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Abstract. Strontium is a heavy metal that is commonly found in many groundwater systems
because of migration from historic nuclear waste storage sites. Its radiation effect can cause bone
cancer, tumors, and leukemia. An economical and the most effective method to remove heavy metals
from aqueous solutions is adsorption. In this study, we synthesized a TiO.-pillared zeolite to
improve the adsorption efficiency of the zeolite. The TiO,-pillared zeolite was synthesized via the
pillarization process. Adsorbent characterization was done using X-ray powder diffraction, which
showed that TiO, was successfully pillared. Fourier-transform infrared spectroscopy showed a shift
in the peak at a wavenumber of 3425.70 cm-1, which can be attributed to the addition of TiO2. A
parameter study conducted using a batch experiment showed that optimal strontium adsorption
took place at pH 5 and contact time of 80 min. The Freundlich adsorption isotherm fitted the
experimental data well, illustrating the adsorption of strontium as being non-ideal, reversible, and
multilayer adsorption that occurs on the heterogeneous surface of the TiO-pillared zeolite. A
thermodynamic study indicated that strontium adsorption on the TiO»-pillared zeolite was an
endothermic process, takes place spontaneously, and is quite stable.
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1. Introduction

In Indonesia, nuclear technology usage has increased in the fields such as agriculture,
advanced materials, food, nuclear medicine, and industrial manufacturing. However, this
has resulted in an increase in radioactive waste. Toxicological and radiological effects
caused by radioactive wastewater on human health and the ecosystem are serious
concerns. Radioactive wastewaters commonly contain strontium, which is a pure beta
emitter, has a half-life of 28.8 years, and is commonly found in groundwater systems near
nuclear storage sites (Pathak, 2017). Strontium enters the human body through ingestion,
and its radiation effects include bone cancer, tumors, and leukemia (Herhady et al., 2003).
Because of its high radiological toxicity and relatively long half-life, strontium removal from
aqueous solutions is of great interest.

Strontium removal has been attempted using membrane separation, ion exchange,
chemical precipitation, and adsorption. For low-strength wastewaters, in particular, most
of these processes are inefficient and expensive (especially ion exchange) (Hasan et al,,
2019). In contrast, adsorption has been proven to be effective in reducing the concentration
Research on strontium adsorption has been carried out using several adsorbents, such
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polyacrylonitrile(PAN)-zeolite (Yusan and Erenturk, 2011), Ca-alginate (Song et al., 2013),
SBA-15 (Zhang et al,, 2015), Chitosan-Fuller’s earth beads (Hasan et al.,, 2019), and K2Ti409
(Lee etal,, 2018).

Adsorption using zeolites is a promising method. Their ion exchange capacity, selectivity
(Taamneh and Sharadqah, 2016), chemical stability, low cost (Abdel-Rahman et al., 2011),
and high adsorption capacity (Hong, et al, 2018, Sudibandriyo and Putri, 2020) allow
zeolites to have a high adsorption performance. Research on strontium adsorption using
PAN-zeolite composites has been conducted by Yusan and Erenturk (2011), but the
adsorption capacity (strontium uptake) was very low (0.011 mg strontium / g adsorbent).
Efforts to increase the zeolite's adsorption capacity were taken by pillaring the zeolite with
certain compounds, such as TiOz. TiOz nanoparticles perform well as adsorbents as
evidenced from previous studies for the absorption of tellurium (Zhang et al., 2010),
chromium (VI) (Ren et al,, 2017), and copper (II) (Thahir et al., 2018). This study aims to
synthesize and characterize the TiO2-pillared zeolite and evaluate its adsorption capacity for
strontium adsorption. The change in the interlayer distance or basal spacing in the TiO2-
pillared zeolite was determined using X-ray powder diffraction (XRD). Fourier-transform
infrared (FTIR) spectroscopy was used to determine the effect of adding TiO2 on the bonds
in the zeolite structure. A batch experiment was conducted to evaluate the adsorption
capacity. Freundlich and Langmuir adsorption isotherms and thermodynamic studies were
implemented to comprehensively understand the adsorption process.

2. Methods

Mordenite zeolite and distilled water were purchased from CV. Progo Mulyo,
Yogyakarta, Indonesia. Chemicals used for the synthesis of the TiOz-pillared zeolite
included sodium hydroxide, absolute ethanol, hydrogen chloride, and nitric acid, which
were purchased from Merck, Darmstadt, Germany. Chemical used for adsorption was
strontium nitrate, which was obtained from Merck, Darmstadt, Germany.

Instruments used for the characterization of the TiO:z-pillared zeolite were the TM
3000 Hitachi scanning electron microscope (SEM), X-ray diffractometer by PANAnalytical
Type X’pert PRO, and Thermo Scientific Nicolet iS10 FTIR spectrometer. The final
concentrations of strontium were measured using the atomic absorption spectrometer, 2-
Solar Series Thermo Electron Corp.

2.1. Zeolite Activation

The zeolite was crushed and sieved using a 300 mesh sieve. In a beaker, 100 g of zeolite
was added to 200 mL of 1 M hydrogen chloride. At steady room temperature, the mixture
was stirred for 3 h. The mixture was rinsed to neutral pH using distilled water. Then, it was
dried at 250°C for 4 h in a drying oven. This procedure was followed according to that
reported by Sani et al. (2009).

2.2. Synthesis of TiOz-Pillared Zeolite

To a 100 mL of absolute ethanol, 100 g of activated zeolite and 5 g of TiO2 were added
and continuously stirred for 5 h at steady room temperature. The formed photocatalyst was
separated using the Whatman 41 filter. The mixture was then dried at 120°C for 5 hin a
drying oven and calcined in a furnace at 500°C for 5 h. Then, the obtained TiO2-pillared
zeolite was characterized using SEM, XRD, and FTIR spectroscopy. According to Nikazar et
al. (2007), the proposed incorporation of TiOz into the zeolite is as shown in Figure 1.
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Figure 1 Proposed incorporation of TiO on the zeolite (Nikazar et al.,, 2007)

2.3. Batch Experiment to Analyze Strontium Adsorption

The effects of the adsorption parameters were analyzed via a batch experiment in
triplo. A stock solution of 100 ppm of strontium was prepared by dissolving 0.241 g of
strontium nitrate in 1 L of distilled water. 10 mL of strontium stock solution (at pH 5) was
tested with 0.1 g of the TiOz-pillared zeolite at 25°C for different contact times (20, 40, 60,
80, and 100 min). The steps were repeated at different pH (4, 5, 6, 7, and 8) and various
strontium concentrations (20, 40, 60, 80, 100, 120, 140, and 160 ppm). Atomic absorption
spectroscopy (AAS) at a wavelength of 460.7 nm was used to measure the final
concentrations of strontium (Qiu et al., 2018).

Adsorption isotherms were obtained and thermodynamic studies were conducted for
the adsorption observed in the batch experiment conducted in triplo. 10 mL of strontium
stock solution (optimal pH was found to be 5) was tested with 0.1 g of the TiO2-pillared
zeolite 25°C for 100 min. This was repeated at various strontium concentrations (20, 40,
60, 80, and 100 ppm) and temperatures (25, 30, and 33°C). AAS at a wavelength of 460.7
nm was used to measure the final concentrations of strontium (Qiu et al.,, 2018).

3. Results and Discussion

3.1. Characterization of the TiOz-Pillared Zeolite

The TiOz-pillared zeolite was characterized by SEM, XRD, and FTIR spectroscopy. The
zeolite FTIR spectra are illustrated in Figure 2. Figure 2a shows that O-H stretching
vibrations correspond to the wavelength of 3413.12 cm~1. The adsorption at wavenumber
1647.26 cm1 indicates the functional groups of OH and the adsorption at wavenumbers
1047.38 cm~1 and 796.63 cm-1indicate the presence of functional groups in the form of O-
Si-0 and O-AI-0. The uptake at wavenumber 453.29 cm~1 is a characteristic of AlI-O bonds.
Whereas the FTIR spectra for the TiO2-pillared zeolite in Figure 2b shows a shift in the
uptake at wavenumber 3452.70 cm~1, which corresponds to the O-H bond adsorption. The
uptake at wavenumber 1643.41 cm~1refers to the functional groups of buckling OH. These
FTIR spectroscopy results suggest a very small shift in the spectra between the zeolite and
the TiOz-pillared zeolite, which is because they are still in the same range. The shift was
caused by the addition of TiOz as well as the presence of other metals as contaminants in
the zeolite such as silicon, aluminum, magnesium, sodium, potassium, calcium, and iron.

Figure 3a shows the SEM images of the zeolite morphology before being pillarized with
TiO2. It is clear that there are several impurities mentioned above, making the distribution
of TiO2 not clearly visible. In Figure 3b, clear spots representing TiO2 attached to the surface
of the zeolite structures are visible. Thus, the SEM analysis clarifies that TiO2 has been
successfully pillarized on the zeolite.

The XRD data in Figure 4a show the zeolite diffraction spectra with diffraction angle 26
at 13.50°, 19.53°, 25.52°, and 27.52°; this is a characteristic of mordenite minerals (M). A
characteristic of the clinoptilolite (KI) mineral is found at 9.76° and 22.14°. Quartz minerals
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give reflection with intensity in the region of 20 at 26.42°. Therefore, the zeolite used in this
study contains mordenite and clinoptilolite.
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Figure 2 Fourier-transform infrared spectra of the: (a) zeolite; and (b) TiO,-pillared zeolite
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Figure 3 Scanning electron microscopy images of the: (a) zeolite; and (b) TiO-pillared zeolite
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Figure 4 X-ray powder diffraction spectra of the: (a) zeolite; and (b) TiO.-pillared zeolite
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The TiO2-pillared zeolite diffraction spectra illustrated in Figure 4b has diffraction
angle 26 at 25.33° 37.6° 47.9°, and 54.9°, which are characteristic peaks of TiO2. TiO2
anatase has been used in this study. The crystal structure difference between the anatase
and rutile types lies in the distortion and arrangement of the octahedron chain (Pataya et
al., 2016). The bond distance of Ti-Ti in anatase is higher than that in rutile. However, the
bond distance of Ti-O in anatase is lower than that in rutile. Thus, TiO2 anatase has a greater
surface area than rutile. In the TiO2-pillared zeolite diffraction spectra, the characteristic
peaks of TiO2 reappeared, confirming that TiO2 was immobilized on the surface of the
zeolite.

3.2. Adsorption Study

3.2.1. Effect of contact time

As illustrated in Figure 5a, as the contact time increased, the adsorption capacity (q:)
increased. The adsorption of strontium reached equilibrium in 80 min. It is presumed that
the diffusion of strontium from the bulk solution to the TiOz-pillared zeolite surface is
controlled by the affinity of strontium toward the active binding sites of the zeolite,
justifying the longer time needed for the adsorption to reach equilibrium. The adsorption
capacity decreased after 80 min, which is caused by the TiO2-pillared zeolite releasing
bonds with the adsorbate (i.e., desorption).

3.2.2. Effect of initial concentration

To study the effect of initial strontium concentration, experiments were carried out
using 10 mL of strontium stock solution (at pH 5), which was tested with 0.1 g of TiO2-
pillared zeolite at 298 K for 80 min. Figure 5b illustrates that an increase in the initial
concentration of strontium increases the adsorption capacity (q¢). This is in line with the
results of Zhao and Asuha (2010) and Ren et al. (2017). As the concentration of strontium
increases, the driving force increases to overcome the mass transfer resistance of strontium
from the aqueous solution into TiO2-Pillared Zeolite, which increases the adsorption
equilibrium of the TiOz-pillared zeolite until it reaches a saturated state. Figure 5b also
shows that the active sites of the TiO2-pillared zeolite are saturated with strontium when
the initial concentration of strontium is 100 ppm.
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Figure 5 Effect of: (a) contact time; (b) initial strontium concentration; and (c) initial pH of the
aqueous solution on the strontium adsorption by the TiO-pillared zeolite

3.2.3. Effect of initial pH of the solution

According to Nishiyama et al. (2015), strontium adsorption increases with an increase
in pH. To study the effect of initial pH, experiments were conducted using 10 mL of
strontium stock solution with 100 ppm of strontium at pH ranging from 4 to 8. This was
tested with 0.1 g of TiO2-pillared zeolite at 298 K for 80 min. It is evident that the adsorption
capacity increases as the pH increases from 4 to 5. Lower adsorption capacity values at
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lower pH is due to the competition of H* ions with strontium ions on the surface of the TiO2-
pillared zeolite. In other words, at lower pH, the high ionic strength of H* and other cations
compete with strontium to bind with the zeolite, thereby decreasing the adsorption
capacity (Alswata et al., 2017).

3.3. Adsorption Isotherms

The performance of the TiOz-pillared zeolite was studied for strontium adsorption by
using Langmuir (Equation 1) and Freundlich (Equation 2) (Desmiarti et al, 2019)
adsorption isotherms. The interaction between strontium and the zeolite, homogeneity of
the zeolite, and type of adsorption coverage can be described by these isotherm models
(Kyzas et al., 2014).

L. .1, ()
qe quL qm
n(@.)=I(K. )+ in(C,), @)

where Ce (mg/L) is the equilibrium concentration, ge (mg/g) is equilibrium adsorption
capacity, gqm is the adsorption capacity of a complete monolayer (mg/g),
Kr is the Freundlich constant (mg/g)(L/mg)", K. is Langmuir constant (L/mg), and 1/n is
adsorption intensity or the heterogeneity factor, which ranges from 0 to 1 and is a
characteristic of surface heterogeneity, indicating higher homogeneity when the value is
closer to unity (Dada et al., 2012).

As illustrated in Figure 6, the obtained experimental data were fitted well with the
Freundlich model than with the Langmuir model, which illustrates that the adsorption of
strontium is defined as adsorption on a heterogeneous surface and as being non-ideal,
reversible, and multilayer adsorption onto the heterogeneous surface of TiO:-pillared
zeolite. Thus, the monolayer adsorption of strontium is not effective. Previous research by
Seidlerova et al, (2016) has shown that TiO2-based adsorbents have a heterogeneous
surface, which is in line with our result. Further, the zeolite-based adsorbents researched
by Taamneh and Sharadqah (2016) fitted well with the Freundlich model. The 1/n value for
our Freundlich model, shown in Table 2, is 0.5868, which implies more heterogeneity as it
is closer to unity. In this study, the strontium uptake is about 9.632 mg/g, which is lower
than that compared with other studies using adsorbents such as SBA-15, Chitosan-Fuller’s
earth beads, modified bentonite, modified gibbsite, and K2Tis09, but it is superior to the
uptake by PAN-zeolite and Ca-alginate. However, the time for the TiO2-pillared zeolite to
reach equilibrium is shorter than that taken by the other adsorbents (see Table 1). This is
the advantage of the TiOz-pillared zeolite over the other adsorbents.

Table 1 Strontium uptake using various adsorbents

Initial
Adsorbent Concentration "l("jl(r)r?e;cz?l:lt) pH Eggi/l; Reference
(mg/L)
PAN-zeolite 25-175 0.33 5 0.011 Yusan and Erenturk (2011)
Ca-alginate 10-500 8 7 6.700 Song etal. (2013)
SBA-15 0-80 5 6 17.670 Zhang, et al. (2015)
Chitosan-Fuller’s 20-1000 24 6.5 30.580  Hasan etal. (2019)

earth beads
K2Tis09 5-200 12 7-7.5 70.900 Lee atal. (2018)
TiOz-pillared

. 25-150 1.3 5 9.632 Present work
zeolite
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Table 2 Isotherm parameters

Langmuir model  Freundlich model
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Figure 6 (a) Langmuir and (b) Freundlich adsorption isotherm models for strontium adsorption by
the TiO;-pillared zeolite

3.4. Adsorption Thermodynamics

The experimental data were fitted into the linearized Equation (3) to obtain the
thermodynamic parameters, namely entropy (4Sads°) and enthalpy (4Hads°) (Kumar et al.,
2010), and the result is illustrated in Figure 7. The AHads® and ASqqs® values were obtained
from the slope and intercept of the straight line in the graph, respectively, and the results
have been tabulated in Table 2. The positive value of AHads° implies that the adsorption is
endothermic (Fathy etal., 2016), indicating that the adsorption not suitable to be conducted
at low temperatures is. The lower the ASq4s° value, the more stable is the process of running
the reaction (Prihatiningsih et al., 2020). The obtained ASass® value is 0.0860, which
indicates that the adsorption is quite stable.

|Og % - _ AH;)ds l_‘_ Ase?ds (3)
C 2303RT 2303R

e

The thermodynamic Gibbs free energy (4Gads®) was evaluated using Equation 4 at
different temperatures (298, 303, and 313 K), where R is the gas constant (8.314 J/mol.K),
and T is the temperature in Kelvin (K) (Hannachi et al., 2014).

AGS, =AHS, -T(ASS,,) 4)

The AGads® data in Table 3 show that an increase in temperature decreases the AGads°,
suggesting that higher temperature is favorable for adsorption (Bhaumik et al., 2012). The
negative value of AGads° indicates that the adsorption takes place spontaneously (Kutahyali
and Eral, 2004), and the higher the negative value, the more energetically favorable the
adsorption is. This in line with the results of Yusan and Erenturk (2011). They show that
strontium adsorption by PAN-zeolite takes place spontaneously.
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Figure 7 Thermodynamic study on strontium adsorption by the TiO-pillared zeolite

Table 3 Thermodynamic parameters

Thermodynamic parameters

Temperature

(K) Che C AG® (kJ/mol) AH° (kJ/mol.K) AS° (kJ/mol)
e

298 2518 -19.3864

303 2579 -19.8222 6.5826 0.0871

313 2849 -20.6936

4. Conclusions

The zeolite was successfully pillared by TiOz. Diffraction angle 20 peaks of TiO2 were
found at 25.33°, 36.7°, 47.9°, and 54.9°. The FTIR spectra showed that the shift at
wavenumber 3425.70 cm-1 occurs due to the addition of TiO2. Based on the batch
experiment results, the best parameters for strontium adsorption were found to be pH 5
and contact time of 80 min. The adsorption of strontium by the TiO2-pillared zeolite is
defined as adsorption on a heterogeneous surface and as being non-ideal, reversible, and
multilayer adsorption. Although the adsorption capacity is low, the thermodynamic study
indicated that the adsorption of strontium onto TiO2 pillared zeolite was an endothermic
process that takes place spontaneously and is quite stable. For future work, the adsorption
capacity needs to be increased, which can be accomplished by reducing the size of the
pillared TiO2 to allow more area for strontium to be absorbed.
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