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Abstract

SBA-16, a kind of highly ordered mesoporous silica, was synthesized via a sol-gel method used as the supporter of TiO,
nanoparticles. With variation of Si/Ti molar ratios at 5.6, 1.4 and 0.7, SBA-16/TiO, nanocomposites were prepared. In this
study, pristine TiO, was also synthesized as a control sample. Prior use, as-synthesized powders were calcined at 500 °C
for 4 h. Physicochemical properties of the calcined powders were characterized by using various techniques. Degradation
studies of a commercial paraquat (PQ) herbicide, having blue color from addition of the unknown dye, were performed using
the SBA-16/TiO, nanocomposites compared with the SBA-16 support and the pristine TiO,. Experimental results showed
that the blue colors of the solutions were faded very quickly within 30 min when tested with SBA-16 and 5.6 SBA-16/TiO,
in dark conditions. The solutions were completely decolorized when the UV light was on for all composites and the pristine
TiO,. The degradation of the dye was mainly depended on the adsorption process on SBA-16 surfaces. Photodegradation
of PQ in the solutions was started by the nanocomposites and TiO, tested under UV illumination conditions. The dye was
completely degraded and the concentrations of PQ in the prepared solutions were reduced and reached to the maximum
reduction at 70% within 24 h by 1.4 SBA-16/TiO,. Kinetic mechanisms for the differences of degradation characteristics by
the catalysts under light-on and off conditions were studied, discussed and modelled.

Keywords Highly ordered mesoporous silica - SBA-16 - Titanium dioxide (TiO,) - SBA-16/TiO, nanocomposites -
Paraquat (PQ) herbicide - Blue dyes

1 Introduction

Mesoporous silica nanoparticles (MSNs) have been paid
much attention to be used in various applications because
of their pore characteristics, low cost and good thermal sta-
bilities. Among them, highly ordered MSNs5s in the family
of SBA (Santa Barbara Amorphous), have been recently
considered as potential candidates for immobilization and
transportation of various active substances due to their high
surface areas, large pore volumes and typical characteris-
tics of pore structures [1-13]. SBA no. 16 (SBA-16) have
been extensively researched because of inexpensive pore
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templates used in the synthesized methods and 3D-chan-
nels of large pores being able to allow diffusions of large
molecules. From biomedical to environmental applications,
SBA-16 has been then used as carriers of drugs [13-15],
supports of enzymes/bio-catalysts [16], adsorbents of bio-
molecules [11] and supports of catalysts [5-8, 12, 17-19].
Photocatalytic technology, one of the advanced oxidation
processes (AOPs), has been recently applied to treat environ-
mental pollutions [4, 5, 7, 10, 20-33]. The technology, basi-
cally, can generate the highly active species under the light
illumination activated to decompose the hazardous organic
chemicals into the less harmful or non-toxic chemicals as
intermediated substances. Titanium dioxide (TiO,) is one
of the efficient photocatalyst materials due to its promis-
ing properties including non-toxic, low cost, good chemi-
cal stability and highly oxidizing activity. Pairs of electrons
(e7) and holes (h") resulted from TiO, excited by the light
illumination are capable to react with organic molecules
and mineralize the molecules into the H,O, CO,, etc. [20,
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22, 29]. Among the 3-crystalline phases of TiO, (brookite,
anatase and rutile), anatase has been generally reported that
it can exhibit highly photocatalytic activities for the pollut-
ant degradation. However, the aggregation of TiO, nano-
particles and the rapid reactions of e~ and h* recombination
at surfaces of the excited TiO, result in the loss of their
photocatalytic activities. Highly porous materials used as
supports for TiO, nanoparticles have been introduced to
promote photodegradation activities of organic matters and
to reduce the agglomeration of TiO, nanoparticles. Silica
(S10,), including MSNs, and their based materials have
been fascinated as effective supports due to their high sur-
face areas and varieties of pore characteristics [1, 2,4, 5,7,
10, 20, 21, 24-27, 29, 30, 33, 34]. In addition, SiO, surfaces
could inhibit phase transformation TiO, [1, 2, 35] and retard
the electron—hole recombinations [4].

Paraquat dichloride (PQ: 1,1'-dimethyl-4, 4"-bipyridinium
dichloride) is classified into the bipyridylium group of her-
bicides, registered as Restricted Use Pesticides by Environ-
mental Protection Agency (EPA), extensively used to control
weeds and grasses in agricultural and non-agricultural areas
[28, 33, 36]. PQ could be deactivated when it was adsorbed
on soils [34, 36-38] due to electrostatic interactions between
PQ cations and negative charges on clay surfaces [34]. Pho-
tolytic and microbial degradation of PQ were also reported
[37]. Due to PQ having high water solubility (625 g 1-1 at
25 °C), its residues could be accumulated into crops and
moved from soil layers to ground water resulting in the water
pollution and human health effect [38]. PQ was reported as
a potential dopamine neurotoxin [39].

As reported by EPA [36], many European countries have
prohibited the use of PQ. However, due to its rapid action
and low cost, PQ is still widely used in many Asian coun-
tries [10]. In Thailand, the commercial PQ products have
been imported as the second rank of the commercial her-
bicide products after glyphosate herbicide [40]. Although
the command by Thai government for banning the use of 3
pesticides; PQ, glyphosate and chlorpyrifos; are not finally
announced and published, the residues of PQ contaminated
in water and soils are still needed to manage due to its possi-
bilities contaminated into drinking water. Numerous studies
showed that man-made materials could reduce PQ concen-
trations in wastewater using various kinds of absorbents and
photocatalysts. PQ could be adsorbed by porous absorbents
[35, 38, 41-45] and degraded by TiO, [23] and its photo-
catalysts supported by supports and tested under different
conditions of light illuminations [10, 28, 31-33, 46].

Dye additives have been practically added in commercial
PQ solutions to color the solutions for preventing any acci-
dental event be made by general users [41]. Many studies
reported that the spreading of organic dyes into environment
was one of the environmental pollutions. Therefore, in the
cultivation areas used the commercial PQ products can be
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contaminated by both of the dye additives and PQ. Only
the study of Nur et al. reported on adsorption studies of
hydrophobic dyes and hydrophilic PQ by NaY zeolite cov-
ered with alkylsilane [41]. They used a well-known chemical
structure of a reactive blue dye, Cibracon Blue 3GA [47] and
a commercial PQ solution already mixed with an unknown
blue dye, for simultaneous adsorption studies.

To our knowledge, studies on degradation of PQ in com-
mercial solutions mixed with the unknown dye additives by
photocatalyst nanocomposites have never been implemented
before. Thus, in this study, SBA-16/TiO, nanocomposites
were synthesized using a sol-gel method. SBA-16 was used
as the support of TiO, nanoparticles and doped with TiO,
with different molar ratios of Si/Ti. Degradation conditions
of PQ and its dye additive by the nanocomposites were com-
pared with both SBA-16 and TiO, synthesized as control
samples. Photocatalytic reactions were tested under a fix
intensity of UV illumination to optimize the tested condi-
tions. Kinetic mechanisms of the PQ degradation and its
dye additive have been studied, evaluated and discussed by
considering experimental results.

2 Materials and methods
2.1 Chemicals

Tetraethyl orthosilicate (TEOS, 99%, Merck) and
titanium(IV) butoxide (TBUT, 97%, Sigma-Aldrich) were
used as Si and Ti precursors for SiO, and TiO, synthesis,
respectively. Pluronic (F127, Mw =12,600 Da, Sigma-
Aldrich) was used as a pore template. Hydrochloric acid
(HC1, 37%, Sigma-Aldrich) and absolute ethanol (ETOH,
99.99%, Merck) were used as reagents for catalyst synthesis.
A commercial product of paraquat dichloride (1,1'-dime-
thyl-4, 4'bipyridinium dichloride, 27.6% (w/v) SL), manu-
factured by Syngenta company, Thailand under the trade-
name of Gramoxone, was used in this study. It was produced
by the company as green—blue aqueous solution containing
20% (w/v) of 1,1'-dimethyl-4, 4'-bipyridinium ions.

2.2 Synthesis of SBA-16

Figure 1 shows the flowchart for synthesizing all samples
used in this study. The synthesized method of SBA-16 was
performed based on the previous work [48]. Briefly, a clear
solution of pluronic F127 surfactant used as the directing
pore agent/template was prepared by dissolution of 2.00 g
of pluronic F127 in 15.00 g of distilled water at room tem-
perature. 58 ml of 2 M HCI was then gradually added and
followed by the dropwise addition of TEOS, at 0.0078 molar
ratio of F127/TEOS into this acidic solution, pH << 1. To
reach to the complete hydrolysis and condensation reactions,
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Fig. 1 Flowchart of the synthesized powders

the solution was continuously stirred with moderated rate at
room temperature for 21 h. White precipitated product was
further statically incubated at temperature 80 +5 °C in an
oil bath for 48 h, washed with distilled water several times
until pH 4.0 by a centrifugation method operated at a fixed
speed of 9000 rpm, and then dried in an oven at 80 °C for
24 h. Dried powder was ground and calcined at 500 °C for
4 h along with a fixed heating and cooling rate at 1 °C min™"
in order to completely remove the pluronic pore-template.
In this study, the calcined sample was designated as SBA-16
which was synthesized and calcined by using the same con-
ditions for synthesizing the TEOS-PA 500 sample, referred
in the previous study [48].

2.3 Synthesis of SBA-16/TiO, and TiO,
Titanium(IV) butoxide (TBUT) was used as the Ti precur-

sor. Molar ratios of Si/Ti at 5.6, 1.4, and 0.7 were calculated
for the TiO, additions. Herein, the composite samples were

v

N

designated as 5.6 SBA-16/TiO,, 1.4 SBA-16/TiO, and 0.7
SBA-16/TiO,_ respectively. For synthesis of SBA-16/TiO,
nanocmposites, equal amounts of TBUT and ethanol solutions
were firstly prepared as shown in Fig. 1. The process routes
to synthesize SBA-16/TiO, nanocomposites were performed
by following to the synthesized processes of SBA-16. In addi-
tion, TBUT-ethanol solutions were quickly dropped into the
reactions after the dropwise addition of TEOS for 30 min. For
synthesis of the TiO, nanoparticles, the TBUT-ethanol solu-
tion was also quickly dropwise added into the acidic surfactant
solution of F127. All of the as-synthesized powders obtained
were further calcined using the same heating patterns used for
synthesizing SBA-16.
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2.4 Characterization of physicochemical properties
2.4.1 XRD analysis

A low angle X-ray diffractometer (LAXRD, TTRAX III,
RIGAKU, Japan) was used to analyze highly ordered
structures of the synthesized powders. Powder samples
were scanned in the range of 20 =0.5°-5° at a step size of
0.01° and a step time of 0.50 s. Fraction of rutile phase of
TiO, was calculated as shown in the following equation
[49];

Wy =I5 /(0.8841, +1Iy) (D)

where Wy, is the percentage of rutile fraction, I, is the dif-
fraction peak intensity of anatase at index (101) and I, is the
diffraction peak intensity of rutile at index (110).

Crystalline phases of the calcined powder samples
were determined using a wide angle X-ray diffractometer
(WAXRD, PANalytical X’Pert PRO, The Netherlands)
operated at CuKa radiation with 40 kV and 30 mA. The
samples were scanned in the range of 20 =15°-80°, step
size of 0.02° and step time 0.5 s. In addition, the crystal
sizes of these catalysts were measured using the Scherrer’s
equation [50] as shown in Eq. (2);

D =K\/BcosB )

where D is the average crystallite size (nm), K is the
Scherrer constant (0.9), A is the x-ray wavelength
(CuKa=0.15418 nm), B is the peak width of half maximum
intensity (FWHM, radian), and 0 is the Bragg diffraction
angle (°).

2.4.2 FTIR and thermal analysis

A Fourier transform infrared spectrometer (FTIR, model
2000, Perkin Elmer, USA) was used to evaluate chemi-
cally functional structures of the synthesized powders.
Thin pellets of samples/KBr were prepared and then
recorded by the FTIR spectroscope in the wavenumber of
4000-400 cm™! at resolution of 4 cm™". For thermal analy-
sis, thermogravimetric and differential thermal analysis
(TG/DTA) techniques were used. The samples were heated
from 30 to 1100 °C with a heating rate of 10 °C min™!
under air atmosphere. TG/DTA thermograms of the sam-
ples were analyzed using a simultanious thermal analyzer
(TG/DTA, model 320, NETZSCH, Germany) coupled with
the Proteus analysis program.
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2.4.3 Surface characteristics and band gap energy
determination

Surface characteristics of the synthesized powders were
determined by physical adsorption of N, on sample sur-
faces using a gas sorption analyzer (Autosorb I instrument,
Quantachrome, USA). Samples were outgassed at 300
and 200 °C, respectively for 16-36 h prior to adsorption
with N, at — 196 °C. To evaluate band gap energies (Eg)
of the calcined samples, a UV-Vis spectroscope (V750,
JASCO, Japan) equipped with a solid state mode acces-
sory was used. The samples were pressed as thin discs
and then measured by the UV-Vis spectrometer. BaSO,,
having white color, was used as a standard sample for the
measurement.

2.4.4 Microstructure observation

A field emission scanning electron microscope (FE-SEM,
SU5000, Hitachi, Japan), equipped with an energy disper-
sive X-ray (EDX, EMAX, Horiba, Japan) was used to inves-
tigation microstructure of all samples at low magnification.
Before the observation, sample surfaces were coated with
platinum by a sputtering coater (Q150RS, Quorum, UK)
at 15 pA current for 30-45 s. Additionally, typical struc-
tures of pore characteristics of the synthesized powders were
observed by transmission electron microscopes (TEM, JEOL
2010 and JEOL 2100 plus, Japan) operated at 200 kV. SEM
and TEM samples were observed without grinding process
to avoid any distortion of the mesopore channels.

2.4.5 Photocatalytic tests

50 mg 17! of PQ solutions were prepared by dilution of the
commercial PQ solution with distilled water and heated at
40 °C for 4-5 h. The prepared solutions were light-blue color.
For each batch of photocatalytic testing, a fixed amount of the
photocatalyst (100 mg) was added, dispersed into each of the
diluted solutions (250 ml) and then sonicated for 5 min. Before
UV radiation, the suspension was moderately stirred under a
dark condition or light-off condition) at 250 rpm for 30 min
using a magnetic stirrer to acquire an equilibrium adsorption
of PQ on the sample surfaces. Each solution mixed with the
photocatalyst samples was radiated under UV illumination,
8 W x 6 lamps of Philips Blacklight Blue providing total light
intensities of UV-A=53.33 W m~%, UV-B=0.03 W m™* and
visible light=0.32 W m~2 measured by light measurement
probes (Solar Light company, Inc., USA). 3 ml of the tested
solutions was collected at illumination intervals of 0, 30, 60,
90, 120, 240, 360 and 1440 min. The collected solutions were
filtrated using 0.2 um syringe filters, polyethersulfone (PES)
and scanned from 190 to 1100 nm by the UV-Vis spectro-
scope (V750, JASCO, Japan). Intensities of peaks scanned at
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257 and 628 nm were used to evaluate the reduction/degrada-
tion of PQ and the unknown blue dye, respectively. Calibration
equations obtained from linear plots, relationships between
intensities of the two scanned peaks and the PQ solution con-
centrations varied, were used in the calculation for PQ and the
dye concentrations reduced.

The equilibrium adsorption capacities (q.) and the degrada-
tion (%) of the dye or PQ were calculated by using Eq. (3) [9,
11, 29, 35, 38, 51, 52] and Eq. (4) [28-30], respectively. The
dye or PQ remained the solutions was also calculated and pre-
sented as the relationship plots between the remained values
and time of light-off (the dark condition) and light-on using
Eq. (5).

e = [(Co = C.)/m| xV 3)

Degradation of the dye or PQ (%) = [(Cy — C,) /C,]| X 100
“)

TiO,

1.4 SBA-16/TiO,

5.6 SBA-16/TiO,

SBA-16

Relative Intensity (a.u.)

3 4
20 ()

Fig.2 Low angle XRD (LAXRD) patterns of calcined powders syn-
thesized in this study

Remaining of the dye/PQ (%) = 1 — Degradation of the dye or PQ (%)

(%)
where q, is the equilibrium adsorption capacity of the dye
or PQ (mg g~! of the catalyst used), C, is the initial concen-
tration of the dye or PQ (mg 17}, C, is the concentration
of the dye or PQ at the equilibrium time (mg 171), C, is the
concentration of the dye or PQ at time t (mg 17!), m is the
mass of the catalyst used (g), and V is the volume of the PQ
solutions ().

3 Results and discussion
3.1 Ordered mesoporous structures

Figure 2 shows LAXRD patterns of the synthesized pow-
ders after calcination. The major diffraction peak at 0.74°
20 together with two minor diffraction peaks at 1.06°
20 and 1.68° 20 indicating for (110), (200) and (310)
planes, respectively, could be found in the profile of SBA-
16 as previously reported [48]. Interplanar spacings or
d-spacings of SBA-16 calculated based on Bragg’s Law
were 11.91 nm (d, (), 8.33 nm (d,), and 5.26 nm (d5,)
corresponding to the unit cell parameter, a,=16.84 nm
(ag=d o X \/2) as summarized in Table 1. As shown in
the table, the calculated a, values of SBA-16/TiO, nano-
composites decreased when compared to that of SBA-16.
Decrease of the cubic unit cell parameters of SBA-16 con-
taining low TiO, loading as well as disappearance of the
LAXRD diffraction peaks [(110), (200) and (310) planes]
of SBA-16 containing high TiO, loading are significantly
observed in Fig. 2.

Table 1 The characteristic

. ¢ Samples LAXRD WAXRD
properties of calcined SBA-16,
SBA-16/TiO, and TiO, based D spacing (nm) Unit cell parameter for Crystal phase (%) Crystalline
on from LAXRD and WAXRD cubic (ag) (nm) size of TiO,
analyses (nm)
SBA-16 11.91 (d,,(), 8.33 16.84 — (Amorphous) -
(dypg), 5.26 (d31)
5.6 SBA-16/TiO, 10.53 (d},0) 14.89 84 (A) 16.03 (A)
16 (R) 23.78 (R)
1.4 SBA-16/TiO, N/D - 95 (A) 11.67 (A)
5((R) 22.65 (R)
0.7 SBA-16/TiO, N/D - 100 (A) 8.01(A)
TiO, N/D - 68 (A) 14.88 (A)
32 (R) 16.70 (R)

N/D not detectable, A anatase, R rutile, (ag=d, (X \/ 2)
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Fig.3 Wide angle XRD (WAXRD) patterns of calcined powders syn-
thesized in this study

3.2 Phase and crystal size

Figure 3 shows WAXRD patterns of the calcined powders.
For SBA-16, only one broaden peak at approximately 23°
20 could be seen. This peak corresponds to an amorphous
phase of SiO, as reported previously [2]. Based on JCPDS
No. 21-1272, the highest intensity of the diffraction peak at
25.28° 280 corresponding to the anatase phase of TiO, was
found in all SBA-16/TiO, nanocomposites. It was also found
that anatase phase of TiO, increased with increasing TiO,
loading and the amorphous phase of SiO, peak disappeared
with increasing TiO, loading (1.4 and 0.7 SBA-16/TiO,).
This result suggests that TiO, can be loaded into mesoporous
Si0, frameworks which is in agreement with the LAXRD
result. The WAXRD pattern of the synthesized TiO, showed
2-highest intensity peaks at 25.28° and 27.45° 20 corre-
sponding to (101) and (110) planes of anatase and rutile,
referred by JCPDS Nos: 21-1272 and 21-1276, respectively.

The phase composition and crystal size of TiO, and SBA-
16/Ti0, nanocomposites calculated by following to Eq. (1)
and (2) are summarized in Table 1. After calcination, as-syn-
thesized TiO, formed a phase mixture ratio of anatase:rutile
at 68:32. For SBA-16/TiO, nanocomposites, retardation of
anatase transforming to rutile phase is noticeable when com-
paring with TiO,. Retarding phase transformation of TiO,
may be due to the presence of SBA-16. Anderson and Bard
reported that the Si—O-Ti formed at interfaces was from the
insertion of tetrahedral Ti sites into the tetrahedron SiO,
frameworks. This formation could retain the anatase phase
and its crystallization [20]. In addition, as shown in Table 1,
average crystal sizes of TiO, (anatase) of 1.4 SBA-16/TiO,
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and 0.7 SBA-16/TiO, were smaller than those of 5.6 SBA-
16/TiO, and TiO,.

3.3 Microstructure investigation and chemical
analysis

Figure 4a—e show overall microstructures investigated by
SEM for the calcined SBA-16, SBA-16/TiO, and TiO,,
respectively. Roughness of SBA-16 surfaces could be seen
clearly as shown in Fig. 4a. Agglomerated TiO, particles,
having nanosized scales, could be found in all SBA-16/TiO,
nanocomposites (Fig. 4b—d). It is obvious that, in particular
areas observed, TiO, particles, having rod shape, agglomer-
ated for 5.6 SBA-16/TiO, and TiO, (Fig. 4e).

Figure 5a—d show microstructures investigated by TEM
for calcined samples of SBA-16 and typical SBA-16/TiO,
nanocomposites and TiO,, respectively. Mesoporous struc-
tures of SBA-16 are shown in Fig. 5a and the inset. Based
on the HR-TEM observation and the images of the calcined
SBA-16, pore sizes are approximately 6 nm. Figure 5b, ¢
show microstructure of TiO, nanoparticles attaching on
SBA-16 surfaces. It can identify the TiO, particles agglom-
erating on the surface of SBA-16 (Fig. 5b). To identify or
to separate each particle of TiO, and SBA-16, it needs to
observe the microstructures at higher magnification by
considering the different crystal and amorphous structures
of TiO, and SBA-16, respectively (Fig. 5c). However, rod
shape particles of TiO, can be seen locally (Fig. 5d). The
rod shape particles may be the rutile TiO,.

3.4 Chemical functionalities

Figure 6 shows a comparison set of FTIR spectra of the
calcined samples. The spectra of SBA-16 showed the charac-
teristic absorption peaks at 3458, 1645, 1080, 964, 799 and
461 cm™! wavenumber. The peak at 3458 cm™' is assigned
to the OH stretching of physical adsorption of water mol-
ecules [15, 29]. The peak at 1645 cm™! corresponds to the
OH bending of water molecules [12, 15, 29]. The peak at
1080 cm™! is assigned to the Si-O—Si asymmetric stretch-
ing [29, 30]. The peaks at 964 and 799 cm™' are defined as
the asymmetric bending vibration of the Si—~OH [15, 30]
and Si-O-Si, respectively [29]. The peak at 461 cm™! is
resulted from the bond of Si—O out of plane deformation,
respectively [12, 53]. For SBA-16/TiO, nanocomposites,
the absorption peaks at 461 and 799 cm™! are gradually
decreased with an increase in the TiO, loading which can
be referred to the interruption of the entering of the larger
Ti species into the SiO, frameworks [54].

In particular, the development of FTIR character-
istic peak at 960 cm~! may be due to the formation of
Si—O-Ti interaction at their interfaces indicating to the
bonding interaction of other metal ions (M) into the
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(a) SBA-Tbe b/

Fig.4 SEM images of calcined samples; a SBA-16, b 5.6 SBA-16/TiO,, ¢ 1.4 SBA-16/TiO,, d 0.7 SBA-16/TiO, and e TiO,

Si0O, frameworks represented by Si—-O-M [5, 30]. On the
contrary to previous studies, the slight decrease of the
peak at 960 cm™! of SBA-16/TiO, nanocomposites was
observed with increasing in TiO, loading. For SBA-16/
TiO, nanocomposites, having high TiO, loading, the peak
at 1080 cm™! (SiO,) was shifted to 1087 cm™" (1.4 SBA-
16/Ti0,) and 1090 cm™" (0.7 SBA-16/Ti0,) as well as the
presence of the peak at 570 cm~! was found. This peak

may refer to TiO, phase composited with SBA-16 [55].
FTIR results suggest that it is successful to incorporate
TiO, into mesostructure of the SiO, frameworks observed
at the low TiO, loading of 5.6 SBA-16/TiO,. Moreover,
the phase separation could be detected at higher TiO, load-
ing of 1.4 and 0.7 SBA-16/Ti0O,, in agreement with the
XRD results.
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(a) SBA-16

100 nm

Fig.5 TEM images of typical samples after calcination: a SBA-16, b 1.4 SBA-16/TiO,, ¢ 0.7 SBA-16/TiO, and d TiO,
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Fig.6 FTIR spectra of calcined samples
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3.5 Thermal behaviors

Figure 7a, b show the weight loss and thermal behaviors of
SBA and SBA-16/TiO, nanocomposites depending tempera-
tures heated up to 1100 °C. The major changes of weight as
approximately 30% were detected at the temperature higher
than 200 °C, while the minor changes of weight (~ 10% loss)
were estimated at the temperature in the range of 65-150 °C.
The TG/DTA results showed that the former steps were
occurred due to the endothermic changes of the degradation
of the surfactant template (F127), while the letter steps were
generally indicated to an exothermic change of the water
evaporation and/or some remaining alcohol.

Evidently, the TG/DTA results showed that the degra-
dation of F127 observed on SBA-16/TiO, nanocompos-
ites which were gradually extended and slightly shifted
to the higher temperature with an increase in TiO, load-
ing. Increasing of F127 degradation temperatures may be
occurred due to the enhancement of interaction between
their existing functional groups of F127 and the localized
TiO, at mesoporous SiO, walls [56]. In contrast to the
TG/DTA results of the as-prepared samples in this study,
FTIR results showed the disappearance of F127 contained
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Fig.7 a TG and b DTA thermograms of samples before calcination
compared with the surfactant F-127 used as the pore template

in SBA-16/TiO, nanocomposites found after calcination at
500 °C. This finding is similar to a previous study of Rankin
et al. [57]. Therefore, the calcination temperature and condi-
tions used in this study (500 °C for 4 h with the slow heat-
ing rate of 1 °C min~") are the sufficient conditions for the
purification of SBA-16/TiO, nanocomposites.

3.6 Surface areas, pore sizes and pore distributions

Figure 8a, b show typical characteristics of the calcined
powders analyzed by the N, adsorption isotherm. As shown
in Fig. 8a, reversible hysteresis loops at the P/P, between
0.40-0.75 (H2 type) of the N, adsorption isotherms could
be observed in the SBA-16 and 5.6 SBA-16/TiO,, low TiO,
loading. The presence of the large loops shown in the figure

(a)

Tio, o

1.4 SBA-16/TiO,

5.6 SBA-16/TiO,

Volume adsorbed at STP (a.u.)

SBA-16

v T v T v T v
0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P;)

(b)
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EXOOO-O—O—O————O0—
1.4 SBA-16/TiO,

5.6 SBA-16/TiO,

dV (log d) (a.u.)

SBA-16

—— 7777
2 4 6 8 10 12 14 16 18 20
Pore diameter (nm)

Fig.8 a N, adsorption—desorption isotherms and b pore size distribu-
tions of the calcined samples

may be related to a highly ordered cubic arrangement of the
mesoporous structure of type IV classified by IUPAC [1].
On the other hand, the N, adsorption isotherms of 1.4 and
0.7 SBA-16/Ti0O,, high TiO, loading, show a characteristic
of flatten loops at the P/P,, between 0.40 and 0.99 which may
be referred to lower ordered arrangement of cubic structure
of the mesoporous SiO, [2, 3]. Obviously, the pore sizes and
their distributions of 5.6 SBA-16/TiO, were similar to those
of SBA-16, as seen in Fig. 8b. However, the distribution of
pore sizes was observed at high TiO, loading, 1.4 and 0.7
SBA-16/TiO,.

In addition, the calculated pore wall thickness of 5.6
SBA-16/TiO, was slightly decreased when compared
with that of SBA-16. The results of N, isotherms sug-
gest that nanocrystalline TiO, could be inserted into the
Si0, frameworks at low TiO, loading, 5.6 SBA-16/TiO,,

@ Springer
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Table 2 Surface properties of
calcined SBA-16, SBA-16/
TiO, and TiO, derived from
characterization results of N,

adsorption isotherms

and was localized at extra frameworks at high TiO, load-
ing (1.4 and 0.7 SBA-16/TiO,). These textural characters
insist that nanocrystalline TiO, can be incorporated into
the frameworks of SBA-16, depending on the amount of
TiO, loading. Table 2 lists surface area characteristics of
SBA-16 and SBA-16/TiO, nanocomposites after calcina-
tion. N, adsorption isotherms of SBA-16/TiO, nanocom-
posites decreased with an increase in TiO, loading when
comparing to that of SBA-16. Moreover, as shown in the
table, BET surface area values of 1.4 and 0.7 SBA-16/
TiO, decreased approximately 50% from that of SBA-16.
Pore volumes of SBA-16 also decreased when increasing

Calcined samples Specific surface area Total pore volume at p/ BJH mean pore Pore wall
(BET) (m? g‘l) py=0.97 (em® g_l) diameter (me) (nm) thickness®
(nm)
SBA-16 948 0.69 3.60 10.98
5.6 SBA-16/TiO, 832 0.93 3.63 9.27
1.4 SBA-16/TiO, 592 0.75 4.63 -
0.7 SBA-16/TiO, 411 0.44 4.64 -
TiO, 33 0.22 6.11 -
“Pore wall thickness =[(1/3 X 20)/2] = Dy
1.4 SBA-16/TiO, Samples E, (V)
1243 *8 / SBA-16 -
Z 5.6 SBA-16/TiO, | 3.12
{& os 1.4 SBA-16/TiO, 3.02
—~ E 0.7 SBA-16/TiO, | 3.00
g 1.04 7 o4 { : TiO, 2.98
~ 2.5 3.0 3.5 4.0
< Energy (eV)
=
= 0.8
<)
= —— SBA-16
= —— 5.6 SBA-16/TiO,
0.6 - — 1.4 SBA-16/TiO,
— TiO,
0.4

TiO, loading into SBA-16.

Shah et al. synthesized SBA-16 containing Ti atoms
(Ti-MSM) by the self-assembly method induced the
evaporation [5]. In their synthesized method, TEOS
and F127 were used as the Si source and pore template,
respectively. The incorporation of Ti atoms into the SiO,
frameworks was reported. N, adsorption—desorption iso-
therms revealed that BET surface areas and pore volumes
of the Ti-MSM composites decreased with increasing Ti
contents. Since the pore characteristics of SBA-16/TiO,
nanocomposites synthesized in this study are consistent
with the work of Shah et al. it is possible that Ti atoms are
possibly inserted into the SiO, frameworks.

3.7 Band gap energies

Figure 9 shows relationship plots between relative absorp-
tion coefficient [F(R)"?] and hv of the calcined sam-
ples. Band gap energy (Eg) value of each sample was
determined by the interception of two extrapolated lines
(the inset figure) of the plots of the relative absorption
coefficient [F(R)"?] versus hv. The calculated Eg values
of 5.6, 1.4 and 0.7 SBA-16/TiO, and TiO, were 3.12,
3.02, 3.00 and 2.98 eV, respectively. In this study, the Eg
value of SBA-16 could not be determined due to its low
UV absorption as similar findings found in a study of
Cendrowski et al. [26]. However, some previous studies

@ Springer
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Fig.9 Band gap energies of the calcined samples

reported the Eg values of SiO, as 4.7 [30] and 8.0 eV
[58].

3.8 Photocatalytic activities

Photocatalytic activities of the synthesized powders were
evaluated on the degradation of the commercial PQ, a recal-
citrant pesticide, in terms of % degradation active PQ and
the additive dye. For monitoring the UV—vis spectrum of
the commercial PQ solution, the first major peak represent-
ing for PQ and the second major peak representing for the
blue dye could be detected at 257 and 628 nm, respectively.
The intensity peak of PQ was higher than that of the dye
approximately 270 times. Figure 10a reveals the blue color
representing for the presence of the dye additive mixed in
the PQ solution still appears after the UV radiation for 24 h.
After testing under the UV radiation, the blue color disap-
peared within 30—-60 min depending on the catalyst samples
used and light illumination, as shown in Fig. 10b—{.

Figure 11a, b show the evolution of UV-Vis spectra of the
dye and PQ in the solutions in the presence of 1.4 SBA-16/
TiO, under UV radiation for 24 h, respectively. Figure 11a
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Fig. 10 Photos representing for the commercial PQ solutions tested under the 30 min dark conditions and 1440 min (24 h) light illumination
conditions: a blank sample (without catalyst), b SBA-16, ¢ 5.6 SBA-16/Ti0O,, d 1.4 SBA-16/TiO,, e 0.7 SBA-16/TiO, and f TiO,

demonstrates the absorption spectra of the dye detected at
the maximum wavelength of 628 nm by the UV-Vis spectro-
scope. As shown in the figure, the spectra rapidly decreased.
The dye contained in the solutions almost disappeared. Fig-
ure 11b shows the spectra of PQ in the solutions. Noticeably,
the intensities of the absorption peaks at 257 nm decreased
with increasing the radiation time, while the new absorption
peaks at 220 nm slightly grow up. The new peaks found sug-
gest the generation of unknown intermediate species formed
during photocatalysis.

Figure 12a shows the adsorption and degradation of the
dye. After 30 min of adsorption, the dye was adsorbed on the
surfaces of SBA-16 rather than on the surfaces of SBA-16/
TiO, nanocomposites. All catalyst samples could degrade
the dye within 30-60 min. Abilities of adsorbing dyes onto
the SiO, surfaces may depend on pH conditions and ionic
characters of the dye. Based on the previous studies, anionic
dyes could contact to the SiO, surfaces via hydrogen bond-
ing and electrostatic interactions between the silanol group
of SiO, and functional groups of organic dye under acidic
conditions [51] and cationic dyes could interact with the
negatively charged SiO, surface at neutral conditions [9].

No adsorption of PQ could be observed on all samples
tested under dark conditions. However, PQ could be gradu-
ally degraded during radiation time as shown in Fig. 12b.

The experimental results showed that the degradation of the
dye and PQ increased when TiO, loading content in SBA-16
increased. The dye completely degraded within 30 min of
radiation time. The PQ degradation of all samples increased
in an order of 1.4 SBA-16/TiO,, 0.7 SBA-16/TiO,, TiO,
and 5.6 SBA-16/Ti0,. Percentages of the degradation of PQ
tested with SBA-16/TiO, samples tested under 24 h radia-
tion time were nearly 70 and 60% for 1.4 and 0.7 SBA-16/
TiO,, respectively.

A previous study of Lee et al. showed that PQ degrada-
tion related to UV-C (254 nm) light intensities which were
varied at 4, 8 and 12 W m~2. They reported that without
air sparging in the tested system, the PQ degradation rate
increased with increasing of UV light intensities. At 60 h of
the radiation, PQ, prepared at 100 mg 17! initial concentra-
tions, could be degraded using 0.1 g I™! of TiO, doses at
approximately 60, 70 and more than 90% under 4, 8 and
12 W m~2 of the radiation, respectively. They also reported
that PQ could be degraded within 40 h when it was radiated
under TiO,/air system. However, for 90% PQ degradation,
degradation time could be shorter at 18, 12 and 2 h when the
intensities were increased to be 12, 24 and 36 W m™2 in the
presence of the air sparging, respectively [23].

P25 TiO, (Degussa-P25), a commercial TiO, pow-
der, was used as a standard TiO, for studying on the
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Fig. 11 UV-Vis absorption spectra of photodegradation of a dye and
b PQ in the PQ solutions in the presence of 1.4 SBA-16/TiO, under
UV radiation for 24 h

photodegradation of PQ in the work of Sorolla IT et al.
[10]. 10 mg 17! of the prepared PQ solutions (natural pH
6.5) was kept under a dark condition for 1 h and then radi-
ated by 50 W m~2 of the UV light in the presence of 0.5 g
17! of P25 TiO,. Almost 75% of the PQ degradation was
achieved after 4 h. In this study, the highest value of the
PQ removal was found to be nearly 70% in the presence of
1.4 SBA-16/TiO, (0.4 g 17! after 24 h of the UV radiation.
To improve the photodegradation efficiency, increasing the
photocatalyst dosage or decreasing the initial concentra-
tion should be concerned.

Brigante and Schulz also explained that the high adsorp-
tion of PQ on the surface of their synthesized mesoporous
Si0, doped with 28% wt TiO, under a basic condition (pH
9.0) was due to the interaction of positive PQ ions and nega-
tive surface of TiO,. However, no adsorption of PQ observed
on the mesoporous SiO, surfaces having charge balance at
neutral conditions [35]. In our study, the low adsorption
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Fig. 12 Experimental results showing the reduction profiles with time
of the a dye and b PQ in the commercial PQ solutions compared with
the blank PQ solution as a function of the remaining values (%) and
time

efficiencies of PQ were observed on the surfaces of SBA-
16/TiO, and SBA-16 and TiO,. Hindrances obtained from
dye molecules on the catalyst surfaces and the neutralization
of catalyst surfaces under the neutral conditions may be the
2-main reasons of the low adsorption of PQ.

3.9 Kinetic mechanisms

Figure 13a, b show the kinetic linear plots of the dye and
PQ containing in the commercial PQ. The kinetic degrada-
tion results of the dye and PQ were fitted with the first order
Langmuir-Hinshelwood kinetic model. Apparent rate con-

stants (kapp) of each sample were calculated from slopes of
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the determined linear plots of In Cy/C, versus reaction time
(t), having high values of correlation coefficients (Rz), as
shown by Eq. (6) [7, 10, 22, 23, 27, 46];

ln(CO/Ct) = kappt (6)

where C is the initial concentration of the dye related to
PQ or PQ (mg ™Y, C, is the concentration at time of the
dye related to PQ or PQ (mg 171), kgpp 1s the apparent reac-
tion rate constant (min~') and t is the reaction/radiation time
(min).

PQ photodegradation rates represented in terms of &,
values were evaluated and shown in Table 3. The results
showed that the calculated k,,, values increased with
increasing TiO, loading content. The photocatalytic activity
of 1.4 SBA-16/TiO, showed the highest ,,, value on the dye
and PQ degradation. The low activities on degradations of
the dye and PQ could be observed on 5.6 SBA-16/TiO, due
to the lower amount of TiO, presented on SBA-16 surfaces.
Moreover, aggregation of TiO, on the mesoporous SiO, sur-
faces may be a reason to limit the photocatalytic activity of
0.7 SBA-16/TiO, having high TiO, loading.

A possible mechanism of the decolorization and deg-
radation of the blue dye and PQ in aqueous solution by
SBA-16, SBA-16/TiO, nanocomposites and TiO, proposed
is illustrated as shown in Fig. 14. In the adsorption of the
dye, SBA-16 mainly takes part in the adsorption process.
For the SBA-16/TiO, nanocomposites, the presence of
TiO, particles is considered as the pore blockage of SBA-
16 leading to the decrease in specific surface areas. The
adsorption capacities of the composites are subsequently
decreased according to the results. Notably, the amount
of dye adsorbed during the dark condition was not sig-
nificantly different in all SBA-16/TiO, nanocomposites
despite the large difference in their specific surface areas.
It can be assumed that the adsorption is not related to in
the pore characteristics. The adsorption may only occur on

Table 3 Adsorption capacity (Q,) and apparent rate constant (k

app

) values of calcined SBA-16, and SBA-16/TiO, and TiO,

Samples DYE PQ
Light-off Light-on Light-off Light-on
Adsorption capacity (Q,) (mg  Kinetic apparent rate con-  Adsorption capacity (Q,) (mg  Kinetic apparent
of dye/g of catalyst) stant (kapp) (min™h) of PQ/g of catalyst) rate constant (kapp)

(min™")

Blank N/D N/D N/D N/D

SBA-16 2.700 N/D N/D N/D

5.6 SBA-16/TiO, 2.125 1.9719 N/D 0.0235

1.4 SBA-16/TiO, 0.525 3.0551 N/D 0.0431

0.7 SBA-16/TiO, 0.225 3.9375 N/D 0.0357

TiO, N/D 3.5129 N/D 0.0285

N/D not detectable
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Fig. 14 A proposed mechanism of the adsorption and photocatalytic activities of SBA-16/TiO, nanocompostes on the degradation of the com-

mercial PQ solutions having the blue color

the external surface. It is in agreement with the work of
Nur et al. [41] studying on the adsorption of a commercial
paraquat and the reactive dye Cibacron Blue 3GA (as the
model of blue dye containing in PQ) using a commercial
NaY zeolite covered with alkylsilane. They suggested that
the blue dye was preferentially adsorbed on the external
surface of the modified zeolite particles while PQ was
adsorbed on the hydrophilic internal pores.

However, it is difficult to distinguish the surface interac-
tion between SBA-16 and the unknown blue dye containing
in PQ. The interactions between mesoporous SiO, gels and
dyes corresponding to the dye adsorption were reported in
the previous study of Wu et al. [51]. Two types of organic
dyes were adsorbed by various kinds of the mesoporous sil-
ica gels incorporated with various organic groups. Surface
interactions between the dyes and the gels were proposed
including electrostatic interaction, hydrophobic interaction
and hydrogen bonding. By considering the FTIR spectrum
in our work, the silanol groups presenting on SBA-16 and
SBA-16/TiO, surfaces can be protonated, positively charged
and electrostatically adsorbed the dye. It indicates that both
electrostatic attraction and hydrogen bonding are possible
between SBA-16 and the dye.

The degradation of the dye is also governed by the pho-
todegradation of TiO,. Following irradiation with UV light,
electrons in the valence band of TiO, particles were excited
to the conduction band, leaving holes in the valence band.
The holes and electrons migrated to the surface of TiO, par-
ticles and participated in a series of redox reactions. The
electrons reacted with the absorbed oxygen onto the TiO,

@ Springer

surface forming O, ™ radicals while the holes reacted with
water molecules generating OH. radicals. Both radicals pos-
sessed the oxidation power to decompose the dye to harm-
less products. The results from the photocatalytic activities
confirm that photodegradation is predominant in the degra-
dation of the dye.

In the case of PQ, the process of the surface adsorption
rarely occurs due to the neutralization of the charges on
the sample surfaces. Since PQ is majorly in the neutral
form in the studied pH range, which means that there are
no opposing charges and no electrostatic interaction. Thus,
the degradation mechanism might be mainly controlled by
the photocatalytic degradation process.

Based on the previous work studying on intermediate
formations during the photodegradation of PQ solutions
by TiO,/SiC foams, initially, PQ ions, adsorbing on the
surfaces of SBA-16/TiO, nanocomposites, may transform
to bipyridinium ions (e.g. monoquat, reduced paraquat or
paraquat monopyridone) as the primary intermediate prod-
ucts by either oxidation or demethylation. The intermedi-
ates can be subsequently degraded through demethylation
and aromatic ring cleavage, resulting in short chain car-
boxylic acids (e.g. maleate, succinate, acetate, oxalate or
formate) as the final products [32]. Lee et al. reported that
acidic compounds such as NO;~, NO,™ and HCI were also
produced during the PQ photodegradation in the presence
of the synthesized TiO, powder [23]. In the case of the
completed photocatalytic reaction, Lee et al. also reported
that the compounds could be mineralized as the non-toxic
products including N,, O, and CO,. However, the amount
of TiO, and the crystalline phase of TiO, on the surfaces
of SBA-16/TiO, nanocomposites were the crucial factors
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impacting on the photocatalytic activity performance
against the dye and PQ in the commercial PQ solution.

4 Conclusions

Highly ordered mesoporous SiO, (SBA-16) and its nano-
composites (SBA16/TiO,) were successfully synthesized in
this study in terms of forming mesoporous structures and
being able to degrade a commercial PQ herbicide having
blue color. The characterization results revealed the unique
structures and properties of SBA-16 and SBA16/TiO, nano-
composites related to amounts of TiO, loading into SBA-16.
Higher TiO, loading content could deteriorate the ordered
mesoporous structure of SBA-16 because of the attachment
of TiO, nanoparticles on the SBA-16 surfaces. The blue
dye in the PQ solution favored to adsorb on the SBA-16
surfaces and could be totally degraded by all SBA-16/TiO,
nanocomposites and the synthesized TiO, under UV illu-
mination conditions. PQ in the solutions was degraded by
the photocatalytic reaction process in the presence of the
nanocomposites and TiO,. Within 24 h of the UV illumina-
tion, 1.4 SBA-16/TiO, nanocomposites could maximize the
PQ photodegradation in the solution at approximately 70%
reduction. The kinetic mechanism of the dye degradation
and PQ photodegradation was proposed.
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