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ABSTRACT: A photocatalytic self-cleaning titanium
dioxide (TiO,) coating was prepared as a multilayer coat-
ing structure by the spin-coating method. Three substrate
materials (two thermoplastics and one ceramic) were used:
(1) high-density polyethylene (HDPE), (2) poly(vinyl chlo-
ride), and (3) borosilicate glass (BK7). The multilayer struc-
ture consisted of a polyurethane protective layer on the
substrate, two layers of photocatalytic TiO, on the protec-
tive layer, and finally immobilized TiO, particles bound in
a diluted polyurethane dispersion. Photocatalytically active
surfaces were achieved by reactive oxygen-plasma surface
etching of the fabricated coatings. The structure and prop-

erties of the coating surfaces were characterized with scan-
ning electron microscopy and contact-angle measurements.
The coatings on HDPE and BK7 were rendered superhy-
drophilic by an oxygen-plasma treatment. The photocata-
lytic activity and self-cleaning properties of the prepared
surfaces were studied with palmitic acid (model soil), the
degradation of which was confirmed by contact-angle
measurements and gas chromatography analysis. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 111: 2597-2606, 2009
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INTRODUCTION

Interest in heterogeneous catalysis, particularly pho-
tocatalysis, is keen and is increasing rapidly.'™ The
most common and most heavily researched semicon-
ductor photocatalyst is titanium dioxide (TiO,), most
notably because of its chemical and biological inert-
ness, mechanical toughness, high photocatalytic ac-
tivity, favorable redox potential, and low cost.”™®
Applications in which TiO, photocatalysis can be
used include self-cleaning products, air and water
purification, degradation of toxic organic waste, and
production of renewable energy (hydrogen).”'’
Some commercial products, such as self-cleaning
windows, are already in everyday use."'
High-density polyethylene (HDPE) is one of the
most widely used thermoplastics in the world today,
and it is manufactured in very large quantities.
HDPE is processed, by blow molding or injection
molding, into bottles, toys, food containers, plastic
bags, and many other products.'? Another very im-
portant thermoplastic is poly(vinyl chloride) (PVC),
which finds wide use in buildings and construction
(>50% of all PVC), the automotive industry, and
medical devices."® PVC has outstanding resistance to
degradation and is often preferred in long-life appli-

Correspondence to: T. T. Pakkanen (tuula.pakkanen@
joensuu.fi).

Journal of Applied Polymer Science, Vol. 111,2597-2606 (2009)
© 2008 Wiley Periodicals, Inc.

13,14 13,15-17

cations such as pipes and floor coverings.
Recent years have seen concern about the possible
health risks of PVC. There is some indication that
degradation of PVC can cause asthma and allergies
in indoor use."®" PVC plasticized with di(2-ethyl-
hexyl)phthalate can degrade if the plasticizer
migrates out of the PVC, and less plasticized PVC
degrades faster.”® Di(2-ethylhexyl)phthalate-plasti-
cized PVC has experienced some competition from
other plastics, such as polyolefins®' and polyolefin-
based materials.”®> Also, new kinds of plasticizers
have been developed and produced to ensure a
healthier environment.*!

TiO, thin-film coatings can be made by various
techniques, including atomic layer deposition,***
chemical vapor deposition,” chemical spray pyroly-
sis,?® electrodeposition,” and sol-gel dip coating.
Usually, these techniques are applied to ceramic,
glass, or steel substrates because high reaction tem-
peratures (a few hundred degrees Celsius) are
needed to obtain crystalline TiO,.**® These temper-
atures are too high for the most common polymers,
which would melt or even degrade under such pro-
cess conditions. Moreover, the photocatalytic degra-
dation of organic substances by TiO, sets limitations
on the use of TiO, with polymers.*** On the other
hand, large specific surface areas can be achieved
with well-dispersed, immobilized TiO, on polymer
surfaces, and these kinds of products have been pro-
posed for use in applications such as wastewater
treatment® > and self-cleaning plastic surfaces’.
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TABLE I
Spin-Coater Parameters for Different Stages of the Preparation of the
Photocatalytic Coating

Preparation stage

Spinning [time (s)/
rotation speed (rpm)]

Diluted PU dispersion (1 : 1; protective PU)
TiO,/water suspension (2 wt % TiO5)
Diluted PU dispersion (1 : 12; PU binder)
Palmitic acid in 1-propanol (50 mg of
palmitic acid/1 mL of 1-propanol)

5/800, 10/3000, 15/6000
5/800, 10/2200

5/4000, 10/6000, 15/9000
5/800, 10/2200

Polymer surfaces can also be protected with a bar-
rier layer such as SiO, so that TiO, photocatalysis
does not degrade the polymer matrix.*

Our aim was to produce and test a novel self-
cleaning coating, relying on TiO, photocatalysis,
for HDPE, glass, and plasticized PVC substrates. A
polyurethane (PU) dispersion was applied to protect
the substrate surfaces and bind the TiO, particles
onto the coating surface. PVC was plasticized with a
new kind of plasticizer, a mixture of glycol diben-
zoates, which are more environmentally friendly
than phthalates. The photocatalytic activity of the
coatings was tested by the illumination of samples
coated with palmitic acid with ultraviolet (UV) light,
and the degradation of palmitic acid was investi-
gated with contact-angle measurements and gas
chromatography (GC) analysis.

EXPERIMENTAL

Preparation and pretreatment of the
substrate materials

Plastic resins were HDPE (CG8410, Borealis, Porvoo,
Finland), which is a suitable grade for extrusion coat-
ing, and PVC (598, Dynea, Porvoo, Finland). HDPE
granules were extruded with a DSM (Geleen, Nether-
lands) Midi 2000 extruder and injection-molded into
sample disks with a DSM microinjection-molding
machine. PVC powder was dry-blended with 3 wt %
liquid stabilizer (Therm-Chek 7500L, Ferro, Louvain-
la-Neuve, Belgium). Blending was performed with
a Henschel mixer (FM 10 L, 800726, Kassel, Ger-
many). When the temperature reached 60°C, 30 wt %
plasticizer (Benzoflex 2160, Velsicol, Rosemont, IL)
was added. Dry-blended PVC powder with the sta-
bilizer and plasticizer was extruded with the DSM
Midi 2000 extruder and granulated. The granules
were injection-molded into sample disks with an
Arburg Allrounder 270S 350-150 injection-molding
machine (Lossburg, Germany). Prepared HDPE and
PVC sample disks were 2.5 cm in diameter and
approximately 1.5 mm thick.

Glass disks were optical-grade borosilicate glass
(BK7; Casix, Inc., Fuzhou, China). The diameter of
the disks was 2.5 cm, and the thickness was 3 mm.
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Disks were washed with an ethanol/hydrochloric
acid solution (90/10%) in an ultrasonic washer for
10 min and rinsed with ion-exchanged water.

Coating of the substrate materials

All three substrate disks (HDPE, PVC, and BK7)
were coated with a waterborne PU dispersion (WF
28-453, Stahl), which was diluted with ion-
exchanged water in a mass ratio of 1 : 1. The PU
coating was produced with a spin coater (WS-400B-
6NPP-LITE, Laurell, North Wales, PA). The diluted
solution (0.3 mL) was placed on the middle of the
sample disks and spin-coated. The PU film was
dried in an oven at 60°C for 1 h. This layer is called
the protective PU coating. All spin-coater rotation
speeds and rotation times related to the different
stages of preparation of the photocatalytic coating
are reported in Table I. The parameters were opti-
mized by preliminary experiments before their
application to the coating preparation.

Preparation of the photocatalytic coating

The photocatalytic material was nanosized TiO,
powder (P25, Degussa, Sachtleben, Germany). A sus-
pension containing 2 wt % TiO, was prepared from
ion-exchanged water (Lahti, Finland) and Degussa
P25 powder. The suspension was treated for 80 min
in a FinnSonic m03 ultrasonic washer to prevent
agglomeration of the TiO, particles and break down
existing agglomerates. After ultrasonic treatment,
0.3 mL of the suspension was injected onto the mid-
dle of sample disks covered with a protective PU
coating and spin-coated. The samples were dried in
an oven for 10 min at 60°C. The second TiO, layer
was applied in a similar way.

In the next stage of preparation, the immobilized
TiO, powder was bound with a thinned PU disper-
sion prepared by the dilution of the PU dispersion
with ion-exchanged water in a mass ratio of 1 : 12
(PU dispersion/water). The diluted solution (30 pL)
was spread evenly on the sample surface and spin-
coated at a high speed to force it into free spaces
between the particles. Samples were dried in the oven
at 60°C for 1 h. This layer is called the PU binder.



SELF-CLEANING, TiO,-BASED, MULTILAYER COATING

In the final stage of sample preparation, samples
were etched by reactive ion etching with the use of
oxygen as a reactive etching gas. Reactive ion etch-
ing was performed with a March CS 1701 reactive
ion etching system (Concord, CA). The working
pressure in the chamber was 80 mTorr, the oxygen
flow was 20 SCCM, and the etching power was set
to 200 W. Etching times were 15 and 30 s.

Photocatalytic activity studies

Etched samples were coated with palmitic acid
(99%; Aldrich, Steinheim, Germany) for photocata-
lytic studies. Palmitic acid was dissolved in 1-propa-
nol (reagent-grade, 99.5%; Labscan, Ltd., Dublin,
Ireland) to a concentration of 50 mg/mL, and the so-
lution was used immediately after preparation. The
solution (0.3 mL) was injected onto the sample surface
and spin-coated, and the solvent was left to evaporate
before the UV-radiation experiments and contact-
angle measurements. In the UV-radiation experiments,
samples were irradiated (Black Ray B100AP, UVP,
Upland, CA) for 24 h (maximum wavelength = 365
nm). The distance of the lamp from the sample sur-
face during irradiation was 15 cm.

Water contact-angle measurements

Static water contact angles were determined with a
KSV Instruments, Ltd., Cam 200 contact-angle meter
with an automatic liquid dispenser (Helsinki,
Finland). Contact-angle measurement is an accurate
method for determining the interaction between a lig-
uid and a solid. Experiments were carried out at
room temperature with ion-exchanged water. A
water droplet (4 uL) was carefully placed on the sam-
ple surface and imaged with a charged coupling de-
vice camera once a second for 30 s. The contact angle
was determined mathematically through the fitting of
a Young-Laplace curve around the drop. Reported
apparent contact angles are averages of five contact
angles determined after stabilization for 30 s.

GC analysis of palmitic acid residues

GC experiments were carried out with an HP 6890
gas chromatograph equipped with an HP 7683 auto-
matic liquid sampler (Santa Clara, CA). The chroma-
tograph was connected to a personal computer
running Agilent ChemStation Revision A.10.01 soft-
ware. The column was an HP-5 capillary column
(length = 30 m, inner diameter = 0.32 mm, film
thickness = 0.25 pm). After UV irradiation, the pal-
mitic acid residue was removed from the sample
disks by rinsing with hexane, and the hexane solu-
tion was collected on a glass Petri dish. Most of the
solvent was allowed to evaporate, and the rest of the
solution (~ 1 mL) was transferred to the GC sample
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vial (2.5 mL). The Petri dish was rinsed again with
hexane, and the rinsing liquid was added to the
sample vial. The solvent evaporated from the vial in
an oven at 50°C. After evaporation, the Petri dish
was rinsed again with hexane, and the solution was
transferred to the vial, where the solvent evaporated
at 50°C.

After the second evaporation, the solid residue left
in the vial was palmitic acid (bp = 352°C). A tri-
methylsilyl ester derivative of palmitic acid was pre-
pared with a silylating reagent (Fluka III mixture,
Fluka Chemie, Buchs, Switzerland). Because of the
moisture sensitivity, 300 pL of the silylating agent
was added to the vials under a nitrogen atmosphere,
and the vials were closed with aluminum/polytetra-
fluoroethylene crimp caps. Closed vials were shaken
a few times and then placed in an oven at 45°C for
15 min. Stearic acid (99%; Sigma, Steinheim, Ger-
many) was added as an internal standard (ISTD).
The concentration of the ISTD solution was 25 mg of
stearic acid in 1 mL of acetone. After palmitic acid
was dissolved and derivatized by heating in an
oven, 4 pL of the ISTD solution (100 pg of stearic
acid) was added to each sample vial when the solu-
tion in the vial was still warm, and the vials were
shaken thoroughly. The solution was allowed to cool
to room temperature before GC analysis.

Temperature programming was used for GC. The
temperatures of the injector and detector were 300
and 315°C, respectively. The sample volume injected
was 5 uL, and the injection was done automatically
with an autosampler. During the first step, the oven
temperature was 120°C, and this was maintained for
4 min. In the second step, the heating rate of the
oven was 8°C/min up to 300°C, and in the third
step, the temperature was kept at 300°C for 13.5 min.
Data were analyzed with Agilent ChemStation Re-
vision A.10.01 software.

Scanning electron microscopy (SEM) analysis
of surfaces

The surfaces of samples were studied with a Hitachi
54800 field emission scanning electron microscope
equipped with upper and lower secondary electron
detectors (Toronto, Ontario, Canada). The samples
were attached to the sample holder with copper adhe-
sive tape and coated with Pd/Pt (2 nm). An accelerat-
ing voltage of 1 kV was applied, and the general
working distance was 4 mm during the SEM imaging.

RESULTS AND DISCUSSION

Development of the multilayered photocatalytic
coating

A multilayered coating approach (Scheme 1) was
chosen because in a one-layer coating the

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 1 Multilayered structure of a self-cleaning coat-
ing prepared on a PVC substrate. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com. ]

photocatalytic powder (TiO,) became coated with
the binding agent (PU dispersion) to such an extent
that its photocatalytic activity was lost. In the multi-
layered structures, the primary function of the pro-
tective PU coating was to prevent direct contact of
the substrate and photocatalytic TiO, powder. The
second function was to assist with the dispersion of
the photocatalytic powder. Unlike pure HDPE or
PVC, the cured PU dispersion was hydrophilic, so
the hydrophilic water/photocatalytic powder sus-
pension was better dispersed on the cured PU sur-
face than on the pure substrate. Two TiO, layers
were needed for the whole surface to appear cov-
ered when the surface was visually examined. With
just one layer, some uncoated spots were left on the
surface. The fabrication of a multilayered structure
on a PVC substrate is illustrated in Scheme 1.

The PU binder had to be nonviscous to be able to
penetrate the spaces between TiO, particles. We
found the PU binder in a mass ratio of 1 : 4 (PU dis-
persion/water) to be too viscous. The final amount
of cured PU on the surface was excessive, and most
of the TiO, particles were covered with binder,
which led to photocatalytic inactivity. Thinning of
the PU dispersion was therefore required (1 : 12) so
that the PU binder still bound particles. A high
speed in the spin coating was also important to
push some PU binder between the particles by cen-
trifugal force and cause the excess to be thrown
away.

Effect of the plasma treatment

We found that, without plasma treatment, photoca-
talytic activity was very low or did not exist, and
the superhydrophilic effect was not present. We sur-
mised that most of the TiO, particles were coated
with PU binder, which hindered photocatalysis, so
some kind of surface treatment was required.
Plasma treatment was chosen over abrasive

Journal of Applied Polymer Science DOI 10.1002/app

TABLE II
Water Contact Angles on Sample Surfaces
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24-h UV illumination

24-h UV illumination
(15-s plasma treatment

After 30-s
plasma treatment

and palmitic acid

After 15-s plasma

After
30-s plasma

After
15-s plasma
treatment

(30-s plasma treatment

treatment and

With

Without
PU binder

PU binder

Substrate

and palmitic acid)

and palmitic acid)

palmitic acid

treatment

material

Sample

Superhydrophilic

Superhydrophilic

28.1
Superhydrophilic 52.2

Superhydrophilic

81.3
82.1

46.7

HDPE
HDPE

S1
S2

59.9

58.7

44.0

48.0

334

38.9

62.0
61.9

59.5

PVC
PVC
BK7
BK7

S3
S4

S5
S6

Superhydrophilic

Superhydrophilic

30.4
Superhydrophilic 52.1

Superhydrophilic

55.7
58.7

21.1
24.6

All samples consisted of a substrate (HDPE, PVC, or BK7), a protective PU coating, and two layers of TiO».
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TABLE III
GC Integrals of UV-Illuminated Samples with Two Layers of TiO, and a Palmitic Acid Layer

Integrals of Integrals of

Substrate  Protective PU Plasma-treatment trimethylsilyl ester  trimethylsilyl ester of

Sample material pPU* binder® time (s)° 24-h UVH of palmitic acid stearic acid (ISTD)

S1 HDPE + + 15 + 53.1 516.2

52 HDPE + + 30 + 57.5 499.1

S3 PVC + + 15 + 125.5 512.5

S4 pvC + + 30 + 291.7 501.7

S5 BK7 + + 15 + 524 498.7

S6 BK7 + + 30 + 33.1 489.6

S7 BK7 - - - + 89.5 509.3

S8 BK7 = - - + 52.6 520.4

S9 HDPE + + - - 984.6 533.9

S10 PVC + + - - 656.1 537.7

S11 HDPE + + - + 845.7 546.5

S12 pvC + + - + 486.3 534.5

Samples S9 and S10 were references without oxygen plasma treatment and UV illumination.

? + = sample with a PU layer; — = sample without a PU layer.

P+ = sample with a binder; — = sample without a binder.

¢ — = sample with no plasma treatment.

d

mechanical treatment because plasma treatment was
expected to offer a more uniform end result. Treat-
ments were kept relatively short, and the etching
power was low so that only PU binder on the outer
surface would be etched and more TiO, particles
would be exposed. As can be seen from the contact-
angle and GC results, the oxygen-plasma treatment
was highly effective (Tables II and III).

Study of the photocatalytic degradation of
palmitic acid

The photocatalytic degradation of palmitic acid was
studied with contact-angle measurements and GC
analysis.

Contact angles on UV-illuminated surfaces

Table II shows the average contact angles for HDPE,
PVC, and BK7 samples (51-S6). All samples con-
sisted of a substrate (HDPE, PVC, or BK?), a protec-
tive PU coating, and two layers of TiO,. Figure 1
illustrates the behavior of a water droplet on the
HDPE surface under different conditions. As shown
in Table II, without PU binder, contact angles on
HDPE, PVC, and BK7 samples were 47 [see also Fig.
1(A)], 60, and 23°, respectively (the contact angle
was ~ 100° for pure HDPE, ~ 65° for PVC with a
plasticizer, and ~ 31° for BK7). Clearly, without the
PU binder, TiO, layers were dominant.

With the PU binder added, contact angles on
HDPE [see also Fig. 1(B)] and BK7 samples rose
noticeably (by over 30°), whereas the contact angle

+ = sample with UV illumination; — = sample without UV illumination.

on the PVC sample rose just slightly (~ 2°). The PU
binder was now dominant, and as indicated in our
previous experiments, oxygen-plasma treatment
became necessary because there was no superhydro-
philic effect when the samples were UV-irradiated
without preceding plasma treatment.

After oxygen-plasma treatment, the HDPE [Fig.
1(C)] and BK7 samples became superhydrophilic
(contact angle ~ 0°). Oxygen-plasma treatment is
known to produce hydrophilic groups, such as non-
stoichiometric TiO,, on the surface of TiO,.** It has
also been shown that oxygen-plasma treatment adds
polar groups, such as hydroxyl groups, to the PU
surface.” Tt is possible, therefore, that after oxygen-
plasma treatment, the PU binder between TiO, par-
ticles contributed to the superhydrophilic effect.
These polar groups on the PU binder surface inter-
acted with water, leading to a lower contact angle.

The contact angle of the PVC samples dropped
sharply from 62 to 33°, but superhydrophilicity was
not achieved. This could have been due to the plasti-
cizers in the PVC or to inadequate oxygen-plasma
etching of the PU binder. Some of the plasticizer
could have migrated to the PVC surface by diffusion
when the protective PU coating was applied and
could have mixed with the liquid PU dispersion,
partially embedding the TiO, particles. The superhy-
drophilic effect was not observed, and the photoca-
talytic activity of the PVC samples was significantly
reduced.

After the application of palmitic acid to the
plasma-treated sample surface, the contact angles of
all samples rose. Superhydrophilicity of the HDPE

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Water contact angles on HDPE samples at dif-
ferent stages of fabrication. The basic sample consisted of
a substrate (HDPE), a protective PU coating, and two
layers of TiO,. The images show a sample (A) without a
PU binder, (B) with a PU binder, (C) after a 15-s plasma
treatment, (D) after the addition of palmitic acid to the
surface, and (E) after 24-h UV illumination of the coating
with palmitic acid.

Journal of Applied Polymer Science DOI 10.1002/app
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[Fig. 1(D)] and BK7 samples was lost, and their con-
tact angles leveled out to about 30°. Contact angles
of the PVC samples rose by roughly 10° with respect
to the oxygen-plasma-treated samples. In all cases,
the addition of palmitic acid caused an increase in
the contact angle versus the plasma-treated surface.

After the UV-irradiation experiments, the surfaces
of the HDPE [Fig. 1(E)] and BK7 samples became
superhydrophilic, but surprisingly, the contact angle
on the PVC surface increased. We can assume that
the superhydrophilicity of the HDPE and BK7 sam-
ples was due to the photocatalytic degradation of
palmitic acid induced by UV irradiation. In the case
of the PVC samples, migration of plasticizers may
have caused the increase in the contact angles, and
the plasticizers may also have inhibited the photoca-
talytic degradation of palmitic acid.

We used BK7/TiO, samples as references. The ref-
erence samples were prepared without a protective
PU coating or PU binder, so only two layers of a
TiO,/water suspension (2 wt % TiO,) were spread
on the cleaned glass surface, and they were dried.
The contact angle of the reference sample without
palmitic acid was 27°, and that of the sample with
palmitic acid was 97°. The activity of the TiO, pow-
der was tested by illumination of the reference sam-
ples with UV light: the sample without palmitic acid
for 3 h and the sample with palmitic acid for 24 h.
In both cases, the contact angle dropped to 0°. The
emergence of the superhydrophilic effect in the sam-
ple with palmitic acid suggests that the palmitic acid
degraded, at least for the most part. Because contact-
angle measurement is an indirect method, the degra-
dation of palmitic acid was further investigated with
GC analysis.

Study of palmitic acid degradation by GC

Palmitic acid residues in UV-illuminated samples
were measured with GC and compared with those
of reference samples that were not illuminated. GC
is a highly sensitive method, allowing very small
residues to be determined and the degree of degra-
dation of palmitic acid to be estimated. The com-
pound that was determined quantitatively was the
trimethylsilyl ester derivative of palmitic acid, rather
than palmitic acid itself, which has a high boiling
point. Palmitic acid reacted quantitatively with the
silylating agent, so the actual amount of palmitic
acid on the sample surfaces could be calculated
from GC integrals. Sample compositions and inte-
grals for the palmitic acid and stearic acid (ISTD)
derivatives are reported in Table III, and the residual
amounts of palmitic acid in UV-illuminated samples
versus those in nonilluminated samples are reported
in Table IV.
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TABLE IV
Amount of Palmitic Acid on Sample Surfaces After UV Illumination and on
Nonilluminated Reference Sample (S9 and S10) Surfaces

Palmitic acid

Amount residue remaining
Plasma-treatment ~ 24-h  of palmitic acid with respect to
Sample  Substrate time (s)” % in sample (pg) reference sample (%)
S1 HDPE 15 + 10.29 5.6 (51/99)
S2 HDPE 30 + 11.52 6.2 (S2/59)
S3 PVC 15 + 24.49 20.1 (S3/510)
S4 PvVC 30 + 58.15 47.7 (S4/510)
S5 BK7 15 + 10.50
S6 BK7 30 + 6.76
S7 BK7 - + 17.58
S8 BK7 - + 10.11
S9 HDPE - - 184.44
S10 PVC - - 122.02
S11 HDPE - + 154.76 83.9 (511/99)
S12 PVC - + 90.99 74.6 (512/510)
? — = sample with no plasma treatment.
 + = sample with UV illumination; — = sample without UV illumination.
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Figure 2 SEM images of HDPE samples: (A,B) without plasma treatment (S11) and (C,D) after a 15-s plasma treatment
(S1). The magnifications are (A,C) 25,000x and (B,D) 100,000 x.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM images of PVC samples: (A,B) without plasma treatment (512) and (C,D) after 30-s plasma treatment (54).

The magnifications are (A,C) 25,000x and (B,D) 100,000x.

The UV-illuminated BK7 glass/TiO, samples (57
and S8 in Table III) were used as universal referen-
ces for the evaluation of the photocatalytic activity
of TiO, on other substrate materials. There are no
additional substances in glass that can affect photo-
catalysis, unlike polymer substrates, which can con-
tain additives. From Table III, we can see that the
GC integral values (trimethylsilyl ester of palmitic
acid) of the UV-illuminated HDPE (S1 and S2) and
BK7 samples (S5 and S6) were on the same level as
those of the reference samples without a protective
PU coating or PU binder (S7 and S8), but the inte-
gral values of the PVC samples (S3 and S4) were
much higher. This was probably due to the catalytic
inhibition induced by the migration of plasticizers
from PVC to the surface of TiO, particles. Additional
signals from PVC samples appeared in GC chroma-
tograms at high temperatures. The pure stabilizer
and plasticizers were analyzed by GC for reference
purposes, and three strong signals for the PVC sam-
ples (S3, 54, S10, and S12) at retention times of 21.5,

Journal of Applied Polymer Science DOI 10.1002/app

22.5, and 25.3 min were confirmed to originate from
the plasticizers.

In Table III, the integral of palmitic acid is not
zero for any sample (S51-S8). Possible reasons for
nonzero values are deactivation of the catalyst,
incomplete TiO, coverage, and spreading of some of
the palmitic acid, with the solvent, on the sides of
the sample disk during the spin coating. Because no
signals from intermediate products of palmitic acid
(carboxylic acids, linear alkanes, etc.)36 were found
in gas chromatograms, we can assume that the TiO,
coverage was complete and the palmitic acid on the
TiO, surface degraded completely. For the same rea-
son, deactivation of the TiO, catalyst during the
photocatalysis was therefore improbable. More
likely, palmitic acid that had spread onto the sides
of samples was rinsed off with the n-hexane, and
that was the source of the weak palmitic acid signal
observed in GC chromatograms of all the samples.

From Table IV, we can see that in the case of
HDPE samples (S1 and S2), there is only ~ 6% of
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palmitic acid left when UV-illuminated samples are
compared to the nonilluminated HDPE sample (S9).
When PVC samples are compared (S3 and 5S4 to
S10), it can be seen that the photocatalytic degrada-
tion of palmitic acid is not as effective as in the case
of HDPE, and this can be related to photocatalytic
inhibition caused by PVC plasticizers.

GC results in Table IV indicate that UV illumina-
tion of samples without oxygen-plasma treatment
can induce the degradation of palmitic acid (S11/S9
and 512/510), but the degradation was significantly
lower in comparison with the samples that were
plasma-treated. It can be concluded that the oxygen-
plasma treatment of the PU binder was effective and
contributed to palmitic acid degradation on both
polymer substrates. However, longer oxygen-
plasma-treatment times were not found to enhance
the photocatalytic degradation of palmitic acid (S1
versus S2 and S3 versus 54).

SEM analysis of surfaces

The TiO, coatings were examined with SEM to dis-
cover the effect of oxygen-plasma etching on the
amount of the PU binder. The SEM characterization
was performed for HDPE, PVC, and BK7 samples
after the photocatalytic studies.

Figures 2(A,B) (S511) and 3(A,B) (S12) show the
HDPE and PVC samples without oxygen-plasma
etching. Without etching, most of the TiO, particles
were embedded in the PU binder [Figs. 2(A,B) and
3(A,B)]. SEM images after oxygen-plasma etching of
HDPE (S1) and PVC (54) sample surfaces are pre-
sented in Figures 2(C,D) and 3(C,D). After a 15-s
plasma treatment, most of the PU binder was etched
from the HDPE sample [Fig. 2(C,D)]; after a 30-s
plasma treatment of the PVC sample, however, very
little of the PU binder was etched away [Fig.
3(C,D)]. Most of the TiO, particles on PVC were still
embedded in the PU binder. Clearly, the substrate
material has an effect on the etching efficiency, and
etching times must be optimized. The migration of
plasticizers was not, therefore, the only reason for
the high contact angle of water on the PVC samples
because most of the PU binder was left on the sur-
face after plasma treatment [Fig. 3(C)], and the PU
binder also affected the contact angle. From the con-
tact-angle and GC results, it is clear that, in the case
of the PVC samples, excessive PU binder residue
affected both the contact angle and photocatalytic
efficiency.

According to the SEM experiments, BK7 lies
between HDPE and PVC in terms of etching effi-
ciency. A plasma treatment of 30 s seemed to be too
long for BK7 because most of the PU binder was
etched away, but a 15-s treatment left some PU
binder between the TiO, particles.
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CONCLUSIONS

Self-cleaning surfaces relying on TiO, photocatalysis
were successfully prepared by the deposition of a
multilayer coating structure. The photocatalyst was
bound with PU polymer to (1) fix particles on the
surface and (2) improve the mechanical resistance of
the TiO, layer. Some oxygen-plasma etching was
necessary to remove excess PU binder so that TiO,
particles would be sufficiently exposed and the sur-
face would become photocatalytically active. The
superhydrophilic effect was observed after plasma
treatment and UV illumination in the case of HDPE
and BK7 samples, but the effect was not achieved
with PVC samples because of the inadequacy of the
plasma treatment and the migration of plasticizers to
the surface of the coating. The presence of the plasti-
cizer was confirmed in GC experiments, and it may
be that the plasticizer reduced the etching efficiency
of the oxygen-plasma treatment. SEM images sug-
gested that the effect of the plasma treatment
depends on the substrate material, and optimization
of the etching time is required for each substrate ma-
terial separately so that TiO, particles are bound and
the photocatalytic efficiency remains at a high level.
We conclude, on the basis of these experiments, that
self-cleaning surfaces can be manufactured on both
polymer and glass surfaces.

The authors thank Ville Miikkulainen for the SEM imaging
and Degussa AG for providing the Degussa P25 TiO,
powder.
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