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A rapid method of synthesis is reported to obtain highly stable, transparent TiO2 aqueous nano sol. The sol has
been prepared using alkoxide precursor in the presence of different acids such as hydrochloric acid, acetic acid,
and citric acidwithout using any additional stabilizer. The influence of sol-gel synthesis parameters such as inhi-
bition ratio, hydrolysis ratio and sequence of addition of different reactants on the stability of resultant sol was
investigated. Using this method, TiO2 nano sols with a low inhibition ratio (b0.57) and a high hydrolysis ratio
(N5000) could be realizedwith storage stability of N2 years. The characterization of the sols confirmed the forma-
tion of sufficiently anatase phase, pebble like titania nanoparticles with an average diameter of ~4 nm as con-
firmed by Transmission electron microscope (TEM) and Small angle x-ray scattering (SAXS). Also, the titania
nano sol finished cotton fabric exhibited self-cleaning activity of ~80% initially and ~60% after 25 washes against
photostable Solophenyl green dye under UV irradiation.

© 2020 Published by Elsevier B.V.
1. Introduction

Titania or titanium dioxide is a well-known photo-semiconductor
having different crystalline phases viz., anatase, rutile, and brookite.
Among all, anatase phase shows higher photocatalytic activity because
of itswide energy band gap (3.23 eV). Titania is successfully used in var-
ious applications such as water, and air purification [1–4], sterilization/
disinfection [5], organic compound degradation [6], and self-cleaning
materials [7] due to its ability to catalyze reactions in the presence of
UV light.

Titania nanoparticles because of high specific surface area exhibit
high affinity towards various substrates like glass, plastic and textiles
and they do not impart undesirable color to the substrates. These parti-
cles are preferably applied to different substrates in the form of nano sol
followed by heat treatment.

Properties of titania nano sols, which are usually prepared by sol-gel
process, are controlled by two important factors, namely hydrolysis
ratio (rw) and inhibition ratio (Ir). The hydrolysis ratio is molar ratio of
water to metal precursor, while an inhibition ratio is molar ratio of
acid to metal precursor in a reaction system. The stability and transpar-
ency of nano sized titania sol are dependent upon the method and con-
ditions of synthesis. There are principally three main techniques
reported in the literature. Synthesis of titania nano sols using solvents
such as ethanol is relatively easy and results in stable and transparent
assal), ashwini@smita-iitd.com
nano sols [8–13]. However, the use of a solvent in large quantities is
commercially non-viable and environmentally undesirable. It has been
reported that the concentration of solvent could only be reduced by
using high concentrations of acid, i.e. high inhibition ratios. Using this
approach, the second method involves the use of a highly acidic aque-
ous medium, where, titania precursor is added drop-wise to the acidi-
fied water (or water-alcohol mixture) with vigorous stirring [14–17].
The hydrolysis ratios in the range of 85 to 290 could be obtained only
at high inhibition ratios of 6.40 to 22. Moreover, various stablizers
such as acetic acid, acetyl acetone, citric acid, PEG, etc. are also required
in significant amounts to improve the stability of such sols [8,18–23].

The other method of synthesis involves acidic peptization of white
precipitate of titania hydroxide in an aqueous medium. In this method,
usually high temperatures are used along with high inhibition ratios.
The process also takes a long time to complete and results in translucent
nano sols with low stability.Hydrolysis ratios of upto 200 have been re-
ported by this method [18,24–28].

In addition, the use of high acid content (i.e. high inhibition ratios) in
the sols leads to limitation of these sols in their application to substrates
which are acid sensitive, such as polymeric and textile materials. There-
fore, the present study aims at developing a rapid process to make
highly stable and transparent aqueous titania nano sol with low inhibi-
tion ratios using mineral and organic acids. The titania nano sols have
been characterized for particle shape, size, and distribution by Small
Angle X-ray Scattering technique, HRTEM, and DLS. When applied on
a textile substrate such as cotton, it imparts durable self-cleaning capa-
bilities to the fabric while retaining their original physical and comfort
properties.
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2. Materials and methods

2.1. Materials

Titanium tetra isopropoxide (TTIP, ≥ 98%) was purchased from
Merck (Darmstadt, Germany). Solvents such as isopropanol and hydro-
chloric acid (HCl, 35%), glacial acetic acid (99–100%), sodium carbonate
(Na2CO3), and citric acid monohydrate were purchased from Merck,
Mumbai, India. Solophenyl green BLE, a direct dye, was purchased
from Huntsman International India Pvt. Ltd. (Mumbai, India). De-
ionized water was used for the hydrolysis. 100% pure, plain weave,
ready to dye cotton fabric with an areal density of 114 g/m2 supplied
from Surya Processors Private Limited (Ghaziabad, India) was used
throughout the study.
2.2. Synthesis of titania aqueous nano sols using different acids

2.2.1. Using hydrochloric acid
A series of titania nano sols were synthesized with different molar

concentrations of titania, inhibition ratios, and hydrolysis ratios
(Table 1). In a typical recipe, as shown in Table 1 (s. no. 5), 0.02 mol of
titanium isopropoxide (TTIP) was stirred with 0.0785 mol of
isopropanol for 30 min at 400 rpm at the room temperature. To this
0.0114 mol of conc. HCl acid was added and stirred for 5 min. Subse-
quently, 0.555 mol of distilled water was added in one go to the above
clear solution with continuous stirring. After 5 min of stirring, the
above sol was diluted by adding 5.17 mol of distilled water to obtain ti-
tania aqueous sol with a hydrolysis ratio of 269.50 and an inhibition
ratio of 0.570. This sol was coded as T sol—H having 0.18 M conc of
titania.
2.2.2. Using glacial acetic acid
Titanium tetra-isopropoxide (TTIP), 0.02 mol was stirred with

0.0785 mol of isopropanol for 30 min at 400 rpm at room temperature.
Then, 0.122 mol of acetic acid was added to this solution and stirred for
5 min. To this clear solution, 0.833 mol of distilled water was added in
one go with continuous stirring. After 5 min of stirring, the remaining
50.278 mol of distilled water was added to this mixture with stirring
to obtain titania aqueous sol with a hydrolysis ratio of 2561 and an inhi-
bition ratio of 6.09. This sol was coded as T sol—A.
2.2.3. Using citric acid monohydrate
Titanium tetra-isopropoxide (0.02mol)was stirredwith 0.0785mol

of isopropanol for 30 min at 400 rpm at room temp and then it was
mixed with an aqueous solution of citric acid (0.0554 mol of citric
monohydrate in 5 mol of water) in one go with stirring. After 5 min of
stirring, the remaining 46.11 mol of water was mixed to obtain titania
aqueous sol with a hydrolysis ratio of 2561 and an inhibition ratio of
2.77. This sol was coded as T sol\\C.
Table 1
Chemical composition of titania nano sols prepared by using conc. HCl.

S. No. TTIP (mol) Isopropanol (mol) HCl acid (mol) DI Water (m

I step

1 0.0012 0 0.684 × 10−3 0.555
2 0.02 0.0785 0.0114 0.833
3 0.01 0 0.0057 0.555
4 0.02 0 0.0114 0.555
*5 0.02 0.0785 0.0114 0.555
6 0.022 0 0.0114 0.555
7 0.0275 0 0.0114 0.555
8 0.0330 0 0.0114 0.555
9 0.0386 0 0.0114 0.555
2.3. Treatment of textile substrate with nano sol

The scouring process for the cotton fabric was carried out by wash-
ing the fabric with a solution of 1 g/L Na2CO3 and 3 g/L Lissapol-N
(non-ionic detergent) for 60 min at 75 °C. The fabric was then rinsed
thrice with warm and cold water and dried.

The scoured cotton fabric was dried at 110 °C for 10 min before its
application. The scoured fabric was treated with 0.18 M HCl based tita-
nia nano sol by dip-padmethod with 80% expression with an add-on of
around 1.01% (on theweight of the fabric). The treated fabric was dried
in a pre-heated air oven at 75 °C for 1 min. The treated fabric was then
neutralizedwith 1MNaOHaqueous solution, followed bywashingwith
warm water at 50 °C for 45 min and drying.

2.3.1. Durability test
The durability of titania nano sol on the cotton fabric was evaluated

by AATCC TestMethod 61–2003 Test No. IIAmethod,where one cycle is
equivalent to five home laundry wash cycles. The washing was carried
out with 0.37% non-ionic detergent (Lissapol-N) with 50 steel balls at
temp 49 °C for 45 min in Atlas Launder-O-meter (Atlas Electric devices
Co., Chicago, USA). The samples were then rinsed with water and dried.

2.4. Characterization

The average size of the titania nano sols and their zeta potentialwere
acquired using Malvern Zetasizer Nano ZS (Worcestershire, UK). In
order to determine the crystalline phase of the samples, the titania
sols were neutralized using 0.5 N NaOH solution. A white precipitate
formed was isolated and dried at 110 °C. The powders were analyzed
using PAN Analytical X Pert X-ray diffractometer (Almelo, The
Netherlands) using Cu Kα radiation (λ = 1.5406 Å). The surface mor-
phologies of untreated and nano sol treated cotton fabrics were investi-
gated using FE-Environmental Scanning ElectronMicroscope, model FEI
Quanta 200F (Eindhoven, The Netherlands). The transparency behavior
of titania nano sols was studied on a UV spectrophotometer (UV-2450,
Shimadzu Scientific Instruments, Japan).

The structural analysis of above synthesized titania nano solwas car-
ried out by SAXSpace, AntonPaar (Graz, Austria) havingCuKα radiation
(λ = 0.1542 nm) source at 50 kV using Dectris 2D EIGER R 1 M hybrid
photon counting (HPC) detector. The samples were measured in line
collimation mode with a q range of 0.1–10.5 nm−1 using the TCStage
150 with quartz capillary for an acquisition period of 30 min exposure
in a single frame at 25 °C. A similar acquisition period and conditions
were followed for beam profile and the background (deionized
water). SAXS data were analyzed using Anton Paar's SAXS Analysis
and SAXSQUANT, PCG module GIFT and DECON software. High resolu-
tion transmission electron microscopy (HR-TEM) 200 kV with field
emission model Tecnai G2 F20 S-TWIN, FEI (Eindhoven, The
Netherlands) was used to investigate the morphology of nanoparticles.
Image J software was used to determine the size of nano sol as an aver-
age of 100 readings.
ol) Inhibition ratio Hydrolysis ratio Titania sol (molar conc)

II step

5.53 0.570 5029 0.011
50.28 0.570 2556 0.02
5.38 0.570 593 0.09
5.17 0.570 286 0.18
5.17 0.570 270 0.18
5.17 0.518 259 0.20
5.05 0.414 204 0.25
4.96 0.345 167 0.30
5.17 0.296 141 0.35
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2.4.1. Assessment of photocatalytic activity
A photostable dye, Solophenyl green, was used to assess the photo-

catalytic activity of titania nano sol. A stock solution of 0.315 wt% of
Solophenyl green dye in water was used. To compare the photo degra-
dation efficiency of synthesized titania nano sol and P25 TiO2 nanopar-
ticles, P25 TiO2 dispersion inwaterwith an amount equivalent to that of
TiO2 nanoparticles in sol was used. The dye solution was added to the
nano sol and P25 TiO2 dispersion in water. The mixture was
ultrasonicated for 15 min and stirred for 45 min in dark to allow physi-
cal adsorption of dye on the particles/nano sol. Subsequently, the mix-
tures were irradiated to UV using two UV-A lights (Phillips TL 8 W/08
BLB F8 T5, 365 nm wavelength). The mixtures were removed after a
fixed duration, centrifuged and filtered to remove TiO2 particles. The re-
sultant liquid was analyzed using a UV–Vis spectrophotometer (UV-
2450, Shimadzu Scientific Instruments, Japan) and %decoloration was
calculated using the following formula Eq. (1).

D ¼ A0−At

A0
� 100 ð1Þ

where,
D = decoloration%
A0 = initial absorbance at the start of irradiation (t = 0)
At=final absorbance of at a particular time t at 609nm(wavelength

of maximum absorption of dye)
Several such mixtures were tested for different time intervals to

evaluate decoloration of dye with the time of irradiation.”
Also, the self-cleaning activity of titania finished fabric was evalu-

ated quantitatively in terms of photo-degradation of stains over the sur-
face of the finished fabric using themethodwhich is already reported in
our previous study [29]. In brief, the treated fabric (dimensions
15 × 5 cm2) was stained with 0.03 wt% Solophenyl green dye solution
in water, followed by air drying. The stained samples were exposed to
UV light in Atlas Xenotest Alpha machine (Atlas Material Testing Tech-
nology, Illinois, USA) followed ISO 105-B02 ‘Color Fastness to Artificial
Light: Xenon Arc Fading Lamp Test’ for 12 h. The stain degradation
was calculated in terms of % decrease in K/S values over the different po-
sitions of stained titania finished fabric sample. K/S value denotes the
ratio of absorption and scattering of light, within the substrate. K/S
value of the stained titania finished fabric samples were measured be-
fore and after the UV exposure using Color-Eye 7000A Spectrophotom-
eter (GretagMacbeth, USA). An average of three reading is reported. The
% decrease in K/S value was calculated using Eq. (2):

%decrease in K=S ¼
K=Sð Þunexposed− K=Sð Þexposed
K=Sð Þunexposed− K=Sð Þunstained

� 100

ð2Þ

where
(K/S) unexposed = K/S of the stained specimen before exposure
(K/S) exposed = K/S of the stained specimen after exposure to UV

light
(K/S)unstained = K/S of the original unstained fabric specimen

3. Results and discussion

3.1. Synthesis of titania nano sols

In order to understand the influence of different reaction parameters
on the stability and transparency of aqueous titania nano sol, several
studies were carried out, which are summarized below:

3.1.1. Sequence of addition of different reactants
It was found that the sequence of mixing of different reactants plays

an important role to achieve nano sized transparent sol with long last-
ing stability.
It was observed during the experiments that when the precursor is
added to highly acidic water or vice versa in one go, a solid or gel
mass is formed even after vigorous stirring. Therefore, it was important
to add the precursor into highly acidic water very slowly or drop wise,
as reported in the literature [30]. The highly acidic water suppresses
OH groups and tends to slow down the hydrolysis reaction of water
with the precursor. The slow addition allows the partly hydrolyzed pre-
cursor molecules to disperse during stirring and avoid condensation to
formprecipitates. However, this still leads to the formation of some con-
densed particles that give the translucent appearance to the nano sol
and lower stability with storage time. Interestingly, it was observed
that when the precursor is acidified using a small amount of acid, then
large quantities of water could be subsequently added with stirring
without the formation of condensates/aggregates. This allows the for-
mation of highly transparent and stable nano sols. This may be ex-
plained by the fact that the initial addition of acid, stabilizes the
precursor, and when water is added subsequently, it takes time for the
hydrolysis reaction to proceed. This delay in hydrolysis can be used for
dispersing the partly hydrolysed precursor molecules by stirring them
into the large amount of added water. It has also been found that a cer-
tain minimum concentration of water was required to be added for a
given quantity of precursor to achieve transparent nano sols. Also, this
water needs to be added in one go (i.e. rapidly) to allow proper disper-
sion to take place. It has also been found that any amount of water may
be added subsequently and titania nano sols with high hydrolysis ratios
can be easily obtainedwithout sacrificing the stability and translucency.
In this approach, pre-addition of even a small amount of acid is suffi-
cient to inhibit the gelation of a metallic alkoxide when they come in
contact with water and promote the formation of nano sol. Fig. 1
shows the schematic representation of the synthesis of the titania
nano sol by the methods reported in the literature (Fig. 1a) and in the
present study (Fig. 1b).

It was observed that the minimum amount of water, which is
needed for the nano sol formation is 47 as hydrolysis ratio for
0.02 mol of the precursor. As mentioned earlier, this amount is re-
quired to be added to the acidic precursor in one go as the first
step. This leads to the nucleation of nanosized particles without
any gel formation. Subsequently, in the second step, a larger amount
of water can be easily added to this clear solution to get nanosized
transparent sol with a high hydrolysis ratio while maintaining a
low inhibition ratio. This route doesn't require any addition of a sta-
bilizer to get a stable sol.

As shown in Table 2, a series of titania nano sols were prepared to
determine the minimum amount of water required for synthesizing a
stable and clear sol.
3.1.2. Hydrolysis ratio and inhibition ratio
As shown in Table 1, the present approach of sol synthesis allows

the use of a wide range of hydrolysis ratios even at a low inhibition
ratio. The titania sol with conc. HCl acid (T sol\\H) has the molar
ratio of acid: titania precursor is in the range of 0.296 to 0.570
along with a wide range of hydrolysis ratio in the range of 145 to
5029.

Also, this method is suitable for obtaining titania sols with high con-
centrations of titania i.e. in the range of 0.18 to 0.35Mwithout affecting
transparency and stability of the resultant sol.

Titania sols could also be prepared with organic acids such as
glacial acetic acid (T sol—A) and citric monohydride acid (T
sol\\C) by following this synthesis approach. Titania sol with gla-
cial acetic acid (T sol-A) was found to require an inhibition ratio
of 6.09 and with citric acid 2.77. Since these acids are mild in na-
ture, they are needed to be added in slightly higher proportions
compare to conc. hydrochloric acid. However, these inhibition ra-
tios are still considerably lower than those reported in the litera-
ture [20,30].



Fig. 1. Schematic representation of titania nano sol synthesis (a) as reported in the literature (b) reported in the manuscript.
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3.2. Characterization of titania aqueous nano sol

3.2.1. UV analysis of titania aqueous nano sols
Transparency of different sols was determined by UV–Vis analy-

ses. As shown in Fig. 2, the %T values of all the three sols lie in the
range of 90 to 100%, this data supports high transparency of all the
sols.

3.2.2. XRD analysis of titania aqueous nano sols
The precipitates obtained from the three types of titania sols after

neutralization with 0.5 N NaOH and drying at 110 °C were subjected
to XRD analysis. Fig. 3 shows the overlay of the three X-ray diffrac-
tion spectra of the samples. As shown in Figs. 3a & b for T sol-H and
T sol-A, (the characteristic peaks of anatase phase (i.e. 2θ at 25.73°,
38.39°, 48.16°, 55.00°, and 63.60°) of titania were obtained. These
were similar to those reported in the literature [25,26,31]. However,
in the case of T sol-C (Fig. 3c), only two peaks at 38° and 48° corre-
sponding to anatase phase were observed, while other XRD peaks
match with that of the salt obtained after precipitation shown in
Fig. ESI 3.

The results indicate that all three acids viz. HCl, acetic acid, and
citric acid were able to generate titania sols having sufficiently
Table 2
Chemical compositions of nano sols with different amounts of water.

S. No. TTIP (mol) Isopropanol (mol) HCl acid (mol)

1

0.02 0.0785 0.0114

2
3
4
5
6
7
8

anatase phase. It is usually considered that sol-gel process generates
essentially amorphous phase in nanoparticles. However, neutraliza-
tion of nano sol with NaOH followed by drying in this study appears
to have induced some amount of crystallinity in the separated titania
nanoparticles.

The XRD graphs of different salts obtained after precipitation with
NaOH are shown in Figs. ESI 1 to 3. Also, the structures of different
sols, which can be illustrated from the data are shown in Figs. ESI 4 (a
to c).

3.2.3. (a) Particle size analysis of different titania aqueous nano sols
The particle size analysis of titania sol “T sol\\H” is shown in

Fig. 4a, particle size was found in the range of 4–30 nm with a Z
average of 18.06 nm. As discussed earlier that during the sol
synthesis, hydrolysis of metallic precursor occurred in the pres-
ence of acid and further, the condensation of different hydroxyl
sites takes place and results in the formation of Ti-O-Ti bridges
to produce nanoparticles. These nanoparticles have the hydroxyl
sites at the ends, which may further condense to form a sol
network.

Similarly, T sol—A also showed particle in the range of 2–30 nmwith
Z average 17.49 nmas shown in Fig. 4b.While Fig. 4c shows particle size
DI Water (mol) Nature of sol Stability of sol

I step II step

5.73 0

Clear

Stable

4.16 1.57
2.78 2.95
1.38 4.35
0.94 4.79
0.67 5.06

Hazy0.39 5.34
0.28 5.45



Fig. 2. UV–Vis transmission of (a) T sol\\H, (b) T sol—A, and (c) T sol\\C.

Fig. 4. Particle size analysis of (a) T sol\\H, (b) T sol-A and (c) T sol\\C.
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in the range of 2-25nmwith a lower value of Z average at 13.86 nm for T
sol\\C.

Particle size data reveal that Ti sol-C is having smaller particle size as
compared to other sols. As discussed in supplementary information
Figs. ESI 4, 1, 3 positioned –COOH groups of citric acid monohydrate
react with free end sites –OH group of titania sol network and form
ester linkage up to large extent as compared to that of acetic acid. This
esterification leads to better dispersion of Ti particles and thus the size
of Ti particles becomes smaller in sol as compared to HCl or acetic acid.
3.2.3(b). (b) Zeta potential analysis of titania aqueous nano sols
In order to understand the dispersion stability of the nano

sols, zeta potential of the sols was measured. As depicted in
Fig. 5a, the value of zeta potential of T sol- H is +61.6 mV,
which lies in the stable range. On the other hand, as shown in
Fig. 5b, zeta potential of T sol—A is +36.5 mV. While T sol—C
has zeta potential value +36.4 mV as in Fig. 5c. T sol—H was
found to be most stable among the three sols with particle size
in the range of 4–30 nm and average zeta potential of 61.6 mV
along with the higher proportion of anatase phase, thus long
term stability and further analysis were carried out using T sol
—H only.
Fig. 3.XRD analysis of titania powder obtained from drying of white ppt (a) T sol\\H, (b) T
sol—A, and (c) T sol\\C.
3.2.4. Stability and transparency studies of HCl based titania nano sol
The T sol-H was found to be stable and transparent for more

than two years at ambient temperature. This long time stability
was confirmed by measuring the particle size and visual assess-
ment after 2 years (Fig. 6 and Fig. ESI 5). The particle size was
found to be in the range of 4–40 nm with Z average of 25 nm after
two years of storage, which again confirms the stability of the tita-
nia nano sol.

3.2.5. TEM analysis of titania aqueous nano sols (T sol\\H)
The size and shape of titania nano sol prepared using HCl were

analyzed using HR-TEM as shown in Fig. 7 together with the histo-
gram of unimodal size distribution. HR-TEM images revealed that
the nanoparticles were not perfectly spherical but rather pebble
like with an average diameter of about 4 nm. Apart from single par-
ticles, a few aggregates were also observed.

3.2.6. SAXS analysis of as synthesized titania nano sol (T sol\\H)
TEM and DLS are commonly used techniques to obtain informa-

tion about the particle size distribution, polydispersity, and mor-
phology of colloidal nanoparticles. However, characterization of
nanomaterials using these sophisticated techniques involves various
practical challenges that arise from aggregation of dispersants. Also,
DLS assumes all particles to be spherical and measures the hydrody-
namic radius with overestimated feature sizes while TEM gives in-
formation about 2D morphology only. Small Angle X-ray Scattering
(SAXS) on the other hand is performed on an ensemble of particles
that offers accurate results in terms of their particle size, shape,
size distribution and so on. In addition, one could get statistically av-
eraged results by SAXS. Thus the combination of SAXS with TEM and
DLS enables one to access the complete morphological and structural
characteristics of nanomaterials.

Fig. ESI 6 shows a typical 2D SAXS profile for HCl based TiO2 nano
sol and water as obtained by irradiation of the sample with the X-
ray. 2D data were azimuthally averaged in order to evaluate and
model 1-D intensity vs scattering vector data as shown in Fig. 8.
Water scattering curve showed a quickly decaying curve at lower
angles whereas an increase in intensity as well as steep decay of ti-
tania nano sol curve corresponds to the existence of well-defined
nanosized particles.

With the help of scattering profiles, the geometry of nanoparticles in
terms of their radius of gyration, Dmax (largest nanoparticle dimension),
and pair distance distribution function (PDDF) can be calculated [32].
The average nanoparticle radii can be encoded in the low-q region by



Fig. 5. Zeta potential analysis of (a) T sol\\H, (b) T sol—A, and (c) T sol\\C.

Fig. 6. Visual assessment of the stability of T sol—H after 2 years.
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the application of Guinier's law in terms of the radius of gyration (RG)
which is given by Eq. (3).

ln ΔI qð Þ½ � ¼ ln a0½ �−
R2
Gq

2

3 ð3Þ
Fig. 7. TEM micrographs of titania nano sol at differe
where, I(q), q, a0, and RG correspond to scattered X-ray intensity, scat-
tering vector, scattering intensity at q = 0 nm−1, radius of gyration,
respectively.

RG can be calculated from the slope in the linear fit of ln[Δ Iq] vs q2

and radius of the homogeneous sphere (Rh) using Eq. (4).

Rh ¼
ffiffiffiffiffiffiffiffiffi
5
3
RG

r
ð4Þ

where RG and Rh correspond to the radius of gyration and radius of ho-
mogenous sphere [32,33].

Fig. 9a shows a natural logarithmic plot of intensity vs square of scat-
tering vector plot of HCl based titania nano sol with ~1.5 nm and ~2 nm
as the calculated values of RG andRh, respectively,which is in agreement
with the TEM and DLS data as shown in Figs. 7 and 4a.

In addition, the shape of the nanoparticles can be easily inferred
from the Kratky plot (I(q) *q2 vs. q) as shown in Fig. 9b. This plot pro-
vides information of the structure based on the high q region with
q N 5/RG [34] of the form factor equation. Since the plot is a bell shaped
curve, it provides a strong indication that the TiO2 nanoparticles are
globular in nature which is in excellent agreement with the geometric
shape visualized by the TEM micrographs. Also, the non-existence of
plateau in the high q region strongly supports the absence of Gaussian
chain or asymmetric type particles in the nano sol, which signifies
more or less spherical type particles.
nt scales along with size distribution histogram.



Fig. 8. 1D scattering profile of T sol-H (a) before and, (b) after background subtraction.
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To gain a better understanding of the structure of the as-synthesized
TiO2 nanoparticles, the pair distance distribution function (PDDF, p(r))
was calculated using GIFT program from the PCG software package
[35]. This p(r) function can be determined by an Indirect Fourier Trans-
formation [36] of the form factor of the nanomaterial which is given by
Eq. (5).

P qð Þ ¼ 4π
Z ∞

0
p rð Þ sin qrð Þ

qr
dr ð5Þ

where P(q) corresponds to form factor of nanomaterial [37].
P(r) is the histogram of all the distance distribution of pairs of atoms

within a system of particles with the same electron density [38]. PDDF
curve so obtained can be used to determine the shape of the particles as-
suming that all the particles are of similar morphology. The maximum
size of the particle (Dmax) present in the system can be determined by
the last point of the P(r) curve which met the x-axis [39]. Fig. 10
shows the P(r) of titania nano sol obtained after the Indirect Fourier
Transformation. The characteristic bell shaped curve region followed
by an asymmetric tail confirmed the presence of slightly pebble like
Fig. 9. T sol-H's (a) Guinie
elongated spherical titania nanoparticles [40]. Besides the estimation
of the shape of nanoparticles, maxima of PDDF which is ~3–4 nm as
shown in Fig. 10 also represents the size of themajority of nanoparticles
with Dmax of ~17 nmas itsmaximumdimensionwhich is in good agree-
ment with the Z range value as determined by DLS. The size of titania
nanoparticles estimated by PDDF is consistent with the radius of gyra-
tion deduced from Guinier plot. Moreover, a perfect overlapped curve
could be observed between the experimental and the theoretical data
through an approximated fit curve which strongly supports the previ-
ous deduced results.
3.3. Surface morphology of HCl based nano-titania finished fabric

T sol—H was applied over the scored cotton fabric by padding
method. The attachment of T sol—H over cotton fabric was con-
firmed by SEM micrographs as shown in Fig. 11. As observed from
the SEM micrographs, titania particles were homogeneously coated
over the fabric substrate as compared to the untreated cotton fabric
as shown in Fig. 11a and b. Interestingly, only a slight reduction in
r plot (b) Kratky plot.



Fig. 10. Pair distance distribution function of T sol-H obtained after IFT analysis along with an approximated fit curve.
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titania nanoparticles (Fig. 11c) was found even after 25 washes in-
dicating good wash durability of titania nanoparticles on cotton
fabric.

3.4. Assessment of photocatalytic activity of HCl based titania nano sol

HCl based Titania nano sol both in solution form and treated fabric
were tested for its photocatalytic activity using a photostable direct
dye, Solophenyl Green BLE.

“Fig. 12 (a-d) show the images of solophenyl dye solution, T
sol\\H, nano sol and P25 TiO2 samples after different duration
under UV light. As can be observed from Fig. 12e, there was no
change in decoloration% of dye solution without titaniaunder the
UV light. However, decoloration% was observed to increase signif-
icantly with exposure time for dye solutions with titania nano sol
(Fig. 12c) and P25 nanoparticles dispersion (Fig. 12d). The
decoloration (%) in the case of nano sol was 61% at 120 min of UV
exposure, which increased significantly to 71% at 240 min and to
85% at 360 min of UV exposure. However, in the case of P25 titania
nanoparticles, complete decoloration of dye was observed within
360 min. It can be inferred that though the synthesized aqueous
based T sol—H has high photocatalytic activity, it is somewhat
less than that of P25 titania nanoparticles. However, unlike P25 ti-
tania nanoparticles, T sol—H has extremely high dispersion stabil-
ity of ≥2 years during storage and high wash durability of N25
washes on application to cellulosic substrates such as cotton fab-
rics. (Figs. ESI 7 and 8)”.

The treated and control samples were subjected to 5 to 25 washing
cycles followed by their effectiveness in photodegrading a dye stain ap-
plied on their surfaces. As expected the washing cycles had no effect on
photocatalytic activity of control (untreated) fabric samples and they
showed a low percent reduction in K/S value of 8% of the dye stain
when exposed to UV radiations. On the other hand, as prepared Tsol—
Fig. 11. SEM micrographs of (a) control cotton-untreated, (b) T sol—H treated cotton su
H treated fabrics showed a percent reduction of ~80% in K/S value
after 12 h of UV radiations. Interestingly, this value got reduced gradu-
ally to 60% as thewashing cycleswere increased from5 to 25. This infers
that the T sol—H treated samples were highly wash durable as they
could sustain significant photocatalytic behavior even after 25 washing
cycles. The images of the decolorized samples are shown in Fig. 13(a &
b).”

4. Conclusions

A transparent, highly stable water based titania nano sol was
successfully synthesized by a simple, eco-friendly route at very
low acid content. The long time stability was achieved by a thorough
study of different reaction parameters such as inhibition ratio and
hydrolysis ratio along with the sequence of different reactants and
mode of addition of water content in the reaction mixture. Overall,
pebble-like slightly polydisperse nanoparticles with an average di-
ameter of 3–4 nm were synthesized and characterized successfully
using DLS, TEM, and SAXS. Such a nano sol in solution form and
when applied over the sensitive polymeric and textile substrate
can be used as an efficient photo catalyst agent for various organic
contaminants.
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9B. Sharma et al. / Journal of Molecular Liquids 305 (2020) 112842



10 B. Sharma et al. / Journal of Molecular Liquids 305 (2020) 112842
Bengaluru. The authorswould also like to acknowledgeMs. Navjot Saini
(Anton Paar India Pvt. Ltd., Gurgaon) for helping in SAXS measurement
of nano sol.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2020.112842.
References

[1] T. Oppenlnder, Photochemical Purification of Water and Air, 2002https://doi.org/10.
1002/9783527610884.

[2] L. Finegold, J.L. Cude, Biological sciences: one and two-dimensional structure of
alpha-helix and beta-sheet forms of poly(L-Alanine) shown by specific heat mea-
surements at low temperatures (1.5-20 K), Nature 238 (1972) 38–40, https://doi.
org/10.1038/238038a0.

[3] O. Carp, C.L. Huisman, A. Reller, Photoinduced reactivity of titanium dioxide, Prog.
Solid State Chem. 32 (2004) 33–177, https://doi.org/10.1016/j.progsolidstchem.
2004.08.001.

[4] V. Binas, D. Venieri, D. Kotzias, G. Kiriakidis, Modified TiO2 based photocatalysts for
improved air and health quality, J. Mater. 3 (2017) 3–16, https://doi.org/10.1016/j.
jmat.2016.11.002.

[5] A.G. Rincón, C. Pulgarin, Photocatalytical inactivation of E. coli: effect of (continuous-
intermittent) light intensity and of (suspended-fixed) TiO 2 concentration, Appl.
Catal. B Environ. (2003) https://doi.org/10.1016/S0926-3373(03)00076-6.

[6] A.T. Toor, A. Verma, C.K. Jotshi, P.K. Bajpai, V. Singh, Photocatalytic degradation of di-
rect yellow 12 dye using UV/TiO2 in a shallow pond slurry reactor, Dyes Pigments
68 (2006) 53–60, https://doi.org/10.1016/j.dyepig.2004.12.009.

[7] C. Euvananont, C. Junin, K. Inpor, P. Limthongkul, C. Thanachayanont, TiO2 optical
coating layers for self-cleaning applications, Ceram. Int. 34 (2008) 1067–1071,
https://doi.org/10.1016/j.ceramint.2007.09.043.

[8] Z. Yang, H. Peng, W. Wang, T. Liu, Crystallization behavior of poly(ε-caprolactone)/
layered double hydroxide nanocomposites, J. Appl. Polym. Sci. 116 (2010)
2658–2667, https://doi.org/10.1002/app.

[9] W.A. Daoud, J.H. Xin, Low temperature sol-gel processed photocatalytic titania coat-
ing, J. Sol-Gel Sci. Technol. 29 (2004) 25–29, https://doi.org/10.1023/B:JSST.
0000016134.19752.b4.

[10] W.A. Daoud, J.H. Xin, Y.H. Zhang, K. Qi, Surface characterization of thin titania films
prepared at low temperatures, J. Non-Cryst. Solids (2005) https://doi.org/10.1016/j.
jnoncrysol.2005.03.036.

[11] A.I. Kontos, A.G. Kontos, D.S. Tsoukleris, G.D. Vlachos, P. Falaras, Superhydrophilicity
and photocatalytic property of nanocrystalline titania sol-gel films, Thin Solid Films
515 (2007) 7370–7375, https://doi.org/10.1016/j.tsf.2007.02.082.

[12] M.G. Salvaggio, R. Passalacqua, S. Abate, S. Perathoner, G. Centi, Transparent nano-
structured titania coatings with selfcleaning and antireflective properties for photo-
voltaic glass surfaces, Chem. Eng. Trans. 43 (2015) 745–750, https://doi.org/10.
3303/CET1543125.

[13] N. Abidi, L. Cabrales, E. Hequet, Functionalization of a cotton fabric surface with tita-
nia nanosols: applications for self-cleaning and UV-protection properties, ACS Appl.
Mater. Interfaces 1 (2009) 2141–2146, https://doi.org/10.1021/am900315t.

[14] L. Bergamonti, I. Alfieri, A. Lorenzi, A. Montenero, G. Predieri, R. Di Maggio, F. Girardi,
L. Lazzarini, P.P. Lottici, Characterization and photocatalytic activity of TiO2 by sol–
gel in acid and basic environments, J. Sol-Gel Sci. Technol. 73 (2014) 91–102,
https://doi.org/10.1007/s10971-014-3498-y.

[15] I. Mironyuk, T. Tatarchuk, H. Vasylyeva, V.M. Gun’ko, I. Mykytyn, Effects of
chemosorbed arsenate groups on the mesoporous titania morphology and en-
hanced adsorption properties towards Sr(II) cations, J. Mol. Liq. 282 (2019)
587–597, https://doi.org/10.1016/j.molliq.2019.03.026.

[16] W.S. Tung, W.A. Daoud, S.K. Leung, Understanding photocatalytic behavior on bio-
materials: insights from TiO2 concentration, J. Colloid Interface Sci. 339 (2009)
424–433, https://doi.org/10.1016/j.jcis.2009.07.043.

[17] P. Wang, Y. Dong, B. Li, Z. Li, L. Bian, A sustainable and cost effective surface
functionalization of cotton fabric using TiO 2 hydrosol produced in a pilot scale:
condition optimization, sunlight-driven photocatalytic activity and practical appli-
cations, Ind. Crop. Prod., 123 (2018) 197–20.

[18] C. Su, B.Y. Hong, C.M. Tseng, Sol-gel preparation and photocatalysis of titanium
dioxide, Catal. Today 96 (2004) 119–126, https://doi.org/10.1016/j.cattod.
2004.06.132.

[19] W.S. Tung,W.A. Daoud, Photocatalytic self-cleaning keratins: a feasibility study, Acta
Biomater. (2009) https://doi.org/10.1016/j.actbio.2008.08.009.

[20] W.A. Daoud, J.H. Xin, Synthesis of single-phase anatase nanocrystallites at near room
temperatures, Chem. Commun. (2005) 2110–2112, https://doi.org/10.1039/
b418821g.

[21] F. sadat Razavi, M. Shabani-Nooshabadi, M. Behpour, Sol-gel synthesis, characteriza-
tion and electrochemical corrosion behavior of S-N-C-doped TiO2 nano coating on
copper, J. Mol. Liq. 266 (2018) 99–105, https://doi.org/10.1016/j.molliq.2018.06.
056.

[22] L. Wang, Y. Shen, L. Xu, Z. Cai, H. Zhang, Thermal crystallization of low-temperature
prepared anatase nano-TiO2 and multifunctional finishing of cotton fabrics, J. Text.
Inst. 107 (2016) 651–662, https://doi.org/10.1080/00405000.2015.1054227.

[23] K. Sirirerkratana, P. Kemacheevakul, S. Chuangchote, Color removal from wastewa-
ter by photocatalytic process using titanium dioxide-coated glass, ceramic tile, and
stainless steel sheets, J. Clean. Prod. 215 (2019) 123–130, https://doi.org/10.1016/
j.jclepro.2019.01.037.

[24] W.W. So, K.J. Kim, J.K. Lee, S.J. Moon, Manufacture of dye sensitized solar cell using
titania sol prepared at room temperature by the sol-gel method, Japanese J. Appl.
Physics, Part 1 Regul. Pap. Short Notes Rev. Pap. 43 (2004) 1231–1235, https://doi.
org/10.1143/JJAP.43.1231.

[25] S. Yamazaki, N. Nakamura, Photocatalytic reactivity of transparent titania sols pre-
pared by peptization of titanium tetraisopropoxide, J. Photochem. Photobiol. A
Chem. (2008) https://doi.org/10.1016/j.jphotochem.2007.06.008.

[26] G. Fu, E. City, R. Mcintyre, (19) United States (12), 1, 2009.
[27] M. Sakamoto, H. Okuda, S. Koike, Y. Yamasaki, United States 5049309, 1991.
[28] M. Zhang, L. Shi, S. Yuan, Y. Zhao, J. Fang, Synthesis and photocatalytic properties of

highly stable and neutral TiO2/SiO2 hydrosol, J. Colloid Interface Sci. 330 (2009)
113–118, https://doi.org/10.1016/j.jcis.2008.10.038.

[29] N. Goyal, D. Rastogi, M. Jassal, A.K. Agrawal, Dispersion stabilization of titania nano-
particles for textile: aggregation behavior and self-cleaning activity, J. Dispers. Sci.
Technol. 34 (2013) 611–622, https://doi.org/10.1080/01932691.2012.685842.

[30] Kaihong Qi, Xianqiong Chen, Yuyang Liu, John H. Xin, C.L. Mak, Walid A. Daoud, Fac-
ile preparation of anatase/SiO2 spherical nanocomposites and their application in
self-cleaning textiles, J. Mater. Chem. 17 (2007) 3504–3508.

[31] S. Sahni, S.B. Reddy, B.S. Murty, Influence of process parameters on the synthesis of
nano-titania by sol-gel route, Mater. Sci. Eng. A (2007) https://doi.org/10.1016/j.
msea.2006.11.005.

[32] A. Guinier, C.B. Walker, N. York, J. Wiley, Small-Angle Scattering of X-Rays, GERARD
FOURNET Translation by 1955.

[33] A.J. J, S. R, M.V. S, Low temperature titania nano particles for high performance solar
photo degradation, Optik (Stuttg) 179 (2019) 901–908, https://doi.org/10.1016/j.
ijleo.2018.09.164.

[34] S. Gagliardi, V. Arrighi, R. Ferguson, A.C. Dagger, J.A. Semlyen, J.S. Higgins, On the dif-
ference in scattering behavior of cyclic and linear polymers in bulk, J. Chem. Phys.
122 (2005) https://doi.org/10.1063/1.1849162.

[35] G. Fritz-Popovski, A. Bergmann, O. Glatter, Real space functions from experimental
small angle scattering data, Phys. Chem. Chem. Phys. 13 (2011) 5872–5880,
https://doi.org/10.1039/c0cp01332c.

[36] A. Bergmann, G. Fritz, O. Glatter, Solving the generalized indirect Fourier transfor-
mation (GIFT) by Boltzmann simplex simulated annealing (BSSA), J. Appl.
Crystallogr. 33 (2000) 1212–1216, https://doi.org/10.1107/S0021889800008372.

[37] O. Glatter, The interpretation of real-space information from small-angle scattering
experiments, J. Appl. Crystallogr. 12 (1979) 166–175, https://doi.org/10.1107/
s0021889879012139.

[38] O. Glatter, A new method for the evaluation of small-angle scattering data, J. Appl.
Crystallogr. 10 (1977) 415–421, https://doi.org/10.1107/s0021889877013879.

[39] D.I. Svergun, M.H.J. Koch, Small-angle scattering studies of biological macromole-
cules in solution, Reports Prog. Phys. 66 (2003) 1735–1782, https://doi.org/10.
1088/0034-4885/66/10/R05.

[40] M. Sedlak, P. Falus, M. Steinhart, J. Gummel, P. Stepanek, S.K. Filippov, Temperature-
induced formation of polymeric nanoparticles: in situ SAXS and QENS experiments,
Macromol. Chem. Phys. 214 (2013) 2841–2847, https://doi.org/10.1002/macp.
201300415.

https://doi.org/10.1016/j.molliq.2020.112842
https://doi.org/10.1016/j.molliq.2020.112842
https://doi.org/10.1002/9783527610884
https://doi.org/10.1002/9783527610884
https://doi.org/10.1038/238038a0
https://doi.org/10.1038/238038a0
https://doi.org/10.1016/j.progsolidstchem.2004.08.001
https://doi.org/10.1016/j.progsolidstchem.2004.08.001
https://doi.org/10.1016/j.jmat.2016.11.002
https://doi.org/10.1016/j.jmat.2016.11.002
https://doi.org/10.1016/S0926-3373(03)00076-6
https://doi.org/10.1016/j.dyepig.2004.12.009
https://doi.org/10.1016/j.ceramint.2007.09.043
https://doi.org/10.1002/app
https://doi.org/10.1023/B:JSST.0000016134.19752.b4
https://doi.org/10.1023/B:JSST.0000016134.19752.b4
https://doi.org/10.1016/j.jnoncrysol.2005.03.036
https://doi.org/10.1016/j.jnoncrysol.2005.03.036
https://doi.org/10.1016/j.tsf.2007.02.082
https://doi.org/10.3303/CET1543125
https://doi.org/10.3303/CET1543125
https://doi.org/10.1021/am900315t
https://doi.org/10.1007/s10971-014-3498-y
https://doi.org/10.1016/j.molliq.2019.03.026
https://doi.org/10.1016/j.jcis.2009.07.043
https://doi.org/10.1016/j.cattod.2004.06.132
https://doi.org/10.1016/j.cattod.2004.06.132
https://doi.org/10.1016/j.actbio.2008.08.009
https://doi.org/10.1039/b418821g
https://doi.org/10.1039/b418821g
https://doi.org/10.1016/j.molliq.2018.06.056
https://doi.org/10.1016/j.molliq.2018.06.056
https://doi.org/10.1080/00405000.2015.1054227
https://doi.org/10.1016/j.jclepro.2019.01.037
https://doi.org/10.1016/j.jclepro.2019.01.037
https://doi.org/10.1143/JJAP.43.1231
https://doi.org/10.1143/JJAP.43.1231
https://doi.org/10.1016/j.jphotochem.2007.06.008
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0125
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0130
https://doi.org/10.1016/j.jcis.2008.10.038
https://doi.org/10.1080/01932691.2012.685842
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0145
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0145
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0145
https://doi.org/10.1016/j.msea.2006.11.005
https://doi.org/10.1016/j.msea.2006.11.005
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0155
http://refhub.elsevier.com/S0167-7322(20)30265-8/rf0155
https://doi.org/10.1016/j.ijleo.2018.09.164
https://doi.org/10.1016/j.ijleo.2018.09.164
https://doi.org/10.1063/1.1849162
https://doi.org/10.1039/c0cp01332c
https://doi.org/10.1107/S0021889800008372
https://doi.org/10.1107/s0021889879012139
https://doi.org/10.1107/s0021889879012139
https://doi.org/10.1107/s0021889877013879
https://doi.org/10.1088/0034-4885/66/10/R05
https://doi.org/10.1088/0034-4885/66/10/R05
https://doi.org/10.1002/macp.201300415
https://doi.org/10.1002/macp.201300415

	Stabilizer-�free low-�acid rapid synthesis of highly stable transparent aqueous titania nano sol and its photocatalytic activity
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Synthesis of titania aqueous nano sols using different acids
	2.2.1. Using hydrochloric acid
	2.2.2. Using glacial acetic acid
	2.2.3. Using citric acid monohydrate

	2.3. Treatment of textile substrate with nano sol
	2.3.1. Durability test

	2.4. Characterization
	2.4.1. Assessment of photocatalytic activity


	3. Results and discussion
	3.1. Synthesis of titania nano sols
	3.1.1. Sequence of addition of different reactants
	3.1.2. Hydrolysis ratio and inhibition ratio

	3.2. Characterization of titania aqueous nano sol
	3.2.1. UV analysis of titania aqueous nano sols
	3.2.2. XRD analysis of titania aqueous nano sols
	3.2.3. (a) Particle size analysis of different titania aqueous nano sols
	3.2.3(b). (b) Zeta potential analysis of titania aqueous nano sols
	3.2.4. Stability and transparency studies of HCl based titania nano sol
	3.2.5. TEM analysis of titania aqueous nano sols (T solH)
	3.2.6. SAXS analysis of as synthesized titania nano sol (T solH)

	3.3. Surface morphology of HCl based nano-titania finished fabric
	3.4. Assessment of photocatalytic activity of HCl based titania nano sol

	4. Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




