids are often used as des-
orption agents for heavy metal desorption based on
the replacement of metal ions by H*. Considering that
MTNTs cannot exist stably in the solution at pH <2,
saturated EDTA-2Na solution with pH 2.5 are used
for Pb(I) desorption rather than HCl or HNO;
solution. In the desorption process using saturated
EDTA-2Na the H" in solution and Na® from EDTA-
2Na may enter into the interlayer of MTNTs, making
Pb(I) unloaded. Then, unloaded Pb(Il) is bound to
EDTA-2Na as a result of complexation, which hinders
the equilibrium between Pb(Il) and H" and makes the
desorption proceed continuously.

Various divalent cations were used to determine
the adsorption properties of sodium TNTs [59]. The
metal adsorption is well represented by the Langmuir
model, whereas the adsorption order, found at pH 3
and ionic strength of 0.1, is Pb>Cd>Cu>Zn>Ca>Sr>Ni,
this adsorption capacity can be linked with the hard
and soft acids and bases theory, and since these nan-
otubes showed higher affinities for softer acids, i.e. Pb,
Cd, Cu, the sodium TNTs investigated in this work
can be considered soft bases.

Titanate nanofibers with Na,H,_,Ti;O,nH,O (ie.
x =2) were investigated as adsorbents for copper(Il)
[60]. These nanofibers presented a structure in which
three edge-shared TiOg octahedras join at the corners
to form stepped and zig-zag TizO3~ layers; the sodium
cations located between the layers can be exchanged
with cations. Thus, results concluded that the nanofi-
bers with the higher sodium content are the most effec-
tive adsorbents for copper(Il), being this adsorption
greater as the pH of the solution is increased, reaching
a maximum of 99.8% at pH of 4, when a solution of
100 mg/L metal were tested; the adsorption follows
the Langmuir and the pseudo-second-order models
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well. The metal can be desorbed by the use of
EDTA-Na, solutions, with best results (89.3%) of metal
desorption obtained when a 10~ M of the desorbent is
used.

TNTs with specific surface area of 272.0 m*/g were
used to adsorb lead(Il) and cadmium(Il) from aqueous
solutions [61]. In both cases, the adsorption is related
to the hydroxyl groups in the nanotubes. As it is
apparently the norm, the adsorption of both metals is
pH dependent, increasing with the increase of the
aqueous pH value; however, this maximum depends
on the metal considered, since the value is 5 for lead
(adsorption capacity of more than 2.2 mmol/g) and 4
for cadmium{Il) (with a load in the 1.8 mmol/g
range). Metal recovery from metals loaded nanotubes
can be achieved at acidic pH values (i.e. at pH 1, with
recoveries of 90% for Cd(II) and 83% for Pb(II)). The
adsorptive properties of these TNTs were compared
with that of other adsorbents for lead and cadmium
(Table 5). It can be seen that with these Ti-based
nanoadsorbents, it is achieved the highest metals
uptake.

The regeneration of desorbed TNTs prepared by
hydrothermal method and dispersed in absolute etha-
nol was investigated with Cd(II) adsorption and des-
orption cycles [62]. A pH 5, the maximum adsorption
capacity of Cd(I) onto TNTs is 1.1 mmol/g, the
adsorption equilibrium can be well described by Lang-
muir models. The adsorption capacity of the TNTs
regenerated with 0.2 M NaOH solution under ambient
conditions rarely decreased during the 6 cycles, and
the removal and desorption (0.1 M HNO3) efficiency
are above 90%. However, for the TNTs the adsorption
and desorption capacity are around 13 and 94%,
respectively. After the desorption process, the tubular
TNTs structures were almost completely destroyed
and transformed into plate structure. However, after
regenerated with 0.2 M NaOH solution, the sheet-
linked TNTs began to roll up towards forming the
scroll-type structure, this is due the asymmetric dis-
tribution of H" and Na" on the surface side and inter-
layer region of TNTs plate.

Various forms of titanate nanostructures were used
to remove Pb®>* from aqueous solution [25]. Three
types of titanate adsorbents were investigated: nan-
otubes, nanowires, and amorphous nanoparticles,
being in the three cases the metal adsorption fitted to
the Langmuir model, thus, the adsorption environ-
ment in these titanates derivatives can be viewed as
homogeneous system. The adsorption order for the
metal is found to be: nanotubes>nanoparti-
cles>nanowires with capacities of near 0.7, 0.5, and
0.4 mmol/g for an equilibrium lead concentration of
near 1 g/L, respectively.



F.J. Alguacil et al. | Desalination and Water Treatment 57 (2016) 17603-17615 17609
Table 5 Table 6
Metal uptake using various adsorbents [61] Maximum capacity adsorption of Cu(ll) and Cd(I)
(mmol/g), Langmuir isotherm [26]
Pb(ID) Cddarn
Adsorbent (mmol/g)  (mmol/g) Cu(Il) Cddan
Activated carbon 0.2 0.2 Nanogranules 0.8 0.7
Titanate nanotubes 2.5 2.1 Nanoplates 1.4 14
Manganese oxide coated zeolite 0.3 Nanosheets-nanotubes 1.9 1.9
Multiwalled carbon nanotubes 0.1 Nanotubes 1.8 1.9
Nanosheets 1.8 1.9
Nano-blocks 1.7 1.8

TNTs fabricated by the conventional method of
alkaline hydrothermal process and calcined at various
temperatures (200-600°C) were used to study the cou-
pled removal of bisphenol A and copper(Il) ion [63].
The adsorption mechanism was explained on the basis
of the first adsorption of copper ions, these acting as
electron traps to reduce recombination rate of H"/e~
pairs on the surface of the nanotubes catalysts for pho-
todegradation of bisphenol A. The Langmuir model
fitted well the metal adsorption with capacity of
2.5 mmol/g for the non-calcined TNTs, whereas this
capacity decreased to 0.6 mmol/g for the nanotubes
calcined at 600°C, this is attributed to the decrease in
specific surface area of the calcined product, since in
the calcination process, anatase nanoparticles were
formed on the tube walls to form titania/titanate
nanocomposites.

Different TNMs were synthesized via hydrother-
mal reaction by TiO, under 4-15M NaOH solutions
(nanogranules, nanoplates, nanosheets, nanotubes, and
nano-blocks) [26]. The adsorption of Cu(Il) and Cd(II)
on TMNs are strongly affected by the pH. At pH 4
and 5, the adsorption capacity is higher due to
increasing negative charges on the surface of TNMs.
The pseudo-second-order and Langmuir model could
well describe the adsorption kinetics and isotherms,
respectively. The maximum capacity adsorption for
Cd and Cu onto different TNMs is showed in
(Table 6), it is higher to nanosheets and nanotubes.
The adsorption mechanism is dominant by the ion-
exchange between metal cation and Na®, with a less
contribution is the ion-exchange between metal cation
and H" and complexation by ~OH. So the Na" content
was closely related to the metal adsorption capacity
and not the surface area and pore diameter of TNMs.

Titanate nanoflowers have large specific surface
area and their performance in the removal of heavy
metals were thus investigated; the metals investigated
were lead(Il) and mixed aqueous solutions of cad-
mium(I), zinc(Il), and nickel(Il) [64]. Experimental
results showed that the removal order found for these
nanocompounds is  CdID>Zn(ID>Ni(II)  with
maximum adsorption capacities of 0.7, 0.4, and

0.3 mmol/g, respectively, for a metal (each) equilib-
rium concentration of near 0.17, 0.10, and 0.09 g/L,
which is roughly equivalent to 1.5E-3 mol/L. The
performance of these adsorbents with respect to the
metals removal is compared against those of TNTs
or nanowires; for each metal, the adsorption
capacity follows the next order: nanoflowers>nan-
otubes>nanowires. With respect to lead(Il) adsorption
using nanoflowers, adsorption equilibrium is reached
within less than 10 min of contact of the aqueous solu-
tion and the adsorbent, this quick adsorption is related
to the structural characteristics of titanate nanoflowers,
where the space between the nanosheets, which
formed the nanoflowers, is considered as tunnels
which favored the fast diffusion of lead(Il) ions; in the
present case, the adsorption kinetics can be repre-
sented by the pseudo-second-order model, thus, a
chemisorption mechanism appeared to be the rate-
limiting step. Comparison of lead(Il) adsorption using
the three nanoadsorbents mentioned above, give the
next order: nanoflowers>nanowires>nanotubes.

TNTs with a layered structure were investigated
for the uptake of radioactive uranium ions, being this
removal performed via an ion exchange process [65].
Metal uptake induces considerable deformation of the
layer structures, resulting in a structural change from
nanotubes to sheets and the subsequent permanent
entrapment of the radioactive cations in the latter.

The adsorption power of TNTs on multi-elemental
solutions was investigated in systems containing Pb**,
Cu?*, Cr**, and Cd?* [66]. From adsorption experiments
carried out at an aqueous pH value of 5, the adsorption
order and maximum metal loading was: Pb**
(2.6 mmol/g)>Cd** (2.1 mmol/g)>Cu** (1.9 mmol/g)
>Cr®* (1.4 mmol/g), whereas the corresponding equi-
librium concentrations are: 0.50, 0.10, 0.13, and 0.14 g/
L, respectively. The presence of certain ions affected
the adsorption of the above metals onto the nanotubes,
this adsorption decreases in the presence of
Ca*", Mg2+, K", and Na* due to their competition for
adsorption sites, the decrease of the activity of heavy
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metals ions, and the promotion of the aggregation of
the TNTs which is not beneficial for the adsorption of
the heavy metals. In the presence of AI’* and Fe®*, the
adsorption capacity is generally increased due to the
formation of hydroxyl-Al/Fe intercalated or coated
TNTs which were more effective in the adsorption of
the investigated heavy metals. These metals can be
desorbed from loaded nanotubes by the use of nitric
acid or EDTA, the latter being more effective for des-
orption. The exception to the above is the case of chro-
mium(II), which is not desorbed with EDTA solutions
and only 40% of the metal loaded in the nanotube is
recovered with nitric acid; these results are explained
in terms of the great stability of the compound formed
on reaction of the metal ion with the TNTs:

Cr(OH)*"+2H,Na,_,OTi = )

— HOCr(OTi =),+n(H",Na™)
In the adsorption of Pb(ll), Cd(), and Cr(I) by
TNTs [67,68], it was found that the pH of the aque-
ous solution is the key factor for metal adsorption
and the presence of humic acid in this solution also
influenced favorably the metal adsorption due to the
formation of metal-humic acid complexes which evi-
dently alter the adsorption capacity of the nanotubes.
It is worth mentioning that fulvic acid may have a
stronger effect on the adsorption of heavy metal ions
onto TNTs than humic acid [69]. In the case of the
pH, the metal adsorption is enhanced as the pH of
the aqueous solution increased from 2 to 6, and fol-
lows the order lead>cadmium>chromium; however,
at the highest pH value, chromium is adsorbed
preferably to cadmium. The presence of humic acid
favored metal adsorption at concentration of the acid
in the solution below 1mg/L and above 5mg/L,
whereas between these two limiting values the metal
adsorption decays.

TNTs/iron oxide magnetic composites were used
to adsorb '®Cd(I) [70]. This element is the best
adsorbed at aqueous pH values in the 7-8 range,
being this adsorption related to an outer-sphere or an
inner-sphere complexation mechanism depending
upon the pH value at which cadmium is removed
from the aqueous solution. The presence of humic and
fulvic acids in the solution also enhances the adsorp-
tion of cadmium onto the adsorbent at pH values
lower than 8, but is detrimental for this adsorption at
pH values above 9.

The adsorption of cadmium by TNTs was also
investigated in the presence of inorganic anions in the
solution [71]. In fact, several of these anions (i.e. phos-
phate, sulfate, and fluoride) are effectively adsorbed
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by the nanotubes at aqueous pH values below 4,
though this adsorption decreased sharply at pH val-
ues above 4. When no anions are presented in aque-
ous solution, cadmium is effectively adsorbed in the
3.5-8.5 pH range value, and generally the presence of
the above anions in the solution decreased the metal
adsorption, especially at pH values above 4, whereas
cadmium uptake is most affected in the system con-
taining sulfate anions.

Hydrogenotitanates nanotubes, H,Na,_,TiOs-H,O
where x was 1.61, were prepared by hydrothermal
treatment of TiO, followed by washing with HCI
aqueous solution to study the adsorption of Pd(I).
The BET surface is 236.0 m*/s. Pd(II) adsorption onto
the nanotubes occurred by cationic exchange while
above 1.1 mmol/g of deposited Pd(Il), then the Pd(II)
precipitation occurred [72].

Multilayered TNTs were used to adsorb Cr(IlI), Cr
(VD) of mixtures of both chromium oxidations states
[73]. For systems containing only Cr(II), it is found
that the maximum metal uptake is 1.1 mmol/g at pH
5, whereas this adsorption is promoted in the presence
of Cr(VID) until 1.6 mmol/g at the same pH value. Cr
(VD) adsorption from single solutions is negligible at
this pH value and only slightly increases (metal
uptake of near 0.2 mmol/g) at pH values of near 1. In
the presence of Cr(Ill), the adsorption of Cr(VI)
increased until 0.2 mmol/g at the pH of 5. The
adsorption of Cr(IIl) from single solutions can be
related to a cation exchange mechanism with the Na*
ions in the interlayer of the nanotubes; in the presence
of Cr(VI), a more complex mechanism occurred and
the element is adsorbed via a double-layer adsorption
reaction, in which an ionic cluster of both chromium
oxidation states is formed initially and then it is
bridged with Cr(IIl) adsorbed onto the TNTs through
Cr(IIl)-O-Cr(VI) linkages. In the adsorption process,
the TiOg structure of the nanotubes is not altered.

Several titanate-based adsorbents were described
in the removal of radioactive ions from water [74]. To
simulate the removal of Ra®" with titanate nanofibers,
Sr** and Ba®* aqueous solution were used. In the case
of strontium(Il) and barium(I), the maximum metal
uptake is 0.6 mmol/g. In solutions containing 0.25 g/L
Cs*, the use of nanotubes can reduce this in an 80%;
however, complete metal removal can be obtained
when its initial concentration in water is less than
0.08 g/L. The use of titanate nanofibers lowered these
percentages, since 36% of the initial 0.13 g/L Cs* is
reached when these nanostructures were used as
adsorbents. Maximum metal uptakes are near 1.5 and
0.5 mmol/g for nanotubes and nanofibers, respec-
tively, and it is suggested that this variation is due to
the larger specific surface area in the former structure
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than in the latter one. In all the three above cases,
metal uptake cause structural deformations in the tita-
nium-based nanostructures.

Yang et al. [75] demonstrated a potentially cost-ef-
fective method to remediate radioactive '*'I” ions from
contaminated water using of TNTs and nanofibers. To
capture and immobilize I ions from water, silver
oxide (Ag,0O) nanocrystals with a size of 5-10 nm were
anchored on external surface of TNTs and nanofibers
by dispersing them into an aqueous silver nitrate solu-
tion. In a neutral or basic suspension (pH > 7), most of
silver is in the form of Ag,O nanoparticles and the
remainder is in the form of Ag"® ions in the interlayer
region because of exchange with Na* ions. The author
uses stable '’ ions together with radioactive I” ions.
The 'T" and I isotopes have the same chemical
reaction properties. Under this condition, nanotubes-
Ag,0 can reduce over 90% of '*I ions at I” ion con-
centration below 0.5 g/L, the capacity is 4.5 mmol/g.
Similar percentages were obtained by titanate nanofi-
bers-Ag,O, the capacity of nanofibers are slightly
lower than nanotubes 3.0 mmol/g.

The adsorption of nickel(Il) on TNTs was investi-
gated at various experimental conditions [76,77]. It was
found that the adsorption of nickel is pH-dependent,
increasing as the pH of the solution increases from 4 to
7 (from near 60% to more than 90%), and both humic
and fulvic acids favored the metal uptake, even at the
lowest pH value of 4, being this uptake increased as
the concentration of the acids in the aqueous solution
is increased from nil to 16 g/L. The interaction of the
metal with the nanotubes depends of the pH in which
this adsorption is carried out. At pH of 4, outer-sphere
complexation is the responsible mechanism for nickel
adsorption; at pH, 5 both outer and inner-sphere com-
plexes contribute to the adsorption, whereas at pH val-
ues above 7, inner-sphere surface complexes, though
some precipitation occurs. In the presence of the
organic acids, ternary surface complexes can be formed
in the nanotubes surface being these responsible of the
enhancement of metal adsorption.

The removal of Ni(Il) to TNts is affected by cations
in the TNT suspension, 0.01 mol/L LiClO,, NaClO,,
and KCIO4 at pH < 6. The removal percent of Ni(Il) to
TNT at pH <6 follow the next order: Li*>Na">K",
which indicate that cations can change the surface
properties of TNTs and thus influences the adsorption
of Ni(I) onto TNTs. The adsorption of Ni(Il) to TNTs
can be considered as competition of Ni%* and Li*, Na*
or K™ at the TNT surface. The radius of Li" is larger
than those of the other two cations and thus influence
of Li" on Ni(Il) adsorption to TNTs is smaller than
those Na™ and K*. However, at pH > 6 no drastic dif-
ference of Ni(II) sorption to TNTs in LiClO4, NaClO,,
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and KCIO, solutions is observed, which may be attrib-
uted to the inner-sphere surface complexation or sur-
face precipitates at high pH values. The adsorption of
Ni(l) onto TNTs at pH <6 in 0.01 mol/L NaClO,,
NaNO;, and NaCl solutions is affected by the anions.
The removal percent of Ni(Il) is lowest in NaCl and
highest in NaClO, solution [77].

TNTs were also used in calcium(Il) and magne-
sium(II) removal in a continuous form in order to
soften water [78]. Some losses in the adsorption capac-
ity was observed after the third cycle, being this
capacity loss attributed to the calcium(Il) uptake that
is apparently strong and irreversible against the
reversibility of the magnesium(I)-sodium(I) exchange.

TI(I) and TI(III) are the two main oxidation states
of thallium, a high toxic element. TI(I) is the most
commonly occurring species of thallium in the most
natural environments. Liu et al. [79] examine the
adsorption of TI(I) and TI(II) on hydrothermally syn-
thesized TNTs N, H,_,Tiz07nH,0O (x = 0-0.75, depend-
ing on the remaining sodium ions). The surface area
of the nanotubes was 272.0 m?/g. Laboratory tests
show that the adsorption capacities of TI(I) and TI(III)
increased with increasing pH. The 100% removal effi-
ciency was achieved when pH is above 5. The opti-
mum pH for TI(I) adsorption was approximately 5-6,
whereas efficient adsorption of TI(III) was found to
occur even at a pH as low as 2 with adsorption capac-
ity 1.9 mmol/g. For solution pH >3, precipitation in
the form of TI(OH); was the dominant mechanism for
TI(I) removal. The adsorption isotherm of TI(I) on
TNTs fitted closely to the Langmuir isotherm with a
calculated ~ maximum  adsorption capacity  of
3.5 mmol/g. In the case of the adsorption isotherm of
TI(II), neither the Langmuir or Freundlich model in
isolation could describe it properly. Instead, the iso-
therm of TI(III) on TNTs has two distinct stages at low
TI(ID) equilibrium concentration (<10 mg/L), the iso-
therm exhibited a good Langmuir fit. The adsorption
was dominated by ion-exchange between TI(II) ions
and Na*/H" of TNTs. At high TI(III) equilibrium con-
centration (100 mg/L), the adsorption capacity of TI
(III) is dominated by the co-precipitation of TI(II) onto
TNTs. TI(I) was readily desorbed from TNts by
HNO;, desorption efficiencies were always over
95.0%, (HNOj3 concentration, 0.2, 0.4, and 0.6 mol/L).
The TNTs exhibited a large adsorption capacity for
thalium after desorption by HNO; and regeneration
by NaOH. However, the ratio of adsorption capacity
after regeneration to initial capacity decreased to
87.7% when TNTs were desorbed with 0.6 mol/L
HNOj3;, and TNTs could not be fully recovered after
NaOH treatment. To desorption of TI(III) from TNTs a
solution of HNO; 0.4 mol/L is an excellent option.
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Table 7
The parameters for Langmuir and Freundlich isotherm model of Eu(Ill) adsorption onto TNTs at three different tempera-
tures [80]
Langmuir Freundlich

T (°C) Qmax (mmol/g) b (L/mmol) R? Kg (mmol'™"L"/g) n R?
20 0.123 0.263 0.973 4.98 0.443 0.985
40 0.172 0.264 0.975 6.79 0.375 0.982
70 0.299 0.523 0.975 9.24 0.282 0.972

Eu’ is a trivalent lanthanide and a chemical 3. Conclusion
homolog to trivalent radioactive actinides with the The various tested Ti-based nanostructures

similar sorption and ion-exchange properties. Thus,
Eu’" is used as a representative of ultratoxic radioac-
tive actinides. The adsorption isotherms Eu®* onto of
the TNTs at temperatures 20, 40, and 70°C can be
described by the Freundlich model better than the
Langmuir model, Table 7 shows the parameters for
both models at different temperatures. The interaction
of the Eu(Ill) with TNTs is mainly controlled by outer-
sphere surface complexation at T°=20°C, which is a
reversible adsorption process, whereas at 40 and 70°C
Eu(Il) interaction is mainly controlled by inner-sphere
surface complexation, which is a irreversible adsorp-
tion process [80,81].

For the nanosheets, the maximum adsorption
capacity for Eu®>* was 1.7 mmol/g [82]. The adsorption
of Ag®, Cu**, Pb*?, and Eu’* (1 mmol/L) by tinan-
tanosheet under the presence of large amount of Na”,
Mg”*, and Ca** (200 mmol/L) was studied. Ag*, Cu®*,
Pb*?, and Eu’" are removed completely due to there
being much softer acids than Na*, Mg®*, and Ca®* and
thus possessing higher priority in the ion exchange.
H" (1 mol/L) is used to regenerate the titanates due to
the fact that H' is the smallest cation and thus may
possess the highest priority in the ion exchange.

Black aspergillus/titanate bionanocomposites are
investigated as potential radioactive adsorbents for
removing radioactive ions from water caused by
nuclear disaster [83]. This investigation is carried out
using the adsorption of Ba®* as a model for the poten-
tially above used, whereas the titanium-based adsor-
bents are in the nanotube form. Linkage of the fungus
with the nanotubes is apparently due to the interac-
tions of the hydroxyl groups of the fungus with Ti-O
bonds of the nanotube. Barium uptake is described as
high as 0.9 mmol/g. Being the investigation carried
out on a non-radioactive water sample, it is unclear
the effect of the radioactivity on the fungus and thus
the effectiveness of the proposed nanocomposite in
the adsorption of the given metals.

certainly presented good properties as adsorbents of
metals from aqueous solutions of various sources;
however, their application in this environmental field
is not fully investigated, since until now, most of the
investigations have been performed on synthetic or
“ideal” solutions, which is not the real situation when
one is faced with an environmental issue. Also, very
little information is currently in our hands related
with the performance of these nanostructures when
used in a continuous operation, i.e. columns, with
uncertain problems such as materials attrition, than
only the practice lights on. In any case, the future for
these nanoadsorbents in this field seemed to be
promising and worth to be investigated.
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