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Additive manufacturing, with its ability to assemble a variety of materials in complex and customized archi-
tectures, is developing rapidly. The integration of technologies and materials into a sustainable production,
however, is still challenging. The present investigation offers new functional glass-based products, from nearly
room temperature processing, based on direct ink writing (DIW) of pastes from ‘light’ alkali activation (2.5 M
NaOH) of pharmaceutical glass waste, added with 20 wt% of TiOy nanoparticles. The inks were refined by the

inclusion of porous glass microspheres (PGMs, 20-30 wt%), previously fabricated from fiber glass waste. Printed
scaffolds, stabilized by simple drying (i.e. ‘unfired’), were successfully applied in the photodegradation of
methylene blue. The degradation efficiency reached 100% within 75 min, and the 3D-printed composites could
be easily separated from the solution for subsequent reuse. The degradation efficiency declined only by 7.5%,

after 5 cycles.

1. Introduction

Glass is a relatively challenging raw material for additive
manufacturing, which can be realized by operating with melts (direct
extrusion), powders (ink-jet printing, selective laser sintering), and
slurries (nano- and micro-sized particles suspended in photocurable
liquid) [1-3]. Difficulties with additive manufacturing of glass are
related to several factors, including brittleness of glass and its sensitivity
(for many formulations) to thermal shock, upon thermal processing.
Significant complications may arise from the delicate trade-off between
densification and viscous flow during sintering of printed glass struc-
tures. Too high processing temperatures can cause merging of adjacent
particles into a nearly pore-free mass, but the overall shape may be lost
due to accelerated viscous flow; in addition, the sensitivity to crystalli-
zation upon reheating may put further constraints to the processing
temperature range [4].

3D printing technologies are interesting also in the perspective of
reusing discarded glass fractions (‘waste glass’). Cullet, i.e. material
from the dismantled of glass articles, may validly replace mineral raw
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materials, in a new production cycle, only if adequately purified; for
some glass articles, such as LCD displays, the need for absolute control
on optical quality actually discourage recycling [4]. New glass-based
products, quite different from the original ones, appear as the only so-
lution for valorization of waste glass; sintering, instead of remelting (as
typically occurring with glass foams) is advantageous to reduce energy
demands [5]. Glass from dismantled LCD displays is actually favoured,
in the sintering of 3D printed powder bodies, by characteristic features,
such as stability against crystallization and ‘length’, i.e. a relatively large
gap between glass transition and softening temperatures. This enables
the densification of 3D printed highly porous scaffolds, after the removal
of organic binders, without a pronounced viscous collapse [4].

The use of additives for printing and heat treatments for debinding
and sintering raises important sustainability concerns. Plant-based,
renewable binders and reduced sintering temperatures are considered
as possible improvements. However, a dramatic enhancement of sus-
tainability is envisaged only by complete removal of organic binders and
by avoiding high temperature processing. In this perspective, the acti-
vation of glass powders with low molarity alkaline aqueous solution
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Table 1
Chemical composition of the investigated waste glasses in wt%.
Oxides SiOy CaO Al,O3 B,03 NaO K>0 MgO TiO, Fe,03
Pharmaceutical glass waste 72.70 1.10 6.70 10.07 7.50 1.57 0.31 0.02 0.02
+ 0.8 + 0.03 + 0.1 + 0.05 + 0.2 + 0.03 + 0.02 + 0.01 + 0.01
Fiber glass waste 56.40 23.20 13.60 5.10 0.40 0.60 0.10 0.40 0.20
+ 0.6 + 0.08 + 0.2 + 0.02 + 0.05 + 0.02 + 0.01 + 0.01 + 0.03

(2.5 M NaOH) offers unprecedented opportunities [6].

Low molarity alkaline activation has been extensively studied on
waste glass with specific chemistry. Boro-alumino-silicate glass (BSG)
powders, from discarded pharmaceutical glass vials, is known to un-
dergo partial dissolution in the activating solution, followed by the
evolution of corrosion products upon drying [7]. Part of the dissolved
material forms a stable gel, resisting degradation even by immersion in
boiling water, and providing a binding phase for adjacent glass particles.
In analogy with the zeolite-like gels found in geopolymers (resulting
from the dissolution of alumino-silicate feedstock in far more concen-
trated alkaline solutions) [8], the gel from the alkali activation of BSG
may be exploited for dye removal from contaminated waters [6,7].
Sorbents and catalytic destructors with complex 3D architecture may
result from the combination of 3D printing, low temperature sintering
and low molarity alkaline activation: as shown by Mokhtar et al. [6]
exploited the alkaline attack, and the subsequent gel formation, on
sintered components, in turn resulting from masked stereolithography.

The present paper aims at offering the integration of low molarity
alkaline activation and additive manufacturing, realizing stable glass-
based functional scaffolds in the absence of organic binders and sinter-
ing treatments. In this framework, the analogy with geopolymers was a
fundamental starting point. Highly porous geopolymeric scaffolds are
easily manufactured by direct ink writing (DIW), i.e. an extrusion-based
additive manufacturing method [9] originally conceived to produce
articles from the overlapping of filaments consisting of pastes (‘inks’), in
turn deriving from the mixing of ceramic particles with organic binders.
A key requirement is the non-Newtonian behavior of the inks; the
pseudoplasticity enables both easy extrusion from nozzles, in a low
viscosity state (at a high shear rate), and stabilization of the shape of the
printed part, due to the viscosity increase at a low shear rate [10].

Geopolymeric inks corresponding to suspensions at the early stages
of gelation, are typically pseudoplastic; further stabilization of shapes is
facilitated by the progression of geopolymerization reactions [11]. We
will show that BSG, after activation, offers a similar behavior, even in
the absence of any organic additive, to tune the viscosity, giving rise to a
real organic-free direct ink writing (‘inorganic DIW’). Printed scaffolds
were directly usable as filters, without any additional firing step. The
stabilization of shapes was supported by mixing with fillers, consisting
of porous glass microspheres (PGMs) obtained from waste fiber glass
(according to a further process stimulated by the same alkali activation
concept) [12]. The cold consolidation, realized by simple drying, is
obviously in favor of sustainability, facilitating an extensive reuse of
waste glass.

Filtration of organic contaminants is of limited interest once a sor-
bent is fully saturated. A key to success is the inclusion of photocatalytic
phases, such as titanium dioxide (TiO3) nanoparticles, considered as
further fillers. Heterogeneous TiOs-based photocatalysis is a promising
advanced oxidation process for the degradation of various kinds of
pollutants in water [13-16]. TiO5 is recognized as one of the most
suitable photocatalysts owing to its inertness, ecological tolerability,
low cost, strong oxidizing power, and long-term stability against photo-
and chemical corrosion.

It should be noted that TiO», due to its relatively wide band gap of
3.2 eV, can be activated just by ultraviolet light, accounting for only
4-5% of the entire solar spectrum [17]. An extensive exploitation of
photocatalyst depends on the effectiveness of both capture of molecules
and exposition to UV light: we will show that the adopted technology
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has great potential for the manufacturing of scaffolds with hierarchical
porosity, with optimized light exposition offered by complex shapes
(‘gyroid shaped’ scaffolds).

2. Experimental procedure

The chemical compositions of input materials (pharmaceutical and
fiber glass), provided in Table 1, were determined by the Bruker Tigers
S8 X-ray fluorescence spectrometer (WDXRF).

First, the pharmaceutical glass waste was crushed by ball milling and
sieved to obtain a sufficient amount of glass powder (precursor) with a
particle size below 40 um. Then the prepared fine glass powder was
mixed with 20 wt% TiO3 (21 nm, Evonik Degussa GmbH, Germany). The
prepared precursor (glass powder with TiO3) was mixed at 800 rpm for
2 h and then at 1600 rpm for 1 h into an aqueous solution containing 2.5
M NaOH (reagent grade, Sigma-Aldrich, UK) to obtain a homogeneous
aggregate-free mixture. The solid loading in the alkaline solution was 65
wt%. After alkaline activation, the obtained suspension/ink was ready
for DIW printing process.

Second, the fiber glass waste was crushed, sieved through a 40 ym
analytical sieve, alkali activated in 9 M KOH solution, following the
process reported in a previous study [12]. The gel, hardened at 75 °C,
was then crushed and sieved through analytical sieves to obtain a
fraction of 40-80 pm in size. These crushed fragments were projected
against an oxygen-methane torch, by means of a vacuum powder feeder
(oxygen used as carrier gas). Droplets of molten glass were transformed
into porous glass microspheres (PGMs), quenched in deionized water.
The PGMs were separated by microfiltration through a ceramic filter
with a pore size < 0.3 pym.

The fabricated PGMs were added into the pre-prepared homogenous
ink containing pharmaceutical glass powder and TiO, powder at the
weight fraction of 20 and 30 wt% by mixing at 1000 rpm for 30 min. The
ink was loaded in the DIW device after complete mixing. Printing was
performed using a commercial DIW printer (Delta Wasp 206 Turbo,
Massa Lombarda, Italy), and extruder (PowerWasp Evo, Wasp, Massa
Lombarda, Italy). The printer was equipped with a pressurized container
and an endless screw, which allows the extrusion of highly viscous
pastes. A conical nozzle (diameter of 810 pm, Nordson EFD, Westlake,
OH, USA) was used to extrude a filament with a final diameter of
approximately 800 um using compressed air.

The filaments were deposited on a glass substrate, covered by a
plastic sheet for easy removal of the green scaffolds. A lattice and a
gyroid with the size of 20 x 20 x 5 and 30 x 30 x 5 mm? were printed.
The radius and the height of the filter were 13.5 and 5 mm respectively,
with 1 mm spanning length between the centers of two contiguous fil-
aments. The z-axis displacement (i.e. the layer thickness) was nearly
750 um, which led to a certain overlapping and increased the adhesion
between the scaffold layers. After printing, the samples were left to dry
and solidify at ambient temperature for 24 h. Afterwards, the samples
were usable for physical, mechanical, and photocatalytic testing.

The apparent and true density were measured by helium pycnometry
(Anton Paar, Ultrapyc 3000), using bulk or finely crushed samples,
respectively. A stainless-steel ball (1.0725 g) was used as a calibration
standard, with 7 readings for calibration. The density values were used
to compute the amounts of open and closed porosity. The compressive
strength of the dried objects was measured using a universal testing
machine (Quasar 25, Galdabini S.p.a., Cardano al Campo, Italy),
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Fig. 1. Preliminary extrusion experiments: a,b) ink from activated BSG; c,d) ink with TiO, addition; e,f) ink with TiO3 + 20% PGMs; e,f) ink with TiO, + 30% PGMs.

operating at a crosshead speed of 0.5 mm/min).

The specific surface area was measured by Ny physisorption at —
196 °C (ASAP 2010, Micromeritics, Norcross, GA, USA). The samples
were degassed at 150 °C, and the specific surface area was calculated in
the relative pressure (p/po) range between 0.05 and 0.30 by applying
the Brunauer-Emmett-Teller (BET) multipoint method.

The printed samples were examined by XRD before and after acti-
vation using the powder diffractometer, Panalytical Empyrean, with
Bragg-Brentano geometry, at an accelerating voltage of 45 kV, using Cu
Ko radiation with A = 1.545 A. Diffraction patterns were collected in the
20 range of 10-70°. The absorption infrared spectra of glass particles
were measured using FT/IR (JASCO, USA). The microstructure of the
printed pharmaceutical glass was examined using a scanning electron
microscope (SEM; Jeol JSM 7600 F, Tokyo, Japan), with 1.2 kV accel-
eration voltage.

The fabricated 3D glass composite with the different formulations
BSG+TiOy, BSG+TiO, + 20PGMs and BSG+TiOs + 30PGMs denote
pharmaceutical glass with added titania, pharmaceutical glass with
added titania and 20 wt% PGMs and pharmaceutical glass with added
titania and 30 wt% PGMs, respectively. Samples of the same weight (0.3
g) were used for a photo-degradation test consisting of immersion of the
structure for 90 min into 50 mL of methylene blue solution (initial
concentration of 50 mg/L), irradiated by UV (A = 366 nm, power = 125
W, Helios Italquartz S.R.L., Milan, Italy). The residual concentration of
the dye was determined by measuring the absorbance of the solution at
664 nm (Apax) using a UV-VIS spectrophotometer (Jasco V-650, Easton,
MD, USA).

3. Results and discussion

The pseudo-plasticity of geopolymer-yielding slurries is known as the
fundamental background of highly porous foams manufactured by ‘gel
casting’, consisting of intensive mechanical stirring with the help of a
surfactant. Air bubbles are first incorporated in a low viscosity state (at
the high shear rate, upon intensive mechanical stirring) and then
‘frozen’ by a sudden increase of viscosity (at the low shear rate, when
stirring stops) [18]. The exploitation in direct ink writing can be seen as
a logical extension [19].

Several studies demonstrated that pseudoplastic slurries may be
achieved well beyond formulations leading to geopolymers, i.e. with
gelation phenomena not corresponding to the development of a three-
dimensional alumino-silicate network (‘zeolite-like gel’) [20,21].
Rincon et al. [22], for example, prepared glass foams by viscous flow
sintering of ‘green’ foams formed at nearly room temperature by
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intensive mechanical stirring of aqueous suspensions of fine glass
powders (solid loading of 65 wt%), subjected to a ‘weak’ alkali activa-
tion (2.5 M KOH).

Soda-lime glass, upon alkali activation, does not yield a zeolite-like
gel, but it is prone to the formation of calcium silicate hydrates (C-S-
H), i.e. compounds with a layered structure and limited chemical sta-
bility (layers featuring strong chemical bonds are mutually connected by
weak bonds) [23]. On the contrary, nearly Ca-free pharmaceutical glass,
with a relatively high Al;O3 content, under the conditions of ‘weak’
activation undergoes gelation by the formation of strong Si-O-Si, Si-O-Al
and Si-O-B bonds. Solid compacts from dried suspensions are not
degraded by immersion in boiling water, with the exception of the
dissolution of secondary phases, such as hydrated alkali carbonates [7].

The analogy with geopolymers, i.e. yielding a product with strong
chemical bonds at a nearly room temperature (cold consolidation),
constituted the reference for the present work. BSG suspensions, upon
activation with 2.5 M NaOH, were not left in containers for 24 h at 75 °C
in ’static’ mode (following the preliminary dissolution stage) for com-
plete hardening. Instead, they were utilized during the early stages of
gelation, after a ’curing’ stage of 3 h at 25 °C.

Fig. 1 illustrates that this choice led to printable inks: extruded fil-
aments could be easily overlapped, forming lattice structures. Since
gelation was not complete, the viscous flow after extrusion was not
controlled: despite the successful stacking of filaments (Fig. 1a) the
scaffolds from pure BSG exhibited a significant sagging (Fig. 1b),
accompanied by the collapse of transverse porosity. Ideally, this could
be avoided by prolonging the curing step, promoting gelation. However,
the addition of the photocatalytic additive (TiO2 nanoparticles) proved
to be useful also in limiting the flow of pastes after extrusion. The in-
crease of the viscosity of suspensions, as the result of addition of
nanoparticles, is well known [24]: despite the reduction of the amount
of activated glass that contributed to hardening, the overlapping of fil-
aments was still satisfactory (Fig. 1c¢); the increase of viscosity due to the
addition of nanoparticles limited the sagging (Fig. 1d).

Further optimization was achieved by the inclusion of a lightweight
filler, also prepared from waste glass, i.e. fiber glass-derived porous glass
microspheres [12]. Despite the reduction of the amount of material
undergoing gelation, the addition of PGMs did not compromise the
stacking of filaments (Fig. le,g), but suppressed the sagging (Fig. 1f,h),
by reducing the gravity-induced deformation.

The optimized ink, comprising both TiO; and PGMs, was used in a
second series of experiments, also for more complex shapes. Fig. 2a-
d outlines the progressive printing of a gyroid structure based on
BSG+TiOy + 30PGMs ink, starting from the first deposited filament
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Fig. 2. Refined printing experiments: a-c) printing operation; d,f) details of gyroid structure; e,g) details of ‘filament-filter’ structure.

Table 2
Physical and mechanical properties of the printed glass-based composites.
Samples Pgeom (g/cm®) Papp Ptrue Total porosity ~ Open porosity OP (%)  Closed porosity CP (%)  Compressive strength (MPa) ~ Surface area (m?/g)
(g/ (g/ P (%)
cms) cms)
BSG 0.97 2.73 2.86 65+1 64 +1 1+1 03+0.1 24.7
+TiOy +0.01 + 0.06 + 0.06
BSG+TiO, 0.91 2.70 2.81 67 £1 66 +1 1+1 1.2+0.2 31.8
+ 20PGMs + 0.01 + 0.04 + 0.04
BSG+TiOy 0.77 2.71 2.77 72+1 71+1 1+1 1.54+0.2 40.3
+ 30PGMs +0.02 + 0.03 + 0.03
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Fig. 3. Scanning electron microscope images of printed composite by DIW based BSG+TiO» + 30PGMs (a, b and c) lattice structure (d, e and f) gyroid structure.
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Fig. 4. (a) XRD of BSG: as received, activated and dried, activated and printed and printed and boiled, (b) XRD of BSG: activated and printed, BSG+TiO; printed,

BSG+TiO, + 20PGMs printed and BSG+TiO, + 30PGMs printed.

layer (Fig. 2a), going through the second layer (Fig. 2b) up to nearly
complete structure (Fig. 2c). Besides gyroids (Fig. 2d), the ink allowed
also for easy fabrication of other shapes, such as the ‘filament-filter’
structure, shown in Fig. 2e. Additional details on the successful stacking,
with only limited deformations, are shown in the optical stereo-
microscopy images in Fig. 2f,g.

The physical and mechanical properties of the printed objects after
drying are shown in Table 2. By incorporating PGMs into the activated
glass ink, the porosity increased from 65% to 72% and was nearly
completely open. The specific surface area increased from approxi-
mately 25 to 40 m?/g. The relatively high surface area is attributed to
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the incorporation of PGMs, in addition to the outcome products of alkali
activation and the presence of titania nanoparticles. The compressive
strength of the printed scaffolds increased significantly, from 0.3 to
1.5 MPa. For highly porous bodies (e.g. porosity above 70%), a funda-
mental reference in the analysis of the strength-density correlation is
provided by the Gibson and Ashby [25] model, according to which the
compressive strength of an open-celled porous body is ruled by (Eq. 1):

6, ~02e0p .prd].s 1)
where py| is the relative density (pe; = 1 — P/100), P is the total porosity

and opend is the bending strength of the solid phase in the struts. The



M. Mahmoud et al.

(a)

Initial state

——BSG+TiO, (60 min in dark)
——BSG+Ti0O;+20PGMs ( 60 min in dark)
~——BSG+TiO,+30PGMs (60 min in dark)

Absorbance (a.u.)

T T T U T T T
500 550 600 650 700 750

400 450 800
Wavelength (nm)
(c)
Initial state

—— BSG+TiO, (60 min UV)

—— BSG+TiO+20PGMs ( 60 min UV)

~———BS5G+TiO,+30PGMs (60 min UV) i
El
s
8
c
]
o
2
2

U L] T T I L] L]
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Journal of the European Ceramic Society 44 (2024) 5449-5459

(b)

—a— BSG+TIO,
—8— BSG+TIO,+20PGMs
—&— BSG+TiO,+30PGMs

44% Adsorption
0.5 4
v T . d T L T . T T x T x T s T T x
0 M0 20 30 40 50 60 70 80 90 100
Time (min)
0.0 —&— BSG+TiO,
' —&— BSG+Ti0,+20PGMs
—a&— BSG+Ti0,+30PGMs
0.8
0.6
(=]
]
o
0.4 4
0.2 4
100% Degradation
0_0, - -
ot T = T . T 23 T r T ho T . T o T b { T
0 10 20 30 40 50 60 70 80 90 100
Time (min)

Fig. 5. (a) Absorption spectra of the methylene blue solution in the initial state and after 60 min in contact with printed glass-based composites in dark (b), evolution
of the relative concentration of methylene blue with increasing the adsorption time (c) Absorption spectra of the methylene blue solution in the initial state and after
60 min in contact with printed glass-based composites under UV exposure (d), evolution of the relative concentration of methylene blue with increasing UV

exposition time.

highest compressive strength measured for the sample BSG+TiOy
+ 30PGMs, considering the relative density (pr=1-0.72 =0.28), is
consistent with a bending strength of the material in the strut of
approximately 50 MPa. Such value is impressive: despite the absence of
any firing step the value is close to the bending strength of solid glass
(~70-80 MPa [26]). The cold consolidation process thus promoted the
formation of strong bonds between glass particles. In particular, PGMs
were likely integrated into the cementitious matrix formed by activated
BSG.

Fig. 3. reports some details observed by SEM. Overlapping filaments
created wide contact zones (marked by arrows in Fig. 3a,d), and their
interpenetration likely minimized stress concentrations. PGMs were
homogeneously dispersed (Fig. 3c,d) and firmly embedded in the matrix
(Fig. 3e,f). The matrix even partially penetrated the pore openings of
PGMs (see arrow in Fig. 3f). (Fig. 3c,d) embedding them firmly in the
matrix.

The changes in the nature of the gel related to the activation and
titania addition were provided by X-ray powder diffraction analysis (see
Fig. 4a and Fig. 4b). The activation with 2.5 M NaOH solution led to the
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formation of zeolite A (Na;3((AlO2)12(Si02)12)-27 Hy0), (Fig. 4a), in
accordance with previous investigations on foams [27] after activation
with NaOH. No differences in diffraction patterns are detected between
the dried and printed activated BSG. The zeolite phase was accompanied
by a newly formed amorphous gel, as suggested by the shift of the
‘amorphous halo’ compared to the as-received glass [7], as shown in
Fig. 4a. The stability of 3D-printed composites concerning thermal
treatment is guaranteed as long as the zeolite phase remained intact
even after the boiling test (immersing the 3D printed composites in
boiling water for 20 min).

Fig. 4b documents the mixture of phases upon adding titania into the
printed composites BSG+TiO2, BSG+TiOy + 20PGMs, and BSG+TiO,
-+ 30PGMs. Activated glass suspensions with added titania yielded ma-
terials featuring anatase, zeolite A, and trona (sodium carbonate hy-
drate, Na3(CO3)(HCO3)-2 H,0).

The data in Table 2 and Fig. 3 reveal that the printed samples con-
tained hierarchical porosity. The overall measured porosity is well
above the value resulting from the stacking of filaments. Besides mac-
roporosity, from printing, porosity was expressed by nano-sized voids
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left between adjacent particles or inside the microspheres and in the
100 % binding gel. In other words, the increased porosity of these materials
also leads to enhanced ultraviolet (UV) exposure within the structure
and consequently the adsorption of organic molecules. Fig. 5 confirms
such assumption, with photocatalytic effects maximized with the
BSG+TiO2 + 30PGMs sample.

Fig. 5a presents the absorption spectrum of a methylene blue solu-
tion (50 mg/L) in deionized water. The absorbance peak at 664 nm
serves as the reference for the determination of initial dye concentration
(Cp). The adsorption of methylene blue is discerned through the
reduction in absorbance resulting from immersing the samples in a
methylene blue solution in the absence of light. Fig. 5b illustrates that
the maximum adsorption efficiency, achieved within 90 min, reached
44% for the sample denoted as BSG+TiOz + 30PGMs. This enhancement
in adsorption can be ascribed to its superior porosity and larger surface
area, as outlined in Table 2, compared to other samples. The observed
adsorption efficiency holds significance as it can contribute to aug-
menting the photodegradation performance of the samples, which
constitutes the primary objective of this current investigation. It is worth

noting that adsorption represents the initial step in the photo-
Fig. 6. Evolution of methylene blue degradation (%) with the number of cycles. degradation process.

1004

g &

MB degradation (%)

4

204

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Fig. 5¢ presents the absorption spectra of the methylene blue solution
in contact with printed glass-based composites under UV exposure. The

(a)

(b)

Fig. 7. (a) schematic diagram of photodegradation of methylene blue by 3D printed composite, (b) cleaning the adsorbed methylene blue on the 3D printed
composite by UV light.

5455



M. Mahmoud et al.

Journal of the European Ceramic Society 44 (2024) 5449-5459

20pum

20um

20pum

Fig. 8. Map EDS of the surface of the reused 3D printed composite after 5 cycles.

sensitivity to UV degradation of the specific organic species is inferred
from the decrease in absorbance after 60 min irradiation. It can be noted
that the presence of TiO; leads to a reduction of ~62% in the intensity of
the absorbance peak (C/Cy = 0.38 for BSG+TiO; scaffold). More porous
scaffolds, containing PGMs, maximized the reduction of the intensity
(70% and 88% for BSG+TiOy +20PGMs and BSG-+TiO, +30PGMs
respectively).

Longer exposition times (Fig. 5d), up to 75 min, resulted in a nearly
undetectable signal at 664 nm and corresponded to the complete
removal of the methylene blue dye from the solution for the samples
BSG+TiOy + 30PGMs. Samples BSG+TiOy and BSG+TiOy + 20PGMs
achieved 100% degradation after a longer exposition (Fig. 5d).

3.1. Regeneration and reusability

Recovery and reusability are crucial parameters for selecting inex-
pensive and viable catalysts for pilot-scale remediation systems. To
verify the recyclability of the printed scaffolds, BSG+TiO, + 30PGMs
samples were subjected to 5 consecutive degradation cycles, to evaluate
the preservation of their photodegradation capacity. The degradation
performance of methylene blue after 5 cycles was nearly 93%, (Fig. 6).
After each cycle, the scaffolds were exposed to a UV lamp for 1 h and
reused.

The slight decrease in the degradation efficiency over subsequent
cycles can be explained by considering a couple of key factors. Firstly,
there may be a slight loss of material during the recovery step when the
samples are physically removed from and re-immersed into the methy-
lene blue solution. This can result in a reduced dosage of the catalyst in
each subsequent cycle, leading to lower surface activity and overall
lower performance [28]. Secondly, the gradual decrease in active sites
may occur after each cycle due to the clogging of the pores by the
adsorbed methylene blue [29]. As the cycles progress, the pores within
the catalyst may become partially blocked, reducing their availability
for adsorption and subsequent photodegradation processes. It is
important to note that, in general, several cycles can be conducted using
the same material with almost the same pollutant degradation efficacy,
demonstrating the potential for material durability and continued
effectiveness over multiple cycles.

Fig. 7a shows the schematic diagram of the photodegradation of
methylene blue by 3D printed composite, starting from immersing the
3D printed composite into the solution with the initial concentration of
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Fig. 9. XRD of the fresh and recycled 3D printed composite.

methylene blue 50 mg/L. The methylene blue degraded completely
under UV light exposure (75 min) yielding clear water. The 3D-printed
composite can be reused several times, degrading adsorbed dye by the
exposure to UV light. To demonstrate the high efficiency of the cleaning
process using 3D printed composites, the sample is immersed in a
methylene blue solution for 24 h (to allow for adsorption without UV
exposure). Subsequently, the sample is exposed to UV light for 1 h to
clean the adsorbed methylene blue. The successful cleaning process of
the 3D-printed composite is illustrated in Fig. 7b.

3.1.1. Characterization of the regenerated materials

The surface of the reused 3D printed composite was investigated by
EDS mapping (Fig. 8). The EDS maps confirmed the presence of char-
acteristic elements of Ti, Si, Al, and Na on the surface of the printed
composites. The results support the XRD data, which documented the
presence of anatase and zeolite diffraction maxima (Fig. 9).

The uptake and photodegradation of methylene blue by regenerated
and re-used 3D-printed composites remained substantial, as shown in
Fig. 6. Notably, the analysis of side views of the reused 3D-printed
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Fig. 10. Scanning electron microscope images of the reused 3D printed composite after 5 cycles (a) the side view, (b) higher magnification of the area in red
rectangle, (c) cross-section of the filament, and (d) higher magnification of the cross-section of the filament.

Table 3

A comparison of photocatalytic materials with their degradation efficiency of methylene blue dye.
Materials Initial concentration Dose of photocatalysts Degradation efficiency (%) Time of degradation (min) Ref

mg/L g

Fe,03/TiO, composite ceramic 25 2 83 240 [31]
TiO, nano composite 6 0.5 86 60 [32]
TiO, 25 2 920 120 [33]
Fe304/AC/TiO, Nano-Catalyst 100 0.1 98 60 [34]
Na-TiO, nano tube 10 0.5 98.5 60 [35]
TiOy-Polymeric Substrates 4 0.1 100 110 [36]
This work 50 0.3 100 75

composite (Fig. 10a) demonstrated the absence of any sagging in the z-
direction, despite the considerable distance between parallel filaments.
Sagging is a common issue encountered in 3D printing, especially when
there are significant gaps or unsupported overhangs between the printed
layers. This phenomenon occurs due to the weight of the upper layers
exerting pressure on the lower ones during printing, leading to defor-
mation[30]. However, the absence of sagging in the reused composite
indicates its structural integrity and highlights its potential for reliable
applications in 3D printing processes. A higher magnification imaging of
the place marked by the red rectangle (Fig. 10b) revealed formation of a
rough surface of the mixed zeolite and anatase phases, which could be
considered beneficial for the dye adsorption. Fig. 10c shows a high
magnification image of the cross-section of the filament (marked by the
red circle in Fig. 10a), revealing rough texture of mixed crystals. A
higher magnification of the spot marked by the red circle in Fig. 10c
reveals the formation of nanocrystals (see Fig. 10d), which have a
crucial role in increasing the number of active sites for adsorption and
subsequently the photodegradation process [6,7].

3.2. Comparison of photocatalysts

The efficiency of various photocatalytic materials designed for the
degradation of methylene blue dye is compared in Table 3. However, the
sample dose varies significantly, ranging from 0.1 to 2 g, and the initial
dye concentration varies from 4 to 100 mg/L. Our photocatalyst com-
pares favorably with other studies, exhibiting a faster degradation rate
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and requiring a moderate sample dose. The successful application in dye
destruction, coupled with sustainable processing (no organic additives,
no high-temperature treatment for debinding and sintering), make the
developed scaffold a particularly promising example of upcycling of
waste glass.

3.3. Economic advantage of the proposed strategy

To highlight the economic advantage for the fabricated photo-
catalysts, we need to consider various factors that can validate the
proposed strategy compared to existing literature, as follows:

a) Raw material: the use of waste glass as a raw material is a significant
advantage as it reduces the cost of acquiring new materials compared
to other photocatalysts that may rely on more expensive or resource-
intensive materials.

b) Fabrication process: the fabrication process, which utilizes direct ink
writing without any organic additives, can reduce production costs
and evaluate the cost savings compared to traditional methods.

c) Energy consumption: since there is no sintering or high-temperature
treatment involved, there are energy savings in the production pro-
cess compared to other traditional methods that require high-
temperature processing.

d) Performance and regeneration: considering the cost savings associ-
ated with not needing to frequently replace the photocatalysts due to
their effective regeneration, this approach is highly economical.
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e)

Reusability and maintenance: assessing the ease of reusing the
samples by exposing them to UV light can reduce the need for
frequent replacements.

Environmental impact: the study focuses on the utilization of phar-
maceutical glass waste and fiber glass waste to create functional
materials. This upcycling approach reduces the need for disposal of
these waste materials in landfills, potentially lowering environ-
mental pollution. Moreover, the application of 3D-printed compos-
ites for the photodegradation of methylene blue suggests a potential
positive environmental impact in terms of water treatment and
pollution control.

Conclusions

In this work, pharmaceutical glass waste (BSG) was successfully

converted into photocatalytic scaffolds by a cold consolidation process
(not including any firing step), using direct ink writing of suspensions of
fine powders in an alkaline solution. The main conclusions are as
follows:

The inclusion of titania nanoparticles (20 wt%) and porous glass
microspheres (20-30 wt%) enables the printing of regular scaffolds,
with only limited deformation;

After alkali activation, BSG yields stable gels that form strong bonds
between adjacent particles; this is not compromised by the inclusion
of additives;

The uniformity and the strong adhesion between individual com-
ponents enabled the achievement of a high strength-to-density ratio
(compressive strength of 1.5 MPa, with the porosity exceeding 70%);
The reaction rate of DIW-processed scaffolds for achieving 100%
degradation of methylene blue is 75 min, which compares favorably
with other reported TiOp-based composites, ranging from 90 to
240 min. Furthermore, the samples can be re-used for five cycles
without experiencing a significant loss of efficiency;

This study creates new pathways for upcycling and functionalizing

waste glass and its use in environmental applications.
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