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Abstract

Composite microporous SiO,-TiO, spheres and micro/mesoporous TiO, spheres were prepared via the
template-free two-step synthetic route using aqueous peroxotitanate solution and tetracthyl orthtosilicate
(TEOS) as precursors. Both the composite SiO»-TiO, and pure TiO, spheres prepared by the solvent-
exchange method were initially non-porous, but the applied reflux treatment in water-ethanol suspension
successfully transformed them into microporous materials with high apparent surface areas approaching
500 m*-g' and the micropore volume of 0.17 cm®-g”, while maintaining the same morphology. The
prepared composites retained high values of pore volume and specific surface area up to 400 °C of thermal
treatment temperature. The crystallization of TiO; into the anatase phase in the mixed oxide occurred only
at 700 °C, that process was also accompanied by the significant reduction of pore volume, as well as

apparent surface area values. Both synthesized composite oxides and pure titania were tested, in aqueous



media, on the lead(I) removal; they demonstrated high adsorption capacities, reaching 340 mg(Pb*")-g™".

Moreover, the mixed silica-titania oxide was found to be more efficient adsorbent at low pH values.
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1 Introduction

Silica- and titania-based functional materials are frequently used for various environmental applications
due to their high chemical stability, non-toxicity and low cost. It is a common notion that the formation of
silica-titania composites might significantly modify and improve some properties of the constituents,
widening the application range of these materials [1-10]. This occurs because of the Si—O-Ti linkages
formation in the bulk and on the surface of the mixed oxide, creation of tetracoordinated titanium
fragments, and stabilization of titania in an amorphous state. The acidity arising from the above mentioned
structural changes makes Si0,-TiO; an interesting active material for various catalytic processes [1-3,10-
12]. However, the preparation of a molecularly homogeneous silica-titania composite via sol-gel or
precipitation routes meets with obstacles. Titanium has significantly larger partial positive charge than
silicon, which makes it very reactive in the presence of water, thus tending to form hydrous titania. Thus,
certain measures preventing the separation of the two oxides implying the use of anhydrous organic
solvents [13], complexing agents [14], or pre-hydrolysis of the less reactive silica precursor [15] are
commonly applied. Obviously, the control of hydrolysis and condensation rates of titanium oxo-hydroxo
complexes and their interaction with silica species is even more complicated in aqueous medium. The
means of manipulating the Ti-precursors hydrolysis rates and molecular homogeneity in water-born
systems generally include the use of carboxylic acids [16] and amines [17] as complexing agents.

Other important aspects of silica-titania properties determining the performance in catalytic reactions and
as catalytic supports are morphology, specific surface area (SSA), and porous structure. Spherical
morphology is a very convenient form of the particles used as catalysts and adsorbents because it provides
dense and uniform packing and favours establishing a laminar flow in such processes as catalysis [1-3],
gases separation [4-7], and adsorption[18-21]. Though the methods for spherical SiO, fabrication via the

Stober process [22] and for TiO, using inorganic and structure-directed routes [23] are well-known, the



reports on the preparation of silica-titania spheres with a high degree of the SiO; and TiO, mutual mixing
are scarce. The porous structure of such composites is a key feature for many applications. Microporosity
provides accessibility for small molecules and ions to the active sites of silica, titania and mixed silica-
titania materials making them useful in membrane separation technologies [4-7,24] and cation exchange
[25,26].

The possibility of application of inorganic materials for adsorption of toxic metal cations from water by
adsorption and ion exchange attracts significant interest. Among the variety of heavy metal pollutants
found in waste and drinking water, the presence of lead is especially worrying. Water-soluble lead(Il)
acetate and volatile tetraethyl lead, often encountered in industry, are extremely harmful to humans and
environment. Microporous TiO; and SiO,-TiO, metal oxides demonstrate higher efficiency in lead uptake
from water solutions than the widespread organic polymeric resins [27] or carbon-based adsorbents [28],
moreover, their superior chemical and thermal stability make them more promising for long-term
application.

Earlier, we described the template-free preparation of homogeneous silica-titania spherical particles with
controlled particle sizes [29]. However, low SSA and non-porous nature made their use impossible in many
processes. Here, we report the surface activation procedure able to convert non-porous silica-titania spheres
into highly microporous solids. Moreover, in this study we address the possible application of both titania

and silica-titania materials for Pb?>" removal.

2 Experimental

2.1 Chemicals

Titanium oxysulfate hydrate (TiOSO4-H>0) containing 17% of H>SO4 used as titania source was provided
by Alfa Aesar. TEOS (tetracthyloetosilicate) of analytical grade produced by Reachim was used as the
precursor for silica. Aqueous ammonia (NH3;-H>O) solution of 25 wt%, HCl(aq), n-propanol, H»O,,
(CH3COO),Pb (analytical grade), 2,7-bis(2-arsonophenylazo)-1,8-dihydroxynaphthalene-3,6-disulfonic
acid (Arsenazo III), acetic acid, and CH3COONa were of analytical grade and were also produced by

Reachim.



2.2 Synthesis of nonporous silica-titania spheres

Preparation of the composite SiO,-TiO, spheres was performed according to the peroxo-mediated solvent
exchange route reported in [29,30]. For the synthesis, 2.4 g of titanium oxysulfate (containing 10 mmol of
TiO,) was dissolved in 20-30 mL of deionized water at room temperature and immediately 10 mL of
ammonia solution was added to it leading to the formation of white colloidal precipitate. The suspension
was thoroughly mixed to ensure complete precipitation of hydrous titania, centrifuged and washed 6 times
with deionized water, in order to remove sulfate and ammonium ions. The washed precipitate was placed in
an ice bath and 10 mL of H,O, was dropwise added to it, while the suspension was vigorously stirred.
Eventually, the complete dissolution of the colloidal precipitate occurred and a transparent yellow solution
of titanium peroxo complex was formed. The volume of the titanium peroxo complex solution was adjusted
to 100 mL with deionized water and its pH was set to 9.5 by ammonia addition.

Separately, 2.2 mL of TEOS was dissolved in 97.8 mL of n-propanol. The choice of the solvent was based
on the previous work [29]. The solution of TEOS in n-propanol was magnetically stirred for a few minutes
and then poured into the aqueous titanium peroxo complex. The mixture turned turbid instantaneously and
was left stirring for 24 h. Subsequently, the suspension was centrifuged, washed 6 times with deionized
water and dried under vacuum at 50 °C for 6 h.

For the preparation of pure TiO> no TEOS solution was used, instead 100 mL of n-propanol was directly
poured into the peroxotitanate water solution while magnetically stirred, after 24 h of mixing, the
precipitate was washed and dried according to the procedure described in [31].

Pure Si0, was synthesized following the same protocol, but in absence of TiO; source.

2.3 Surface area activation of the prepared spheres

The silica-titania spherical particles prepared via the method described above were nonporous [29]. In
order to modify their porous characteristics, the surface area activation procedure reported earlier for pure
TiO; spherical particles [31] was implemented. The activation was performed by a post-synthetic treatment
in the following way: freshly prepared nonporous silica-titania spheres were suspended in 50 mL of water-

ethanol mixture (1:1 ratio by volume) at the pH value of 5, which was set by addition of HCI (1 M). The



suspension was refluxed for 21 h and then the solid phase was separated by centrifugation at 3000 rpm,
washed with deionized water and dried at 50 °C for 24 h. The silica-titania samples prepared in this way
were designated as ST50, the same materials calcined at 400 °C and 700 °C in air for 1 h were marked
ST400 and ST700, respectively. The titania spheres prepared using the same procedure were designated as
T50, T400, and T700 depending on the calcination conditions they underwent. Process of surface area

enhancement of pure SiO; was totally similar to that of the TiO; and the SiO-TiO, composite.

2.4 Characterization

Morphological investigation of the prepared composite silica-titania spheres was performed by a field
emission scanning electron microscope (SEM) JEOL JSM 7001F. The SSA, volume and size distribution
of micro- and mesopores were probed by N, adsorption at 77 K using an ASAP 2020 Micromeritics
analyzer. The as-prepared samples were outgassed at 100 °C for 2 h, while the samples calcined at 400 °C
and 700°C were outgassed for 2 h at 300 °C. The XRD patterns were recorded on a Rigaku Ultima IV
diffractometer operating at Cu Ka radiation (A = 0.154 nm). The mean size of anatase crystals was
calculated by Scherrer equation for (101) reflection of anatase phase. Thermoanalytical studies were
performed using a simultaneous TG-DSC thermal analyzer Netzsch 449 F1 in the temperature range from
25 to 1000 °C in air flow at the heating rate of 10 °C-min”'. A Jeol JEM-2100F transmission electron
microscope (TEM) equipped with a field emission gun (FEG) was applied for TEM observations. Sample
preparation involved dispersion in ethanol, sonication and deposition on a holey carbon film-coated copper
grid with subsequent drying, a Gatan SOLARUS 950 was used before investigation. X-ray photoelectron
spectroscopy (XPS) analysis was carried out on a SPECS system equipped with a Hemispherical Phoibos
analyzer operating at Mg-Ko radiation (k-0 =1253.6 eV). The FTIR spectra were collected using a
Shimadzu IR Affinity spectrometer. The point of zero charge (PZC) of pure titania and silica-titania

spheres was measured by a Zetasizer Nano ZS90.

2.5 Lead adsorption experiment



Adsorption of Pb*" ions was studied under isothermal conditions at 25 °C. Kinetic study of Pb*" ion
adsorption was carried out in the following way: to 50 mL of the 500 mg(Pb*")-L"' solution of lead(II)
acetate 20 mg of adsorbent was added and the suspension was left shaking. The probes were withdrawn at
fixed time intervals and the concentration of lead ions was measured photometrically.

For adsorption isotherm measurement, 25 mL of lead(Il) acetate solutions with concentrations of 10, 25,
50, 100, 150, 200, 300, 400 and 500 rng(Pb”)‘L'1 were placed into glass beakers containing 10 mg of
adsorbent and shakes for 1 h. No buffer solution was added and the pH value of the resulted suspensions
was found to be equal to 5. In a separate experiment, intending to establish the effect of pH on adsorption
capacity, diluted HNO; was added to the suspension of lead acetate solution and adsorbent and pH values
were set to 1, 2, 3, and 4. After 1 h of shaking, the suspension was centrifuged and Pb*" concentration was
measured.

The concentration of Pb*" ions was determined by the photometric method measuring the light absorption
of coloured Pb*"complex with Arsenazo III indicator in acetic acid buffer solution having pH 4.8 with the
use of a Shimadzu UV 2700 spectrophotometer. The acetic acid buffer solution was prepared by dissolving
3.7 g of CH3;COONa and 1.31 mL of glacial acetic acid in 250 mL of deionized water. The Arsenazo III
water solution (0.4 mM) was prepared by dissolving 31 mg of the indicator in 100 mL of deionized water.
Calibration curve was built using the set of lead(Il) acetate solutions with known concentrations, and it had
the correlation coefficient of 0.999. At least three replicate analyses were done for each sample. Adsorption

capacity was calculated according to the following equation:

Qeq = (Co — Ceq) *% (1),

where Qeq is the Pb*" adsorption capacity at equilibrium concentration (in mg-g™), C, is the initial Pb*"
concentration in lead acetate solution (mg-L™), Ceq is the Pb** equilibrium concentration (mg-L™), V is the
aliquot volume (L), and M is the mass of the adsorbent (g).

The obtained values were used to calculate the maximum adsorption capacities of the adsorbents in
accordance with the Langmuir isotherm model. The linearized form of this model was described by the

following equation:
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where Qp, (in mg-g") is the monolayer capacity (maximum adsorption capacity), and K is the Langmuir

equilibrium constant.

1
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where Ry is the dimensionless constant of separation factor.

The Freundlich empirical model was also used for approximation of the adsorption data. Freundlich

isotherm was described by the following linearized equation:
In(Qeq) = In(Kf) + = *In(Ceq) 4),

where Kf ((mg g')(L mg™")'™) is the Freundlich adsorption capacity while lead concentration is 1M, and n

is a constant which estimates the possibility of adsorption process.

Regeneration experiments were carried out under the same conditions with the concentration of sorbate
solution of 500 mg(Pb*)-L™". In order to regenerate the adsorbents, 0.1 M EDTA solution was applied.
After the adsorption cycle the sorbent was put into a glass beaker with 25 mL of EDTA solution and
shaken for 30 min. Then the regenerated sample was washed two times with distilled water before using it

in the subsequent adsorption cycle.



3 Results and discussion

3.1 Morphology and textural properties

Expectedly, pure SiO, prepared via the Stober-like procedure and underwent the post-synthetic treatment is
found in the form of spherical particles with the mean size of 400 nm (see Supplementary Information Fig.
S1). The composite silica-titania spheres maintain spherical morphology after being subjected to the post-
synthetic treatment, which was intended to enhance their SSA. Comparison of particle sizes of the porous
pure TiO; (Fig. 1a) and the silica-titania spheres (Fig. 1b) shows significantly larger diameter of the latter,
which might be explained by different mechanisms of their formation. Attention is drawn to the fact that
the surface of the post-synthetically treated silica-titania spheres (unlike that of the pure TiO) does not
show any noticeable roughness, probably indicating smaller pore sizes of the composite material.

In earlier works, we reported the preparation of titania [31] and silica-titania [29] spheres by the solvent-
exchange method. The as-prepared materials were nonporous [29,31], however, the post-synthetic
treatment proposed in [31] allowed to successfully convert nonporous TiO, spherical particles into highly
mesoporous material. In a similar manner, the apparent SSA of the SiO» spheres is greatly enhanced up to
361 m’g" after undergoing the proposed post-synthetic treatment converting them into highly microporous
material (Fig. S2) The SSA activation procedure applied to the silica-titania composite of the same
morphology enhances apparent SSA up to 400-500 m?-g”, although the textural properties that the
composite material possesses are very different from those of its pure TiO, counterpart and resemble pure
SiO, (Table 1, Fig. 2). According to IUPAC classification [32], the T50 spheres after the surface area
activation exhibit the isotherm of mixed I and IV types (Fig. S3), which indicates that this material has a
large volume of both micro- and mesopores (Table S1). After calcination at 400 °C the pure titania loses the
volume of its micropores, and its isotherm transforms into type IV (Fig. S3). The presence of micropores in
the T50 and T400 samples is explained by high percentage of amorphous phase they contain. The
micropores disappear as soon as the thermal treatment temperature is sufficient to completely convert
amorphous TiO; into crystalline anatase phase (Fig. S3). Finally, the isotherms of the T700 sample acquire
type IV, where the mesopores are attributed to the intercrystal voids within the spherical particles (Fig. S3).
Nitrogen physisorption by the ST50 and ST400 samples results in the isotherms of type I, according to

IUPAC classification (Fig. 2). This isotherm type is a typical of microporous solids. The post-synthetic



treatment helps to increase apparent SSA of the composite oxide by 30 times from 16 m?-g”', obtained for
the nonporous composite [29], to 503 m?-g"' (Table 1). Calcination of the composite at 400 °C does not
destroy its microporous structure, and ST400 shows almost the same value of apparent SSA as does the
ST50 sample. Thermal treatment of porous silica-titania at 700 °C makes it lose nearly all micropores,
which is likely to be due to crystallization of TiO», leading to the ST700 isotherm of type I, characteristic
of nonporous or macroporous solids (Fig. 2). The absence of a hysteresis loop indicates that no mesopores
are found in this solid.

Analysis of pore-size distribution reveals an important difference between the porous TiO; and the porous
Si0,-TiO; samples. Though the pure as-prepared titania also possesses high micropore volume, it loses its
high SSA and pore volume while thermally treated (Fig. S4). The composite oxide retains high SSA and
micropore volume up to 400 °C, which is the consequence of the stabilization of the amorphous titania
phase inside the silica matrix. The mean micropore size of all the studied samples lies in the region of 0.5
nm (Fig. 3). In order to properly evaluate porous properties of the materials different models are applied.
Micropore volumes of the pure titania and the composites are estimated by Dubinin-Astakhov equation
(Tables 1 and S1). Size distribution of micropores calculated by the Horwath-Kawazoe model is in the
range 3.6-20.0 A, supposing that the shape of the micropores is spherical (Figs. 3 and S4). External surface
area, that is the area calculated excluding micropore surface, is determined by the T-plot approach at
relative pressures 0.4-0.6, clearly demonstrating the dominant contribution of micropore SSA to the
apparent SSA BET values (Tables 1 and S1).

The nitrogen physisorption study suggests that the formation of porous structure of the composite silica-
titania during the post-synthetic is similar to the observed for the pure SiO,, which is due to the suppression

of the TiO; crystal growth and high degree of titania species dispersion within the silica matrix.

3.2 Thermoanalytical study

The prepared porous spherical particles thermally treated at 400 °C, in order to eliminate adsorbed
ammonia and unreacted precursor species, have been subjected to thermoanalytical study. It shows that the
mass loss observed for T400 is inferior to that of ST400, also the position of the endothermic effect related

to the elimination of physically adsorbed and chemically bonded water is found to be displaced at higher



temperatures for ST400 than for T400 (Fig. 4). These observations indicate the fact that larger amount of
water is retained in the composite material either due to its microporous structure or to its different
chemical composition. The exothermic effect found on the DSC curve of the ST400 sample near 650 °C is
most likely to be attributed to the transition of amorphous titania to crystalline anatase (Fig. 4). The

absence of the similar effect on the DSC curve of T400 is clearly explained by its crystalline nature [31].

3.3 Powder XRD study

The PXRD patterns of the prepared composites registered at different treatment temperatures show that the
silica-titania samples are amorphous if treated at temperatures up to 400 °C (Fig. 5). Crystalline TiO»
anatase phase only appears after the material is heated to 700 °C (Fig. 5), which is in agreement with the
thermoanalytical data discussed above (Fig. 4). Therefore, the process of TiO, crystallization is strongly
hindered because of the dispersion of TiO, into the SiO, matrix. The retardation of the titania crystal
growth up to high temperatures might be advantageous for application of such material in catalytic or
adsorption processes due to high dispersion of active titania species [1-7]. Contrary to that, the TiO;
prepared with the use of the same synthetic method is already crystalline after the post-synthetic treatment

(Fig. S5, Table S2) [31].

3.4 Spectroscopic studies

Mutual dispersion of the two oxides is apparent from the FTIR analysis. The FTIR absorption spectra of the
both composites and the reference Stober silica show the stretching vibration of O—-H bonds in the range of
3300-3700 cm™. The absorbance at 3200 cm™, which is clearly observed on the spectrum of the ST50
sample most probably derives from the superposition of vibrations of adsorbed H,O molecules and N-H
stretching vibrations corresponding to the presence of ammonia in the silica-titania samples untreated under
high temperatures (Fig. 6). The bending modes of O—H groups manifest themselves at 1634 cm™, while the
bending vibrations of N-H bonds in the adsorbed ammonia are found at 1402 cm™ only for the T50 and
ST50 samples (Figs. 6 and S6). Asymmetric stretching vibrations of the Si—~O—Si bonds in the pure silica

are proved by the absorbance at 1108 cm™ with a shoulder at 1200 cm™ (Fig. 6). The introduction of titania



species into the silica matrix may cause formation of a small number of tetracoordinated TiOy units, and it
also provokes the distortion of SiO4 tetrahedra. The shift of the absorption maximum, corresponding to
asymmetric stretching vibrations of Si—O-Si, to lower wavenumbers is a clear indication of the
incorporation of heteroatoms inside the silica structure (Fig. 6). The absorption at 940-960 cm™ can be
attributed to the vibration of Si-OH groups or Si—O-Ti linkages. Usually the intensity of the peak
corresponding to silanol groups in pure silica is relatively low, as it is seen from the spectrum of Stober
Si0»; contrary to that, the relative intensity of the peak in this region with respect to that of asymmetric
stretching of Si—O-Si is significantly higher for the composite (Fig. 6), which tells us that the proper
assignation of this peak would be to Si—O-Ti bonds vibration. Another important feature revealed by the
FTIR spectroscopy is the presence of absorbance at about 800 cm™ on the spectrum of Stdber SiO»
corresponding to symmetric stretching vibrations of Si—O ring structure (Fig. 6). The incorporation of
heteroatoms into the silica matrix distorts its structure making the absorbance of IR in this region to
disappear, thus the absence of the peak at about 800 cm™ or its low intensity is a fingerprint feature
showing the homogeneous distribution of titania inside the composite [33]. The absorbance at 800 cm'
cannot be seen on the spectrum of ST50, while it can be distinguished in the case of ST400 sample

demonstrating partial segregation of the composite’s constituents caused by thermal treatment (Fig. 6).

The XPS method demonstrates that the surface atomic ratio of Si/Ti is different from that in the bulk of the
silica-titania spheres (Table 2). Similar observations were reported in our earlier study on the nonporous
Si0,-TiO; spherical particles [29]. On the presented XPS spectra of Ols region it is possible to distinguish
three major contributions with energies of 530.4-530.6, 532.0 and 532.9 eV, corresponding to the oxygen
of Ti—O-Ti, Si—O-Ti, and Si—-O-Si bonds, respectively [34] (Fig. 7). It is clearly seen that thermal
treatment of the silica-titania microporous spheres up to 400 °C does not provoke complete segregation of
the mixed oxides and the Si—O-Ti heterolinkages are still present (Fig. 7.). The decrease of the contribution
at 532.9 eV is most likely to be due to the elimination of adsorbed and chemically bonded water, which

normally reveals itself on the XPS Ols spectrum at binding energies higher than 533 eV [35].

3.5 TEM observations



The TEM images of the microporous silica-titania spheres dried at 50 °C after being synthesized show that
the particles possess the regular spherical shape (Fig. 8a). Higher magnification reveals the presence of the
surface “spike—like” structures with sizes of about 10 nm (Fig. 8b,c). The presence of crystalline phases is
not evidenced by the HRTEM micrographs (Fig. 8), which is in full agreement with the selective area
electron diffraction (SAED) data, where also no reflections of a crystalline phase are observed (Fig. 8d).
Particle sizes vary in the range from 300 to 1300 nm, and they are represented on the histogram, showing
the mean size to be 750 nm (Fig. S7a). According to the STEM-EDX analysis the elements constituting
silica-titania samples are uniformly distributed, while Si/Ti atomic ratio is close to equimolar, being in fact
equal to 1.18 (Fig. 8e).

Calcination of the microporous silica-titania at 400 °C causes slight shrinkage of the spheres down to the
mean size of 690 nm (Fig. 9a,b). Size distribution of the calcined particles shifts accordingly to the range of
200 to 1200 nm with the maximum at approximately 600 nm (Fig. S7b). On the basis of the HRTEM
micrographs one can see that the “spike—like” structures are still present on the surface, and only they are
found to be present in the crystallized state, while the rest of the particle is amorphous (Fig. 9¢). The SAED
pattern supports this observation showing no reflections of any crystalline phase coming from the bulk of
the spheres (Fig. 9d). Elemental mapping shows uniform distribution of Si and Ti in the bulk of the
microporous composite (Fig. 9e), allowing us to confirm that no major segregation of phases takes place

during the process of calcination.

3.6 Point of zero charge determination

The surface potential of adsorbents shows the range of the pH values where material has its surface
positively or negatively charged. Knowing the value of PZC helps to choose the optimal pH range for metal
cations uptake by the adsorbent. The plot of zeta potentials versus pH values of the sample suspensions
shows the reduction of PZC for the silica-titania composite to 3.1 with respect to that of pure titania, which
has PZC equalling 4.1 (Fig. 10). This is in accordance with the data described in the literature, where PZC
of composite Si0»-TiO, [36] was found to be lower than that of pure titania [34]. The incorporation of TiO»
into the matrix of SiO; causes a shift of PZC towards that of pure SiO,, which is known to be usually in the

range from 1.5 to 2.5 [37].



3.7 Lead adsorption on TiO; and Si0,-TiO»

It has been established that the process of adsorption is fast enough as the equilibrium is reached within 1 h
(Fig. S8). The pure SiO, samples show significantly reduced adsorption capacity toward Pb** ions than
other materials (Fig. S9). The T50 and ST50 samples exhibit the highest adsorption capacities due to their
large SSA, developed microporosity and, probably, the ion-exchange process occurring between the Pb**
ions of the solution and the surface protons of hydroxyls and amino-groups (Fig. 11). After calcination at
400 °C their adsorption capacity drops dramatically, but T400 still adsorbs 4 times as much of Pb*" on the
unit of its surface than ST400 does (Table S3). Higher specific adsorption capacities of TiO, materials in
comparison with SiO,-TiO; hardly can be attributed to the ion exchange process between ammonium ions
attached to the surface of the adsorbents and the Pb*" ions of the solution, because ammonium ions are not
detected on the FTIR spectra after calcination at 400 °C (Fig. 6). Superior specific adsorption capacity of
TiO; spheres is probably related to its larger pore size in comparison to that of Si0,-TiO; treated under the
same conditions. Taking into account the size of hydrated Pb*" ion, which is equal to 4.01 A [38], one may
assume that a significant part of micropores of ST400 are excluded from the adsorption process. On the
other hand, the mesopores of T400 are completely accessible for Pb** ions. Increased adsorption of divalent
cations on TiO; relative to that of SiO» is well known and attributed to higher energy of ion adsorption on
TiO; [26,39]. Further increase of calcination temperature results in crystal growth of TiO, anatase in the
pure titania [31], as well as in the transition of amorphous titania contained in the SiO,-TiO; into the
crystalline state, thus provoking the SSA decrease and collapse of microporous structure. Hence, the
adsorbents calcined at 700 °C demonstrate negligible uptake of lead ions (Fig. 11).

In order to elucidate the adsorption mechanism, two models were compared. First, the Langmuir isotherm
model, which considers irreversible adsorption on a monolayer, while the interaction forces between the
adsorbate molecules and their mobility along the surface are negligible (Table 3). The second model
applied to treating the obtained data was the Freundlich model. It proposes the heterogeneous surfaces
where adsorptive sites have different energy (Table 4).

The Langmuir approximation (Fig. 11A) reveals that the model of monolayer adsorption fits better than the

Freundlich model to all adsorbents with an exception of T50. Dimensionless constant Ry, which indicates



whether the adsorption process is favorable, has its value in the range 1 > R.> 0, thus pointing to the
favorability of physisorption. On the contrary, the Freundlich approximation describes the T50 isotherm
well but shows worse fit than the Langmuir model does for all other adsorption isotherms (Fig. 11B). The
Freundlich n-constant invariably points to favourable adsorption (10 > n > 1). Therefore, it may be
suggested that adsorption follows the monolayer mechanism in all cases except for the T50 material. For
this sorbent the presence of adsorption sites with different energies of adsorption is possible. As we know
from the N, adsorption studies of the TS50 material, it has significant volumes of micro- as well as
mesopores. Consequently, the adsorption energy inside the pores of different sizes may vary significantly.
Other samples predominantly have only one type of pores, either micro- or mesopores, and it can be
assumed that these solids have adsorption sites with very similar energies.

Industrial wastewaters can differ in acidity, which influences the performance of adsorbents dramatically.
In acidic media the surfaces of many metal oxide-based adsorbent materials are positively charged, hence
they tend to adsorb anions rather than cations. In order to clarify this question, the pH range of 1-5 has been
chosen as representative of industrial wastewaters.

The adsorption measurements for the selected samples at varying pH values show superior performance of
the composite oxide in the uptake of Pb*" in acidic conditions (Fig. 12), which is explained by its reduced
PZC caused by the incorporation of TiO; into the silica matrix (Fig. 10).

Adsorbents in industry must be easily recoverable and retain their adsorption capacity at high level for
many adsorption cycles. For regeneration study 4 materials were chosen: T50, T400, ST50, ST400.
Adsorbents calcined at 700 °C were excluded from this experiment due to their poor performance. The
adsorbents retain more than 60 % of their initial capacity in 5 consecutive adsorption cycles (Fig. 13). The
maximum adsorption capacities found in the present case, although below that observed for polymeric
resins (appx. 300 mg g') [27], are higher than those demonstrated by modified carbon nanotubes (13 mg g
1) [28], and natural minerals (50-60 mg g™') [40]. Pure titania demonstrate superior adsorption to that of
silica and silica-titania composites, however the formation of silica-titania materials has a twofold role. It
allows to decrease the amount of more expensive composite constituent TiO» and to produce the adsorbent

with enhanced Pb*" adsorption in acidic solutions.



5 Conclusions

In this study, the method of preparation of microporous composite SiO,-TiO, spherical particles with
apparent surface area value of 500 m* g has been demonstrated. The composite silica-titania material is
able to retain its high apparent SSA and micropore volume up to calcination temperature of 400 °C. The
peroxo route implemented in this work uses stable aqueous peroxotitanate complex solution as a precursor
for TiO,, thus avoiding the application of organic ligands or TEOS pre-hydrolysis for equilibration of
hydrolysis rates of titania and silica sources. Formation of the SiO,-TiO, composite with high degree of
mutual mixing of the constituents has been verified by STEM-EDX, FTIR, and XPS analyses. The
composite Si0,-TiO; oxide stays amorphous up to 600 °C due to the incorporation of TiO; into the silica
matrix and the presence of Si—O-Ti heterolinkages. The prepared microporous silica-titania and
micro/mesoporous pure titania materials have been tested in the removal of lead(Il) ions from aqueous
solution. It has been established that the pure TiO, possesses higher adsorption capacity than the silica-
titania, although the latter is able to adsorb Pb*" even in acidic conditions, which is due to its lower PZC

value than that of its pure titania counterpart.
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Figure Captions

Figure 1. SEM images of non-calcined (a) pure TiO, spheres and (b) composite SiO,-TiO;, spheres.

Figure 2. N, adsorption-desorption isotherms of the porous composite SiO,-TiO, spheres.

Figure 3. Micropore size distribution of the porous composite Si0O»-TiO; spheres.

Figure 4. Thermoanalytical study of porous titania and silica-titania spheres subjected to calcination at
400°C.

Figure 5. PXRD patterns of the composite SiO,-TiO; spheres.
Figure 6. FTIR spectra of the composite SiO,-TiO; spheres.
Figure 7. XPS spectra of Ols region.

Figure 8. (a-c) TEM images of the ST50 sample, (d) SAED pattern, and (¢) STEM images of mapping of

elements distribution: Ti (red), Si (green), O (blue).

Figure 9. (a-c) TEM microphotograph of the ST400 sample, (d) SAED pattern, and (¢) STEM images of

mapping of elements distribution: Ti (red), Si (green), O (blue).

Figure 10. PZC determination of the T400 and ST400 samples.

Figure 11. Isotherms of Pb** adsorption.

Figure 12. Capacity of Pb*" adsorption in relation to the solution pH values.

Figure 13. Regeneration of the adsorbents.
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Tables

Table 1. Apparent SSA and pore volumes of the composite SiO.-TiO, samples.

Sample name Apparent | C parameter | T-plot Dubinin-
BET value external Astakhov
SSA surface area | micropore
(m*-g™) (m*-g™) volume (cm®-g™)
ST non porous [29] | 16 67 16 -
ST50 503 194 93 0.170
ST400 418 70 176 0.140
ST700 81 33 67 0.020

Table 2. XPS surface composition of the silica-titania spheres.

Sample Surface atomic composition | Si/Ti ratio
ST50 Si20.5T114.1065.4 1.45
ST400 Si21.1T1142064.6 1.49

Table 3. Parameters of the Langmuir adsorption model

Sample Maximum Langmuir sorption | Langmuir equilibrium R Correlation
capacity Qm (mg-g™) constant K (L-mg™) coefficient R?

ST50 303 0.057 0.044 0.9975

ST400 69 0.051 0.040 0.9973

ST700 25 0.023 0.082 0.9935
T50 323 0.033 0.074 0.9834
T400 106 0.014 0.131 0.9863
T700 49 0.028 0.069 0.9914




Table 4. Parameters of the Freundlich adsorption model.

Sample Freundlich coefficient Kf Freundlich constant n Correlation coefficient R
((mg g")(L mg™)"™)
ST50 301 2.430 0.7739
ST400 62 2.963 0.8221
ST700 19 3.180 0.9351
T50 264 2.948 0.9477
T400 78 1.778 0.9060
T700 41 2.267 0.8789




