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Titanium dioxide is a semiconductor ceramic material presenting notable electronic and physico-chemical
properties. Its anatase form is characterized by excellent photocatalytic properties in presence of UV light,
which justify its use for pollutants degradation or for the realization of self-cleaning surfaces. The potential of

(S:f;foilsifraphy titania can be further valorized by integrating its unique properties in 3D printed parts and the most promising
PhotEcatalysis technology to do this, in consideration of its high resolution and flexibility, is vat photopolymerization. In the

present work, titania/polymer composites are 3D printed using this technology and the resulting materials,
containing nominal titania amounts up to 10% wt., are characterized from the morphological, microstructural
and mechanical point of view. In addition, their photocatalytic activity is evaluated by performing Rhodamine B
degradation tests under UV light. The composites showed remarkable activity levels, with a rate constant higher
than 0.25 h™? for the composite containing 10% wt. titania. Activity was increased by a local enrichment of TiOy
in correspondence of the surface, resulting from the 3D printing process, and by a partial degradation of the

polymer present between the titania particles in proximity of the surface.

1. Introduction

Thanks to its unique properties, titanium dioxide is one of the most
studied functional materials in current applied research. Titania, indeed,
is a n-type semiconductor characterized by a remarkable activity for
heterogeneous photocatalysis [1,2] under UV light. This consideration is
especially true for the anatase form, which presents the highest activity
towards oxidation reactions [3]. As a consequence, anatase-rich titania
has attracted broad interest for a wide range of applications, including
the photodegradation of contaminants in water [4,5] and air [6,7], as
well as the production of self-cleaning surfaces [8], antibacterial coat-
ings [4,9] and of sensors [10]. Titania can be also easily doped [11],
allowing these applications also under visible light illumination.

In general, titania can be applied to a surface in the form of thin film
or as nanoparticles embedded in a composite. TiO5 thin films can be
deposited via magnetron sputtering [12], spin coating [13], dip coating
[14], pulsed laser deposition [15] or chemical vapor deposition [16]. If
the surface of interest is made of titanium, a peculiar way to form a layer
of photoactive titania can be anodization [17]. In the case of composites,
titania nanoparticles are normally codeposited with a matrix, which can
be metallic or polymeric. Metallic based composites can be
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advantageously obtained by electrolytic [18-20] or electroless code-
position [21], whereas polymeric matrix materials can be deposited via
casting [22], spraying [23] or spin coating [24]. An alternative approach
to the deposition of photocatalytic films is the direct realization of the
desired part with a bulk composite containing titania nanoparticles. This
option presents interesting advantages if the titania bearing composite is
manufactured using non-standard fabrication technologies.

One of the most attractive of these technologies, potentially capable
of manufacturing parts made of titania loaded polymeric nano-
composites, is 3D printing (also known as additive manufacturing) [25].
The advantages of this family of techniques over conventional subtrac-
tive manufacturing are widely acknowledged: optimal material usage,
less design constrains, possibility to obtain previously unattainable
shapes, low cost, rapidity, high customizability of the final geometry. A
technique in particular, vat photopolymerization [26], finds wide
applicability when, in addition to the advantages previously enumer-
ated, the final application also requires high dimensional accuracy, low
porosity and reduced feature size. Clearly, all these attractive features
can be combined with the photocatalytic properties of titania by loading
the polymers used in 3D printing techniques like fused deposition
modelling (FDM) or stereolithography (SLA) with TiO, nanoparticles.
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Indeed, many examples of additively manufactured composites
combining the properties of two or more materials are available in
literature [27-31]. The same is true for titania-based composites, which
have been manufactured using mainly FDM, Direct Ink Writing (DIW)
and SLA. Dolganov et al. investigated the DIW printability of a titania
slurry [32]. Also Elkoro et al. used DIW and they manufactured mono-
lithic structures that showed a significant photocatalytic activity [33].
McQueen et al. used FDM to print a highly photoactive polylactic acid —
titania composite, which proved effective in the abatement of pollutants
in water [34]. For what concerns SLA, printing attempts of composites
have been carried out by Avila-Lépez et al. [35], Kozlov et al. [36] and
Mubarak et al. [37], which did not evaluate their photocatalytic activity
though. Finally, an interesting approach to get SLA 3D printed parts is
the one reported by Vyatskikh et al. [38], who SLA printed a resin
containing a dissolved titanium organocompound and pyrolized the
resulting green part. By doing this, they achieved photoactive objects.

The aim of the present work is to investigate the applicability of
digital light processing (DLP), a vat polymerization technique similar to
SLA, to the 3D printing of a polymer based composite containing
different nominal amounts of titania (2.5, 5 or 10% wt.) and to evaluate
its photocatalytic properties as a function of the amount of TiO,
embedded. The printability of the composite and its rheological prop-
erties are evaluated as a necessary prerequisite for the 3D printing tests.
The morphology and phase composition of the printed composites is
studied using scanning electron microscopy (SEM) and X-rays diffrac-
tion (XRD). Finally, water purification properties of the DLP printed
titania nanocomposites are investigated for the first time by evaluating
the photodegradation of the model molecule rhodamine B.

2. Experimental methods
2.1. Preparation of the TiO, loaded DLP resins

Degussa P25 titania nanoparticles were acquired from Evonik-
Degussa. A general-purpose clear UV resin (Standard Clear resin, man-
ufactured by Anycubic, 405 nm reticulation wavelength, density 1100
Kg m~3; tensile strength 23.4 MPa) for SLA/DLP was acquired and used
as received. The TiO3 nanoparticles were dispersed in the resin in three
different concentrations (2.5%, 5% and 10% wt.), stirred for 1 h and
dispersed using a probe sonicator (model TU-900Y by Toption Group
Co.). The dispersion process was carried out by directly immersing the 6
mm stainless steel probe into the solution under mechanical stirring, at
70% of the maximum power, applying 2 s on + 2 s off pulses for 10 min.

2.2. 3D printing process

The composites were 3D printed using a commercial DLP printer
(Photon S by Anycubic). Step size was fixed to 50 um and exposure time
was tuned according to penetration depth. The latter was measured by
exposing a single layer without building plate and then measuring its
thickness by means of a micrometer. Square test samples were 3D
printed using the clear resin and the three composites. Their dimensions
were the following: 15 mm x 15 mm x 2 mm. Four bottom layers were
printed, with an exposure time of 240 s. The 2.5% wt. TiO2 composite
was also used to print a grid (having external dimensions equal to 15
mm x 15 mm x 2 mm and presenting square pores of 2 mm x 2 mm).
The 10% wt. TiO5 composite was also used to print a complex geometry
(the statue of an owl).

2.3. Characterization techniques

The rheological properties of the dispersions were assessed using a
rotational rheometer (MCR 302 by Anton Paar). The viscosity tests were
carried out using a parallel-plate configuration, with a diameter of the
plates equal to 25 mm and a working gap equal to 1 mm. The irradiance
of the screen present in the DLP printer was measured by means of a UV
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radiometer model UM-10 by Konica-Minolta. FT-IR characterization of
the SLA resin was carried out using a Nicolet 380 instrument by Thermo-
Fisher. Optical microscopy characterization was done using a DMLM
microscope by Leica. SEM measurements were carried out by means of
an EVO 50 EP setup by Zeiss, equipped with an Inca Energy 200 EDS unit
by Oxford Instruments. The thermogravimetric analysis (TGA) was
performed using a setup model STA 6000 by Perkin Elmer. The same
instrument also yielded data of differential scanning calorimetry (DSC).
XRD data were obtained using a diffractometer PW 1830 by Philips,
equipped with a vertical goniometer PW 1820. The system worked in
Bragg-Brentano configuration, exploiting the Cu K-a radiation. A HCV
setup by Fischerscope, equipped with a Vickers diamond tip, was used
for the microindentation tests.

2.4. Photocatalysis tests

Samples photocatalytic activity was tested in the degradation of a
model organic dye, rhodamine B, in an aqueous solution. This is a widely
diffused testing procedure in literature, which may allow a direct com-
parison of photocatalytic activity with previous works, allowing to
better benchmark the materials produced with respect to the current
state of the art [39,40]. Samples were suspended in beakers containing
40 mL of a 10~> M aqueous solution of rhodamine B. Below the samples,
a magnetic stirrer allowed solution homogenization throughout the test.
UV irradiation was provided by a UV-A LED (Nichia NCSUO33B, Aradiation
peak = 365 nm, UV-A intensity = 11.1 mW/cm?, Tokushima, J apan)
positioned at a distance of 3 cm from the samples. Dye discoloration was
evaluated by measuring dye absorbance every 1 h with a spectropho-
tometer SPECTRONIC 200E (Thermo Fisher Scientific, Les Ulis, France).
The main absorption peak of the dye, at 555 nm, was employed and dye
concentration was derived using the Beer-Lambert law [41]. Consid-
ering the pseudo-first order kinetics typical of dye degradation reactions
[41], the kinetic constant can then be calculated as reported in Eq. 1.

1nC£ = —klnt (@)

0

where C is dye concentration at time t, Cy its concentration at time zero,
and k the rate constant. Tests were repeated multiple times on the
samples. Tests were also performed in dark to verify possible dye con-
centration variations due to adsorption of the dye by the samples, and
under UV-A LED in absence of the sample to evaluate photolysis, two
phenomena that may alter dye concentration in solution, adversely
influencing the reliability of actual degradation results. Eventually, the
adsorbed dye was allowed to desorb to evaluate samples regeneration
ability. The procedure involved the same setup of the photocatalysis
test, exception made for the immersion solution, which was tap water
with no rhodamine B addition.

3. Results and discussion
3.1. Chemical characterization of the resin

As first step of the experimentation, the chemical nature of the resin
employed was determined. The clear UV resin is a proprietary formu-
lation and the details of its composition are not available. In order to
give some general indications about the chemistry of the material,
however, FT-IR was carried out on two specimens (Fig. S1), one pristine
and the second photopolymerized. The molecular fingerprint region of
the spectra, magnified in Fig. S2, shows the typical features of an
acrylate-based polymer [42]. Indeed, the peaks related to the CH=CHj,
in plane (1408 ecm™Y) and out of plane (810 and 988 em™) bend are of
particular interest, since they totally disappeared in the photoreticulated
resin, suggesting that the reactivity of the monomer is centered on a
CH=CH,;, bond, as in the case of acrylates. Other relevant features pre-
sent in the spectra are the C-O stretch (1072, 1117, 1200 and
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1276 cm’l), the C=C stretch (1640 cm™ 1) and the C=O stretch
(1725 em ™).

3.2. Composite printability evaluation

Once determined the nature of the resin, the composites were pre-
pared by dispersing the TiO2 nanoparticles in predetermined amounts
and the stability of the resulting dispersions was qualitatively evaluated
by sedimentation. A standard amount of material, 12 mL, was placed in
glass vials and stored in dark for 24 h. At the end the dispersion main-
tained its uniformity (Fig. S3), with no sign of sedimentation. In fact, no
deposit was found on the vial bottom and no relevant compositional
differences were detected in the dispersion withdrawn from the top part
of the fluid.

Following this preliminary stability assessment, the viscosity of the
titania dispersions was measured and compared with the limits of the
DLP machine here employed. Fig. 1a depicts the results of the rheo-
logical characterization of the materials, performed applying shear rates
between 0.1 and 10,000 s™'. The clear resin evidenced a mild non-
Newtonian behavior, characterized by a shear-thinning nature. The
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materials containing titania nanoparticles, conversely, were consider-
ably non-Newtonian. From the DLP point of view, acceptable viscosity
ranges are mainly determined by the time required by the resin to flow
under the build plate after each printing step. Indeed, between the
curing of each layer, the resin must efficiently flow and perfectly fill the
gap created by the movement of the plate. The movement of the plate
normally happens at relatively low speeds, and low shear rates must be
considered accordingly. Chen et al. [43] and Schwentenwein et al. [44]
indicate, as acceptable viscosity for a successful DLP process, a value of
2 x 10* mPa s at shear rates between 10 and 100 s~ L. If this reference
value is compared with the data reported in Fig. 1a, it appears evident
that all the dispersions hereby described are fully printable.

Following the initial assessment of its properties, the actual print-
ability of the dispersions was investigated by performing photo-
polymerization tests in the DLP printer. In detail, the clear resin and the
three composites were photoreticulated at increasing exposure times (t.)
in order to estimate the dependence of the curing depth (Cq) on the
energy provided to the material (Fig. 1b). Indeed, the curves present an
exponential trend, as typically observed in these tests. The UV radiation
blocking effect of titania can be clearly observed, as the curves shift
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Fig. 1. Rheological characterization of the composites (a); time-dependent photoreticulation curves for the DLP printing of the composites (b); energy-dependent
photoreticulation curves for the DLP printing of the composites (c); curing depth dependance from titania content of the composites (d); optical microscope im-

ages of the DLP printed composites (e, scalebar 20 um).
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towards lower values of Cq at increasing contents of titania. Indeed, the
presence of titania strongly decreases the intensity of the radiation that
penetrates the material, and consequently decreases the depth of the
cured zone (at constant te). The effect is visualized in Fig. 2d, where the
Cq for the four materials is reported for a constant t. of 90 s. By adding
increasing amounts of titania, the value of C4 exponentially decreased
and it became 44.5% of the value observed for the clear resin in the case
of the 2.5% wt. TiO2 composite, 31% for the 5% wt. TiO, composite and
22.1% for the 10% wt. TiOy composite.

The printability of the composites can be evaluated in a more
rigorous way by considering the energy per unit area provided to the
material. This can be calculated multiplying t. for the power per unit of
area measured on the screen of the LCD printer. The latter was measured
by means of a photometer, obtaining a value of 0.447 + 0.015 mW/cm>.
As reported by Bennett et al. [45], the relationship between the loga-
rithm of the energy density provided to the material (E,) and Cgq is ex-
pected to be linear (Eq. 2).

Cd = DP ln% (2)

c

a)

Experimental TiO, in the composite (% wt.)
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The two parameters D, and E are known as depth of penetration and
critical energy, respectively. These are constants typical of each material
and represent the sensitivity of the material itself to a variation of the
energy provided (D) and the minimum amount of energy required to
start the photopolimerization (E.). Considering Eq. 1, data reported in
Fig. 2a were replotted and linearly fitted, obtaining the graph presented
in Fig. 1c. The corresponding fitting parameters are reported in Table 1.

As expectable, the composites require higher values of E. to start
polymerization as the titania loading increases. Furthermore, they
become progressively less sensitive to the variation of energy density

Table 1
Fitting parameters for curing depth data linear regression.

Material D, E. (mJ cm ™)
Clear resin 135.19 2.49
2.5% wt. TiO, 65.87 3.56
5% wt. TiO2 48.67 4.89
10% wt. TiO, 36.26 6.47

R e o .

e et T T — ...

P e o —

Fig. 2. Nominal vs. experimental TiO, content for the composites (a); SEM morphology of the 0% wt. TiO5 (b, scalebar 10 pm), 2.5% wt. TiO, (c, scalebar 10 pm),
5% wt. TiO, (d, scalebar 10 um), 10% wt. TiO, (e, scalebar 10 pm) composites; EDS elemental mapping for the 10% wt. TiO, composite (f, scalebar 100 um).
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(their penetration depth decreases).

Regardless the progressive loss of photosensitivity recorded in the
presence of titania, all dispersions were found to be fully printable with
the t. values appropriate for the step height employed, which was set to
50 um for all samples produced. The values of t. employed were the
following: 8 s for the clear resin, 20 s for the 2.5% wt. TiO2 composite,
30 s for the 5% wt. TiO, composite, 40 s for the 10% wt. TiO, composite.
Under these conditions, 4 layers (for a total of 200 um) were printed for
each material employed to evaluate the dispersion of the TiO; nano-
particles in the photopolymerized composite. Fig. 1e depicts the result
obtained, observed at the optical microscope. Images clearly evidence
an increasing amount of titania nanoparticles moving from the 0% wt.
sample to the 10% wt. sample. In all cases, titania appears relatively
agglomerated into aggregates.

3.3. Characterization of the 3D printed titania composites

In order to study the properties of the photoreticulated resins, square
test samples were 3D printed (Figs. S4 and S5). Their elemental
composition was evaluated during SEM observations, when EDS was
used to verify the TiOy content (Fig. 2a). All samples present on the
surface, in the few micrometers analyzable by the instrument, a titanium
concentration higher than the nominal one (represented by the red line
in Fig. 2a). This surface enrichment has already been observed in the
case of SLA printed parts [46] and results beneficial for the photo-
catalytic properties of the 3D printed part.

Also the morphology of the square test samples was characterized
using SEM (Fig. S6 and figures from 2b to 2e). In general, samples
present the typical step-like morphology of DLP printed parts. The
height of each step corresponds to the step size s selected (in this case,
50 um) and their presence is connected to the interactions taking place
between the resin and the UV light generated by the screen of the
printer. Indeed, the resin partially scatters UV light, resulting into an
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overcuring that yields the steps visible in Fig. S6 (clear resin sample).
Fig. 2b shows the same sample observed at higher magnification. The
clear resin presents a relatively flat morphology at the micrometric
scale. When TiO; concentration increases, on the contrary, roughness
progressively increases. This is evident by comparing Fig. 2c (2.5% wt.
titania), Fig. 2d (5% wt. titania) and Fig. 2e (10% wt. titania). In addi-
tion, the steps between each printed layer appear more pronounced
when titania content increases. This is somewhat expectable, as titania
considerably increases the scattering of UV radiation [47], thus
enhancing the overcuring effect already observed in the clear resin.
Fig. 2f shows the elemental mapping (for C, O, Ti and N) of the 10% wt.
TiO, composite. The Ti signal, linked to the presence of titania, appears
relatively uniform on the surface, indicating thus a good uniformity in
the dispersion of titania itself.

Fig. 3a shows the cross section of a 10% wt. TiOy sample. The
considerable height of the overcured region suggests a strong scattering
interaction between titania and UV light. In order to demonstrate the
possibility to print more complex structures, the grid visible in Fig. S7
was 3D printed using the 10% wt. composite. Printing supports were
employed (Fig. S8) in order to print the grids with a moderate tilting
with respect to the build plate. Fig. 3b depicts the SEM morphology of
such grid. A partial overcuring inside the pores, which is expectable for a
material that presents a high scattering for the UV radiation, can be
observed. The presence of pronounced overcured zones can be appre-
ciated in Fig. 3c. Fig. 3d, on the contrary, offers the possibility to observe
the morphology of the titania aggregates present in the composites.
Indeed, the high magnification employed to acquire Fig. 3d makes
possible the observation of round shaped nanometric aggregates
partially buried in the resin or protruding from the surface. This mate-
rial, due to its position at the interface, is the most active from the
photocatalytic point of view.

In addition to the grids, also a complex geometry was 3D printed to
demonstrate the potentiality of the materials hereby described. In detail,

Fig. 3. SEM cross section of a 10% wt. composite (a, scalebar 10 um); SEM morphology of a DLP printed grid observed at 100 X (b, scalebar 200 um), 1000 X (c,

scalebar 20 um) and 10000 X (d, scalebar 2 pym).
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the 3D model reported in Fig. SO was 3D printed, obtaining thus the owl
statue visible in Fig. S10.

The characterization of the 3D printed materials was completed by
evaluating their thermogravimetric behavior, their phase composition
and their mechanical properties. The first was studied using TGA
(Figs. 4a, 4b). As expectable, the terminal mass at 900 °C for the com-
posites almost exactly corresponded to the nominal amount of TiO2
loaded (Fig. 4a). In particular, it was 0.07% wt. for the 0% wt. com-
posite, 2.75% wt. for the 2.5% wt. composite, 5.05% wt. for the 5% wt.
composite and 9.6% wt. for the 10% wt. composite. All composites
evidenced a first loss of weight around 100 °C, which was probably due
to water loss, and a second around 200 °C (Fig. 4b). The latter was
realistically correlated to a loss of uncured monomer. Table 2 reports the
values for the weight losses (AW) observed at 100 °C and 200 °C for the
different composites.

The weight loss observed in the 30-100 °C range decreased by
increasing the amount of titania in the composite, suggesting a
decreasing tendency to adsorb water from the atmosphere. The weight
loss recorded in the 100-200 °C interval, on the contrary, steadily
increased by increasing the amount of titania. This suggests the present
of increasing amounts of unreacted monomer in the composite as a
consequence of the light shielding effect of the TiOy nanoparticles.

The TGA setup also provided a DLC signal, which is reported in
Fig. S11. All the composites evidenced a variation in the heat flow
around 120 °C, which may coincide with the evaporation of the
unreacted monomer. In addition, a strong variation in the heat flow was
observed for temperatures higher than 200 °C. This, together with the
significant weight losses observable in Fig. 4a, indicates the degradation
of the resin matrix present in the composites.
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Table 2
Weight losses observed at 100 °C and 200 °C for the composites.

Material AW 30-100 °C (% wt.) AW 100-200 °C (% wt.)
Clear resin 0.845 0.707

2.5% wt. TiOy 0.855 0.888

5% wt. TiOy 0.633 1.065

10% wt. TiO, 0.319 1.24

The phase composition of the materials was determined using XRD,
whose results are reported in Fig. 4c. The clear resin was found to be
substantially amorphous, with a broad peak around 20°. Samples con-
taining titania show sharp peaks superimposed to the amorphous
background of the resin. These peaks corresponds to the positions of
titania [48] in the form of anatase (JCPDS card 00-021-1272) and rutile
(JCPDS card 01-070-7347), and their intensity progressively increased
with the amount of titania present in the composite. Degussa P25 titania
normally contains 70-80% anatase and 20-30% rutile. This ratio was
qualitatively present also in the composites.

Finally, the hardness and the elastic modulus E of the composites
were evaluated performing Vickers microindentation tests (Fig. 4d).
With respect to the clear resin, the composites systematically presented
lower values for hardness and elastic modulus. The 10% wt. titania
composite, for example, was characterized by a value of Vickers hard-
ness that was only 26.5% of the value observed for the unloaded resin. A
similar consideration can be done in the case of E (48%). TiOy, by
significantly scattering UV light, realistically prevents the complete
reticulation of the resin. This consideration is supported by the amounts
of unreacted monomer observed in titania containing composites
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Fig. 4. TGA characterization of the DLP printed composites (a and b); XRD characterization of the DLP printed composites (c); mechanical characterization of the

DLP printed composites (d).
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(Table 2). The final outcome of this lower monomer conversion are
decreased mechanical properties, in analogy with what observed by
Bustillos et al. [49].

3.4. Photocatalysis tests

Both full samples and the grid sample were then tested for photo-
catalytic activity. Several aspects were considered: the overall disap-
pearance of rhodamine B (RhB) from the aqueous solution, which was
quantified as variation in absorbance; the disappearance only due to
adsorption on the samples surfaces, without photoactivation; and
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photolysis, in presence of the same UV light used in tests but without
sample. While the latter was negligible, due to the high refractoriness of
RhB towards degradation, adsorption was evident, as samples immersed
in solution changed color from white to pink. Still, the amount of dye
adsorbed was sufficient to provoke surface coloring, but did not alter
significantly the solution absorbance, therefore its possible alteration on
photocatalytic tests results was considered negligible as well. For
example, the variation of absorbance observed after 6 h in the dark for a
10% wt. TiO, sample was negligible. The samples color alteration will be
further discussed in the following. In addition, the shape of the
adsorption spectrum (Fig. S12) was also monitored to verify that no de-
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ethylation occurred, which would only shift the peak to lower wave-
lengths without causing the dye conjugated structure degradation.
Considering the results obtained, no relevant de-ethylation was
observed.

In Fig. S13, tests performed on the sample with the highest TiO,
loading (10% wt.) are reported. The same sample was used repeatedly,
up to 4 tests. Absorbance variation is reported in Fig. S13, while Fig. 5a
reports the InC/Cy versus t graph, whose linear trend confirms the
pseudo first order reaction kinetics, with a slope that corresponds to the
rate constant. It is immediately clear that the material behavior changes
after repeated tests. Indeed, the initial photoactivity is lower and it in-
creases along multiple runs, with a marked increase after the first test
and then only marginal variations. The variation in the photocatalytic
activity of the composite can be efficiently visualized by plotting the
values of k observed in the 4 consecutive tests (Fig. 5b). The presence of
a plateau, reached at the third test, is clearly evident. A similar behavior
was also observed at lower TiO5 contents; for this reason, the following
comparisons are made on samples subjected to 4 test runs, where the
largest variations in photoactivity have already been obtained. The
reason for this increasing photocatalytic activity must be sought in a
partial degradation of the resin matrix, which led to TiO, being more
exposed at the sample surface, and therefore to better photocatalytic
activity: this can be seen in Fig. 5c, which reports an image of the surface
after 4 cycles of irradiation. By comparing this image with the SEM
image of the pristine surface (Fig. S14), no direct damages to the matrix
(like cracks or fractures) are visible. However, it is possible to clearly see
a rougher surface, due to the protrusion of TiO3 nanoparticles from the
partially degraded matrix.

Fig. 5d reports a comparison of the InC/Cy data obtained from the
samples with different additions of TiO9, while Fig. Se reports the cor-
responding values of photocatalytic reaction rates. A linear trend for the
rate constant is observed with the TiO content in the composite. The
slight photoactivity observed in absence of TiO; is ascribable to a sum of
photolysis and adsorption, which — even when put together — do not
concur relevantly to photocatalytic degradation.

As anticipated, samples resulted pink after the tests. Color is repre-
sented in the CIELab space [50], as defined by the International Com-
mission on Color, CIE (Commission Internationale de 1'Eclairage), being
a* the chromatic coordinate ranging from green (-a*) to red (+a*),
b* the coordinate ranging from blue (-b*) to yellow (+b*), and L* the
lightness. Fig. 5f represents the color of the samples and their variation
before use, after short-term immersion in RhB in dark (1.5 h), after a full
photocatalysis test (6 h) and after regeneration, which is performed by
exposing the sample to UV light for 6 h in water. First of all, it is clear
that the adsorption increases with time, as the color point moves to-
wards more red hues and less yellow/more blue hues, i.e., its color turns
toward that of the original RhB solution. It is also evident how regen-
eration completely restores the material surface, eliminating residual
RhB. This is confirmed by photocatalysis tests repetitions as well, since
the increasing activity observed in multiple repetitions would not be
possible if the surface was saturated with RhB or its byproducts. On the
other hand, the slight decrease in yellow coordinate observed between
the beginning of the test and the end of regeneration, associated with a
decrease in lightness, confirms the hypothesis of polymer degradation:
indeed, acrylates have a yellowish component, while titanium dioxide is
bright white, hence its exposure at the sample surface due to polymer
degradation would lead to surface whitening, plus the consequent sur-
face roughening would justify the decreased lightness on such a bright
color.

4. Conclusions

The experimentation carried out demonstrates that titania-based
composites presenting remarkable photocatalytic properties can be
successfully 3D printed by means of DLP. TiO5 nanoparticles can be
effectively added to commercial acrylate based DLP resins, obtaining
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well dispersed and stable dispersions that evidence a good printability.
The composites show an expectable overcuring tendency, but complex
geometries presenting a uniform content of titania can be efficiently
printed. The DLP printing process exhibits the tendency to locally enrich
in TiOy the surface of the composites, which is beneficial from the
photocatalytic point of view. Indeed, being photocatalysis a surface
phenomenon, any local enrichment translates into an increase in ac-
tivity. Beside the enrichment due to the DLP process, a further increase
in surface titania concentration is recorded after a few photocatalysis
tests. In fact, titania not only catalyzes the degradation of the pollutant
present in solution, but also induces the partial degradation of the resin
present between the TiO2 nanoparticles. This effect, which shows a
plateau after 3 photodegradation cycles, further enhances the activity of
the composite. The combination of these two surface titania enrichment
phenomena, the DLP-related and the photodegradation-related, trans-
lates into activity levels higher than the ones expectable for the nominal
TiO5 concentrations present in the composites. From the applicative
point of view, the titania composites here presented can be potentially
employed for the realization of 3D printed photodegradation reactors
for water purification or to manufacture antibacterial/antifungal
surfaces.
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