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ABSTRACT

Lithium-doped semicrystalline titanium vanadate (TV) with enhanced sorption properties
was obtained using one step precipitation method. Employing this technique at different
precipitation conditions produced two lithium-modified forms (LTVI and LTVII). The
materials were characterized by X-ray diffraction (XRD), infrared spectroscopy (IR),
simultaneous thermal analysis (DTA/TGA), and scanning electron microscopy (SEM).
Stability of the materials was investigated. The XRD patterns of different vanadate forms
revealed poor crystalline nature with minor changes. Distribution coefficient (Kd) of Sr2+,
Fe3+, and Al3+ on different vanadate forms was studied and it was found that the selectivity
order is Sr2+ > Fe3+ > Al3+. In addition, it can be seen that LTVI (of higher Li+ content)
shows the higher sorption efficiency, mechanical, and chemical stability compared to the
other forms. The dependence of sorption capacity of LTVI on annealing temperature was
also studied. The study of binary separation of metal ions showed that LTVI can be
potentially useful for analytical applications. Thermodynamic parameters of the exchange
process employing the Van’t Hoff equation announced that the exchange reactions are
endothermic and spontaneous. Langmuir and Freundlich isotherm models were applied to
the experimental data to examine the exchange mechanism.

Keywords: Lithium-doped titanium vanadate; Equilibrium studies; Selectivity;
Thermodynamic

1. Introduction

In recent years, synthetic inorganic ion exchangers
have gained much attention owing to their high selec-
tivity for certain elements, better kinetics of exchange

and besides other advantages, are more stable at high
temperatures and in radiation fields than the organic
ion exchanger [1–5]. Most investigations have been con-
cerned with the use of these materials in the separation
and removal of heavy toxic metal ions. These toxic
metals are generated as untreated or partially treated
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by-products of various industries and due to unsafe
storage of hazardous radioactive elements [6,7]. The
toxic metal ions when present in water are injurious to
health. Hence, it is very important to treat such water to
remove these hazardous ions before it is supplied for
any useful purpose [8]. Synthesis of novel ion exchang-
ers are always of interest since they are selective in
nature compared to commercial resins which show
high capacity, but poor selectivity toward different
metal ions [9]. Among these synthesized crystalline
or amorphous materials, dual inorganic ion exchangers
(polyoxometalates) were found to show relatively
increased ion exchange capacity and selectivity in
comparison to others. Various types of these useful
compounds have been synthesized until now [10,11].
These materials are usually acid salts of multivalent
metals. These inorganic ion exchangers were found to
show relatively increased ion exchange capacity and
selectivity and played a prominent role in water pro-
cessing in the chemical and nuclear industries [12,13].

Recently, separation of some hazardous cations
using titanium vanadate has been reported [14].
Among the methods applied to enhance the selectivity
and capacity of adsorbent materials is the enriching of
the material matrix with ions of small ionic radii.
Accordingly, Li+ in situ doping is one among the tools
applied to develop the sorption performance. In this
concern, ultra-fine powder Li4Mn5O12 was prepared
and used as selective sorbent for Li+ [15]. In 2013,
H2TiO3 was obtained from the acid-modified adsor-
bent precursor Li2TiO3, which was synthesized by a
solid-phase reaction between TiO2 and Li2CO3 [16].
This modified material was applied to extract lithium
ion from LiCl solution in the presence of magnesium
ions. Therefore, more attention has been given toward
increasing the sorption efficiency of titanium vanadate.

In the present work, attempts have been made to
obtain a new heterogeneous ion exchanger-based
titanium vanadate (TV) by doping TV with lithium
ions. Synthesis, characterization, metal ion removal
characteristics, and analytical application of material
were reported.

2. Materials and methods

All reagents and chemicals utilized in this work
were of analytical grade purity, and purchased from
Sigma-Aldrich.

2.1. Preparation of titanium vanadate and lithium modified
titanium vanadates

Titanium vanadate (TV) was prepared in labora-
tory by dropwise addition of equal volumes of

0.5 M TiCl4 (dissolved in 2 M HCl, MW = 189.68,
purity ≥ 99%) and 0.5 M NaVO3 (MW = 121.93,
purity ≥ 98%, Sigma-Aldrich) (pH 11) with constant
stirring. Lithium titanium vanadate I (LTVI) was
prepared in laboratory by dropwise addition of equal
volumes of 0.25 M LiCl (MW = 42.39, purity ≥ 99.99%),
0.5 M TiCl4 (dissolved in 2 M HCl), and 0.5 M NaVO3

(pH 11) with constant stirring. Ammonia solution was
used as precipitating agent in each previous reaction.
Lithium titanium vanadate II (LTVII) was prepared by
dropwise addition of 0.5 M LiOH·H2O (MW = 41.96,
purity ≥ 99.995%) to a mixture of equal volumes of
0.5 M TiCl4 and 0.5 M NaVO3 with constant stirring.
After an overnight standing in mother liquor, the
obtained yellow precipitates were filtered, washed
thoroughly with bidistilled water then dried in an air
oven at 60 ± 1˚C. The produced materials were
rewashed with bidistilled water in order to remove
any fine adherent particles and finally air dried to
appear in dark brown shiny particles.

2.2. Characterization of materials

Sorption properties of the obtained materials can
be evaluated according to physicochemical properties.
Apparent investigations indicated that, LTVI is more
physically suitable than TV and LTVII.

2.3. X-ray diffraction, SEM, IR spectra and DT/TGA
thermal analysis

Powder X-ray diffraction (XRD) patterns were
carried out using Shimadzu X-ray diffractometer,
Model XD 490 Shimadzu, Japan, with a nickel filter
and Cu–Kα radiation tube. The scanning electron
microscopy (SEM) photographs were carried out for
three samples. Using SEM Model Philips XL 30
attached with EDAX Unit, with accelerating voltage
30 kV, magnification 10× up to 400,000×. Samples are
coated with gold. The Fourier transform infrared spec-
tra were measured with BOMEM FT-IR spectrometer;
MB 147, Canada on KBr disk technique in the range
400–4,000 cm−1. Thermal stabilities, water contents and
the solid state dehydration changes of the obtained
materials were carried out using a DT-60H thermal
analyzer, Shimadzu, Japan. The sample measured
from ambient temperature up to 1,000˚C with a heat-
ing rate of 15 deg min−1 in nitrogen gas atmosphere.

2.4. Elemental analysis

Elemental composition of the differently prepared
vanadates was performed by X-ray fluorescence (XRF)
of solid samples with Philips XRF detector, PW-1200
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sequential spectrometer, Holland. Lithium content was
determined using Jenway Flame photometer PfP7. The
chemical data of the products are given in (Table 1).

2.5. Chemical stability

About 0.5 g of each TV, LTVI, and LTVII was
equilibrated with 50 ml solutions of analytical interest
at room temperature (25 ± 1˚C) and kept for 24 h with
intermittent shaking. The percent of weight loss was
determined and shown in (Table 2).

2.6. Equilibrium studies

2.6.1. Distribution studies

The distribution coefficient (Kd) is an experimental
way of determining the affinity of sorbent material for
a specific ion. The Kd values for the studied metal ions
were determined using batch experiments by shaking
0.1 g of TV, LTVI, and LTVII samples with 10 ml of
100 ppm of Sr2+, Fe3+, and Al3+ at 25 ± 1˚C. The initial
pH of the solution was adjusted to pH 1–5 with
0.1 mol/dm3 HNO3. After equilibrium (6 h sufficient
to attain equilibrium), mixtures were centrifuged
and the ion concentrations were determined using
ICPseq-7500 spectrometer. The Kd values were calcu-
lated by the following relation:

Kd ¼ I � F

F
� V

m
ml/g (1)

where, I and F are the initial and final concentrations
of the considered element in solution phase. V/m is

the solution volume to adsorbent mass ratio (batch
factor, 100 ml/g).

2.6.2. Sorption capacity

Sorption capacity (meq/g) of TV, LTVI, and LTVII
was determined by batch experiment technique
(Table 3) where, 0.1 g of the solid samples were
equilibrated with 10-ml of 0.05 M solutions of SrCl2,
Fe(NO3)3 and Al(NO3)3 representing the selected metal
ions (Sr2+, Fe3+, and Al3+). After equilibration at 25
± 1˚C, the liquid phase was separated by centrifuga-
tion and replaced by the same volume of the initial
solution. The procedures were repeated until no
further sorption of cations occurred. The capacity was
calculated as the following:

Capacity
meq

g

� �
¼ %uptake� Co � V

m
� Z

100
(2)

where Z is the charge of the considered ion and Co is
the initial concentration of the metal ion adsorbed. All
the experiments were conducted in triplicate and

Table 1
Elemental analysis and the expected formula of the prepared exchangers

Exchanger TiO2% V2O5% Li2O% H2O% Expected empirical formula

TV 36.56 45.2 – 17.6 (TiO2)1.8 (V2O5) (H2O)3.90
LTVI 35.70 45.2 2.42 16.7 (TiO2)1.75 (V2O5) (Li2O)0.25 (H2O)3.75
LTVII 41.25 41.0 1.33 16.4 (TiO2)2.3 (V2O5) (Li2O)0.15 (H2O)4.0

Table 2
Chemical stabilities (weight loss %) of the prepared exchangers in water, acid, and NaOH, V/m (ml/g) = 100, T = 25˚C
and 24 h contact

Exchanger H2O 0.1 M HCl 0.5 M HCl 0.1 M HNO3 0.5 M HNO3 0.1 M NaOH

TV 0 0.5 1.4 2 1.6 4
LTVI 0 2.0 5.7 3 5.4 2
LTVII 0 4.0 9.4 5 8.0 5

Table 3
Sorption capacities (meq/g) for TV, LTVI, and LTVII of
Fe2+, Al3+, and Sr2+

Al3+ Fe2+ Sr2+

TV 0.6 0.82 0.91
LTVI 0.73 0.95 1.16
LTVII 0.4 0.58 0.7
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average values were used in the data analysis and the
results agreed to ±3%.

3. Results and discussion

TV and its modified forms (LTVI and LTVII) were
prepared through one step precipitation process.
Among them, LTVI (possessed better physical,
mechanical, and Sr2+ sorption capacity) was chosen
for detailed studies and characterization).

3.1. Physical characterization of the synthesized ion
exchangers

Elemental analysis of TV, LTVI, and LTVII is
shown in Table 1. Although the obtained TV material
was modified with lithium ions, it is obvious that both
TiO2 and V2O5 are the main matrix components. Also
all forms reveal a shiny dark brown. When Li2O
enters it decrease somewhat the percentage of TiO2

and water content in LTVI. In contrast in LTVII, the
percentage of V2O5 is decreased and TiO2 is increased
by doping with Li+. At the same time, the percentage
of Li2O in LTVI is about twice its value in LTVII.
Differences in elemental ratios besides the changes in
mechanical properties may affect the sorption
behavior of the materials.

Chemical stability of the materials was investigated
in water, nitric, hydrochloric acid, and sodium
hydroxide. vanadates show reasonable chemical stabil-
ity in water and at low acid concentration, while they
are partially dissolve in the range of 1 M either in acid
or alkaline solution. The Li+-doped forms (LTVI)
showed comparable stability with un-doped one (TV).

Fig. 1(a–c) displays the DTA-TG thermograms of
TV, LTVI, and LTVII samples, respectively. The
Fig. 1(a–c) shows an endothermic peak with maxima
at Tm ~ 99.5, 93.5 and 106˚C for TV, LTVI, and LTVII,
respectively. These peaks were almost assigned to the
dehydration reactions [17,18]. The second endothermic
peak appears at Tm ~ 460, 479, and 424˚C for TV,
LTVI, and LTVII, respectively. This peak was possibly
due to the loss of constitution water which forms part
of the crystalline network and it is generally presented
like hydroxyl groups [19,20]. The total percent of mass
loss for TV, LTVI, and LTVII are equal 17.3, 16.5, and
16.6%, respectively. These values represent the total
water contents of materials. Accordingly, the obtained
materials may be looked as Ti–V mixed hydrous oxi-
des, which is a common behavior for many inorganic
adsorbents [1,2,17]. Additionally, for the LTVI and
LTVII (Fig. 1(b) and (c)), it was observed that an
endothermic peak at 603 and 597˚C, respectively.
These peaks appear with no mass change, which may

be attributed to an improvement in crystallinity
[17,21]. Finally, an endothermic peak was observed
from Fig. 1(b) and (c) at 645 and 738.7˚C, respectively,
which may be assigned to the oxides formation [22].
The lower percent of water content of each LTVI and
LTVII than TV may be due to the substitution of Li+

with some sites of water molecules. It can be pre-
sumed that all studied vanadates are thermally stable
and have OH groups, which are important and favor-
able for adsrption applications.

The infrared spectra of different vanadate samples
are nearly the same, just with slight differences in
details. This may be due to the difference in the
preparation conditions and/or surface structural
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Fig. 1. DT/TGA thermograms of (A) TV, (B) LTVI, and
(C) LTVII.
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differences. Fig. 2 shows the FT-IR spectra for TV and
LTV (I and II). In all spectra, the band around
3,430 cm−1 due to stretching mode of free water [23]
and O–H group with the band at 1,626 cm−1 may be
attributed to deformation vibration of free water
[21,24]. The band at 986, 982, and 985 cm−1 in TV,
LTVI, and LTVII, respectively may be due to the pres-
ence of vanadate ions [8,21]. From other point of view,
semiquantitative IR spectra of LTVI dried at 60, 200,
400, 600, and 800˚C (Fig. 3) revealed that the main
characteristic bands of vibration of water molecules
(3,430, 1,626 cm−1) were decreased with increasing

temperature. Also, for LTVI the band at 986 cm−1 was
shifted higher to 1,016, 1,017, and 1,016 cm−1 after
heating at 400, 600, and 800˚C, respectively. This shift
may be due the presence of multiple vanadium ions
such as (V4+ and V5+) results from lithium incorpora-
tionin in parallel with the presence of the shortest
V=O bond (1.58 Å) of the vanadium pentoxide [25].
The band observed at 423 and 424 cm−1 for LTVI
heated at 400 and 600˚C, respectively, is due to Li2O
[26]. The band at 537, 535, and 534 cm−1 in TV, LTVI,
and LTVII spectrum, respectively, may be due to
metal–oxide bonds [6,22,27]. The powder XRD pat-
terns for the prepared TV, LTVI, and LTVII (Fig. 4)
revealed that; TV has two peaks at 2θ = 25.3˚ and
52.3˚, LTVI record only one peak at 2θ = 25˚ and LTVII
records three small peaks at 2θ = 25.3˚, 29.1˚, and
49.4˚. It can be obvious that all samples show low
degree of crystallinity with slight changes. These
changes may be attribted to the presence of Li ions or
due to the differences in experimental conditions. On
the other hand, the XRD patterns of LTVI calcined at
different temperatures were studied and data are sho-
wen in Fig. 5. XRD patterns revealed that LTVI change
to new phases with the increasing temprature. At
200˚C; four peaks are recorded at 400˚C; 15 peaks are
recorded with crystal size range from 6.2 to 72.7 nm,
at 600˚C; 17 peaks are recorded with crystal size range
from 39.1 to 261.7 nm and at 800˚C; 15 peaks are
recorded with crystal size range from 59.3 to
244.9 nm. The new crystalline phases obtained by
heating can be attributd to the dehydration of water
molecules with transformation into well crystallized
oxides at high temperature [26,28,29].

The mean crystallite size (D) of LTVI in different
phases was calculated by the Scherer’s equation and
given in (Table 4):
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Fig. 2. IR spectra of (a) TV, (b) LTVI, and (c) LTVII.
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D ¼ kk
b:cosh

(3)

where k is constant (shape factor about 0.9), λ is the
X-ray wavelength (0.15406 nm), β is the full width at
half maximum (FWHM) of the more intensity diffrac-

tion peak (strongest peak) (peak marker of the
compound), and θ is the diffraction angle calculated
from Bragg equation [30].

d ¼ k
2sinh

(4)

where d is the spaces between every two diffracting
planes. Data indicated that the d values are ranged in
3.5–4.5 Å (Table 4).

Morphological characterization of TV, LTVI, and
LTVII exchangers was investigated using SEM
(Fig. 6). It can be seen that all the prepared materials
have irregular rock shapes while LTVI (Fig. 6(b)) have
more defenit shape than the other two forms. Investi-
gating the image of LTVI at different drying tempra-
ture (Fig. 7) indicated that the morphology of the
surface was changed by heating, which is confident
with XRD results. Some fissures appear on the surface
of the particles and the size is reduced to about half
by heating at 200˚C, at 600˚C the shape of the particles
changed to needle shape with size equal 64.6 nm
(Table 4). According to these results appear that, LTVI
suffer crystalline as well as particle size changes
against temperature.

3.2. Distribution studies

To study the effect of pH on the sorption of Sr2+,
Fe3+, and Al3+ from their aqueous solution on different
vanadates, equilibration was carried out in the pH
range 1–5. Fig. 8 shows a plot of log Kd against pH. It
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Fig. 5 X-ray diffrection pattern of LTVI at different drying
temperature.

Table 4
XRD data for LTVI at different drying tempareture

Temp. Bragg angle (2θ) Crystallite size, D (nm) d value Å % of water content

60 25.00 68.0 3.48 17
200 25.60 102.0 3.47 8.5
400 25.37 35.2 3.50 4.25
600 20.32 64.6 4.36 0
800 20.32 96.2 4.36 0

A B C

Fig. 6. Scanning electron microscope image of (A) TV, (B) LTVI, and (C) LTVII.
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is noted that the ions are adsorbed mainly at higher
pH values. Whereas the removal percent was zero at
pH 1 it attained a maximum at pH 5 which is a com-
mon behavior [31]. The data of equlibrium were
reported in Table 5. The low sorption at low pH value
may be due to the competition of H3O

+ with metal
ions toward the sorption sites [32,33] According Fig. 8,
niether straight line nor the slope equal the valence of
the studied ions was obtained, which prove the
non-ideality of the exchange reaction. These findings
cannot be explained only in terms of electrostatic

interaction between the hydrated cations and the anio-
nic sites in the exchanger. It may be considered that
the dependence of Kd of cations cannot be understood
by a purely columbic interaction, but also may be by
the formation of a covalent bond similar to a weakly
acidic resin [28]. It was found that the selectivity order
of the investigated cations on TV, LTVI, and LTVII
reveales the sequence; Sr2+ > Fe3+ > Al3+. Sr+2 revealed
the highest ion selectivity compared to the other ions
because of its low hydration energy, since the hydra-
tion energies of Sr2+, Fe3+, and Al3+ are −1,443, −4,430,
and −4,665 kJ/mol, respectively. The gap in slectivity
sequence was found to increase at high pH values
which enable to resonable separation. According to
data in Table 5, it is clear that separation factors
between Sr2+ and the other ions are very large in case
of LTVI, which is in agreement with the data reported
by El-Naggar et al. [34]. Such separations of Sr2+–Fe3+,
Al3+–Fe3+, and Sr2+–Al3+ at pH 1.7, 2.7, 3.4, and 4.5 are
indicated in Table 5. It is evident from these results
that LTVI appears to be promising for ions separation
from aqueous media. Regarding to the obtained values
of Kd and the separation factors Table 5 the high
specificity for strontium represent a unique feature of
titanium vanadate and in this aspect it stands out
from other titanium-based exchangers. The same
result was reported earlier [35]. Furthermore, Table 6
shows the distribution coefficient values of Sr2+, Fe3+,
and Al3+ on LTVI as compared to the other ion
exchange materials. According to the results obtained,
it can be intense, the effort in this work with the LTVI

60 C 200 C 600 C

Fig. 7. Scanning electron microscope image of LTVI dried at 60, 200, and 600˚C.
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Fig. 8. log Kd of Sr2+, Fe3+, and Al3+ ions as a function of pH on TV, LTVI, and LTVII.

Table 5
Kd values (ml/g) and separation factors (α) of Sr2+, Fe3+,
and Al3+ as a function of pH on LTVI at 25˚C and at mesh
size 318 μm

pH

Kd values and separation factors (α)

Al3+ Fe3+ Sr2+

1.7 4.71 53.95 487.5
(11.45) (9.04)

(103.5)
2.7 9.25 288.4 33,189

(31.18) (115)
(3,588)

3.4 25.11 8,511 148,696
(338.96) (14.5)

(5,945)
4.5 69.18 9,885.5 999,907

(10,000) (1.44)
(14,453)
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as a promised and high efficiency for ions removal
and Sr2+ separation.

In terms of sorption capacity Table 7, it was found
that the capacity of LTVI dried at 60˚C for Sr2+ was
1.16 meq/g, for Fe3+ was 0.95 meq/g and for Al3+ was
0.73 meq/g. However, when the sample was dried to
high temperature, the sorption capacity for the studied
metal ions was decreased gradually with increasing the
drying temperature from 60 to 800˚C. It is obvoius that,
LTVI retained about 34.0% of the initial capacity at
200˚C followed by deacrease by the increase in tem-
perature. This change may be concerned with the loss
of free water as well as the hydroxide groups (i.e. a
negligible Li+ substitution and H+ deficiency), which
may act as exchangeable active sites [31,36]. In addition,
when the temperature was increased higher (up to
800˚C) the XRD patterns of the material showed sharp
improvement in crystallinity. This result deduced that
an inverse relationship between the crystallinty and
sorption capacity. Chen et al. [37] reported that the
change away from the amorphous structure of a Fe–Ti
oxide nano-adsorbent at high calcination temperature
caused a decreased sorption capacity for fluoride.

3.3. Mechainsm of ion exchange process

At a solid–liquid interface, the ions uptake may
take place via different mechanisms such as ion

exchange, chemical reaction, and/or adsorption
processes [38]. An experiment to decide what is the
virtually sites that are responsible about sorption pro-
cess was performed. Equlibrition of LTVI sample with
0.05 M Sr2+ solution (pH 5.1) for 6 h (equlibrium time)
was carried out. The equlibrium pH and the released
ions concentration was detected. Based on this result,
it was observed that pH of solution was decreased
from 5.1 to 3.1 and the Li+ in the solution (after equilib-
rium) was found to be 9 ppm. Thus, mixed ion
exchange process is the proposed mechanism, where
as both H+ of LTVI(OH) and the Li+-doped in LTVI
interlayers were replaced with Sr2+. Such result con-
firms and interprets why LiTVI has high sorption
capacity compared with the undoped one (TV). Ali
[39] reported that, rare earth-doped sodium titanate
revealed more than one active exhange site after
dopining. On the other hand, by investigating the mor-
phology of the LTVI and LTVI loaded with strontium
ions, it is clear that Sr2+ make some agglomerations on
the surface (Fig. 9). This result confirms that the uptake
of Sr2+ may be at least on the surface of LTVI. At the
same time, this surface agglomerations may be attribu-
ted to the electrostatic interaction of Sr2+-LTVI [40].

The following reactions may represent the pro-
posed processes during moving of metal ions (Sr2+)
from solution to the surface then through the pores
and lattice channels of LTVI.

Table 6
Comparison of Kd values (ml/g) of Sr2+, Fe3+, and Al3+ on various inorganic ion exchangers at 25˚C and at neutral pH

Inorganic ion exchanger Sr2+ Fe3+ Al3+ Reference

Titanium vanadate 20,400 – – [35]
Magnesium silicate – 162.1 – [31]
Zr(IV) tungstomolybdate 328 1,368 3,218 [9]
Zr(IV) selenomolybdate 2,650 800 525 [10]
Titanium (IV) molybdophosphate
TiCl4: Molypdophosphoric acid
1:1 6,300 – –
1:2 2,500
1:3 161
Tin vanadate – 60.15 – [19]
Titanium potassium vanadate – 109.64 – [19]
LTVI 999,907 9885.5 69.18 This work

Table 7
Effect of drying temperature on sorption capacity (meq/g) of Sr2+, Fe3+, and Al3+ on LTVI

Drying Temp. Al3+ Fe3+ Sr2+ % loss of capacity for Sr2+

60 0.73 0.95 1.16 –
200 0.20 0.29 0.40 66.15
400 0.13 0.16 0.21 82.34
600 0.10 0.12 0.18 84.27
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In the case of exchange with lithium ions,

2� Li LTVIð Þ þ Sr2þsolutionð Þ ! �SrðLTVIÞ þ 2LiþðsolutionÞ

When the exchange site is a hydroxyl group,

2�O�HðLTVIÞ þ Sr2þðsolutionÞ ! ð�O�Þ2SrðLTVIÞ
þ 2Hþ

ðsolutionÞ

It seems that once Sr(II) ions are adsorbed and
have penetrated into the interlayer region and they
become immobile [41,42].

3.4. Thermodynamic studies

In any adsorption procedure, both energy and
entropy considerations should be taken into account
in order to determine which process will take place
spontaneously. The values of the thermodynamic
parameters are the actual indicators for the practical
application of a process. The effect of temperature on
the studied cation uptake of the adsorbents was

studied. As shown in Table 8 it was found that the Kd

values of Sr2+, Fe3+, and Al3+ on TV, LTVI, and LTVII
were increased with increase in temperature from 298
to 338˚K (i.e. the Kd value was decreased with increas-
ing 1/T). This trend can be attributed to acceleration
of some originally slow adsorption steps and creation
of some new active sites on the adsorbent surfaces
[36,43–45].

The standard energy change (ΔG˚), standard
enthalpy change (ΔH˚), and the standard entropy
change (ΔS˚) were calculate from the temperature-
dependent equlibrium distribution as following:

DG
� ¼ � RT lnKd (5)

lnKd ¼ � DG
�

RT
(6)

DG
� ¼ DH

� � TDS
�

(7)

ln Kd ¼ � ðDH� � TDS
� Þ

RT
¼ �DH

�

RT
þ DS

�

R
(8)

(a) (b)

Fig. 9. Scanning electron microscope image of (a) LTVI and (b) LTVI-loaded with Sr2+.

Table 8
Thermodynamic parameters for exchange of Sr2+, Fe3+, and Al3+ on TV at 100 ppm, 25˚C, neutral pH, and at 318 μm
mesh size

Metal ion Temp. (K) ΔG˚ (kJ mol−1) ΔH˚ (kJ mol−1) ΔS˚ (J mol−1 K−1)

Sr2+ 298 −21.32 16.16 125.8
313 −23.45 126.5
333 −25.73 125.8

Fe3+ 298 −17.43 56.42 247.82
313 −21.67 249.48
333 −26.13 247.91

Al3+ 298 −5.617 37.65 145.20
313 −7.72 144.97
333 −10.69 145.19
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logKd ¼ � DH
�

2:303RT
þ DS

�

2:303R
(9)

where R is the general gas constant = 8.314 J/mol. K
and T is the absolute temperature. Plotting log Kd

against 1/T for Sr2+, Fe3+, and Al3+ sorption at neutral
pH (Fig. 10), give a straight lines with slope equal
−ΔH˚/2.303R and an intercept equal ΔS˚/2.303R. From
the slopes and intercepts of the straight lines repre-
sented in Fig. 10, both ΔH˚ and ΔS˚ were evaluated
and summarized in Table 8. The obtained positive val-
ues of ΔH˚ indicate the endothermic nature of the
adsorption process [46], while the positive values of
ΔS˚ indicate the increased randomness at solid–solu-
tion interface during the sorption of the cations. Eval-
uation of thermodynamic parameters provide an
insight into mechanism of Sr2+, Fe3+, and Al3+ sorption
in each vanadates. The negative values of the free
energy change (ΔG˚), for the investigated ions indicate
that the adsorption process is spontaneous and also
reveal a preferable sorption of the studied cations on
LTVI as compared to H+. It was found that the nega-
tivity of ΔG˚ increases in the order, Sr2+ < Fe3+ < Al3+

which agrees with the selectivity sequence of the
material for these cations as well as increasing.
Furthermore, it was found that ΔG˚ increases as the
temperature increases which indicating that the
cations sorption is more favoured at higher tempera-
ture. Similar results were reported for sorption of Zn2+

on some calcareous soils [47].

3.5. Adsorption isotherms

The adsorption isotherm indicates the distribution
relationship of the adsorbate molecules between the

liquid phase and the solid phase when the adsorption
process reaches equilibrium. The results obtained for
Sr2+, Fe3+, and Al3+ sorption on LTVI were analyzed
with well-known adsorption models, Langmuir and
Freundlich.

3.5.1. Langmuir model

The Langmuir isotherm is a commonly applied
model for adsorption on a completely homogenous
surface with negligible interaction between adsorbed
molecules [48]. The model assumes uniform
adsorption energies onto the surface and maximum
adsorption depends on saturation level of monolayer.
Langmuir model can be represented with the
following linear equation:

Ce

qe
¼ Ce

Q
þ 1

bQ
(10)

where qe represents the mass of adsorbed ions per
unit sorbent (mg/g), Q is the monolayer capacity, b is
the equilibrium constant, and Ce is the equilibrium
concentration of the solution (mg/L). Plot of Ce/qe vs.
qe (Fig. 11) should indicate a straight line of slope 1/Q
and an intercept of 1/bQ, which demenostrate that the
sorption system well obyed to this model. The
applicability of this model gives predication that the
main mechanism for Sr2+, Fe3+, and Al3+ions separa-
tion using the synthesized material may take place
through the ion exchange process as monolayer at the
ion exchange material [27]. The Langmuir parameters
for Sr2+, Fe3+, and Al3+ removal (Q and b) were
calcated and tabulated in Table 9. The maximum
monolayer sorption capacity of Sr2+, Fe3+, and Al3+

3.0 3.1 3.2 3.3 3.4
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 Fe

 Al

ln
 K

d

1/Tx 103

Fig. 10. Van’t Hoff plot for the adsorption of Sr2+, Fe3+,
and Al3+ on TV, LTVI, and LTVII at neutral pH.
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Fig. 11. Langmiur adsorption isotherm for adsorption of
Sr2+, Fe3+, and Al3+ on LTVI.
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onto LTVI were equal to 0.89, 0.4, and 0.24 mg/g,
respectively. So, the prepared cation exchanger is
distinguished by high sorption capacity for the stud-
ied ions. Accordingly, it is suitable to be utilized for
industrial waste water treatment processes “polluted
water.”

3.5.2. Freundlich model

The Freundlich model is known as the earliest
empirical equation and is shown to be consistent with
exponential distribution of active centers, characteristic
of heterogeneous surfaces [48,49]. Freundlich
equation is:

log qe ¼ log kf þ 1

n
log Ce (11)

where kf and n represent adsorption capacity and
intensity, respectively. kf is an important constant used
as relative measure for adsorption efficiency. The
magnitude of the n shows an indication of the
favourability of adsorption. Values of n larger than
one show the favorable nature of adsorption [50,51].
The plot of log Ce against log qe for Sr2+, Fe3+, and
Al3+ sorption data on the prepared cation exchanger is
fitting well to the Freundlich isotherm (Fig. 12).
Accordingly, it can be seen that the adsorption iso-
therms of Sr2+, Fe3+, and Al3+ on LTVI are fitted well
by both Langmuir and Freundlich models [27]. The n
value that is more than one, Table 9, confirms the
favourability nature of Sr2+, Fe3+, and Al3+ sorption
onto the prepared materials [52]. This gives prediction
that the adsorption phenomena have some degree of
contribution besides the ion exchange mechanism for
Sr2+, Fe3+, and Al3+ removal.

Such result is in agreement with data reported in
Section 3.3. in this work which concluded that mixed
mechanism took place.

The higher values of the correlation coefficient (R2)
for both the models suggests that the experimental
data exhibit a very good mathematical fit to both the
models and this can be interpreted in terms of surface

nature of the adsorbent and its affinity towards
studied ions. While both the models fit well, the R2

value for Langmuir model 0.99 in case of Sr2+ is mar-
ginally higher than that of the Freundlich model 0.98,
which may indicate the predominance of monolayer
adsorption process over intramolecular interactions
among the adsorbed cations [53]. In addition, similar
result was reported in case of adsorption of lead on
nanozirconium tungestovanadate [27].

4. Conclusions

This paper demonstrates the synthesis and charac-
terization of titanium vanadate and its modified forms
using a single-step precipitation process. All obtained
vanadates showed high selectivity for Sr2+ compared
to Fe3+ and Al3+. LTVI that obtained using ammonia
solution as precipitating agent in presence of LiCl as a
source for Li ions revealed higher sorption and
mechanical characters compared to the other prepared
forms (TV and LTVII). Sorption process was found to
be take place through two different positions (local-
ized lithium ions and protons of hydroxide groups)
on LTVI. Thermodynamic studies revealed that all
sorption processes were spontaneous and endothermic

Table 9
Langmuir and Frendlich isotherm parameters for Sr2+, Fe3+, and Al3+ on LTVI at 25˚C, 318 μm and at neutral pH

Langmuir isotherm Freundlich isotherm

Q monolayer capacity (mol/g) b × 10−3 (l/mol) R2 Kf (mol/g) n R2

Al3+ 0.24 0.17 0.99 0.042 2.5 0.99
Fe3+ 0.40 0.79 0.98 0.050 2.4 0.98
Sr2+ 0.89 40.26 0.99 0.095 2.9 0.98
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Fig. 12. Freundlich adsorption isotherm for adsorption of
Sr2+, Fe3+, and Al3+ on LTVI.
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in nature. This suggests that the sorption capacity of
these materials favored at high reaction temperature.
The positive value of ΔS˚ revealed an increase in
randomness of the solid–solution interface during
the sorption of cations. Sorption isotherm studies
indicated that the sorption process obeyed both
Freundlich and Langmuir models. Finally, it can be
proposed that the insertion of Li+ ions into vanadate
matrix produced an effective material more applicable
for removal of heavy metal ions from aqueous
solutions.
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