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The continuing accumulation of organic micropollutants, particularly pharmaceuticals, in water is now
considered an urgent threat to human health and the environment. Although the photocatalytic degradation
of these compounds using slurries of photoactive nanoparticles has been proven to be highly effective at
laboratory scale, this technology has not been implemented in industry due to cost and safety concerns.
Here, 3D printed titania foams which are nanoparticle-free, mechanically robust and photoactive, are
presented for the first time as a viable alternative to slurries for the photocatalytic degradation of
pharmaceuticals. By optimizing the resin used to 3D print highly porous gyroid structures and the subsequent
sintering conditions, it was possible to obtain a pure titania foam with a high anatase content, leading to the
high photoactivity observed. Using carbamazepine, the pharmaceutical most found in waterways around the
world, as a model pollutant, the 3D printed foams were tested in a recirculating flow reactor, with a quantum
yield and electrical energy per order of 7.6 x 107° and 67.6 kW h m~3, respectively, outperforming literature
results for titania nanoparticle slurries. These results, along with the reproducibility afforded by 3D printing
methods, shows a clear pathway for photocatalysts to be implemented in practice, helping to solve an urgent
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Introduction

There is growing evidence of the adverse effects on the health of
ecosystems and humans by the continued release of, and expo-
sure to pharmaceutical compounds.'” Many of these organic
compounds are persistent and are often found at low concen-
trations of ng L' to pg L', leading to their passing through
traditional wastewater treatment plants with little to no
removal.*® Through the wastewater effluent, micropollutants are
released into the wider aquatic environment where they can
bioaccumulate and enter the human food chain.® As a result,
novel, energy efficient approaches are urgently required for their
removal. Advanced oxidation processes (AOPs) consist of a range
of processes that produce highly reactive hydroxyl radicals as the
main oxidising species to facilitate the degradation of pollutants
in water.”® UV/H,0, systems, have seen use,” however their effi-
ciency is limited by the low molar absorption coefficient of
H,0,.">"* Ozonation systems are an alternative cost-effective and
highly efficient method of pollutant removal due to direct
oxidation of pollutants as well as reactions with water forming
reactive hydroxyl radicals.'> However the formation of harmful

“Department of Chemistry, University of Bath, BA27AY, UK

*Department of Chemical Engineering, University of Bath, BA27AY, UK. E-mail: d.
mattia@bath.ac.uk

“Centre for Manufacturing and Materials, Coventry University, CV1 5FB, UK

(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ta00869c

This journal is © The Royal Society of Chemistry 2024

health problem while addressing the risk of nanoparticulate release in the environment.

bromate compounds in water supplies rich in bromides can limit
its application.” The photocatalytic degradation of organic
pollutants addresses these issues,'***** but still faces challenges
to widescale implementation:* Slurry systems use a suspension
of photocatalyst nanoparticles within the reaction solution,"”
providing high surface areas for pollutant adsorption and higher
rates of degradation when compared with supported photo-
catalysts.”®"® The drawback of slurry systems is the need for
downstream removal of the catalyst to ensure no leaching of
nanoparticles.”® Similarly to micropollutants, nanoparticles can
bioaccumulate and have been shown to have potentially syner-
gistic interactions, amplifying their toxicity.** Supported photo-
catalysts do not require downstream removal, but lower surface
areas result in lower treatment efficiencies.?” In addition, there
are issues of shadowing, where the non-transparent support
material blocks irradiation of the photocatalyst.>®

Photocatalytic foams, are an emerging alternative to slurry
and supported catalysts,* integrating the benefits of both, while
mitigating the drawbacks associated with each.* Foams with
hierarchical porosity (macro and micro) possess surface areas
similar to slurries while the porosity, pore size and shape leads to
tortuous flow of pollutants to the photocatalyst surface, thereby
overcoming the diffusion limitations present in supported pho-
tocatalysts.”® Photocatalyst nanoparticles decorated onto
a porous support have been shown to outperform an equivalent
amount of unsupported catalyst,* but the weak catalyst-support
interaction can lead to leaching.”® Substrate-free foams, where
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photoactivity is intrinsic to the catalyst with no support present,
remove this concern, but these foams are often synthesised via
liquid templating,* or via aeration of a sol-gel,”” limiting the
ability to precisely control the microstructure of the foams.

3D printing of photocatalytic foams could offer such precise
control, as it builds objects layer by layer from a digital design.>®
Common 3D printing techniques currently available include
fused deposition modelling, selective laser sintering, stereo-
lithography apparatus and digital light processing (DLP).>> 3D
printing technologies have already been explored in water
treatment, e.g. for the direct printing of structured
membranes,*** or printing of porous substrates which act as
support for photocatalytic nanoparticles to be grafted upon.*->*

There is no report, to the authors knowledge, of direct 3D
printing of a photocatalytic foam, where the material of the foam
is itself photoactive. This work reports, for the first time, the
fabrication and characterisation of 3D printed photocatalytic
foams, with favourable characteristics for the degradation of
organic pollutants. The foams were printed using a titanium
acrylate photopolymer which, after sintering, fully converts to
titanium oxide. The resulting foams have high porosities of
>90%, i.e. a pore structure providing an interconnected tortuous
path which generates turbulence and mixing to improve mass
transfer and decrease the boundary layer at the catalyst surface.
Additionally, the use of 3D printing allows repeatability when
compared with wet chemical methods of foam production.

As a photocatalyst, TiO, demonstrates optimal performance
when containing a combination of its two primary photocatalyti-
cally active crystalline forms, anatase and rutile. Anatase is the
more photocatalytically active polymorph,*?® which can be
attributed to the (101) crystal surface exhibiting high photoactivity
and an enhanced generation rate of hydroxyl radicals compared to
the (110) surface of rutile.”” Additionally, the (101) surface facili-
tates the direct transfer of hydroxyl radicals to the adsorbed
reagents. However the combination of rutile and anatase crystal
phases leads to a significant increase in photocatalytic activity
when compared with either crystal phase alone.*® This increase is
attributed to the formation of junctions between the crystal pha-
ses, across which electron transfer is facilitated from the rutile
phase to the lower energy anatase phase, leading to increased
charge separation, longer charge pair lifetimes and a reduction in
charge recombination reactions.*** Production of TiO, that
contains both phases, while also maintaining mechanical
stability, presents a significant challenge as rutile is the thermo-
dynamically favoured polymorph of TiO, at most temperatures,
and anatase is prone to an irreversible transformation into rutile
when sintered.*” However, a pivotal outcome of this research has
been the successful identification of specific printing and sinter-
ing conditions that yield a titania foam which is not only
mechanically robust but also retains its photocatalytic activity by
preserving a mixture of rutile and anatase phases.

Experimental
Materials

Acrylic acid (anhydrous 99%) and titanium(iv) ethoxide were
purchased from Fischer Scientific and used as received. A
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proprietary UHR resin for Titan 2 printers that was purchased
from MicroSLA and, henceforth, called ‘unmodified’ resin.
Carbamazepine (>98%), was purchased from Sigma Aldrich and
used as received.

Modified resin synthesis

The synthesis of titania photocatalyst was modified from
a previous report,*** to increase metal loading: acrylic acid
(38.9 g, 0.53 mol) was mixed with titanium(iv) ethoxide (30.8 g,
0.14 mol) in a round bottom flask and stirred for 30 minutes.
Addition of the Ti(OEt), caused a colour change from colourless
to orange. After stirring, the titanium(v) acrylate was added to
131.6 g of unmodified resin (Customized Green Titan 2 UHR
resin for Titan 3 printer), leading to the formation of a dark
green/black resin which was stirred until required for printing.
While the initial addition of the photoresist to the commercial
resin led to a decrease in viscosity, exposure of the modified
resin to ambient conditions lead to an increase of its viscosity,
accompanied by a change in colour to a lighter green.

Production of porous macrostructures

The 3-D shapes for polymer foams were designed using a combi-

nation of Triply Periodic Minimal Surface (TPMS), namely Gyroid,

and Constructive Solid Geometry (CSG) in MATLAB software.

Autodesk Meshmixer and SULIS software were also used to tailor

the shapes with the purpose of reducing the file sizes, smoothing

out sharp edges and achieving an optimal distribution of vertices.
The design equation for the Gyroid TPMS used here is:

sin(f x x)cos(f x y) + sin(f x y)cos(f x z) + sin(f x z)cos(f x x) —
=0 (1)

where f is the frequency, the number of unit cells per unit of
length, ¢ is the thickness, used to define the wall thickness of
the foams, and x, y, and z are the Cartesian coordinates.

Starting in Matlab, two TPMS were created using the equa-
tion above and, with the use of the ¢ parameter, an offset
distance between them was defined. Using CSG, the space
between two surfaces was filled and the whole object con-
strained to fill a cylinder with the dimensions of the photo-
catalytic reactor (see below). The cell unit size was the 3-
dimensional span that one unit cell of gyroid covers, which can
be adjusted by editing the frequency fin eqn (1).

Files of digital shapes designed as described above were then
exported into other software for further editing: firstly, to Sulis
software to decrease file size and smooth out sharp edges to
obtain a higher quality printed object. The second editing step
was done using Meshmixer software where the object's mesh
obtained from Matlab was re-meshed to better spread-out
vertices on the surface of the foam. This resulted in a better
representation of the surface, enabling accurate calculation of
the total and illuminated surface areas.

The final design was then exported as an .stl file to be read by
the 3D printer. Objects were printed using a digital light pro-
cessing (DLP) based 3D printer (Kudo3D Titan 3) to print the
object layer by layer with each layer having a thickness of 50 um.

This journal is © The Royal Society of Chemistry 2024
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Parameters such as light exposure time and lift speed are re-
ported in Table S1.f Printing was conducted with 130 mL of Ti-
modified photo-initiator resin, 65 mL of which was removed
from stirring and transferred to a wide glass dish for 1 day prior
to printing to allow ageing to provide the resin with the desired
viscosity to print. After printing, resinous foams were removed
from the build plate and washed sequentially in soapy water
and 1:1 isopropanol:water and soap for 10 minutes each
before being rinsed with water and air dried.

Samples were then sintered in a Carbolite tubular furnace
using a multistage programme of 750 °C for 1.0 hours, followed by
700 °C for 30.0 hours at a heating and cooling rate of 20 °C min .
This process is shown graphically below in Fig. 1.

Characterisation of resin and printed objects

NMR analysis of the titania photoresist was conducted as the
orange product (Ti(wv) acrylate) and acrylic acid precursor were
dissolved in deuterated chloroform (CDCl;) for analysis on
a 400 MHz Bruker Avance III NMR spectrometer.

Thermogravimetric analysis was conducted using a Setsys
Evolution TGA 16/18 by Setaram, with the acquisition program
Calisto. 20 mg of sample was loaded in an open alumina
crucible. Analysis was performed under air or argon atmo-
sphere (20 mL min~") and heated up to 800 °C for 1 h at a rate
of 10 °C min~".

The rheometry of all resins used in this study was conducted
on a Brookfield HADV-III Ultra-Viscometer with a CP52 cone
spindle. The surface morphology of the foams was studied
using a JEOL 6301F FESEM and JEOL JSM-7900F FESEM.
Samples were adhered to Al stubs using carbon paste. To
minimise sample charging, the samples were coated with 20 nm
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Cr and, prior to imaging, a TEM grid was placed over the sample
and adhered with copper tape.

The crystal structure of the foams was investigated using
a STOE STADI P dual powder transmission X-ray diffractometer
using a scanning range of 260 = 20°-90° and a scan time of 20
minutes.

Raman spectra used in this work were collected using
a Renishaw InVia Confocal Raman microscope, excitation laser
wavelength 532 nm, 100% laser power at 74 mW on the sample
with 2.6 s exposure time, and a diffraction grating of size 1800 I/
mm with slit opening of 65 mm. Detector used was a 1040 x
256 pixel CCD camera.

The porosity and internal structure of the foams were
determined using a combination of different characterisation
methods: first, gravimetric porosity measurements were con-
ducted using the Archimedes principle:*

W) — Wy /W — Wy W
=5 /"B " h @
where ¢ is the porosity of the foam, w; is the mass of the wet
foam, w, is the mass of the dry foam, D, is the density of water
(deionised, ultrapure) and D is the density of TiO,.

The porosity and internal structure of the foams were further
analysed using microcomputer tomography. The slices were
collected using a Nikon XT H 225 ST using a 178 kV X-ray source
and 0.708 second exposure time, 3141 projections and 4 frames
per projection and analysed using Thermo Scientific Avizo-
Software 9 3D data visualisation software.

Photocatalytic reactor setup

For the recirculating photocatalytic experiments, reactor
cartridges were made up of a quartz tube (A = 250 mm, OD = 25

Printed
Designed Object Sintered
Object Po/ymer'+
Code Photoresist

3D Printing

lcm

Fig. 1 Fabrication process steps to obtain mixed phase titania foams via 3D printing, using a custom titanium acrylate-based resin and

a commercial DLP printer.

This journal is © The Royal Society of Chemistry 2024
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mm, ID = 22 mm) with a 3D printed plastic holder designed to
keep the foams in place and prevent loss of the foam into the
tubing and pump, and positioned to avoid interference with the
light source. TiO, foams of known mass (1.0 g) were placed
inside the cartridge and secured using subaseal fittings, con-
nected to a stirred jacketed beaker with a volume of 500 mL
(acting as the reservoir) via a pulseless gear pump. The
temperature of the reservoir was maintained using a water-
cooled bath (RC-10 Digital Chiller, VWR). Three UV lamps
(Aquatix pond UV lamp, A = 254 nm, 5 W) positioned equidis-
tant around the quartz tube reactor containing the TiO, foam at
a distance of 3 cm served as the light source with a total
measured light intensity of 10.4 mW c¢m™>. Further details can
be found in previous work.””

Photocatalytic activity (PCA) experiments

PCA experiments were conducted using 10 uM solutions of
pollutants in 500 mL unbuffered ultrapure water at 10 £+ 1 °C.
Carbamazepine (CBZ) was selected as a model micropollutant
for photocatalytic activity (PCA) studies, due to being the top
most detected pharmaceutical micropollutant worldwide.**
Furthermore carbamazepine was used as the target compound
to allow for comparison with the literature,>** and because its
degradation pathways using hydroxyl radicals generated by
photocatalysis are well known and widely reported in the
literature.***” The recirculating reactors were operated at
a flow rate of 250 mL min '. Photolysis control experiments
were conducted in the absence of photocatalyst in the reactor
and adsorption experiments were conducted using photo-
catalyst foams in the dark. Adsorption and removal of
pollutant under dark conditions were found to be low. For all
photocatalysis experiments, samples of 1 mL aliquots
collected during sampling every 15 minutes for the first hour
and every 30 minutes thereafter for a total of 120 minutes,
such that the total volume removed was less than 10% of the
starting reservoir volume. Samples were stored at 4 °C and
analysed within 3 days using high performance liquid chro-
matography (HPLC).

All experiments were repeated in triplicate. HPLC analysis of
CBZ was performed on a Thermo Scientific Ultimate 3000 liquid
chromatograph with a UV detector. CBZ analysis used a Thermo
Scientific Acclaim 120 C;4 column (3.0 x 75.0 mm, particle size
3.0 pm) and a Thermo Scientific Acclaim 120 C;g3 guard
column®120 Cy5 (3.0 x 10.0 mm, particle size 5.0 pm). The
mobile phase was made up using 5.0 mM phosphoric acid and
acetonitrile 70:30 (v:v) with a flow rate of 0.8 mL min",
injection volume of 20 uL and detection wavelength of 285 nm.

The degradation of pollutant was measured via plotting (C,/
Cy) vs. time where C, is the initial concentration of pollutant
and C; is the concentration of pollutant at a given time. The
pseudo first order degradation kinetics (k) was calculated via
linear regression of a plot of In(C,/C,) vs. time.

After each experiment, the foam was removed from the
reactor and dried overnight, before being weighed and stored
under ambient conditions. A small change in mass was recor-
ded (<2%), most likely due to handling of the foams.
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Figures of merit for photocatalytic performance: quantum
yield and electrical energy per order

Comparing photocatalytic performance across different mate-
rials, shapes and conditions requires using universal figures of
merit which normalise results across such a range of parame-
ters.”®* Here, the activity of the catalyst was assessed using the
quantum yield (@), defined as the number of molecules of
pollutant undergoing degradation relative to the number of
photons reaching the catalyst surface.® The quantum yield was
calculated by measuring the photon flux (Eq) arriving at the
surface of the photocatalyst and the kinetic constant (k) for the
degradation of the pollutants, with the assumption there is
negligible photon loss due to scattering and all photons are
absorbed by the photocatalyst.>

The electrical energy per order (Ego), defined as the kilowatt
hour of electrical energy needed to decrease the concentration
of a pollutant by an order of magnitude (90%) in one cubic
metre of solution,* was calculated to assess the technology's
scale-up potential:

P

(F) (log G / c,)

where P is the power output of the lamps and F is the volumetric
flow rate of solution.
Details of both calculations are provided in the ESL.}

EEO =

(3)

Results and discussion
Modified resin synthesis

The mixing of the titanium(v) ethoxide with acrylic acid caused
a colour change from colourless to orange, indicating ligand
exchange at the metal centre and the formation of titanium
tetraacrylate (Fig. 2).

"H-NMR spectra of the photoresist and acrylic acid (Fig. 3)
show all expected signals for acrylic acid with shifts at 6.15, 5.85
and 6.53 ppm assigned to the a, b and c¢ hydrogen from the
double bond, respectively, and the signal at 12.8 ppm from the
OH group.*® The prepared Ti(v) acrylate product demonstrates
the signals in the range of 5.0-6.0 ppm in the same position
confirming these groups were present. The signal at 4.0 and
1.0 ppm are attributed to the hydrogen from the ethanol
product. Additional peaks are from solvent CDCl; (reference O)
and solvent impurities ().

3D printing of mixed phase titania

Preliminary 3D print attempts using the modified resin con-
taining 26 wt% Ti confirmed the method reported previously**
is suitable for printing with the 3D printer used herein.
However, the samples printed in this way were mechanically
fragile and easily damaged even with gentle handling. To
overcome this, as well as to reduce the volume of organic
material to be subsequently removed and increase of the metal
content of the final foams, the proportion of titanium acrylate
was increased such that the Ti content of the resin was 36 wt%.
the of titanium acrylate

However, increased amount

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Reaction schematic for the synthesis of titanium tetraacrylate photoresist.

a.
Ti(IV) acrylate alcohol
&
Ti(IV) acrylate * % ok % 1)
(ethoxide) M Hg
]
A A He \
* %k % OH,
b.
Hp
Acrylicacid Acrylic Acid
k o o a
3 12 11 10 o9 8 7 6 5 4 3 2 1 0 1 =2
f1 (ppm)
Fig. 3 H-NMR spectra of (a) the synthesised Ti(iv) acrylate photoresist and (b) the commercial acrylic acid.
significantly changed the modified resin's viscosity to the extent
that the 3D printer was unable to print the structures. As such, 900 ~
a systematic rheometric study was conducted, showing that in 800 J
the fresh modified resin, the addition of the titanium acrylate
led to a significant decrease in viscosity, compared to the 7004
unmodified resin, likely due to the large molecule and metal 6.;600_
centre of the titanium acrylate acting as a plasticiser. On the =~
. . . L . =500 -
other hand, leaving the modified resin to age in air, resulted in 8
such a high viscosity that the print arm was unable to lift out of £ 400 1
the resin and wa.s, therefore, unable t9 print more t.han a single 0] w—r——" v
layer. However, it was found that, using a 1:1 mixture of the
fresh and aged modified resins gave a viscosity similar to the 200+
unmodified resin, as shown in Fig. 4. The effect of the mixture 100 4
of the two resins leading to a comparable viscosity to unmodi- T . T T T
0 100 200 300 400 500

fied resins is further enhanced at higher temperatures, as
shown in Fig. S1.}

After optimising the printing parameters, primarily the
exposure time and resin viscosity, structures with a gyroid
triply periodic minimal surface (TPMS) could be successfully
printed.

This journal is © The Royal Society of Chemistry 2024

Shear Rate (s™)

Fig. 4 Rheometric data at 20 °C of ¥ unmodified resin, 4 fresh Ti —
modified resin, l aged Ti — modified resin and @ 1: 1 mixed resin used
for printing.
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Characterisation of printed objects

Upon removal from the printer, the printed objects were green
in colour and 52.4 + 0.4 mm in height and 32.6 + 0.3 mm in
diameter. Wall thickness and pore diameter of these printed
objects were 1.5 & 0.1 mm and 3.9 &+ 0.1 mm respectively. After
sintering, the foams became a cream ceramic colour with
dimensions of 31.5 + 0.2 mm height and 19.0 + 0.4 mm
diameter with a change in mass of —94%, in agreement with
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thermogravimetric analysis (Fig. S21). The small deviation in
dimensions of the printed object highlights a key benefit of the
3D printing process, repeatability. Given the identical post-
printing treatment of all samples, the resolution of the printer
and the controlled design of the printed object, foams of
specific size and geometry could be printed regularly and
repeatably. The gravimetric porosity of the foams was measured
using the Archimedes principle and was, in all cases, 93 £+ 1%.
This porosity can be attributed to both the design of the object,

Fig. 5 aand b) MicroCT slices of TiO, printed foams. (c and d) MicroCT reconstructions of a 7 x 7 x 7 mm cube of TiO, foam. (e and f) SEM

micrograph of TiO, foam.
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incorporating interconnected pores and channels, but also the
microporosity that occurs between crystallites and is formed
during the sintering process. The mechanical properties of the
foams are affected by their high porosity. The compressive
strength of porous tubes produced with the same procedure as
the foams was 15 to 17 kPa.*” The thickness of the pore walls,
measured in MicroCT reconstructions was 0.81 £ 0.02 mm. The
slices and 3D reconstructions from the MicroCT show the
highly porous interior and gyroid shape required for a tortuous
fluid flow, with large macropores with a diameter of 2 mm
(Fig. 5¢ and d), while the SEM micrographs show a microporous
structure at the foam surface (Fig. 5).

This combination of tortuous structure and hierarchical
pore structure is highly desirable for photocatalytic foams as the
combined effects of tortuous flow, which results in significant
mixing and overcomes diffusion limitations, and highly porous
structure, leading to high surface areas for photocatalytic
reactions to occur at.

The XRD pattern (Fig. 6) shows the temperature dependence
on the formation of both anatase and rutile TiO,, with the
higher temperature sintering condition yielding mostly rutile
phase, while the lower temperature yielding both anatase and
rutile phase TiO,. Anatase peaks indicate the formation of
tetragonal anatase structure with lattice parameters of a = b =
3.79 A and C = 9.51 A" with all peaks and parameters in
agreement with those reported in JCPDS card no. 21-1272,* and
rutile peaks showing tetragonal structure with lattice parame-
ters of a = b = 4.59 A and C = 2.96 A (ref. 54) with all peaks and
parameters in agreement with those reported in JCPDS card no.
21-1276.¢ All peaks were sharp, indicating that all samples were
highly crystalline.

Raman spectroscopy was also employed to characterise the
crystalline structure of the TiO, as shown in Fig. 6. As the sin-
tering temperature of the samples increases, the Raman spectra
show more rutile characteristic peaks than anatase compared to
the lower sintering temperatures. In the samples sintered at
650 °C, the predominant peak at 144 cm ™ * corresponds to the E,
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mode caused by symmetric stretching vibration of O-Ti-O
bonds in the anatase phase of TiO,, with smaller peaks corre-
sponding to the B;; and A;, modes of rutile TiO, at wave-
numbers 445 and 610 cm™ ' caused by symmetric and
asymmetric bending of O-Ti-O bonds, respectively.®”

Samples sintered at all temperatures show the presence of
both anatase and rutile phase TiO,. This is due to the transition
between anatase and rutile TiO, occurring around 600 °C,**%
with the intensity of the anatase peaks in both the XRD and
Raman spectra decreasing with increased temperature while
the intensity of the rutile peaks increases. This can be seen in
Tables S2-S57 as the normalised intensity of the E, mode peak
decreases as the temperature increases while the intensity of the
A,z modes of rutile TiO, increases and in the samples sintered
at temperatures above 750 °C it becomes the predominant peak,
while the E, peak becomes the 3rd most intense peak with the
ratio between these two peaks (An-Ey/Ru-A,,) decreasing from
4.132 to 0.659, further decreasing to 0.130 when sintered at
850 °C. This combination of anatase and rutile phases with
a significant proportion of anatase, coupled with the mechan-
ical stability of the samples sintered at 750 °C identified this as
the optimal condition to assess the photocatalytic activity of the
printed foams.

The photocatalytic activity of the 3D printed TiO, foams was
assessed by investigating the degradation of carbamazepine in
a recirculating batch reactor design validated in previous
works.?”* In the absence of light, the removal of carbamazepine
via adsorption of pollutant onto the catalyst is low as is the
photolysis, conducted in the absence of catalyst, with both
showing removal values of ~5%. Application of both catalyst
and irradiation lead to an increase in removal to 39% for
carbamazepine.

A comparison of performance of the TiO, 3D printed foams
made here with the vast literature on TiO, nanoparticle slurries
cannot be done simply using degradation data as shown in
Fig. 7, given the significant differences in shape, size, condi-
tions, etc.”> However, a quantitative comparison between
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Fig. 6
TiO, sintered under various conditions.
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(a) XRD of TiO, sintered under various conditions. * corresponds to anatase phase while [J corresponds to rutile. (b) Raman spectra of
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different photocatalytic systems can be done using two figures
of merit which take into account such differences, the quantum
yield and electrical energy per order.> The former measures the
efficiency of photon utilisation of a system - the higher the
quantum yield, the more efficiently the photons are used - for
desired reactions rather than electron-hole recombination.
Similarly, the electrical energy per order measures the electrical
efficiency of a reactor system.

Comparing the photocatalytic activity of these 3D printed
foams with TiO, in the literature for the degradation of carba-
mazepine, when compared to TiO, nanoparticle slurries the 3D
printed foams show lower reaction rate constants, but higher
quantum yields and electrical energies per order of 7.6 x 10>
and 67.6 kW h m* respectively.®*** A comparison of these
metrics relative to other photocatalytic systems for the degra-
dation of carbamazepine can be seen in Fig. 8. This clearly
shows the merits of utilisation of a foam-based photocatalyst as

10920 | J Mater. Chem. A, 2024, 12, 10913-10922

View Article Online

Paper

it shows higher quantum and electrical efficiencies than all
slurry and immobilised systems of TiO,. The values for the
removal of carbamazepine, along with quantum yields and Ego
show a reduction, when compared to previous studies using
ZnO foams,” which can be attributed to the higher rates of
electron-hole recombination suffered by TiO,.*

This difference in metrics highlights the advantage of
a controllable synthetic process wherein shape and size can be
fine-tuned, and reactor design can be considered as a parallel
research track alongside material development of photo-
catalysts for water treatment.

Conclusions

Highly porous, yet mechanically robust, TiO, foams containing
both rutile and anatase phases were synthesised using a nano-
particle-free 3D printing approach, allowing for the production
of regular and repeating gyroid structures of controlled size and
structure. These structures retained their shape during heat
treatment and formation of ceramic structures consisting of
mixed phase TiO,. The impact of heat treatment parameters
was assessed and found that a moderate temperature approach
using a two-step sintering process with a maximum tempera-
ture of 750 °C led to the formation of both rutile and anatase
crystal phases within the foam structures, which was seen as
a boon for photocatalysis. These foams were applied in a recir-
culating photocatalytic reactor for the degradation of carba-
mazepine showing 40% removal of pollutant after 2 hours with
quantum yields and electrical energy per order values of 7.58 x
107 and 67.56 kW h m™?, respectively, showing values higher
than those reported for slurries and supported photocatalyst
systems using TiO,. The repeatability of the production of these
foams, provided by 3D printing, coupled with the ease of
structure design and potential scalability, shows promise for
the application of photocatalytic foams for the removal of
micropollutants from water.
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