Chemical Engineering Journal 497 (2024) 154366

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

3D-printed indium oxide monoliths for PFAS removal

t.)

Check for
updates
L |

Alysson Stefan Martins >, Garyfalia A. Zoumpouli ™', Shan Yi", Antonio Jose Exposito*,

Jannis Wenk ?, Davide Mattia ®"

@ Department of Chemical Engineering, University of Bath, Claverton Down, Bath, England BA2 7AY, UK
b Department of Chemical and Materials Engineering, The University of Auckland, Auckland 1142, New Zealand

ARTICLE INFO

Keywords:

3D printing

Adsorption

PFAS

PFOA

In,03 catalyst
Self-supported structure

ABSTRACT

More efficient removal methods for per- and polyfluoroalkyl substances (PFAS), anthropogenic compounds with
high persistence in the environment, are urgently needed due to their significant adverse health effects. Current
technologies for PFAS removal in water are limited by incomplete degradation or practical concerns about the
use of slurry-based adsorbents. In this study, self-supported indium oxide (InyO3) monoliths were produced via
extrusion-based 3D printing and used for the removal of perfluorooctanoic acid (PFOA) via adsorption in a
recirculating flow system. A detailed study of the sintering temperature, monolith geometry, and flow rate
allowed maximising PFOA adsorption due to the improvement of PFOA diffusion and the increased number of
active sites on the monolith, resulting in 53 % of PFOA removal with fast adsorption kinetics in 3 h. Additionally,
a low-temperature pyrolysis process at 500 °C effectively regenerated the InoO3 monoliths, allowing reusing the
monoliths for three adsorption cycles, while also improving the PFOA removal to 75 % in 3 h. The regenerated
Iny05 monoliths not only have a high adsorption capacity (0.16 mg g~ 1), but also required a much shorter time to
reach the adsorption equilibrium compared with other adsorbents reported in the literature. The effectiveness,
robustness and reusability of the 3D printed InyO3 monoliths highlight their potential as an efficient and sus-
tainable adsorbent for PFAS removal. The approach presented here represents an effective strategy for the
fabrication of complex adsorbents, which are reusable and can be easily handled, eliminating the expensive
downstream removal required for slurries while offering a clear route for scale-up towards industrial use.

1. Introduction

cerebrovascular diseases, diabetes, thyroid dysfunction, increased
cholesterol, and immune system problems [5]. To mitigate exposure, the

Per and polyfluoroalkyl substances (PFAS) are a class of synthetic
compounds widely used in various industrial and everyday applications
for decades due to their thermal stability, chemical resistance, and
relatively high water solubility [1,2]. These properties make PFAS
suitable for a diverse range of products including food packaging, fire
retardants and waterproof fabrics [3,4].

Among PFAS, perfluorooctanoic acid (PFOA) is one of the most
commonly used and recognized compounds, often found as a degrada-
tion end product of other PFAS [2,5,6]. Due to their intensive use and
chemical stability, PFAS are globally detected in various environmental
media, including aquatic and terrestrial ecosystems, and even human
blood and breast milk [7-9].

Studies have linked PFAS exposure to various health issues,
including reproductive and developmental effects, cardiovascular and
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U.S. Environmental Protection Agency (EPA) established a lifetime
advisory limit of 70 ng/L for combined PFOA and per-
fluorooctanesulfonic acid (PFOS) in drinking water in 2016 [1,3]. In
2022, the EPA updated the health advisory level for PFOA to a signifi-
cantly lower value of 0.004 ng/L [10]. Since 2020, the European Union
has also banned PFOA in products at concentrations equal to or above
25 ppb or 1000 ppb of related substances [11]. Despite these stringent
regulations, PFAS continue to persist in aquatic environments and are
resistant toward chemical and biological degradation [4,12-14].
Advanced oxidation processes (AOPs), including photocatalysis
[15], electrocatalysis [16,17], sonolysis [18-20], hydrolysis [21], and
chemical oxidation [22,23] have shown some efficiency but are either
unable to completely degrade PFAS or are too costly for industrial-scale
implementation. More recent methods, e.g. combining photo- and
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electro-oxidation [24,25], or advanced reduction processes [26] have
shown more promise in achieving complete degradation of some PFAS
compounds. However, due to the limitations and complexities of direct
degradation methods, current PFAS removal strategies primarily rely on
sorbents [7,27-29], followed by incineration [30]. Activated carbon is
the most commonly used adsorptive material for PFAS removal [28], but
it is non-selective for short-chain PFAS governed by physical adsorption
[31,32]. Activated carbon’s susceptibility to oxidation at elevated
temperatures limits its regeneration capacity via thermal desorption,
resulting in material loss during incineration [33,34]. Alternative
chemical desorption methods require expensive and toxic organic sol-
vents, making them less practicable [27,35].

Inorganic sorbents might be a better alternative for PFAS adsorption
due to their high-temperature stability, allowing regeneration via ther-
mal treatment. Although there has been limited research on the
adsorption capacity of inorganic compounds to PFAS, studies investi-
gating the photocatalytic degradation of PFAS by metal oxides such as
TiOy, GapO3 and InpOj3 provide insights [36,37]. Indium oxide, in
particular, has been extensively studied as a photocatalyst for PFAS
degradation, showing high removal rates for PFOA [8,36,38-41]. Short
pre-adsorption steps (30-60 min) demonstrated significant declines in
PFOA concentration, raising questions about whether the observed ef-
fects were due to degradation, further adsorption, or a combination of
both [42].

Based on these observations and the potential for sorbent regenera-
tion, indium oxide was investigated as a sorbent for PFOA and other
short-chain PFAS. Limited literature exists on the adsorptive capacity of
Iny03 for PFAS, with most studies focusing on adsorption in combination
with photocatalysis [43,44]. High removal efficiency is attributed to the
tight coordination between the InpO3 surface and the terminal carbox-
ylate groups of PFOA (via bidentate or bridging configuration) resulting
in a vertical and highly ordered adsorption mode [38,45-47]. One study
has showed that using InyO3 nanoparticles in slurry reactor achieved
about 90 % of PFOA decomposition via adsorption/photocatalysis [44].
Other studies improved the performance of InyOs by increasing the
number of active sites through doping, thereby enhancing adsorption
capacity [40,48]. However, using nanoparticle slurries is challenging for
large-scale applications due to the need for additional steps to prevent
nanoparticle leaching [49-51]. To overcome these issues, self-supported
structures such as monoliths and foams provide a valid alternative,
facilitating sorbent removal while maintaining a high surface area [49].

3D printing has recently emerged as a manufacturing technology
that enables the fabrication of hierarchical self-supporting structures,
with complex geometries not achievable by other means [52,53]. Prin-
ted structures offer advantages such as high structural design freedom,
fast fabrication, waste reduction, and cost effectiveness [54].

In this work, free-standing In,O3 monoliths were fabricated for the
first time using 3D printing by optimizing an indium oxide ink and
controlling printing and design parameters. The extrusion-based
approach is cost-effective compared to other 3D printing methods as it
does not require specialized filaments or resins. The finished structures
exhibit minimal shrinkage after thermal treatment, facilitating the
development of 3D designs. The 3D printed monoliths demonstrated
high adsorption capacity for PFOA in a recirculating flow setup. These
monoliths can be regenerated using a low-temperature pyrolysis pro-
cess, maintaining or even increasing their PFOA sorption capacity,
showcasing their potential for reuse after adsorption-regeneration
cycles.

2. Materials and methods
2.1. Materials
High purity In,O3 powder (99.99 % — D50 < 2.06um) was acquired

from Xi’An Function Material Group Co. (China). The surfactant Plur-
onic F-127 was purchased from Merck. The solvents methanol, ethanol
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(Absolute) and acetonitrile were purchased from VWR and used as
provided. Perfluorooctanoic acid, used here as a target organic
pollutant, and ammonium acetate were supplied by Sigma-Aldrich. The
native analytical standard of PFOA and the corresponding stable-
isotope-labelled internal standard used for quantification were pur-
chased from Greyhound Chromatography. All solutions were prepared
from ultrapure water (Veolia Purelab Chorus, 18.2 MQ).

2.2. Preparation of 3d printing ink

The ink used in the extrusion-based 3D printing was prepared by
dispersing Iny03 powder (D50 < 2.1 um) in a Pluronic F-127 solution
(15 % v/v), which was used as a binder, at room temperature (25 °C)
under constant and vigorous physical mixing for ~ 15 min. Once the
mixture became a well-incorporated and homogenous ink, it was
directly loaded into the printer’s cartridge which, in turn, was then
connected to the 3D-printer (VormVrij|3D Lutum®5). The extrusion,
speed factor, and pressure parameters were critical for the 3D printing
process and were optimised to achieve high quality and reproducible
printing.

Monolith designs were made with the Prusa Slicer software and
subsequently exported to generate SLA files converted to G-Code com-
mands. The printed designs were patterned layer by layer (rods of 1.2
mm) in a cylindrical scaffold structure (20 mm @) with a rectilinear
pattern and initial length of 20 mm. The open porosity corresponded to
70 %, adapted to the dimensions of the recirculating flow setup used in
the sorption tests. This geometry was designed to maximize the surface
area, which improves the exposure of active sites, and the flow of the
pollutant solution permeating through it, translating into rapid mass
transfer, while minimizing pressure drop [55]. After being printed, the
monoliths were dried at room temperature for 12 h and subsequently
sintered at 500 °C for 10 h in air in a tubular furnace with a heating rate
of 5 °C/min and a cooling rate of 3 °C/min. The shrinkage of the
structure was less than 5 % after sintering.

2.3. Characterization

The surface characterization was performed using field emission
scanning electron microscopy (JEOL JSM-7900F FESEM), with the
samples coated with 20 nm Cr. The particle size distribution was
calculated using ImageJ software. The crystal structure of the monoliths
was investigated by X-ray Diffraction (XRD), carried out with a STOE
STADI P dual powder transmission X-ray diffractometer, using Cu Kal
radiation with a wavelength of 1.54 A, and a 20 scan from 20 to 90° with
a period of 20 min. The surface area was estimated using Brunauer —
Emmett — Teller (BET) calculations carried out with nitrogen adsorp-
tion — desorption measurements using Autosorb-iQ-C by Quantachrome
Anton Paar at 77 K, after degassing under vacuum at 120 °C for 120 min.
Raman spectra were collected using a Renishaw InVia Confocal Raman
microscope, with an excitation laser wavelength of 532 nm. Thermog-
ravimetric analysis was conducted using a Setaram Setsys Evo under
nitrogen atmosphere with a heating rate of 10 °C/min up to 950 °C. The
compressive strength of the In;O3 monolith was measured using an
Instron 3365 testing machine equipped with a 2 KN sensor. The cross-
head speed was set to 0.5 mm/min in the displacement control mode
until the sample fracture was detected in the force displacement plot.

2.4. Flow setup and PFOA removal

The PFOA removal was studied using a recirculating flow setup, as
schematically represented in Fig. S1. The In,O3 monolith (length of 21
or 44 mm and mass of 5.5 or 10 g, respectively) was placed inside a
quartz tube, and a recirculating water-cooling system was connected to
the 500 ml setup with a constant temperature of 10 °C. The initial
concentration of PFOA was set to 10 uM (4.1 mg L™1). The solution pH
was measured as 6.6 and not adjusted further. The solution flowed
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through the quartz tube containing the monolith using a pulseless gear
pump (MCP-Z Ismatec) operating from 100 to 700 mL min~! for 180
min. All tubing used was non-fluorinated silicone (Masterflex™ L/S™,
Platinum-Cured Silicone). After a predetermined time, 3.0 mL of PFOA
solution was collected using a disposable syringe and filtered using a
0.20 pm fluorine-free filter (regenerated cellulose, Agilent, UK) into a
polypropylene vial to remove any residual particles. The total volume
removed by sampling was less than 5 % of the total volume flowing in
the setup. The PFOA studies were conducted in duplicate. The first 1.5
mL of filtrate were discarded to prevent potential interference from
PFOA adsorption by the filter.

2.5. PFOA analysis

PFOA was quantified using high-performance liquid chromatog-
raphy coupled with a single quadrupole mass spectrometry (HPLC-MS)
with an Agilent 1260 Infinity II (Quaternary Pump). An Agilent PFC-Free
HPLC Conversion Kit and an InfinityLab PFC delay column (4.6 x 30
mm) were installed to minimise background PFOA levels. Chromato-
graphic separation was performed with a RRHD Eclipse Plus C18 reverse
phase column (2.1 x 100 mm, particle size 1.8 pm), including an Eclipse
Plus C18 Guard column (2.1 x 5 mm, particle size 1.8 pm). The column
temperature was set to 50 °C. The mobile phase consisted of 5 mM
ammonium acetate in ultrapure water (A) and 5 mM ammonium acetate
in methanol (B). Gradient elution was used starting with 95 % A for 1
min, decreasing linearly to 45 % A at 4 min and then to 10 % A at 9 min,
keeping 10 % A for 5 min, then returning to 95 % A with a 21 min stop
time, at a flow rate of 0.35 mL min~ !. The injection volume was 5 pL.
Selected ion monitoring (SIM) mode was used to maximize the instru-
ment performance. The mass spectrometer was equipped with an elec-
trospray ionization (ESI) source, operating in the negative ion mode
with a capillary voltage of —2500 eV, 25 psi N3 nebulizer gas at a flow of
11 L min~!, N, collision gas, a temperature of 325 °C and a nozzle
voltage of 500 V. The ion detected for PFOA was m/z 413, and its in-
ternal standard was m/z 421. Each sample was spiked with the internal
standard after filtration and was injected in triplicate. The linear range
of the PFOA calibration curve was 0.0025 to 4.5 mg L™}, with a detec-
tion limit of 0.001 mg L™!. The removal of PFOA via adsorption was
measured by plotting [C]/[Co] vs. time and the adsorption kinetic was
calculated by linear regression of a plot of (In([C1/[Co])) vs. time. The
adsorption capacity of PFOA onto InyO3 was estimated by the following
equation [56,57]:

de = (Co — Ce) x V/M (1).

where g is the equilibrium adsorption capacity (mg g1), C is the
initial concentration of PFOA (mg L’l), Ce is the residual concentration
of PFOA (mg/L), V is the volume of the solution (L), and M is the mass of
Iny03 monolith (g).

2.6. Pyrolysis process

A tubular muffle oven (Carbolite CWF 1100) was used as a pyrolysis
reactor to study the regeneration of the monoliths. The 3D printed
structures were inserted centrally into a stainless-steel tube (25 mm in
diameter and 70 cm in length) located inside the furnace and connected
with a Ny gas source. The outlet gas was connected to an apparatus
composed of two condensers in series. The first condenser was placed in
a recirculating water-cooling system, while the second went through a
saturated NaOH solution, which collected and concentrated gaseous
products generated during the heating process. The system was purged
with Ny for 30 min at a flow rate of 300 mL min~}, and subsequently
heated at 500 °C for a fixed residence time of 120 min. Subsequently, the
monolith was left to rest for 60 min and carefully removed from the
reactor.
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3. Results and discussion
3.1. Monolith synthesis and characterization

The fabrication of In,O3 monoliths via 3D printer extrusion required
the development of a novel ink formulation combining In,O3 powder
with an aqueous solution containing 15 wt% of the polymeric binder
Pluronic F127. The optimized formulation, with 86 wt% of solid con-
tent, combined with the precise control of printer parameters allowed a
direct printing of 3D structures through layer-by-layer without the need
for additional solidification treatments, making this technique suitable
for scale-up fabrication. For inks with lower solid content, the print-
ability process was significantly compromised, exhibiting low viscosity
which resulted into a sagging scaffold structure and poor shape reten-
tion. In contrast, ink with In,O3 content higher than 86 wt% was too
thick to be extruded from the nozzle, requiring excessive pressure (>6
bar) and making the printing process impractical.

As shown in Fig. 1A, the optimized formulation enabled printing of a
self-supporting cylindrical structures using a continuous fine filament
(1.2 mm), producing up to 15 different monoliths in a single ink batch
(200 g), as shown in Fig. 1B. Monoliths of different lenghts can be
produced with this approach, with 12, 18, and 25 layers, measuring 21,
35 and 44 mm high, respectively (Fig. 1C). All the monoliths retained
the millimetre-sized mesh opening structures, resulting in an ideal
design for flow systems, where the abundant gaps enable good mixing
with minimal pressure loss.

The effect of the temperature on the sintering process of the In,O3
monoliths was investigated at 500, 700, 900, and 1,100 °C for 10 h in
air. The volume shrinkage of the 3D structures was less than 5 % after
sintering for all temperature conditions, retaining the original design,
including the open mesh structure. Thermogravimetric analysis (TGA)
was used to determine the thermal degradation of the F127 binder
(Fig. S2) and revealed that the compound was completely removed/
decomposed from the In,O3 monoliths for temperatures above 450 °C.
Raman analysis also confirmed the absence of any residual carbon in the
In,03 monoliths after the F127 binder decomposition (Fig. S3).

The surface of the printed object prior to sintering showed an
agglomeration of the initial indium oxide powder into cuboidal struc-
tures with a rough and irregular surface (Fig. 2-left panel). The subse-
quent sintering led not only to the fusion of the particles in a continuous,
interconnected structure (Fig. 2-centre and right panels), but also the
growth of particle size with increasing sintering temperature (Fig. 3A).
The monoliths sintered at higher temperatures also possessed smoother
microstructures, with less irregularity, which may affect the surface area
and consequently the adsorption performance of the InyO3 monolith
(Fig. S4).

The XRD patterns of the monoliths showed no obvious change with
the sintering temperature (Fig. 3B), with the XRD pattern corresponding
to cubic InyO3 in agreement with reported data from JCPDS No.
06-0416 [38,41]. The N5 adsorption/desorption isotherms (Fig. 3C) and
the BET analysis showed no significant differences following sintering,
with surface area values of 11.74, 8.49, and 6.68 m? g’1 for the as-
received InpO3 powder, and the samples sintered at 500 and 1,100 °C,
respectively. In general, materials with large BET specific surface areas
possess high physical adsorption, which is primarily governed by
nonselective interactions between the adsorbate molecules and the
material’s surface [42], while chemical adsorption is not directly
correlated with the specific surface area. This outcome suggests that the
adsorption mechanism of PFOA on the InyO3 surface is likely to be
associated with chemical adsorption, specifically dominated by active
sites, rather than physical adsorption. Furthermore, it is well known that
only In®" ions in InyO3 can effectively coordinate with the carboxyl
group of PFOA [46,58], and that the saturation of In>" is affected by the
sintering process [46,58].

The monoliths were subjected to compression tests up to failure
(Fig. 3D). As expected, the printed object prior to sintering is
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Serially Printed Monoliths

Fig. 2. FESEM micrographs of In,O3 monoliths as prepared (left) and after sintering at 500 (centre) and 1,100 °C (right).

particularly deformable, exhibiting a linear elastic behaviour up to
fracture. In contrast, the monolith sintered at the highest temperature
(1,100 °C), broke only at a high stress level, in agreement with the
higher density observed in SEM micrographs. Small load drops in the
curve for the monolith sintered at 1,100 °C were the result of fragments
breaking off the structure. The monolith sintered at 500 °C had sufficient
mechanical resistance to compression to be used in a recirculating flow
setup.

3.2. PFOA adsorption by 3D printed In;O3 monoliths

The adsorption capacity of the 3D-printed InyO3 monoliths, sintered
at different temperatures, was tested in a recirculating flow setup at a
controlled temperature of 10 °C. (Fig. 4A). Note that control experi-
ments showed negligible PFOA losses due to adsorption in the flow setup
in the absence of a monolith (<5% removal). At an initial flow rate of
300 mL min~ ", the monoliths sintered at 500 °C removed 27 % of PFOA
after 3 h, with a good first order fitting and a high kinetic constant
(Table 1). The sorption occurred despite a low specific surface area

(Fig. 3C), confirming that this is due to a chemical interaction between
the active sites on the surface of the InoO3 monolith and PFOA. However,
the adsorption removal for PFOA gradually decreased with increasing
sintering temperature, along with a slowdown in kinetics with sintering
temperature increasing from 500 to 1,100 °C. No significant adsorption
of PFOA was observed for the monolith sintered at 1,100 °C, while about
12 % and 21 % adsorption were achieved for the monoliths sintered at
700 °C and 900 °C, respectively. These results agree with observations in
the literature that oxygen vacancies on the surface of indium oxide
catalysts are reduced by high-temperature treatments [42,58]. The
monoliths were weighed before and after each experiment with no
change in the monolith mass measured.

It is worth noting that the adsorption-desorption did not achieve
equilibrium for the PFOA removal by the end of the experiment, sug-
gesting that there is still a significant potential for the PFOA to be
removed via adsorption. Therefore, when the fresh Iny03-500 °C
monolith was submitted to a longer experiment, the equilibrium
adsorption—-desorption seemed to have been achieved after 8 h, with
about 60 % PFOA removal (Fig. 4B). In contrast, the monolith annealed
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at 1,100 °C did not show any increase in adsorption for the same period.
Therefore, further tests were conducted on monoliths sintered at 500 °C,
providing the best combination of adsorption capacity and mechanical

stability.
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Table 1
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PFOA removal and pseudo first order adsorption kinetics (k) for In,O3 monoliths evaluated at different sintering temperatures, flow rates, monolith lengths, and

regeneration.

Sintering Temperature (°C) Flow Rate (mL min’l)

Monolith Length (mm) PFOA removal (%) k (x10~% min™!) [R?]

Fresh Monolith 500 300
700
900
1,100
Fresh Monolith 500 100
300
500
700
1st Regeneration 500 500

2nd Regeneration

21 27 1.7 [0.97]
21 1.2 [0.94]
12 0.8 [0.80]
6 _

44 41 2.7 [0.98]
50 3.8 [0.92]
53 3.8 [0.96]
54 4.1 [0.98]

44 75 7.6 [0.97]
70 6.6 [0.96]

3.3. Operational and structural parameters: Monolith length and flow
rate effect

Based on the initial set of results, both the design of the monoliths
and the experimental parameters were varied to increase the overall
adsorption of PFOA. First, doubling the length of the monoliths — while
preserving all other structural parameters — led to a doubling of PFOA
adsorption to 50 % (Fig. 4C), for the same flowrate (Table 1) and time.
The increase in the PFOA removal for the longer structures can be
attributed to a proportional increase in the number of active sites across
the 3D printed monolith, promoting an improvement of adsorption
performance. This is further confirmed by comparing the ratio between
the mass of the monolith and the PFOA removal rate, which are 4.9 and
5.0 for the shorter and longer structures, respectively.

Increasing the flow rate from 100 to 500 mL min~! using the longer
monolith led to an increase in the adsorption rate, achieving 53 % of
removal after 3 h of treatment (Fig. 4D), and faster kinetics (Table 1).
Such improvement is consequence of an improvement in the convective
mass transfer within the flow setup and therefore, a decrease in the
thickness of the boundary layer [59], contributing to the diffusion of
PFOA on the surface and the subsequent adsorption. The inset of Fig. 4D
shows the kinetics for each flow rate as a function of the Reynolds
number and confirms the improvement in mass transfer followed by
stabilization above 500 mL ™}, typical of a mass transfer-limited regime
[55,59]. The monoliths maintained their mechanical integrity for all
flow rates tested.

Finally, combining longer experiments at a flow rate of 500 mL
min’l, with a 44 mm long monolith (sintered at 500 °C), removal of
PFOA reached 67 %, with a high adsorption capacity of 0.14 mg L™}
(Fig. 5S). These results clearly show that the monolith length combined
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H .
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0.4 1 " 5
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Fig. 5. PFOA adsorption on (A) a new In,O3 monolith and after regeneration by pyrolysis, (B) submitted to a long experiment after pyrolysis.

500 mL min~}, and [PFOA]: 10 uM, monolith length: 44 mm.

[AV[AG]

with flow rate can result in an effective improvement of adsorption
capacity, enabling the scale up the 3D designs without compromising
the macroscopic integrity.

A comparison between the 3D printed InyO3 monoliths prepared here
with other PFOA adsorbents is shown Table 2. Notably, carbon-based
materials display higher adsorption capacity, which is often associated
to their high surface area and porosity, which is primarily governed by
physical adsorption. However, it is worth noting that their equilibrium
usually requires a longer period, and their use is limited to packed bed or
slurry system configurations. According to the literature, the sorption of
PFOA in the carbon-based materials is mainly governed by hydropho-
bic/hydrophilic and electrostatic interactions [60]. In contrast, non-
carbon adsorbents also have an additional contribution from chemical
adsorption, where the number of binding sites plays a vital role on the
degree of adsorption [61].

The 3D printed InO3 monoliths outperform non-carbon-based ab-
sorbents such as TiO, and alumina by 2 to 10 orders of magnitude,
reaching apparent equilibrium after 8 h (Table 2). This highlights the
benefits of adsorption coordination of In,O3 with PFOA which, associ-
ated with the self-supported 3D structures, could result in lower treat-
ment costs and fewer steps related to the separation of the adsorbents. It
is further noted that most of the studies on PFOA removal used slurry
systems and batch configurations, which are not suitable for practical
use.

3.4. Regeneration and reuse of In,O3 monoliths for adsorption of PFOA

Although the In,O3 monoliths have demonstrated a high adsorption
capacity for PFOA and good mechanical robustness in flow, in terms of
applicability, it is crucial to assess the regeneration capability of the
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Table 2

Comparison of adsorption capacity of In,O3 monolith with other reported adsorbents.
Material Adsorbent System [PFOA] (mg L’l) Equilibrium Time (h) Adsorption Capacity (mg g’l) Ref
Carbon Based Suspension (g/L) Batch (mL)
Activated Carbon,/Fe® 1.0 50 10 240 30.1 [62]
Mesoporous Carbon 0.05 200 10 5 29.6 [56]
PEI modified cellulose 0.05 250 0.1 2 2.32 [63]
GO ZnFe304/ Chitosan 1.0 10 20 15 21.64 [571]
MIP adsorbent 0.2 50 0.02 48 5.45 [64]
Carbon nanotubes 0.25g 40 0.083 25 0.187 [60]
Non-carbon based Suspension (g/L) Batch (mL)
Alumina 10.0 20 0.1 48 0.014 [65]
AlO(OH) 5.0 20 0.2 48 0.189 [66]
TiO,/graphene 0.02 200 5.0 0.15 0.026 [67]
Fe-AlOx/Fe-AlIOHx 10.0 600 1 24 0.097 [61]
TiO2/MOF 0.02 200 4.14 0.15 0.076 [68]

Self-supported (g) Recirculating (mL)
In,03 New 10 500 4.14 8 0.14 This work
1st Reg. 0.16

adsorbent material. Taking this into consideration, a low temperature
(500 °C) pyrolysis process was used to regenerate the In;O3 monoliths
after adsorption. Somewhat surprisingly, after the first regeneration, the
monoliths substantially increased the removal of PFOA to about 75 % for
only three hours of treatment (Fig. 5A), resulting in the highest kinetics
of 0.0076 min~! (Table 1). After 6 h of experiment, the regenerated
monolith had an adsorption capacity of 0.16 mg g~* (Fig. 5B), higher
than most non-carbon sorbents in the literature (Table 2). This might be
associated with an increase in the number of active sites following the
pyrolysis treatment at 500 °C in addition to the desorption of the PFOA
molecules from the surface [69].

After the second regeneration, removal decreased to about 70 % of
PFOA (Fig. 5A), possibly related to microscopic material losses. Note,
the mass change of each monolith during pyrolysis was less than 5 %.
However, as shown in the optical image of Fig. 5A, there are no struc-
tural changes nor visible losses of material over three cycles of
regeneration-adsorption, confirming the robustness of the monoliths.
The reusability of the developed monoliths after a low-temperature
pyrolysis process implies that their practical implementation would be
cost-effective despite the relatively high initial cost of the indium oxide
material.

4. Conclusion

This study successfully demonstrated the fabrication of self-
supported InpO3 monoliths using an extrusion-based 3D printing tech-
nique. The monoliths exhibit excellent mechanical stability and a high
adsorption capacity for PFOA, even with a relatively low specific surface
area. The influence of sintering temperature, monolith length, and flow
rate on the adsorption performance was systematically explored,
allowing for the optimization of InoOs monoliths removing up to 75 % of
PFOA, with a high adsorption capacity (0.16 mg g~ ). The monoliths
could be efficiently regenerated through a low-temperature pyrolysis
process, which resulted in an increased adsorption capacity over 3
regeneration-adsorption cycles. The low-cost 3D printing fabrication,
low-temperature regeneration process, and reusability of the InyOs3
monoliths suggest they have the potential to be a cost-effective alter-
native for the removal of PFAS from contaminated water sources. This
study represents a significant step toward the development of practical
and efficient solutions for mitigating the environmental impact of PFAS
contamination, offering an environmentally sustainable and effective
solution for PFAS remediation.
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