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A porous glass (PG) embedded with titanium dioxide (TiO3) was produced via impregnation of the PG with
Titanium (IV) Isopropoxide solution followed by crystallization. Ny sorption analyses revealed that the specific
surface area (SSA) and total pore volume of the PG reached to 358 m2/g and 0.370 cm®/g, respectively. The
adsorption capacity of methylene blue (MB) for the glasses was measured in the dark, instead the photocatalytic
MB removal efficiency was evaluated by the degradation of MB under UV light illumination using a UV-vis

spectrometer. The MB removal efficiency of the TiO3 synthesized anatase powder was only 32.3 % whereas, for
TiO, embedded PG (TiPG) it was 91.6 %, and nearly complete (> 99 %) efficacy was achieved for TiOy
embedded alkaline leached PG (TiPG-AL) under UV illumination 3 h period. Better MB removal efficiency was
attributed to high SSA and dispersion of nano size anatase TiO; crystallites within the porous structure.

1. Introduction

Titanium dioxide (TiO3) based photocatalytic systems have attracted
great attention for pollutant removal applications because they offer
high conversion efficiency, good chemical/photo stability, and low cost
[1,2]. In the simplest system, TiO2 powders are used in a suspension for
purification of contaminated aqueous solutions; e.g. wastewater [1,3].
However, fine powders in slurry systems tend to agglomerate and reduce
reactive surface sites [4]. Additionally, the effected TiO5 particles must
be separated by additional filtration processes [5]. Though TiO2 coating
has been applied as a remedy to those difficulties, surface detachment
and restricted effective surface area still remain as drawbacks [6,7].
Lately, studies focusing on the development of TiO5 embedded porous
substrates such as silica [8,9], mesoporous silica [10], carbon [11,12],
SiC [13,14], AlyO3 [15], and porous glass (PG) [16-18] have shown
encouraging outcomes. PGs offer unique sponge-like interconnected
porous structure, high optical transparency, and mechanical integrity
[19,20]. Pore topology, size, volume thus, the surface area can be
tailored via processing route [19]. PGs are manufactured in various
forms such as monoliths, beads, plates, fibers/rods/tubes, and they
could be used as optical chemo-sensor, membrane, drug delivery sys-
tems, etc. [21-24].
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Considering that PG has already been used as an effective adsorbent
[25], an understanding on the preparation and photocatalytic properties
of TiO, embedded PG could extend its utilization in special photo-
catalytic applications including air and wastewater purification through
a synergic purification effect coming from both adsorption and photo-
catalysis. It has been also noted that the PG substrate can prevent the
catalyst poisoning [26,27]. Accordingly, the aim of this investigation
was to produce and evaluate the adsorption and photocatalytic prop-
erties of anatase TiO, embedded PG by using methylene blue (MB) dye,
such economic monoliths with long term photostability is anticipated to
be used in indoor air and wastewater purification systems.

2. Experimental procedure
2.1. Sample preparation

The porous glass samples were produced according to the previously
published results [28]. Simply, a sodium borosilicate glass (SBG) with
nominal composition of 55.75i05-33.6B,03-9.2Na50-1.5A1,03 (wt %)
was produced by conventional melt-quenching method. Then, the SBG
pieces were heat treated at 500 °C for 9 h to induce the phase separation.
After that, the heat treated glass pieces were first acid leached using 1 M
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Fig. 1. (a) N, adsorption-desorption isotherms, and (b) pore size distribution data for porous glasses.

HCI solution at 80°C for 24 h. In order to remove the silica clusters
remained in the liquation channels, the acid leached porous glass (PG)
was additionally alkaline leached using 0.5 M NaOH solution at room
temperature (RT) for 2h to get PG-AL. In separate experiments, addi-
tional heat treatment was conducted on PG at 800 °C for 1 h to obtain
heat treated PG (PG-HT). These alterations were followed to induce
different pore architecture, surface functionality and their effect on the
resulting MB adsorption and photocatalytic properties.

Different PGs produced were used as substrates for the growth of
TiO4 crystallites within the porous structure. 1 M Titanium (IV) Iso-
propoxide (TTIP, analytical grade, Sigma-Aldrich, Darmstadt, Ger-
many)/isopropyl alcohol solution was employed as titanium (Ti)
precursor. PG monoliths of approximately 1.5mm thickness were
immersed in the TTIP solution at RT for 24 h while stirring at 900 rpm.
When the impregnation was completed, the monoliths were degassed for
1 h, let for hydrolysis reactions (24 h at ambient conditions), followed by
dying, and heat treatment at 450 °C for 4 h in air for TiO5 crystallization.

Titanium impregnated PGs were named by adding Ti in front of the
substrate name used for embedding (e.g. Ti impregnated PG was named
as TiPG). For the purpose of comparison, TiPG was re-immersed in the
same TTIP solution at the same conditions to get twice Ti impregnated
PG (Tix2PG). In addition, TiO, powder was separately synthesized by
using the same chemicals and procedure applied to obtain TiOy
embedded PGs. A 0.01 g of TiO2 powder which was assumed equal to the
weight gain measured for PG after Ti-impregnation and heat treatment
causing crystallization, was used in the decolorization tests for
comparative assessment.

2.2. Characterization

The pore morphologies developed in different PGs were evaluated by
nitrogen (N2) sorption test using Quantachrome Autosorb-6 (Boynton
Beach, Florida, USA). Prior to the measurements, the samples were
degassed at 200 °C for 3 h. The specific surface area (SSA) was calculated
using Brunauer-Emmett-Teller (BET) equation from the adsorption
isotherm. The total pore volume (Vp) was calculated from the amount of
gas adsorbed at the relative pressure P/Pg of 0.99. The pore size distri-
bution was determined from the desorption branch of the Ny sorption
hysteresis according to the Barrett-Joyner-Halenda (BJH) method,
based on the Kelvin equation, which relates the pore size with critical
condensation pressure assuming a straight cylindrical pore model [29].

The crystalline phases developed in TiPGs were identified using an X-
ray diffractometer (XRD, Bruker-AXS, D8 Advance A25, Germany). XRD
scans were collected using CuK, radiation (A = 1.54056 A) between 26 of
10 and 90° at a scanning rate of 0.2°/min. The Fourier Transform
Infrared transmission spectra of the PGs were measured using a FTIR
spectrometer (PerkinElmer Frontier, Waltham MA, USA) instrument
equipped with ATR (Gladi, Pike Technology, Madison, Wisconsin, USA)
apparatus in the range of 400-4000 cm ™! with a resolution of 1 cm™*. A

linear baseline was first fitted to the IR spectra then normalized to signal
intensity.

The structure of the pores and the microstructures of the crystalline
phases were examined using a scanning electron microscope (FE-SEM,
Nova Nanosem 430, Hillsboro OR, USA). An energy dispersive spec-
troscopy (EDS) attached to FESEM was employed to define the elemental
composition of PGs. The impregnated surface of TiPG was coated with
approximately 10nm layer of gold using a sputter coater (Quorum
SC7640, Ashford, United Kingdom) prior to FESEM examination. The
transmission spectra of PGs and TiPGs were measured in the wavelength
range from 250 to 850 nm with a step of 1 nm using a UV-vis spec-
trometer (Scinco S-3100, Seoul, S. Korea). The optical band gap energy
(Eg) values of the samples were measured using UV-vis diffuse reflec-
tance spectra. The reflectance (R) data was converted to the F(R) values
using the Kubelka-Munk equation given in Eq. (1). Then, (F(R)hv)/2
against hy (eV) graph was plotted and Eg for indirect transition was
calculated by extrapolating the midsection of the graph to the hv axis
[30].

F(R)xm= (1-R)>/ 2R @

The MB adsorption capacity in the dark and the MB photocatalytic
removal efficiency under UV light illumination for selected PGs and
TiPGs were evaluated by the change of MB concentration (10 ppm) in
the solution during the experiments performed using 30 mL MB-distilled
(DI) water solution (at a pH of 5.6) in a 250 mL glass container. Selected
glass chunks with a thickness of 1.5 mm and a total weight of 0.3 g were
horizontally placed into glass container. The MB concentration change
was defined as the absorbance of the solution at a wavelength of 664 nm.
3 mL of the solution was periodically taken and analyzed using a UV-vis
spectrometer (Scinco S-3100, Seoul S. Korea). All initial adsorption tests
were carried out under continuous stirring (~500 rpm) in a complete
dark environment. For the total removal efficiency analysis under UV
irritation, TiO9 embedded samples (TiPGs) were placed in MB solutions
and irradiated simultaneously by a 100 W UV lamp (UVP, Blak-Ray, San
Gabriel CA, USA) with a wavelength at 365 nm. The removal efficiency
(RE) of the glasses was calculated using Eq. (2). Where; Cy and C; are the
concentrations of MB at initial and different irradiation times, respec-
tively. Each glass specimen was tested three times. The data points were
calculated by taking the mean values and standard deviations of three
different representative specimens for each glass.

(G- C)

RE =
Co

%100 2)

3. Results and discussion
3.1. Structural analysis

The Nj sorption isotherms for PG, PG-AL, PG-HT, and TiPG are
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Fig. 2. Normalized; (a) XRD patterns for TiPG-AL, TiPG-HT, Tix2PG, TiPG, and TiO, powder, and (b) FTIR spectra for SBG, PG, TiPG, and TiOa.

shown in Fig. 1(a). The hysteresis loops in the Type IV(a) isotherms
according to the IUPAC classifications [29], indicated that all glasses
contain mesoporosity. The microporosity is not clearly visible from the
pore size distribution curves shown in Fig. 1(b). But the steep increase in
the adsorption at very low relative pressures shown in Fig. 1(a), suggests
that all PGs contain hierarchical porosity (both micro and meso
porosity) particularly gradient porosity in the mesoporosity range. The
specific surface area (SSA) and the pore volume (Vp) values calculated

for PG, PG-AL, PG-HT were 358.0, 241.2, 228.4 mz/g, and 0.314, 0.370,
0.227 cm®/g, respectively.

In general, for porous glasses produced via acid etching, the pores
generated around 5 nm are associated with the inter-particle spaces in
between the channel walls and silica clusters (themselves as well).
Instead, the larger mesopores evolving in a broader range up to 35 nm
are related with the so called “liquation channels” [31,32]. When sub-
sequent alkaline leaching was performed on PG, the size of the pores in

Fig. 3. SEM images taken from the surfaces of (a) TiPG, (b) Tix2PG, (c) TiPG-AL, and (d) TiPG-HT.
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center

Fig. 4. EDS line analysis and the cross-sectional view taken from the edge and the center of the freshly fractured surfaces for (a) TiPG, (b) TiPG-AL, and (c) TiPG-HT.

the mesoporous range further increased but, some of the micropores
diminished probably due to particle and/or surface dissolution of silica
clusters [33]. Such alterations caused a reduction in the SSA but, as
expected enhanced the Vp. The sequential heat treatment of initially
produced PG caused both the compaction of silica particles (clusters)
and the shrinkage of the liquation channels due to softening of the silica
skeleton. Thus, after the heat treatment, the pores collapsed to certain
degree, causing SSA and Vp to decrease. The TiO; crystallization on the
pore walls and struts correspondingly resulted in a reduction of both SSA
(to 282.9 mz/g) and Vp (to 0.277 cmg/g).

The XRD pattern of the TiO, powder synthesized, as shown in Fig. 2
(a), suggests that the material is phase pure anatase TiO5 (PDF #00-021-
1272). The mean crystallite size (D) as calculated by using the
Debye-Scherrer formula was 36.2 nm that was akin to the values re-
ported by other researchers [34,35]. For crystallite size calculations,
full-width at half maximum (FWHM) for the most intense peak for the
anatase TiO at 26 of 25.3°, belonging to (101), was considered. A visible
but weak diffraction peak at 26 of 25.3° in the XRD patterns of TiPGs,
suggests the presence of TiO, crystallites. The same diffraction peak
became pronounced for the twice Ti impregnated PG (Tix2PG), similar
to the findings of Anpo et al. [36].

The FTIR spectra for SBG, PG, TiPG, and TiO, powder are shown in
Fig. 2(b). It is difficult to resolve each infrared band due to overlapping
of the bands detected from several bonds in the glass network and TiO,

1533

powder. The bands at ~450, ~800, and ~1080 em ! are assigned to
Si-O-Si bonds [37-39] though those at ~920 and ~670 cm ! (with
shoulder at ~695 cm™ ') correspond to Si—O—B bonds [40-42]. More-
over, there were the B-O stretching vibration bands at ~880, ~980,
~1370 and ~1280 cm ™! [43,44]. After acid leaching, the bands asso-
ciated with B-O and Si—O—B bonds either decreased in the intensity or
completely disappeared. In addition, the intensity of the bands
belonging to Si—O—Si bonds increased, implying that the initially
generated alkali-borate phase was removed by the acid leaching and the
remaining porous structure mostly consists of silica. The FTIR spectrum
of PG is highly compatible with that of the previously reported [32,42].
The dominant band centered at ~438 cm™ in the spectrum of TiOy
powder is assigned to Ti—O—Ti bonds in crystalline TiO structure [45,
46]. The bands for the Ti—O—Ti and Si—O—Ti bonds (at 960 cm’l)
[47,48] were not detected due to the overlapping with the other bands.

SEM images taken from the surfaces of TiPG, Tix2PG, TiPG-AL, and
TiPG-HT are shown in Fig. 3. The characteristic “worm-like” pore
structure (see also the inset in Fig. 3(a) for the observed pore
morphology) developed in PGs was actually coming from spinodal
decomposition [49,50]. When twice impregnation was applied, a higher
surface coverage was obtained (Fig. 3(b)). Instead, for alkaline treated
sample (TiPG-AL) no clear cellular structure but a very rough surface,
possibly due to the deformation of the silica skeleton was observed
(Fig. 3(c)). Previous studies [20,51,52] revealed that during a heat
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treatment procedure, the migration of B atoms to surface increases the
surface acidity. This promotes the polymerization of Ti-O-Ti species and
enhances the Ti crystallization [53]. However, since in the current study
no TiO; related peaks were seen in the XRD pattern for TiPG-HT, the
observed morphological elevation was related to the sintering
shrinkage, see Fig. 3(d).

Fig. 4 shows the SEM images and EDS line analysis taken from the
edge (close to the surface) and the center of the freshly fractured sur-
faces for TiPG, TiPG-AL, and TiPG-HT. The EDS line analysis was per-
formed on the cross-section up to a depth of ~750 pm. Data were given
in the insets of Fig. 4 for each TiPG. The EDS peaks for SiKa and TiKa
were converted to ZAF corrected (an intensity correction applied by the
instrument, which is related to the atomic number (Z), absorption (A)
and fluorescence (F) effects) weight percentage to get information on the
penetration depth of Ti. An abrupt decrease in Ti concentration at a
depth of ~330 pm from the surface (see Fig. 4(a)) is attributed to
insufficient impregnation of the Ti solution due to hindrance of the silica
clusters in the pores, or hampered hydrolysis reactions. Yamashita et al.
[16] anchored Ti into a PG by metal ion implantation and reported
similar results stating that Ti concentration was higher in the surface
region at a depth of ~40 nm. The concentration of Ti in the near-surface
region of TiPG-AL was about twice more than that of TiPG but, gradually
decreased toward the interior as shown in Fig. 4(b). This was expected
since the surface of TiPG-AL contains larger pores (and much lower silica
clusters) facilitating the infiltration of the Ti solution into the glass
structure. For TiPG-HT, the shrinkage related narrowing of the pores
caused a reduction of the Ti penetration hence, the Ti-rich layer depth
was only around 150 pm, as seen in Fig. 4(c).

Fig. 5(a) shows the transmittance spectra of SBG, PGs, and TiPGs.
Precise determination of the optical properties of a PG is quite difficult
since it has complex structure including different substances with dis-
similar refractive indices. The size and volume of the liquation channels,
amount and packing of the silica clusters in the channels affect the
transparency of the glass [54-56]. Removal of Na ions from the structure
and elimination of the atoms that cause UV absorption even in small
amounts are thought to be the reasons for the shift of the absorption
edge of PGs toward lower wavelength with respect to SBG. Phase sep-
aration followed by acid leaching is one of the commonly practiced
processes to obtain UV transparent glass [57,58]. The visible region
transparency of SBG decreased from ~85 % to ~75 % as a result of acid
leaching process due to the generation of new pores. The pores act as
Rayleigh scattering points since the average pore size in PGs and TiPGs is
less than 22 nm, that is smaller than the wavelength of the incident light.
Antropova and Drozdova [59] reported that turbidity and light trans-
mittance decreased with increasing pore size. In this regard, the distinct
decrease in the transparency of PG-AL by ~10 % was attributed both to
the increase in pore size and to the partial erosion of the silica skeleton
by alkaline leaching causing enhanced surface roughness. The TiOy
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The values (mean ave. + standard deviation) for the band gap energy, MB
adsorption in the dark, and MB removal efficiency under UV for TiPG, TiPG-AL,
TiPG-HT, and TiO, powder.
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30 35
Encrgy (cV)

4.0
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Encrgy (cV)

4.0

Sample Band gap MB dark adsorption MB removal under UV
(eV) (%) Light (%)
TiPG 3.35+0.02 60.25 + 3.56 91.65+ 3.80
TiPG-AL 3.19+0.02 93.53+3.86 > 99.00
TiPG-HT 3.31+0.05 54.88 +3.62 86.49 +2.72
TiOy 3.05+0.01 7.66 £1.91 32.36 +£1.88
powder

crystallites developed within or on the surface of PGs caused scattering
hence decreased the transparency [36]. The absorption edge of PG at
~225 nm shifted to ~340—370 nm upon TiO, embedding. The adsorp-
tion edge at 370—380 nm was assigned to the intrinsic band gap ab-
sorption of anatase TiO, corroborating the presence of such phase [60,
61].

Kubelka-Munk transformed reflectance graphs (Tauc plots) for TiPG,
TiPG-AL, TiPG-HT, and TiO2 powder are shown in Fig. 5(b-e), and the
indirect optical band gap (Eg) values extracted from the plots were listed
in Table 1. The Eg value of the synthesized anatase TiO, powder was
measured as 3.05 eV, akin to the acceptable values [62,63]. The higher
Eg value of TiPG relative to TiO2 powder implies that the size of the TiO2
crystallites developed in and on the pore surfaces and struts of PGs was
smaller than that of the synthesized TiOy powder. It is known that Eg
increases as the particle size decreases due to the quantum size effect
[30,34,64]. For example, Jiang et al. [8] showed that TiO» including
porous supports had Eg values between 3.1-3.5 eV that decreased with
increasing TiO2 loading rate. Besides, the development of fine porous
structure inhibits the agglomeration tendency of the TiOj particles
trapped in the pores, i.e. basically the pore size defines the boundary
conditions for the growth, resulting in enhanced Eg as compared to those
of non-porous substrates [18,64].

3.2. MB decolorization

MB decolorization tests were performed independently in the dark
and under a UV light source. The difference in the MB removal efficiency
between these two tests was credited to the photocatalytic degradation
effect of TiO, crystallites embedded within the PG. Fig. 6(a) shows the
variation of the MB removal efficiency with respect to time in the dark, i.
e. dark adsorption for all glasses investigated. The SSA of PG-AL was the
lowest among all the glasses tested. However, it showed the highest MB
adsorption capability. This information suggests that the SSA was not
the principle contributing factor for the adsorption of MB in the PGs.
Previous studies concluded that PG has high adsorption capability
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Fig. 6. (a) MB adsorption capacity in the dark with time for PG, PG-AL, PG-HT, TiPG, TiPG-AL, TiPG-HT, and TiO, powder; and (b) Variation of the MB removal
efficiency under UV light with illumination time for TiPG, TiPG-AL, TiPG-HT, and TiO, powder.

because of its relatively high SSA, Vp, and negatively charged surface
silanol groups [20,65]. Being a cationic dye, MB molecules are attracted
by the negatively charged glass surfaces [66]. Removing the silica
clusters by alkaline leaching facilitated the penetration of the aqueous
MB solution through the porous structure [17,67,68], and altered the
surface functionality, i.e. increased the surface adsorption sites causing
an enhanced capacity.

Fig. 6(b) demonstrates the MB removal efficiency under UV light at
the end of the 3 h of test. The data are summarized also in Table 1. The
TiPGs exhibited better MB removal efficiency (reaching even to com-
plete removal capacity for TiPG-AL) than the TiO2 powder synthesized.
Similar results have been reported previously in other studies [8,9,18,
64]. Such favorable total removal efficiency of PG embedded with TiOy
can be related to a combination of some factors such as the intrinsic
higher reactivity due to homogenously dispersed TiO3 nano-crystallites
in the fine pore (<30nm) structure [69], the increase of Eg due to
smaller crystal size [8,36,64], reduction of charge recombination
(electron-hole pair), i.e. small pore wall thickness providing a shorter
distance for the transfer of the photogenerated electrons and holes to the
surface [70], and the glass transparency promoting higher amount of
excited TiOy compared to those of non-transparent host materials [17].

4. Conclusions

Porous glasses (PGs) with various pore architectures are produced
from ordinary sodium borosilicate glasses. The porous substrates are
effectively infiltrated with a titanium precursor. The anatase TiO is
crystallized in the pore and strut surfaces of the Ti infiltrated PG by
successive heat treatment. PGs having relatively high specific surface
area of 358 m?/g, still maintains the 3D interconnected porosity with a
specific surface area of 282.9 m%/g upon TiOj crystallization while their
transparency in visible region decreases from ~75 % to ~48 %. Meth-
ylene blue (MB) removal tests reveal that TiO; embedded PG (TiPGs)
exhibit high MB adsorption capability in the dark and MB removal ef-
ficiency under UV illumination. While the MB dark adsorption was
around 70 % for PG, the efficiency of ~ 92 % for TiO, embedded PG
(TiPG), and virtually complete removal for alkaline leached TiOy
embedded PG (TiPG-AL) was observed under UV illumination in the 3h
period. TiOs embedded highly porous glasses demonstrate both
powerful adsorption capability and photocatalytic ability, i.e. a synergic
purification effect, than the anatase TiO5 powder. Such glasses can be
practically used for water purification and indoor air filtration for the
removal of volatile organic compounds.
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