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Abstract: Porous organic polymers are versatile platforms, easily adaptable to a wide range of
applications, from air filtering to energy devices. Their fabrication via vat photopolymerization
enables them to control the geometry on a multiscale level, obtaining hierarchical porosity with
enhanced surface-to-volume ratio. In this work, a photocurable ink based on 1,6 Hexanediol diacrylate
and containing a high internal phase emulsion (HIPE) is presented, employing PLURONIC F-127 as
a surfactant to generate stable micelles. Different parameters were studied to assess the effects on
the morphology of the pores, the printability and the mechanical properties. The tests performed
demonstrates that only water-in-oil emulsions were suitable for 3D printing. Afterwards, 3D complex
porous objects were printed with a Digital Light Processing (DLP) system. Structures with large,
interconnected, homogeneous porosity were fabricated with high printing precision (300 µm) and
shape fidelity, due to the addition of a Radical Scavenger and a UV Absorber that improved the 3D
printing process. The formulations were then used to build scaffolds with complex architecture to
test its application as a filter for CO2 absorption and trapping from environmental air. This was
obtained by surface decoration with NaOH nanoparticles. Depending on the surface coverage, tested
specimens demonstrated long-lasting absorption efficiency.

Keywords: 3D printing; photocurable emulsion; CO2 capture; air-filtering

1. Introduction

The rising temperature of our planet and its consequences over the years are cur-
rently a prominent topic in scientific debate. According to some studies carried out by
the Intergovernmental Panel on Climate Change, the main cause of global warming can
be attributed to the release of carbon dioxide by human activities, thus increasing the
greenhouse effect [1]. Carbon capture and sequestration (CCS) is fundamental for efficient
carbon emissions management because it is able to selectively capture CO2 and store it
permanently. Among the capture technologies available, porous materials offer many
advantages, since they are an economical and practical solution due to their simplicity,
design compactness, easy handling, material stability, low energy consumption and eco-
friendliness, given the absence of solvents and other toxic chemicals during use [2]. Pore
size and shape can be finely tuned to act as selective sieves to fine-tune capture chemistry in
adsorbent materials, characterized by high uptake efficiency and high adsorption capacity
as a result of their extended internal surfaces due to a significant surface-area-to-volume ra-
tio [3]. In the last few decades, researchers deepened this field, synthesizing materials with
micro/nano-structured surfaces driven by numerous applications other than molecular
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separations, such as gas storage, drug delivery, sensing and catalysis [4–8]. Six classes of
materials are acknowledged for having a high surface area and porosity: porous carbon,
porous inorganic materials, crystalline metal organic frameworks (MOFs), crystalline cova-
lent organic frameworks (COFs) and amorphous porous organic polymers (POPs) [9]. In
particular, amorphous POPs have vast potential due to to their versatile composition that
provides structural diversity, including various topologies and chemical functionalities,
while being lightweight and chemically stable [10]. Both COFs and POPs can be synthe-
sized from different organic monomers, affording a high degree of chemical tunability, as
well as the potential for high gravimetric and volumetric capacities due to the use of light
constituent elements [11]. However, the synthetic reactions to make COFs are still limited
compared with amorphous POPs, and this has hindered their broad application because
they comprise regular porous surface structures with long-range order [10]. In contrast,
amorphous porous polymeric materials usually have a non-uniform pore distribution in
the matrix; but it is possible to easily introduce various chemical functionalities along
the backbone, entailing a wide range of structures with different properties tailored on
a determined application and more scalable syntheses for a better technology readiness
(for commercial use) [12].

Furthermore, this synthetic flexibility/adaptability can be coupled with a high pro-
cessability, to fabricate components with specific structures, designed to better exploit the
extended surface area and porosity. In particular, additive manufacturing (AM) enables
precise control of the macroscopic geometry of the structure, allowing the fabrication of
objects not achievable with standard fabrication techniques, while the polymer charac-
teristics define both mesostructure and morphology [13]. AM is a production technique
that allows the fabrication of near-net shape three-dimensional objects, starting from a
digital CAD model, in a layer-by-layer fashion, with minimal material waste and without
requiring molds [14]. Polymers are the most used materials in the 3D-printing industry as
a result of their diversity and ability to adapt to different printing methods, which vary for
process, curing principle and the initial state of the polymer [15]. Among the numerous
AM technologies, Vat Photopolymerization (VP) is the processing technique that allows
better control of both architecture and microstructure, along with their mutual integration.
In VP, a light, either in the form of a laser or ordinary monochromatic light rather than
polychromatic, is focused on a vat containing a liquid bath comprising photosensitive
species and additives, each of them playing a very specific role during printing [16]. VP 3D
printing is compatible with the fabrication of a porous polymeric matrix, for instance, by
block copolymer self-assembly, in which the polymeric matrix spontaneously organizes
in controlled phases [17]. In this case, self-assembly can be obtained by a phase inversion
process, such as non-solvent induced phase separation (NIPS), in which block copolymers
act as surfactants to form emulsions, hindering the coalescence of the stabilized pores [18].
Furthermore, photopolymerizable high internal phase emulsions (HIPE) were used as inks
for VP 3D printing: in this case, the photocurable resins are solidified into objects by the
light irradiation, and then the aqueous phase is evaporated, leaving the porosity inside
the structure [19,20]. The components of the formulation can be selected and their ratio
optimized to define the porosity spatial distribution, hierarchy and geometry, together with
the mechanical and functional properties [21,22].

In this context, this study aims at developing 3D printable formulations processable by
a particular VP technology, Digital Light Processing (DLP), which can be used to fabricate
objects with complex geometry and contemporary high porosity. DLP was selected because
it combines high printing output with high precision and smooth surfaces [23]. The
studied formulations are based only on commercially available chemicals, without requiring
complex synthesis, making those inks scalable and suitable for potential industrialization.
Morphology and chemical and mechanical properties were evaluated as function of the
composition of the mixture and the printing features. The multiscale porous structure has
been used then as a scaffold for the depositing of active material for CO2 trapping, and
it has been tested as an air filter for carbon dioxide removal as proof of concept. These
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structures can also be envisaged as versatile platforms, easily adaptable to a wide range of
applications, from air filtering to energy storage and from biological scaffolds to catalytic
substrates [4,7,17,24].

2. Materials and Methods
2.1. Materials

1,6 Hexanediol (HDDA), PLURONIC F127, 2-Hydroxy-2-methylpropiophenone
(photoinitiator), Pentaerythritol tetrakis(3,5-di-tert-butyl-4-hydroxyhydrocinnamate) (radi-
cal scavenger) and Sodium hydroxide were purchased from Sigma-Aldrich (Milan, Italy),
Disodium 2,2′-([1,1′-biphenyl]-4,4′-diyldivinylene)bis(benzenesulphonate) (UV adsorber)
was purchased from Apollo Scientific (Stockport, UK).

2.2. Formulation Preparation

The different formulations were prepared by mixing water and PLURONIC with
a magnetic stirrer (Velp, Usmate Velate, Italy) at 1200 rpm for 1 h to obtain a correct
mixing. At the end of the mixing process, HDDA, photoinitiator, Radical Scavenger and
UV Absorber were added and then left for one hour sonicating to obtain a homogenous
formulation. Tested formulations are summarized in Table 1.

Table 1. List of the tested photocurable formulations.

HDDA (phr) Photoinitiator (phr) Water (phr) PLURONIC (phr) #NAME

100 4 50 2.5 #0.5W2.5PL
100 4 75 3.75 #0.75W3.75PL
100 4 100 5 #1W5.0PL
100 4 150 7.5 #1.5W7.5PL
100 4 50 3.75 #0.5W3.75PL
100 4 75 5.625 #0.75W5.625PL
100 4 100 7.5 #1W7.5PL
100 4 150 11.25 #1.5W11.25PL
100 4 50 5 #0.5W5.0PL
100 4 75 7.5 #0.75W7.5PL
100 4 100 10 #1W10.0PL
100 4 150 15 #1.5W15.0PL

In the second stage, Radical Scavenger and UV Absorber (0.2 phr) were added to the
corresponding formulations to improve the control during the printing process. Formulations
with these elements will be characterized with the abbreviation #RV, #UV or both.

2.3. Film Photopolymerization

The formulations were coated on glass slides as films with a thickness of 100 µm
and then polymerized with a Hamamatsu Photonic (Hamamatsu, Japan) L9588-01 LC8
UV Curing Machine Spot Light Source Lightning Cure lamp with a UV light (365 nm)
intensity of 25 mW/cm2 and an exposure time of 10 s. After the polymerization phase,
the slides were immersed in water for 12 h to remove the surfactant from the polymerized
formulations and the unreacted residual monomer and put in an oven to dry overnight at
room temperature at a pressure of 100 mbar.

2.4. 3D Printing, Water Removal and Post-Processing

The printing process was performed with an Asiga (Alexandria, Australia) MAX X
UV 27 DLP printer operating a 385 nm LED light source. CAD models were designed with
FreeCAD open-source software (www.freecadweb.org/, accessed on 3 November 2022) and
exported to .stl files to be uploaded into the proprietary printer software Asiga Composer.
Various light intensities and exposure times were used, keeping the slicing layer constant at
100 µm. After the printing process, samples were immersed in an ethanol bath to remove
the surfactants and the unpolymerized formulations. Subsequently, samples were subjected
to UV-postcuring performed in a RobotFactory (Mirano, Italy) UV chamber equipped with
a medium-pressure mercury lamp for 2 min. Finally, water extraction was performed

www.freecadweb.org/
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overnight at room temperature in a vacuum oven Memmert (Schwabach, Germany) at a
pressure of 100 mbar. Optimized printing parameters are reported in Table S1.

2.5. 3D Scanning

The printed objects were scanned with a 3Shape (Copenhagen, Denmark) E3 scanner
to verify the precision and accuracy of the print. The sample was coated with magnesium
stearate in order to limit the reflection of light on the white structure, and then positioned
on a platform to ensure the correct acquisition of images, subsequently digitized. The
scanning was repeated 5 times to improve the quality of the acquisition. The resulting
scanned image was then compared to the original CAD model by means of CA Analyzer
software ( 3Shape, Copenhagen, Denmark) to generate the deviation analysis and map.

2.6. Morphological Characterization

Optical microscopy on UV cured thin films was performed with a Leica DFC340 FX
(Leica Microsystems, Wetzlar, Germany). The images taken with the microscope were then
analyzed with the image analysis software ImageJ to measure the pores size, adopting an
embedded algorithm that measures the dimensions of objects in the picture by approximation
to an ellipse [25]. To perform image analysis, first the full-color images collected by optical
microscopy were converted into grey-scale pictures, and finally the contrast and brightness
were adjusted to achieve black and white images of the microstructures. For a correct
evaluation of the dimensions of the pores, the contrast and brightness parameters were
maintained constant for all the pictures taken in a single experimental series. Pores analysis
was performed by ImageJ (https://imagej.nih.gov/ij/, accessed on 3 November 2022),
approximating the aggregates to ellipses and measuring their dimension. To improve the
quality of the results, the pores located at the edges of the pictures were not considered.

Field Emission Scanning Electron Microscope (FESEM) imaging was performed with
a Zeiss Supra 40 (Zeiss, Jena, Germany) on samples coated with a thin film of platinum to
observe the morphology. The density variation before and after the cleaning process was
measured by weighing the samples immediately after printing, and they were subsequently
placed in ethanol to remove the surfactant and the unreacted monomer, and finally placed in
the oven to dry for a whole night in order to remove any remaining water from the structure.
The weight of the samples was then recorded again, and the density was calculated by
dividing it by the volume of the sample.

2.7. Chemical Characterization

Photorheology was performed with an Anton Paar (Graz, Austria) MCR 302 Rheome-
ter in plate-plate configuration, equipped with a Hamamatsu Photonics ( Hamamatsu,
Japan) L9588-01 LC8 UV Curing Machine Spot Light Source Lightning Cure lamp with a
UV light source with a light intensity of 25 mW/cm2. The gap between the lower and upper
plates was kept at 150 µm where not otherwise stated, performing the tests at a tempera-
ture set to 25 ◦C, 1% strain and angular velocity of 10 rad/s. Ultraviolet-Visible (UV-Vis)
spectroscopy was performed using a Jenway 6850 UV/Vis Single Beam Spectrophotometer
(Fisher Scientific, Rodano, Italy). The spectrum region analyzed was between 200–800 nm.
The Fourier Transform Infrared (FTIR) spectroscopy was performed with a Nicolet iS50
FT-IR Spectrometer (ThermoFisher Scientific, Rodano, Italy) equipped with an attenuated
total reflectance (ATR) accessory. The spectra were collected on the liquid formulation and
then on printed samples in the mid-IR wavenumbers range between 4.000–650 cm−1, with
a resolution of 4.0 cm−1, collecting 32 scans for each spectrum. The resulting spectra were
normalized using the peak of the C=O bond at 1720 cm−1 because it is not involved in the
polymerization process. The degree of conversion was obtained by calculating the area
subtended by the two spectra at the peak related to the aliphatic C=C bond at 1638 cm−1

before and after polymerization.

https://imagej.nih.gov/ij/
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2.8. Mechanical Characterization

Dynamic Mechanical Thermal Analysis (DMTA) was performed by means of a Triton
2000 Triton Technology instrument (Mettler Toledo, Milan, Italy). The test was carried
out at a constant frequency of 1 Hz and a displacement of 20 µm, applying an increasing
temperature ramp in the range −5 ◦C to +150 ◦C with a heating rate of 3 ◦C/min on cuboid
samples with a length of 10.00 mm, a width of 9.90 mm and a thickness of 0.94 mm.

2.9. Sample Decoration and Filtering Test

The dry samples were immersed in NaOH solution with different molarities (0.1 M
and 1 M) and then dried at room temperature, in vacuum, for 48 h to enable precipitation
onto the surface of the 3D printed object. After the treatment, the samples were tested as
filters for the extraction and absorption of carbon dioxide from the air. The experimental
setup for adsorption tests is based on a nondispersive IR sensor (K30 FR, manufactured
by CO2Meter, Ormond Beach, FL, USA), which detects CO2 in a concentration range of
0–10,000 ppm, with a maximum sampling rate of 2 Hz and a precision of ±30 ppm ± 3% of
the measured value. The electronics is integrated in the sensor and directly communicates
with the control software (GASLAB, provided by CO2Meter) through a USB connection.
A particulate filter, a hydrophobic filter and a moisture filter are used in series to avoid
contamination. A miniaturized membrane pump brings the air from the sample to the sensor.
The sample is placed inside a plastic cylinder, with a side open to let air to flow in. All the
connections are made with PVC tubes. The scheme of the setup is shown in Figure S1.

3. Results and Discussion

To fabricate porous 3D printed objects, the photocurable formulation must be a water-
in-oil high internal phase emulsion (HIPE), in which the hydrophobic monomers form a
continuous phase after polymerization, while the pores belong to water droplets trapped in
the polymeric matrix [26]. Due to the immiscibility between the monomer and water, it is
crucial to obtain the internal porous structure, which in turn should possess the kinetics and
mechanical properties sufficient to achieve successful 3D printing.1,6-Hexanediol diacrylate
(HDDA), a bifunctional acrylate ester, has been selected as the monomer because it is a
water-insoluble monomer which has limited shrinkage during polymerization, but it shows
sufficient mechanical properties to avoid structural failure after water removal [27]. HDDA
has a relatively fast polymerization rate, which effectively counterbalances the relatively
low efficiency of the selected photoinitiator, 2-Hydroxy-2-methylpropiophenone, due to
the only partial match between its absorption spectrum and the emission spectrum of the
printer used (380 nm) [28]. In contrast, this radical photoinitiator was selected to avoid floc-
culation because it is hydrophobic and liquid; thus, it remains evenly and homogeneously
distributed in the continuous phase, while other more common photoinitiators often used
at these wavelengths (e.g., 2,4,6-trimethylbenzoyldiphenyl phosphine oxide, TPO) precip-
itate. The size and stability of the droplets in a HIPE are influenced by several factors,
both process-related, such as temperature and mixing procedure, and composition-related,
especially in terms of surfactant type and amount. Triblock copolymer, such as PLURONIC,
has already been used as a non-ionic surfactant in the synthesis of mesoporous materials
as it can interact non-covalently with the monomer without affecting polymerization and
the final structure, while also enabling the formation of stable micelles that are necessary
to create porosity, with a different distribution of the pore sizes according to the amount
used [21].

The inks were prepared via simple mixing of the chemicals in various concentrations
because the porosity of the structures is controlled by changing the water/surfactant ratio,
which in turn affects the printing parameters and mechanical properties of the fabricated
components. Preliminary investigations to determine the best compositions to provide the
best porous microstructures were performed on UV-cured thin films. After removal of the
surfactant, the films were observed by means of an optical microscope. Inks containing a
quantity of water equal to or higher than the amount of HDDA after photopolymerization
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resulted in brittle pastes with no mechanical consistency. The large amount of water
and surfactant created an inverse emulsion (oil-in-water), and the polymerization did not
occur uniformly over the entire surface because monomers are arranged in small droplets
surrounded by the surfactant. At the end of the photopolymerization, the tested film
resulted as a viscous paste, unsuitable for the intended use. This can be observed in
the microscope images of the cured polymer related to the #1.5W15.0PL and #1W10.0PL
formulations (Figure S2). On the contrary, when the amount of water was lower than the
number of monomers, the formulations demonstrated water-in-oil HIPE emulsions. Those,
which belong to the #0.5W*** and #0.75W*** series (where *** are intended to generalize the
different contents of the surfactant), after light irradiation produced a tacky-free polymeric
surface, characterized by high porosity and homogeneously distributed (see examples in
Figure 1a,b). The dimension and distribution of the cavities were analyzed through the
imaging software ImageJ via an algorithm that approximates the shape of the pores to
ellipses and measures their characteristic dimensions, such as the axis length and ellipse area
(Figure S3). Despite the minor errors in right pore recognition, corrected via adjustments to
the algorithm to increase the accuracy, the results consist in an average of values taken from
different images for every formulation, spanning from 8 µm to 13 µm (Table S2).
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Afterwards, preliminary testing for assessing the printability of the HIPE was per-
formed via photorheology. The polymerization kinetics of formulations containing different
concentrations of water and surfactant were investigated to study the influence of the com-
position on HDDA crosslinking. Figure 1c reports the test for the #0.5W5.0PL formulation,
which is representative of all the tested formulations that did not show differences. These
tests give an approximate indication of the formulations’ behavior during the printing
process, especially related to gelation time or to the extent of penetration of the radiation
as a function of the light intensity. As shown in Figure 1c, the slope of the curve related
to the elastic shear modulus increases immediately after turning on the lamp, indicating
that the addition of water and surfactant to HDDA does not affect its polymerization
kinetics. The only noticeable difference is the final average value of the storage modulus
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of the formulation containing water and surfactant, which is lower than the formulation
containing only HDDA due to the presence of the internal phase, which contributes to a
less rigid mechanical response. At last, considering that in the photorheology tests the light
is shined through the quartz bottom plate, while the upper plate records the viscoelastic
response, a limited light penetration and a low reactivity would cause a delay in the rising
of the G’ curve that is increased by the length of the light path. For this reason, different
plate distances were set and the water containing formulation was tested to understand if
the presence of water and surfactant could hinder the light penetration through a defined
layer thickness. As visible in Figure 1d, the penetration of the radiation was sufficient to
polymerize the whole depth of a layer up to 200 µm with no delay, again indicating a good
reactivity, also in the presence of water and PLURONIC.

Then DLP printing tests were performed using a holed regular cube (Figure 1a)
as the reference CAD file, employing initial parameters extrapolated from the previous
photorheology results. In general, DLP processing has requirements in terms of resin
viscosity and part design, with the need for additional supports to anchor the object
onto the build platform during printing, which are subsequently removed at the end of
the print [29]. Bottom-up configuration compels the use of a transparent bottom vat to
let the radiation pass, with the curing light source and projecting method being crucial
for the accuracy of the printed parts [30]. In this case, all the tested HIPE formulations
showed uncontrolled polymerization when processed by DLP 3D printing (Figure 2b),
which resulted in clogging of the holes and unsatisfactory fabrication. Improvements
can be achieved by reducing the light intensity, but this led also to incomplete and weak
structures that fail during printing (Figure 2c). Therefore, it was decided to include in
the photocurable formulations a water-soluble UV-absorber and a radical scavenger that
allow more controlled light absorption, which may improve the resolution and obtain more
complex structures [31].
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Optimization testing reducing light intensity from 25 mW/cm2 (left) to 10 mW/cm2 (right) in
#0.75W5.625PL formulation (c).

The UV absorber was used to better control the penetration depth of the radiation,
reducing the scattering-effect induced by the emulsion, and, thus, avoiding undesired
polymerization, especially along z-axis [32]. In contrast, the hydrophobic radical scavenger
homogeneously dispersed in HDDA prevents uncontrolled propagation of the polymer-
ization out of the irradiated areas [33]. The following tests showed will be focused on the
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#0.5W5.0PL and #0.75W7.5PL formulations because those contain the higher amount of
surfactant and resulted in more complex printing; nevertheless, similar behaviors were
measured for the other formulations also. Photorheology tests were carried out to analyze
how the addition of these two additives affects the polymerization kinetics of the formula-
tions, and to have indications to determine the printing parameters also. For example, it can
be seen in Figure 3a for the #0.5W5.0PL formulation that both the presence of the radical
scavenger and the UV absorber reduce the storage modulus achieved after polymerization
compared to the formulation without additives. The explanation is that even if the whole
plate area is irradiated and the radicals generated from the photoinitiator are predominant,
the presence of the RS diminishes their efficiency and then their ability to promote poly-
merization. As regards the UV absorber, it absorbs in the spectral range of emission of the
printer light source, as can be seen in the UV-Visible spectra (Figure S4), and this results
in a competitive absorption with the photoinitiator, inducing a decrease of photon dose
available for the photoinitiator, which leads to a decrease of photoinitiation rate and, thus,
slower kinetics. It can be concluded that the combined effect of the UV Absorber and the
Radical Scavenger decisively influences the polymerization kinetics of the formulation,
helping to confine the polymerization within the desired geometry. However, since the
printer environment is less controlled than the small gap between the plates of the rheome-
ter, the printing process will more likely necessitate a higher light intensity, as well as longer
irradiation time. The results obtained from applying the new parameters to the printing
process confirmed the assumptions: the object shows high accuracy, without any clogging
inside hollow parts. The precision of the printing process is defined by the shape fidelity of
the printed object to the reference CAD. To prove the accuracy, we performed a comparison
between the digital file (Figure 3b), which is thin structures of 300 µm, and the printed
object (Figure 3c) by 3D scanning. This test generates a three-dimensional model that can
then be compared via software to the starting design, producing an overlay heat map that
displays the deviation (Figure 3d). It results in an average variation from the original
piece of around 50 µm, indicating high fabrication precision, visually reported as the color
green in Figure 3d. To further evaluate the printing precision, a layer-by-layer comparison
between the planar section of the CAD reference and the scanned reconstruction allows
evaluation of the deviation, which produces very limited results (Figure S5). Irregularities
and divergences can be attributed to several factors, such as the printer resolution, printing
errors, scanner precision and difficulty properly detecting internal areas of the structure, in
addition to the uneven distribution of magnesium stearate powder on the surface of the
object, which is used to improve scanning efficiency, as well as the presence of a support to
enable the correct acquisition of the images (Figure S6).

Polymers 2022, 14, x FOR PEER REVIEW 9 of 14 
 

 

variation from the original piece of around 50 µm, indicating high fabrication precision, 

visually reported as the color green in Figure 3d. To further evaluate the printing preci-

sion, a layer-by-layer comparison between the planar section of the CAD reference and 

the scanned reconstruction allows evaluation of the deviation, which produces very lim-

ited results (Figure S5). Irregularities and divergences can be attributed to several factors, 

such as the printer resolution, printing errors, scanner precision and difficulty properly 

detecting internal areas of the structure, in addition to the uneven distribution of magne-

sium stearate powder on the surface of the object, which is used to improve scanning ef-

ficiency, as well as the presence of a support to enable the correct acquisition of the images 

(Figure S6). 

 

Figure 3. Photoreology tests (a) CAD of the complex printed structure (base radius 1 cm, height 4 

cm) (b) Picture of the correspondent 3D printed part (c) and 3D scanner comparison (d). 

After a macroscopic evaluation of the quality of the architecture, a morphological 

characterization of the microstructure was performed by means of Field emission scan-

ning electron microscope (FESEM) to observe the details of the mesoporosity in the 

printed structures and to see how the amount of surfactant affects the internal structure 

of the sample. It is evident that a greater concentration of surfactant induces structures 

with a higher porosity, which appears more uniform along the entire structure (Figure 

4a,b). Larger pores have spherical geometry with a sponge-like surface, derived from the 

vesicles of monomers formed during the emulsion process (Figure S7). However, the cav-

ities appear to be arranged in a hierarchical arrangement, in which the pores develop from 

the surface towards the inside, only in objects fabricated with the formulation containing 

the highest concentration of surfactant. A more distributed and interconnected porosity 

within the structure is achieved due to the internal channels created by the contact among 

the droplets of the internal phase of the precursor ink (Figure 4c,d). Interconnected poros-

ity (Figure S8) allows an efficient surfactant extraction, which can be indirectly evaluated 

via density variation between cubes printed with only HDDA compared to objects with 

the same regular geometry printed using the formulation under exam before and after the 

cleaning process. The quantitative analysis was performed by measuring the weight loss 

after an ethanol bath to remove the surfactant and unreacted monomer, followed by an 

overnight drying. The average density decreased from an initial 1.027 g/cm3 to 0.963 g/cm3, 

resulting in 6% weight loss with a Standard Deviation (σ) equal to 0.0356, confirming the 

presence of a partially interconnected internal hierarchical porosity. 

The presence of the pores obviously affects the mechanical strength of the printed 

objects, which also depends on the acrylate conversion. Fourier Transform Infrared (FTIR) 

Spectroscopy was used to investigate the degree of conversion of the C=C double bonds 

relative to the ratio of the areas subtended by the peaks located at 1638 cm−1 in the 

Figure 3. Photoreology tests (a) CAD of the complex printed structure (base radius 1 cm, height 4 cm)
(b) Picture of the correspondent 3D printed part (c) and 3D scanner comparison (d).



Polymers 2022, 14, 5265 9 of 13

After a macroscopic evaluation of the quality of the architecture, a morphological
characterization of the microstructure was performed by means of Field emission scanning
electron microscope (FESEM) to observe the details of the mesoporosity in the printed
structures and to see how the amount of surfactant affects the internal structure of the
sample. It is evident that a greater concentration of surfactant induces structures with
a higher porosity, which appears more uniform along the entire structure (Figure 4a,b).
Larger pores have spherical geometry with a sponge-like surface, derived from the vesicles
of monomers formed during the emulsion process (Figure S7). However, the cavities
appear to be arranged in a hierarchical arrangement, in which the pores develop from the
surface towards the inside, only in objects fabricated with the formulation containing the
highest concentration of surfactant. A more distributed and interconnected porosity within
the structure is achieved due to the internal channels created by the contact among the
droplets of the internal phase of the precursor ink (Figure 4c,d). Interconnected porosity
(Figure S8) allows an efficient surfactant extraction, which can be indirectly evaluated
via density variation between cubes printed with only HDDA compared to objects with
the same regular geometry printed using the formulation under exam before and after
the cleaning process. The quantitative analysis was performed by measuring the weight
loss after an ethanol bath to remove the surfactant and unreacted monomer, followed
by an overnight drying. The average density decreased from an initial 1.027 g/cm3 to
0.963 g/cm3, resulting in 6% weight loss with a Standard Deviation (σ) equal to 0.0356,
confirming the presence of a partially interconnected internal hierarchical porosity.

The presence of the pores obviously affects the mechanical strength of the printed
objects, which also depends on the acrylate conversion. Fourier Transform Infrared (FTIR)
Spectroscopy was used to investigate the degree of conversion of the C=C double bonds
relative to the ratio of the areas subtended by the peaks located at 1638 cm−1 in the ab-
sorption spectrum, relative to the wavenumber for the aliphatic double bond before and
after curing (Figure 4e) [34]. The results show that as the amount of surfactant inside
the formulation increases, the degree of conversion slightly decreases if compared to a
formulation containing only HDDA and photoinitiator (Table S3). This can be attributed
to the interference brought by the droplets surrounded by an amphiphilic polymer, par-
tially compatible with the matrix, which interposes HDDA chains, limiting the effective
interaction and crosslinking and leaving a larger quantity of unpolymerized monomer and
unreacted functional groups that are removed during washing.

The partially detrimental effect of the presence of droplets and surfactant in the matrix,
proven by the decrease of both the storage shear modulus and the degree of conversion,
as shown in the photorheology and FTIR spectroscopy, respectively, was confirmed by the
Dynamic Mechanical Thermal Analysis (DMTA). The tests were performed at a constant
strain and increasing temperature at a constant heating rate on parallelepipeds printed
with the complete formulation proposed and compared to samples made only of HDDA as
reference. The presence of the internal phase leads to a decrease in the crosslinking density,
as evidenced by the decrease of the modulus values with the increase of the concentration of
additives inside (Figures 4f and Figure S9). It can be noted that there is a shift in the peak of
the tan δ in Figure 4f, related to a slight increase in the glass transition temperature, as well
as an increase in the FWHM, which can be attributed to a larger crosslinking inhomogeneity.

At last, the 3D-printed polyHIPE were tested as scaffold for carbon dioxide capture in
an air filter, designing a structure composed of staggered strips to enable correct filtering of
the air flow (Figure S10). Filters were printed with the #0.75W7.5PL#RS#UV formulation,
characterized by the best internal morphology for the scope, especially when coupled with
an appropriate architecture for the purpose (Figure 5a). The printed structures were treated
with Sodium Hydroxide by immersing them in two different solutions with different
molarities for 48 h in vacuum to let the soda precipitate onto the surface while removing
the solvent in order to study how the different NaOH concentrations affect the absorption
(comparison with pristine surface in Figure S11). The NaOH deposits derived from the
0.1M solution arrange into leaflets, which will act as a trap for the carbon dioxide particles
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present in the air (Figure 5b), while the treatment in the 1M solution results in the conformal
(Figure 5c) formation of agglomerates covering a larger portion of the surface due to the
higher soda concentration in the solution (Figure 5d). The structures were then placed in a
testing chamber, showing absorption of carbon dioxide present in the air. When connected,
the CO2 values immediately drop from the starting value of ~350 ppm (environmental
concentration of CO2) to values around 250 ppm due to soda absorption. After a certain
time, both the filters saturate (i.e., the plateau value in Figure 5e after 2500 s), and the
measured CO2 values come back to the initial value. This indicates that all the NaOH
nanoparticles that decorate the surface of the filters have reacted with the gas. Filters
treated in 0.1M solution absorbs for a very long time (>2500 s, Figure 5e), while the ones
treated at 1M saturate much earlier (around 1000 s, Figure 5f). Consequently, this second
treatment leads to a total absorption 15 times lower than in the specimen treated with
solution at 0.1 M, even if at a faster rate. This seems to suggest that more uniform deposition
coverage of the surface is not sufficient to provide efficient absorption, as a more compact
and dense salt deposit negatively affects the efficiency, saturating in a shorter time. In this
direction, although feasibility was demonstrated here, more tests are necessary to optimize
the deposition parameters, which will be studied in future investigations.
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ple of FT-IR on liquid formulations and printed structure. The grey box highlights the C=C peak
range used to calculate conversion (e) DMA curves of different materials (f).
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deposited NaOH nanoparticles (d). Test of CO2 absorption on filter-like structures after precipitation
of Nps from 0.1 M (e) and 1 M (f).

4. Conclusions

Successful 3D printing of geometrically complex and porous structures was achieved
with high shape fidelity to the original geometry, exploiting the characteristics of the poly-
HIPEs. The ink for a precise printing was based on a readymade formulation composed
of commercially available materials without requiring complex synthesis, which is easily
scalable and suitable for potential industrialization. Here, various formulations were tested,
indicating that only water-in-oil emulsions were 3D printable, i.e., when the amount of wa-
ter is lower than the number of photocurable monomers. However, printable formulations
showed only slight differences, except for the pores dimension.

Our solution combines the enormous potential of an all-in-one fabrication technique—
such as the DLP 3D-printing method with a polymerization-induced porosity creation
process, using a surfactant as the templating agent—to produce objects with accurate
complex structure characterized by an enhanced surface-to-area-to-volume ratio and in-
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terconnected porosity. Light-activated AM enables control of the geometry at various
scales because the formulation composition determines the microstructure and the surfac-
tant/solvent combination, and ratio defines the pores morphology while the CAD design
and printing parameters determine the macroscopic architecture. The optimization of these
porous scaffolds must go through precise control of the interactions between morphology,
materials and fabrication technology across different scales. In particular, the presence of
the surfactant, as well as the highly concentrated internal inert phase, can have a negative
impact on both polymerization kinetics during printing and mechanical properties of the
final object. Additionally, scattering in the emulsion can hinder printing, but this can
be solved adding water-soluble dyes that cooperate with radical scavengers to prevent
polymerization outside the designated areas. The polyHIPE proved to be a suitable solution
as scaffold for the deposition of active material for CO2 trapping, enabling efficient air
filtering. The proposed polymeric scaffold is a versatile platform that can be shaped into an
ad-hoc design tailored to the specific application, gathering complexity from the macro- to
the microscale. These findings can open interesting perspectives in numerous applications,
such as catalytic chemistry, electrochemical energy devices, sensors and filters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14235265/s1, Table S1: Printing Parameters. Figure S1: Testing
equipment used for CO2 absorption tests. Figure S2: Optical pictures of oil in water formulations.
Figure S3: Example of calculation of porosity. Table S2: Pores diameter calculation. Figure S4 UV-
visible spectra of the formulations. Figure S5: Section of 3D scanning. Figure S6: 3D Scanner. Figures
S7 and S8: additional SEM images. Table S3: Conversion Table. Figure S9: E’ DMTA experiments.
Figure S10: CAD file of the printed filter. Figure S11: SEM images of surface.

Author Contributions: Conceptualization A.C. and I.R., investigation A.C., A.P., S.P. and I.R., writing—
original draft preparation, I.R.; writing—review and editing, A.C., A.L. and I.R., funding acquistition
A.L. and C.F.P. All authors have read and agreed to the published version of the manuscript.

Funding: This result is part of a project that has received funding from the European Research Council
(ERC) under the European Union’s ERC Starting Grant, Grant agreement No. 949916 (CO2CAP).

Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Masson-Delmotte, V.; Zhai, P.; Pörtner, H.O.; Roberts, D.; Skea, J.; Shukla, P.; Pirani, A.; Moufouma-Okia, W.; Péan, C.; Pidcock,

R.; et al. Global Warming of 1.5 ◦C. An IPCC Special Report on the Impacts. 2018. Available online: https://www.ipcc.ch/site/
assets/uploads/sites/2/2019/05/SR15_Citation.pdf (accessed on 3 November 2022).

2. Siegelman, R.L.; Kim, E.J.; Long, J.R. Porous materials for carbon dioxide separations. Nat. Mater. 2021, 20, 1060. [CrossRef]
[PubMed]

3. Reddy, M.S.B.; Ponnamma, D.; Sadasivuni, K.K.; Kumar, B.; Abdullah, A.M. Carbon dioxide adsorption based on porous materials.
RSC Adv. 2021, 11, 12658. [CrossRef] [PubMed]

4. Zhang, G.; Hua, B.; Dey, A.; Ghosh, M.; Moosa, B.A.; Khashab, N.M. Intrinsically Porous Molecular Materials (IPMs) for Natural
Gas and Benzene Derivatives Separations. Acc. Chem. Res. 2021, 54, 155. [CrossRef] [PubMed]

5. Morris, R.E.; Wheatley, P.S. Gas Storage in Nanoporous Materials. Angew. Chem. Int. Ed. 2008, 47, 4966. [CrossRef]
6. Anglin, E.J.; Cheng, L.; Freeman, W.R.; Sailor, M.J. Porous silicon in drug delivery devices and materials. Adv. Drug Deliv. Rev.

2008, 60, 1266. [CrossRef]
7. Wales, D.J.; Grand, J.; Ting, V.P.; Burke, R.D.; Edler, K.J.; Bowen, C.R.; Mintova, S.; Burrows, A.D. Gas sensing using porous

materials for automotive applications. Chem. Soc. Rev. 2015, 44, 4290. [CrossRef]
8. Matos, I.; Bernardo, M.; Fonseca, I. The effect of surfactants on the porosity of carbon xerogels. Catal. Today 2017, 285, 194.

[CrossRef]
9. Holst, J.R.; Cooper, A.I. Ultrahigh Surface Area in Porous Solids. Adv. Mater. 2010, 22, 5212. [CrossRef]
10. Wang, W.; Zhou, M.; Yuan, D. Carbon dioxide capture in amorphous porous organic polymers. J. Mater. Chem. A 2017, 5, 1334.

[CrossRef]
11. Zou, L.; Sun, Y.; Che, S.; Yang, X.; Wang, X.; Bosch, M.; Wang, Q.; Li, H.; Smith, M.; Yuan, S.; et al. Porous Organic Polymers for

Post-Combustion Carbon Capture. Adv. Mater. 2017, 29, 1700229. [CrossRef]
12. Lu, A.H.; Hao, G.P. Porous materials for carbon dioxide capture. Annu. Rep. Prog. Chem. Sect. A 2013, 109, 484. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14235265/s1
https://www.mdpi.com/article/10.3390/polym14235265/s1
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_Citation.pdf
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_Citation.pdf
http://doi.org/10.1038/s41563-021-01054-8
http://www.ncbi.nlm.nih.gov/pubmed/34321657
http://doi.org/10.1039/D0RA10902A
http://www.ncbi.nlm.nih.gov/pubmed/35423803
http://doi.org/10.1021/acs.accounts.0c00582
http://www.ncbi.nlm.nih.gov/pubmed/33332097
http://doi.org/10.1002/anie.200703934
http://doi.org/10.1016/j.addr.2008.03.017
http://doi.org/10.1039/C5CS00040H
http://doi.org/10.1016/j.cattod.2017.01.039
http://doi.org/10.1002/adma.201002440
http://doi.org/10.1039/C6TA09234A
http://doi.org/10.1002/adma.201700229
http://doi.org/10.1039/c3ic90003g


Polymers 2022, 14, 5265 13 of 13

13. Gutierrez, D.B.; Caldona, E.B.; Espiritu, R.D.; Advincula, R.C. Additively manufactured high-performance polymeric materials
and their potential use in the oil and gas industry. MRS Commun. 2021, 11, 701–715.

14. Berman, B. 3-D printing: The new industrial revolution. Bus. Horiz. 2012, 55, 155. [CrossRef]
15. Alghamdi, S.S.; John, S.; Choudhury, N.R.; Dutta, N.K. Additive Manufacturing of Polymer Materials: Progress, Promise and

Challenges. Polymers 2021, 13, 753. [CrossRef] [PubMed]
16. Tan, L.J.; Zhu, W.; Zhou, K. Recent progress son Polymer Materials for Additive Manufacturing. Adv. Funct. Mater. 2020,

30, 2003062. [CrossRef]
17. Shiohara, A.; Prieto-Simon, B.; Voelcker, N.H. Porous polymeric membranes: Fabrication techniques and biomedical applications.

J. Mater. Chem. B 2021, 9, 2129. [CrossRef]
18. Zhang, T.; Sanguramath, R.A.; Israel, S.; Silverstein, M.S. Emulsion Templating: Porous Polymers and Beyond. Macromolecules

2019, 52, 5445. [CrossRef]
19. Sherborne, C.; Owen, R.; Reilly, G.C.; Claeyssens, F. Light-based additive manufacturing of PolyHIPEs: Controlling the surface

porosity for 3D cell culture applications. Mater. Des. 2018, 156, 494. [CrossRef]
20. Li, W.; Zhang, W.; Dong, X.; Yan, L.; Qi, R.; Wang, W.; Xie, Z.; Jing, X. Porous heterogeneous organic photocatalyst prepared by

HIPE polymerization for oxidation of sulfides under visible light. J. Mater. Chem. 2012, 22, 17445. [CrossRef]
21. Sušec, M.; Ligon, S.C.; Stampfl, J.; Liska, R.; Krajnc, P. Hierarchically Porous Materials from Layer-by-Layer Photopolymerization

of High Internal Phase Emulsions. Macromol. Rapid Commun. 2013, 34, 938. [CrossRef]
22. Dong, Z.; Cui, H.; Zhang, H.; Wang, F.; Zhan, X.; Mayer, F.; Nestler, B.; Wegener, M.; Levkin, P.A. 3D printing of inherently

nanoporous polymers via polymerization-induced phase separation. Nat. Commun. 2021, 12, 1. [CrossRef] [PubMed]
23. Gonzalez, G.; Roppolo, I.; Pirri, C.F.; Chiappone, A. Current and emerging trends in polymeric 3D printed microfluidic devices.

Addit. Manuf. 2022, 55, 102867. [CrossRef]
24. Bae, C.J.; Erdonmez, C.K.; Halloran, J.W.; Chiang, Y.M. Design of Battery Electrodes with Dual-Scale Porosity to Minimize

Tortuosity and Maximize Performance. Adv. Mater. 2013, 25, 1254. [CrossRef] [PubMed]
25. Lantean, S.; Roppolo, I.; Sangermano, M.; Hayoun, M.; Dammack, H.; Rizza, G. Programming the microstructure of magnetic

nanocomposites in DLP 3D printing. Addit. Manuf. 2021, 47, 102343. [CrossRef]
26. Aldemir Dikici, B.; Claeyssens, F. Basic Principles of Emulsion Templating and Its Use as an Emerging Manufacturing Method of

Tissue Engineering Scaffolds. Front. Bioeng. Biotechnol. 2020, 8, 875. [CrossRef]
27. Lantean, S.; Roppolo, I.; Sangermano, M.; Pirri, C.; Chiappone, A. Development of new hybrid acrylic/epoxy DLP-3D printable

materials. Inventions 2018, 3, 29. [CrossRef]
28. Chen, C.; Eissa, A.M.; Schiller, T.L.; Cameron, N.R. Emulsion-templated porous polymers prepared by thiol-ene and thiol-yne

photopolymerization using multifunctional acrylate and non-acrylate monomers. Polymer 2017, 126, 395. [CrossRef]
29. Appuhamillage, G.A.; Chartrain, N.; Meenakshisundaram, V.; Feller, K.D.; Williams, C.B.; Long, T.E. Vat Photopolymerization-

Based Additive Manufacturing: Current Trends and Future Directions in Materials Design. Ind. Eng. Chem. Res. 2019, 58, 15109.
[CrossRef]

30. Pagac, M.; Hajnys, J.; Ma, Q.P.; Jancar, L.; Jansa, J.; Stefek, P.; Mesicek, J. A Review of Vat Photopolymerization Technology:
Materials, Applications, Challenges, and Future Trends of 3D Printing. Polymers 2021, 13, 598. [CrossRef]

31. Yu, C.; Schimelman, J.; Wang, P.; Miller, K.L.; Ma, X.; You, S.; Guan, J.; Sun, B.; Zhu, W.; Chen, S. Photopolymerizable Biomaterials
and Light-Based 3D Printing Strategies for Biomedical Applications. Chem. Rev. 2020, 120, 10695. [CrossRef]

32. Gastaldi, M.; Cardano, F.; Zanetti, M.; Viscardi, G.; Barolo, C.; Bordiga, S.; Magdassi, S.; Fin, A.; Roppolo, I. Functional Dyes in
Polymeric 3D Printing: Applications and Perspectives. ACS Mater. Lett. 2021, 3, 1. [CrossRef]

33. Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Mülhaupt, R. Polymers for 3D Printing and Customized Additive Manufacturing.
Chem. Rev. 2017, 117, 10212. [CrossRef]

34. Herrera-González, A.M.; Caldera-Villalobos, M.; Pérez-Mondragón, A.A.; Cuevas-Suárez, C.E.; González-López, J.A. Analysis of
Double Bond Conversion of Photopolymerizable Monomers by FTIR-ATR Spectroscopy. J. Chem. Educ. 2019, 96, 1786. [CrossRef]

http://doi.org/10.1016/j.bushor.2011.11.003
http://doi.org/10.3390/polym13050753
http://www.ncbi.nlm.nih.gov/pubmed/33670934
http://doi.org/10.1002/adfm.202003062
http://doi.org/10.1039/D0TB01727B
http://doi.org/10.1021/acs.macromol.8b02576
http://doi.org/10.1016/j.matdes.2018.06.061
http://doi.org/10.1039/c2jm32778c
http://doi.org/10.1002/marc.201300016
http://doi.org/10.1038/s41467-020-20498-1
http://www.ncbi.nlm.nih.gov/pubmed/33431911
http://doi.org/10.1016/j.addma.2022.102867
http://doi.org/10.1002/adma.201204055
http://www.ncbi.nlm.nih.gov/pubmed/23225168
http://doi.org/10.1016/j.addma.2021.102343
http://doi.org/10.3389/fbioe.2020.00875
http://doi.org/10.3390/inventions3020029
http://doi.org/10.1016/j.polymer.2017.04.021
http://doi.org/10.1021/acs.iecr.9b02679
http://doi.org/10.3390/polym13040598
http://doi.org/10.1021/acs.chemrev.9b00810
http://doi.org/10.1021/acsmaterialslett.0c00455
http://doi.org/10.1021/acs.chemrev.7b00074
http://doi.org/10.1021/acs.jchemed.8b00659

	Introduction 
	Materials and Methods 
	Materials 
	Formulation Preparation 
	Film Photopolymerization 
	3D Printing, Water Removal and Post-Processing 
	3D Scanning 
	Morphological Characterization 
	Chemical Characterization 
	Mechanical Characterization 
	Sample Decoration and Filtering Test 

	Results and Discussion 
	Conclusions 
	References

