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Abstract In this study, various combinations of TiO2 and

SiO2 nanoparticles were prepared using different methods.

TiO2 and SiO2 nanoparticles were separately modified by

tetraethyl orthosilicate and titanium tetraisopropoxide,

respectively. SiO2/TiO2 nanocomposite was synthesized

through a two-step sol–gel route. A physical blend of TiO2/

SiO2 nanocomposite was also prepared. The nanoparticles

were characterized using FTIR spectroscopy, thermal

gravimetric analysis, and X-ray diffraction technique.

Specific surface area of the nanoparticles was determined

using Brunauer, Emmett, and Teller method. The colloidal

stability of various nanoparticles was investigated visually

and instrumentally in an aqueous media. Photocatalytic

activity of nanoparticles was studied through photo-

degradation of rhodamine-B dyestuff, in aqueous solutions

under UVA irradiation. The results showed improvement

of dispersion stability along with the decrease in photo-

catalytic activity for silica-grafted TiO2-nanoparticles in

aqueous solutions compared with the untreated particles.

However, titania-grafted SiO2 nanoparticles showed

reduced colloidal stability and better photocatalytic activity

than their untreated counterparts. The synthesized SiO2/

TiO2 nanocomposites revealed the enhanced both photo-

catalytic activity and colloidal stability among the others.

Introduction

Nowadays, air pollution particularly in urban areas poses

serious risk to human health and environment. Many

efforts have been carried out to reduce the harmful effect of

this phenomenon [1–4]. For this purpose, photocatalytic

titania nanoparticles have been used extensively in differ-

ent applications to reduce air pollution in urban landscapes

and keep clean the buildings’ appearance [5]. TiO2, in

anatase crystalline form, is recognized as a golden standard

among the semiconductor materials [6, 7], owing to its

unique properties, appropriate cost/performance balance,

chemical stability and biocompatibility [8]. Photocatalytic

TiO2 nanoparticles have many potential applications as

catalysts or catalyst supports in different fields such as

water purification [9], waste-water treatments [10], and

self-cleaning coatings [11].

Despite the high photocatalytic activity, and due to the

extremely high ratio of surface-area/particle-size, TiO2

nanoparticles illustrate poor dispersion stability in the

aqueous solutions and the particles tend to strongly

agglomerate, upon agitation process stops [12]. Moreover,

addition of photoactive TiO2 nanoparticles into or depos-

ited on the surface of polymeric coatings has many short-

comings, due to possible degradation or breaking C–C

bonds of the host polymer matrix [13, 14].

Several efforts have been carried out to enhance dis-

persion stability of TiO2 nanoparticles in the aqueous

media [13] and to adjust their photocatalytic activity [12].

In particular, silica-based treatments of the nanoparticles

have been received intensive attentions because of their

advantages such as simplicity, low cost and possibility of

processing at ambient temperature [12, 13]. Several reports

are available concerning preparation and photoactivity of

TiO2/SiO2 compounds [15–23]. The influence of synthesis
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method on the physicochemical properties of titania–silica

compounds, and consequently its effect on the photocat-

alytic activity of the particles has been pointed out by

Aguado et al. [24]. They also reported that photocatalysis

of the semiconductor is the most relevant mechanism for

the explanation of photoactivity of TiO2/SiO2 materials. In

another work, Rasalingam et al. [25] showed that the

content of Ti–O–Si species and appropriate distribution of

titania on the silica support, are the most effective

parameters on the photoactivity of these compounds. It has

been also emphasized [21, 26] that silica-embed particles

enhanced the crystalline phase changing transition tem-

perature. In spite of numerous reports concerning of

preparation and application of titania/silica compounds,

there are only a few published works on simultaneous

study of colloidical stability and photoactivity of various

combinations for TiO2/SiO2 in aqueous media. Improving

dispersion stability of photocatalytic nanoparticles leads to

increased available surface area for more photon absorp-

tion by pollutant molecules, and as result of this, photo-

degradation of pollutants leads to small amounts of rela-

tively benign compounds.

In this study, various combinations of titania–silica

nanoparticles were prepared using different methods, and

then photocatalytic activity and dispersion stability of

resultant nanoparticles were investigated in aqueous solu-

tions. Here, in addition the synthesis of SiO2/TiO2

nanocomposites has also been reported with a high surface

area, appropriate dispersion stability, and improved pho-

tocatalytic properties using a superficial method that

combines sol–gel route and calcination procedure.

Experimental

Materials

TiO2 nanoparticles, Aeroxide P25, with an average particle

size of 30 nm, a specific surface area of 50 ± 15 m2 g-1

and an anatase/rutile ratio of 70/30 [25] to 80/20 [26], and

fumed silica nanoparticles (Aerosil 200, with an average

particle size of 12 nm and specific surface area of

200 ± 25 m2 g-1) were supplied by Evonik Industries

(Degussa GmbH). Tetraethylorthosilicate (TEOS, 98 wt%)

and titanium tetraisopropoxide (TTIP, 98 wt%) were pur-

chased from Fluka and used as precursors for surface

treatment of SiO2 and TiO2 nanoparticles, respectively.

Rhodamine B dyestuff (RhB), as a pollutant model, was

obtained from Ciba-Gigy. Nitric acid (65 wt%), acetyl

acetone (AA), ammonium hydroxide (28 wt%), ethanol,

and isopropanol were provided by Merck Chemicals. Other

chemicals were of reagent grades and used without further

purification.

Nanoparticles surface treatments

A Surface treatment of TiO2 nanoparticles was performed

using a two-stage sol–gel route [27]. TiO2 nanoparticles

(1.5 g) were dispersed in 33 mL ethanol via sonication

process for 15 min (Bandelin, SONO PULS-UW 2200,

using KE-76 probe) at 70 W, and 0.7 s pulse on and 0.3 s

pulse off. 3 mL TEOS was added to the dispersion during

the sonication process, 1 mL per 5 min interval. The molar

ratio of P25:TEOS was adjusted as 12:1 [27]. pH was

adjusted to about 9–10 by adding 0.9 mL ammonium

hydroxide to the dispersion. The dispersion was then

magnetically stirred in a dark environment at ambient

temperature for 18 h, centrifuged (Rotina 3800 Hetich) at

7000 rpm for 10 min, and rinsed with ethanol four times.

The sediments were dried in an oven at 50 �C for 48 h.

B The surface treatment of silica nanoparticles was

performed using a two-step sol–gel process [28]. In the first

step, TTIP was pre-hydrolyzed. For this purpose, 1.96 mL

TTIP and 1.1 mL AA (0.6 TTIP: 1.0 AA mole ratio) were

added to 10 mL ethanol. The solution was stirred at

ambient temperature (23 ± 2 �C) for 2 h. In the second

step, 1 g Aerosile 200 was dispersed in the mixture of

18 mL ethanol and 2 mL distilled water under sonication

process for 15 min. pH of the dispersion was adjusted to

around 6 using a few droplets of ammonium hydroxide

solution. Afterward, the pre-hydrolyzed solution was added

dropwise to the dispersion within 1 h. The molar ratio of

SiO2:TTIP:H2O was adjusted as 1:4:16 [29]. For comple-

tion of the treatment, the resultant dispersion was refluxed

at 85 �C for 6 h. Finally, it was centrifuged (7000 rpm) for

10 min, and the residue was rinsed with ethanol four times.

The precipitates were dried at 50 �C for 24 h.

C TiO2/SiO2 nanocomposite sample was synthesized as

per the following procedure: TTIP and TEOS were pre-

hydrolyzed in two distinct pots. Accordingly, 1.8 mL TTIP

was dissolved in a mixture of 0.46 mL ethanol and

3.11 mL isopropanol by gentle magnetic stirring at ambient

temperature (23 ± 2 �C) for 1 h (solution A). In parallel,

hydrolysis of TEOS (0.9 mL) was performed in an acidic

condition (pH 2), containing 27 mL distilled water and a

few droplets of HNO3 (solution B). Pre-hydrolyzed TTIP

solution was then added dropwise into the solution B. The

molar ratio of TTIP:TEOS was considered as 60:40. The

solution was then refluxed at 85 �C for 6 h. The sediment

was rinsed thoroughly with ethanol several times, filtered,

and dried at 50 �C for 24 h. for BET specific surface area

measurement and XRD analysis, the prepared TiO2/SiO2

nanocomposites were calcinated at 600 �C for 3 h [30].

D Physical blending of TiO2 and SiO2 nanoparticles with

weight ratio of 1:1 was prepared by mixing and grinding of

the nanoparticles in a pestle for 30 min. Sample coding for

all used and prepared nanoparticles is listed in Table 1.
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Characterization of nanoparticles surface treatment

Possible chemical interactions between precursors and

nanoparticles were evaluated using FTIR spectroscopy

using a Bruker IFS 484 FTIR spectrometer, collecting 16

scans in the 600–4000 cm-1 range with 4 cm-1 resolution,

using KBr disk technique.

The thermal behavior of various nanoparticles was

studied using a TGA-PL-1500 analyzer under N2 atmo-

sphere from room temperature to 600 �C with a heating

rate of 10 �C min-1. Before testing, the samples were dried

in a low pressure oven at 80 �C for 2 h.

The intensities of crystalline phases of various

nanoparticles were determined by X-ray diffraction (XRD)

method. XRD pattern of nanoparticles was recorded on a

Shimadzu XRD-6000 using Fe ka (k = 1.93604 Å) irra-

diation, with flow intensity and voltage of 50 mA and

30 kV, respectively, in the degree range of 20�–70�.
Specific surface area of the samples was determined via

N2 adsorption according to Brunauer, Emmett, and Teller

(BET) analysis method. Samples were conditioned at

120 �C for 2 h before testing, and then adsorption/des-

orption isotherms were determined using a Quantachrome

CHEMBET 3000 at 196 �C.

Dispersion stability of nanoparticles

Dispersion stabilities of various nanoparticles were evalu-

ated in distilled water. Nanoparticles with a concentration

of 1 g L-1 were dispersed in distilled water via sonication

process for 15 min. The dispersion was then allowed to

stand for 20 days, after which sedimentation behavior was

visually evaluated.

Dispersion stability of the nanoparticles in distilled

water (1 g L-1) was also studied using a LUMiReader�

416.1, LUM separation analyzer, working in the light

intensity of 25 % and tilt angle of 0�. The total test duration
was 3.5 h for TEOS-treated nanoparticles and 72 h for

other samples including 256 intervals.

Photocatalytic activity of nanoparticles in aqueous

solutions

Optical absorbances of various nanoparticles with con-

centration of 20 mg L-1 in distilled water were evaluated

using a Shimadzu UV–Vis spectrophotometer (UV-1650-

PC model) between 200 and 700 nm. The photocatalytic

activity of nanoparticles was also evaluated in an aqueous

solution in the presence of RhB dyestuff, as a photo-

degradable model. Each sample (20 mg L-1) was sepa-

rately dispersed in distilled water containing 12.5 mg L-1

RhB via sonication process for 15 min. The dispersion was

exposed to UVA irradiation (340 nm, 0.89 W m-2) in a

QUV chamber (QUV/Spray accelerated weathering device

from Q-Panel Co.) at 45 �C until completion of RhB photo-

degradation. At different time intervals, the nanoparticles

were separated from the dispersion via centrifugation at

8000 rpm for 15 min. The photocatalytic decomposition of

RhB in the resultant solutions was recorded on UV–Vis

spectroscope at wavelengths in the range of 400–700 nm.

Reduction in a characteristic absorption peak of RhB at

wavelength of 554 nm was considered as the photo-

degradation index. RhB photo-degradation % was deter-

mined using Eq. 1:

RhB photo-degradation %ð Þ ¼ Aex

Ai

� 100; ð1Þ

where Ai and Aex represent maximum absorbance % at the

wavelength of 554 nm at initial and different UVA expo-

sure times, respectively.

Results and discussion

FTIR spectroscopy

Figure 1 shows the FTIR spectra of TTIP, TEOS, and

various nanoparticles. In FTIR spectrum of pristine TiO2

nanoparticles (Fig. 1a), broad absorption peaks in the

Table 1 Samples’ coding of

various nanoparticles
No. Sample coding Description of sample preparation

1 UT Untreated titania nanoparticles

2 US Untreated silica nanoparticles

3 MT TEOS-treated TiO2 nanoparticles

4 MS TTIP-treated SiO2 nanoparticles

5 TSb Physical blending of TiO2–SiO2 nanoparticles

6 TSc Nanocomposites of TiO2–SiO2 nanoparticles

7 Calc. MS Calcination of MS nanoparticles at 600 �C for 3 h

8 Calc. TSb Calcination of TSb nanoparticles at 600 �C for 3 h
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region of 400–800 cm-1 are attributed to Ti–O and Ti–O–

Ti bonds [18, 31], indicating crystalline TiO2 [15]. The

absorption peaks around 935–950 cm-1 (Fig. 1b) are

ascribed to symmetric vibration of Si–OH [15] bonds. The

absorption bands around 3400 and 1600 cm-1, observed in

all spectra, are attributed to the stretching mode of the O–H

bond related to the physically adsorbed water and bending

vibration of the O–H bond of chemisorbed water, respec-

tively [31, 32]. The broad and intensive O–H bond at

around 3400 cm-1 in FTIR spectra of MS and TSc samples

(Fig. 1e, g) is due to higher concentration of hydroxyl

groups on the surface of the samples. In FTIR spectrum of

TTIP sample (Fig. 1f), the absorption peaks at around

2624, 2864, and 2966 cm-1 are attributed to symmetric

and asymmetric stretchings of CH2 and CH3 bonds [33,

34]. In FTIR spectra of MT and TSc samples (Fig. 1c, g),

the characteristic peaks in the range of 950–960 cm-1

belong to the vibration of Si–O–Ti bond [18, 33, 35]. This

good-quality bond plays an important role in the photo-

catalytic activity of TiO2/SiO2 compounds [25]. This peak

is more intensive for SiO2/TiO2 composite sample

(Fig. 1g) compared with its counterpart in FTIR spectrum

of MT sample (Fig. 1c). As shown in Fig. 1c, e, g, and h,

for all silicate structures, the absorption peaks appeared at

regions of 1000–1130 and 450–550 cm-1, which corre-

sponded to the asymmetric vibration of Si–O–Si [15, 17]

stretching and the symmetric stretching vibration of Si–O–

Si, respectively [36]. These results confirm chemical

bonding of SiO2 on the TiO2 particles for MT and TSc

samples [15, 33].

Thermal gravimetric analysis

TGA thermographs of different nanoparticles are depicted

in Fig. 2, and the test results are tabulated in Table 2. For

all samples, the weight loss occurred in three steps. Weight

loss observed at low temperature (25–200 �C) can be

attributed to the elimination of physically adsorbed water

from the samples [27, 37]. These were about 0.65 and 1.69

wt% for untreated SiO2 and TiO2 nanoparticles and 3.44

and 3.69 wt% for MS and TSc samples, respectively. These

results indicate higher hydrophilic characteristic of MS and

TSc samples, which are in agree with the FTIR analysis

outcomes. The second step in weight loss occurred in the

temperature range of 200–450 �C. For different samples,

the weight losses in this temperature zone were varying

between 0.91 and 6.98 wt%. For untreated SiO2 and TiO2

nanoparticles, these were about 0.91 and 2.28 wt%,

respectively, which might be due to the formation of water

molecules from the condensation of hydroxyl groups on the

nanoparticles’ surface [27]. Here, the weight losses for MS

(6.98 wt%) and TSc (6.41 wt%) samples (Fig. 2e, f) can be

attributed to the combustion of unhydrolyzed isopropoxide

compounds [38] and to a lesser extent, to the removal of

solvents and other residual organic compounds from the

nanoparticles’ surfaces [39]. Jung et al. [40] showed rela-

tively slight weight loss after 340 �C for US or UT sam-

ples, ascribed to the water molecules formed from

condensation of hydroxyl groups on the particle’s surface

(SiOH or TiOH). For all samples, the condensation of

germinal and vicinal OH groups on the surface of SiO2 and

Fig. 1 FTIR spectra of various nanoparticles and precursors
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Fig. 2 TGA thermographs of various nanoparticles’ samples
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TiO2 nanoparticles can also be reason for the weight loss at

this temperature zone [37].

The weight loss observed in the last temperature region

(ca. 450–600 �C), is believed to be due to the oxidation and

de-hydroxylation of the organic molecules [27, 31] and/or

de-bonding and degradation of the grafted layer on the

nanoparticles’ surface [27]. While, as is also reported [32],

the weight loss above 500 �C is related to the condensation

of hydroxyl groups linked to SiO2 or TiO2 substances. The

maximum weight loss belongs to TSc sample (1.09 wt% in

third zone and 11.19 wt% in total), indicating chemical

interactions between TEOS and TTIP functional groups

[41]. Relatively high weight losses for TSc and MS sam-

ples, ca 11.19 and 11.02 wt%, respectively, suggest more

organic compounds on the surface and also higher hydro-

philic characteristic behavior of these nanoparticles com-

pared with the others.

X-ray diffraction

XRD patterns of various nanoparticles are shown in Fig. 3.

For MS and TSc samples, XRD tests were performed

before and after calcination at 600 �C for 3 h. In XRD

pattern of SiO2 nanoparticles (Fig. 3a), no characteristic

crystalline peak can be observed due to amorphous

behavior of the sample. The result also reveals that by

TTIP treatment (Fig. 3b), no significant crystalline phase

appeared in the XRD-pattern of silica nanoparticles. The

reaction of TTIP with silica nanoparticles may prevent the

formation of titania nanoparticles. However, the calcina-

tion process improved the crystallinity of the nanoparticles

(Fig. 3c), and the amorphous TiO2 changed into the anatase

crystalline phase [42]. The XRD pattern of the TSc sample

prior to calcination (Fig. 3d) shows an amorphous phase,

while that calcinated at 600 �C (Fig. 3e) is identified as a

crystalline anatase phase. The anatase structure is the main

phase of the TiO2/SiO2 nanoparticles, and no significant

rutile phase appeared in the XRD pattern. The results

showed that the maximum intensity of major anatase

phases corresponded to UT sample (Fig. 3f). It is reported

[43] that P25 is quite a crystalline substance with an ana-

tase/rutile ratio of 81/19. The peaks attributed to neat

anatase phase of TiO2 appeared at around 2h of 25�, 38�,
48�, and 55� that are attributed to (1 0 1), (1 1 2), (2 0 0),

and (2 1 1) planes, respectively. The peaks related to neat

rutile phase appeared at around 2h of 27�, 35�, 41�, and
57�, which are assigned to (1 1 0), (1 0 1), (1 1 1), and (2 2

0) crystalline planes, respectively. The particles’ crys-

tallinity was quantitatively estimated with the relative

intensity of the (1 0 1) diffraction peak of the pure anatase

[44]. By TEOS treatment, Fig. 3f and g, no considerable

new peak merged in the XRD pattern of TiO2 nanoparti-

cles; however, the intensity of peaks attributed to anatase

Table 2 Weight loss wt% for various nanoparticles obtained from TGA and BET specific surface area values for different nanoparticles

Sample coding TGA results BET specific surface area values

Temperature ranges (�C) Total weight loss (%)

25–200 200–450 450–600 BET surface area (m2 g-1)

(average of three measurements)

UT 1.69 2.28 0.03 4.00 53.6 ± 2.1

US 0.65 0.91 0.42 1.98 174.6 ± 8.6

TSb 1.17 1.59 0.22 2.99 114.1 ± 5.4

MT 2.92 4.27 0.63 7.82 134.3 ± 8.9

MS 3.44 6.98 0.60 11.02 –

TSc 3.69 6.41 1.09 11.19 –

Calc. MS – – – – 229.5 ± 7.5

Calc. TSc – – – – 331.4 ± 11.3

Fig. 3 XRD patterns of (a) US, (b) MS, (c) calcinated MS, (d) TSc,

(e) calcinated TSc, (f) UT, and (g) MT

J Mater Sci (2016) 51:3219–3230 3223
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plane (1 0 1) was slightly decreased. Based on XRD

analysis results, it can be concluded that the interactions of

TEOS with TiO2 nanoparticles occurred mostly at the

nanoparticles’ surface. There is probably no alteration in

the internal crystalline structure of the nanoparticles and

also no dissolution or growth of the titania before or after

TEOS treatment. It is summarized that for MS and TSc

samples, the majority of crystalline structure phase is

anatase; thus, higher photocatalytic activity is predicted for

these samples from XRD outcomes.

Specific surface area measurement

Specific surface area measurement results (determined by

means of BET method) for different samples are listed in

Table 2. Specific surface area is a characteristic structural

parameter of particles, which can be used to differentiate

the condition of a grafted layer on its surface [13].

Increasing specific surface area of the treated nanoparticles

may be an indication of surface grafting of the nanoparti-

cles. As is evident, the BET values of neat TiO2 and SiO2

nanoparticles were increased from 53.6 to 134.3 m2 g-1

and from 174.6 to 229.5 m2 g-1, respectively, probably

due to silica and titania grafting on the nanoparticles’

surface. The grafting makes the nanoparticles’ surface

irregular and rough; hence, increase in the specific surface

area is anticipated. The highest specific surface area was

obtained for TiO2/SiO2 nanocomposites. These results can

be attributed to the finer particles containing silica and

titania dopants [23, 39]. It should be pointed out that the

higher surface area leads to the higher photocatalytic

reactions due to the increasing contact area of the catalyst

with the substrates, where RhB molecules must be initially

adsorbed by the photocatalyst nanoparticles. Therefore,

higher photocatalytic activities for MS and TSc samples

are expected from the BET results.

Dispersion stability study

The results for dispersion stability analysis of the

nanoparticles are shown in Fig. 4. Various nanoparticles

showed different degrees of stability in the aqueous solu-

tions. Sedimentation of UT sample occurred rapidly and

completed within 24 h. TiO2 nanoparticles have poor dis-

persion stability and shows tendency to flocculation very

quickly [27, 45]. However, dispersion of TEOS treated

titania nanoparticles (MT) was more stable due to the silica

grafting on the particles’ surface and formation of static

electricity repellence between the particles [27]. For this

sample, sedimentation process was completed after

20 days. Suspension containing neat silica nanoparticles

was stable during the test period, and no sediment was

observed even at the end of test completion after 20 days.

The dispersion of neat silica nanoparticles showed proper

stability in aqueous media because of existence of hydroxyl

group on the particles’ surface [46]. For dispersion con-

taining MS sample, sedimentation was launched after 24 h,

and it was completed within 20 days (the upper part of the

dispersion was still somewhat turbid). TSc-containing

dispersion was more stable than its counterpart having TSb

 UT MT US MS TSb TSc 

0 min 

15 min 

24 h 

10 days 

20 days 

Fig. 4 Visual observations of sedimentation of 1 wt% different

nanoparticles in distilled water during 20 days
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nanoparticles. Grafted silica on the nanoparticles surface

probably operates as an anchoring group making particle-

to-particle contact difficult. It is believed that sedimenta-

tion phenomenon for TSb dispersion is mostly through

coagulation process, while for TSc dispersion, it is via

flocculation process; therefore, it makes TSc dispersion

more stable. These results reveal that the presence of SiO2

on the surface of titania nanoparticles hindrance

Fig. 5 Separation analysis in LUMiReader�. Sedimentation behavior of aqueous dispersion containing 1 g L-1 of a MS, b TSc, c US, d TSb,

e UT, and f MT; test duration: 72 h for MT and 3.5 h for other samples

J Mater Sci (2016) 51:3219–3230 3225
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agglomeration of the nanoparticles. The trend for increas-

ing dispersion stability is ordered as follows:

US[MT[MS[TSc[TSb[UT.

Figure 5 shows the separation analysis results obtained

from a LumiReader� analyzer, which illustrates the sedi-

mentation behavior of various nanoparticles in the distilled

water at different heights of test tube (positions). Each

diagram in the Fig. 5 shows one examine by the apparatus

in defined time intervals. As shown in the figure, the sed-

imentation rate for UT sample is very fast so that the light

transmission becomes almost 100 % within 3.5 h (Fig. 5a),

whereas this has not happened for TSc sample even after

72 h (Fig. 5b), which indicates the enhancement in the

dispersion stability of TSc sample. The LumiReader�

analyzer used as an instrument for the measurement con-

firmed the visual observation results.

Photo-degradation of RhB dyestuff

The UV–Vis spectra of different nanoparticles are shown in

Fig. 6. UT and US nanoparticles showed the highest and

the lowest values of UV absorption in UV region among

the samples, respectively. The absorption values for mod-

ified and synthesized nanoparticles were significantly

decreased in UV region in comparison with their untreated

titania counterpart. Meanwhile, calcinated MS sample has

been shown as an acceptable absorption in the UV region,

due to changes in surface characteristics of nanoparticles.

Decreasing absorption in UV region may cause reduction

in photocatalytic activity; therefore, for MT and TSc

nanoparticles with decreased UV absorption, reduced

photocatalytic activity is expected compared with TSb and

TSc nanoparticles. It should be noted that decrease in

aggregates’ size due to the surface modification also leads

to lower light scattering and less absorption [27, 47].

In respect of the applicative aspect, RhB dyestuff has

been used as a pollutant model, and the photo-degradation

of this model was studied in the presence of different

nanoparticles under UV irradiation in an aqueous media.

The photo-degradation process was evaluated in two

approaches: taking photographs of the specimens at dif-

ferent time intervals and the measuring of UV–Vis ten-

dency of RhB concentration in the aqueous solution by

means of UV–Vis spectrometry. The UV–Vis spectra of

the RhB dyestuff in the aqueous solutions (12.5 mg L-1)

after nanoparticles’ filtration, during various UVA expo-

sure times, are illustrated in Fig. 7. Typical color changes

during RhB photo-degradation process are also shown in

Fig. 7(inset). Regarding the RhB dyestuff degradation, UT-

containing dispersion showed the best photochemical

activity (Fig. 7a). In the presence of UT nanoparticles, the

photo-degradation and/or photobleaching of RhB were

completed after 120 min under UVA irradiation, and an

initially pink-colored liquid turned to a completely color-

less solution. As expected, the discoloration efficiency of

UT-containing sample was the highest among the other

nanoparticles’ dispersions. On the contrary, a significant

reduction in photocatalytic activity was observed for MT

sample (Fig. 7b), where the liquid dispersion containing

MT showed discoloration after about 300 min. In fact, for

initiation of photo-degradation process, RhB must be firstly

adsorbed on the surface of TiO2 nanoparticles, where it is

then photo-degraded due to UVA excitation of TiO2.

However, silica grafting on the surface of nanoparticles

decreases the effective surface area of TiO2 available for

photon absorption by RhB [27] and as a consequence, the

rate of RhB photo-degradation is reduced. The reduced

photocatalytic activity of MT sample is perhaps owing to

the decrease in active sites on the titania surface. No blue

shift was seen in the spectra after UV irradiation expect

small one for TSc sample. In this case, rhodamine as a

remarkable intermediate compound can be generated [30].

On the other side, no photocatalytic activity was observed

for US-containing suspension (Fig. 7c). In contrast, MS-

containing sample showed a relatively comparable behav-

ior, the colored suspension turned to white color after about

150 min (Fig. 7d). Significant comparable RhB photo-

degradation was observed using UT and MS nanoparticles.

For dispersion containing TSc sample, the initially pink

solid turned to white color in about 240 min; however, the

majority of color fading was occurred in first 120 min.

Only dispersion containing US nanoparticles showed a

minimum capability of degrading RhB, turning to a pale

pink color after about 300 min of UVA irradiation. As has

been reported in our previous study [33], neat RhB aqueous
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Fig. 6 UV–Vis spectra of aqueous solution (0.02 g L-1) of different

nanoparticles
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solution, in the absence of the photocatalyst nanoparticles,

was not significantly affected by the UVA irradiation even

after several hours. For the neat RhB solution, slight

reduction in the intensity of absorption peak of RhB (not

shown here), can be due to photo-degradation of dyestuff

itself, instead of photobleaching phenomenon. Photo-

degradation of RhB under UVA exposure can be occurred

via two different mechanisms, the formation of

Fig. 7 The UV–Vis spectra and visual observation of RhB dyestuff

in aqueous solutions (0.01 g L-1) in the presence of a UT, b US,

c TSb, d MS, e TSc, and f MT nanoparticles, during various UVA

exposure times. (Inset) Distinctive color changes during the photo-

degradation process
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electron/hole (e-, h?) pairs of semiconductor, owing to

excitation of electron from valance bond to the conduction

bond, and electron injection from the dyestuff orbital to the

semiconductor conduction band [27]. The h? (valence

band) can be able to produce hydroxyl radicals (�OH) on

the surface of TiO2 nanoparticles and the conduction band

(e-) potentially is negative to reduce oxygen molecules to
�O2

-. The photo-degradation mechanism of RhB can be

shown in the following equations [28, 29, 48]:

TiO2 þ htðk\380 nmÞe� þ hþ; ð2Þ
e� þ O2 ! �O�

2 ; ð3Þ

e� þ Hþ ! �H, ð4Þ

htþ þ H2O ! Hþ þ �OH: ð5Þ

The dyestuff matters (RhB) present at or near the surface

of TiO2 nanoparticles may be then attacked by �OH (hy-

droxyl radical) and are changed into harmless species (e.g.,

CO2, H2O, etc.), as illustrated through the following

equations [48, 49]:

htþ þ RhB ! RhB�þ Oxidation of RhBð Þ; ð6Þ

RhB�þ
�������!
hþ;OHand;O�

2
CO2 þ H2O

þmineral acids ðDegradation of RhBÞ ð7Þ

The intensity of characteristic absorption peak at

554 nm regularly decreased during UVA irradiation as a

result of decrease in the RhB concentration in the disper-

sion. These results can be used for comparison of photo-

catalytic activities of different nanoparticles in aqueous

solutions. Figure 8 illustrates the determined photo-

degradation % of RhB dyestuff using Eq. 1 in aqueous

solutions in the presence of various nanoparticles during

300-min UVA exposure time. The time required for com-

pletion of RhB degradation can be used for estimation of

photocatalytic activity of nanoparticles. Higher surface

area and more active sites caused more RhB absorption on

the nanoparticles’ surface, and consequently, higher

intensity of active electron/hole leads to decrease in photo-

degradation time. The photo-degradation of RhB solution

in the presence of TSb sample is due to the existence of

titania as a part of physical blending of nanoparticles.

Based on the UV–Visible spectroscopy results, the order of

RhB photo-degradation can be listed as UT (120 min),

calcinated-MS (150 min), TSb (180 min), TSc (240 min),

and MT (300 min). These results have good correspon-

dence with XRD and BET results.

Conclusions

In this study, various combinations of TiO2/SiO2

nanoparticles were prepared using several methods with

different degrees of titania content and anatase crystalline

phase. FTIR and TGA analyses confirmed the surface

modification of the TiO2 nanoparticles and the effective-

ness of the sol–gel route for the preparation of TiO2/SiO2

nanocomposites. Photocatalytic activity and colloidal sta-

bility of the nanoparticles in an aqueous media were

investigated. Dispersion stability tests showed that silica-

grafted nanoparticles had better stability in aqueous solu-

tion due to enhanced repulsion forces between particle and

particle together. The results also revealed that the modi-

fied titania, in spite of good photoactivity, had poor dis-

persion stability, due to large surface area/particle size.

Nanoparticles with enhanced specific surface area and

increased anatase crystalline phase exhibited better pho-

tocatalytic activity. Among the other samples, the TiO2/

SiO2 nanocomposites depicted reasonable photocatalytic

activity and appropriate dispersion stability due to the

higher surface area and the predominance of crystalline

anatase phase in silica–titania nanocomposite. In fact,

higher surface contact with the dyestuff, where the rho-

damine B molecules must be adsorbed by the nanoparti-

cles, leads to more molecules’ adsorption on the catalyst

surface: thus, higher photo-degradation of dyestuff is

resulted. The synthesized TiO2/SiO2 nanocomposites in

this study may offer an attractive prospect for applications

in self-cleaning coatings.
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