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ABSTRACT

The photocatalytic activity of TiO, nanoparticles (nano-TiO,)
and its hybrid with SiO, (nano-Ti0,-Si0O,) for degradation
of some organic dyes on cementitious materials was studied
in this work. Nanohybrid photocatalysts were prepared using
an inorganic sol-gel precursor and then characterized using
XRD, SEM and UV-Vis. The grain sizes were estimated by
Scherrer’s equation to be around 10 nm. Then, a thin layer
was applied to Portland cement concrete (PCC) blocks by
dipping them into nano-TiO, and nano-TiO,-SiO, solution.
The efficiency of coated PCC blocks for the photocatalytic
decomposition of two dyes, Malachite Green oxalate (MG)
and Methylene Blue (MB), was examined under UV and visi-
ble irradiation and then monitored by the chemical oxygen
demand tests. The results showed that more than 80% and
92% of MG and MB were decomposed under UV-Vis irradi-
ation using blocks coated with nano-TiO,-SiO,. TiO,/PCC
and TiO,-SiO,/PCC blocks showed a significant ability to
oxidize dyes under visible and UV lights and TiO,-SiO,/PCC
blocks require less time for dye degradation. Based on these
results, coated blocks have increased photocatalytic activity
which can make them commercially accessible photocatalysts.

INTRODUCTION

Effective treatment of toxic pollutants is a required part of water
treatment applications. Organic contamination in water and
industrial wastewater is a significant pollution problem to people
worldwide (1).

One of the main sources of these contaminants is the textile
industry and its dye-containing wastewater, which is sometimes
directly discharged as aqueous effluent into the environment.
However, without adequate treatment, these dyes may remain in
the environment for a long time, which is undesirable not only
because of their color, but also because several dyes and their
precursors act as human carcinogens by transforming into toxic
aromatics (2-4).

Traditional physical techniques or chemical and biological
treatment methods are usually employed for removing these pol-
lutants (5-10). In some of these methods, the contamination
remains without destruction and is transferred from water into
other phases and subsequently forms secondary pollutants or is
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simply absorbed into the sludge; thus, requiring further treatment
for degradation.

TiO, semiconductor nanoparticles are known to be important
photocatalysts and have found wide applications in contamina-
tion removal. The efficiency of this semiconductor is due to the
form of its crystalline structure (11-13), particle size (12,14—-16)
and preparation methods (17,18).

Of Anatase, rutile and brookite, three common crystalline
forms of TiO,, Anatase shows the highest photoactivity industri-
ally and can be employed as an effective photocatalyst, which
results from a band gap of ca 3.2 eV, corresponding to radiation
of wavelength around 380 nm (19).

In general, for photocatalytic oxidation, UV light of wave-
length shorter than 380 nm is required to excite an electron from
the valence band to the conduction band, leaving a hole in the
valence band (h™). The electron-hole pairs are thus produced and
serve as oxidizing and reducing agents. Photodegradation of
water pollutants proceeds with the formation of the "OH radicals,
the key active species, formed either through the interaction of
water molecules with holes or through the interaction of O, with
the host electrons (20,21).

However, this practical application in aqueous media is lim-
ited because of the difficulty of filtration and recovery of small
TiO, particles. Furthermore, because TiO, has a polar surface, it
is not a good absorbent for nonpolar organic molecules and add-
ing support material may improve its catalytic activity. Other rea-
sons that prevent TiO, from being an appropriate choice are its
low surface area, particularly when compared with industrial cat-
alysts such as Degussa P-25 (surface area of approximately
50 m? g_l) (22), and its charge recombination (23), which,
together, decrease the efficiency of a photocatalyst. Thus, consid-
erable effort is required to overcome these difficulties.

Recent studies have shown that hybridization of SiO, with
TiO, increases the acidity of the composite oxide and improves
the surface area. Thus, new catalytic active sites are formed on
the surface because of the interactions between TiO, and SiO,,
which improve the photocatalytic activity and the hydrophilicity
of the composite (24-26).

Moreover, the deposition of TiO, on several supports such as
stainless steel, quartz, Pyrex, paper, fiberglass, clothes, monolith
and other building materials to avoid filtration has attracted a
considerable attention (27-33).

It is important to have as much TiO, as possible at the surface
of these substances without increasing the risk of losing it by
abrasion or washing. Until now, the most efficient way to do so
was to apply TiO, as a thin layer on the surface of cementitious
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materials to increase the surface area, making it suitable to be
applied to concrete tiles.

Many physical and chemical methods for the deposition of
nano-TiO, and TiO,—SiO, have been reported so far (6,34-38).
Among them, the sol-gel process, including dip/spin/spray and
paint coating, is most appropriate owing to its low cost, simplic-
ity and easily controllable conditions (39). Dip coating is a com-
mon method for deposition of the solution on a plate, cylinder or
irregular surface. The method involves immersing a substrate
into a reservoir of solution, ensuring complete wetting of the
substrate and subsequently withdrawing the substrate from the
solution bath. The liquid film formation is achieved mainly by
two mechanisms: gravity draining off the liquid solution and
evaporation of the solvent (40,41).

The use of this photocatalyst in building materials was first
introduced in the early 1990s and many studies have been per-
formed on the effect of cementitious supports for degradation
atmospheric pollutants (42—44). The complete removal process
of pollutants is constrained by natural energy (sunlight, atmo-
spheric moisture and rain) and presence of the photocatalyst.
Nano-TiO, can be employed as a photocatalytic material and a
structural material as well. As such, it can be used efficiently in
exterior construction materials, interior furnishing materials and
rod construction materials such as cement mortar, exterior tiles,
paving blocks, glass and PVC fabrics (42,45-48). Despite the
extensive use of concrete in the construction industry and the
possibility of nano-TiO, utilization in concrete infrastructure,
few studies have been performed on the degradation of organic
dyes with these materials.

The main aim of this study was to investigate the enhance-
ment of the photocatalytic efficiency of immobilized TiO, and
TiO,—SiO, nanoparticles embedded in Portland cement con-
crete (PCC) blocks for the removal of dyes such as Methylene
blue (MB) and Malachite Green oxalate (MG) as organic
pollutants under ultraviolet and visible light irradiation. As the
sol-gel methods based on organic precursors generate pollution
due to use of organic solvents, an inorganic precursor such as
titanium tetrachloride (TiCly) has been used to synthesize the
nano-TiO,. The use of inorganic precursors instead of organic
precursors reduces the cost of synthesis and eliminates the use
of organic solvents which can lead to significant environmental
issues.

MATERIALS AND METHODS

Materials. Titanium tetrachloride (TiCly, 99%), nitric acid (HNOs, 65%),
ammonia (NHj;, 25%), tetraethylorthosilicate (TEOS, 98%), deionized
water and dyes including MG oxalate and MB were purchased from
Merck Co. and used as received. The ordinary Portland cement type (II),
which is commercially available, was used for making the PCC blocks.

Preparation of samples. The method employed for the synthesis of
TiO, and TiO,—SiO, nanoparticles in this work is similar to that reported
elsewhere, in which the TiO, and TiO,—SiO, nanoparticles were prepared
using the sol-gel method (49-53). An Ammonium solution (2.5%) was
dropped into the TiCl, solution and a white precipitant was obtained at
pH = 7 at room temperature. The resulting precipitant was washed with
deionized water until the complete removal of ClI™ and NHI ions. Then,
HNO; (0.5 m) was added to 500 mL of suspension, including 10.7 moles
of titanium, until pH = 1.5 with strong stirring and, then, the slurry was
refluxed at 343 K for 24 h to create a stable TiO, sol. Subsequently, the
appropriate amount of TEOS was slowly added into this sol until a
TiO>—Si0, molar ratio of 30/70 was obtained and, then, this mixture was
heated to 343 K for 1 h with strong stirring and later cooled to room
temperature.

Portland cement concrete blocks were produced by mixing cement,
sand and water with a sand/cement weight ratio equal to 3. The resulting
paste was molded into 20 x 10 x 10 mm’® dimensions and dried at
room temperature for 72 h. Then nano-TiO, and TiO,—SiO, photocata-
lysts were immobilized on these cubic blocks by dip coating (three times)
in a solution of 26.5 and 88.4 g L~ of nano-TiO, and TiO,-SiO,,
respectively. The coated blocks were dried in an oven at 343 K and at
373 K for 30 and 60 min and calcined in a programmable furnace at 673
and 723 K for 3 h by rate of 2 °C min~' for TiO, and TiO,-SiO-,
respectively. Calcination allows nano-TiO, and TiO,—SiO, powder to
adhere more strongly to the pore walls of the concrete blocks. The
amount of photocatalyst deposited on the concrete blocks is calculated by
the difference of weights before and after the deposition and are approxi-
mately 0.5 ¢ L' in the dye solution. Scheme 1 presents the sequential
steps of sample preparation.

Photodegradation of organic contaminants. To evaluate the photocat-
alytic activity, complete oxidation of MB and MG oxalate in aqueous
solutions into CO, and H,O was investigated under UV and visible
light irradiation. UV—Vis spectroscopy and chemical oxygen demand
(COD) methods were utilized to measure dye concentration, which
remained in the solution after irradiation. The reaction was performed
in 40 mL of dye solution (10 mg L™") and 20 mg of catalyst at a pH
of approximately 5 by using HNO; on quartz cells, at room tempera-
ture. For the irradiation process, a UV lamp (125 W, UVA,
Amax = 365 nm) and a high-pressure mercury-vapor lamp (300 W,
Amax = 546.8) without cut-off filter were applied as ultraviolet and vis-
ible light sources, respectively, whereas the distance between the lamp
and the dye solution was kept at 20 cm. Before the irradiation pro-
cess, to study the adsorption process, the dye-containing solution
(10 mg L) coated on PCC blocks was aerated and maintained in the
dark for 40 min to set up the absorption—desorption equilibrium among
the dyes, photocatalyst and dissolved oxygen. It was observed that
18-38% of MB and MG dyes was absorbed by samples very quickly
and saturated in 40 min. This result pointed out that the photocatalytic
reaction should start after completion of the adsorption process to
eliminate the effect of adsorption on the reaction. Then, the irradiation
process was started and at a predetermined time, 2 mL of the solu-
tions were taken from the system and, if needed, centrifuged to
remove the catalyst. These dye concentrations in aqueous solutions
were measured every 5 and 15 min for UV and visible light irradia-
tion. The UV—Vis spectrophotometer (Shimadzu, UV-1700) was used
to record variations of dye absorption at their characteristic wave-
lengths (4 = 617 nm for MG and 663 nm for MB). The degradation
ratio of dye C/C, (concentration/initial concentration of dye) can be
simply calculated from the ratio A/A, where A, is the solution’s absor-
bance at time zero, and A is the solution’s absorbance at time ¢ after

TiCl,(aq) + NH,(aq)

Hydrolysis | pH=7

Ti(OH),

Peptizationl HNO;, pH=1.5

Stable TiO, sol

Dip coating TEOS

nano-TiO,/PCC blocks nano-Ti0,/Si0, sol

Dip coating

nano-TiO,/Si0,/PCC blocks

Scheme 1. Preparation of nano-TiO, and TiO,—SiO,.



irradiation. For comparison, PCC blocks, commercial TiO, (P25
Degussa) in PCC blocks, nanoTiO, powder and TiO,-SiO, powder
were also examined as control groups.

Characterizations. The samples were characterized using an X-ray
diffractometer (SIEMENS D5000) at room temperature. The pattern was
recorded over the angular range 5-70° (20), using a scan rate of
1.2° min~! and CuKo radiation (1 = 0.154056) with working voltage
and current of 35 kV and 20 mA. The particle sizes were calculated by
the Debye—Scherrer equation (Eq. (1)):

092
Y

(1)

where / is the X-ray wavelength (1.54 A), p is the full-width at half-
maximum intensity of the diffraction line (1.423) and 0 is the diffrac-
tion angle (54). Moreover, the Power Surface areas were determined
from N, gas adsorption data using the Brunauer—Emmett—Teller tech-
nique (MICRO MERITICS-Gemini). The UV—-Vis diffuse reflectance
absorption spectra (DRS) was recorded with a Shimadzu (MPC-2200)
spectrophotometer and SEM/EDX analysis of the sample was recorded
on a Philips—XI30 to observe the morphology and characterize the ele-
mental composition of the coatings. The COD method is commonly
used to observe the mineralization process of dyes. The measurement
of COD was performed using direct photometer systems in the mea-
suring range 0-1500 mg L', Typically, 2 mL of various dye solutions
before and after irradiation were mixed with COD reagents and then
were digested in a COD RDI25 Thermoreactor for 2 h at 423 K.
After digestion, the mixture was cooled to room temperature and its
COD value was determined using the photometer.

RESULTS AND DISCUSSION

Catalyst characterization

The XRD pattern of the samples (Fig. 1) revealed the presence
of a diffraction peak at 20 = 25.3°, which is the characteristic
peak of the Anatase phase from titanium oxide according to
PDF21-1276. Detection of other TiO, diffraction peaks was diffi-
cult because of the small amount of TiO, loading of PCC blocks.
For comparison, the XRD pattern of the PCC was also recorded.
The average particle size of TiO, and TiO,—-SiO, loaded on the
blocks was determined using Scherrer’s equations (54,55) on the
Anatase (101) diffraction peak for the same solution used for
depositing on PCC blocks was found to be 11 and 7 nm, respec-
tively (Fig. 2). The diffraction peaks of TiO,—SiO, were broader
than TiO, (Fig. 2b). Besides, the addition of SiO, increased the

Ti0,-Si0,/PCC blocks
s,

Photochemistry and Photobiology, 2016, 92 89

specific surface area of nano-TiO, powder from 81 to
555 m> g~ for nano-TiO,/SiO, photocatalysts.

Homogeneous distribution of TiO, particles on a PCC sur-
face can be achieved by using SiO, particles and this prevents
particles sintering, which causes the smaller size of deposited
particles by inhibiting enlargement of titania particles and
resulting the higher specific surface area for adsorption of big
organic molecules for photocatalytic degradation (56-59). It is
also confirmed that the titania—silica mixture has high thermal
stability, and the Anatase form of the TiO, remains preserved
in TiO,—SiO, composite even at high temperatures (60,61). In
our study, it is notable that the calcination temperatures for
nano-TiO, and nano-TiO,-Si0, were 673 and 723 K,
respectively, and Anatase phase was identified for both
(Fig. 2a,b). Moreover, SiO, particles can act as a cohesion
factor and stick TiO, particles to the support substrate; its
Si—O bond increases the mechanical stability of TiO, particles
on the PCC surface under ultraviolet and visible light
irradiation.

Figure 3 demonstrates the SEM images of TiO, and TiO,—
SiO, species distributed over the blocks at various magnifica-
tions. The images show the surfaces of the PCC blocks covered
by the spherical TiO, and TiO,—SiO, nanoparticles. Without any
mechanical polishing process some cracks due to surface rough-
ness were observed. The resulting cracks are likely due to the
dipping process and larger surface available for photocatalyst
immobilization. It could be noticed that exerting SiO, in the ini-
tial sol leads to the homogeneous distribution of nano-sized TiO,
particles loaded on the concrete surface.

EDX analysis was performed to determine the elemental com-
position of the coatings (Fig. 4). Because of the large penetration
depth of the electron beam required for EDX analysis and the
small thickness of TiO, and TiO,-SiO, (<15 pum) layer, this
result is related to both the substrates (PCC blocks) and the thin
layer of nanoparticles. Therefore, the EDX patterns confirmed
the existence of some impurities. These impurities, which may
have been diffused from the concrete blocks into the layers
caused by the calcination process, consisted of Al, Ca, K and Fe
ions leading to an increase in photocatalytic activity of coatings
(62). Higher specific surface in loaded photocatalysts due to the
porous structure of the concrete support, on one hand, and to the
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Figure 1. XRD pattern of Portland cement concrete (PCC) blocks, TiO,/PCC blocks and TiO,—SiO,/PCC blocks (star denotes Anatase).
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Figure 2. XRD pattern of (a) nano-TiO, and (b) nano-TiO,—SiO, (30:70) (A = Anatase).
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Figure 3. SEM images of TiO,/Portland cement concrete (PCC) blocks [panels (a), (b)] and TiO,—SiO,/PCC blocks [panels (c), (d)] with different mag-
nifications [panels (b), (c) = 15 000 x and panels (a), (d) = 30 000x].
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Figure 4. EDX pattern of (a) TiO,/Portland cement concrete (PCC) blocks and (b) TiO,—SiO,/PCC blocks.

Map data
Figure 5. Elemental mapping and SEM images of TiO,—SiO, photocatalyst distribution on the concrete blocks.
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Figure 6. UV-Vis diffuse reflectance spectra of (A) photocatalyst powders and (B) TiO,—SiO, and coated blocks: (a) TiO,—SiO,, (b) TiO,/Portland
cement concrete (PCC) blocks, (¢c) PCC blocks and (d) TiO,—SiO,/PCC blocks.

other elements as impurities (especially iron) in the concrete
materials, on the other hand, improves the photocatalytic activity
of concrete-supported catalysts.

According to the elemental mapping analysis shown in Fig. 5,
the distribution of the titania—silica particles and metal ions over
the concrete blocks is homogeneous. The presence of silica can
facilitate the uniformity of the photocatalyst distribution and
increase its efficiency.

The optical absorption properties of TiO,, TiO,—SiO,, TiO,/
PCC blocks, TiO,—SiO,/PCC blocks and bare PCC blocks were
studied using their UV-Vis DRS, and the representative results
are shown in Fig. 6. As shown, the absorption edge in the
nano-Ti0,—Si0,, nano-TiO,/PCC and TiO,—SiO,/PCC are about
390, 500 and 720 nm, respectively. The Band gap (E,) can be
calculated using the equation: E, (eV)= 1240/4,, where /, is an
intersection value for the vertical part and horizontal part of
the spectrum (63). The E, is calculated to be about 3.2, 2.48
and 1.7 eV for nano-TiO,-SiO,, nano-TiO,/PCC and nano-
TiO,—SiO,/PCC blocks, respectively. Thus, the shorter absor-
bance for the TiO,—SiO, photocatalyst can be attributed to the
accepted quantum size effect (64,65). The existence of SiO,
decreased the particle size which was ascertained by XRD
analysis making the band edge shift to a shorter wavelength
that was reflected in an increase in the band gap of TiO,
(Fig. 6A).

The TiO,—SiO,/PCC blocks displayed a remarkable redshift
of absorption edge and a significant enhancement of light absorp-
tion at wavelength of 400-750 nm which may be attributed to
the effect of different metal oxides on the surface of coated
blocks (Fig. 6B). This broadening of absorption bands has been
attributed to electron excitation from 3d orbital of the metal ions
to the conduction band of TiO, (66).

Photodegradation of organic contaminants under UV and
visible light irradiation

The photocatalytic activity of samples was considered to under-
stand their ability to degrade MG oxalate and MB solutions at
pH =5 under ultraviolet and visible light irradiation at room
temperature. These most common dyes were selected as model
pollutants in industrial wastewater.

The UV-visible absorbance spectra during the photodegrada-
tion process of MG dye under UV and visible lights are illus-
trated in Figs. 7 and 8. The results showed that the characteristic
absorption band of the MG dye around 617 nm corresponding to
the m—7* transitions of aromatic rings reduced rapidly without
appearance of hypsochromic shifts. A decrease in the absorption
maximum of the TiO,/PCC blocks and TiO,—SiO,/PCC blocks
implies the complete removal of the conjugated structure of
the dye. It suggests that the degradation mechanism involves
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cleavage of the conjugated chromophore structure of MG dye
because the hypsochromic shift is referred to as an N-demethyla-
tion process (67). In addition, an increase in the irradiation time
shows the formation of a new band at 350 nm. It could be con-
cluded that the polyaromatic rings are broken down without the
conjugated structure being formed. Significantly, the formation

120

(a)

0.80
PCC blocks

of benzophenone derivatives, p-aminobenzoic acid and aniline as
intermediate reaction products from the reaction of triphenyl-
methane dyes with hydroxyl radicals has been previously
reported by Saquib ez al. (68).

The representative photodegradation curves of MG under UV
and visible light irradiation with different samples have
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Figure 10. UV-visible absorption spectra of Methylene Blue dye by (a) TiO,—SiO,/Portland cement concrete (PCC) blocks and (b) TiO,/PCC blocks

under UV irradiation at different time intervals.



been illustrated in Fig. 9. After 60 min UV illumination on
nano-TiO,, TiO,—SiO, and commercial TiO, (P25 Degussa) in
Portland concrete blocks (Fig. 8a), the C/C, ratio (concentration/
initial concentration of MG dye) decreased from 1.0 to 0.40,
0.26 and 0.12, respectively. However, the C/C, ratio reduced
from 1.0 to 0.09 and 0.01 for TiO,/PCC blocks and TiO,—SiO,/
PCC blocks, respectively. As it can be also seen, the decreasing
trend of the relative concentration of TiO,/PCC blocks and
TiO,—SiO,/PCC blocks is approximately higher than other sam-
ples, which confirms the effectiveness of coated blocks for pho-
todegradation.

Moreover, these coated concrete blocks were used to decom-
pose MG dye under visible light irradiation. The results showed
that after 60 min irradiation, the C/C, ratio decreased from 1.0
to 0.28 and 0.08 and complete degradation is obtained at 145
and 80 min for TiO,/PCC and TiO,—SiO,/PCC blocks, respec-
tively (Fig. 9b). In addition, the comparison of the samples
revealed an increase in degradation of MG oxalate by TiO,/PCC
blocks and TiO,—SiO,/PCC blocks under visible as well as ultra-
violet irradiation.

2.50
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Figures 10 and 11 illustrate the change in the absorption
spectra of MB solution by samples under UV and visible light
with varying irradiation time. The absorbance band of MB at
663 nm is caused by n—7* transition to the azo group (—
N=N-), representing the color of dye solution. The other
absorbance at 291 nm is attributable to the m—n* transition in
the aromatic ring (69). The decreases in these peaks were
observed with an increase in irradiation time, and no extra
peak was detected during degradation. Examination of the
spectral variations in Figs. 10 and 11 suggest that the destruc-
tion of the MB heteropolyaromatic linkage occurred and a
benzene ring with formation of several complicated intermedi-
ates is formed throughout the degradation of MB that could
not be identified (70).

The results are presented as a plot of the concentration ratio
of MB (C/C,) as a function of irradiation time (Fig. 12). A sig-
nificant decrease in the C/C, occurs when coated samples are
used instead of nano-TiO,—SiO, powder and commercial TiO,
(P25 Degussa) in Portland concrete blocks. After 60 min of irra-
diation, the degradation ratio of MB solution using TiO,/PCC
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Figure 11. UV-visible absorption spectra of Methylene Blue dye by (a) TiO,—SiO,/Portland cement concrete (PCC) blocks and (b) TiO,/PCC blocks

under visible light irradiation.



96 Hoda Jafari and Shahrara Afshar

and TiO,—SiO,/PCC blocks decreased to 0.04 and 0.03 while
this ratio using TiO,/SiO, powder and commercial TiO, (P25
Degussa) in Portland concrete blocks are 0.32 and 0.27, respec-
tively. Moreover, the photodegradation of the dyes under visible
light was 41% and 52%, and the color of the MB solution faded
at 320 and 300 min for TiO,/PCC and TiO,—SiO,/PCC blocks,
respectively (Fig. 12b).

The results confirmed that under ultraviolet light irradiation,
38.55% of the MB dye degrades in the first 15 min of reac-
tion and 44.28% degrades in the next 20 min (Fig. 12a). This
can be explained by the different steps of destruction of the
MB dye. The C-S*=C functional group in MB, which is in
direct coulombic interaction with photocatalyst’s surface, was
attacked by the high concentration of OH" radicals on the sur-
face of these blocks coated with nano-TiO,-SiO, and nano-
TiO,. Consequently, the first step of MB degradation can be
attributed to opening the central heteroaromatic ring due to the
cleavage of the bonds of the C-S*=C functional group. The
other attack from OH’ radicals lead to the production of
sulfate ions via the formation of a sulfoxide, a sulfone and
sulfonic groups (70).

Furthermore, photodegradation of these two dyes was exam-
ined under identical conditions that are in the absence and pres-
ence of the samples and bare concrete blocks. The results
showed that gradual dye degradation occurs under UV and visi-
ble light irradiation. After 60 min irradiation, the C/C, ratio
decreases from 1 to 0.95 and 0.99 for MB dye and 0.87 and 0.9
for MG dye by visible and UV light, respectively. While in the
presence of coated samples, the degradation ratio of dye solution
decreases from 1 to 0.08, 0.26 (MG dye) and 0.04, 0.59 (MB
dye) for TiO,/PCC blocks and 0.01, 0.08 (MG dye) and 0.03,
0.48 (MB dye) for TiO,—SiO,/PCC blocks under UV and visible
light, respectively.

The photocatalytic degradation of several dyes over titanium
dioxide obeys the Langmuir—Hinshelwood kinetics (20,71) model
given by the following equation (Eq. (2)):

In (CE) = —kappt (2)

where C, is initial concentration (mg LY, C is the concentra-
tion of the reactant at time ¢ (mg L™") and kqpp is the apparent
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Figure 12. Photocatalytic degradation of 10 mg L™' Methylene Blue dye with samples at pH = 5 under (a) UV illumination and (b) visible light irradi-

ation.
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Figure 13. A plot of In (Cy/C) versus time for degradation of Malachite
Green under (a) UV illumination and (b) visible light irradiation.

rate constant (min~').The slope of the logarithmic curves of C,/
C versus time suggested pseudo first order kinetic model for the
degradation of MG and MB dyes with TiO,/PCC and TiO,—
SiO,/PCC blocks under UV and visible light irradiation.

The apparent rate constants (k,pp) determine with the linear
extrapolations. When the concentrations of dyes become very
low, this frequently occurs. Figures 13 and 14 show the curves
of Ln (Cy/C) versus time for the degradation of dyes on samples.
The good linear fittings confirm that the pseudo first order
kinetic model accurately describes the degradation behavior of
these dyes on TiO,/PCC and TiO,—SiO,/PCC blocks.

The apparent pseudo first order rate constants (k.pp) and the
values of the coefficient of determination (R?) are presented in
Table 1. The R* was greater than 0.9 in all tests, and the catalyst
supported on Portland concrete blocks provided superior degra-
dation of the dyes under UV as well as visible light irradiation.

Estimation of COD

Chemical oxygen demand is widely employed as an effective
technique to assess the organic strength of wastewater (72,73). The

Photochemistry and Photobiology, 2016, 92 97

o
(@)
5 -
+] @ TOysioypcC
& TiOyPCC
v TiOyP25)in PCC
¢ 3 A TiO, powder
)
Q m  Ti0y-Si0y powder
p 2
£ 3]
1 -
0 4
1 T T T T T
0 20 40 60 80 100
Time (min)
4
3
2
o
>
&}
o

e TiO/PCC
A Ti0,-Si0,PCC

-1 T T T T T T T T
0 20 40 60 80 100 120 140 160
Time (min)

Figure 14. A plot of In (C,/C) versus time for degradation of Methylene
Blue under (a) UV illumination and (b) visible light irradiation.

test involves the estimation of the total amount of oxygen required
for oxidation of organic substances to CO, and water. COD of
the dye solutions were estimated before and after the reactions. A
decrease in COD values of the treated dye solutions implied
mineralization of the dye molecules along with color removal.
Moreover, the degradation efficiency was determined by the
following equation (Eq. (3)) (74,75) and the results are presented
in Table 2.

Initialcop — Finalcop

Photodegradation efficiency = x 100. (3)

Initialcop

These results confirmed that the COD values of the photode-
graded dye solutions for coated concrete blocks decrease and
improve photodegradation efficiencies upon UV and visible light
irradiation. Moreover, in this study, a maximum of 98.67% pho-
todegradation efficiency was achieved for MB dye degradation
using TiO,—Si0,/PCC blocks under UV light. Thus, TiO,—SiO,/
PCC and TiO,/PCC blocks display higher degradation rates
under UV and visible light.

The observed enhancement in the photocatalytic performances
could be reasoned as:
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Table 1. The measured rate constants of dye degradation by different samples at room temperature.

UV illumination

Visible light illumination

k (min™") x 1072 R? k (min™") x 1072 R?
Sample MG MB MG MB MG MB MG MB
Ti0,/Si0,/PCC blocks 7.79 5.88 0.993 0.988 3.24 1.1 0.996 0.997
TiO,/PCC blocks 438 5.46 0.97 0.994 2.53 0.65 0.987 0.993
TiO,/SiO, 2.99 1.82 0.985 0.997
P25 in PCC blocks 3.46 2.87 0.972 0.998

PCC = Portland cement concrete; MG = Malachite Green; MB = Methylene Blue.

Table 2. Photodegradation efficiency of organic contaminants with TiO,/
PCC blocks and TiO,—SiO,/PCC blocks under UV and visible light irra-
diation.

Photodegradation efficiency (%)

Visible light

UV illumination illumination
Samples MB MG MB MG
TiO,/SiO,/PCC blocks 98.67 93.19 94.67 87.73
TiO,/PCC blocks 92 92.31 82.22 84.16
PCC = Portland cement concrete; MG = Malachite Green;

MB = Methylene Blue.

1 The existence of Si in PCC and on the TiO,—SiO, composite
and formation of Ti—O-Si bonds, leading to the formation of a
large number of Lewis acid sites on the surface, along with
added adsorption sites. This may cause an enhancement in the
adsorption of hydroxide ions and facilitate the adsorption of
organic contaminants on the photocatalyst surface. These ions

(b)

(2)

400 1

Photodegradation Time (min)

350 1

act as the hole traps that prevent electron—hole recombination
and oxidize adsorbed molecules. Therefore, with the creation
of more absorption sites, more species are degraded on the
photocatalyst surface (76,77). Besides, according to previous
works (49,52), the presence of SiO, leads to more Anatase
phase versus rutile phase of TiO, for which the Anatase phase
has a better photocatalytic activity.

2 It was deduced that the highest photocatalytic performance
could be related to the abundance of metallic oxides in the
concrete support. Some of these metal oxides, such as those
comprising iron ions, are transferred to the semiconductor sur-
face where they may improve the lifetime of the electron-hole
pairs and enhance the photocatalytic activity. It was assumed
that these metal oxides introduce impurity levels between the
conduction band and the valence band of TiO, leading to a
narrower band gap and consequently, increases the visible
light absorption.

Our research reveals that the use of high-pressure mercury-
vapor lamps (300 W, A,.. = 546.8) as a visible light source

300 1
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Figure 15. Degradation time for Malachite Green and Methylene Blue dyes with different samples under (a) UV illumination and (b) visible light irra-

diation.



without any cut-off filter may cause similar photodegradation
mechanism under UV and visible light.

A photon with lower wavelength (/4 < 400 nm) that has an
energy greater than the band gap energy of Anatase TiO,
(Eq = 3.2 eV) generates an electron/hole pair. The electron may
reduce the dye or react with electron acceptors such as O, that
are adsorbed on the surface or dissolved in the water and gener-
ate radicals (O, , 'OH). The resulting 'OH radical, being a
strong oxidizing agent, can oxidize most of the dyes to their
mineralized end-product. The substrates that do not react with
hydroxyl radicals are degraded with TiO, photocatalysis at high
decomposition rates which are influenced by the position of the
semiconductor valence band edge.

Our data ascertained that degradation of dyes under UV illu-
mination is faster compared to visible light. Ultraviolet light
source is not only harmful but also expensive because of the
large input of electric power in generating UV irradiation. There-
fore, it is not feasible to use it under all conditions. Besides, our
results show that the nanocatalysts deposited on PCC blocks
express photocatalytic activity under visible light, as well as UV
light, for the degradation of these dyes. Visible light is thus a
suitable source as it is easily accessible and economically
affordable.

A practical approach toward the set goal involves the use of
adsorbents with a large surface area as support material for TiO,
loading. SiO, and Portland concrete blocks are good absorbents
for contaminants compared to other support materials.

Thus, analysis of the obtained data revealed that both the
coated samples demonstrated good photocatalytic activity under
visible light; and TiO,—SiO,/PCC blocks displayed a lower
degradation time for both the dyes compared to TiO,/PCC
blocks due to their small grain size and high surface area
(Fig. 15). Therefore, using PCC blocks as support for TiO, and
TiO,—SiO, nanoparticles could be helpful in the photodegrada-
tion of compounds under UV and visible light irradiation.

To investigate the reusability of the photocatalyst, 10 degrada-
tion cycles were carried out. After first cycle, the samples were
used immediately for more experiments without any treatment.
The results show that photodegradation efficiency for decomposi-
tion of dyes on nano-TiO, and TiO,—SiO, immobilized on con-
crete blocks decreases by around 8-10% after 10 cycles. This
may be due to the deactivation of active sites of photocatalyst by
dyes and their intermediates. In other words, the nano-TiO,/PCC
and TiO,—SiO,/PCC blocks are reusable and their high photocat-
alytic activity after several tests is preserved.

CONCLUSION

In summary, COD and UV-Vis spectrograph analyses confirmed
that the strongest degradation of MB and MG (organic pollu-
tants) at acidic pH under UV and visible light irradiation was
observed for nano-TiO, and nano-TiO,—SiO, when they were
immobilized on concrete blocks, in comparison to pure nano-
TiO, and TiO,—Si0,. Moreover, TiO,—Si0,/PCC blocks required
less time and had more photodegradation efficiency for the dyes’
degradation and over 87% of dyes were degraded by these
coated blocks under UV and visible light irradiation. SEM
images showed that the nanoparticles were well-adhered to the
concrete surface and distributed homogeneously which resulted
in high surface area for the photocatalytic process. Also, the
EDX analysis showed that various cations present in the cement
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composition facilitated the photocatalytic activity of titania.
Moreover, the presence of SiO, limits the TiO,-particle size on
the concrete blocks and consequently enlarges the surface area of
the catalyst and increases its activity because of interaction
between the nanotitania and the SiO, species. XRD results
explained that TiO, powder is purely Anatase phase which
shows the maximum photoactivity and can be employed as an
efficient photocatalyst. Utilization of the sample blocks in
wastewater treatments is economical, does not require separation
or filtration to recover the catalyst and works well under visible
light. It is appropriate for industrial wastewater treatment at room
temperature and atmospheric pressure within the pH range.
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