Photocatalytic activity of TiO,-embedded fluorinated transparent
coating for oxidation of hydrosoluble pollutants in turbid suspensions
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1. Introduction

Advanced oxidation processes (AOPs) have been widely rec-
ognized as performing alternatives to conventional methods for
removal of organic pollutants from water and wastewater [1-3]. In
particular, semiconducting transition metal oxides revealed
remarkable catalytic properties in the presence of UV light, sug-
gesting new promising applications in the field of photocatalysis
[4]. Anatase titanium dioxide, TiO,, has a band gap of 3.2 eV and,
whenever its surface is exposed to radiations with wavelengths
below 385-410 nm, pairs of holes (h*, redox potential +2.53 eV vs.
the standard hydrogen electrode (SHE)) and electrons (e, redox
potential —0.52 eV vs. the SHE) are formed. Electron-hole pairs can
either recombine or react with adsorbed electron donor or accep-
tor molecules [5]. In the presence of water and oxygen, hydroxyl
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radicals OH* (redox potential OH*/H,0 = +2.27 eV vs. the SHE) and
superoxide ions O, * (redox potential 0;/0,~* = —0.28 eV vs. the
SHE) are generated [5]. These radicalic intermediates are strong
oxidizing species able to oxidize organic compounds [6,7]. In addi-
tion, it has been demonstrated that TilYVOH"* takes an active part in
the mineralization reaction [3,8,9]. Direct oxidation at the hole site
is usually favored in case of highly adsorbed substrates, while the
degradation of weakly adsorbed pollutants takes place mainly
through hydroxyl radical mediated oxidation [10-13]. Hence, the
oxidation of organic compounds could be ascribed either to a
direct reaction with the photogenerated holes, or to an indirect
reaction with hydroxyl radicals or to a combination of the two
[14,15].

The use of photocatalytic TiO, in suspension or slurry type reac-
tors has been reported to be well performing especially because
of the high surface area of the catalyst available for the treat-
ment (average surface area: 95 m?/g for pure anatase; 55 m?/g for
commercial TiO; 75% anatase, 25% rutile; 25 m?/g for pure rutile)
[16-18]. However, the industrial feasibility of such systems is lim-
ited due to the low quantum efficiency reported for slurry processes
and because a post-treatment catalyst recovery stage is needed
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Scheme 1. Photocatalytic degradationof RhB induced by TiO,.

[5,15]. This additional operation requires a solid-liquid separation
stage which adds to the overall cost of the plant [12].

The present work is focused on the development of a perflu-
orinated multilayered transparent coating with embedded TiO,
particles able to promote photocatalytic degradation of hydrosolu-
ble organic pollutants, even in turbid solution conditions, and at the
same time, overcome the problems related to the post-treatment
catalyst recovery stage. An appropriate solid matrix for this applica-
tion must satisfy several requirements: chemical stability toward
UV radiations and UV-activated TiO,; high transparency toward
UV light in order to let UV rays reach the photocatalyst; high per-
meability to gases, especially to O, and water vapor, which are
required in the photocatalytic reactions; high wettability in order
to optimize the interaction with the polluted aqueous solutions.

The use of perfluoropolymers as coating materials for anodized
titanium substrates allows an increase in surface washability,
resistance to soiling [14] and gas phase permeability [19,20]. It
is well known that soiling on TiO, thin layers (e.g., TiO, nano-tubes
by titanium anodizing) can easily deactivate the catalyst [21].
Perfluoropolymeric materials, due to the massive presence of
highly stable C F-bonds, as high as 544 kJ/mol [22], are char-
acterized by thermal and chemical stability [22,23], in particular
toward UV radiation and UV-activated TiO, [24], low surface energy
and, if amorphous, also high transparency [14,25]. The interaction
between the embedded TiO, catalyst and the aqueous polluted
solution can be optimized by the use of ionomeric materials. The
fluorinated ionomer used in this work is a branched copolymer of
tetrafluoroethylene (TFE) and fluorosulfonyl vinyl ether (FSVE)
characterized by the presence of strongly acidic groups [26]. Perflu-
orinated ionomeric membranes have a wide range of applications
owing to their excellent chemical and thermal stability, ion con-
ductivity and UV transparency [27,28].

The perfluorinated multilayered ionomeric photoactive coating
was directly applied on the quartz sheath of the UV source,
allowing the system to treat even turbid solutions. Indeed, the UV-
promoted TiO, activation and the pollutant diffusion from the
aqueous phase to the photoactive coating occurred at the two
opposite coating interfaces. The inner interface adherent to the UV
source was preserved clean and transparent to UV light; while
through the outer interface between the perfluorinated ionomeric
coating and the aqueous phase, the pollutants were free to diffuse
to the activated TiO, nanoparticles dispersed in the ionomeric
phase.

The photocatalytic activity of the hybrid coating was evaluated
by studying the degradation of Rhodamine B-base (RhB), a
hydrosoluble xanthene dye. RhB was chosen as a molecular model
of organic pollutant due to its non-biodegradability under aero-bic
conditions [29,30]. Moreover, aqueous solutions of RhB show a
typical red to pink hue due to the strong absorption at 554 nm
detectable even at low RhB concentrations (up to 10~8 M). This
characteristic is not affected by pH variations and allows the mon-
itoring of RhB concentration in solution via spectrophotometric
UV-vis analysis [31]. Although the mechanism of photocatalysis

has still not been completely clarified, RhB mineralization reaction
could be ideally summarized as reported in Eq. (1):

CygH3oN,03 +(34+X)02 — 28C0; +15H0 + 2NOy (1)

The photocatalytic degradation of RhB in the presence of the
photogenerated electron-hole and electron-pairs can be promoted
by the direct attack on the central carbon of RhB or by the
chromophore cleavage, generating lower MW acids (phthalic, ben-
zoic, hydroxy- and dihydroxy-benzoic); these compounds undergo
opening-ring reactions, to give succinic, hydroxypentanedioic,
adipic and lactic acids, as well as low MW diols, that are in the
end mineralized (Scheme 1) [32,33].

2. Materials and methods
2.1. Materials

Nanometric commercial titanium dioxide P-25 (75% anatase,
25% rutile, Evonik®) in powder was employed as a photocata-
lyst. As reported in literature, its band gap is between 3.05 and
3.15eV [34,35]. The photoactive coating applied over the quartz
sheath was realized with AQUIVION® D83-06A and HYFLON® AD60
(AQ and AD, respectively - molecular structures in Fig. 1a and b),
both produced, commercialized and supplied by Solvay Specialty
Polymers. AQ, used as received for the experimental tests, is a melt-
extruded ionomeric branched copolymer, obtained from TFE and
a Sulfonyl Fluoride Vinyl Ether (SFVE), F=CF-O €F, CE; SOsF. The
starting material is in the acidified form, in a 6% solu-tion of 1--
propanol (40%), 2-propanol (40%) and water (20%), and it has an
equivalent weight of 830 g/eq, total acid capac-
ity of 1.17-1.23 meq/g and density of 0.875g/cm3. The SO3H
groups are placed as terminals of the lateral chains, conferring
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Fig. 1. Molecular structures of Aquivion® D83-06A (a); Hyflon® AD60 (b); and Rho-
damine B-base (c).
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Fig. 2. Experimental apparatus and details of the photoactive coating.

ADB010%
thermally treated

ADE0 10%
non-themmally treated

AQ6% - TiO, 10%

hydrophilicity and consequently good wettability to the photoac-
tive coating, while the backbone of the polymer is hydrophobic
due to the presence of C F bonds. AD is a random copolymer of TFE
and 2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxole (TTD),
characterized by outstanding chemical stability [24], low refrac-
tive index (equal to 1.327) and Tg of 130 °C [24]. AD was employed
in solution during the experimental tests, using GALDEN® HT110
(Solvay Specialty Polymers) as solvent. GALDEN® HT110 is a PFPE-
based solvent with boiling point of 110 °C and formula as follow:
CF30(CF,CF(CF3)0)p(CF,0),CF3 (p + n = 2-3; p/n = 20-50).
Rhodamine B-base (RhB - Sigma-Aldrich® - dye content 97%) is an
organic dye with formula C,gH3pN,03 (MW =442.55 g/mol; molec-
ular structure in Fig. 1¢) and water solubility of 11,000 mg/L. BaSO4
micrometric powder (Laviosa Chimica Mineraria S.p.A. - Livorno)
is insoluble in water and photochemically inert and it was chosen
as white solid to generate turbidity in solution. The average particle
size was estimated by SEM analysis and it was found to be in the
range between 1 and 20 pm.

2.2. Photoactive coating

The deposition of an endurably stable photoactive coating on
the quartz sheath (Fig. 2) was obtained by employing two different
perfluoropolymer in solutions: a 10 wt% solution of AD (Fig. 1c) in
Galden® HT110 perfluoropolyether [36] and a 6% solution of AQ
(Fig. 1d) in a hydroalcoholic solvent (water/i-propanol/n-propanol
20:40:40) containing 10 wt¥% of dispersed active nanometric TiO,.
The former acted as hydrophobic fluorinated primer and the lat-ter
as photoactive layer (see preparation details in the Supporting
information, S.1.).

The first two layers in contact with the UV source consisted in
AD polymer. The first one was directly in contact with the quartz
sheath surface and acted as hydrophobic primer coating. It was
thermally cured (as described in the S.I.) in order to increase the
adhesion between the coating and the quartz surface; moreover,
this layer prevented water from penetrating between the coating
and the sheath. This undesired phenomenon could cause rapid
detachment of the photoactive coating from the quartz substrate
and, consequently a severe loss of photocatalytic activity is
observed. The second AD polymeric layer was not thermally
treated and it allowed the adhesion between the perfluorinated
hydrophobic layer and the ionomeric hydrophilic photoactive
layer by a simple entangle-ment of the fluorinated chains.

The fine dispersion of TiO, (average aggregate dimen-sion=1 .
m) in the hydroalcoholic AQ solution was performed by ultra-
sonication for 30 min at room temperature in order to homogenize
the catalyst into the ionomeric mixture before its application on
the UV sheath. Due to its hydrophilicity, the AQ outer layer
guaranteed significant pollutant permeability,
promoting the direct contact between the activated TiO, and the
pollutant RhB. Both polymeric AD and AQ layers in which the

photocatalyst was embedded were chemically stable toward the
degradation effects due to TiO, photocatalytic activity [20]. As
P-25 photocatalyst can suffer rutilization process only at calci-
nation temperatures, we assumed that the thermal curing of AQ
polymeric layer (as described in the S.I.) did not affect both its
phase and band gap [37].

2.3. Experimental apparatus

The reaction apparatus (Fig. 2) consisted of a stirred semi-batch
0.5 L glass reactor (diameter = 6.5 cm), realized to contain a low
pressure Hg UV lamp (Engelhard Hanovia®, with nominal power
absorption of 4W, emitting light at wavelengths of 240-300 nm
with emissivity of 0.2 W/m?), inserted into a 2mm thick quartz
sheath. The UV lamp was cooled with a flux of nitrogen in order to
maintain constant the solution temperature (T=25 =+ 3 °C).

The emissivity of the UV lamp was measured with a Delta Ohm
HD 2102.2 radiometer in the presence of the coated as well as
uncoated quartz sheath. Due to the lamp geometry, the emissiv-ity
resulted constant along its cylindrical bulb and significantly
decreased at the tip. The photoactive coating caused an evident
variation in the lamp emissivity values. In fact, the average light
intensities from the sheath surface were (123 = 7) x 10~3 W/m?2 for
the uncoated quartz sheath and (57 + 4) x 10-3 W/m? after the
application of the photoactive coating. The observed decrease in
emissivity was higher than about 54% and it was completely ascrib-
able to the UV absorption by TiO,, because of AQ and AD UV
transparency.

Overall, the AQ-based photocatalytic coating resulted adher-ent
to the external surface of the sheath and in direct contact with the
aqueous polluted solutions, with a surface/volume ratio of 0.048
m?/L. The specific catalyst amount was found to be 0.120 g/m?2. The
average thickness of the photoactive coating was measured by a
UBM Microfocus laser profilometer and it was found equal to 5.80
+ 043 p m. The average photon flux () guaranteed by the
employed low pressure Hg UV lamp was found equal to 15.71 x
10'6 photons/(m? s); in the presence of the photoactive coating, the
fraction of photon flux absorbed by dispersed TiO, was 8.43 x 1016
photons/(m?s), while the remaining radiation reached the polluted
aqueous solution (see details in the S.I.). The average light intensity
outside the reactor in the presence of dispersed TiO, powder
particles (slurry) was (68 + 3) x 10-3 W/m? and, therefore, the
fraction of photon flux absorbed by the catalyst slurry resulted 8.69
x 1016 photons/(m?s), considering negligible the absorption due to
RhB (about 2 x 103 W/m?2). Oxygen is required in the pho-
tocatalytic reaction and it was fed at the bottom of the reactor. The
oxygen flux was regulated at 7 NL/h in the presence of constant
magnetic stirring: these two actions generated enough turbulence
into the system to assume a constant concentration of O, in solu-
tion and into the photoactive coating, along with a homogeneous
concentration of RhB.

2.4. Experimental procedure

The photocatalytic activity of the TiO,-embedded perfluori-
nated coating was evaluated by monitoring the RhB abatement
trends. These were obtained by, considering at different times, the
percentage variation of the dye concentration in solution, as
measured on the basis of its absorbance peak at 554 nm by the
Lambert-Beer law (see further detailed description of the experi-
mental procedure in the S.I.). RhB abatement was evaluated in the
presence of the photoactive coating (Pc-C test) under UV
irradiation. The photoactivity of the TiO,-embedded coating was
also measured in turbid conditions (Pc-Ct test), obtained by adding
BaSO4 microparticles (8 g/L, average particle dimension = 10 pum) to
the RhB solution. The absorption of RhB on BaSO4 particles resulted



Table 1
Experimental conditions of kinetic tests.?

Test Description® Catalyst UV lamp emissivity TiO; slurry BaSO4
(W/m?) (mg/L) (g/L)

Pc-C Photocatalysis Photoactive coating” 0.2 0 0
Pc-Ct Photocatalysis in turbid conditions® Photoactive coating” 0.2 0 8¢
Pc-S Photocatalysis in slurry TiO, powder 0.2 8 0
Pc-St Photocatalysis in slurry and turbid conditions® TiO, powder 0.2 8 8¢
Ph-C Photolysis(Barrier coating)? - 0.2 0 0

Ph-t Photolysis in turbid conditions® - 0.2 0 8¢
Abs-C Absorption Photoactive coating” 0 0 0
Abs-S Absorption in slurry TiO, powder 0 8 0

2 [RhB]o =8 x 10-6 M; T=25 + 3°C; constant stirring; and O, feed=7 NL/h.
b See details in the S.I.

¢ Turbid conditions were obtained by dispersing BaSO4 powder in the aqueous RhB solution.

d Barrier coating is a photoactive coating deactivated with two additional AD layers.

negligible, as evaluated by the decrease in RhB concentration in an
aqueous RhB/BaSOg4 dispersion stirred for 24 h (see details in the
S.I). The photocatalytic coating activity was compared with the
performances obtained by a suspension of TiO, powder (slurry),
both in standard (Pc-S test) and in an increased turbidity condi-
tions, obtained by adding BaSO,4 particles (Pc-St test) (see details
in the S.I.). Since the dye removal in the Pc-C photocatalytic test
was due to simultaneous different phenomena, e.g., photocatalysis,
direct UV-promoted photolysis and absorption into the photoac-
tive coating, appropriate accessory tests were performed in order
to evaluate each contribution to RhB degradation, as reported in
Table 1.

The Ph-C test was a photolysis experiment realized under UV
irradiation by depositing on the active coating two additional UV
transparent AD layers (barrier coating) which prevented the RhB
diffusion from the solution into the ionomeric photocatalytic layer
(see details in the S.I.); Abs-C was an absorption test run in the
presence of the photoactive coating and in the absence of UV irra-
diation. RhB removal due to photolysis in the presence of BaSOy4
(Ph-t test) and RhB absorption on TiO, powder (Abs-S test) were

also evaluated. Each TiO; slurry test (Pc-S, Pc-St, and Abs-S) was
performed by dispersing the same amount of TiO, photocatalyst
(8 mg/L)which was contained in the photoactive coating used in the
tests Pc-C, Pc-Ct, Ph-C and Abs-C. In the presence of this amount
of TiO,, dark zones inside the reactor due to catalyst slurry were
negligible; indeed the catalyst performances revealed a decrease in
the photocatalyst efficiency only when the TiO, content was higher
than 0.66 g/L [3]. The photoabatement was also qualitatively mon-
itored by observing the hue variations of the photoactive coating
during the tests.

2.5. Fluorine-19 nuclear magnetic resonance (°F NMR)
spectroscopy

19F NMR experiments were performed on a Bruker 500
Ultrashield spectrometer operating at 470.30 MHz. In particular,
samples of the solution collected from the reactor at the end of the
photoabatement tests were analyzed by !°F NMR, using D,0 as a
deuterated solvent. The absence of signals ascribable to any water-
soluble fluorine-containing compounds in the aqueous solution can
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Fig. 3. Photocatalytic coating operating mode: migration of RhB and O, molecules toward the aqueous solution-polymer interface (A); RhB and O, phase-transfer and
diffusion into the ionomeric phase (B); RhB and oxygen adsorption on TiO, particles (C); stepwise RhB degradation (oxidation) by photoactivated TiO, particles (D); and

retro-diffusion of mineralized products in the aqueous phase (E).



confirm the chemical stability of the polymeric layers (AQ and AD)
in the perfluorinated photoactive coating.

2.6. MS/MS analysis

MS/MS analyses were performed in order to verify the presence
of RhB degradation intermediates in the aqueous solution during
the photocatalytic kinetic tests. MS/MS analyses were done with
a Bruker Esquire 3000 Plus quadrupole ion trap mass spectrome-
ter (Bruker Daltonics) operating in positive electrospray mode. The
aqueous samples were diluted with acetonitrile (volume ratio 1:3)
before being injected.

3. Results and discussion

Perfluorinated ionomers exhibit high ion-exchange capacities
in water, in these conditions hydrophilic continuous water phases
inside the hydrophobic fluorinated matrix are formed [27,38]. This
multi-phase matrix is characterized by strongly acid sulfonic moi-
eties and it is responsible for the superior ion conductivity typical
of the fluorinated membranes.

The strong hydrophilicity of the ionomeric matrix promoted
synergic interactions between the TiO,-containing photoactive
coating and the aqueous polluted solution. RhB molecules were
homogeneously dispersed in the aqueous solution and they could
reach the aqueous solution-polymer interface due to simple con-
vection and diffusion (Fig. 3A). The presence of the acidic sulfonic
side chain terminals promoted the RhB phase-transfer from the
aqueous solution-polymer interface into the water phases within
the ionomeric matrix (Fig. 3B). Thus, the acidic nature of the
ionomeric photoactive layer promoted an increase in the RhB con-
centration localized in the immediate vicinity of the immobilized
TiO, particles. Molecular oxygen penetrated into the photoactive
coating due to the high permeability of AQ and AD polymers toward
this gas (Fig. 3B). In the AQ ionomer the organic pollutant molecules
reached the embedded photocatalyst TiO, particles by diffusion
and were adsorbed on them (Fig. 3C); in the presence of UV light
and oxygen, RhB was degraded by photoactivated TiO, particles
(Fig. 3D), generating mineralization products which retro-diffused
to the aqueous phase (Fig. 3E). A comparison of the kinetic curves
obtained from the main photocatalytic tests is shown in Fig. 4.

The photoactive coating (Pc-C and Pc-Ct tests) evidently guar-
anteed higher RhB abatement rates than TiO, powder as a slurry
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Fig.4. RhB photodegradation kinetic curves obtained by using the photoactive coat-
ing (Pc-C test), the photoactive coating in turbid conditions (Pc-Ct test) and TiO;
slurry (Pc-S test).

(Pc-S test). This surprising result appeared to be in agreement with
a synergic effect between the acid/base reactions promoted by the
ionomeric superacidic material and the photodegradation proper-
ties of TiO, photocatalyst. The synergism is particularly evident at
very low pollutant concentration where the photoactive coating is
very active if compared to the standard TiO; slurry (see Fig. 4 and
Fig. 5A).

Moreover, it was reasonable to assume that during the pho-
tocatalytic tests RhB diffused into the photocatalytic layer and
was promptly degraded by the light-induced abatement reactions.
Therefore, its content in the photocatalytic layer and on the active
TiO, was considered negligible. On the contrary, the chemical sta-
bility of both AD and AQ was confirmed by °F-NMR analysis
which revealed the absence of signals ascribable to fluoride release
in the aqueous solution during RhB photoabatement.

Degradation reactions appeared to follow pseudo-first order
kinetics (correlation coefficient R > 0.99 - Fig. 5) which enabled
the comparison of the apparent rate constants (kapp).

The comparison between the linearized kinetic curves of RhB
photodegradation reactions obtained during Pc-C and Pc-S tests as
well as Pc-Ct and Pc-St tests is reported in Fig. 5A and B, respec-
tively. Linearized kinetic curves of RhB absorption by Abs-C and
Abs-S tests as well as RhB photolysis by Ph-t and Ph-C tests are
compared in Fig. 5C and D.

The photoactive coating guaranteed a photoabatement rate with
a kapppc-c 0f 0.0923 min~!: this value is more than three times higher
than kapppc_s obtained in Pc-S test (Fig. 5A). During the Pc-C test, a
RhB degradation of 76% was reached in 15 min and the pol-lutant
was completely removed after 60 min, as reported in Table 2 (see
Table S.I. 1 for the full degradation data). The TiO,-embedded
photoactive coating resulted photocatalytically more active than
dispersed titanium dioxide, even at low RhB concentration. Indeed,
the Pc-S test with TiO, slurry as a catalytic system revealed a RhB
degradation of 78% after 60 min, corresponding to a photoabate-
ment rate, Kapppcs, of 0.0250 min~!; moreover, in this test, the
complete degradation of RhB was obtained after 180 min (see S.I.
Table 1).

The photocatalytic activity of the TiO,-embedded photoactive
coating was partially affected by the presence of BaSO4 particles (8
g/L). In the Pc-Ct test (Fig. 5-B), an abatement of RhB equal to 95%
was reached after 60 min (see Table 2) and the photoabate-ment
rate, kapppc-ct, resulted 0.0546 min~. This value is lower than

Table 2
Calculated apparent kinetic constants and percent degradation after 60 min
treatment.

Test Description (catalyst) kapp (min—1) degeo (%)

Pc-C Photocatalysis 0.0923 99.1
(photoactive coating)

Pc-Ct Photocatalysis in 0.0546 95.0
turbid conditions®
(photoactive coating)

Pc-S Photocatalysis in slurry 0.0250 77.9
(TiO2 powder)

Pc-St Photocatalysis in slurry 0.0085 419
and turbid conditions?
(TiO2 powder)

Ph-C Photolysis 0.0076 34.8
(barrier coating on
photoactive coating)

Ph-t Photolysis in turbid 0.0040 24.7
conditions?®

Abs-C Absorption 0.0271 78.1
(photoactive coating)

Abs-S Absorption in slurry 0.0035 16.8

(TiO, powder)

2 Turbid conditions were obtained by dispersing BaSO4 powder (8g/L) in the
aqueous RhB solution.
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on the photoactive coating (Abs-C test) and on TiO; slurry (Abs-S test) (C); and photolysis in the presence of BaSO4 particles (Ph-t test); photolysis with the photoactive

coating in the presence of the barrier coating (Ph-C test) (D).

kapppc-c and this result could be attributed to the strongly dimin-
ished photolysis contribution to RhB degradation due to the highly
turbid conditions of Pc-Ct test due to dispersed BaSO,4 particles
(8 mg/L) (see Table 1). The transparent-white hue of the photocat-
alytic coating at the end of the photoactive coating tests (Pc-C and
Pc-Ct) revealed that the absorbed RhB was completely decomposed
during the photocatalytic oxidation. The UV blocking effect due to
turbidity was more evident in Ph-t and Pc-St tests in which BaSO4
particles (8 mg/L) were dispersed. In both cases the RhB removal
rate (kappph-t and kapppc_st) was very low, reaching values equal to
0.0040 min~! and 0.0085 min~!, respectively (see Table 2 and Fig.
5B and D).

The overall process of RhB abatement was due to different
phenomena, such as photocatalysis, UV-promoted photolysis and
absorption of the pollutant into the photoactive coating or onto
TiO, slurry particles. Therefore, the apparent kinetic constants
which described the disappearance of RhB from the solutions
ensued from these different contributions. Both absorption tests
(Abs-C and Abs-S) and photolysis tests (Ph-C and Ph-t) were also
performed and compared (Fig. 5C and D). In the Abs-C test, the RhB
dye was chemically stable during the migration from the solution
into the photoactive coating and at the end of the test the photoac-
tive coating appeared colored with the typical bright pink hue of
RhB. The decrease in RhB concentration observed during absorption
tests could be described as a simple mass transfer of the pollutant
from the aqueous phase to the photocatalytic coating (Abs-C) or
onto TiO; slurry particles (Abs-S).

The photolysis test in the presence of the barrier coating (Ph-C)
was specifically set in order to avoid RhB absorption into the

ionomeric coating, maintain the UV absorption due to the presence
of the photoactive coating and highlight only the RhB photoly-
sis due to UV light that passed through the photoactive coating
(Fig. 5D). This effect was obtained by depositing on the active
coating two additional UV transparent AD layers which acted as
barrier coatings to RhB (Tables 1 and 2, and S.I. for details). In
addition, the comparison of the calculated kinetic parameters pre-
sented in Table 2 allowed to assess that the dye absorption onto

the catalyst slurry particles g%p Abs.s = 0.0035 min~1) resulted
neg-ligible if compared to the gorrespondmg photodegradation

rate
(kap pc-s=0.0250 min~! )

lth photoabatement was also monitored by MS/MS analysis in
order to verify the presence of RhB degradation intermedi-ates. In
Pc-C and Pc-Ct test, the signals in the mass spectra of water phase
were ascribable only to the presence of RhB (m/z: 443 [M + HJ*,
413, 399, 307, and 143) and no evidences of other organic
compounds due to RhB partial degradation were observed. Hence,
the photoactive coating mineralized the organic dye without retro-
diffusion of partial degradation intermediates to the aqueous
solution. As expected, in the Pc-S (slurry) test several RhB partial
degradation products were identified by MS analysis; in particular,
MS signals related to N-deethylated intermediates, such as N-
ethyl-N'-ethyl-rhodamine (m/z: 387 [M +H]*), N-ethyl-rhodamine
(m/z: 381 [M + Na]*), rhodamine (m/z: 353 [M + Na]*, 331 [M + H]
*), N-deethylated/carboxylated species (m/z: 279 [M + NaJ*), as
well as lower molecular weight compounds were detected.
Therefore, in the slurry system retro-diffusion of intermediates
was observed, accordingly to literature [39,40].



Quantum yield (QY) and quantum efficiency (QE) of the abate-
ment process were estimated through Egs. (3) and (4) [41,42]:

oy kaapg?hB]OV 3)
Abs

OF kapp[ql;hs]ov @
IN

where kapp is the calculated apparent kinetic constant expressed
in s—1, [RhB] the initial concentration of RhB, V the volume of the
solution, @, the absorbed fraction of molar photon flux expressed
inmol s~ and @y the average molar photon flux guaranteed by the
UV lamp. QY and QE were estimated for the photoactive coating (Pc-
Ctest)and compared to the performances obtained with TiO; slurry
(Pc-S test): in the Pc-C test, QY and QE were 92% and 49%, respec-
tively; in the Pc-S test they resulted 23% and 13%, respectively. In
particular, the light absorption due to the TiO, within the photoac-
tive coating (66 x 10~3 W/m?) resulted similar to that due to the
TiO, slurry (55 x 10~3 W/m?2). Thus, the comparison of QY and QE
values showed definitely higher yield and efficiency of the pho-
toactive coating compared to the TiO, slurry. On the basis of these
results, a further optimization of the performances of photoactive
coating can be fruitfully obtained by increasing its thickness.

4. Conclusions

The TiO,-embedded ionomeric perfluorinated coating is more
than three times more efficient compared to TiO, in slurry con-
ditions. This result was observed for polluted water solution both
in clear as well as in turbid conditions, pointing out useful syn-
ergic effects between the ionomeric phase and the photoactive
oxide. Immobilized TiO, particles, in fact, were not deactivated
by slime interposition between the UV source and the photoac-
tive coating and avoided onerous separation of the catalyst from
the purified water. The characteristics of this photocatalytic sys-
tem make it suitable for industrial employment for both sequential
batch and continuous water management. Studies on visible light
activated TiO,, gas phase photo-induced pollutants depletion as
well as kinetic modeling for process engineering are foreseeable
and valuable research for this promising photoactive coating.
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