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A B S T R A C T

A study on the thermal effects on TiO2 rutile and anatase nano-powders was undertaken and displayed some
unusual photoactivity and crystal structure properties. Rutile nano-particles with different crystallite sizes were
characterised and the possible effect on activity were investigated. One of the rutile samples appeared to have
trace amounts of anatase and was annealed at high temperatures at 1172K and 1272K to highlight the thermo-
dynamic stability phenomenon of titania. Parallel to this study, anatase nano-particles were investigated before
and after being annealed up to 1022K. For all the samples used in this work, characterisation was undertaken
using micro-Raman microscopy/XRD and Scanning Electron Microscopy (SEM) while photoactivity assessment
was made by measuring and monitoring the photodegradation of a mixture of dye methyl-orange (MeO) and
nano-powders under UV-light for 3h30min in suspension. The study revealed that rutile nano-powder samples
were thermodynamically stable even at very high temperatures and poorly active but with an unusual photoac-
tive feature. Concerning the anatase samples; SEM investigation revealed a questioning size growth as the sam-
ples showed a different particle size depending on the temperature of thermal treatment. It revealed that anneal-
ing at 672K seemed to be a key temperature as the particles change from a polyhedral structure to a two-dimen-
sional structure showing a platelet like shape. The photocatalytic studies of the anatase nano-particles showed
a very high activity especially before annealing. This highlighted the fact that the anatase phase can subsist at
high temperatures such as 1022K and exhibit a persistence in photoactivity even though it has decreased signif-
icantly after 672K. SEM analysis was in accordance with the photoactivity investigation. Nevertheless, the most
interesting feature of the results emanates from the reaction order study and rate constant analysis taken from
the kinetic shape of the graph of the degradation of MeO as a function of the irradiation time for the different
particle sized rutile nanoparticles. Here a zero-order reaction was determined and as a consequence raised ques-
tions about the theory of the mechanism of the activities of titania in terms of surface chemistry, surface area
dependence and photoactivity. For example, for the nano-rutiles the sample with a 25nm crystallite size was the
most active and the sample with the smallest crystallite size (15nm) was the least active and yet was found to
contain trace levels of nano-anatase. This effect was also substantiated by UV absorption and weathering stud-
ies on doped isocyanate-acrylic paint films. UV analysis clearly shows that the absorptivity of the nanoparticles
plays a role and correlates with the photoactivity. The 15nm particles have decreased absorptivity in the near
UV and hence decreased activity.
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Fig. 1. Calculated particle size from the measured surface area and crystallite size as determined by XRD against calcination temperature.

Fig. 2. Raman spectra of the rutile nanoparticles with 15nm, 25nm and 35nm crystallites size.
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Fig. 3. Raman spectra of the rutile nanoparticle sample with a 15nm crystallites size annealed at 1172K and 1272K.

1. Introduction

Titanium dioxide is a semiconductor oxide with attractive photoac-
tivity properties under UV irradiation [1–3]. The two most studied
forms of titania, rutile and anatase, are both photoactive [4–6]. The
gap of anatase is equal to 3.23eV whereas the gap of rutile is equal to
3.02eV [7]. Anatase is known to be the most photoactive TiO2 poly-
morphic material both however, having widespread use as pigments and
fillers in polymer materials and coatings. Nevertheless, mixtures of both
phases showed particular efficacy, for instance the standard nano-pow-
der P25, from Degussa, is a mixture of 80% anatase and 20% rutile
[7,8]. This formulation limits the recombination of charges due to the
lower gap of rutile however, their photocatalytic activity depends on the
compounds to be degraded; the affinity of anatase in term of adsorption
of organic compounds and polymers with the particle surface is one of
the most important causes of the degradation activity [9–11]. Many re-
ports have clarified that the photocatalytic activity of TiO2 strongly de-
pends on its physical properties, surface area, crystallinity and surface
acidity to name a few [12–14]. The correlation between the photocat-
alytic activity and the physical properties of TiO2 powders, such as crys-
tal structure, surface area, crystallite size and surface hydroxyl groups
for example, has been accepted [15–17]. It is believed that the crystal
structure is one of the most basic properties used to predict the photo-
catalytic activity; however, the main property that plays an important
role is also well-known to be the surface area and the surface chemistry
[18,19]. It has been well accepted that surface area contact is an essen-
tial factor for the effectiveness of the catalyst. It is therefore, considered
essential to have a nano-powder, in this case, which will have the small-
est crystallite size in order to enhance the surface area of contact and
therefore the photocatalytic activity [20–
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Fig. 4. Example of UV-VIS spectra of the degradation of MeO by the 15nm rutile sample.

23]. In this work we examine high temperature annealing effects on
nano-rutile and nano-anatase particles in terms of their photoactivity.
Some novel activity and crystal structure properties are observed and re-
ported showing the anatase polymorph to exhibit high thermodynamic
stability. For some nano-rutile particles photoactivity and crystal size
has an unusual limitation below 25nm where photoactivity decreases.
This effect is confirmed from both methyl orange dye fading kinet-
ics and solid-state analysis and weathering on doped isocyanate-acrylic
paint films.

2. Experimental

2.1. Titania nano-particle preparation

In this work mixed phases of rutile/anatase, pure rutile and anatase
have been synthesised. The materials, in nano-particle form were pre-
pared by the common sulphate process route at room temperature. The
starting material for the preparation of nanoparticle TiO2 made here is
the “seed” used in the process of manufacturing rutile pigments. Seed
can be described as a hydrated titanium dioxide obtained from the ther-
mal hydrolysis of titanium oxysulphate. This TiO2 gel is then digested
using concentrated NaOH solution to produce sodium titanate. This is
then washed (to remove soluble sulphate and sodium ions) and reacted
with either TiCl4 or HCl. This results in a suspension of rutile nee-
dles in HCl. The suspension is then neutralised to flocculate the parti-
cles; NaOH or NH4OH can be used at this stage. The particles are then
filtered and washed to remove the chloride ions, oven dried and fi-
nally calcined to give the desired particle size and specific surface area,
which are controlled by calcination temperature and duration (pro-
prietary supplied by CristalGlobal, Grimsby, UK). Commercial samples
of rutile as supplied with different crystallites size (15nm, 25nm and
35nm) were characterised by Raman microscopy and were photocat

alytically investigated by observing the degradation of methyl orange
under UV radiation. One of those samples was annealed at high temper-
atures up to 1272K in order to consider the thermodynamic stability of
the titania rutile phase. A second batch of commercial titania nanoparti-
cles, consisting of an anatase crystalline structure phase, named PC 105
(CristalGlobal, Grimsby, UK) was annealed at temperatures up to 1022K
and analysed by Raman microscopy and Scanning Electron Microscopy
(SEM). Photocatalytic investigations were undertaken by means of the
photodegradation rate of methyl orange dye and an isocyanate-acrylic
based paint film.

2.2. Material characterisation and testing

The samples were characterised by SEM/XRD and micro-Raman
spectroscopy. Micro-Raman measurement was made using an Invia-Mi-
croscope from Renishaw. Spectra were taken from each sample in 5–6
places and the results were averaged by running several spectra. The
measurements were taken at room temperature with a 514nm Argon
lighter laser. SEM micrographs were taken at room temperature with a
Field Emission Gun (FEG) Zeiss Supra 40 VP system.

The specific surface area of the TiO2 samples were determined using
the B.E.T. (Brunauer Emmett Teller) method. The B.E.T. equation can
be written in the linear form as follows;
P/Ps =1 + C-1. P

a(1-P/Ps) amC amC Ps
Where C is a constant related to the free energy adsorption in the

monlayer, p is the pressure of the adsorbate vapour, the amount ad-
sorbed of which is a, Ps is the saturated vapour pressure of the adsor-
bate at the adsorption temperature and am the monolayer capacity of
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Fig. 5. Reduction of absorption at 472nm for solutions with the rutile samples with a crystallite size of 15nm, 25nm.

Fig. 6. Molar extinction coefficient plots for TiO2 of various crystallite sizes. Thin films of isocyanate acrylic containing TiO2 at 2% on weight of resin solids.
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Table 1
Weight loss of an Isocyanate Acrylic Coating Containing Titanium Dioxide of Various Crys-
tallite Sizes (Duplicate Error±2mg/100cm2).

Hours of Exposure Crystallite Size (nm)

15 25 35 45

200 7.1 4.8 7.2 3.5
400 12 10.1 10.0 6.4
600 19.9 19.0 15.2 12.3
800 29.0 30 22.6 17.5

the surface. In the B.S.I. BET method170 the adsorption of nitrogen is
measured at its boiling point at P/Ps values between 0.05 and 0.3. From
the slope and intercept of a plot of the left-hand side equation against P/
Ps, values of C and am can be evaluated. The value of am (in appropriate
units) is converted to the specific surface area (usually expressed in m2

g−1) by assuming the molecular area of nitrogen to be 0.1623nm2.
The equipment used was a Coulter SA3100. Samples were de-gassed

prior to surface area measurement to remove surface adsorbed water
which would otherwise interfere with the adsorption of nitrogen during
the measurement.

X-ray diffraction is a powerful technique for studying crystal struc-
ture. The atomic nuclei in a crystal lattice act as diffraction gratings; the
planes of atoms have spacings of a few Angstrom units, which are com-
parable with the wavelength of x-rays. Scattering of the x-rays by the
crystal occurs in certain directions. The primary crystallite size of the
nano-sized materials was determined using a Philips PW 1830 diffrac-
tometer. Crystallite size was calculated Scherrers equation taking the
full width at half maximum (FWHM). The XRD pattern was also used to
confirm that the rutile phase had been prepared.

From the line broadening of corresponding X-ray diffraction peaks
and using the Scherrer formula the crystallite size was estimated as fol-
lows:

where λ is the wavelength of the X-ray radiation (CuKα=0.15406nm),
K is a constant taken as 0.89, β is the line width at half maximum height,
and θ is the diffracting angle.

The UV/Visible absorption properties of the materials were evalu-
ated using a Perkin Elmer Lambda 20 UV/Vis spectrometer. The light
transmitted through a sample compared to a reference is recorded as a
function of wavelength. Percentage transmission can then be converted
to absorbance (arbitrary units).

For weathering the coated panel samples and plates were exposed
in an ATLAS Ci65A accelerated weathering machine. UV irradiance was
0.4W @ 340nm and the black panel temperature was 63 °C (50% RH).
The test panels were sprayed with water for a period of 12min in every
120 to simulate the effect of rainfall. Weight loss of the coatings were
monitored over the exposure period to assess the coatings durability.

2.3. Reagents and photocatalysis mechanism

The measurements of photocatalytic activity were based on the
degradation of the methyl orange (MeO) reagent. Methyl orange (MeO)
analytical grade (99.9%) purity from Aesar Alfa was used as a simple
model of a series of common azo-dyes. This material is known as an
acid-base indicator, orange in basic medium and red in acidic medium.

1 British standard 4359, Part 1 (1969).

Its structure is characterised by sulphonic acid groups, known to be re-
sponsible for the high solubility of these dyes in water.

When it is dissolved in distilled water, the MeO UV-VIS spectrum
showed two absorption maxima. The first band is observed at 270nm
and the second, much more intense band is observed at 458nm.
Changes in these reference bands were used to monitor the photocat-
alytic degradation of MeO by the nanoparticles. Experiments were car-
ried out at room temperature in a static batch photo-reactor consisting
of a pyrex cylindrical flask open to air. The use of a magnetic stirrer
ensured oxygenation from atmospheric air and a satisfactory mixing of
the solution with the nanoparticles. The irradiation of the mixture was
performed by using artificial UV–visible halogen light source with an in-
tensity of 0.68 w/m2 (the instrument used was a “Rank Aldis Tutor 2”).

100cm3 of the reacting mixture was prepared by adding 0.3g of TiO2
particles into distilled water containing some amount (1cm3) of MeO
(0.06M). The mixture was stirred and irradiated for 3.5h; samples of
5ml were then withdrawn from the reactor every 30min and separated
from the TiO2 particles using a fine filtering syringe. No sol suspensions
were observed in the analysis solution. The MeO removal of the dye so-
lution was determined by measuring the absorbance value at 458nm,
using a UV–visible spectrophotometer calibrated in accordance with the
Beer-Lambert's law.

2.4. Preparation of paint films

The isocyanate water based acrylic paint (clear auto-finish) was
formulated and supplied by Bayer, Germany. An ambient curing two
pack polyurethane clear coating based on isocyanate and acrylic resins
was used. Once the paints were prepared, they were drawn-down onto
Melinex/cellophane substrates and allowed to dry. The thickness of
these films was measured using a gauge. The paints were also applied to
stainless steel panels for durability assessment by measuring weight loss
upon weathering.

For paint preparation firstly, a millbase containing 30.5% TiO2 by
weight was prepared, the following components were mixed and plan-
etary ball milled with 0.3–0.4mm zirconium silicate beads for 1h; 12g
TiO2, 14.5g Acrylic resin (Synocure 861X55 manufactured by Cray Val-
ley), 8.6g butyl acetate (supplied by Samuel Banner & Co Ltd.) and 4.3g
Bannerol G (supplied by Samuel Banner & Co Ltd.). Then 1.46g of the
resulting millbase were added to a let-down consisting of; 26.9g Syn-
ocure 861X55 acrylic resin, 5.0g butyl acetate, 10.0g Bannerol G and
0.1g Fluorad FC430 (manufactured by Fluorchem Ltd.). This mixture
was rolled overnight to ensure adequate mixing of the components. Just
prior to application of the thin films to the substrates, the second part
of the paint, the isocyanate was added, 7.8g of Desmodur N3390 (man-
ufactured by Bayer). The films were then formed using a spiral wire
wound applicator, otherwise known as a draw down bar, onto Melinex
(polyester) sheets. Stainless steel panels were also spun coated with the
paint for the weathering studies. After application, the solvent was al-
lowed to flash off for a 20min period, before stoving at 80 °C for 60min.
The dry film thickness on the stainless-steel panels was approximately
25 μm.

3. Results and discussion

3.1. Rutile nanopowders investigation-particle size

Samples of nano-TiO were prepared by the method described in
the experimental section. They were calcined at a range of tempera-
tures between 370 and 700 °C for 1h. The resulting TiO2 product was
ground and then the crystallite size of the primary particles measured
by XRD. The specific surface area, using the B.E.T. method was also de-
termined. Fig. 1 demonstrates the effect of calcination temperature on
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Fig. 7. Molar extinction coefficients for TiO2 of various crystallite sizes at various wavelengths. Thin films of isocyanate acrylic containing TiO2 at 2% on weight of resin solids.

Fig. 8. Raman spectrum of PC 105 anatase nanopowders PC105 as-prepared.
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Fig. 9. Raman spectrum of PC 105 anatase nanopowders PC105 at 1022K.

both of these measured properties. XRD gives the size of the primary
crystallites, which in turn agglomerate and increase the particle size as
measured, by surface area. From the B.E.T. surface area, the particle size
was calculated, the calculation used (Surface Area = (6/(Particle size x
density)) assumes that the particles are spherical and have a density of
4.2.

An increase in calcination temperature increases the particle size.
Both the size and shape of the TiO2 manufactured in this way were con-
firmed by TEM.

3.1.1. Raman study
Rutile nanoparticle samples with different crystallite size were inves-

tigated in the first instance. Nanoparticle samples of 15nm, 25nm and
35nm were characterised by Raman microscopy and photocatalytically
assessed at room temperature. In order to determine the thermodynamic
stability of the rutile TiO2 form, rutile powders of 15nm crystallite size
were annealed at 1172K and 1272K.

The Raman investigation presented by the spectra in Fig. 2 showed
the characteristic rutile Raman signature consisting of three peaks, a
shoulder at 273cm−1 which is a multi-photon process, the Eg peak at
447cm−1 and the A1g peak at 612cm−1. The rutile sample at 15nm
crystallite size showed some difference compare to the other samples.
Instead of observing an expected shoulder at 273cm−1, a series of
three peaks is visible and are located at 140cm−1, 195cm−1, and at
273cm−1. The peak at 140cm−1 can be attributed to rutile, and is a B1g
peak, the peak at 197cm−1 is characteristic of anatase and is usually
very weak, and the peak at 273cm−1 is a multi-photon process. As a

consequence, the rutile sample with a crystallite size of 15cm−1 was
annealed at temperatures up to 1272K, as shown Fig. 3. The anneal-
ing process confirmed the observed thermodynamic stability of rutile,
by transforming a mixed rutile-like structure to a pure rutile form with
a typical rutile Raman characteristic spectrum. From 1172K, a rutile
phase was identified and subsisted at higher annealing temperatures. A
change in the multi-photon absorption raman band at 273cm−1 which is
due to a simultaneous absorption of a single photon and emission may
supress the photoactivity seen in the 15nm particles due to enhanced
exciton trapping.

3.1.2. Photocatalytic assessment with methyl orange dye
For the purpose of investigating the effect of the size of the rutile

crystals on activity, a photocatalytic test was undertaken, and an exam-
ple of a typical UV-VIS spectrum change is shown Fig. 4. A graph rep-
resentative of the reduction of MeO concentration is exhibited in Fig.
5. The Titania rutile structure was established as being poorly active.
Many studies of course reveal that the titania anatase form is the most
active phase. However, since the Raman study revealed the presence of
a trace amount of anatase in one of the samples, the rutile sample with
a crystallite size of 15nm, this photocatalytic assessment was in fact es-
sential, since there were new data to consider such as the difference in
crystallite size and the trace amount of anatase phase. The results of
these experiments certified the poor activity of the titania rutile phase.
It is possible to observe, in Fig. 6, the poor activity of the nanoparticles
with a different crystallite size. Nevertheless, the order of activity level
was not in accordance with the expected theory; here the rutile powder

8
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Fig. 10. a-d. SEM micrographs of PC 105 samples at; a)572K, b)672K, c)872K and d)972K.

activity should follow the order 15nm>25nm >35nm. In this case,
the rutile nanoparticles with a crystallite size of 15nm contained a trace
amount of the anatase phase. By observing the shape of the graphs illus-
trating the MeO normalised concentration against the irradiation time
(Fig. 6); it is clearly visible that the level of activity of the sample does
not follow this expectation and shows that the rutile phase with a crys-
tallite size of 15nm containing a trace amount of anatase is the least
active. In this case, the most active sample was the rutile nano-powder
with a crystallite size of 25nm and the least active was the nanoparti-
cle with a crystallite size of 15nm with trace amount of anatase. These
observations raise important questions about the surface chemistry of ti-
tanium dioxide particles, the surface area contact, as the particles with
a 15nm crystallite size should have more surface area and as a conse-
quence be the most active. In this case this well accepted rule is not ap-
plicable; another possible theory could be the possible mobility of the
free radical electron in the solution as shown in Fig. 5; the reaction fol-
lows zero-order kinetics, implying that the concentration of TiO2 does
not play an important role in terms influencing of the activity and there-
fore, the surface area factor is arguable in this case.

3.1.3. Photocatalytic assessment in isocyanate-acrylic paint film
Measurement of weight loss is a standard analysis procedure in the

paint industry for assessing the durability of the coating during weath-
ering under sunlight or simulated sunlight exposure such as in this case
the Atlas weatherometer. The data in Table 1 shows that photoactiv-
ity of the nanoparticles in the paint film decreases from 25 to 45nm
while that of the 15nm particles is similar or less active than that of
the 25nm particles. The molar extinction coefficient plots of the dope
paint films correlate well illustrating the fact that both the 45nm and
15nm doped films exhibit lower absorptivities in the high energy UV
end of the spectrum (Fig. 6). The 25nm doped film has the slight edge
in a higher absorptivity in the high energy UV end at 300–315nm
hence its higher activity. This is illustrated by the bar plots shown in

Fig. 7 where both the 15nm and 45nm doped films exhibit much less
absorptivities at 315, 340 and 400nm. Thus, both the dye fading and
paint film weathering correlate well and substantiate each other.

If the particles of TiO2 are made smaller, they are no longer effi-
cient at scattering visible wavelengths and therefore the amount of light
scattered in the visible region decreases. For small particles, at approx-
imately one tenth the wavelength of the scattered light and smaller,
Rayleigh [24,25] scattering predominates. The scattering is strongly de-
pendent upon the wavelength of concern where the scattering is in-
versely proportional to the wavelength to the fourth power. This theory
predicts that to scatter UV radiation between 200 and 400nm, the op-
timum particle size is between 20 and 40nm. Smaller particles of TiO2
will therefore be most effective at scattering radiation with short wave-
lengths, such as those in the Ultra-Violet (UV) part of the spectrum.
Since nano-sized particles of TiO2 exhibit strong scattering of radiation
in the UV part of the spectrum and a minimal amount in the visible,
nano-TiO2 can be used to screen UV. Very small particles may also be
more prone to conglomeration hence reducing the surface area contact
with the substrate and thus reduced activity but in the solution dye fad-
ing the particles were in suspension and less likely to conglomerate.

3.2. TiO2 anatase nanoparticle investigation-thermal effects

Titania anatase nano-particles were studied as received and were
thermally treated at temperatures up to 1022K.

3.2.1. Raman study
The TiO2 anatase samples as prepared and calcined at high tem-

perature were characterised by Raman microscopy, examples of the PC
105 type of spectra obtained for all the samples (as received and up to
1022K) are shown Figs. 8 and 9. The spectra indicate an anatase struc-
ture, as expected, with characteristic peaks. The anatase structure, il
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Fig. 11. Example of optical absorption of methyl orange solution after light irradiations with the Titania nano-particles PC 105 sample at 572K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

lustrated in Fig. 9, corresponds to a tetragonal space group. Factor group
analysis indicates there are six Raman active modes: 1A1g+ 2B1g +
3E1g. The thermally treated sample also showed a typical anatase phase
and no change in structure was observed.

3.2.2. SEM characterisation
Selected SEM images of some of the thermally treated anatase pow-

ders are shown Fig. 10; PC105 at 572K, 672K, 872K and 972K. De-
tailed image analysis shows that significant parts of particles were poly-
hedral at 572K and also appear to be the smallest particles out of the
SEM images. The sample annealed at 672K had the largest particles
and had partly melted and formed into aggregates. Interestingly, the
logic behind the thermal expansion theory process should have given
the samples annealed at the highest temperatures to be the biggest par-
ticles, but this is not the case and could be due to the fact that 672K
could be a key-step temperature change in structure. Furthermore, new
platelet like structures were visible after calcinations at 872K for in-
stance and were comparable in terms of crystallite size to the particles
treated at 572K. These SEM data suggests some speculation concern-
ing the fact that initial small crystallite polyhedral grains grow as small
particles at temperatures up to 572K and then change to a platelet like
structure above 672K calcination where they appear melted and much
larger. These platelet-like structures were observed with the samples an-
nealed at 872K and persisted at higher temperatures of thermal treat-
ments up to 972K.

3.2.3. Photocatalytic assessment
The methyl orange absorption changes are shown in Fig. 11 under

degradation by the anatase PC 105 nanoparticles. It is clear, that the in-
tensity of the peaks at 270nm in the UV region and 480nm in the vis-
ible region decreased progressively according to the time of irradiation
as presented.

Fig. 12 shows the normalised MeO concentration (%) as a function
of irradiation time at 472nm for solutions with the samples of nano-par-
ticles calcined at different temperatures and characterised by SEM. It
shows the high efficacy of the smallest particles to catalyse the decom-
position of the MeO dye. The control sample of PC 105 as received had
the highest activity compared to the other samples which were ther-
mally treated. Fig. 12 revealed that the samples were active gradually
up to 672K; this observation correlates with the SEM investigation and
proves that 672K is a key temperature for the thermal treatment ac-
tivation. From about 672K the nanoparticles changed from a polyhe-
dral structure to a two-dimensional platelet like structure as the activ-
ity decreased irregularly up to 1022K. The photoactivity of the samples
annealed at higher temperatures were significantly less active but did
not follow the accepted rule of surface area contact relationship to the
crystallite size as the sample annealed at 872K exhibited less activity
than the sample annealed at 972K. Here the platelet like structure is
more likely to reduce surface area contact hence reducing activity. A
second important observation concerns the shape of the graphs shown
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Fig. 12. Reduction of absorption at 472nm for solutions with PC 105 nano-particles calcinated at different temperatures/K.

in Fig. 12; the shape of these graphs are characteristic of a first order
reaction. Fig. 13 illustrates the evolution of the rate constant values ac-
cording to the temperature of thermal treatment for a first order reac-
tion, the rate constants of the reactions corresponding to each temper-
ature of treatment revealed the importance of thermal treatment and
the effect on the reaction as; k RT >k 572K >k 672K >k 772K >k 972K >k
872K >k 1022K. Even though all the samples remained in an anatase ac-
tive phase, the increase in temperature highlighted the fact that the sur-
face was affected by the temperature treatment. In this case, for un-
heated titania powders Ti 3+ ions may be formed at the particle/crys-
tal surface due to the release of electrons. In unheated titania the elec-
trons can be stabilised by the hydrated hydroxyl ions on the surface.
Heated titania particles will then form Ti(3+) ions in the lattice and
not on the surface and these may act as recombination centres reducing
photoactivity [23]. Thus radicals formed on the surface of unheated ti-
tania are assigned to Ti(4+)O(-.)Ti(4+)OH(−) species-hydrated. While on
heated titania the species are Ti(4+)O(2-)Ti(4+)O(-.) [24]. The heating
effect clearly resulted in a balance of both species on the titania parti-
cle surfaces. The former hydroxylated species were as a consequence the
more active ones.

4. Conclusion

TiO2 rutile and anatase nanoparticle samples were characterised
and their photoactivity assessed by monitoring the degradation of MeO

dye. Rutile powders with different crystallites sizes (15nm, 25nm, and
35nm) were characterised by Raman microscopy. One of the rutile
samples, the one with 15nm crystallites sizes showed trace amounts
of anatase. This sample was then annealed at 1172K and 1272K and
showed no trace amounts of anatase after thermal treatments. Photo-
catalytic assessments highlighted the poor activity of the rutile (15nm,
25nm, 35nm) and revealed an unusual level of activity for each sample.
The sample with a 25nm crystallite size was the most photoactive and
the sample with the smallest crystallite size (15nm) was the least ac-
tive in both the dye fading and isocyanate-acrylic paint film weathering
studies. Moreover, the reaction followed a zero-order reaction for the
dye study and appeared no to depend on the surface area of the titania
particles, opening up some discrepancies on the surface activity chem-
istry of TiO2. The reduced absorptivity of the lower activity nanoparti-
cles appeared to account for their reduced photocatalytic activity.

Anatase powder, TiO2 PC 105 samples, were also characterised as
received and annealed at different temperatures up to 1022K. Raman
microscopy investigations showed a characteristic anatase structure per-
sisting after annealing even at very high temperatures. Photocatalytic
tests showed the high activity of this sample before and after anneal-
ing, PC 105 annealed as received without any thermal treatment showed
the highest activity out of all the samples. SEM investigations showed
new essential information on the change in structure related to the
thermal treatment. Samples annealed up to 672K remained with a
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Fig. 13. Temperature of thermal treatment for the PC15/K as a function of the Rate Constant k/s−1.

polyhedral structure, after 672K the particles changed to a two dimen-
sional like structure; form this analysis 672K has been identified as key
temperature for the change in geometrical structure for TiO2 nanoparti-
cles in this case. The photoactivity investigation showed that after 672K
this anatase nano-powder appeared not to follow the relationship of sur-
face area/activity [23].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jpcs.2018.11.004.
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