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Abstract: The proper application of millimeter-sized spherical porous ceramic supports in catalytic
operations relies on their ease of handling, convenient separation, recyclability, high-catalyst-solid
loading, and the optimum mass transfer of reactants and products. However, common granulation
techniques of spherical carriers entail complex liquid-phase-based processes under severe conditions
and the use of toxic or expensive reagents. The present study discusses the manufacturing of
porous ceramic granules derived from an inexpensive silica source (diatomite, solid network) and
a biopolymer cross-linked by ion exchange (sodium alginate, patterning structure). The results
indicated that, with fixed granulation conditions, porous diatomite granules with a sphericity of
approximately 0.9 could be successfully obtained by optimization of the diatomite/sodium alginate
dispersion to a 30.07 wt.% solid content and 1560 mPa-s viscosity (at ~0.3 s~!). Moreover, the
described manufacturing process was proven effective in developing hierarchically porous diatomite
granules that were heat-treated at 1200 °C with high sphericity (~0.9), acceptable compressive
strength (5.17 = 0.31 MPa), and porosity features (total porosity: 69.0 = 2.9%, macropore size:
2.777 um, mesopore size: 35.34 nm), establishing them as well-matched support materials for either
catalytic or adsorption applications.

Keywords: porous diatomite granules; sodium alginate gelation; sphericity; porosity; pore size;
compressive strength

1. Introduction

Porous ceramic supports have attracted significant attention with regard to filtration,
absorption, and catalytic applications due to certain intrinsic properties, such as their
remarkable hardness and strength, low-thermal-expansion coefficient, stability at high
temperatures, and good wear and corrosion resistance. Additionally, they exhibit notable
extrinsic properties, including a low-density level, controlled permeability, tailored thermal
conductivity, and a high specific surface area [1-5]. Particularly, a sizeable specific surface
area, uniform particle size, narrow pore size distribution and volume, good chemical
and thermal stability, and high-mechanical strength are highly desirable to ensure good
performance of porous ceramic supports in catalytic applications [2,4]. The morphology of
the support, the processing route, and the raw starting material significantly influence the
tailoring of the aforementioned properties of the supports.

Supports or ceramic carriers in a powdered form (ranging from nano- to micron-sized
particles) have limitations in large-scale applications due to the difficulties in material han-
dling, separation from the process fluids, environmental release, and contamination [2,6-8].
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Porous materials on the macroscopic scale, specifically millimeter-sized ceramic supports,
are considered suitable carrier options that offer ease of handling, high-catalyst-loading
percentages within equivalent reactor volumes, high-efficiency levels, good stability, con-
venient recovery, proper separation, and recyclability after a heterogeneous reaction pro-
cess [7-9], while promoting high mass transfer rates [2,10]. Moreover, it has been suggested
that ceramic beads with a spherical shape (sphericity ~1, sphericity factor ~0) significantly
reduce resistance to the transport of reactants and products, as well as catalyst abrasion,
compared to non-spherical or irregularly shaped granules [6,11,12].

Common liquid-phase-based techniques for processing spherical ceramic carriers,
depending on the sol’s congealing route, include the granulation methods known as “oil-
molding” and “hydrocarbon-ammonia molding” [13,14]. These techniques, referred to as
“internal gelation” and “external gelation”, respectively, are sol-gel processes used in the
fabrication of nuclear fuel kernels [15].

In the oil-molding route, the starting broth, a dispersion of precursors (with controlled
acidity) and a gelling agent such as hexamethylenetetramine (HMTA) or a mixture of HMTA
and urea (organic monomer) [3,15], is introduced dropwise into hot oil (~90 °C), resulting
in the generation of gel droplets due to surface tension as they enter the oil bath [3,16]. The
sol congeals through neutralization with ammonia ions upon the decomposition of the
HMTA and/or urea, while the droplets age in the hot 0il [3,13]. Finally, spherical ceramic
carriers are obtained after washing filtration (using organic solvents, ammonia solution,
and deionized water), drying, and a heat treatment [3,13,15]. The oil molding route has
been primarily used to prepare y-Al,O3 spherical granules [3,16-18] and CeO,-stabilized-
ZrO, (CSZ) [15], Al,O3-CeO; [19], Y,03-stabilized ZrO, [20], and CeO,-Nd, O3 [21] fuel
kernels and pellets (referred to as internal gelation). Despite the achieved uniformity of
the processed spheres, major drawbacks of this method include the toxic nature of the
reagents, the requirements of the use and disposal of hot oil together with by-products, and
the necessity to maintain the granules under severe processing conditions to complete the
decomposition of HMTA and urea [13].

The hydrocarbon-ammonia route entails a series of stages, including the preparation
of a precursor-derived hydroxide gel, the formation of a pseudosol through the treatment
of the hydroxide (or hydrated precursor [22]) by a peptizer acid, granulation, washing
filtration, drying, and a heat treatment [4,13,23]. For the granulation step, the pseudosol
broth is transferred dropwise into a gelation column consisting of a liquid hydrocarbon
(oil) on the top and an ammonia solution (gelling media) at the bottom. The sol drops are
formed due to surface tension when they come into contact with the superficial oil layer and
are subsequently congealed in the coagulant ammonia solution [3,13,15]. Examples of this
route mainly include y-Al,O3 [6,12,24], TiO; /v-Al, O3 [25], N-doped TiO; /v-Al,O3 [26],
and silicate/y-Al,Os-derived granules [4], as well as CSZ [15,22] and ZrO; fuel kernels
and pellets (referred to as external gelation) [27]. However, the cost of the precursors for
the initial broth and the toxic-corrosiveness of the gelling bath are negative aspects to be
considered when using this route for industrial purposes [3].

Given the complexity and drawbacks of the aforementioned processes, alternative
routes are needed to achieve the required properties for optimal performance of the
millimeter-sized spherical porous ceramics while minimizing the impact of the exper-
imental conditions. Building upon the concept of “integrative chemistry” introduced
by Backov [28], Prouzet et al. [29] proposed an innovative approach termed “integrated
gelling”, which involves the simultaneous gelation of both an inorganic framework (raw ma-
terial) and a biopolymer by the sol-gel process and ion exchange-crosslinking, respectively.
Based on this strategy, Prouzet et al. [29] prepared millimeter-sized granules from a sodium
alginate /boehmite suspension, followed by calcination to provide porous y-Al,O3 beads.

Sodium alginate, a natural biopolymer extracted from seaweed [29,30], is widely rec-
ognized for its use as gelling, emulsifying, and viscosifying additive in the food industry.
It also finds applications in biomedical fields, such as for protein or cell encapsulation,
drug delivery, and tissue engineering [29-31]. Sodium alginate is an ionic linear un-
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branched chain consisting of polysaccharides, specifically 3-(1-4)-D-mannuronic acid (M)
and «-(1-4)-L-guluronic acid (G) [30]. These units are arranged along the chain such that
they form distinct sections of polymmannurate (M block), polyguluronate (G block), and
alternating G and M regions (MG block) [30,31]. The carboxyl group (COO") present in
the monomer sections is bound to Na*. The cross-linking property of the sodium alginate
chain is essential in the integrated gelling method. In the presence of multivalent ions,
such as CaZ*, BaZt, Sr2*, AI**, La®*, and others [32], the Na* cations undergo ion exchange,
resulting in the binding of functional monomers in the chain through COO™ groups [29,33].
Notably, the binding between G blocks (junction zones) is more pronounced, particularly
when divalent ions such as Ca?*, BaZ*, and Sr?* are utilized. This results in the formation
of structures commonly known as egg-box dimers [31,32,34]. Among these ions, the use of
a Ca?* (aq) gelling bath is particularly highlighted due to its non-toxicity, biocompatibility,
and ability to produce strong alginate-derived gels [32,35]. Consequently, the integrated
gelling method, based on the cross-linking of sodium alginate with a Ca?* (aq) gelling
bath, constitutes a versatile patterning and encapsulation technique of solid networks.
However, there is limited research on the effects of the processing conditions of this method
on the synthesis of millimeter-sized spherical porous ceramic supports [11]. Therefore, it is
important to explore applications of comparable examples of this route in the synthesis of
alternative spherical porous ceramic supports and study their resultant properties.

Porous ceramic supports with hierarchical pore systems (macro-, meso-, and/or micro-
pores) within their solid networks have garnered increasing interest due to the combined
structural stability and functionality offered by these features [2,5]. Diatomite, also known
as diatomaceous earth, is a lightweight fine-grained biogenic sediment with a unique set of
properties that has gained attention in both the industrial and academic fields as a suitable
raw material for certain applications, including filters, absorbers, catalytic supports, and
fillers [36,37]. Diatomite is derived from the frustules of diatoms, which are fossilized
unicellular algae or microscopic plants. These frustules primarily consist of amorphous
hydrated silica (5i0,.nH,0), which is categorized as a non-crystalline opal-A [36,38]. With
dimensions in the range of 1-100 um (usually >10 pm, depending on the species), diatomite
frustules display distinctive bimodal meso/macroporosity [38,39], which influences the
specific surface area and facilitates efficient mass-transport and diffusion processes [38].
Additionally, diatomite exhibits strong acid resistance, thermal stability, low-thermal con-
ductivity, and high-mechanical strength, making it highly desirable for the aforementioned
applications [36,38]. Moreover, diatomite is an inexpensive, easily available, and abundant
form of silica [36,37].

To the best of the authors” knowledge, no previous report has focused on the prepara-
tion and optimization of millimeter-sized spherical porous diatomite supports (hereafter
referred as porous diatomite granules) based on the “integrated gelling” approach [29].
Additionally, there is a lack of research on the effects of heat-treatment conditions on the
pore and mechanical characteristics of these granules. Therefore, this study aims to propose
the preparation of an alternative porous ceramic carrier, with potential applicability as
a catalytic support using a low-cost and abundant raw material along with a processing
route that involves non-toxic reactants. Specifically, the suggested method entails the use of
diatomite/sodium alginate dispersions and the gelling of sodium alginate by cross-linking
with Ca* cations as the gelling agent (physical cross-linking) [30].

2. Materials and Methods

In this study, diatomite powder (flux calcined, Celite 499, Celite Corp, Lompoc, CA,
USA, 92.0% SiO; as referred to in Table 1) and sodium alginate (Daejung Chemicals and
Metals, Gyeonggi-do, Republic of Korea) were used as raw materials for the preparation of
porous diatomite granules. The manufacturing process of the porous diatomite granules
was a dropwise granulation process, which was described in previous works [6,11,40].
Diatomite-based slurries were prepared by ball-milling (5 mm-sized alumina balls, 200 rpm,
4 h) different amounts of powders, ranging from 4 to 44 g (diatomite solid content: 3.8 to
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30.5 wt.%) in 100 mL of distilled water (DI water) with the addition of 1 wt.% of Dolapix
CE64 (Zschimmer and Schwarz Chemie GmbH, Lahnstein, Germany) as a dispersant.
The compositions were designated as “DX”, where “D” represents diatomite and “X”
denotes the mass of the diatomite used to prepare the batches (Figure S1). Subsequently,
diatomite /sodium alginate dispersions were obtained by mixing the diatomite slurries
with a fixed content of 1.5 wt.% of sodium alginate. The mixing process was carried out
for 4 h at 300 rpm, followed by overnight stirring at 200 rpm to de-foam the gels. The
sodium alginate content was fixed considering the minimum concentration required to
achieve high sphericity (sphericity ~1, sphericity factor ~0), as reported in previous studies
of sodium alginate droplet gelation [40,41]. The resulting dispersions were transferred
dropwise through a syringe tip with a diameter of 1 mm into a column containing a 10 wt.%
CaCl; solution (aq) (Daejung Chemicals and Metals, Gyeonggi-do, Republic of Korea).
The collection distance between the syringe tip and the surface of the CaCl, bath was set
to 1 cm. The wet-gel droplets were allowed to age for 1 h in the CaCl, solution, after
which they were separated by simple filtration and washed with DI water. The resulting
granules were dried at 80 °C overnight and subsequently heat-treated at 1200 °C for 1 h
in air. The granules obtained with a selected batch composition (sphericity ~1, sphericity
factor ~0) were heat-treated at different temperatures, in this case, 900 °C, 1000 °C, and
1100 °C. Granules derived from the selected processing conditions were labeled as “DX-Y”,
where “D” represents diatomite, “X” denotes the mass of the diatomite used to prepare the
dispersion, and “Y” represents the first one or two digits of the heat-treatment temperature.
In this case, “0” refers to dried granules, i.e., green body, “9” refers to 900 °C, “10” refers
to 1000 °C, and so on. A diagram illustrating the different processing steps is provided in
Figure 1. Specific resulting properties of the materials, dispersions, and porous diatomite
granules were characterized throughout the manufacturing process.

Heat treatment

G block section of the alginate chain with the Ca2*ion cross-linked to COO~ radicals
presence of carboxyl radical: O=C-O~ (COO™)

Water molecules binding SiO, or alginate or  :
forming hydrogen bridges between molecules :

Evaporated water molecules

Figure 1. Diagram of the steps and mechanisms involved in the processing of porous diatomite
granules, including (a) preparation of the diatomite/sodium alginate dispersion, (b) gelation of
dispersion droplets in a Ca?* bath, (c) evaporation of encapsulated water through drying, and
(d) bonding of diatomite particles after a heat treatment.
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The average particle size distributions of the processing powders were determined
using a particle size analyzer (LSTM 13 320 MW, Beckman Coulter, Brea, CA, USA). The
viscosity curves of the diatomite/sodium alginate dispersions were measured using a
rotary viscometer (ViscoQC300, Anton Paar GmbH, Graz, Austria). The quantitative
measure of the granule shape was calculated according to the sphericity, as described in
the literature [6,42].

The bulk density (p,) of the granules was determined according to the ISO 18754
standard [43] with the following equation:

Pp =my X py/(m3 — my), 1)

where mj, mp, m3, and p; are the weight of a dried specimen (one particle), weight of a
specimen submerged in water, weight of a specimen saturated with water, and the density
of water at 25 °C (~1.0 g/cm?), respectively. The porosities of the specimens were calculated
based on the bulk densities of the specimens and the theoretical density of diatomite (py,:
2.30 g/cm?), according to the following equation [44]:

Porosity (%) = (1 — pp/ptm) x 100 2)

The pore size distribution was assessed by means of mercury porosimetry (Autopore
IV 9510, Micromeritics, Norcross, GA, USA). N, adsorption/desorption isotherms at
the liquid nitrogen temperature (77 K) were measured utilizing a Belsorp-max II system
(MicrotracBEL Corp., Osaka, Japan). The specific surface areas were calculated from the
linear part of the adsorption data using the Brunauer-Emmett-Teller (BET) method. All
the specimens were degassed at 150 °C under vacuum conditions for 8 h to ensure the
detection of the pressure gradient. The total pore volume was determined at a relative
pressure level of p/py = 0.99 [6]. The fracture force (Fg), which represents the maximum
load applied to break an individual granule [3], was measured using a compression tester
machine (DU-B-004, DUE tester CO., Gyeonggi, Republic of Korea). The compressive
strengths of the granules were calculated from Fp values considering the dimensions of the
tested granules (radius: R) [3]:

Compressive strength = Fp /7R? (©)]

The phase analysis of the granules was conducted using an X-ray diffractometer
(D/Max 2500 V/PC, Rigaku Corporation, Akishima, Japan) with Cu K« radiation generated
at 40 kV and 200 mA and a scanning speed of 5° /min. Cross-sectioned microstructures and
surface morphologies of the particles were observed with a scanning electron microscope
(SEM, JSM-5800, JEOL, Tokyo, Japan).

Table 1. Typical chemical analysis results of diatomite (%).

. Loss
*
SiO, Al,O3 Fe, O3 CaO MgO Na,0 + K,O of Ignition (1000 °C)
92.0 1.0 1.5 0.3 0.3 2.5 0.2

* Up to 72.5% of crystalline phase (<70.0% cristobalite, <2.5% quartz).

3. Results
3.1. Characterization of Diatomite Powders, Diatomite/Sodium Alginate Dispersions
and Resultant Granules

The particle size distributions of the diatomite powders with a major SiO, composition,
as shown in Table 1, were compared before (as-received diatomite) and after ball-milling
for four hours, as presented in Figure 2. The results indicate that the average particle size
of the diatomite powders decreased from 13.92-14.25 um (average particle size: ~13.96 um,
D1p: 5.57 um, Dsp: 11.14 um) for the as-received-diatomite to 5.48-5.77 um (Dqg: 0.26 um,
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Dsp: 5.42 pm) for the ball-milled diatomite powders. The ball-milling process resulted in
a narrowed particle size distribution and increased uniformity of the diatomite particles
by reducing agglomerates [45,46]. According to the literature, this improved particle size
distribution is beneficial for optimizing the viscosity of processing dispersions [46] and for
enhancing the mechanical strength of the resultant ceramics [45] due to the formation of
ordered particle domains. The described trends were observed in our previous studies of
reticulated porous ZrO, and ZrO,-toughened Al,O3; ceramics [47,48], where ball-milling
enabled the tailoring of the particle size distribution of the raw materials, resulting in
the optimized viscosity of the processing slurries and improved compressive strength
capabilities of the ceramic materials.

10 10
O~ Average particle size = 14.25 um, Powder 1 O Average particle size = 5.86 um, Slurry 1
—0— Average particle size = 13.70 um, Powder 2 —0— Average particle size = 5.48 um, Slurry 2
8 | —o— Average particle size = 13.92 uym, Powder 3 gl —@— Average particle size = 5.77 um, Slurry 3
Tor &
(V]
£ g Y
=}
sS4t
>
2+ o,
9’.
AN
Sese
O 1 1 =8:8_T_,\. PY
20 40 60 80 0 10 20 30 40
Particle size diameter (um) Particle size diameter (um)

(a) (b)

Figure 2. Particle size distributions of three different samples in each case: (a) as-received diatomite
powders and (b) diatomite powders after ball-milling for 4 h.

Furthermore, the ball-milled diatomite powders exhibited a bimodal particle size
distribution (average particle size: ~5.70 pm), which resulted from the breakup of large
diatomite particles originating two maximum values of modes, a primary peak at around
Dsp: 5.35-5.47 um and a secondary peak at around 0.31-0.54 um, corresponding to the Dyg
value of the distribution (~0.26 um). Earlier works focusing on Al,O3 ceramic materials
found that bimodal particle size distributions of Al;O3 with a smaller fraction (10-30%) of
finer particles can enhance the packing density, i.e., the bulk density of the green body, in
systems with a fixed solid content. This fraction of finer particles promoted the optimization
of the viscosity of the processed slurries and enhanced the inter-particle bonding by filling
the gaps between the grains, resulting in improved mechanical properties [49,50].

Based on the analysis above, it is proposed that the applied milling processing con-
ditions, as determined from our previous research (4 h, 200 rpm) [37], which prevent the
pulverization of the diatomite frustules, are likely to improve the regularity of the particle
size distribution of the diatomite powders. Consequently, the use of ball-milled diatomite
powders is expected to optimize the properties of the diatomite/sodium alginate disper-
sions and porous diatomite granules, compared to using as-received diatomite powders
without prior processing.

Figure 3 presents the viscosity of diatomite/sodium alginate dispersions prepared with
diatomite contents ranging from 3.8 to 30.5 wt.% (D04-D44) as a function of the shear rate
(Figure 3a) and rpm (Figure 3b). The suspensions of diatomite and sodium alginate are cre-
ated by mixing the milled diatomite slurries and sodium alginate at a fixed content to ensure
the homogeneity of the mixture. As depicted in the diagram in Figure 1a, a SiO; /sodium
alginate dispersion (diatomite: 92% SiO,) was formed through non-covalent bonds, in this
case, hydrogen bonds and van der Waals interactions between the silanol groups (SiOH) in
the SiO, and the polar groups (OH- and COO-) of the sodium alginate [51,52]. Additionally,
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hydrogen bonds form between the superficial silanol from SiO, and the water molecules in
the suspensions [51,52]. Likewise, hydrogen bonds exist between the water molecules and
polar groups (OH- and COO-) along the sodium alginate chains [53]. It is worth noting
that, initially, both SiO, particles (pka~2) [54] and sodium alginate particles (pka~3—4)
display significant dispersibility in water above their respective pka values [55]. However,
diatomite/sodium alginate—water system consists of powders suspended in water where
aggregation of these particles arises due to inter-particle attractive forces, such as van der
Waals interactions, especially pronounced among the SiO, particles due to their higher
concentration [56,57]. In this context, the application of the dispersing agent Dolapix CE
64 promotes the electrostatic stabilization of the particles. Dolapix CE 64 features a COO-
functional group that dissociates in water, becoming negatively charged and adsorbed onto
the surface of 5iO; particles. This results in electrostatic repulsion between SiO, particles
in the suspension [47,57], effectively mitigating their aggregation.

10° 5500
—m— D44 —m— D44, n at 1 rpm= 3160 cP
--B-- D43 5000 - --B-- D43, n at 1 rpm= 1560 cP
0 D40 /. _
D o -0 D40, n at 1 rpm= 1326 cP
R e - —v—D36,nat1mpm=1248 cP
© —a— D20 / —0—D28, 1 at 1 rpm= 663 cP
. —o—D12 i /' —A—D20, n at 1 rpm= 468 cP
) --0-- D04 | —oO0—D12, n at 1 rpm= 390 cP
® 100k / --0-- D04, n at 1 rpm= 273 cP
g &
2 m
f=y 4
)
oogggg'lllnnlullll L EELELLEL
- Q
8pesiiiiToagRananaannnnanan
10 B?BaaclaaasaloBcaqawaqaaaa
10 0 5 10 15 20 25 30

Shear rate (s™) Speed (rpm)
(a) (b)

Figure 3. Viscosity values of different diatomite/sodium alginate dispersions as a function of the
(a) shear rate and (b) rpm (viscosities at 1 rpm included in the figure).

The viscosity of the D04 to D43 dispersions primarily exhibited shear-thinning be-
havior with an increasing shear rate. However, for dispersions with higher diatomite
contents (D40 and D43), this trend shifted slightly. Specifically, the D43 dispersion showed
a transition from shear-thinning behavior (0.35 1/s to 3.52 1/s) towards an equilibrium
state (3.85 1/s to 7.33 1/s), followed by a shear-thickening phase (7.71 1/s to 10.14 1/s).
Additionally, the D44 dispersion exhibited a gradual shift from a nearly stagnant state
(0.351/s to 0.70 1/s) to shear-thickening behavior (1.051/s to 2.45 1/s).

These outcomes are attributable to the interplay of various forces. At low shear rates,
suspended SiO, particles are subject to repulsive inter-particle electrostatic forces, which
stabilize the diatomite/sodium alginate dispersion and maintain a shear-thinning state [58].
However, shear-thickening behavior arises due to strong hydrodynamic interactions be-
tween SiO, particles as the shear rates increase, resulting in the formation of hydroclusters
(coupled particles) [59]. These hydroclusters hinder the flow of particles around each other
under high-flow conditions, leading to higher energy dissipation and a sudden increase in
the viscosity [59].

For the case of D44 dispersion, the viscosity values could not be determined beyond
7.25 rpm due to the viscosity exceeding the limit of the viscometer, under identical experi-
mental conditions. The higher diatomite solid content in the D44 dispersion formulation
increased the number of SiO, particles, resulting in enhanced hydrodynamic forces and
shorter distances between the particles. This, in turn, led to the formation of a larger
number of hydroclusters at lower shear rates, resulting in increased motion resistance and
viscosity with higher shear rates up to a certain threshold [59,60].
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Representative diatomite-sodium alginate granules (D44, D43, D12, and D04) obtained
at each step of the processing route are presented in Figure 4 (Additional images are
presented in Figures S2 and S3 in the Supplementary Materials). The diatomite-derived
porous granules were obtained by dripping droplets from the diatomite/sodium alginate
dispersions into a gelling bath of CaCl,, as shown in Figure 1. The process begins with liquid
droplets that are detached from the capillary, initially having a tear-like shape. During
the granulation-falling process, these droplets evolve into an egg-like shape (ellipsoid)
before eventually assuming a spherical shape due to the surface tension effect [40,41].
When considering specific granulation conditions, the ability to maintain a consistent
shape during the process of droplet granulation and falling is likely determined by the
properties of the diatomite/sodium alginate dispersion, particularly the viscous forces
exerted by the fluid [40,41]. Upon contact between the sodium alginate in the liquid
droplets and the Ca?* cations in the gelling bath, localized cross-linking rapidly initiates
on the droplet surface, forming an external primary membrane. This was facilitated by
the rapid gelation kinetics in the ion exchange process between Na* ions interacting with
the COO™ units of sodium alginate and Ca®* ions in the gelling bath [11]. Each Ca?*
cation bound to four guluronate monomers [30-33], leaving encapsulated water, SiO,
particles interacting with the monomer units of sodium alginate [61], and the remaining
sodium alginate chains towards the core of the droplets. Subsequent layers of sodium
alginate chains became cross-linked through the continuous inward diffusion of Ca?*
(aging process), promoting homogeneous gelation [11,62], particularly at high gelling
bath concentrations (minimum 0.3-2 wt.% CaCl, [11,40]). Additionally, the particles were
brought closer together during the gelling process, reducing the inter-particle space and
the mass of bound water (Figure 1b) [11].

In previous studies, the extent of the ion exchange equilibrium between Na* and Ca?*
was qualified by the degree of substitution, which is related to the interactions between
COO" groups and Ca?* cations forming COOCa units over the crosslinking period (immer-
sion time in CaCl, bath). Research conducted with sodium alginate films (prepared from a
casting solution of 1.76 wt.% sodium alginate) cross-linked using a 0.55 wt.% CaCl, solution
revealed that the degree of substitution reached a plateau after 10 min of cross-linking.
This indicated a constant presence of COOCa units, leaving approximately 10% of sodium
ions unreplaced while maintaining a constant concentration of Ca* cations in the bath [33].
Moreover, it is suggested that the initial stages of the gelation are accelerated by the acces-
sibility of the alginate chains to Ca?* cations. It is important to note that extended aging
times (ranging from 30 min to 12 h) were employed to ensure the hardening and proper
handling of the resulting granules, depending on the experimental conditions [11,34,40].

After undergoing the aging and cleaning processes (Figure 4a), the resulting gel
granules from the D04 and D44 dispersions exhibited distinct shapes with tear-like and
pear-like characteristics, respectively. As the diatomite solid content in the dispersions
increased (i.e., higher viscosity), the gel granules transitioned from tear-like (D04) to egg-
like shapes (D08-D40,) and eventually approached a more spherical shape in the case of the
D43 dispersion. However, during the subsequent processing steps, the final shape of the
granules was slightly modified. This was observed when examining the D12 specimens,
which appeared as ellipsoid-shaped granules with a small protrusion after the drying
and heat treatment processes (Figure 4b,c), despite the absence of the protrusion in the
gel state (Figure 4a). Specifically, after drying, the shrinkage percentages were higher for
the D04 to D16 granules (ranging from 59.6% to 45.0%) compared to those of granules
derived from dispersions with higher solid contents (D40 to D44), which experienced
lower shrinkage percentages (ranging from 25.8% to 4.6%). This phenomenon can be
explained as follows: (1) Assuming a fixed tip dimension of 1 mm, we can consider a
comparable volume of droplets (diatomite/sodium alginate dispersion) being detached
from the capillary. (2) During the flow of the dispersion through the tip, the suspended
5iO, particles were concentrated in the tip and were redistributed within the droplet as
it is ejected. In particular, a significant concentration of particles tends to localize in the
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area/volume of the droplet that was lastly detached from the tip [63]. (3) With the increase
in the diatomite content in the dispersion, more SiO, particles become bound to sodium
alginate within the droplet. As a result, the area/volume occupied by these particles
increases, leading to a decrease in the area/volume occupied by bound water within the
droplet. (4) Eventually, the cross-linked alginate chains encapsulate the SiO, particles,
following their distribution pattern within the droplet.

Figure 4. Representative porous diatomite granules (D44, D43, D12, and D04) obtained after each
step in the processing route: (a) aging (CaCl, bath) and cleaning (DI water), (b) drying (80 °C,
overnight), and (c) a heat treatment at 1200 °C for 1 h in air. (Additional images corresponding to
porous diatomite granules between D08-D24 and D28-D40 are presented in Figures S2 and S3 in the
Supplementary Materials).

It is suggested that, for low diatomite contents (D04 to D16), there were fewer binding
sites between 5iO; and sodium alginate, leading to the formation of more hydrogen bonds
between sodium alginate and water. Likewise, the hydrophilicity of the SiO, particles in
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the formulated dispersions facilitated the formation of hydrogen bonds. Consequently,
the volume of bound water present in the droplets was higher, resulting in lower viscosity
compared to that of the D43 dispersion. For higher solid contents (D20 to D44), it is
suggested that the binding interactions between SiO; and sodium alginate were stronger,
increasing the structural stability (solid network) of the gel granule [51,52,61]. This also
affected the shape of the granule, as the portion of solid matter (diatomite) interacting with
the alginate chains was higher relative to the portion of bound water.

As shown in Figure 1c, the drying process resulted in the evaporation of water from
the gel granules composed of diatomite and cross-linked alginate, causing the structure to
shrink. During the drying step, the bulk water trapped within the granules evaporated,
leading to a closer packing of SiO, particles that were initially significantly saturated with
water. This was followed by the invasion of air and the gradual emptying of pores [64,65].
The cross-linked alginate network also shrank and collapsed [66] due to the aggregation
of chain segments in the junction zones [34,67]. Throughout the shrinkage process, the
diatomite particles remained encapsulated in the polymer-like network of the cross-linked
alginate, following the distribution pattern of S5iO, particles within the droplet during
the sodium alginate cross-linking process. Consequently, the shape of the heat-treated
granules (Figure 5) closely resembled that of the dried granules, accompanied by decreased
shrinkage values (D04: 18.45% to D44: 2.53%). After the heat treatment (Figure 1d), the
diatomite particles bonded, forming a solid network with inter-particle pores.

D36 D20 D04

Figure 5. Porous diatomite granules obtained from different dispersion compositions after a heat
treatment at 1200 °C for 1 h in air.

Figure 6 presents the sphericity of the diatomite-derived granules as a function
of the mass of diatomite in the dispersions (Figure 6a) and the viscosity of the disper-
sions (Figure 6b). The results indicate that the heat-treated granules prepared with the
D04-D16 dispersions (3.85 wt.% to 13.79 wt.%), which displayed viscosities from 273 mPa-s
to 429 mPa-s, showed sphericity values between approximately 0.4 and 0.6, exhibiting a
tear-like shape (D04) or an ellipsoid shape with a small protrusion (D08-D16). As both
the diatomite content (16.67 wt.% to 28.57 wt.%) and the viscosity of the dispersion in-
creased (D20: 468 mPa-s to D40: 1326 mPa-s), the granules presented sphericity values of
around 0.7-0.8. The D43 dispersion exhibited the highest sphericity of around 0.9, with a
diatomite solid content and viscosity of 30.07 wt.% and 1560 mPa-s, respectively. However,
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a slight increase (1.63%) in the solid content (30.56 wt.%) resulted in a significant increase
in the viscosity of the D44 dispersion (3160 mPa-s), leading to pear-shaped heat-treated
granules with decreased sphericity of approximately 0.5. This suggests that under the
fixed processing conditions, there is a diatomite solid content and a viscosity threshold
of approximately 30.07 wt.% and 1560 mPa-s, respectively, which can be used to achieve
porous diatomite granules with sphericity of around 0.90. Similar trends were observed
in CSZ microspheres [22,68] and y-Al,O3 granules [6] under pre-established granulation
conditions [6]. The shape of these specimens was improved to achieve a sphericity value
close to 1 (sphericity factor close to 0) by increasing the solid matter (raw materials or pre-
cursors content) [6,22] or the viscosity of the starting granulation sols [68], until optimized
parameters were reached. Beyond this condition, the desired sphericity value could no
longer be maintained. Thus, the resultant spherical granule shape is influenced by the
optimization of the solid content and the viscosity of the dispersions to stabilize the solid
network within the granules and minimize deformations during granulation [40].
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Figure 6. Calculated sphericity of the porous diatomite granules obtained after a heat treatment
at 1200 °C for 1 h in air as a function of the (a) mass of diatomite and (b) viscosity of the di-
atomite/sodium alginate dispersions at a fixed shear rate (~0.3s~1, 1 rpm).

Based on the above analysis and considering the tested granulation conditions, the
selected diatomite/sodium alginate dispersion composition to ensure millimeter-sized
granules (2.60-3.10 mm) with a sphericity of approximately 0.90 is 43 g of diatomite/100 mL
H,0O and 1.50 wt.% of sodium alginate. An investigation of alternative granulation pa-
rameters, gelling bath conditions, and alginate compositions or additives to optimize the
sphericity of the granules processed with higher contents of diatomite (D44: 30.56 wt.%)
is beyond the scope of this work. Therefore, the porous diatomite granules for the sub-
sequent experiments were prepared using the fixed D43 dispersion composition and
granulation conditions.

3.2. Effect of the Heat-Treatment Temperature on the Properties of the Porous Diatomite Granules

The XRD patterns of the D43 specimens heat-treated between 900 °C to 1200 °C, as
compared to the as-received diatomite powders, are presented in Figure 7. The patterns
revealed prominent peaks corresponding to cristobalite as the primary crystalline phase,
along with minor peaks of quartz. The XRD patterns of the D43-9 and D43-10 specimens
closely resembled that of the as-received diatomite, indicating the absence of SiO, crys-
tallization during this heat treatment. According to the manufacturer, the as-received
diatomite powders is a further purified variety achieved through a flux calcination process
carried out between 800 to 1000 °C, using a fluxing agent, commonly Nay,COs. The use of
Na;COj aids in lowering the melting point of silica, facilitating the formation of cristobalite
even at temperatures as low as 900 °C [69,70]. Based on the XRD patterns of the porous di-
atomite granules treated at 900 °C and 1000 °C, it is suggested that the primary amorphous
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silica to cristobalite phase transformation occurred during the manufacturing process of
the as-received diatomite powder. Furthermore, subsequent heat treatment during the
processing of the D43-9 and D43-10 specimens did not lead to significant crystallization
promotion. However, the D43-11 and D43-12 specimens exhibited increased intensity in
the cristobalite peaks with an increase in the heat-treatment temperature. This indicates
enhanced crystallization of the amorphous SiO, (amorphous SiO, content < 72.5% in the
as-received diatomite powders, as shown in Table 1), which is known to be promoted at
temperatures higher than 1000 °C [71]. According to the sintering kinetics of diatomite,
the crystallization of cristobalite, along with the densification of particles, is promoted at
temperatures exceeding 1000 °C. Therefore, this suggests that a promoted sintering process
was observed for the D43-11 specimen, and this process was intensified for the D43-12
specimen [71].
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Figure 7. X-ray diffraction patterns of the porous diatomite granules heat-treated between 900 °C
and 1200 °C as compared to the as-received powder.

As a result, the utilization of purified diatomite powders is proposed to yield an in-
creased fraction of cristobalite, which holds preferential importance in catalytic applications
due to its heightened mechanical strength, chemical, and thermal resistance, as well as
superior catalytic activity as compared to amorphous SiO; [72]. Thus, both the source
material and the selected treatment are likely to contribute to the advantageous properties
of the resulting porous diatomite granules.

Cross-sectioned microstructures of the D43-0, D43-9, D43-10, D43-11 and D43-12 speci-
mens are presented in Figure 8, while Figure 9 shows typical microstructures of the external
surfaces of the specimens. The microstructures of all specimens displayed typical diatomite
flake-shaped frustules with characteristic honeycomb-like walls and rod-shaped frustules
with pores distributed alongside the edges of the structure [73,74]. For the D43-0 sample,
web-like filaments of crosslinked alginate were observed between the diatomite particles,
serving as a binding agent that embedded the particles (Figure 9a). It is suggested that,
upon heat treatment, CO, and H,O gases are released from the alginate chains, leaving
remaining traces of calcium and sodium oxides [75]. With an increase in the temperature,
the bonding between the particles was enhanced, which was particularly evidenced in the
D43-12 specimen, accompanied by a transition from predominantly small-sized pores to
the emergence of large-sized pores, as shown in the regions in Figure 9c.
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Figure 8. Typical SEM images of cross-sectioned porous diatomite granules: (a) green body, and
granules heat-treated at (b) 900 °C, (c) 1000 °C, (d) 1100 °C, and (e) 1200 °C.

Figure 9. Typical SEM images of the external surface morphologies of porous diatomite granules:
(a) green body, and granules heat-treated at (b) 900 °C, and (c) 1200 °C. (Large-sized pores shown in
enclosed regions with the corresponding size).

Figure 10 shows the corresponding porosities and bulk densities (Figure 10a), as well as
the pore size distributions (Figure 10b) of the D43-9, D43-10, D43-11, and D43-12 specimens.
These results indicate gradual partial densification occurring between 900 °C and 1100 °C,
as evidenced by a 5.47% increase in the bulk density (accompanied by a 1.88% decrease
in the porosity) within this temperature range. Subsequently, with the temperature rising
from 1100 °C to 1200 °C, a significant 15.70% increase in the bulk density and a 5.70%
decrease in the porosity were observed. This reduction in the porosity was attributed
to the facilitated partial densification resulting from the viscous flow of the melt phase
formed by amorphous SiO; and the impurities present in the as-received diatomite (Al,Og,
Fe; 03, CaO, MgO, Na,O, and K,O) [74,76], becoming more pronounced at 1200 °C [71].
Specifically, the oxide impurities within the diatomite particles enabled the formation
of low-temperature eutectics, promoting the generation of a melting phase [74,76] and
enhancing the coalescence of pores driven by the capillary effect [74,76,77].
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Figure 10. Porosity and bulk density properties (a), and pore size distributions (determined by
mercury porosimetry) (b) of porous diatomite granules heat-treated between 900 °C and 1200 °C.

The specimens exhibited unimodal pore size distributions, predominantly correspond-
ing to inter-particle pores [74], with peaks observed at 1.765 um, 1.872 pum, 2.419 um,
and 2.777 um for the specimens heat-treated at 900 °C, 1000 °C, 1100 °C, and 1200 °C,
respectively. The pore size increased with the temperature, a finding consistent with
those in similar reports on y-Al,O3 [3,16,78], TiO, /v-Al,O3 [25], and N-doped TiO, /-
Al,O3 granules [26] processed through the oil-drop [3,16] and hydrocarbon-ammonia
routes [25,26,78]. This phenomenon can be attributed to the enhanced viscous flow of
the melt phase, facilitated by the capillarity effect. This effect leads to the penetration or
merging of smaller pores, resulting in a decrease in their abundance, and leaving larger
pores [76-78]. This phenomenon was observed in the D43-12 specimen, where larger pores
were found compared to the predominantly smaller pores observed in the D43-9 sample
(Figure 9). Additionally, the logarithmic differential intrusions decreased slightly from
900-1000 °C to 1100-1200 °C, indicating a reduction in the number of open pores due to
the improved partial densification between the particles (narrowed inter-particle distance)
with an increase in the heat-treatment temperature [74,79]. Moreover, the log differential
intrusion area covered pore size diameters ranging from approximately 0.1 um to 4 pm
for the temperature range of 900 °C to 1000 °C, and from around 0.2 pm to 7 pm for
the temperature range of 1100 °C to 1200 °C. In this context, the region under the curve
correlates with the concentration of pores while the peak point of the curve represents the
average pore size [80]. This observation suggests that with an increase in the heat treatment
temperature of the porous diatomite granules from 900-1100 °C to 1100-1200 °C, a portion
of the log differential intrusion shifts towards larger pore sizes (i.e., an increased presence
of larger pores). This shift is illustrated in Figure 9¢, depicting the emergence of larger-sized
pores (approximately 7 um).

The N, adsorption/desorption isotherms and main properties deduced from the
isotherms for the D43-0, D43-9, D43-10, D43-11, and D43-12 specimens are shown in
Figure 11 and Table 2, respectively. Overall, the specimens exhibited a minimal amount
of Ny adsorption at low pressures (p/pg < 0.1), indicating the filling of small micro-
pores (<2 nm) [36,81]. An intermediate region (0.1 < p/po < 0.9) was attributed to the
adsorption of mesopores (2-50 nm), while a sharp adsorption region at high pressures
(p/po > 0.9) suggested the presence of abundant macropores (>50 nm) [36,38,81]. More-
over, the samples displayed a hysteresis loop in the high p/pg range. According to the
IUPAC classification [82], the N; adsorption/desorption isotherms of the D43 specimens
corresponded to type II isotherms with a H3 hysteresis loops. These characteristics are
typically observed in porous solids with hierarchical features and are consistent with
diatomite-derived supports [36,38,39,81,83]. Such features are associated with the exis-
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tence of meso/macroporosity [39,81] and the presence of slit-shaped pores and non-rigid
aggregates of plate-like particles [82].
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Figure 11. N, adsorption/desorption isotherms of porous diatomite granules heat-treated between
900 °C and 1200 °C as compared to the green body. (The adsorbed capacity values and the offsets of
the isotherms are included in the label).

The D43 specimens displayed an increase in the average pore size from 14.83 nm
to 35.34 nm, accompanied by a decrease in the specific surface area from 2.45 m? g~ ! to
0.91 m? g~ for the D43-9 to D43-12 specimens (Table 2). Additionally, it is suggested that
the slight increase in the average pore size of the D43-9 specimen (from 14.70 nm to 14.83 nm)
compared to the D43-0 sample can be attributed to the burn-out of the gaseous species from
crosslinked alginate chains [11,75]. Figure 11 shows that the adsorption region, with a range
of 0.1 < p/pg < 0.9, becomes flatter as the heat-treatment temperature increases, indicating
a decrease in the mesoporosity of the specimens [38]. Consequently, the decrease in the
specific surface area is mainly governed by a reduction in the mesoporosity due to the filling
and merging of smaller pores in the mesopore range, which aligns with the trend observed
in the pore size distribution derived from mercury porosimetry (Figure 10b) [3,77,78].
Ultimately, the newly developed porous diatomite granules that were heat-treated between
900 °C to 1200 °C exhibited hierarchical meso/macroporosity, with mesopores in the range
of 14.83 nm to 35.34 nm and abundant macroporosity with pore sizes ranging from 1.765 um
to 2.777 um [39,81].

Table 2. Main properties deduced from the N, adsorption/desorption isotherms of the porous
diatomite granules heat-treated between 900 °C and 1200 °C as compared with the green body.

Designation Total Pore Volume Average Pore BET Specific Surface
(em® g—1) Diameter (nm) Area (m? g~1)
D43-0 0.0107 14.70 2.92
D43-9 0.0091 14.83 2.45
D43-10 0.0088 16.94 2.08
D43-11 0.0089 23.01 1.55
D43-12 0.0081 35.34 0.91

Figure 12, shows the compressive strengths of the D43 specimens heat-treated between
900 °C and 1200 °C as a function of the pore size. The compressive strength outcomes of
the newly developed D43 granules were in the corresponding ranges of 0.51 + 0.09 MPa,
1.17 £ 0.18 MPa, 3.35 & 0.48 MPa, and 5.17 £ 0.31 MPa for the specimens that were heat-
treated at 900 °C, 1000 °C, 1100 °C, and 1200 °C. These results showed that the compressive
strengths of the specimens increased with the heat-treatment temperature, which can
be attributed to the promoted inter-particle partial densification and decreased poros-
ity [71], particularly evidenced at 1200 °C (porosity of 69.0 & 2.9% and bulk density
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of 0.714 £ 0.07 g/cm?). The D43-9 specimens (0.51 £ 0.09 MPa, macropores: 1.765 um,
mesopores: 14.83 nm) showed a compressive strength value comparable to that of boehmite-
derived v-Al,O3 granules (0.95 MPa, pore size: 11.60 nm) obtained under similar processing
conditions (sodium alginate gelation) [11]. Furthermore, the D43-12 specimens exhibited
a five-hold higher compressive strength (5.17 + 0.31 MPa, macropores: 2.777 um, meso-
pores: 35.34 nm) compared to boehmite-derived y-Al,O3 granules, despite having larger
mesopores [11]. Additionally, the newly developed D43-12 granules showed compressive
strength comparable to that of porous diatomite granules (5.09 MPa, pore size: ~1.8 um) [84]
prepared by pan rotation granulation under similar heat-treatment conditions, while also
exhibiting hierarchical meso/macroporosity and approximate sphericity of 0.9.
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Figure 12. Compressive strength values of porous diatomite granules heat-treated between 900 °C
and 1200 °C as a function of the macropore diameter.

The compressive strength of the granules increased from 0.51 4 0.09 MPa to 5.17 +
0.31 MPa as the heat-treatment temperatures increased from 900 °C to 1200 °C, while the
specific surface area decreased from 2.45 m? g1 to 0.91 m? g~ !. This indicates a trade-off
relationship between these two properties. Nevertheless, the specimens exhibited a hier-
archical meso/macropore structure irrespective of the heat-treatment condition. Despite
having a lower specific surface area, the D43-9 and D43-12 specimens showed mesopore
sizes comparable to those of boehmite-derived y-Al,O3 granules (Spgr: 244.0 m? g~1,
14.83 nm) [11] and oil-molding derived y-Al,O3 granules (Sgg: 7.0 m? g_l, 39.92 nm) [16],
which were obtained through similar heat treatments and are applicable as catalytic sup-
ports. Furthermore, the newly developed D43-9 granules (2.45 m? g~!, mesopore size:
14.83 nm) exhibited a specific surface area comparable to that of the CaO/carbon catalyst
beads used in CO, reduction (2.03 m? g’l, 1.8 nm, N calcination, 500 °C) [85]. Additionally,
the D43-9 and D43-12 specimens displayed mesoporosity and macroporosity ranges similar
to those of non-consolidated diatomite supports (mesopore size: ~30 nm [38], macropore
size: ~0.1-3.2 um [81]) of the type used for the adsorption of organic pollutants [36,38] and
heavy metals [36]. The macroporosity in these systems is considered highly beneficial for
adsorption applications, as it enhances the efficiency of the mass transport and diffusion
process [38].

In summary, our newly developed D43-9 specimens showed compressive strength
comparable to that of sodium alginate gelation-derived y-Al,O3 granules [11] along with
comparable mesoporosity. Similarly, the D43-12 specimens displayed mesoporosity anal-
ogous to oil-molding derived y-Al,O3 granules [16], both of which find applications in
fluidized bed reactors. Furthermore, the D43-12 granules demonstrated compressive
strength comparable to that of porous diatomite granules processed through a complex pan
rotation process, which are also applicable to fluidized bed reactors [84], and the D43-12
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granules exhibited a consolidated form while presenting meso/macroporosity similar to
that of the non-consolidated diatomite supports used for adsorption applications [36,38,81].

Accordingly, the proposed manufacturing method successfully facilitated the develop-
ment of hierarchically porous diatomite granules with high sphericity and compressive
strengths comparable to those of similar porous materials reported in the literature. The
presence of hierarchical porosity in millimeter-sized spherical materials is highly desirable
for their application as a support material for catalytic and adsorption purposes. This
is due to factors including (1) the functionality associated with the mesopores, (2) the
good mechanical and chemical stability attributed to the macroporosity [5,11], and (3) the
advantageous fluid transport facilitated by both the hierarchical nature and the material’s
spherical shape [5,6]. Consequently, the newly obtained porous diatomite granules possess
a combination of features that make them potential porous support materials for catalytic
and adsorption applications, similar to those discussed in the literature.

4. Conclusions

In this study, porous diatomite granules were prepared by the dropwise granulation
of diatomite/sodium alginate dispersions involving sodium alginate cross-linking and
subsequent heat treatment ranging from 900 °C to 1200 °C. The dispersions were formulated
with solid loadings of diatomite ranging from 3.8 to 30.5 wt.% (4 to 44 g/100 mL H,O) while
maintaining a fixed sodium alginate content. The assessment of the properties throughout
the manufacturing process yielded the following key findings:

The optimization of the solid content and viscosity of the dispersions to 30.07 wt.% and
1560 mPa.s (~0.3 s~ ! shear rate), respectively, ensured a uniform solid network within the
granules, which minimized deformations under fixed granulation conditions and resulted
in granules with a maximum sphericity of ~0.90.

The porous diatomite granules exhibited a decrease in the total porosity from 74.6 & 1.9%
to 69.0 £ 2.9%, an outcome attributed to the enhanced partial densification as the heat-
treatment temperature was increased from 900 °C to 1200 °C. Additionally, these granules
displayed a hierarchical structure consisting of macropores ranging from 1.769 pm to
2.777 um and mesopores ranging from 14.83 nm to 35.34 nm. The pore sizes increased due
to the facilitated filling and merging of smaller pores with an increase in the temperature.

A trade-off relationship was evidenced between the compressive strengths and the
specific surface areas of the porous diatomite granules as a function of the temperature. The
compressive strengths increased from 0.51 &= 0.09 MPa to 5.17 & 0.31 MPa while the specific
surface areas simultaneously decreased from 2.45 m?/g to 0.49 m?/g. However, it is note-
worthy that the diatomite granules consistently displayed hierarchical meso/microporosity,
independent of the heat-treatment conditions.

In summary, the newly developed millimeter-sized porous diatomite granules exhib-
ited high sphericity, hierarchical porosity, and acceptable compressive strengths comparable
to those of porous y-Al,O3 granules derived from sodium alginate gelation and porous
diatomite granules, obtained through pan rotation granulation. These characteristics high-
light the potential applicability of these granules as support materials for catalytic and
adsorption purposes.
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/ /www.mdpi.com/article/10.3390/app13169474/s1, Figure S1: Scheme illustrating the ball-milling
conditions and the processed diatomite slurries used to prepare the diatomite/sodium alginate
dispersions and, subsequently, the porous diatomite granules; Figure S2: Representative porous
diatomite granules (D08-D24) obtained after each step in the processing route: (a) aging (CaCl2 bath)
and cleaning (DI water), (b) drying (80 °C, overnight), and (c) a heat treatment at 1200 °C for 1 h in
air; Figure S3: Representative porous diatomite granules (D28-D40) obtained after each step in the
processing route: (a) aging (CaCl2 bath) and cleaning (DI water), (b) drying (80 °C, overnight), and
(c) a heat treatment at 1200 °C for 1 h in air.
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