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photodegradation of paint
Part ll: The effect of UV intensity & wavelength on the

degradation of acrylic films pigmented with titanium dioxide
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This paper reports the application of a previously described i.r. spectrometric method,
which measures the evolution of carbon dioxide, and hence the rate of photo-oxidation,
caused by UV irradiation of paint films, to a study of the dependence of paint degradation
on UV wavelength. Measurements have been made on both unpigmented and
TiO,-pigmented acrylic films. Preliminary measurements demonstrate that, for both
pigmented and unpigmented acrylic films, the rate of carbon dioxide generation is
proportional to /%%, the square root of the UV intensity. As the rate of carbon dioxide
generation is a measure of paint film degradation, this implies that the rate of film
degradation is proportional to the square root of UV intensity. This is the first time that this
square root dependence, previously predicted from photo-oxidation studies of model
compounds, has been directly measured on a practical paint film. Photo-oxidation of
unpigmented, anatase-pigmented and rutile-pigmented acrylic films has been measured by
using optical filters to isolated selected portions of the output of a Xenon lamp. Results
have been analyzed semi-quantitatively taking into account the measured transmission
characteristics of the filters, the lamp output and the /%5 relationship. The disproportionate
deleterious effects of short wavelength, <300 nm, radiation on unpigmented films have
been confirmed and the stability of anatase pigmented films to 405 nm radiation has been
demonstrated directly. The FTIR assay of carbon dioxide produced by paint film
degradation could be applied to other polymer films and combined with measurements of
carbonyl band development. © 2000 Kluwer Academic Publishers

1. Introduction contrast, most film-forming organics do not absorb un-
Titanium dioxide is the most widely used white pigment il shorter wavelengths, the precise wavelength depen-
in both paints and plastics [1] and its presence affectslence varying with the types of chromophore that are
the photo-degradation of paints and polymers in twopresent [4].

ways. Firstly, by absorbing incident UV, the titanium  An earlier paper [5] described the development and
dioxide protects the paint from direct photochemicalevaluation of Fourier transform infrared spectroscopy
reaction of the organic binder [2]. Secondly, a small(FTIR) to monitor the photo-degradation of a series of
portion of the absorbed UV leads to the generation ofacrylic paints. This paper describes the extension of
highly reactive hydroxyl radicals at the Tipigment  this approach to the study of the effect of irradiation
surface, which catalyse polymer breakdown [3]. In thisintensity and wavelength on the photo-oxidative for-
paper we shall refer to the direct UV-induced reactionmation of carbon dioxide from acrylic paint films. The
process aphotochemicahnd the second, TiDmedi-  behaviour of the unpigmented acrylic film is contrasted
ated generation of hydroxyl radicals,@®otocatalytic ~ with films pigmented with both relatively inert (coated
The wavelength dependency of these two processes cantile) and catalytically active (uncoated anatase) vari-
be expected to differ. In particular, depending on itseties of titanium dioxide pigment.

form, titanium dioxide absorbs from410 nm (rutile) Asinthe previous study, oxidation of the acrylic films
or ~385 nm (anatase) as shown below, Fig. 1b. Bywas measured by an i.r. spectrometric determination
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of wavelength and what there is assumes that degrada-
257 1o tion rate is directly proportional to intensity [8]. The

1 275 m CO,/FTIR method provides a convenient method of
209 obtaining such information for practical systems.
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2. Experimental

2.1. Materials

All of the measurements reported here were made
on paints formulated from the same acrylic commer-
— cial emulsion- (a methyl acrylate/methyl methacrylate/

300 400 500 w0 butyl acrylate emulsion: XK90, Zeneca Specialities).

Wavelength /nm The transmission spectrum, Fig. 1a, of a 188 dry

(@) film of this emulsion demonstrates that, although the
first absorption peak does not occur until 275 nm, sig-
nificant UV absorption extends to ca. 400 nm. (Be-
yond 400 nm the small and constant loss in transmis-
sion is probably due not to absorption but to reflection
losses at the air/polymer and polymer/substrate inter-
face.) The reflectance spectra, measured on a Hitachi
U3410 spectrometer fitted with an integrating sphere,
of corresponding films pigmented with either anatase
or rutile, Fig 1b, show that the anatase and rutile paints
begin to absorb strongly at ca 385 nm and ca 410 nm
respectively.

Details of the pigments used in this study are summa-
rized in Table I. The rutile was chosen as an example of
a pigment with a low photoactivity and had been surface
treated (coated [9]) with an inorganic layer, consisting

() mainly of a hydrous oxide of aluminium, in order to
Figure 1 (a) The absorption spectrum of a 138n dry unpigmented ,further redu?e_the low Ie\_/els of pholtocqtalyn_c a_ct|v-
film formed from the acrylic co-polymer emulsion used in these studiesity Characteristic of the rutile form of titanium dioxide.
compared with the output of the xenon lamp, before and after filira-The anatase was selected as an example of a pigment
tion by the AML.5 filter. (b) The absorption spectra of titanium dioxide yjth a high photoactivity. The photocatalytic activity of
pigmented acrylic films. anatase is generally higher than that of rutile [10], and

no inorganic surface coating was applied. Pigmented

aint samples were made up as described earlier [5].
aint films were applied by dip-coating metal substrate
iscs and dried for ca. 150 hrs. The pigment volume
oncentration, p.v.c., in the dried paint film was 19%

v/v).
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of the amount of carbon dioxide released to the ga
phase as a result of the oxidation. The effect of inciden[j
wavelength on film breakdown was studied by usingC
optical filters to isolate selected spectral portions of th

xenon lamp output. Since the use of different filters
entails a change in the intensity of the incident radia-
tion, the effect of UV intensity on the rate of carbon

dioxide evolution was monitored, in preliminary mea- 2.2. Apparatus and procedure

surements, by using neutral density filters to reduce thghe apparatus and procedure wereas des_cnbed |nlrefer-
ence [5]. Film samples were positioned, in a specially

output from a xenon lamp. By combining the two sets of : . ) .
measurements it was possible to infer the relative effec:(-:onStrUCted L. cell, opposite a Gafindow, which

tiveness of different wavelengths for photo-oxidation ofCOUId be illuminated, via a 1m flexible light guide, with

unpigmented acrylic films and to evaluate the effect otUV radiation from an 150W Xenon lamp (Oriel). A

both anatase and rutile titanium dioxide on the photo—ﬁgg ;n;gr\:]vafeerhfg;?irnwaiﬁigrao cre?argz\r/:rliF;eaSSrisr? rnlrr;
oxidation of pigmented paint films. P 9- P 9

L ; : . diation was monitored by attaching a thermocouple to
The principles defined by studies of this type are
highly relevant to practical testing of a wide range Ofthe back of the metal substrate, and was shown to be less

pigmented systems, and in particular to the evaluatiorlnh"jl.n 0.5C. Se_zlected portions of thg Iamp output could
of accelerated tests, because the comparison of the rg—e isolated with the use of appropriate filters (Table Ii)

sults of different tests must take into account both the . o o
intensity variation and the different spectral distribu-;ﬁi}‘E | Description of the titanium dioxide samples used in this
tion of the many different lamp types that are used. Ob-
served differences associated with the varying lampsample Crystal form Production process Coated or uncoated
used in practical weathering tests are frequently in-
terpreted in terms of wavelength distributions [6, 7].2

However, there is little direct information on the effect

Anatase Sulphate process Uncoated
Rutile Chloride process Silica & alumina coated
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TABLE Il Transmission of filters used in this work
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Figure 2 Transmission characteristics of the optical filters, singly orin o’ 500 1
combination with AM1.5 filter. © ]
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whose transmission characteristics are shown in Fig. : 0 : ! 6 s 10
The assembled cell was sparged with moist oxygen fa (% Transmission)"”
30 minutes and was then mounted in the spectrometer o . . .
. . - . Figure 4 Carbon dioxide evolution after 210 minutes as a function of
sample co'mpartment which was itself purged with NI-\ariation in incident UV intensity. The UV intensity was varied by using
trogen until the levels of both water vapour and carboreytral density filters, either singly or in combination.
dioxide were constant. A single-beam reference spec-
trum of the gas-phase in the dark was first recorded and
then to confirm the stability of the system, absorbanceacrylic film. As outlined above, the promotion by un-
spectra (1000 scans at 4 chresolution: collection coated anatase is considered a consequence of the high
time 105 sec.) were recorded over a period of 60 minphotocatalytic activity of this form of titanium dioxide.
utes. The flexible light guide was then connected to In order to facilitate subsequent normalization of re-
the xenon-light source via appropriate optical filters, asults from different filter combinations, the effect of
new single beam reference spectrum was recorded angtensity on the rate of carbon dioxide formation was
absorbance spectra were then recorded at regular ihen assessed by using neutral density filters of known
tervals over 210 minutes whilst continuing to irradiate.transmission. Fig. 4 shows the affect of reduced UV
Finally, absorbance spectra were collected for ca. 6htensity on carbon dioxide evolution from both unpig-
minutes after the light was switched off. mented and anatase-pigmented acrylic films. The UV
Because of the effects of paint film thickness andintensity, of AM1.5 filtered radiation measured at the
atmosphere humidity on the measured rate of carboand of the light pipe was 1.5 x 10 quanta sec! and
dioxide formation, demonstrated in the first part of thisas this was incident on an area-e100 mn?, the UV
study [5], allmeasurements were made in the same celintensities corresponding to those shown in Fig. 4 are
using moist oxygen (relative humidity80% moni-  estimated to range from1.5 x 103 quanta mm?2s1
tored by the absorbance of water vapour at 1653%9m  to 5 x 10! quanta mm? s~2. This compares with es-
on films of similar thickness (15 15 um). timated UV intensities of % 10" quanta mm? s—1
received during outdoor exposures, assuming 5% of
sunlightis UV [3]. The linear relationship between the

3. Results rate of carbon dioxide evolution and the square root
3.1. Dependence of carbon dioxide of filter transmission shows that the degradation rate
evolution rate on UV intensity varies as the square root of the intensity of the incident

Fig 3. compares carbon dioxide evolution from un-radiation. The variation of rate with®> occurs with
pigmented (U), anatase-pigmented (A), and rutile-both the unpigmented and the pigmented films.
pigmented (R) acrylic films. It demonstrates clearly that For the unpigmented film the only degradation route
anatase promotes and rutile retards degradation of the photochemical. For the anatase-pigmented film both
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TABLE 11l A comparison at different wavelengths of the rates of breakdown of unpigmented, rutile pigmented and anatase pigmented acrylic
films

CO, generated in 210 minutes. [Tabulated a$ ¥0absorbance at 2350 ¢
(Results in brackets ars a % of therate measured with AM1.5 filters).

Filter type Transmission

andimax, NM atAmax, %0 Rutile Unpigmented Anatase

No Filter 60 1080 2240

AML1.5 alone. . 50 355 1555
(With Xenon

lamp simulates
solar radiation)

385 6.5at 450 nm 23 (45%) — 984 (63%)
Broad band 48 at 400 nm

(Oriel 59805) 20 at 350 nm

315 17 7 (14%) 36 (10%) 49 (3.1%)

367 14.3 7 (14%) 29 (8%) 250 (16%)
405 30 14 (28%) 16 (4.2%) 21 (1.3%)

(Individual filters were all used in conjunction with the AM1.5 filter).

photochemical and photocatalytic routes are possibleand below 300 nm. Absorption is a necessary pre requi-
but the observed large increase in carbon dioxide evasite for photochemical oxidation and the absorption of
lution demonstrates that the photocatalytic route domthe unpigmented acrylic film is mainly below 300 nm,
inates. Thus thé®® dependence occurs with both the Fig. 1a. Therefore, removal of these short wavelengths
photochemical and photocatalytic mechanisms. exercises a disproportionate effect on the oxidation of
the unpigmented film. By contrast the pigmented films
absorb to much longer wavelengths385 nm with
anatase and-410 nm with rutile, and the preferential
removal of wavelengths near and below 300 nm has
nly a marginal effect on their oxidation, particularly
or rutile.

3.2. Dependence of carbon dioxide

evolution rate on UV wavelength
In this series of experiments optical filters were used t
select defined portions of the UV spectrum and the ef-
fect on carbon dioxide evolution rates were monitored.
The results are summarized in Table IlI.

3.2.2. Results for individual narrow
band filters

3.2.1. The effect of the Air-Mass Filter To minimize the relatively well known effects of short
The output of the unfiltered 150W xenon lamp is shownwavelength radiation summarized above, the remainder
in Fig. 1a and is compared with the output of the samef these results are presented for a combination of the
lamp filtered by an AM1.5 optical filter. (The desig- AM1.5 filter and the specified narrow band filters. The
nation AM1.5 signifies a filter designed to modify the carbon dioxide generation results are expressed relative
output of the xenon lamp so that it more fully simulatesto those for the AM1.5 filtered xenon lamp by itself.
solarradiation that has beenfiltered by an ‘airmass’ cor- For each filter combination there is a different ra-
responding to a path length 1.5 times that experiencegiation intensity. However, for any given combination
by light from the directly overhead sun—i.e. it corre- all films were subjected to the same radiation. Table II
sponds to the air mass when the sun is at an elevatiofompares the amount of carbon dioxide generated from
of 34°.) The degradation rates in Table III follow the the different paints in a fixed time (210 min.) at a given
sequence A U > R (where U, A and R designate Un- wavelength.
pigmented, Anatase-pigmented and Rutile-pigmented For the (AM1.5+ 315 nm) filter combination film
films respectively) for both unfiltered and broad bandA oxidizes 7 times faster then R. For AML1.5,
(AML1.5 or 385 nm) filtered xenon radiation and confirm (AM1.5 4 385 nm broad band), and (AM 145367 nm)
that anatase promotes photo-oxidation of the acrylidilters, film A oxidizes 35 to 45 times faster than film
film whilst rutile protects it. The effect of the AM1.5 R. However, for AM1.5+ 405 nm radiation A and R
filter is to reduce the carbon dioxide generation by 17 taare comparable. Qualitative inspection of Table 1l sug-
30% for the pigmented films and ca 70% for the unpig-gests that these changes in relative activity are associ-
mented film. The air mass filter reduces the intensity byated with the marked decrease in the sensitivity of film
64% at 350 nm and-45% at 400 nm. If oxidation de- A to 405 nm radiation. By contrast degradation rates
pends onl ®° the expected reduction in oxidation rate of film R are relatively insensitive to the wavelength of
would be 40 to 26%. Therefore, it seems reasonablénhe incident radiation.
to assume that for the pigmented films the major con-
sequence of the use of the air mass filter is to reduce
the UV intensity. Most probably, the larger decrease in
rate of carbon dioxide generation fromthe unpigmented3.2.3. Semi-quantitative analysis
film is mainly a consequence of the fact that the AM1.5To make this qualitative interpretation more robust,
preferentially removes radiation with wavelengths neama semi-quantitative analysis has been attempted by
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TABLE IV A comparison, at selected wavelengths, of measured carbon dioxide with semi-quantitative estimates of the amounts of carbon dioxide

CO; generated from film R C@generated from film U Cegenerated from film A
in 210 minutes. in 210 minutes. in 210 minutes.
[Tabulated as 10x absorbance [Tabulated as*19 absorbance [Tabulated as*10
at 2350 cnl] at 2350 cnml] absorbance at 2350 cri
Calculated  Calculated Calculated  Calculated Calculated  Calculated
A F from F from FO5  Exptl from F from FO5  Exptl from F from F®5  Exptl
31% 0.00139  (0.07) 1.9 9.0 (0.49) 13.3 71 (2.2) 58 106
315 0.000392  (0.02) 1.0 7.2 (0.14) 7.0 36 (0.61) 31 49
367  0.00160  (0.08) 2.0 7.4 (0.57) 14.2 29 (2.5) 386 250
405 0.00433 (0.22) 3.3 13.9 (1.53) 23.3 16 (6.7) 102 21

aResult for 315 nm filter by itself, without the AM1.5 filter.

normalizing the measured carbon dioxide evolution ratanost probably because, as Fig. 1 shows, neither film ab-

for any given filter combination to the rate of evolution sorbs 405 nm radiation. Conversely, at 315 nm the ratio

associated with the AM1.5 (only) filtered xenon radia- of measured to calculated oxidation increases-probably

tion. because of the increased contribution of direct photo-
For the basis of this calculation only, we made thechemical oxidation.

necessarily crude and approximate assumption that all

wavelengths from 300 to 410 nm are equally effective

for paint degradation and summed the total outg) 4. Discussion

of the AMDL.5 filtered xenon lamp over this wave- The oxidation rates of anatase-pigmented (A) and rutile

length interval. For each filter combination we thenpigmented (R) acrylic films relative to the correspond-

calculated and summed the produ¢t)T (1), where  ing unpigmented film are shown in Table IV.

T is wavelength dependent filter transmission, over the

same wavelength interval, and defined a normalization

factor F as 4.1. Dependence of carbon dioxide
evolution rate on UV intensity

E_ DIM)TR) The conclusions from the preliminary experiments,

BTN that, for both the photochemical and photocatalytic re-

actions, the rate of formation of carbon dioxide is pro-

(Clearly the product (A\)T (L) is zero except at those portional to the square root of the incident intensity, are
wavelengths at which the filter transmits.) Expectedat first sight counter-intuitive.
rates of carbon dioxide evolution can then be calcu- Kinetic treatments of the decomposition of solid
lated for each of the filter combinations. polymers have shown that pair recombination of poly-

Table IV summarises the results of these calculamer peroxy radicals, POQis of much greater impor-
tions and compares the results of two normalisatiortance in the degradation of solid polymers than would
procedures. The results in brackets were calculated blye expected on the basis of solution studies [11, 12].
multiplying the reference rate for each film by the fac- This is because radical pairs are not free to diffuse away
tor F—i.e. the calculation assumed that the oxidationfrom one another. Itis probable that in paint films, as in
rates are proportional to light intensity, the agreemensolid polymers, the restricted radical mobility empha-
between measured and calculated rates is strikinglgises the importance of such recombination processes.
poor-calculated and measured values differ by up tdA kinetic analysis that leads, if chain branching is neg-
two orders of magnitude. The unbracketed results werégible, to a predicted dependence of degradation rate
calculated on the basis of the square root relationshipn the square root of light intensity has been proposed
derived from the results of the preliminary experimentsby Gerlock and co-workers in the context of e.s.r. stud-
reported above. The discrepancies are much less anes of nitroxide radical decay in acrylic-melamine and
overall the semi-quantitative analysis supports the conacrylic urethane coatings [13]. We therefore suggest
clusion that normalization on the basis of the squarehat in the case of the photochemical reaction Ith2
root of light intensity provides a surer basis for analy-dependence is a result of the concentration of radicals,
sis of the wavelength experiments. that are the key intermediates in the breakdown to car-

More specifically, at 367 nm the overall agreementbon dioxide, being controlled by a bimolecular recom-
between measured and calculated results for the motgination process, as has been suggested for oxidation
active (less stable) unpigmented and anatase-pigmented liquid hydrocarbons [14].
films is within a factor of~2—perhaps as good as can  For the photocatalysed reaction tH& dependence
be expected given the errors associated with the numeis exactly what would be predicted for a process in
ical summation process described above, and the agthich recombination of the electrons and holes gen-
sumption that all wavelengths between 300 and 410 nrerated by UV radiation of titanium dioxide is the
are equally effective. At 405 nm the measured oxida-controlling step in the mechanism. A simple model [3]
tion of these unpigmented and anatase-pigmented filmgd to the relationship
is significantlylessthan the value calculated on the ba-
sis that all wavelengths are equally effective. This is Rate= K 10°
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where However, the most significant feature of the results is
that for this film there is a marked decrease in the effec-
tiveness of the 405 nm radiation, a consequence of the
minimal absorption by anatase at 405 nm. At 367 nm
the anatase pigment absorbs strongly and as a result,
the measured ratios of carbon dioxide generation rates
increase by a factor of 12 (cf 2 for U and 0.5 for R).

ficient,ks is the rate coefficient for electron-hole recom- The difference in absorotion coefficients is so large that
bination andks is arate constant for the surface reaction. . i S0rp ) large t
despite the thick paint films used, degradation of film

Studies of the photo-oxidation of a model compound, oL o
isopropanol, by rutile pigments, at intensities from caA is not initiated by 405 nm radiation.
2 x 10* to 10'6 quanta mm? s~1, have confirmed the
prediction that rate is proportional to the square root5 Conclusions

of radiation intensity [3] and subsequently a significant: .
number of other oxidation reactions photo-catalyzed b;rh's research has demonstrated the usefulness of the

other forms of titanium dioxide have been shown to de-FT.IR assay of prc_)duct_carbon di_oxide in studie_s of
aint film degradation. Similar studies of polymer films

05 icic P
pend onl ™ [15 ]. However, to our knowledge this is ould usefully be allied with i.r. assay of the carbonyl

the first time that the square root relationship has bee ; diates i | d dation. Th vt
demonstrated for the photocatalytic degradation of ghtermediates in polymer degradation. 1ne sensitivity
: o and convenience of the technique has allowedl e
practical paint film. . . .
dependence of photocatalytic degradation of practical
paints to be demonstrated for the first time. In its turn,
this has allowed the effect of radiation wavelength to
be conveniently and directly measured for both unpig-

mented and pigmented paint films.

_{@h

-

wherel is the intensity of UVk; is the absorption coef-

4.2. Dependence of carbon dioxide
evolution rate on UV wavelength
For the unpigmented film, U, degradation to carbon
dioxide increases with decreasing wavelength and this
increase is particularly prominent in the absence of theycknowledgements
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