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bstract

Thin TiO2 coatings were deposited by cold gas dynamic spraying (CGDS) on different types of thermoplastic poly(sulfone) material using
itrogen as process gas and commercially available TiO2 (anatase) powder as feedstock. The properties of the coatings were investigated as
unctions of gas temperature and pressure. Coating microstructure and phase composition were characterised by scanning electron microscopy and
icro-Raman spectroscopy, respectively. The photocatalytic efficiency of the coatings was monitored through the decomposition of 4-chlorophenol
n aqueous solution, and the initial reaction rates, i.e. rates of pH decrease compared to those of standard Degussa P-25 coatings. It was found
hat most CGDS coatings showed excellent adhesion to the substrate and suitable surface roughness as well as photocatalytic activities equal to or
igher than those of the reference coating.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The outstanding photocatalytic activity of the anatase poly-
orph of titanium dioxide (TiO2) [1] has led to the design

nd development of many new effective reactors for purifica-
ion of industrial and domestic wastewater and gasses. Since
mmobilisation of TiO2 photocatalyst in the form of a coat-
ng has many practical advantages over suspended powder, in
he past various coating techniques including thermal spraying
2–4], chemical vapour deposition [5] and, in particular sol–gel
eposition [6] have been tested to produce well-adhering coat-
ngs with favourable surface properties. However, to achieve
echanical stability of sol–gel derived TiO2 coatings and high
rystallinity during its subsequent calcination treatment, high
emperatures in the range of 450–750 ◦C must still be applied.

∗ Corresponding author. Tel.: +49 5541 903073; fax: +49 5541 903181.
E-mail address: robert.heimann@ocean-gate.de (R.B. Heimann).
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his has dramatic consequences since at elevated temperature
n irreversible polymorphic transformation occurs of the anatase
hase to the photocatalytically less active rutile phase. Hence
here is a necessity to process TiO2 (anatase) coatings at tem-
eratures substantially below the onset of phase transition to
utile. Cold gas dynamic spray (CGDS) deposition appears to
e a convenient technology to achieve this goal.

The decisive advantage of CGDS over competing con-
entional techniques is its low deposition temperature in
onjunction with high pressure of the carrier gas that imparts
igh kinetic energy to the solid powder particles. Most duc-
ile metals such as Cu, Al, Ni, Ti and Ni-based alloys can be
eposited by cold gas dynamic spraying, and even ceramics and
olymers [7] can be embedded into a substrate surface to form
thin coating layer.
The CGDS technique was invented by Papyrin and coworkers
n Russia [8] and has been subject to intense industrial inter-
st ever since [9,10]. The advantages of the technique include
ow temperature powder processing, phase preservation, very

mailto:robert.heimann@ocean-gate.de
dx.doi.org/10.1016/j.jphotochem.2006.10.023
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ittle oxidation of powder, coating and substrate, high coating
ardness due to formation of a cold-worked microstructure,
limination of solidification stresses and hence possibility to
eposit thicker coatings, coatings with low defect density, low
eat input into the substrate hence reduced cooling requirements,
s well as reduced or even eliminated need for fuel gasses,
lectrical heating and sample masking. However there are also
ome noticeable disadvantages including high gas flow rates of
ostly gasses such as helium required to achieve maximum par-
icle velocity, limitation of coating materials to ductile metallic
owders, and the fact that the technology is still mainly in its
esearch and development stage with little coating performance
nd history data.

The mechanism of bonding of the coating layer to the sub-
trates relies on sufficient energy to cause significant plastic
eformation of the particle and the substrate as well (“micro-
orging”). Under high impact stresses and strains interaction
f the particle with the substrate surface presumably causes
disruption of oxide films thus promoting contact of chemi-

ally clean surfaces. In addition, high friction will generate very
igh-localised temperatures that will result in bonding akin to
xplosive welding.

Ceramic powder particles such as TiO2 should reach even
igher velocities compared to metallic powder because of their
ower densities and inertia. The particle velocity will also be
nfluenced by the size and geometric shape of the particles, their
rain size distribution, the type and dynamic properties of the
ccelerating gas (density, ratio cp/cv) and the drag coefficient
D [11]. In addition the velocity of the particle will be deter-
ined by the operating pressure and temperature of the gas,

nd the nozzle design (Mach number). However, cold spraying
f ceramic [12] and polymeric [7] particles is still a controver-
ial issue as the bonding mechanism is associated to permanent
igh-rate deformation at the particle-substrate interface, typical
f metallic behaviour. Also, owing to their lower inertia ceramic
articles suffer much more from bow shock deceleration prior
o impact compared to metal particles.

The materials limitation notwithstanding early attempts were

eported in the literature to deposit ceramic coatings by CGDS.
n particular, Li et al. [12,13] described the deposition of titania
owder by CGDS onto stainless steel substrates. The coating
hickness was limited to below 15 �m, and its high porosity and

f
U
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able 1
ensities and thermal properties of thermoplastics used as substrates

aterial Supplier Heat res

Density
(g/cm3)

EEK
Reiff GmbH

1.31
ET 1.39
VDF 1.79
SU (UdelTM)

Solvay Advanced Polymers L.L.C.
1.24

ES (Radel ATM) 1.37
PSU (Radel-RTM) 1.29

a Heat deflection temperature (HDT).
b Glass transition temperature Tg.
otobiology A: Chemistry 187 (2007) 285–292

iscontinuous nature did not allow to use the UV light applied
o its most efficient degree, hence reducing the photocatalytic
erformance of the coating. Obviously the brittle, non-ductile
ature of the titania powder led to increased surface erosion
o that attempts to deposit thicker, continuous coatings were
hwarted.

Hence it was thought that a soft substrate provided by a
olymeric surface would allow to anchor the highly acceler-
ted hard and brittle titania particles solidly within surface
sperities produced by impact with high kinetic energy. Since
ome thermoplastic polymers exhibit properties conducive to
he utilisation in photocatalytic reactors such a light weight,
easonable transmissivity in the UV–vis–NIR, mechanical flexi-
ility, reasonable chemical stability against UV-A radiation, cost
fficiency, and generally well-known processability, the combi-
ation of a homogeneous, thin, well-adhering titania (anatase)
oating deposited by CGDS with a polymer substrate with satis-
actory UV transmittance, and mechanical and chemical stability
ould potentially provide a paradigm shift for liquid and gaseous
aste treatment by photocatalysis. Results of these attempts

eported in this contribution are in the process of being protected
y patent law [14].

. Materials and methods

.1. Materials

.1.1. Substrates
Different types of thermoplastics sheet (143 mm × 143 mm ×

mm) were tested as substrates for CGDS coatings including
oly(etheretherketone) (PEEK), poly(ethyleneterephthalate)
PET), poly(vinylidenefluoride) (PVDF), poly(sulfone) (PSU),
oly(ethersulfone) (PES) and poly(phenylsulfone) (PPSU).
ased on evaluation of their thermal stability during the
GDS coating process (Table 1), transmittance in the UV

ange, water and water vapour absorption, chemical resistance,
rocessability, and cost efficiency three types of thermoplastic
aterial of the poly(sulfone) family were selected as substrates
or titania coatings. These polymers included PSU (tradename
delTM), PES (tradename Radel-ATM) and PPSU (tradename
adel-RTM) materials supplied by Solvay Advanced Polymers
.L.C.

istance and melting point

Short time heat
stability (◦C)

Long time heat
stabilitya (◦C)

Melting
point (◦C)

310 250 340
160 115 255
160 150 175
n/a 174 185b

n/a 204 n/a
n/a 205 220b
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Table 2
CGDS operating parameters

Type of carrier gas Nitrogen
Powder type HombikatTM TS-40
Primary particle size <10 nm
Median powder grain size 45 �m
Working gas pressure 1.5–3.0 MPa
Gas temperature at nozzle exit 400–550 ◦C
Particle velocity 900–1000 m/s
Powder feed rate 5–10 g/min
Stand-off distance 30 mm
Traverse speed of spray gun 80–100 mm/s
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ig. 1. UV–vis–NIR absorption spectra of the poly(sulfone)s UdelTM, Radel-
TM and Radel-RTM.

Fig. 1 shows the absorbance spectra in the wavelength range
etween 200 and 2500 nm of the poly(sulfone)s PSU (UdelTM),
ES (Radel-ATM) and PPSU (Radel-RTM). The spectra are very
imilar; in particular, transmission of electromagnetic radiation
ith wavelengths between 400 nm and about 1600 nm is very
igh thus suggesting suitable optical properties for the envisaged
pplication of the three selected poly(sulfones) as carriers of
hotocatalytically active titania coatings.

.1.2. TiO2 powder
A commercially available agglomerated TiO2 (anatase) pow-

er (tradename HombikatTM TS-40; Sachtleben Chemie GmbH,
uisburg, Germany) with a primary particle size of <10 nm

nd an agglomerated particle size distribution of Q.50 = 45 �m
median) and Q.90 = 60 �m was used as feedstock.

.2. Methods

.2.1. Cold gas dynamic spraying (CGDS)
During cold gas spraying, very high particle velocities

re obtained by acceleration of a gas stream expanding in a
onverging–diverging de Laval-type nozzle to velocities in the
ange of 300–1200 m/s. The length of the convergent nozzle sec-
ion was 73 mm, the internal throat diameter was 2.7 mm, and

he expansion ratio was about 9.7.

The schematics of the CGDS set-up is presented in Fig. 2.
ext to gas pressure and temperature, the most important pro-

ess parameter is the particle velocity prior to impact at the

Fig. 2. Schematics of the set-up used for cold gas dynamic spraying [9].
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umber of traverses 1
own-shift step of spray gun 1.5 mm

ubstrate. Since for any given material a critical particle velocity
xists only those particles with a velocity exceeding this critical
elocity can be deposited to produce a well-adhering coating.
article with velocities below the critical velocity will only lead

o erosion of the substrate. The critical particle velocities of Cu,
e, Ni and Al are approximately 560–580, 620–640, 620–640
nd 680–700 m/s, respectively [10]. However, since the critical
elocity is a complex function of a number of variables published
alues are usually calculated ones and thus do not accurately
eflect measured data. Since in the present case TiO2 particle
elocities could also not be measured reliably they were esti-
ated to be between 900 and 1000 m/s using a one-dimensional

sentropic equation [11].

.2.2. Experimental parameters
Table 2 shows the deposition parameters applied using CGDS

quipment (Kinetic 3000 Cold Spray System; CGT, Ampfing,
ermany) operated at Freiberger NE-Metall GmbH & Co Pro-
uktion KG, Freiberg, Germany (Fig. 3). Coatings were obtained
ith only one pass of the spray torch to form deposits of about
0 �m thickness. The torch was moved in a meander-like fashion
cross the substrate surface with a downshift step of 1.5 mm.

.2.3. Coating characterisation
The microstructure of the surfaces of as-sprayed TiO2

oatings was characterised by optical microscopy at different
agnifications. Cross-sections were coated with a thin layer of

arbon and secondary electron images obtained by scanning
lectron microscopy (SEM JSM-6400) at 20 kV acceleration
oltage and a beam current of 600 pA at the Department of Geol-
gy, Technische Universität Bergakademie Freiberg, Germany.
he phase composition of the coatings was characterised by
icro-Raman spectroscopy using a Jobin Yvon LabRam HR-

00 spectrometer operated at the Department of Theoretical
hysics, Technische Universität Bergakademie Freiberg, Ger-
any. The 532 nm wavelength line of a Nd:YAG laser with an

utput power of 0.5–24 mW was used for excitation. Raman
pectra were collected at 5, 10 and 50 times magnification in
ackscattering geometry. The spot size of the laser probe was

etween 2 and 10 �m. The spectral resolution was better than
cm−1.

The surface roughness of the deposited coatings was mea-
ured using a UBM Surface Topography tester.
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ig. 3. Kinetic 3000 Cold Spray System operated at Freiberger NE-Metall Gm
ozzle (right). Coated polymer samples are shown on the rack in the left image

The photocatalytic activity of the coatings was tested in a
ini-photoreactor based on a standard spectroscopic cell (Fig. 4)

sing the decomposition reaction of 10 mM 4-chlorophenol in
0 mM NaClO4 aqueous solution [4].

The sample was irradiated by polychromatic UV light
>320 nm) generated by a mercury lamp (Narva HBO 200, 26 V,
A). The UV radiation was filtered with an IR liquid filter and
ith a 320 nm glass cut-off filter WG-3 (Saale-Glas GmbH, Jena,
ermany). The pH change following the release of hydrochloric

cid was continuously monitored by a glass electrode positioned
bove the coating sample. The initial reaction rate of the HCl
ormation is thought to be proportional to the photocatalytic
ctivity of the coating. The kinetic parameters were determined
rom the dependence of pH on irradiation time. The initial rates
f pH decrease (−d(pH)/dt) obtained were compared with that of

standard Degussa P-25 coating measured under identical test

onditions. A vitreous silica reference plate was coated with
egussa P-25 powder suspended in methanol and calcined at
50 ◦C for 2 h.

ig. 4. Mini-photoreactor operated at the J. Heyrovský Institute of Physical
hemistry, Academy of Sciences of the Czech Republic, Prague, Czech Repub-

ic.
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Co Produktion KG, Freiberg, Germany (left) and close-up view of the spray

. Results and discussion

.1. Microstructure of coatings

Since all poly(sulfone) substrates are transparent in visible
ight (Fig. 1) the microstructures of the deposited coatings were
nvestigated through the backside of the thin (2 mm) substrates.
ig. 5 shows that the highly accelerated TiO2 particles impact-

ng the substrate surface penetrated to a certain depth dependent
n their kinetic energy and the elasticity of the thermally treated
olymer. Comparison of the coatings produced at 450 ◦C (top
ow) and 500 ◦C (bottom row) reveals that the thermally less
table PES (panel B*) and PSU (panel C*) substrates soft-
ned considerably at higher gas temperature and hence allowed
he TiO2 to penetrate to larger depths forming particle clus-
ers in contrast to the thermally more stable PPSU (panels A
nd A*). Darker spots visible in panels B* and C* indicate
verheated and thus locally melted parts of the polymer sub-
trates.

Fig. 6, left shows an SEM micrograph of a cross-section of a
oly(sulfone) (PSU, UdelTM) substrate coated with a TiO2 layer
f about 20 �m thickness, comparable to the results obtained
reviously [12]. Since ceramic particles are brittle and thus do
ot possess ductility as metal particles do they tend to erode on
mpact previously deposited material. Consequently only one
raverse of the torch was used limiting the coating thickness
chievable. Polymeric material squeezed out of the surface after
article impact will likely act as particle binder as shown in
ig. 6, right. This dislodged material may even cover parts of

he topmost TiO2 particle layer thus reducing together with sub-
imated and recondensed material (see below, Figs. 7 and 8) the
hotocatalytic efficiency of the anatase coating.

The roughness of the CGDS coatings is a very important qual-
ty parameter that controls the effective surface area and hence
he efficacy of the photocatalytic performance of the TiO2 coat-
ngs. Table 3 shows the surface roughness data Ra (arithmetic
verage roughness) and Ry (maximum profile depth) of uncoated
oly(sulfone) and TiO2 coatings deposited at 450 and 500 ◦C.

hile the roughness increases with increasing gas temperature

t appears to be independent of the gas pressure at given tempera-
ure. The type of polymer has also no influence on the roughness
f uncoated substrates.
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Fig. 5. Optical micrographs of TiO2 coatings deposited by CGDS on several poly(sulfone) substrates at 450 ◦C, 30 bar nitrogen gas pressure (top row: A–C) and
500 ◦C, 30 bar nitrogen gas pressure (bottom row: A*–C*). Direction of view through the 2 mm thick polymer substrate accounts for the somewhat defocused
appearance of the micrographs due to light scatter.

Fig. 6. Left: SEM micrograph showing an oblique view of a cross-section of PSU (bottom) coated with TiO2 (top). Right: model of particle bonding of a CGDS
coating on a polymer surface.

Fig. 7. Left: Raman spectra of PSU (UdelTM) surfaces coated with TiO2 (anatase) under different CGDS conditions. (a) 450 ◦C, 30 bar; (b) 450 ◦C, 20 bar; (c) 450 ◦C,
15 bar; (d) 500 ◦C, 30 bar. The inset shows the peak position and the change of the FWHM of the lowest Eg Raman mode. The peaks marked with an arrow (PL)
indicate the presence of polymer (see text). Right: background Raman luminescence spectra of the three types of poly(sulfone) used (PSU, PES, PPSU) [14]. The
peak at 790 cm−1 marked with PL is the photoluminescence band characteristic for all poly(sulfone)s [17].
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ig. 8. Raman spectra of the surfaces of TiO2 (anatase) coated poly(sulfone)s.
he laser beam (λ = 532 nm) was focused on a 1–2 �m spot. The peaks marked
y an arrow indicate the presence of contaminating polymer on top of the coating.

.2. Phase composition

Owing to the rather low temperature exposure of the TiO2
anatase) particles during CGDS processing the phase compo-
ition of the starting powder could be completely preserved as
onfirmed by Raman spectroscopy. Fig. 7, left shows Raman
pectra of coatings deposited on PSU (UdelTM) surfaces under
arious conditions (a: 450 ◦C, 30 bar; b: 450 ◦C, 20 bar; c:

50 ◦C, 15 bar; d: 500 ◦C, 30 bar) [14]. The typical Raman spec-
rum of anatase is composed of five characteristic Raman bands
t 152(Eg), 197(Eg), 396(B1 g), 515(A1 g) and 638(Eg) cm−1, cor-
esponding to different vibration modes of the anatase structure

able 3
oughness parameters Ra and Ry of uncoated and CGDS TiO2-coated substrates

urfaces Ra (�m) Ry (�m)

ncoated 0.09 ± 0.01 1.33 ± 0.57
oated at 450 ◦C 1.76 ± 0.27a 17.33 ± 3.63
oated at 500 ◦C 3.36 ± 0.21 28.14 ± 0.76

a Average of coatings obtained with gas pressures of 15, 20 and 30 bar.
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or which the first Eg band at 152 cm−1 serves as an analyti-
al fingerprint. Its blue shift from 144 cm−1 typically observed
n bulk samples, and associated line broadening from about 8 to
6 cm−1 FWHM is related to phonon confinement that increases
ramatically for crystallite sizes below 10 nm [15,16].

Fig. 7, right shows background photoluminescence spectra of
he three polymer substrates used. The luminescence intensities
orrespond to the colour of the polymer material, i.e. the most
ransparent PSU (UdelTM) shows much lower backgound lumi-
escence compared to the amber coloured PPSU (Radel-RTM).
he sharp PL band at 790 cm−1 is close to the out-of-plane ben-
ene ring C–H deformation at 788.1 cm−1 [16], and its presence
n the integrated spectra (Fig. 7, left) allows to estimate some
eposition quality indicators such as coating continuity, homo-
eneity, and thickness. As shown in Fig. 7, left in the spectra a to
the PL band has a low intensity that increases for sample d, i.e.
TiO2 coating deposited at higher temperature. This suggests

hat in the latter case the coating has become contaminated with
olymer material sublimated from the substrate surface during
hermal impact of the hot carrier gas and subsequent condensa-
ion on top of the as-deposited coating (cp. Fig. 6, right). This
ill significantly reduce the effective surface area of the TiO2

oating and hence compromise its photocatalytical performance.
onsequently the higher the temperature stability of the poly-
er substrate the lower is the risk of contamination at any given

eposition temperature.
Fig. 8 shows that for PSU (UdelTM) with a rather low thermal

tability (Table 1) the effect of self-contamination is much higher
han for the thermally more stable PES (Radel-ATM) and, most
otable, PPSU (Radel-RTM) as shown by the close to negligible
ntensity of the PL band in the Raman spectrum of the latter
ven at 500 ◦C gas temperature. In addition the spectra show
hat increasing the gas temperature from 450 to 500 ◦C also
ncreases the intensity of the PL peak. This essentially means
hat for improvement of coating performance the thermal impact,
.e. the cumulative effect of gas temperature, gas pressure and
tand-off distance has to be adjusted for each substrate mate-
ial used by defining a balance between the kinetic energy of
he accelerated powder particles and the mechanical properties
f the substrate that will become thermoplastically pliable and
obilised by interaction with the hot gas stream.

.3. Photocatalytic performance

The photocatalytic degradation of 4-chlorophenol on con-
act with a UV-irradiated TiO2 (anatase) coating was found
o proceed according to a first-order kinetics law [18]. Since
he concentration of protons released during photodegradation
ncreases exponentially with irradiation time, the pH, i.e. the
egative logarithm of the proton concentration ought to decrease
inearly. However, as shown in Fig. 9, left this is seemingly
ot the case. The reason for this deviation from theory can

e tentatively seen in two facts. First, according to the classic
ernst law the electrochemical potentials of the photogener-

ted charges, i.e. electrons and holes depend on pH, i.e. they
ecome more negative with increasing pH or more positive with
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the comparatively low photocatalytic activity of TiO2-coated
PSU (UdelTM) surfaces is presumably related to the high degree
of self-contamination of the thermally less stable polymer that
led to shielding of the photocatalytically active surface area (cp.

Fig. 10. Initial reaction rates during decomposition of 4-chlorophenol on CGDS
titania coatings immobilised on PES (Radel-ATM), PPSU (Radel-RTM) and PSU
ig. 9. Left: decrease of pH of 10 mM 4-chlorophenol in 10 mM NaClO4 aq
f labels cp. Fig. 10). Right: formal deconvolution of a measured pH vs. t
pH = (pH0 − pH∞) exp(−k1t) + pH∞) with pH0 = (2.489 ± 9.39) × 10−4, pH∞

ecreasing pH. Consequently during the one-electron oxidation
f 4-chlorophenol the process accelerates with decreasing pH
nd, at the same time, the one-electron reduction process of
olecular oxygen slows down.
However, even though the two processes occur separately

ut not independently on the TiO2 particle surfaces, they are
oth required to close the photocatalytic loop and hence depend
n each other. The overall reaction rate of the degradation of
-chlorophenol is then determined by the rate-determining reac-
ion step, i.e. the slower one and as a result it depends less on
H than on the conditions given by the particular redox process.
his may impose a non-linearity on the overall process as shown

n Fig. 9, left.
As this effect is presumably rather small for small changes

f the pH another explanation for the non-linear behaviour
f the pH was considered. It was observed in a blank exper-
ment, i.e. during UV irradiation of a TiO2 coating on a
oly(sulfone) substrate in the absence of 4-chlorophenol that
similar non-linearity exists. On the other hand, compara-

le coatings deposited on titanium substrates showed no pH
hange upon irradiation in the absence of 4-chlorophenol but
he expected strictly linear response during photodegradation
f 4-chlorophenol instead [4]. This suggests that the nature
f the substrate has a decisive effect on the pH evolution
n that UV-generated partial destruction of the poly(sulfone)
hains may produce relatively strong organic or even sulfuric
cids whose effect produce the non-linear kinetics observed.
owever, while the reaction rate of the decomposition of 4-

hlorophenol remains constant that of acidity generated by
egradation of the polymers slows down during the measuring
eriod. This is shown in Fig. 9, right for a coated Radel-ATM

ubstrate (gas temperature 450 ◦C, gas pressure 15 bar). The
urves of measured pH versus irradiation time can formally be
econvoluted into a linear (pH = pH0 − k0·t) and an exponen-
ial contribution (pH = (pH0 − pH∞) exp(−k1t) + pH∞). Hence
o compare the photocatalytic efficiency of TiO2 coat-
ngs on poly(sulfone) substrates deposited at various gas
emperatures and pressures an additive fitting function
H = (pH0 − pH∞) exp(−k1t) + pH∞ − k0t was applied. The fit-
ing parameters pH0 (pH at t = 0), pH∞ (pH at t = ∞) and

1 and k0 were then used to calculate the initial reaction
ates, i.e. the change of pH as a function of the reaction time
−d(pH)/dt)0 = −k1(pH0 − pH∞) − k0 as shown in Fig. 10.

(
s
U
(

solution with irradiation time for selected anatase coatings (for explanation
into a linear contribution (pH = pH0 − k0t) and an exponential contribution

74 ± 0.012, k0 = (0.00127 ± 9.882) × 10−5, and k1 = 0.02816 ± 0.0013.

The initial reaction rates were compared to the reaction rate
btained for photodegradation of 4-chlorophenol on standard
egussa P-25 immobilised on a vitreous silica plate (dashed

ine in Fig. 10). The photocatalytic performances of most CGDS
oatings compared favourably to that of P-25 coating, and
aximum degradation rates were obtained for TiO2 (anatase)

oatings deposited on poly(ethersulfone) (Radel-ATM) plates
t a gas temperature of 450 ◦C and pressures of 20 or 30 bar.
ower gas pressure (15 bar) or high gas temperature (500 ◦C)
ielded reduced photocatalytic efficiencies presumably owing
o respectively, reduced adhesion of the coating particles and
hielding by self-contamination with sublimated polymer as dis-
ussed above. Moreover, the reaction rates of TiO2 coatings
n poly(phenylsulfone) (PPSU, Radel-RTM) are substantially
elow those on poly(ethersulfone) (PES, Radel-ATM). This may
e related to the higher hardness of PPSU resulting in reduced
eformation on particle impact and hence build-up of a thin-
er and in part non-continuous TiO2 coating layer with less
ctive surface area (cp. Fig. 5A and A*). On the other hand,
UdelTM) surfaces. The separation into linear and exponential contributions is
hown. The bar labels characterise the type of substrate (RA = PES, RR = PPSU,
D = PSU), the gas temperature (45 = 450 ◦C, 50 = 500 ◦C) and the gas pressure

15, 20 and 30 bar).
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ig. 8). It was observed that the drop of pH on coated UdelTM

ubstrates is linearly related to the irradiation time as opposed
o Radel-ATM and Radel-RTM (Fig. 9, left) possibly suggesting
mproved stability against UV radiation of the former. It should
e emphasised that the kinetic function applied above describes
nly formally the pH dependency on irradiation time but does
ot allow any interpretation of the real processes occurring at
he contact interface anatase–polymer.

. Conclusion

TiO2 coatings with anatase structure were deposited by cold
as dynamic spraying (CGDS) on three different poly(sulfone)
ubstrates, i.e. poly(sulfone) PSU (UdelTM), poly(ethersulfone)
ES (Radel-ATM) and poly(phenylsulfone) PPSU (Radel-RTM)
t 450 and 500 ◦C gas temperature, and 15–30 bar nitrogen gas
ressure. Raman spectroscopy confirmed that the phase compo-
ition of the precursor TiO2 powder was conserved during the
eposition process. The coatings showed superior adhesion to
he polymeric substrates, surface roughness Ra values between
.8 �m (450 ◦C) and 3.4 �m (500 ◦C), and photocatalytic effi-
iencies equal to or higher than that of the reference coating
egussa P-25. In particular, coatings deposited on PES (450 ◦C,
0–30 bar) showed initial reaction rates (rate of pH decrease)
etween 0.6 and 1.0 pH/h, whereas those deposited at compa-
able conditions on PPSU and PSU showed values of 0.3–0.6
nd 0.25–0.40 pH/h, respectively. The initial reaction rate of the
ontrol (standard Degussa P-25 coating) was about 0.29 pH/h.

It was found that at higher gas temperatures the polymer sur-
aces partly underwent thermally induced sublimation and that
he mobilised material showed a tendency to become redeposited
n top of the TiO2 particles thus reducing their photocatalytical
fficiency. This problem of self-contamination may be overcome
y either applying lower gas temperatures or depositing a very
hin chemical barrier coating on the polymer surface [14] prior
o CGDS of titania.
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