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In situ, quantitative infrared spectrometry has been used to measure the evolution of
carbon dioxide during the photo-degradation of pigmented and unpigmented
acrylic-emulsion paint films. It is demonstrated that the method permits a fast and
convenient way of assessing the resistance of such paints to UV degradation. However, it is
also shown that valid comparisons of paints prepared with different grades of titanium
dioxide, but with the same acrylic emulsion, require careful selection and control of the
experimental conditions. Thus, the relative importance of (a) direct photochemical
oxidation of the binder and (b) indirect photo-catalysed oxidation (mediated by titanium
dioxide) depend not only on the spectral distribution of the radiation source, particularly
the output between 300 and 400 nm, but also on the humidity of the ambient atmosphere.
The increased rate of oxidation with increased humidity is not unexpected, but the size of
the effect is unexpectedly high. In addition, there is some carbon dioxide formation during
irradiation of the paint film in nitrogen and further investigation of this phenomenon is in
hand. For both pigmented and unpigmented films, the rate of carbon dioxide evolution is
sensitive to the film thickness. The dependence of the oxidation rate on the thickness of
clear, unpigmented films is consistent with the measured UV absorption. However, for
pigmented films, this dependence extends over greater film thicknesses than predicted by
a simple model based on paint film optics. © 7999 Kluwer Academic Publishers

1. Introduction materials and many accelerated tests, in which paints
This paper describes the use of FTIR to measure the caare exposed to artificial UV, are used. Commercial
bon dioxide generated during the UV-induced oxidationequipment may use carbon arcs (Atlas, Marr), xenon
of an acrylic paint pigmented with titanium dioxide. In arcs (Xenotest, or Atlas Ci65a) or fluorescent tubes with
such systems, degradation of the acrylic polymer filmenhanced UV emission (QUV), but even these acceler-
induced by the ultra-violet component of solar radi- ated tests take many months [2].

ation, can occur both by direct photochemical oxida- Alternatively, the photo-stability of a product may
tion and by indirect, heterogeneously photo-catalysedpe inferred more rapidly from measurement of the
oxidation. The consequent destruction of the polymeiphoto-stability of its components, and many physico-
film detracts not only from the appearance of the paintchemical methods have been employed in order to as-
through changes in gloss and colour, but also from theess the photo-activity of the most widely used pig-
coating’s protective action, both through erosion andment, titanium dioxide. They include studies of the
because the consequent embrittlement promotes crackhoto-chemical oxidation of isopropanol [3-5], mea-
ing and loss of adhesion to the underlying substratsurements of the generation of hydroxyl radicals by
[1]. Therefore, manufacturers of resins, paints and vare.s.r. spin-trapping experiments [6] and the photo-
nishes devote considerable research and developmeinduced darkening caused by the reduction of lead ox-
effort towards improving the photo-stability of their ide/titanium dioxide compacts [7]. However, the cor-
products. In most cases a natural-weathering study igespondence of these rapid tests with the behaviour of
the rate-determining step in the development of theséhe corresponding pigmented systems has, in the main,
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been disappointing_ One reason is that, as identifiedABLE | Description of the titanium dioxide samples used in this
above, the practical weathering of a pigmented systerffudy

is aresultof atleasttwo separate processes (a) the direct Crystal  Production Uncoated or
homogeneous photochemical oxidation of the organiGample form process coated
medium and (b) the heterogeneous photo-catalytic ox-
idation caused by the titanium dioxide pigment [8]. An AL Anatase - Sulphate process  Uncoated
accelerated test should reflect the natural balance b ; i”t!'e Chloride process  Coated: Alumina
. . . ; utile Chloride process  Coated: Alumina & silica

tween these two contributions and physico-chemicak; Rutle  Sulphate process Coated: Alumina & zirconia
studies of just one component can never fully reflecirs4 Rutile  Chloride process  Coated: Alumina, silica
the practical system. & zirconia

This paper reports the use of infrared spectroscopi?5 Rutile Chloride process  Coated: Alumina & silica

to measure the evolution of carbon dioxide during
the degradation of both pigmented and unpigmented

. ) o L The pigments used in this study are listed in Table I.
acrylic emulsion paint films in different atmospheres_.Th(_:‘y include an uncoated anatase—selected as an ex-

Commercial titanium dioxide pigments are made in ei- . . : y
. . ample of a pigment with a very high photoactivity—
ther the Anatase or Rutile crystalline forms. Both formsanol coated rutile samples, made by both the chioride

may be sold E}S an ‘u,ncoate_d’ titqnium dioxide b"’.‘se(Rl,RZ,R4,R5) and sulphate (R3) processes, selected
crystal or as a ‘coated’ grade in which a hydrous omdeaS examples of pigments with low photoactivity. The
layer, typically silica and/or alumina, is deposited on

the titanium dioxide in order to red further the oh comparison of anatase and coated rutile allows mea-
N € {a}n;_um tI'O)'(tl egln\% erhorethui:ef urther etp ?'surementsto be made with pigments of widely differing
ocatalytic activity [ ] € show that, Tor pigments o photoactivity whilst the comparison of several coated
widely differing activity, the amount of carbon dioxide

i . ) . rutile samples allows more subtle differences in pho-
evolution mirrors the results of conventional pa'mteStStoactivity to be probed
Slgnlflcantly, fc_>r paints of §|m|Iar activity the_ amount 1, make pigmented paint samples, a mill-base was
of carbon dioxide evolved is also similar. This is most,

important because a key property of any photoactivity st prepared by slowly adding fitanium dioxide pig-
test is that it should reflect the constancy of pigment ment (180 g)toamilling solution (74.3 g; mainly water,

) . ; . Spropane 1.2 dioland Neocryl BT 24 coalescing solvent)
Wh'ch’.Wh.'ISt chermcally different, have the same phO'in a 250 ml lacquered tin using a high speed disperser
toactivity in practical paints.

(Dispermat F105 with 50 mm/Impeller at 400 rpm).
When all the TiQ had been added, incorporation was
continued for a further 20 min at 4000 rpm. The result-
2. Experimental ing mill base was then allowed to cool and 74 g of XK90
2.1. Materials emulsion was added to it. The mixture was then slowly
All of the measurements reported here were madstirred until homogeneous and finally a diethyl glycol
on paints formulated from the same acrylic commer-based thickener solution (8.6 g) was added. The result-
cial emulsion—(a methyl acrylate/methyl methacry-ing paint had a solids content of 20%. It was stirred
late/ butyl acrylate emulsion: XK90, Zeneca Speciali-for a further 10 min and allowed to stand overnight,
ties). The transmission spectrum of dried films of thisto remove air bubbles, before use. The pigment vol-
emulsion is shown in Fig. 1 and demonstrates that therame concentration, p.v.c., in the dried paint film was
is a weak UV absorption between 300 and 400 nm. calculated to be 19% (v/v).

_ UV/ Visible spectrum of 138um film of unpigmented acrylic co-polymer resin.
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Figure 1 Absorption spectrum of a 138m unpigmented film formed from the acrylic co-polymer emulsion used in these studies.
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2.2. Conventional weathering tests strate discs (ca. 10 mm in diameter and mounted on
Natural weathering tests on these paint films were caran axial pin which could be located in a rubber base
ried out in Florida. The panels were exposed on soutlplate) and allowed to dry for ca. 150 h. The discs were
facing racks and were inclined at4® the horizontal. then positioned in a specially constructed I.R. cell, see
The film degradation was monitored by measuring theFig. 2, fitted with calcium fluoride windows. During
paint gloss as a function of time. (Paint ‘gloss’ is the the course of the research, various modifications of this
specular reflection of the paint film and is measured, acell were employed. Typically the internal cell diameter
a fixed angle, relative to that from a standard tile usingvas 16 mm and the total volume, including inlet and
a standard source and photoelectric receiver.) For thesaitlet ports was 14 cfn
measurements the glosses were measured at a glancinglhe sample, which was located in the cell opposite a
angle of 60, at intervals of 1 month, over a total period CaF window, could be illuminated, @ia 1 m fl&ible
of more than two years. light guide, with UV radiation from an 150 W Xenon
lamp (Oriel) as shown in Fig. 3. The UV light was
filtered by a Solar filter (Oriel) to remove radiation with
wavelength below 300 nm, and a 100 mm water filter
2.3. The sample cell to remove IR and so minimize sample heating.
For the research measurements described below, theMeasurement with a UV-Visible Radiometer (Op-
paint films were applied, by dip-coating, to metal sub-tronic Laboratories Model 730A) demonstrated that the

DETECTOR 2%t | o TR beam SOURCE
ﬁ
= =
Calcwm fluonde wmdows
v
47mm
Figure 2 Plan view of the photochemical infra-red cell usedifositu studies of paint film degradation.
Jacketed water fiiter
=/ v Beam tuming assembly
-
Bio-Rad FTIR Spectrometer
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"’
“
150W Xe lamp %:
] =\
o S o
Light prpe ™ Be—0n e

Figure 3 The arrangement of the radiation source, infra-red cell and spectrometer.
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Figure 4 The spectral distribution of the 150 W Xenon lamp system with IR filter and Solar filter (Air Mass 1.5 ). Measured with a UV-Visible
Radiometer (Optronic Laboratories Model 730A) using 10 nm slits.

radiation incident upon the paint film was indeed free3.1. Unpigmented acrylic film
of wavelengths below 300 nm (see Fig. 4). Fig. 5 shows the infrared absorbance of gaseous car-
bon dioxide before, during and after UV irradiation
of unpigmented acrylic films. The film weights were
2.4. Procedure approximately constant, 241 mg, corresponding to
After assembly, the cell was sparged with moist oxy-thicknesses of ca. 28910 um (assumed film density
gen for 30 min and was then mounted in an FTIR specef 1100 kg nT%) and agreement between replicate mea-
trometer (Bio-Rad FTS-60) fitted with a liquid nitrogen surements on different films of the same thickness is
cooled MCT detector. The spectrometer sample comexcellent. CQ bands increase only during UV irradi-
partment was then purged with gaseous nitrogen, untétion. A carbon dioxide absorbance ok4.0-2 cor-
spectra showed that the levels of both water vapour angesponds to a mass loss of ca8 8 107° g; i.e. the
carbon dioxide were constant. amount of paint destroyech i3 h is ca.0.04% of the
To provide a reference to which all subsequent spectotal film weight. It follows that total oxidation of the
tra could be normalised, a single-beam reference speorganic component would occur in ca. 8000 h. This is
trum of the gas-phase in the dark was first recordedcomparable with exposure times in natural weathering
Next, to confirm the stability of the spectrometer/celltests at, e.g., Florida (2 years at 12 h/day is equivalent
system, absorbance spectra (1000 scans at4 ogs-  to 8760 h.) Fig. 5 also shows that the rate of G®o-
olution) were recorded over a period of 60 min. Thelution decreases during the course of the experiment.
flexible light guide was then connected to the xenon-This decrease in oxidation rate has also been observed
light source via the beam turning assembly, a new singléluring conventional accelerated paint testing e.g. in
beam reference spectrum was recorded and absorbanitarr, Carbon Arc accelerated testing equipment. It has
spectra were then recorded at regular intervals duringeen suggested [5] that it is due either to ongoing poly-
the irradiation of the sample film. Finally, absorbancemerization of the binder or disappearance of residual
spectra were collected after the light was switched offsolvent.
Fig. 6 shows the effect of variations in the compo-
sition of the ambient atmosphere on the oxidation of
3. Results the unpigmented acrylic. Film degradation to carbon
In order to assess the relative contributions of direcdioxide still occurs, though more slowly<Q.6) in a
photochemical and Ti@mediated heterogeneous pho- nitrogen atmosphere. In both oxygen and nitrogen the
tocatalytic oxidation in pigmented films it is neces- rate of carbon dioxide generation is sensitive to humid-
sary first to measure the oxidation of the unpigmentedty, as monitored by the 1653 crhwater vapour band.
acrylic film. Carbon dioxide generation is greatest in the presence
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] CO, evolution for unpigmented XK90, under moist O, atmosphere.
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Figure 5 The infrared absorbance of gaseous carbon dioxide before, during and after UV irradiation of duplicate unpigmented acrylic films. (Film
weights were approximately constam23 mg,® 25 mg, corresponding to thicknesses of ca. 28® um.)

CO, evolution for different cell atmospheres for unpigmented acrylic resin, XK90
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Figure 6 Dependence of carbon dioxide evolution from unpigmented acrylic films on the composition of the atmosphere in the infrared cell. (The
numbers in brackets are the absorbances of the 1653 bamd of water.) O nitrogen @ 80% humidity (0.117k&nitrogen at 48% humidity (0.090);
A oxygen @ 47% humidity (0.089% oxygen at 84% Humidity (0.122).

of moist oxygen, i.e. in the presence of oxygen, wa-ploying solutions saturated with different salts, suggest
ter accelerates CQormation but in the nitrogen, CO that variations from 0.065 to 0.145 in the measured ab-
formation decreases as the humidity increases. The dserbance of the 1653 cthband correspond to changes
pendence of oxidation rate on humidity although wellin relative humidity from 20 to 96%. In this paper, ac-
known in practical paint testing is often ignored in thetivity comparisons within a particular set of results are
development of rapid tests. However, the present resulthade at the same humidity level. However, it was not
demonstrate that it is essential to control humidity if re-always possible to maintain constant humidity between
producible comparisons of paint films are to be madeifferent sets of experiments and small differences be-
by monitoring the carbon dioxide produced during film tween sets may occur.
breakdown. Fig. 7 shows the dependence of oxidation rate on film
It was not possible directly to interpret the water ab-thickness. Because the incident UV first traverses the
sorbance in terms of relative humidity because of theacrylic film and is then reflected by the metallic sub-
presence of residual low levels of water in the spectromstrate before traversing the film once more, the results
eter light path. However, separate experiments, emare plotted as a function oft2wheret is the film
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Plot of Experimental and Calculated CO, levels after 180 minutes.
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Figure 7 A comparison of experimental (measured after 180 min) and calculated carbon dioxide levels from unpigmented acrylic films of increasing
thicknesst. 0 Experimental result® Results calculated as described in the text.

thickness. (This assumes that any diffuse componer8.2. Pigmented films
at the film/substrate interface is negligible.) SeparatexK90 acrylic films pigmented (19% v/v) with either
transmission measurements, made on films applied tanatase (A) or one of the four rutile pigments (R1-R5)
a Cak, substrate gave an absorbanég,of ca. 0.40 described in Table | were then examined. These films—
at 350 nm wavelength for a 140m film, whereAis  designated by the letters used to describe the relevant
defined as pigments—were used as received, i.e. without further
dilution, as anomalously low rates of carbon dioxide
A =log;o(lo/1) = t/2.303 generation were obtained on paint films thinned with
acetone prior to film formation (Fig. 8). As with un-
and | is the incident intensity andl the intensity of  pigmented acrylic films, C@evolution from uncoated
the beam transmitted by a film of extinction coefficientanatase (Fig. 8) and coated rutile (Fig. 9) pigmented
e and thickness. It follows that (o/1)=2.5 and that  paint films occurs only during UV irradiation. The rate
40% of the incident intensity is transmitted (60% ab-of carbon dioxide generation for the coated rutile pig-
sorbed) by the 140 m film. Successive 14@m thick-  ments is more than one order of magnitude less than for
nesses will therefore absorb ca. 60%, 24% (6% the uncoated anatase, consistent with the known lesser
40%), 10% (60%x 16%) and 4% (60%« 6%) of the  photoactivity of rutile [10]. However, even at these low
incidentradiation. For a 280m film—an effective path  activities the reproducibility of the measurements is
length of 56Qum—more than 97% of the incident radi- good @5%) provided that the humidity is held con-
ation is absorbed and further increases in film thicknesstant. Therefore, it is possible to differentiate clearly
should have negligible effect on carbon dioxide generaand unambiguously between the different grades of
tion. More generally, the fraction of the incident energyrutile.

absorbed is given by The effects of changes in humidity on carbon dioxide
generation from anatase and rutile are shown in Figs 10
laps/lo = 1 — e (1) and 11. In the presence of oxygen, water dramatically

increases the rate of carbon dioxide formation but has a
From a single experimental measurement of the rate ahuch smaller effect on the oxidation of rutile pigmented
carbon dioxide evolution for a 550m film, the rates paints. In the presence of nitrogen, water has only a
for other films were calculated on the assumption thasmall effect on carbon dioxide generation from (rutile
CO; evolution is directly proportional to UV absorp- or anatase) pigmented paints. Results of the effect of
tion and the fraction of UV absorbetls/lo, is given  humidity for unpigmented acrylic, anatase and rutile
by Equation (1) and (derived from a 350 nm wave- (R1) are summarised in Fig. 12.
length absorbance value of 0.4 for a 14t film) is Fig. 13 shows the dependence of £g&neration on
6.6 x 10° m~L. The calculated results, filled circles, are the thickness, in the range 100 to 100, of films
compared with the experimental points, empty squareigmented with rutile, R1. For these films, in contrast
in Fig. 7. The agreement, even without allowing for with the unpigmented acrylic, the carbon dioxide gen-
the wavelength dependence of film absorbance, is sukration is independent of film thickness over the range
ficiently good to suggest that the model is broadly200—-1000um. This much reduced dependence of ox-
correct. idation rate on film thickness is a consequence of the
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Anatase pigmented paint A, as received and diluted with acetone
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Figure 8 Increase of carbon dioxide absorbance during the irradiation of acrylic film pigmented with uncoated Anatase (A) showing the sensitivity
to thinning with acetone.

CO, evolution for rutile pigmented paints R1 and R2,
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Figure 9 Carbon dioxide evolution from duplicate irradiations of Rutile pigmented acrylic painsRand R2A A.

strong absorption of UV by rutile pigment and is dis- ments are able to discriminate between the three and
cussed further below. rank the relative photo-activities as

Fig. 14 shows the C@evolution curves for rutile
pigments R3, R4 and R5. R3 was made by the sulphate R3>R5>R4
process, R4 and R5 by the chloride process and th&he Florida gloss results, corresponding to the,CO
details of the coatings also differed. However, all threeevolution curves shown in Fig. 14, are shown in Fig. 15.
showed excellent gloss retention when exposed to natiRigments of high photoactivity lose gloss more quickly
ral weathering at Florida. The G@volution measure- than those of low photoactivity because oxidative loss
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CO, evolution for different cell atmospheres for Anatase paint (A).
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Figure 10 Carbon dioxide evolution as a function of atmosphere for Anatase pigmentedapaititloist’ Oxygen;>® Dry Oxygen;a Dry Nitrogen
40%;m Moist No.

CO, evolution with different atmospheres for Rutile Pigmented Paint R1.
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Figure 11 Carbon dioxide evolution in different atmospheres from paint pigmented with R1 Rutile. Omgfb; 0 60%: A46%;A 31% humidity.
Nitrogen O 47%; ® 40%; ® 67%; { 86% humidity.

of the organic binder causes the surface to roughematic changes—and in order to make quantitative com-
more quickly. The results are less easy to interpret—parisons a Gloss RatidGR) may be calculated by
partly because the pattern of measured gloss valuesomparing the gloss of the test pai@;, measured
show fluctuations that are influenced by seasonal cliat different times during the paint exposure, with the

5696



Graphs showing the relationships between the CO, evolution, after

1000 200 minutes irradiation, and water content for the oxygenated atmosphere.

800 —

600

400

CO, Absorbance /1 0w

200

A A A

0 e ——
0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13

Water Absorbance

Figure 12 Comparison of carbon dioxide evolutionmhnatasea rutile R1, and® unpigmented acrylic films after 200 min irradiation in oxygen.

Relationship between film thickness and CO, evolution for pigmented paint R1
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Figure 13 Dependence of Cfevolution on thickness of rutile (R1) pigmented acrylic film.

corresponding measuremen®s;, on a standard paint attributed to a higher photoactivity of the pigment. The
film exposed at the same time and place. GRemay  photo-activity pattern based on tlR values is
then be defined by summing the measured values over

the exposure period R3(GR=1.16)> R5(GR=1.03)= R4(GR=1.03)

GR= XGs/XGy Even for these low activity, coated-rutile pigments
the differences in C@evolution can be distinguished
A large GRindicates that the test pigment has a worseclearly and correlate reasonably well with the natural
gloss retention than the standard, and, if the film-weathering results measured at Florida. The similarity
forming organic is the same throughout, this is normallyof R4 and R5 measured at Florida may be a consequence
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Figure 15 Reduction of Gloss with increasing exposure time for coated ruiiR3; A R4 and® R5) pigmented acrylic films exposed to natural
Florida sunlight.
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of the fact that the gloss retention curves depend nogreater sensitivity of Anatase to variations in humidity,
only on the photoactivity of the titanium dioxide but shown in Fig. 12, has not previously been reported. The
also on the state of dispersion of the pigment. Bothclear and important conclusion is that determination of
the reproducibility of the C@plots and their regular, the relative photo-activity of Anatase and Rutiteust
monotonic nature—in marked contrast with the natu-be made at constant humidity.
ral weathering results—inspire confidence in the FTIR Since the primary focus of this work has been to
method. develop a rapid test for assessing paint degradation
we have not probed further the mechanism by which
carbon dioxide is formed in the presence of nitrogen.
. . Mackor and co-workers [5], on the basis of contrasting
4. Discussion _ _ ~ results for alkyd and acrylic films, have suggested that
The first conclusion from this work is that carbon diox- the effects are associated with dissolved oxygen in the
ide evolution frontonventional paintsan be measured  gcrylic films. Therefore we intend to further elucidate
usingin situ FTIR spectroscopy. This work, therefore, the mechanism of film degradation both by studies of
extends previous studies by'Mackor a}nd .co-worker%|kyd films and by the use of complementary specro-
[5] who used chromatographic determination of £LO gcopic techniques such as photo-acoustic spectroscopy
to monitor the photo-oxidation of paint films. (PAS) and reflection- absorption.

In order to use this method to determine the rel- Finally, we comment on the dependence of carbon
ative photoactivity of different titanium dioxide pig- gjoxide evolution on film thickness. For unpigmented
ments it is necessary to understand and quantify thgims, the 350 nm absorption is relatively weak and as
relative contributions of the direct photochemical ox- Fig. 7 demonstrates the calculated increase in the num-
idation of the organic and the indirect photocatalyticher of photons absorbed at increasing film thickness is
contribution of the pigments. For example, this pa-paralleled by the increased film degradation as shown
per demonstrates that direct photochemical oxidatiomhy increased carbon dioxide generation. By contrast for
of the unpigmented XK90 using a filtered xenon arcy pigmented paint film the UV absorption at 350 nm is
lamp is possible. This was an unexpected result beyery much increased. Hird has reported [11] that only
cause complementary studies—to be reported in detaglno, of the incident 350 nm radiation is transmitted by
in a separate paper—had demonstrated that the d|re5t1_3um alkyd/melamine film containing 10% (v/v)
photochemical oxidation of these acrylic films by radi- of anatase and only 8% of the incident UV was trans-
ation from a glass filtered carbon arc is very slow. Thepitted by a 1.5.m film pigmented with 10% (v/v) of
apparent anomaly results from the fact that the majog g um rutile. Therefore>99% of the 350 nm UV
emission of the carbon arc is at 385 nm [10]—a waveqncident upon an 8 mg (ca. 86m) acrylic film would
length at which there is negligible ab_sorption by XK90 pe absorbed, but Fig. 11 shows that the amount of CO
(see Fig. 1). By contrast the emission for the xenoryenerated increases significantly as the film thickness
lamp—a much closer simulation of solar UV—extendsincreases from 85 to 20@m. Similar results, i.e. an
to 300 nm and there is increasing UV absorption ofincrease in oxidation over a thickness range at which
the acrylic at these shorter wavelengths. It follows thatg)| the UV is expected to be absorbed have been re-
when an XK90 paint pigmented with titanium dioxide ported previously for alkyd films by one of the present
is exposed to a carbon arc, _there will be an increasegthors [12]. At present the explanation of this phe-
breakdown of the organic binder because of the catnomenon is unclear. One possibility is that radiation
alytic oxidation. However, if the same paint is exposedith a wavelength of ca. 410 nm, much longer than
to a filtered xenon arc, the apparent effect of the titapreviously suspected, can play a role in the photocat-
nium dIOXIdQ Wlll_be _much_ less because the mcreaseqdytic degradation of films pigmented with rutile. A
photocatalytic oxidation will be, to some extent, offsetsecond possibility is that the OH radicals formed at the
by absorption of UV by titanium dioxide and the con- titanium dioxide/organic interface are generated near
sequent reduction in direct photochemical OX|dat|on.(Within 10 um of) the paint surface and then by a pro-
Therefore, although carbon arc sources are a poor silgess of chain transfer the hydroxy! radicals form other
ulation of solar UV, and may not rank acrylic paints in more stable radicals that can diffuse within the film over
the same sequence as natural exposure at Florida, thﬁ}hgths of ca. 10@m. If substantiated, this possibility

do differentiate effectively between the photocatalyticyyould have significant implications for the degradation
contributions to oxidation of different titanium dioxide f 5 wide range of pigmented polymers.

pigments.
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