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The usual replication method for preparing open-pore metal foams using NaCl as a template cannot be suc-
cessfully applied to the fabrication of foams using either water-based ceramic slurries in which NaCl can be
dissolved during processing, or liquid polymers that wet NaCl and leave no interconnecting windows between
pores. In this work, we propose to modify the replication process by including a second template, paraffin, which
is deposited over the NaCl and serves a dual purpose: (i) it acts as a barrier to dissolution of the NaCl with the
matrix precursor, and (ii) it creates size-controllable binding collars between the particles that ensure the for-
mation of interconnecting windows in the foam. The usefulness of the process described here is illustrated by the
fabrication of two types of materials: low porosity epoxy and cement matrix foams and Guefoams. As proof of
concept, epoxy-based Guefoams were developed for the removal of Escherichia coli in water using iodine-
impregnated activated carbon particles as the guest phase. The results indicate that the Guefoams outperform
conventional bactericidal particle beds in several aspects, including their ease of handling and their tunable fluid-

dynamic properties that enable high bacteria annihilation efficiency.

1. Introduction

The use of open-pore foam materials is currently witnessing a rapid
upswing in many technical applications. Since they are fluid-permeable
materials, their uses encompass numerous applications including
filtration, medical implantology, catalysis, pollutant retention, heat
dissipation and energy absorption [1-3]. In recent years, the emergence
of Guefoams, a novel foam material family, has sparked substantial in-
terest owing to their multifunctionality, broadening the horizons of
traditional foam applications. Guefoams incorporate functional phases
(guest phases) within their cavities, sans chemical bonding, exhibiting
notable efficiency in catalysis [4] and volatile organic compound (VOC)
management [5,6]. Typically, open-pore foams and Guefoams are pre-
pared using the versatile replication method, offering exceptional flex-
ibility in material design. This method involves infiltrating a porous
template preform with a liquid precursor, subsequently removing it
through dissolution or chemical reaction. Notably, this approach sur-
passes other conventional manufacturing processes, primarily due to its

ability to fine-tune pore geometry, size, and size distribution. The
execution of this process varies according to the matrix type. In the case
of metallic matrices, thermally resistant ceramic templates are often
employed. Sodium chloride (NaCl), with a low melting point of 801 °C,
serves as a popular template for low-melting metal precursors, such as
aluminum, magnesium, and their alloys, due to its cost-effectiveness and
abundance [7,8]. It can be processed into particles, typically spheres, by
manually forming a paste of NaCl mixed with a binder like flour and
water as a wetting agent [8-11]. The application of NaCl as a leachable
template in ceramic and polymer foam preparation holds great appeal.
However, its use for this purpose is constrained for two primary reasons:
(i) the high solubility of NaCl in water leads to the partial or complete
dissolution of the preform during infiltration with water-based ceramic
slurries, and (ii) the strong wetting capacity of many polymers on NaCl
results in complete pore space filling when infiltrated into NaCl-packed
preforms, rendering NaCl dissolution and foam preparation unfeasible.

The scarcity of prior investigations into replication-based production
of polymeric foams, particularly those utilizing template agents like
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sugar or salt (with emphasis on sodium chloride and calcium carbonate),
has resulted in limited control over pore characteristics [12-14]. Among
manufacturing techniques for polymer foams, direct foaming processes
and additive manufacturing are the most common [15-17]. Ceramic
foams, conventionally produced through various methods, including
partial sintering, direct foaming, replica template, and sacrificial tem-
plate [18-20], have relied extensively on the replica template technique.
This involves impregnating an open-pore polymer foam with a ceramic
suspension or precursor, yielding highly porous scaffolds with spherical
pores [21]. The ability to adjust polymer foam properties allows for
customizable pore sizes [22]. In contrast, the use of NaCl particles as a
sacrificial template with aqueous-based liquid precursors lacks empir-
ical support. Few prior studies have explored ceramic foam production
via infiltrating packed NaCl particles with pre-ceramic polymers, such as
policarboxilane to produce SiC foams [23] or synthetic mesophase pitch
to manufacture graphite foams [24] and carbon matrix Guefoams [6].
These traditional methods are time-consuming and costly due to pro-
cessing complexity and expensive starting materials.

In this study, the authors present an innovative modification of the
replication method for fabricating polymer and ceramic matrix foams
and Guefoams. This novel approach utilizes two templates, the first
being NaCl in particulate form (for foams) or as a coating on a specific
guest phase (for Guefoams), which is subsequently coated with paraffin
(the second template) and sintered at low temperatures. The sintering
process forms binding collars of controllable size between particles,
creating interconnecting pores in the final materials. These paraffin-
bonded preforms are then infiltrated with ceramic slurries or low-
solubility polymers in paraffin. Once the matrix is consolidated, both
templates can be easily removed. This innovative method empowers the
production of open-pore foams and Guefoams, whether polymeric or
ceramic in nature, offering an exceptional degree of design flexibility. It
provides meticulous control over all factors influencing their ultimate
fluid-dynamic attributes, encompassing pore geometry, dimensions, size
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distribution, and the structural attributes of the guest phases. This pio-
neering processing approach carries profound significance in the
domain of customizing foam and Guefoam materials for precise appli-
cations. It signifies a notable breakthrough in extending the use of non-
metallic materials into areas traditionally dominated by metallic foams,
addressing the challenges associated with manufacturing foams of
alternative compositions. As a proof of concept, epoxy-based Guefoams
were developed and assessed for Escherichia coli removal using iodine-
impregnated activated carbon particles as guest phases. The results
demonstrate their potential as efficient water bacteria removal systems,
surpassing conventional particle beds. The dual template replication
process introduced here enables: (i) the fabrication of permeable
monolithic foam structures that can be handled for regeneration and/or
replacement in disinfection systems, and (ii) the generation of inter-
connecting windows with adjustable dimensions to achieve the attain-
ment of desired filtration efficiencies.

2. Experimental procedures
2.1. Materials

The starting materials are sodium chloride (NaCl) particles with an
angular geometry and a diameter within the range 20-38 pm (Panreac
AppliChem GmbH, Germany), Nuchar RGC-30 activated carbon (AC)
particles with a diameter in the range 1.2-2.4 mm (Westvaco - Chemical
Division, USA) and solid paraffin (Merck KGaA, Germany). Images of
these materials are shown in Fig. 1. Conventional cement supplied in
sealed tubes (Sika, Spain) and Resoltech 1080S/1084 epoxy resin
(CASTROComposites, Spain) were used as matrix precursors. High pu-
rity iodine (>99.8 %) and potassium iodide (>99.8 %) were used to
functionalize the AC particles (Merck KGaA, Germany).

Fig. 1. SEM image of NaCl particles (a), and photographs of activated carbon particles (b) and paraffin blocks (c).
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2.2. Preparation of NaCl spheres and NaCl-coated activated carbon
(NaCl-AC) spheres

Following the procedure described in [10,25], NaCl particles were
shaped into spheres of 1.8-2.5 mm in diameter. For this purpose, a
mixture of commercial flour, sodium chloride and water in a ratio of
1:3:1 was prepared and hand-molded into small spherical particles.
After drying at room temperature, these spheres were subjected to a two-
step treatment: (i) carbonization of the organic binder at 200 °C for 60
min, and (ii) oxidation in air atmosphere at 500 °C for 6 h to remove
much of the residual carbon. Even though the spheres may contain some
residual binder, we refer to them as NaCl spheres for simplicity.

For the preparation of NaCl-coated activated carbon (NaCl-AC)
spheres, the method described in [4-6] was followed. The AC particles
were placed on an oscillating flat surface so that they could maintain
some degree of rotational motion. They were then intermittently
sprayed with a 20 % NaCl solution every 15 s. The total spraying time is
proportional to the thickness of the NaCl coating.

2.3. Coating of the NaCl and NaCl-AC spheres with paraffin

The prepared spheres were coated with paraffin. For this purpose,
about 30 g of paraffin were melted in a beaker heated to 60 °C. The
spheres were then submerged into the liquid paraffin for 10 s. After
being pulled out from the liquid paraffin, the spheres were placed on
laboratory paper covering a tilting plate. The movement of the plate
enables the paraffin to solidify homogenously and without dripping
around the entire geometry of the spheres, maintaining a relatively
uniform coating thickness.

2.4. Preparation of the preforms, infiltration and removal of the double
template

The paraffin-coated sodium chloride spheres (either with or without
AC at the core) were manually packed into a cylindrical borosilicate
glass crucible with a diameter of 20 mm and a height of 150 mm. This
procedure must be executed carefully to prevent spheres from frac-
turing. Packed in this way, the particles attained an approximate volume
fraction of 0.58. This value is dependent on several variables, including
the handling capacity of the operator, the dimensions of the crucible,
and the shape, size and size distribution of the spheres. The crucible
containing the preform was placed in a furnace at a temperature below
the melting point (38 °C and 42 °C were tested in this study) for 0-50
min. The spheres that make up the preform were sintered by the partial
melting and solidification of the paraffin that coats the spheres. It is
normal for some paraffin to settle to the bottom of the crucible during
this process, so that the lowest 5 mm of the preform were discarded. This
operation results in the formation of paraffin binding collars between
the spheres and, after the templates are removed, forms the inter-
connecting windows between the cavities of the material.

The crucible with the preform was then placed in a vacuum-capable
glass infiltration chamber. First, the chamber was vacuumed to a pres-
sure of 1 mbar, followed by the infiltration of the preform with the liquid
precursor. Once enough liquid precursor had been transferred, the
vacuum was released, and the chamber was pressurized to ensure
complete filling of the porous preform with the liquid precursor. The
type of precursor affects the infiltration pressures. In all cases of the
present study, an infiltration pressure of 2 bar was used, which ensures
complete filling of the pore space. After infiltration of the packed pre-
forms with liquid cement precursor or epoxy resin, sufficient time (36 h
and 24 h, respectively) was allowed for matrix consolidation, followed
by the removal of excess matrix by standard machining procedures.

In the next step, both the NaCl and paraffin templates were removed.
To do this, the sample was immersed in an ultrasonic distilled water bath
(alternatively, for comparison, a magnetically stirred bath was utilized)
at a temperature of 50 °C. The sample was then dried overnight at 30 °C.

Materials & Design 235 (2023) 112418

The procedure proposed in this work is shown schematically in Fig. 2.

For the removal of the double template, a special device was utilized
to ensure total submersion of the samples in water since they lose den-
sity and tend to float as the removal process progresses. This device,
depicted in Fig. 3, basically consists of a 20-mesh metal basket that keeps
samples submerged. In addition to this function, the device prevents the
molten paraffin released from interacting with the material by allowing
it to remain in the water as supernatant liquid.

2.5. Preparation of epoxy Guefoams for water bacteria removal

To confer bactericidal properties to the prepared materials, the sur-
face of the guest phase particles (activated carbon) was impregnated
with molecular iodine, following a procedure slightly modified from the
one proposed by Natori [26]. 1 g of I3 and 1.5 g of KI were dissolved in 5
ml of distilled water and magnetically stirred in a flat-bottomed glass
flask for 1 h at 250 rpm. 3 g of AC particles were added to the solution,
which was then stirred for 24 h. The particles were then extracted from
the solution and washed with 100 ml of distilled water using a Biichner
funnel. The treated particles served two purposes: (i) the preparation of
epoxy matrix Guefoams and (ii) the preparation of packed beds. Both
Guefoams and particle beds were used in the antibacterial activity tests.
Prior to use, the iodine coating elution was studied by injecting different
amounts of distilled water through the materials at a pressure of 2 bar.
For that purpose, Guefoams were encased in a PVC pipe connected to a
pressurized water circuit. Teflon tape was used to provide a seal between
the sample and the tube. The AC particles were packed as a bed in an
analog PVC tube with two high permeability plugs screwed into the tube
to maintain the position of the particle bed. The tube was connected to
the water pressure circuit via these plugs.

2.6. Materials characterization

Morphological characterization of the AC and the prepared spheres
was performed using scanning electron microscopy (SEM-Hitachi
S3000N) and optical microscopy (Olympus PME3-ADL). In addition,
image analysis software (Buehler-Omnimet Enterprise, Illinois, USA)
was used to determine the geometrical parameters of the particles, such
as size distribution and aspect ratio (AR, defined as AR = major axis
diameter/minor axis diameter, with AR = 1 for perfect spheres). Ther-
mal stability of the paraffin was determined by thermogravimetry (TG-
Metler Toledo) in the range 50-600 °C in air and nitrogen atmospheres
at a heating rate of 6 °Cmin . Paraffin removal conditions were eval-
uated using differential scanning calorimetry (DSC-Q250 TA In-
struments) in the temperature range 20-100 °C in air or nitrogen
atmosphere at a heating rate of 5 °Cmin'. The specific surface area and
pore size distribution were determined using the physical gas adsorption
technique (N adsorption isotherms at —196 °C) and the BET (Brunna-
uer-Emmet-Teller) theory. The modification of the AC surface with
iodine was analyzed quantitatively using high-resolution scanning
electron microscopy (SEM-Jeol ITS00HR/LA) with an energy dispersive
spectroscopy (EDS) detector, and the distribution of iodine was deter-
mined by elemental mapping.

In addition, the relative pressure drop (AP/AL) between the ends of
the samples was determined by water injection measurements at 25 °C
and a setup first described in [27]. To determine the flow rate, the mass
of water leaving the sample at a given pressure was measured using a
balance with an accuracy of + 0.001 g. Water permeability (k) was
derived from the well-known Darcy’s law:

o
k= (AP/AL)" M

where v is the fluid surface velocity (ratio of the volumetric flow rate to
the total cross-sectional area of the pipeline), AP is the absolute pressure
drop, AL is the sample length and p is the fluid dynamic viscosity
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Fig. 3. Schematic of the devices used for the removal of the double template.

(assumed to be 1.003 x 1073 kgm™s~! at 20 °C). The permeability error
estimate was 8 %.

2.7. Antibacterial activity

Escherichia coli (E. coli) from the Spanish Type Culture Collection
CECT 434 was selected as the bacterial strain for this study. First, E. coli
were incubated in Tryptic Soy Broth (TBS) medium at 37 °C for 24-48 h
and cultured until 0.5 McFarland standards (corresponding to 1.5 x 108
CFUmI 1) were reached. The bacteria suspension was diluted to about
102, 10! and 10° CFUmI ! and kept for analysis. The antibacterial tests
were performed using the device illustrated in Fig. 4. Teflon tape was
used to seal the Guefoam samples to the funnel tube walls. For the 102

and 10' CFUmI ™! concentrations, a variable volume of diluted bacteria
solution is passed through the materials to maintain a constant water
flow rate. For that, the height (h) of solution above the samples must be
maintained as the fluid flows through them. For a successful bacterial
count, 1 ml of each filtrate was diluted 10-1000 times, from which 100
ul was spread on a Petri dish containing Rapid’E coli medium and
incubated at 37 °C for 24 h. For the 10° CFUml ! concentration,
employed in experiments devoted to test water purification for human
consumption, a 5-liter volume was subjected to filtration using an
optimized Guefoam material. The entire volume underwent processing
through the standard membrane filtration method, and the bacteria
remaining on the membrane were subsequently cultivated and incu-
bated under the aforementioned conditions. Each test was conducted in
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Fig. 4. Schematic of the filtration device used to remove bacteria from water.
quintuplicate.

3. Results and discussion

3.1. Microstructural characterization of NaCl spheres and NaCl-AC
spheres

Fig. 5a-b display images of NaCl and NaCl-AC spheres, revealing that
they were formed by the joining of smaller granular crystalline entities.
Despite different processes were used to prepare the spherical particles
of the NaCl and NaCl-AC systems (see Section 2.2), both types of par-
ticles exhibited similar morphologies characterized by a high degree of
regularity (nearly spherical morphology) and a significant degree of
porosity visible in the microscopic images of their surfaces (Fig. 5c-d).
These regular morphologies are attributable to the versatility and suc-
cessful optimization of the employed processes. On the one hand, the
consistency of the flour-NaCl-water mixture was suitable for hand
molding. On the other hand, the coating achieved by successive spraying
with NaCl solution prevented the irregular morphology of the AC par-
ticles (Fig. 1b) from being transferred to the NaCl-AC particulate en-
tities, so that they acquired regularity and sphericity as the coating
thickness increased. Fig. 5d shows the NaCl coating thickness at which
quasi-spherical geometries were achieved in the NaCl-AC system, cor-
responding to about 200 pm. Fig. 5e displays the particle size distribu-
tions for the systems AC, NaCl and NaCl-AC. AC particles had an average
diameter of 1.80 mm while NaCl and NaCl-AC spheres had average di-
ameters of about 2.20 and 2.30 mm, respectively. Fig. 5f shows values
for aspect ratio of 1.22 for the AC particles, 1.12 for the NaCl system and
1.13 for the NaCl-AC system, the last two indicating high degree of
sphericity.

3.2. Paraffin coating of the spheres and sintering of the preforms

Fig. 6a-d depict how the paraffin coating modified the surface
morphology of the spheres. In general, the paraffin coating resulted in a
compact and uniform surface with a smooth texture and no major de-
fects (Fig. 6¢-d). The micrographs in Fig. 6e-f illustrate the interparticle
binding collars formed during sintering of the packed preforms. The size
of these collars, which bound the spheres to form self-standing preforms,
could be controlled by modifying the temperature or sintering time.

Fig. 7a shows the findings of a study in which the dimensions of the
interparticle binding collars were investigated as a function of sintering
time under two temperatures. With temperature, the sintering process
was accelerated, and the growth became more time-consuming with
increasing binding collar diameter, as would be expected from the
classical sintering densification curves of particulate materials [28]. The
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evaluated conditions resulted in the formation of binding collars that
allowed the creation of interconnecting window sizes in the range
0.2-0.8 mm, so that the derived foams would exhibit pressure drop
values that could be adapted to a wide range of technological
applications.

The kinetics of the sintering process leading to the formation of
interparticle binding collars can be interpreted using the theoretical
model proposed by Kuczynski [29], which was developed for the
bonding of particles with spherical geometry:

(f)" ~ Bt @
a

where x/a is the ratio of collar and particle average radii, B is a
parameter related to the temperature and certain geometrical and
property parameters of the particles, t is the sintering time, and n is an
exponent that allows defining the dominant mechanism during the
process. Equation (2) could be represented as log x versus log t to obtain
the parameter n (Fig. 7b). Linear least squares regressions of the data
shown in Fig. 7b related the slope of the line to the reciprocal of n and
yields a value for the two explored temperatures of n~ 2. This value
corresponded to a sintering mechanism in which a combination of
viscous and plastic flow was dominant, as found in the analysis of [30].

3.3. Elimination of the double-template in preforms

Thermogravimetric analysis of the paraffin was performed to deter-
mine the optimum conditions for its complete removal. Fig. 8 depicts the
TG/DTG and DSC thermograms of paraffin in nitrogen and air atmo-
spheres. The TG and DTG curves under nitrogen showed the thermal
stability of paraffin from room temperature to about 150 °C (Fig. 8a). In
agreement with the temperatures reported by [31,32], the decomposi-
tion of paraffin, which represented the breakdown of hydrocarbons into
hydrogen and carbon molecules, occurred in a single step between about
150 °C and 290 °C (some variations may be attributed to the purity of
the material or the heating rate). When the analysis was performed in
air, the TG curve shifted to lower temperatures (about 20 °C lower than
in an inert atmosphere, as reported by [33]). The paraffin began to lose
stability at about 130 °C, leading to complete mass loss at about 255 °C.
The DSC curves under both atmospheres revealed two characteristic
peaks: one in the 25-30 °C range, corresponding to a solid-solid phase
transition with low heat flux, and another peak in the 35-50 °C range,
corresponding to a solid-liquid phase transition with a higher associated
heat flux (Fig. 8b) [31,34].

Based on these findings, it was decided to test the removal of both
templating agents in a single step using water at 50 °C. It was assumed
that water at this temperature facilitated both the dissolution of the NaCl
and the melting of the paraffin, which floated on the water due to its low
density. To aid in the removal of the double template, the tempered
water was either magnetically stirred or sonicated. It was found that for
both treatments the preforms were completely eliminated at times
below 60 s for both NaCl and NaCl-AC spheres. Fig. 9 shows, as an
example, a sequence of photos taken during the removal process in
magnetically stirred 50 °C water of NaCl-AC spheres. The upper part of
the beaker was fogged due to water evaporation at the working tem-
perature. When the removal of the templating agents was complete, the
water acquired certain opacity and the AC particles were released and
tend to float over the water (in the photo of Fig. 9c, some AC particles
were observed on the surface of the water and others were still in
suspension).

These AC particles retained a high specific surface area of 975 m2g ™},
albeit 25 % lower than that of the pristine AC particles (1295 m%g™1),
most likely because a small amount of the templating agents was
retained in the pores of the activated carbon. These residues were
negligible in terms of mass but significantly affected the specific surface
area value. However, no discernible micrographic differences (Fig. 10a-
b) were observed on the surface of the activated carbon as a result of the
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Fig. 5. Photographs (a,b) and SEM images (c,d) of: NaCl spheres prepared by the procedure described in [10,25] (a,c) and NaCl-AC spheres prepared by the
procedure described in [4-6] (b,d); (e,f) are the distributions of the diameter and aspect ratio, respectively, of the AC and prepared spheres.

removal of the templating agents. The pore size distributions calculated
from the desorption curves (Fig. 10c-d) indicated that the only affection
of the removal process was in the sense of decreasing the number of fine
pores in the activated carbon. In view of these results, in another
experiment, a representative amount of AC particles was taken after the
template agent removal treatment and subjected to ultrasound in hexane
for 10 min. The specific surface area value (1250 ng_l) (Fig. 10c-d)
was consistent (only about 3.5 % less) with that of the pristine AC
particles, indicating that the residue remaining in the finest pores of the
activated carbon was most likely paraffin, since paraffin, and not NaCl,
is highly soluble in this solvent.

3.4. Examples of fabrication: Ceramic and polymer foams and Guefoams
with AC particles as the guest phase

As examples demonstrating the feasibility of the proposed processing

route, the materials listed in Table 1 were produced. These materials
included epoxy and cement matrix foams and Guefoams. For their
fabrication, the previously described steps were followed and a paraffin
sintering time of 30 min at 42 °C was used.

The dissolution of the double template was carried out by magnetic
stirring and ultrasound for comparison. To avoid the undesired effect of
paraffin contamination of the AC, the device illustrated in Fig. 3 was
used. This device kept the sample submerged during the removal process
and away from the molten supernatant paraffin, thus preventing the
liquid paraffin from interacting with the sample and avoiding undesir-
able redeposition. Fig. 11 shows the results of both methods in terms of
normalized mass loss as a function of time. The normalized mass loss is
defined as follows:

mn:1+m 3)

my
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(e)

()

Fig. 6. Photographs of NaCl (a) and NaCl-AC (b) spheres, both coated with paraffin; high magnification SEM images showing the paraffin coating of a NaCl sphere (c,
d); micrographs of the binding collars between two NaCl spheres formed by the sintering process for 5 (e) and 50 (f) min at 42 °C.

where m, and m are the initial and instantaneous masses of the sample,
respectively, while m; is the total mass of the two templating agents
(estimated experimentally from the difference in mass between the
double-coated and uncoated particles). The removal efficiency of the
templating agents was higher for ultrasonic treatment since complete
removal was achieved in about 3 h for foams and 5 h for Guefoams.
These times were ostensibly longer than those recorded for the removal
of non-infiltrated preforms because, after infiltration, water must access
the spheres comprising the preform through the interconnecting win-
dows of the material. Recorded dissolving times, far from being uni-
versal for a particular dissolution procedure, therefore depended on the
size of the interconnecting windows, with favorable dissolution being
observed as window size increases. Additionally, the mass loss data for a
material denoted as sample M, which was manufactured by infiltrating a
preform made of packed uncoated NaCl spheres (lacking paraffin
coating) with epoxy resin, is presented in Fig. 11. The results suggest
that both dissolution methods resulted in a mass loss of less than 10 %,
indicating that complete removal of the NaCl template agent was not

achieved. Another material was fabricated using a similar preform, in
this case infiltrated with the same water-based precursor suspension of
cement ceramic matrix that was employed in the current study. The
absence of paraffin resulted in partial dissolution of NaCl during infil-
tration, which ultimately led to structural collapse before achieving full
matrix consolidation. Both experiments provided evidence for the sig-
nificant role of paraffin as a secondary template agent.

An analysis of the specific area of the AC particles in these materials
(extracted with extreme care from the outermost cavities of the mate-
rial) revealed a value of 1235 m.2 -1 , which was only 4.5 % less than the
value found for the pristine AC partlcles, demonstrating the efficacy of
the device depicted in Fig. 3, which avoided the use of the environ-
mentally unfriendly chemical hexane.

Fig. 12a-d show the dimensions and microstructures of the conven-
tional foam samples developed from ceramic (cement) and polymer
(epoxy resin) precursors. Fig. 12e-f show magnified images of Guefoams
with both types of matrices and with AC particles as the guest phases in
the porous cavities. Despite the lack of detailed scale-up research for this
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Fig. 7. Average diameter of interparticle binding collars as a function of sintering time at 38 and 42 °C (a); (b) is a double logarithmic representation of the data in
(a). The linear fitting equations in (b) are: y = 0.49x-2.07 and R? = 0.98 for T = 42 °C; y = 0.48x-2.08 and R? = 0.99 for T = 38 °C.
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Fig. 9. Sequence of photos taken during the dissolution process of a preform prepared with NaCl-AC spheres in magnetically stirred water at 50 °C. The photo in (a)
corresponds to a sintered preform before dissolution.

procedure, it is important to note that the dimensions of these samples
were not constrained by any manufacturing step. In fact, samples up to
three times larger in dimensions were produced and no obstacles to the
production of high-quality products were found.

The structure of Guefoams is characterized by two main parameters,
guest loading (GL) and guest occupation (GO), as defined in [4-6]:

__number of pores hosting a guest phase
B total number of pores

GL (@)
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Fig. 10. SEM images of (a) AC particles in the initial state and (b) after removal of the double-template; nitrogen adsorption-desorption isotherms at —196 °C (c) and
pore size distributions (d) of AC particles in three states: as received, after removal of the double template and after regeneration treatment with hexane.

Table 1

Fabricated materials and their main properties. GL and GO denote the guest
loading and guest occupation, respectively, calculated using Equations (4-5); D
is the average pore diameter and Vp refers to pore volume fraction.

Samples Code matrix D (mm) GL (%) GO (%) Vp

Foams F-e epoxy 2.20 - - 0.59
F-c cement 0.57

Guefoams G-e epoxy 2.19 1.00 0.51 0.58
G-c cement 0.57

GO — volume of a guest phase
" volume of its hosting pore

)

GL denotes the fraction of pores hosting a guest phase while GO denotes
the average cavity volume fraction occupied by a guest phase. When
about 200 NaCl-AC freshly prepared spheres were intentionally broken,
each was found to contain a single AC particle; therefore, the GL
parameter of the samples was estimated to be 1 (see Table 1). Since both
the guest phase and the spheres produced by NaCl coating had a nearly
spherical geometry, image analysis could be used to determine the GO
parameter from their average diameter estimations. According to
Equation (5), GO can be simply expressed as GO = (d/D)S, where d is the
average guest phase (AC particles) diameter and D is the average
diameter of the NaCl-coated guest phase (corresponding to that of the
hosting pores in the foam). GO is about 0.51 (Table 1). Regarding the
pore volume fraction (Vp), the values for the foams were consistent with
those published by Langston et al. [35], who reported a packing volume
fraction of 0.57 for NaCl spheres packed in crucibles that had a 9:1
crucible-to-particle diameter ratio (as is the case in the present study).

To assess the microstructural quality of the newly developed mate-
rials, the number of interconnecting windows per pore (also referred to
as coordination number) was counted in both foam types. The coordi-
nation number in Guefoams was determined after removing the guest
phases of the outermost pores of the samples. The results are shown in
Fig. 12g, which indicates that the coordination number in foams and
Guefoams was comparable regardless of the type of matrix. The most
frequent value was 7, which corresponded to those previously reported
for metallic foams obtained using the replication method [36,37]. The
fluid dynamic behavior of a porous material obtained by replication is
determined by the coordination number, the pore size and the size of the
interconnecting windows, the latter being the crucial parameter for the
permeability of the foam [11,27,37-39]. By changing the size of the
interconnecting windows, the pressure drop of a given material can be
modified. Fig. 12h depicts the size distributions derived from a thorough
image analysis of the fabricated materials. All samples had an average
window size in the range 0.73-0.75 mm.

3.5. Suitability of polymer Guefoams for water bacteria removal

The antibacterial activity of the prepared materials (Table 2) was
based on the iodination of the AC particles, which acted as the guest
phases. For comparison, activated carbon (AC) and iodinated activated
carbon (I-AC) packed beds were tested.

Considering their potential application for the removal of pathogenic
microorganisms in water, it is critical to understand the stability of the
iodine coating upon water washout. Fig. 13a shows a micrograph with a
mapping of the element iodine on the surface of an AC particle extracted
from a Guefoam sample (G-3 in Table 2). The percent mass of iodine was
quantified using EDS for two samples, a densely packed bed of I-AC
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Fig. 11. Normalized mass loss during dissolution of the double template in water at 50 °C for foams and Guefoams under magnetic stirring (a) and ultrasound (b).
The graphs also depict information regarding a sample M, which was fabricated by infiltrating a preform prepared by packing NaCl spheres without paraffin coating

with epoxy resin.

particles and the sample G-3, through which controlled amounts of
distilled water were injected. The results for I-AC particles are shown in
Fig. 13b, where each point on the graph represents the average of five
independent measurements. A nonlinear relationship was observed be-
tween iodine elution and the volume of water washout. There was an
initial significant decrease of 11 % iodine after the flow of 50 1 of water,
followed by stabilization up to a total volume of 200 1. This behavior was
consistent with that observed in the original studies of [26], in which the
bactericidal activity of iodine-treated activated carbons was maintained
up to 10*1 of water (according to the results of [26], the water treatment
capacity of iodine-coated activated carbons was about 7 lIm~2). There-
fore, it could be stated that the stability of these coatings is commen-
surate with their applicability as water filters. A similar study conducted
with the G-3 sample yielded comparable results. However, it should be
noted that the fluid dynamic conditions created when water flows
through particle beds and Guefoams may be different, which may affect
the elution behavior after large volumes of water have passed through.

When evaluating materials manufactured to remove bacteria in
water, it was necessary to determine the pressure drop experienced by
the fluid as it passed through. To that end, the water pressure drop at
various velocities was measured in the particle beds and Guefoams of
Table 2, the latter being materials with varying interconnecting window
sizes (Fig. 14a). At first glance, the relative pressure drop was dependent
on the dimensions of the interconnecting windows, with the packed
particle beds exhibiting a relative pressure drop intermediate between
that of G-2 and G-3 materials. In Fig. 14b the data of Fig. 14a were
recasted as reduced relative pressure drop, which was obtained by
dividing AP/AL by v. The experimental results revealed that water
exhibited linear behavior with nil slopes, indicating that the fluid dy-
namic regime was fully laminar or Darcian.

From the fitting equations in Fig. 14a, the water permeability of the
different materials could be easily determined using Equation (1) (see
values in Table 2).

Another important issue to consider was that appropriate experi-
mental conditions must be selected to proper compare the bactericidal
capacity of the samples. On the one hand, each sample must contain the
same amount of bactericidal agent (iodine-coated AC particles).
Considering the packing volume fraction of a particle bed (0.54) and the
GO of the developed Guefoams (GO = 0.51), it was easy to deduce that
Guefoams 1.83 times longer than the particle beds were required (4.29
mm and 7.84 mm were chosen as the height of the particle bed and
Guefoams, respectively). On the other hand, the fluid-dynamic condi-
tions in the different samples must be comparable, so a constant fluid
velocity of 0.02 ms™! was chosen. Since each material had a specific
water permeability, Equation (1) could be used to determine the height
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of the water column (h in Fig. 4) that exerted the pressure required for
water to flow through each material at the specified velocity. The
heights ensuring v = 0.02 ms™! in each sample are indicated in Table 2.
Antibacterial activity was measured using the percentage inhibition
capacity parameter (IC), which is defined as follows:

G -G

IC =
G

x 100 (6)

where C, and C¢ represent the concentration of E. coli before and after
filtration, respectively.

Fig. 15a shows the water permeability results from Table 2 in a bar
graph for visual comparison. Table 2 and Fig. 15b demonstrate, for a
couple of concentrations of bacteria in water, that the bactericidal ac-
tivity of the iodine-functionalized samples strongly depended on the
structuring of the activated carbon. Interesting enough, non-
functionalized (pristine) AC not only lacked antibacterial activity, but
also increased the number of live bacteria. This effect was already
observed in [40,41]. In the I-AC particle bed, the bactericidal activity
reached 7 % and 31 % for 10% and 10! CFUmI ™}, respectively. The
bactericidal capacity of Guefoams was highly dependent on the size of
the interconnecting windows, which could alter the fluid dynamic
properties of the water as it flowed through the material. Sample G-1,
with large windows (about 0.83 mm in average diameter), had an
annihilation capacity comparable to that of the packed bed. For Gue-
foams with windows of about 0.68 mm in average diameter (sample G-
2), the annihilation capacity was 9 % and 35 % for the high and low
tested bacteria concentrations, respectively. For window sizes of about
0.40 mm in average diameter (sample G-3), the annihilation capacity
increased to 12 % (102 CFUmI™ 1) and 38 % (10! CFUmI}). As can be
seen, the development of a process that allowed the fabrication of
Guefoams with tailored windows had the advantage of controlling the
permeability and thus the interaction between the bactericidal guest
phases and the bacteria-bearing water flowing through the material.
Fig. 15b reveals that the bactericidal effect of the I-AC particle bed and
G-1 sample was similar, although G-1 had a higher water permeability
than the particle bed. This is because the porous structure of Guefoams
could create fluid dynamic conditions that optimized the relationship
between the fluid-guest phase interaction and the resistance of the
material to fluid passage. This enhanced interaction caused by porous
cellular structures was previously observed in [26], where the authors
placed bactericidal particles with an average diameter of 6 pm in cellular
polyvinyl acetate material when conducting bactericidal experiments.
To fill a cellular material with particles, they must be small enough to
pass through the interconnecting windows between the porous cavities,
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Fig. 12. Photographs of foams prepared using NaCl and paraffin as templating agents by the replication method: cement (a,c) and epoxy (b,d) foams; cement (e) and
epoxy (f) Guefoams with AC as the guest phases. In (e,f), the interconnecting windows are concealed beneath the guest phases. (g,h) are distributions of the co-
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Table 2
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Materials tested in water bacteria removal. The Guefoams contain iodinated activated carbon particles as guest phase, ts represents the sintering time employed to
generate interconnecting windows of diameter d, tq denotes the time required to remove the double template by ultrasound, k is the water permeability of the tested
materials and h is the height of the water in the filtration device. The inhibition capacity (IC) of the materials at two different bacteria concentrations is indicated.

Material ts (min) d (mm) tq (min) k h 1C (%) IC (%)
(m?) (cm) (10' CFUmI™Y) (10% CFUmI™Y)
AC - - - 2.44 x 10710 - <0 <0
I-AC - - - 2.52 x 10710 3.33 31 7
G-1 50 0.83 150 1.45 x 10 1.14 28 7
G-2 20 0.68 190 6.80 x 1010 2.38 35
G-3 10 0.40 240 1.42 x 1010 11.57 38 12
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Fig. 13. Elemental mapping microscopy for iodine (a) and quantification of the mass percentage of elemental iodine on the surface of AC particles after injection of

selected volumes of water (b).
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Fig. 14. Relative pressure drop (AP/AL) (a) and reduced relative pressure drop (AP/vAL) (b) as a function of water superficial velocity for the tested materials. The
linear fittings in (a) are: y = 4.11 x 10°% and R? = 0.99 for AC packed bed, y = 3.98 x 10°k and R? = 0.99 for I-AC packed bed, y = 6.93 x 10°x and R? = 0.99 for G-1
sample, y = 1.48 x 10° and R? = 0.99 for G-2 sample, and y = 7.04 x 10°k and R? = 0.99 for G-3 sample.

creating a mixed microstructure involving those of a particle bed and a
cellular material. In the case of Guefoams, the guest phase particles
(which are not bound to the matrix) have greater mobility than particles
in a packed bed. This means that the guest phase particles can move as
the fluid flows through them, making their entire surface area available
for interaction with the fluid.

In terms of their potential applications, Guefoam materials exhibited
equivalent or greater bactericidal activity than a bed of packed particles.
However, it is important to consider not only the bactericidal capacity,
but also its relationship to economically significant parameters such as
the pressure drop required for possible and effective filtration. To
comprehensively evaluate the filtration performance of the materials,
the compromise parameter of the quality factor (QF) was introduced,
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which can be calculated as follows [42]:

[ 100-1C
ln( 100 )

F =
Q AP

7
Fig. 15c depicts the quality factor of the tested materials for bacteria
concentrations of 10! and 102 CFUmI . Sample G-1 had the highest QF
value, as confirmed by the two concentrations tested. This material,
despite not having the highest bactericidal activity in absolute terms,
had the best ratio of activity per unit of energy consumed (pressure
drop) during the passage of water through it, making it an interesting
material for industrial applications. It must be emphasized that the
primary aim of this study is to highlight the advantages of structuring
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Fig. 15. Water permeability k (a), inhibition capacity IC (b), and quality factor QF (c) for the tested materials. (b) and (c) are given for two concentrations of
bacteria. (d) is the inhibition capacity of the G-1 material for different number of consecutive filtration cycles.

bactericidal phases within a Guefoam, as opposed to using conventional
particle beds, in the context of filtration efficiency. It is conceivable that
extending the length of the bactericidal material bed could augment the
chances of achieving effective water purification. Indeed, the literature
frequently showcases studies that employ bactericidal particle beds of
significant length (roughly ranging from 7 [43] to 100 cm [44]),
resulting in reported bactericidal performances close to 100 %. To
circumvent the challenge of uniform behavior across the materials
tested in this study, thereby rendering meaningful comparisons difficult,
columns of material or particle beds were intentionally designed with
relatively short lengths (7.8 mm for Guefoams and 4 mm for particle
beds). This deliberate choice allowed for a rigorous comparison of
bactericidal properties among different mate rials but rendered direct
comparisons with existing literature challenging. In addition, a supple-
mentary test was carried out to determine the applicability of the G-1
material in water purification for human consumption, which requires a
nil nominal E. coli concentration. For this purpose, 5 1 of water con-
taining a bacterial concentration of 10° CFUmI1 ™! were filtered through
the material. The inhibition achieved with a single filtration cycle (one
pass through the material of the volume of water considered) was 92 %,
but with 5 or 10 cycles, the inhibition was greater than 99 %, demon-
strating the high applicability of the developed material (Fig. 15d). In
terms of translation to parameters of industrial interest, it could be
argued that the effect of n filtration cycles was somehow equivalent to
that of n times longer materials. The authors are currently conducting a
study focused on investigating the recyclability of the materials
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developed in this research. Preliminary findings suggest the presence of
residual cellular material adhering to the surfaces of the guest phases,
resulting from the bacterial lysis process that occurs post-filtration, after
their demise. These remnants can be effortlessly removed through brief
ultrasound treatment. Moreover, in instances where filtration processes
deplete the iodine content to levels that compromise their effectiveness,
these materials can be promptly reconditioned to restore their iodine
content, thus ensuring their suitability for multiple filtration cycles.

In general terms, the use of Guefoams in bacteria filtration processes
offers numerous advantages. Guefoams are monolithic structural ma-
terials, which facilitates their handling during material removal and
regeneration. In addition, the features shown in Fig. 15a-d demonstrate
the superior efficiency of highly permeable Guefoams, which enable
significantly less energy-intensive filtration processes.

4. Conclusions

A modification of the replication method involving two combined
templating agents (NaCl and paraffin) allowed the preparation of con-
ventional foams and Guefoams with a high degree of microstructural
regularity (shape, size and pore size distribution) from both water-based
ceramic and polymer precursors. The addition of paraffin as a coating to
the NaCl or NaCl-coated particles allowed the formation of binding
collars between the particles, which ensured the formation of inter-
connecting windows in the final material (especially important for
highly wetting polymer matrix precursors) and acted as a barrier against



M. Guidoum et al.

the reaction of NaCl with the infiltration precursor (which is essential
when using water-based slurries as precursors for ceramic matrices). The
design of the interparticle binding collars, which were converted into
interconnecting windows after removal of the template, enabled control
of the final material properties. To demonstrate the significance and
versatility of the proposed method, foam and Guefoam specimens were
fabricated using polymer (epoxy resin) and ceramic (cement) matrices
with different window sizes interconnecting their porous architecture.
In general terms, the newly developed processing route not only intro-
duced the groundbreaking opportunity to fabricate polymeric or
ceramic foam and Guefoam materials using the replication method but
also empowered precise control over their fluid-dynamic properties.
This control extended to pore shape, size, size distribution, and struc-
tural attributes of the guest phases. This development holds profound
significance as it paves the way for the straightforward and cost-
effective production of non-metallic foam and Guefoam materials. It
marks a pivotal milestone in the design and manufacturing of materials
tailored with specific characteristics for highly targeted applications.

The authors demonstrated the applicability of a family of materials
for water bacteria removal systems. The selected materials were Gue-
foams consisting of a polymer (epoxy resin) matrix and AC particles with
an iodine-functionalized surface. The number and size of the inter-
connecting windows determined the water permeability and pressure
drop in these materials. The materials produced were highly permeable
for use in water filtration because they were designed to have inter-
connecting windows in the range 0.40-0.83 mm. The results showed
excellent filtration performance in annihilating E. coli in water, espe-
cially for the material with an average window size of 0.83 mm. Its in-
ternal pore structure created a strong interaction between the guest
phases and the bacteria-bearing water, making it a functionally inter-
esting material with antibacterial activity, comparable to a bed of
functionalized AC particles, but with much greater water permeability.
Due to the high permeability, the water pressure drop in this material
was significantly lower than in a particle bed, making it a highly
effective filter. Therefore, the developed materials could be ideal can-
didates for the future development of energy-efficient and functionally
effective filter systems.
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