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ABSTRACT

In this work, physicochemical and photocatalytic properties of titanium dioxide nanomaterial mod-
ified with 3-aminopropyltrimethoxysilane (APTMS) is presented. The photocatalyst was obtained
by a two-step solvothermal and calcination method at 700°C in an argon atmosphere. The tested
materials were characterized by means of X-ray diffraction, scanning electron microscopy, Fourier-
transform infrared spectroscopy/diffuse reflectance spectroscopy (UV-Vis/DRS). The Brunauer—
Emmett-Teller specific surface area as well as pore size distribution were also measured. It was
noted that the APTMS modification played a significant role in phase transformation changes,
crystallite size as well as values of the specific surface area. It was found that the transformation
from anatase to rutile was suppressing after APTMS modification. The photocatalytic activity of
the obtained samples was determined by the phenol photodegradation under artificial solar light.
The photocatalyst after aminosilanes modification and calcination exhibited higher photoactivity
than TiO,-starting and the sample obtained similarly but without the addition of APTMS.
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1. Introduction

In recent years, the best known and examined photo-
catalyst seems to be titanium dioxide (TiO,). Despite many
advantages like high stability, low cost of production or
safety toward humans and the environment, it has import-
ant disadvantages as follows: low absorption of visible
radiation or rapid recombination of electron-hole pairs [1].
Furthermore, the physicochemical properties of TiO, such
as particle size, pore-volume, surface area and crystallinity
also play a crucial role in photoactivity. Notably, a high crys-
tallinity is one of the most critical factors that determine a
high photoactivity [2]. However, in order to achieve a good
crystallinity of the photocatalyst, the high-temperature
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treatment is necessary. On the other hand, with the increas-
ing calcination temperature the crystallite size and rutile
amount in the sample increase whereas the specific surface
area decreases [3,4]. It is widely known that the photocata-
lytic efficiency is higher when physiochemical parameters
are optimal. In the literature can find that the optimal par-
ticle size of anatase crystallite for the best photoactivity is
around 10 nm [5]. The surface area should be large due to
a large amount of adsorbed organic pollutants promotes
the photocatalytic process [6,7]. It is also well-known that
anatase is generally considered as the more efficient pho-
tocatalyst than rutile and brookite [8,9]. Thus TiO, should
be modified in a way as to obtain a sample with high crys-
tallinity while maintaining other optimal physicochemical
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parameters. It has been reported that Si has the property of
phase transformation inhibitor [10]. For this purpose, some
modifications were carried out [11-15]. One of the com-
pounds containing silicon atoms in the structure are amin-
osilanes, such as 3-aminopropyltrimethoxysilane (APTMS)
[16,17], 3-aminopropyltriethoxysilane (APTES) [18,19] or
the most commonly known tetraethyl orthosilicate [18,20].
There are only a few reports on enhancing the photocata-
lytic activity of different hybrid APTMS-TiO, nanomaterials.
Photong and Boonamnuayvitaya [16] prepared SiO,-TiO,
photocatalytic films by the condensation of methyltrime-
thoxysilane and APTMS dedicated to the improvement
of indoor air quality. They obtained a film with a 15 times
larger surface area than the unfunctionalized one. It was
found that the APTMS-functional group influenced the spe-
cific surface area. Khantamat et al. [17] synthesized anatase
titanium dioxide particles functionalized by APTMS with
the addition of partial gold shells destined for removing the
methylene blue. It was found that the APTMS-TiO, function-
alized material was characterized by higher stability, which
had prevented aggregation of the prepared photocatalyst.

Information about the influence of TiO, modification
with APTMS, especially on the physicochemical properties
of TiO, after calcination is limited in the literature. In this
work, we report the preparation of TiO,/Si nanomaterials
obtained from TiO, provided by chemical plant Grupa Azoty
Zaktady Chemiczne “Police” S.A. (Poland) and APTMS
as a new Si precursor. The preparation process consists of
a two-step solvothermal and calcination method at 700°C
in an argon atmosphere. Our fundamental motivation for
using APTMS was not the only improvement of TiO, phys-
iochemical properties but also improvement photoactivity by
the presence of nitrogen and carbon from APTMS.

2. Experimental setup
2.1. Preparation

TiO, supplied by sulfate technology from Chemical Plant
Grupa Azoty Zaktady Chemiczne “Police” S.A. (Poland)
was used as a starting material. Due to the content of
2.1 wt.% of residual sulfur (from post-production sulphuric
acid) in TiO, material, the crude titanium dioxide has been
pre-treated to reach pH 6.8 before modification. For this
purpose, the crude titanium dioxide was rinsed with a solu-
tion of ammonia water (25% solution, Avantor Performance
Materials, LLC, Poland S.A.) and then some time with dis-
tilled water. When the solution reached pH 6.8, TiO, was
dried at 105°C for 24 h in a muffle furnace. The final material
was denoted as TiO_-starting. The new photocatalyst was
obtained in two steps. Firstly, 5 g of TiO,-starting and 50 mL
of APTMS (97% Merck KGaA, Germany) solutions with a
concentration of 5.6 mM in ethanol (98%, Firma Chempur,
Poland) were mixed and transferred to a pressure autoclave
BR-100 (Berghof Products + Instruments GmbH, Germany).
The sample was heated at 100°C with continuous stirring for
12 h. The obtained suspension was centrifuged and dried at
100°C overnight. Next, the obtained material was calcined
at 700°C for 4 h in Ar atmosphere (60 mL/min, 99.999%, Air
Liquide Polska, Poland). The final product was denoted
as TiO,-APTMS-700. The reference sample was obtained

based on the same method but without APTMS (denoted
as TiO,-700).

2.2. Characterization

The phase composition and crystal structure were ana-
lyzed using X-ray powder diffraction analysis (PANalytical
Empyrean X-ray diffractometer, USA) with Cu-Ka radia-
tion (A = 1.54056 A). The X-ray diffraction (XRD) diffrac-
tograms were collected in the range 10°-80° of 20 scale.
The average anatase crystallite diameter was calculated
according to Scherrer’s equation Eq. (1) [21].

K 1
- Bcosb (1)

where D is the mean crystallite size (nm), A is the wavelength
of Cu Ka radiation (nm), O is the Bragg’s angle (°), {3 is the
calibrated width of a diffraction peak at half maximum inten-
sity (rad).

The anatase and rutile content was calculated according
to a simple peak intensity-based method. For these calcula-
tions, the most intensive peaks for anatase at 25.4° and rutile
at 27.5° were chosen. The percentage of, that is, anatase (%A)
was calculated as shown in Eq. (2):

I
%A =—4
I, +1

A R

x100% )

where I, is the intensity of anatase peak at 25.4°, I, is the
intensity of rutile peak at 27.5°.

The 4200 Fourier-transform infrared spectroscopy (FTIR/
DRS) spectrophotometer (JASCO International Co., Ltd.,
Japan) equipped with DiffusIR accessory (PIKE Technologies,
USA) was used to study the chemical changes and structural
properties of TiO, after modification. The UV-Vis diffuse
reflectance spectra of the tested materials were recorded
on a V-650 spectrophotometer (JASCO International Co.
Japan) equipped with a PIV-756 integrating sphere accessory
for studying DR spectra (JASCO International Co., Japan).
Spectralon (Spectralon® Diffuse Reflectance Material)
was used as the standard sample. The Brunauer-Emmett—
Teller specific surface area (S,,;) was carried out based on
adsorption-desorption measurements at 77 K conducted by
Quadrasorb SI analyzer (Anton Paar GmbH, Austria, previ-
ously Quantachrome Instruments, USA). In order to remove
residual water adsorbed and organic carbon residues from
the surface of the samples, prior to analysis, all samples were
dried and then degassed at 100°C for 24 h, under a high
vacuum. The morphology of nanomaterials particles was
observed employing scanning electron microscopy utilizing
the SU8020 ultra-high resolution field emission scanning
electron microscope (Hitachi, Ltd., Japan).

2.3. Photocatalytic test

The photocatalytic activity was investigated by the
decomposition of phenol in aqueous solution under artificial
solar light in an air atmosphere. In a typical process, 0.1 g
of the photocatalyst was added into 500 mL of an aqueous
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solution of phenol with an initial concentration of 10 mg/L.
The suspension was stirred in darkness for half an hour to
reach the adsorption equilibrium between the photocatalyst
surface and phenol molecules and then it was illuminated.
As an artificial solar light source, a halogen lamp with a
radiation intensity of about 0.3 W/m? of UV and 720 W/m?
of Vis was used. After 5 h of irradiation, a 5 mL suspension
was taken and centrifuged to separate the TiO, nanoparti-
cles from the phenol solution. The phenol concentration was
determined utilizing the high-performance liquid chroma-
tography HPLC (Elite LaChrome chromatograph, Hitachi,
Ltd., Japan) equipped with a UV detector.

3. Results and discussion
3.1. FTIR/DRS analysis

The FTIR/DR spectra of TiO,-starting, TiO,-700 and
TiO,-APTMS-700 photocatalysts are presented in Fig. 1.
Some characteristic bands for TiO, are observed for all
tasted photocatalysts. Broadband located in the range of
3,700-2,600 cm™ is characteristic of stretching vibrations
of the absorbed water [22]. The weak band at 3,675 cm™
observed for TiO,-700 and TiO,-APTMS-700 samples are
assigned to the stretching mode of different types of free
hydroxyl groups and it is related to the use of alcohol in
the preparation step [23]. The narrowband at 1,640 cm™ is
attributed to the stretching and bending modes charac-
teristic of physisorbed water [24]. A characteristic strong
peak in the range of 1,000-600 cm™ is assigned to the sur-
face vibrations of the Ti—O bonds [25]. The strong band cor-
responds to the vibration of the Ti-O-Ti and Ti-O bonds
in TiO, are located at 960 and 907 cm™, respectively [26].
The FTIR/DRS analysis confirms the appearance of new
bonds after APTMS modification. The low-intensity peak
located at 940 cm™ is characteristic of the stretch vibration
band of Ti-O-Si [27,28]. Additionally, the peak located
around 1,077-1,207 cm™ is attributed to the Si—-O-Si bond
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Fig. 1. FT-IR/DR spectra of reference TiO, -starting, control
TiO,-700 and APTMS-modified TiO,.

stretching modes of silanol group corresponding to the
condensation reaction between silanol groups [29].

3.2. X-ray diffraction and scanning electron microscopy
images analysis

The XRD patterns of tested photocatalysts are shown
in Fig. 2. The phase composition and crystallite size of all
studied photocatalysts are also listed in Table 1. Based on
the results it can be observed that TiO,~APTMS-700 and
TiO,-starting samples consist mainly of anatase phase
(indexed by A, JCPDS 01-070-7348) with a small amount of
rutile (ca. 2%, indexed by R, JCPDS 01-076-0318). A reflec-
tion of rutile in TiO,-starting is observed due to the addition
of rutile nuclei during the TiO, production process (sulfate
technology). Thus, the presence of rutile in TiO_-starting
material is not caused by the transformation of anatase to
rutile. It is commonly known that the typical TiO, phase
transformation starts at ~600°C [30]. In this case, the ana-
tase-to-rutile phase transformation is observed for the TiO,-
700 photocatalyst. This sample consists of 86% of anatase
and 14% of rutile. What is interesting, the transformation
of anatase into rutile was delayed for the TiO,-~APTMS-700
sample. This sample contains only 2% of rutile, while a
control TiO,-700 sample without APTMS modification con-
tains 14% of rutile. It is caused by Si presence in the sample
which is a phase transformation inhibitor [10]. It can also
be noted that the APTMS modification suppresses crystal-
lites growth from 55 nm for TiO,-700 to 14 nm for TiO,-
APTMS-700, which was also confirmed by Bao et al. [12]
and Klarysri et al. [31]. The morphology of APTMS modifi-
cation was also confirmed in scanning electron microscopy
images. In Fig. 3 it can be observed images of TiO,-starting,
TiO,-700 and TiO,-APTMS-700 photocatalysts. The mate-
rials consist of not regular and undefined shape particles
which aggregated to a larger form. After modification,
the decrease of agglomerates size is not observed. The
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Fig. 2. XRD patterns of reference TiO,-starting, control TiO,-700
and APTMS-modified TiO,.
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Table 1
Physicochemical properties of studied photocatalysts
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Name sample Anatase Anatase crystallite Rutile crystallite S, (m?%g) V, ‘(cm¥g) V__ t(cm’g) V__<(cm’/g)
content (%) size (nm) size (nm)

TiO,-starting 98 12 15 242 0.34 0.09 0.25

TiO,-700 86 55 146 16 0.12 0.01 0.11

TiO,-APTMS-700 98 14 25 170 0.28 0.06 0.22

“Total pore volume determined by the signal point nitrogen adsorption isotherms at relative pressures p/p, = 0.989.
"Micropore volume estimated using the method DR (Dubinin-Radushkevich).

‘Mesopore volume was determined from the difference V|

photocatalysts were also analyzed by energy-dispersive
X-ray analysis (EDX) and shown in Fig. 3d-g. Based on
the diagram in Fig. 3d noted the TiO,-APTMS-700 sample
consists of titanium, oxygen and silicon. According to map-
ping, a uniform distribution of all elements is observed.
The silicon content in photocatalyst was equal to ~2 wt.%.

3.3. UV-vis diffuse reflectance analysis

The UV-vis absorption spectra of materials and the
spectra are shown in Fig. 4. As can be seen, modification
with APTMS did not cause any significant changes in
absorption properties. The slight absorption abilities in the
visible region are related to color change after the modifi-
cation process from white for TiO,-starting to light ECRU
for TiO,-APTMS-700. A similar property is observed for
the TiO,-700 sample thus it can be concluded that color
change is correlated to heat treatment at 700°C, not to
APTMS modification. A significant redshift in the absorp-
tion edge is observed only for TiO,-700 photocatalyst and it

0.989 and V,,_ DR.

is corresponding to energy band-gap values. The band-gap
energy for this sample is 3.2 eV (the band-gap energy for
starting-TiO, and TiO,-APTMS-700 is 2.28 eV). In this case,
the band-gap narrowing is attributed to changes in the TiO,
phase composition especially with the presence of rutile in
tested samples [32]. Taking into account that modification
with APTMS caused suppression of phase transformation,
for the TiO,-APTMS-700 sample containing only 2% of
rutile any changes in the band-gap energy are not noted.

3.4. BET analysis

The APTMS modification had not only a great influ-
ence on the crystallite size and crystal structures but also
on the S, area of the TiO,. The BET surface area (S,;,) and
pore volume (V) for the tested photocatalysts are shown
in Table 2. Additionally, the N, adsorption-desorption iso-
therms curves of these samples are displayed in Fig. 5. It
is widely known that with the increase of calcination tem-
perature, the decrease of the S, area occurs, which was

SEULY

g'o.
o | : [0 K]

(TR ST [ (N VAN IR (A R VA
(]

Fig. 3. Scanning electron microscopy image of (a) TiO,-starting, (b) TiO,-700, (c) TiO,-APTMS-700 and (d-g) photocatalysts and EDX

spectrum and EDX mappings of TiO,-APTMS-700.
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also observed in the presented study. The temperature of
calcination caused a significant decrease in the S, area
from 242 m?/g for TiO,-starting to 15 m?/g for TiO,-700 and
it is a typical process for high temperature [33]. First of all,
the effect of the sintering of crystallites occurs [34], and sec-
ondly, 14% rutile with large crystallite size was found [35].
Additionally, the S, area calculated for TiO,-~APTMS-700
photocatalyst equals about 170 m?*g (Table 1), and it is
linked to crystallites growth suppression by Si crystallites
growth. After temperature modification at 700°C, it can
also be observed a significant reduction of pore size vol-
ume of the TiO,-700 sample. It is worth mentioning that
sample after APTMS modification is characterized by two
times higher a total pore volume than the TiO,-700 sample.
From Fig. 5, it can be seen that isotherms of all tested nano-
materials present a type IV isotherm, according to the
International Union of Pure and Applied Chemistry classi-
fication [36]. However, the isotherms of TiO,-starting and
TiO,-APTMS-700 photocatalysts are very similar and have
a bit higher N, adsorbed volume than TiO,-700 nanomateri-
als what is related to mesoporous structure. These samples
exhibit obvious H3 type hysteresis loops, while the TiO,-
700 material displays limited H4 type hysteresis loops. No
significant changes in pore structures are mainly attributed
to Si modification.

3.5. Photocatalytic activity

The photocatalytic activity of the TiO,-APTMS-700
photocatalyst in comparison with the TiO,-starting and
TiO,-700 nanomaterials measured on the basis of the phe-
nol decomposition under artificial solar light is presented
in Fig. 6. It should be added that the photolysis test of
phenol degradation (without photocatalyst) was negligi-
ble. The TiO,-APTMS-700 nanomaterial demonstrates the
highest photoactivity with a degradation degree of 34.15%.
In contrast, 10.13% and 14.63% of degradation degree
were achieved for TiO,-starting and TiO,-700, respectively.
The relatively high photoactivity at high-temperature
modification is due to several properties: crystallite size,
crystal structure and specific surface area. It can be observed
that the physicochemical properties of the TiO,-APTMS-700
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sample are similar for TiO,-starting, which consists mainly
of anatase with small crystallite size. Zhang et al. [5] found
that the optimal anatase crystallite size for higher photo-
activity is about 10 nm. It is also known that the anatase
phase is a more active form than rutile [37]. The S area
value is also an important factor for heterogeneous photo-
catalysis. It is commonly known that the number of active
places depends on the specific surface size. Thus, a pho-
tocatalyst with a higher specific surface area is character-
ized by more number of active sites and is able to adsorb
the larger amount of pollutant particles which can be deg-
radation during the photocatalytic process. Taking into
account, a photocatalyst after APTMS modification shows
higher efficiency than TiO,-700. Furthermore, the APTMS
modification like Ti-O-Si causes not only high thermal
stability but also promotes higher photoactivity. Klarysri et
al. [31] suggested that higher photoactivity after organos-
ilane modification is related to an increase of the oxygen
chemisorption on the TiO, surface. The possible mecha-
nism for photocatalytic phenol degradation via modified
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Fig. 5. N, adsorption-desorption isotherms for TiO,-starting,
control TiO,-700 and APTMS-modified TiO,.
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Fig. 4. (a) UV-Vis/DR spectra and (b) Tauc plot of reference TiO,-starting, control TiO,-700 and APTMS-modified TiO,.
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nanocomposite is proposed in Fig. 7. During irradiation
of the photocatalysts with artificial solar light, electrons
from the valance band migrate to the conduction band.
Generated electron-hole pairs react with dissolved oxygen
species and water molecules forming superoxide joins. The
suppression of electron-hole recombination was found as
the main role of silicon in the Si-modified TiO, photocat-
alytic process. Su et al. [38] attributed this phenomenon to
the increase of the rate of electron diffusion caused by the
enhancement of the anatase crystallinity and decrease of
bulk defects as the effect of the employment of high-tem-
perature calcination. Thus, the enhanced photoactivity of
TiO,-APTMS-700 is related to the both physicochemical
properties of the sample after APTMS modification such
as smaller crystallite size, higher anatase content and
surface area as well as suppression of recombination rate.

4. Conclusions

In this work, the effect of the APTMS modification
on the physicochemical properties of TiO,, as well as the
photoactivity was studied. The presents of APTES were
confirmed based on the FTIR/DRS analysis. It was found
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Fig. 6. Phenol decomposition degrees after 5 h irradiation under
artificial solar light irradiation.
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Fig. 7. Scheme of photocatalytic degradation of phenol.

that the APTMS modification suppressed the phase trans-
formation, the stability of the anatase phase and crystal
stability. Consequently, the decrease of the S, area and
total pore volume were inhibited. The photoactivity of the
tested nanomaterials was studied by phenol degradation
under artificial solar light. The sample after the APTMS
modification and calcination at 700°C showed the highest
efficiency. The thermal stability of photocatalysts and the
presence of Ti-O-Si, which promotes higher photoactivity,
play an essential role.
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