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Abstract In this study, a novel inorganic composite ion
exchanger based on titanium tungstophosphate (TWP) and
mesoporous silica SBA-15 has been synthesized. The
synthesized product was characterized by methods and
instrumental techniques. The results obtained from X-ray
diffraction, N, adsorption—desorption and Fourier trans-
form infrared analysis confirm immobilization of TWP on
SBA-15. Consequently, the ability of this composite for the
adsorption of lanthanum ions from aqueous solution was
investigated. Considering the relatively high adsorption
capacity of lanthanum onto synthesized composite, this
material can be potential candidate for the removal of even
trace amount of lanthanum ions from nuclear and other
industrial wastewater.

Keywords Inorganic composite - Mesoporous silica
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Introduction

Lanthanum isotopes such as La-139 and La-140 are ura-
nium fission products which found in radioactive wastew-
ater [1]. At the same time, lanthanum as one of the most
abundant and reactive elements among rare earth elements
due to its unique physical and chemical properties is used
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in variety of applications, such as semi-conductor, super
alloys, catalysts, special ceramics, and in organic synthesis
[2-4]. With the increasing usage of lanthanum in various
industries, the possibility of the leak of high concentrations
of lanthanum from resulting wastewater to the environment
and consequently, entry to the body of human being is very
high. Generally, after entering lanthanum ions to the living
organisms, the main sites where lanthanum accumulates is
bone tissue. Because of its relatively toxic and radioactive
properties of produced radioisotopes during nuclear fission
of uranium, it can cause cancer with humans [5, 6].
Therefore, endeavors to find efficient methods for lan-
thanum removal from waste water is always of interest.
Several techniques such as solvent extraction, ion
exchange, precipitation, adsorption and so forth have been
used for the removal of lanthanum ions from aqueous
solution [7-11]. Among them, ion exchangers, especially
using inorganic ion exchanger have been interested
because of their high adsorption capacity for one or group
of elements, radiation, thermal and chemical stability, etc.
Inorganic ion exchangers based on polyoxometalates are
more attractive in the adsorption and removal of some
lanthanide elements from liquid waste media [12—17]. The
adsorption of the cations in these materials involves
interaction with an oxygen end-atom and a release of
protons. The preparation mechanism of these compounds is
usually based on a salt formed from the reaction between
tri or tetravalent metal ions such as Ce**, Sn**, Zr** or
Ti** and hetropoly acids with diverse structures [16].
However, synthesized polyoxometalates known as
heteropolyacid salts have very small size particles which
results in separation problems even under high speed
centrifugation. For address this issue, a solution can be
conducted toward supporting them onto the carriers with
properties of high surface area and large size particles [18].
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More recently, mesoporous silica including MCM-41,
MCM-48, SBA-15 or CMI-1 with ordered pore structures
with respect to utilizing its acidic features has been uni-
versally reported as good solid supports [19-25]. In this
regard, SBA-15 with parallel cylindrical pores and axes
arranged in a hexagonal unit cell exhibits attractive prop-
erties [26]. This material typically has a large pore size
(from 10 nm to over 30 nm) and thicker pore walls (be-
tween 2 and 6 nm) which provide high hydrothermal sta-
bility and is suitable for use in aqueous solution [27, 28].
Therefore, in addition to the above mentioned reason, the
privilege of preparation of these materials is taking
advantage of the mesostructure and high thermal stability
of the SBA-15 as a host accompanied by the superior ion
exchange properties of the dispersed polyoxometalates in a
single material.

On the other hand, the literature survey reveals that no
studies have been reported on the synthesis of polyox-
ometalates immobilized on SBA-15 for using of them in
the adsorption and removal of lanthanum ions form aque-
ous media. Therefore, the aim of this study was an effort to
synthesis and characterization of a novel composite based
on titanium tungstophosphate (TWP) which has good
affinity toward lanthanum ions and SBA-15, and finally to
investigate the adsorption behavior of lanthanum ions onto
this composite under various conditions.

Experimental
Chemicals

All materials used in this study were of analytical reagent
grade. P123 (poly (ethylene oxide)-poly (propylene oxide)-
poly (ethylene oxide) (EO20-PO70-EO20), tetraethyl
orthosilicate (TEOS 98 %), absolute ethanol (99.98),
fuming hydrochloric acid (HCl 37 %), titanium chloride
(TiCly), tungstophosphoric acid (TWA) and concentrated
sulfuric acid (H,SO4 85 %) were purchased from Merck
company.

Preparation of titanium tungstophosphate

Preparation of bulk TWP Sample was done by adding
gradually a 100 mL of 0.1 mol L™ aqueous solution of
tungstophosphoric acid dropwise with constant stirring to a
100 mL of 0.1 mol L™! ethanol solution of TiCl. This
solution was stirred for 24 h and after the formation of
precipitate, this material was filtered off, washed with
demineralized water, dried in an oven at 50 °C for 24 h and
converted to H form by 0.1 mol L™" nitric acid solution.
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Preparation of SBA-15 with fibrous morphology

Synthesis of pristine SBA-15 were performed according to
literature method described elsewhere [24, 29]. In this
procedure, TEOS as a silica source and P123 as the
structure-directing agent was used. In a typical synthesis,
2.0 g of P123 was dissolved in 60 mL of 2 mol L™!
aqueous HCI and 15 mL of distilled water under stitring,
and then 4.4 ¢ TEOS was added dropwise to the solution at
room temperature. The mixture was stirred for 24 h at
40 °C, and then the temperature was raised to 100 °C and
kept for another 24 h in a Teflon-lined autoclave. Finally
the resulting precipitate was filtered, washed carefully with
distilled water, air dried, and calcined at 550 °C in air for
5 h to remove the template and obtain the final product
SBA-15.

Incorporation of titanium tungstophosphate
on mesoporous silica

Preparation of incorporated titanium tungstophosphate on
mesoporous silica, denoted as SBA-15- TWP is performed
by using two-steps impregnation method. In the first step,
10 mL of 0.1 molL™' ethanol solution (50 %) of
tungstophosphoric acid (WPA) was impregnated by aque-
ous incipient wetness onto prepared SBA-15, dried at
100 °C overnight and calcined at 300 °C for 3 h. Follow-
ing this, 10 mL of 0.45 mol L~ ethanol solution of tita-
nium tetrachloride was impregnated using ethanol solution
wetness technique. The prepared sample was filtered off,
washed with ethanol and demineralized water and then
dried in an oven at 50 °C for 24 h. After that, the obtained
product was immersed in acid (HNOs, 0.1 mol LY to be
converted to H form and finally, it was washed repeatedly
with demineralized water and dried in air.

Characterization of the samples

Characterization of the samples is performed by different
conventional techniques. X-ray diffraction studies were
made with a Philips X-pert diffractometer (model PW
1130/90) using nickel-filtered Cu-Ka radiation at 298 K.
The study was done between 4 and 75° 20 values with step
size 0.05. SEM images are recorded by Philips XL- 300
instrument. Fourier transform infrared (FT-IR) spectra
were recorded in transmission mode using a NEXUS 670
FT-IR. The quantitative determination of metal ions was
carried out using an inductively coupled plasma-optical
emission Spectrometry (ICP-OES) model Varian turbo
axial. Thermogravimetric analysis was performed on a
thermobalance (PL-STA 1500, PL Thermal Science) from
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20 to 700 °C at a heating rate of 10 °C min~' and a
nitrogen flow of 200 mL min~"'. N, adsorption- desorption
isotherms were measured on a Nova Station B instrument
at 77 K. Specific surface areas and the pore-size distribu-
tion were calculated according to the Brunauer—-Emmett—
Teller (BET) method, and desorption branch of the iso-
therm by the Barrett-Joyner—Halenda (BJH) method,
respectively.

Adsorption studies

Batch technique was used to determine the adsorption
capacities and percentage of lanthanum ions. For this
purpose, 0.1 g of solid sample was suspended in a 20 mL
of desired concentration of lanthanum ion solution. The
mixture was continuously shaken in shaking bath which
was operated at 150 rpm and 25 °C for 24 h. The initial pH
of the solution was adjusted at desirable values using
negligible volumes of 0.1 mol L™ nitric acid and sodium
hydroxide solution. At the end of each test, the solid phase
was separated from the liquid phase by filtration and the
concentration of lanthanum in aqueous solution before and
after equilibration was measured by ICP-OES elemental
analysis. Also the influence of variables conditions such
pH, ionic strength, contact time, concentration of metal
ions and temperature of solutions were investigated under
these conditions and their related parameter. The adsorp-
tion capacities and percentage of lanthanum was calculated
by the following Eqgs. (1) and (2), respectively.

(C() — CE)V

Qe:T (1)
P:(l—%)xlOO% (2)

where C, and C, are the initial and final concentration of
lanthanum ions in mg L', v is the volume of the initial
solution in L and M is the mass of the ion exchanger in
gram.

Results and discussion
TWP incorporated on mesoporous silica

One of the main problems for immobilization of
heteropolyacid salts on the support is a selection of suit-
able method which guarantee the high dispersion of parti-
cles on the support without aggregation. Since these types
of heteropolyacid salts are not soluble in any solvent, one-
step impregnation of reagents is obviously unsuitable be-
cause the formed insoluble salt of heteropoly acid cannot
directly deposit on the surface or channel of the support.

This is due to the absence of any significant attractive force
between salt of heteropoly acid and silanol gropes on SBA-
15 surface [30]. Thus the immobilization on engineered
supports must be done via separately impregnation steps
for each precursor. As a result of this procedure, the
insoluble particles of heteropoly salt are formed within
channels or external or internal surfaces of carriers. In
addition, this surface impregnation method may exert
better control over the homogeneity of the heteropoly
compounds. Therefore in the present study, the procedure
of loading was performed by two steps impregnation
method.

However, another important factor in these type of
immobilization is the priority of impregnation of reagents.
Both of them, hetropoly acid and titanium chloride, were
examined as the first step. The results of experiments
(amount of leaching for each reagent by water in 24 h after
loading) showed that heteropoly acid as the first precursor
can better interact with silanol groups present at the surface
or inter channel of mesoporous silica by acid-base inter-
action. In fact, the protons migrate from heteropoly acid (as
Bronsted acid) on silanol groups (as the base) producing
SiOH?*, which serves as a counter ion for the (SiOH>")
(H,PW,0407) polyanion. These interactions ensure a
stable and non-physically adsorption pattern for heteropoly
acid intercalation within the silica support [31], then the
dissolution during the second impregnation is prevented.
Based on the results obtained by other researchers, thermal
treatment after first impregnation is also important to pre-
vent heteropoly acid on SBA-15 from aggregating into the
large particles and dissolution during procedure [30].

Characterization of samples

Figure 1a, b show the low and wide angle XRD patterns of
pure SBA-15, TWP and SBA-15-TWP, respectively. As
can be seen, SBA-15 exhibits a single strong peak (100)
and two weak peak (110, 200) in low angel region, which
can be confirmed on highly ordered two dimensional
hexagonal mesoporous structure and order lattice having
space group symmetry p6 mm [32]. After TWP intercala-
tion in the SBA-15 channels, all three peaks are still
detectable indicating that hexagonal pore structure has not
been destroyed and TWP has been well dispersed into
mesoporous silica. Also, a slight shift in these peaks from
low-angel to higher angle is observed which imply the
decrease in d-spacing in the synthesized composite. On the
other hand, the relative intensities decrease of the (100),
(110), and (200) bands in the pattern suggest that TWP
species have occupied the mesoscopic cavities of SBA-15
[33, 34].

In wide angle XRD patterns (Fig. 1b), pure SBA-15
shows a broad band with weak intensity at 20 value of
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Fig. 1 a Low and b wide angel XRD pattern of SBA-15, SBA-15-
TWP and TWP

20-30° indicating its amorphous nature. At the same time,
the weak intensities of peaks in the X-ray diffraction pat-
tern of TWP suggest that the synthesized polyoxometalate
has amorphous structure.
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Fig. 2 IR spectra of SBA-15, SBA-15-TWP and TWP
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FT-IR technique as a qualitative method was used to
interpret and characterize the structure of synthesized
materials. Figure 2 shows the FT- IR spectra of pristine
SBA-15, SBA-15- TWP and TWP. As shown for all
spectra, the absorption broad and strong band situated
between 3000 and 3800 cm™' with the maximum at
3410 cm ™' and the sharp absorption band at 1612 cm™'
are ascribed to the symmetrical stretching vibration of
SiO-H bond in the surface silanol groups [35] and the
deformation vibration of free water molecules adsorbed on
the materials [33], respectively. In the spectrum of pure
SBA-15, Bands corresponding to stretching vibrations of
the mesoporous framework (Si—-O-Si and Si-O) are
detected at 1072 and 802 cm™'. The bands at 1018 and
933 cm ™' may be assigned to symmetric stretching of the
P-O bond and W-O bond in the IR spectrum of TMP
sample [36]. After incorporation of TWP on the SBA-15
due to the overlap of P-O and W-O bands with those of
Si—O-Si stretching vibration of mesoporous support, the
broad band in the range of 900-1200 cm™" in the com-
posite material was observed. This can be reason of the
immobilization of TWP on the SBA-15.

Figure 3 shows SEM images of SBA-15 before (left)
and after (right) incorporation of TWP. The formation of
SBA-15 with rod morphology and regular hexagonal
structure was confirmed by this technique. As can be seen
in these figures, the outer diameter of SBA-15 and its
composite are less than 50 nm.

Nitrogen adsorption—desorption isotherms of the parent
SBA-15 and SBA-15-TWP samples have been shown in
Fig. 4. According to the original International Union of
Pure and Applied Chemistry (IUPAC) classification [37],
pure SBA-15 curve with a sharp inflection capillary con-
densation step at P/Py = 0.55-0.85 and a H; type hys-
teresis loop imitates a type IV isotherm which is commonly
associated with the presence of mesoporosity in this
structure. In this figure, Nitrogen adsorption—desorption
isotherm of SBA-15-TWP sample shows a broadening and
the shift in the hysteresis loops toward low relative pres-
sure as well as the decrease in adsorbed nitrogen volume. A
reasonable explanation for this observation is that the most
of the TWP clusters is introduced into the pores of SBA-15
and caused the partial blockage of mesoporous channels of
SBA-15.

The amounts of specific surface area and pore size dis-
tribution (including average pore diameter and pore vol-
ume) were calculated by obtained N, adsorption/desorption
data and using the Brunauer, Emmett, and Teller (BET)
and Barrett, Johner, and Halenda (BJH) equations. These
physical properties for SBA-15 and SBA-15-TWP are
shown in Table 1. The decrease of obtained parameters
after loading TWP onto SBA-15 is also due to the occu-
pation of SBA mesoporous by the bulk of TWP. This
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Fig. 3 SEM image of SBA-15 before (a) and after (b) immobilization of TWP
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subject was confirmed by investigation the pore-size dis-
tribution curves of the samples at Fig. 5. As shown in this
figure, there is considerable decrease in pore diameter after
loading of TWP. It implies that the TWP are mainly
located on the internal and external surface pore of SBA-
15, too. The wall thickness for SBA-15 was calculated
using the following equation [38]:

2d00
V3

The calculations show the value of 25 A° for the SBA-15
and about 32 A° for the SBA-15-TWP. This considerable
increase in the thickness of SBA-15-TWP pore wall is

Wall thickne = — BIJH average pore diameter  (3)
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Fig. 5 Pore size distributions of SBA-15 nd SBA-15-TWP

further evidence that the TWP species are located inside
the pores of SBA-15.

In order to investigation of the thermal stability, the
proportion and decomposition process of material, thermo
gravimetric (TG) and differential scanning calorimetry
(DSC) analysis was used. Figure 6a, b show TGA and DSC
profiles of TWP and SBA-15-TWP. As can be observed,
the TG curve of TWP shows a continuous loss in weight
with total weight loss equal 9.91 % up to 400 °C. The
decrease in weight up to this temperature is due to the
evaporation of free and structural water molecules that can
be supported from DSC endothermic peak at 51 and
120 °C, respectively. The curve of SBA-15-TWP shows

Table 1 Physical properties

. No. 1
(BET surface areas, pore size ° Samples

BET surface area (mz/g)

Pore diameter (nm) Pore volume (cm3/g)

and pore volume) of SBA-15 1
and SBA-15-TWP

SBA-15
2 SBA-15-TWP

1001.979
612.050

1.496
0.858

6.124
3.623
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Fig. 6 TGA (a) and DSC (b) curve of bulk TWP and SBA-15-TWP

similar thermal behavior with the only difference that
related to delay and shift to higher temperatures of dehy-
dration process indicating an increase in thermal stability
of TWP structures after intercalation within the support. At
the same time, both of figures show that TWP and SBA-15-
TWP are stable up to 700 °C.

Adsorption studies
Adsorption isotherms

From an economical, safety and environmental point of
view, the adsorption capacity is an important factor to
determine how much adsorbents need for quantitatively
sorption of metal ions from a given wastewater solution.
Figure 7 shows the adsorption isotherm of lanthanum by
SBA-15-TWP at the initial concentration range of
5-300 mg L™". As can be noticed, the adsorption amount
of lanthanum on SBA-15-TWP increases with increasing
its concentration and then tends to level off as the
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Fig. 7 Adsorption isotherms of lanthanum ions onto SBA-15-TWP,
pH = 6, ¢t =24 h, T = 25 °C, agitation rate = 150 rpm

adsorbent is saturated. The result implies that the maxi-
mum adsorption of 11.6 mg g~' obtains for lanthanum
adsorption onto our synthesized material.

Most commonly, to describe the relationship between
the bulk aqueous phase concentration of adsorbate and the
amount adsorbed by unit weight of solid adsorbent at
equilibrium condition, adsorption isotherms which are the
statistical models are used. Several models have been
published to describe experimental data on adsorption
isotherms. The Langmuir, Freundlich and Dubinin—
Radushkevich (D-R) equations are commonly used for
describing adsorption equilibrium for water and wastewater
treatment applications. They are characterized by certain
constant values, which express the surface properties and
affinity of the adsorbent toward metal ions and can also be
used to evaluate their adsorption capacities.

The Langmuir adsorption model is valid for monolayer
sorption onto completely homogenous surfaces with a finite
number of identical sites and uniform adsorption energies
[39]. The linear form of the Langmuir isotherm model is
given in the following equation;

C_ 1 .G @
ge  bQo Qo

where Qg and b are the characteristic Langmuir parameters.
Qo is the maximum adsorption capacity that it is the
amount of metal to form a complete monolayer and b is the
constant that refers to the bonding energy of adsorption in
L mg~'. One of the essential parameters of Langmuir
equation is the equilibrium parameter or separation factor
(R). Ry can be calculated by the following equation;

1

R=—— 5
RS TGN )
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where C (mg/L) is the highest initial solute concentration.
The R, indicates the type of isotherm to be favorable
(0 < Ry < 1) or unfavorable (R; > 1).

The Freundlich model assumes that the frequency of
sites associated with free energy of adsorption decreases
exponentially with increasing free energy and that the
energy of adsorption may vary because of heterogeneous
real surfaces. The linearized form of the Freundlich equa-
tion is given as, [40]:

1
log g. = log ks +—logc. (6)
n

where k¢is the constant related to the adsorption capacity of
the adsorbent and n is the empirical constant related to the
intensity of the adsorption and varies with the hetero-
geneity of the adsorbent.

The Dubinin—Radushkevich (D-R) isotherm model
assumes that the surface is heterogeneous. The linear form
of the (D-R) equation is given in the following equation
[41]:

In(qe) = Ingpr — Bore® (7)

gpr (mmol g_l) and Bpg (mol®> J72) are (D-R) constants
related to the adsorption capacity and energy, respectively,
and ¢ is the Polanyi potential which is expressed by;

1
e-RTln(l—Fa) (8)
where R is the gas universal constant (8.314 J mol~ ' k1)
and T is the absolute temperature (K). E (kJ mol_l) is one
of the important parameters of (D-R) equation which
estimates the type of sorption process (chemical sorption or
physical sorption) and can be calculated according to the
following equation:

1

£ o ®)
If 1 < E <8, the physical sorption becomes a dominant
mechanism. If 8 < E < 16, the chemical sorption becomes
a dominant mechanism. The constants of these equations
obtained from the slope and intercept of their linear plots
and shown in Fig. 8a (Langmuir model), Fig. 8b (Fre-
undlich model) and Fig. 8¢ (Dubinin—Radushkevich
model) are tabulated in Table 2.

Among these sorption models, the best correlation
coefficients of the linear regressions (R?) were observed for
Langmuir isotherm model. This phenomenon may be due
to the homogeneous distribution of active sites on the
adsorbent. As can be seen in Table 2, the values of R; were
between 0 and 1 indicating favorable adsorption. The value
of n is between 1 and 10, indicating again that the sorption
is favorable. The values of E were between 8 and 16
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Fig. 8 a Langmuir, b Freundlich and ¢ Dubinin—Radushkevich linear
plots for the adsorption isotherms of lanthanum

indicating that chemical in addition of physical attraction
can be affected on lanthanum ions sorption.

Effect of pH
The solution pH value is one of the most important factors

which plays the key role in the metal ions adsorption
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Table 2 Langmuir, Freundlich and Dubinin-Radushkevich constants for adsorption of Lanthanum ions on SBA-15-TWP

Metal Temperature (°C) Langmuir isotherm
Gm (Mg/g) K (L/mg) Ry R
11.9047 0.0819 0.039 0.980
Freundlich isotherm
Kr (mglg) n R
La 25 2.241 3.2030 0.942
Dubinin—Radushkevich isotherm
gpr (mmol/g) Bpr (mol*/1%) E (kg/mol) R?
1.5487 x 107* 3% 107° 12.90 0.954
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Fig. 9 Effect of pH values on the adsorption percentage of
lanthanum ions onto SBA-15-TWP, t = 24 h, T = 25 °C, agitation
rate = 150 rpm

process from aqueous media. The adsorption percentage of
lanthanum at initial concentration of 20 ppm onto SBA-15-
TWP as a functional of pH ranging from 1 to 7 is given in
Fig. 9. As shown in this figure, the lanthanum uptake
increases greatly from pH 1 to 5, reaches a maximum of
about 95 % at pH = 5 and does not change considerably at
higher pH values. The effects of the solution pH can be
related to the competition effect of hydrogen ions with
lanthanum ions for the occupation of the adsorbent active
binding sites. At very low pH value, where the concen-
tration of the hydrogen ions is high, there is a weak affinity
toward SBA-15-TWP on behalf of lanthanum ions.
Therefore, the increase in lanthanum removal when the pH
increases can be explained on the basis of decrease in
competition between proton ions and positively charged
metal ions on the adsorbent surface sites. On the other
hand, it is well known that the different metal ion species
with different degrees of activation can form the metallic
cations in aqueous solution as a functional of pH. In the
regard of trivalants lanthanides, as a result of hydrolysis,
various specious of lanthanum such as La(OH)**,
La(OH)3, La(OH);, La(OH); start to form at pH as low as

@ Springer

Fig. 10 Effect of SBA-15-TWP mass on lanthanum adsorption onto
SBA-15-TWP, pH = 6, t =24h, T =25 °C, agitation
rate = 150 rpm

6 [27]. At the pH 1-5, the predominant species is
[La(H20)6]3Jr and has higher activity than others. With
increasing the pH, the formation possibility of La(OH); is
high making true sorption studies impossible.

The effect of adsorbent mass

From the point of view of the economic, safety and envi-
ronmental, the study of influence of the adsorbent mass on
metal ions adsorption from wastewater is an important
factor. The effect of synthesized adsorbent mass on the
adsorption percentage of lanthanum and the amount of its
adsorption (g.) have been depicted in Fig. 10. As shown,
with increasing the composite mass, the adsorption per-
centage of lanthanum increase and its adsorption amount
decrease. This can be explained by the fact that the increase
in adsorbent mass provides the considerable and available
active sites for lanthanum adsorption. On the other hand,
due to the saturation of active site of adsorbent in its excess
value and limited amount of sorbate, the adsorption amount
of lanthanum in the high concentration of composite mass
doesn’t substantially change.
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The effect of ionic strength

For investigation of the effect of sodium nitrate as a cri-
terion of the ionic strength, the different concentrations of
sodium nitrate (0.001, 0.01, 0.1, 1 and 2 mol L*I) were
prepared and added to the solution of lanthanum ions
(20 ppm) and 0.1 g of adsorbent. Then, the resulting
mixture was stirred for 24 h at optimal pH. Consequently,
the obtained adsorption percentage of lanthanum as a
functional of sodium nitrate concentration has been
depicted in Fig. 11. As can be observed, lanthanum
adsorption decreased with increasing ionic strength.
Therefore, it implies that there is an intense competitive
adsorption between La*" and Na™ ions. This phenomena
can be ascribed by the fact that the electrostatically forces
cause the adsorption of lanthanum ions on SBA-15-TWP
and therefore, the presence of other cations will decrease
the adsorption. In other word, it indicates that the adsorp-
tion of lanthanum ions takes place through ion exchange
interaction [42]. Ionic strength also influences the ionic
activity coefficient of lanthanum ions which limit their
transfer to adsorbent surfaces and ultimately decrease their
adsorption on the active sites of the adsorbent.

Kinetics study

One of the most important characters of the adsorption
process and determination of the potential application of an
adsorbent is adsorption kinetics which describes the solute
adsorption rate governing the residence time of the
adsorption reaction. Figure 12 shows the effect of contact
time as a functional of lanthanum adsorption percentage
from aqueous solution at initial lanthanum concentration of
10 ppm. As shown, in the first 30 min of contact time the
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Fig. 11 Effect of ionic strength on the adsorption percentage of
lanthanum ions onto SBA-15-TWP, pH =6, t =24 h, T =25 °C,
agitation rate = 150 rpm
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Fig. 12 Effect of shaking time on the adsorption percentage of
lanthanum ions onto SBA-15-TWP, pH = 6, ¢t =24 h, T = 25 °C

adsorption of lanthanum ions increases quickly, and then
tends to keep constant after this time. Therefore, the opti-
mal contact time to reach maximum adsorption was
obtained 5 h. The initial rapid adsorption can be due to the
easy and direct available of lanthanum ions to the external
active site of SBA-15-TWP and the next slow step is due to
the slow diffusion rate of lanthanum ions into the internal
site of adsorbent.

By using the different kinetic models and experimental
analysis data, the rate of adsorption of La(IIl) and potential
rate controlling steps such as mass transport and chemical
reaction processes can be studied [43]. In the present work,
two models of kinetic reaction including pseudo-first-order
and pseudo-second- order were used to simulate the kinetic
adsorption data of lanthanum on SBA-15-TWP. The inte-
grated and linearized forms of these semi-empirical kinetic
model equations are given as follow, respectively [44, 45];

ki
log(g, — q,) = log g, — —~ ¢ 10
0g(ge — q1) =logg 7303 (10)
t 1 1
I T — 11
9 kg qe (1)

where ¢, and ¢, are, the adsorbed amounts of metal at
equilibrium and at time t expressed as mg g~ '; k; and k
are the pseudo-first-order and pseudo-second-order con-
stant expressed as min~' and g mg~' min~', respectively.
Figure 13a, b show linear plots of these equations. Linear
arrangements are commonly used to check the validity of
these models and to obtain the model parameters when the
corresponding linear plot is adequate.

The obtained parameters from the slope and intercept of
these plots accompanied by their linear regression (R?) are
listed in Table 3. As shown, among these kinetic models,
the higher correlation coefficient (R’ > 0.997) corre-
sponded to the pseudo-second-order model shows that this
model fitted well the kinetic data. In other word, the rate of
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Fig. 13 a Pseudo- first- order and b pseudo- second- order linear
plots for the adsorption of lanthanum ions onto SBA-15-TWP

La(Ill) adsorption onto SBA-15-TWP is accurately
described by the pseudo-second-order equation that con-
firms the chemical reaction in addition to physical
adsorption of La(IIT) onto sorbent. When the rate of reac-
tion of an adsorption reaction is controlled by chemical
exchange, a pseudo-second-order model can be better
adjusted to the experimental kinetic data [46]. On the other
hand, as can be seen from Fig. 15, it is clear that pseudo-
first-order model isn’t suitable model to describe the
kinetic profile because of the apparent lake of the linear
behavior.

Intraparticle diffusion model

To further process the kinetic data and evaluate the extent
to which diffusion participates in the sorption process, the

Weber—Morris intraparticle diffusion model was then used
[47]. The intraparticle diffusion model assumes that the
sorption/desorption mass transfer process can be described
by the radial diffusive penetration of chemicals into and out
of porous soil particles [48]. by three consecutive steps
[27]:

(i) The transport of sorbate from bulk solution to
outer surface of the sorbent, known as external
(or) film diffusion.
(i) Internal diffusion, the transport of sorbate from
the particles surface into interior sites.
(iii)  The sorption of the solute particles from the active
sites into the interior surface of the pores.

The Weber—Morris intraparticle diffusion model is
described by the following rate equation;

g =kat'* + ¢ (12)

where ¢, is the adsorption capacity at time t (min) in
mg g~ ', ky is the diffusion rate constant in mg g~ min~"
and ¢ is the intercept at the ordinate in mg g~ .

The nature of the rate limiting step which is controlled
by the slowest of the adsorption process can be determined
from the properties of the solute and sorbent. Figure 14
presents plots of g, versus r'/* for various stirring rate and
initial lanthanum concentration of 10 ppm whereas the
result of the corresponding linear regression analysis has
been given in Table 4. As can be seen from Fig. 14, in the
range of the studied adsorption, the plots of g, versus ¢
give straight lines consisting of two portions: the first
portion occurs in the 7'’* region up to about 5.47 min'/* at
200 rpm while the second one corresponds to higher '
values. The sharper slope in the first portion can be
assigned to the diffusion of lanthanum ions through the
solution to the external surface of the adsorbent known as
the boundary layer (film) diffusion. The second portion
reflected a gradual adsorption stage is characterized by the
intra-particle diffusion of metal ions into mesoporous
channels and cavities. The slope of each linear portion
indicates the rate of the corresponding adsorption. There-
fore, a lower slope describing a slower adsorption process
is a rate limiting step [27]. As a result, as shown in Fig. 14,
the rate limiting step relates to the second portion which
has lower slop. In other word, it implies that the film dif-
fusion proceeds faster than the intraparticle diffusion in the
adsorption process. Also, to better identify the effect of

Table 3 The obtained kinetic parameters using Pseudo-first-order and Pseudo-second-order models

Concentration (mg/L) qo*® (mg/g) Pseudo -first-order

Pseudo -second-order

k; (1/min)

ger (mg/g) R

k> (g/mg min) qe> (mg/g) R

10 1.78 0.00435

0.744

0.956 0.649 1.59 0.997
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stirring rate on the adsorption process, experiments were
performed to determine adsorption capacity at various
stirring rate. The obtained results are also tabulated in
Table 4. As can be seen from this table, by increasing the
stirring rate, a decrease and increase effects in film diffu-
sion and an intraparticle diffusion, respectively, can
caused. For example, by using 50 rpm in our experiments,
the process occurs by film diffusion until 60 min of shaking
time while by increasing stirring rate up to 200 rpm, the
process occurs by film diffusion until 30 min. This phe-
nomenon could be explain by the fact that, the increasing in
stirring rate give rise to a decrease in film thickness and
consequently decrease boundary layer diffusion resistance.

Desorption studies

The applicability of adsorbents depends on both their
adsorption capacity and desorption property. As a matter of
fact, the desorption process not only allows the recovery of
precious adsorbed metal ions from wastewater but also
significantly reduce the overall cost for adsorbent through
its regeneration.

Desorption of adsorbed lanthanum ions from adsorbent
was evaluated by HNO; acid solution. The reusability of
the adsorbent was measured by repeating the metal ion
adsorption—desorption cycle 4 times in the same adsorbent.
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Fig. 14 Intraparticle diffusion kinetic linear plots for the adsorption
of lanthanum ions onto SBA-15-TWP

The measured adsorption capacity of the adsorbent after
four cycles indicates a loss in the adsorption capacity of
8.2 % lanthanum ions compared to the initial cycle, which
implies a good regeneration properties of the adsorbent and
reversibility of the adsorption process. From these results,
it can be conclude that the adsorbent can be used repeat-
edly for the removal of lanthanum ions from aqueous
solution.

Adsorption thermodynamics

The effect of temperature on the adsorption of lanthanum
ions has been studied in the range of 303-343 K (keeping
all the other parameters constant at their optimum value) to
evaluate thermodynamic criteria by calculating the Gibbs
free energy (AG®) by the following equation:
AG® = AH®° — TAS®

AS°  AH°

Inky =~ _ 2%
M ="~ " RT

(13)
(14)

where the AG® is the change in Gibbs free energy in
J mol™!, AH° is the change in the enthalpy in J mol~', AS®
is the change in the entropy in J mol~' k, T is the tem-
perature in K and R is the universal gas constant (8.314
J mol™" k). Also, the values of AH° and AS® are obtained
from the slope and intercept of In k,; versus 1/T plots. The
distribution coefficient (k,) is calculated from the following
formula [49],

G -C _V

X — (15)

k
d C, W

where Cy and C, are the initial and final concentration
(ppm) of lanthanum ions in the solution phase, respec-
tively, V is volume of initial solution in mL, and W is the
dry mass of the adsorbent in g. Figure 15 shows the effect
of temperature on the lanthanum adsorption onto SBA-15-
TWP by linear plots of In k; vs. 1/T. From the slop and
intercept of this linear graph, AH° and AS° were obtained
and consequently, the relative parameters and the correla-
tion coefficient of the linear regressions (R%) calculated
from Eqgs. (13—15) are listed in Table 5.

The results show that the adsorption of lanthanum ions
is favored by increasing temperature. The negative AG°
values show that, the lanthanum adsorption occurs

Table 4 Rate constants for the

Weber- Morris model in Concentration (mg/L)

Stirring rate

Weber—Morris model parameters

adsorption of Lanthanum ions kq (mg/g min'"?) C (mg/g) R
on SBA-15-TWP
10 50 0.0122 0.826 0.425
100 0.0273 0.881 0.922
150 0.0304 1.051 0.997
200 0.0191 1.220 0.964
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spontaneously and the spontaneity. Also, the positive val-
ues of AH® and value increase of k; with increasing tem-
perature is consistent with an endothermic adsorption
process that is favored by an increase in temperature. The
positive AS°® values implies that a system become more
disordered. In other word, it indicates that with the
adsorption of one La (IIT) ion from solution, three HY ions
is liberated from adsorbent.

Investigation of some metal ions adsorption

Also, the distribution coefficients (K;) is an important
parameter to investigate the adsorption behavior of dif-
ferent ions on an adsorbent and estimate the efficiency of
an adsorbent in the separation of cations and anions.
Table 6 shows the K, values of some metal ions (which is
usually found in the presence of lanthanum) onto SBA-
15-TWP by using batch technique in the optimum con-
dition of lanthanum adsorption. The obtained results show
that lanthanum and samarium ions are more strongly
adsorbed than other studied metal ions while other metal
ions such as sodium, potassium, cobalt, zinc, dysprosium,
nickel, copper and iron has low or relatively low Kd
values indicating the low affinity toward these metal ions
behalf of SBA-15-TWP. Therefore, we can claim that
SBA-15-TWP can be used for selective removal and
separation of lanthanum ions from mentioned metal ions
in aqueous solution.

5.8 1
.\
5.6 1 . y=-2775x+ 14.093
R>=0.9815
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Fig. 15 Effect of temperature on adsorption of lanthanum ions onto
SBA-15-TWP

Conclusion

In this study, immobilization of TWP on mesoporous silica
SBA-15 as a novel inorganic composite ion exchanger was
performed via efficient and easy two separately wetness
impregnation method. The characterization of the com-
posite by FT-IR, N, adsorption—desorption isotherms and
XRD analyses confirm this successful immobilization.
SEM image of this composite showed that the morphology
of synthesized material is rod and regular hexagonal
structure. Also, considering the result obtained by N,
adsorption—desorption analysis, the presence of meso-
porosity in the structure of the composite is confirmed. The
surface area and pore size decrease upon loading and the
mesoporous structure of the sample is maintained, as
demonstrated by small-angel XRD and N, adsorption—
desorption data. The TGA and DSC curve of composite
show that the prepared material can be used up to 700 °C.

The efficiency of composite for the adsorption of lan-
thanum ions from aqueous solution was investigated using
batch adsorption technique under different experimental
conditions. The results show that the uptake of lanthanum
was dependent on pH, ionic strength of solution, shaking
time, adsorbent mass, metal ion concentration and tem-
perature. The optimum pH for the maximum adsorption of
lanthanum was 5.0 and the kinetics analysis revealed that
the overall adsorption process was successfully fitted with
the pseudo-second-order kinetic model which indicates that

Table 6 Kd values of some metal ions on SBA-15-TWP

Metal ions Kd values (mg g™ ")
Na N.A.
K N.A.
Co 21
Ni N.A.
Cu 35
Zn 10
La 427
Sm 500
Dy 53
Nd 170
Fe 16

N.A negligible adsorption

Table 5 Thermodynamics o o o 2
parameters of Lanthanum ions Co (100 mg/L) T (K) AG® (kJ/mol) AH° (kJ/mol) AS° (kJ/mol) R
on SBA-15-TWP at different La 303 ~12.381 23.07 117 0.981
temperature in Kelvin

313 —13.551

323 —14.721

333 —15.891

@ Springer



J Radioanal Nucl Chem (2016) 310:177-190

189

the adsorption involves chemical reaction in addition to
physical adsorption. The effect of ionic strength and pH
indicated that ion exchange mechanism is involved in the
adsorption of lanthanum. Among various isotherm models,
the Langmuir isotherm model established a strong corre-
lation coefficient with the experimental data which indicate
that the surface is homogeneous and the adsorption is
monolayer. The data resulting the investigation of the
effect of temperature results revealed that the adsorption of
lanthanum ions onto adsorbent is dependent on tempera-
ture. The positive values of AH show that the sorption
process is endothermic. Also, with increasing temperature,
the obtained negative values for AG confirm better sorption
at higher temperatures and indicate that the sorption of ions
onto the adsorbent is spontaneous. The investigation of
adsorption behavior of some metal ions show that SBA-15-
TWP has high affinity toward lanthanum and dysprosium
ions.

Based on the results presented in this paper, it is
apparent that this method can be extended to prepare the
other polyoxometalate—-mesoporous silica composites.
Also, the high adsorption percentage of lanthanum onto
SBA-15-TWP (x95 %) in comparison with SBA-15
(11 %) in the obtained optimum conditions show that the
synthesized composite can be used successfully for the
removal of even trace amount of lanthanum ions from
nuclear and other industrial wastewater.
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