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rheological properties of the foamed suspensions and the type of foam film stabilization in the production of
porous silica materials with low mass density and excellent insulating properties. In the current study we extend
our approach to prepare lightweight carbonate ceramics with controlled density, shrinkage and good mechanical
properties. To prepare the wet foam precursors, we tested a series of eight anionic surfactants which were
previously reported to provide sufficient hydrophobization of CaCO; particles and long-term stability of the
liquid foams. From those surfactants, the medium-chain fatty acids led to crack-free porous materials with
superior mechanical strength, compared to the conventional surfactants. We study the reasons for the formation
of cracks in drying Pickering foams and, on this basis, propose optimal conditions for obtaining dry porous
carbonate materials with required porosity. Mechanistic explanations are proposed for the main observed ef-
fects.
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1. Introduction

Porous ceramics is a class of materials which is usually character-
ized with low mass density and high specific surface area. These
properties make the porous ceramics desirable materials for vast range
of applications, spanning from simple construction blocks to highly
efficient catalyst supports, and even scaffolds for tissue engineering.
Advantageous method for their preparation is the direct foaming
technique, in which a concentrated particle suspension is foamed, dried
and often sintered [1-3].

Gonzenbach et al. [4] showed that choosing appropriate surfactant
and tuning its concentration, boosts the foaming of suspensions of hy-
drophilic particles. One recommendation for selection of appropriate
surfactant in terms of foam stability is to use surfactants with an elec-
trical charge opposite to that of the particles [4,5]. Such oppositely
charged surfactants adsorb on the particles surface and modify in situ
the particle hydrophobicity during foaming [4]. Some moderate par-
ticle hydrophobicity is considered as a prerequisite for particle ad-
sorption on the surface of the foam bubbles and for ensuring the desired
long-term stability of the formed Pickering foams [5-23].

Studies related to flotation industry, generation of hydrophobic
coatings and stabilization of Pickering foams revealed that several an-
ionic surfactants are suitable for (partial) hydrophobization of carbo-
nate particles [24-30]. Thus, Somasundaran and Agar [24] showed that
sodium dodecyl sulfate (SDS) is appropriate for the modification and
flotation of calcite particles. Hana and Anazia [25-27] used carboxylic
acids and their salts for similar purpose. Later on, other authors used
oleic acid [28,29], dioctyl sodium sulfosuccinate (AOT) [30], and al-
kylbenzene sulfonic acid [31].

Zhou et al. [29] used the knowledge on carbonate modification to
prepare Pickering foams in presence of oleic acid. The obtained wet
foams were stable to coalescence and Ostwald ripening but suffered
from water drainage, due to the relatively low concentration of car-
bonate particles and the respective low yield stress of the suspension.
Similar results were obtained by Cui et al. [30], who used SDS and AOT
for the surface modification of carbonate particles. However, the foams
in [30] had low air fraction (e.g. below 50vol. %), also contained
particles with low concentrations and suffered from water drainage
which made them inappropriate precursors for preparation of light-
weight porous materials [32-34].

In our previous studies [33,34], we established that a well-defined,
optimal ratio between the particle and surfactant concentrations may
ensure very stable foam precursors. On one side, the surfactant content
should be sufficiently high to partially hydrophobize the particles and
to trigger their adsorption on the bubble surface during foaming. The
particle hydrophobization should provide also moderate attraction be-
tween the neighboring particles to induce an optimal yield stress of the

Table 1
List of surfactants studied.
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foamed suspensions which can stabilize the foams to drainage
[20,33,34]. On the other hand, the surfactant concentration had to be
sufficiently low to avoid the severe particle aggregation into large
clusters and strong gels which would suppress the suspension foam-
ability [33,34] and cause cracking in the drying foams [33-35].

The major aim of the current study is to apply the approach from
[33,34] and to prepare carbonate ceramic materials with controlled
porosity and optimal mechanical strength by selecting the most ap-
propriate type and concentration of surfactant in the foamed carbonate
suspensions. To achieve this aim we compare the effects of eight an-
ionic surfactants, most of which have been reported previously to
provide sufficient hydrophobization of CaCO5;. We found that particu-
larly appropriate for formation of dry porous materials of high quality
are the medium-chain fatty acids with 8 to 10 carbon atoms. The rea-
sons for the formation of severe cracks in the drying carbonate foams
are studied and explained mechanistically.

2. Materials and methods
2.1. Materials

We used CaCO; particles, provided as dry commercial powder
(Omyabrite® 1300 X — OM, Omyacorp), containing 98 wt% calcium
carbonate, 1 wt% humidity and 1 wt% insoluble salts. The average size
of the particles provided by the manufacturer is 2.4 um and the BET
surface area is 25-30 m?/g (ISO 9277). The mass density of the particles
is 2700 kg/m°.

The anionic surfactants, listed in Table 1, were used to modify the
particles’ surface and to assist the suspension foaming. The conven-
tional surfactants (viz. all except the fatty acids) were first prepared as
10 wt% stock solutions, while the fatty acids were used as received.
Decanoic and dodecanoic acid were melted first (1 min at 50-60 °C) and
then added to the suspensions.

All suspensions and surfactant solutions were prepared with deio-
nized water, produced by Elix 3 module (Millipore, USA).

2.2. Suspension preparation

Suspensions with 30 wt% particle concentration were prepared in
the following way: 180 g CaCO;3 particles were measured in a poly-
ethylene jar and 420 g deionized water was added. This mixture was
hand shaken and then placed on a rotating mill (BML-2, Witeg) for
10 min at 100 rpm. Afterwards, the suspension was homogenized for
3 X 10 min with a pulse sonicator (SKL1500-IIDN, Ningbo haishu sklon
developer). The latter was set to 1s long pulses with power output of
1200 W, followed by 0.5s off, using a sonotrode with diameter of
20 mm. The suspension was then left to cool down to room temperature

Name In text Chemical Formula Producer Average molecular weight, g/mol Active content, %
Sodium a-olephin sulfonate a-0S (C,H3,-1)SO3Na AAKO 314.0 90
(n = 15)
Sodium dodecyl sulfate SDS CH3(CH,);,SO4Na Acros 288.4 99
Linear alkylbenzene sulfonate LAS CeHsCH(C,Hay, + 1) SO3Na Sigma 348.5 90
(n = 11.8)
Dioctyl sodium sulfosuccinate AOT o Sigma-Aldrich 444.6 929
O
(o]
Il )
S—ONa
o I
s}
(o]
Sodium lauryl ether sulfate SLES C12H5(OCH,CH5)3S04Na Stepan Co.USA 420.5 70
Octanoic acid C8Ac C;H;3COOH Fluka 144.2 929
Decanoic acid C10Ac C10H2,;COOH Alfa Aesar 172.3 98
Dodecanoic acid Cl12Ac C,3H,,COOH Acros 200.3 99
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and used in the foaming experiments.

2.3. Wet foam preparation and foam stability assessment

Planetary mixer (Kenwood Chef Premier KMC 560, 1000 W) was
used for suspension foaming. 250 g of 30 wt% carbonate suspensions
were measured in a transparent, graduated mixing bowl and a given
amount of surfactant solution was added. The surfactant concentration
was calculated and is reported below with respect to the water volume
in the foamed suspension.

The mixer was, first, set to a minimum speed for 2 min to homo-
genize the surfactant-particle mixture without generating foam. Then
highest mixing speed was applied for 600 s or until a desired air volume
fraction, @, was reached. Afterwards, the mixer was stopped and foam
samples were taken for gravimetric determination of ® and for char-
acterization of the foam stability with respect to liquid drainage, bubble
Ostwald ripening, and foam drying.

The foam stability upon drying was determined with 114 ml foam
samples, placed in a custom made cylindrical Teflon molds (d = 7.5 cm
and h = 2.6 cm). Foam samples were dried in an oven at 60 *+ 10 °C, at
ambient humidity.

The structure of the dried porous material was observed with
Scanning Electron Microscopy (SEM) instrument TESCAN LYRA3 GM,
Czech Republic. For these observations, the dried samples were broken
into pieces and a small piece with approximate projection 2 X 2 cm?®
was taken from the middle of the sample and coated with Au/Pd alloy
via high-vacuum sputter coating.

2.4. Mechanical strength of the dry materials

A stainless steel ball with known radius and mass was carefully
placed on the surface of the porous material. Under the force of gravity,
the ball penetrates into the solid porous material until the mechanical
strength of the substrate balances the gravitational force exerted by the
ball. We measured the diameter of the formed indentation dimple, a,
and then calculated its area. The compressive strength of the porous
material, oc,, was calculated using a force balance, as explained in
Supplementary section S1:

mg

- 27tR(R ~ LJarr - az) oS

Here g = 9.81 m/s? is the acceleration of gravity, while m and R are the
ball mass and radius, respectively. The method was tested against
commercial testing machine and gave practically the same results for
materials without visible macroscopic cracks (see ESI section S1).

acr

2.5. Supernatant preparation for measurement of the solution surface
tension, particle zeta potential, and for performing model experiments with
evaporating drops

Carbonate suspensions containing 30 wt % particles + surfactant
were prepared, homogenized and then centrifuged for 1 h at 5500 rpm
and 25 °C (Sigma Laborzentrifugen 3-16 PK, Rotor 12,151). The sepa-
rated supernatant was decanted and its surface tension was measured as
a function of time using the pendant drop method on instrument DSA
10 (KRUSS, Germany).

The zeta potential of the carbonate particles was measured with
Zetasizer Nano ZS instrument (Malvern, UK). For these measurements,
0.1 wt% of the carbonate sediment was re-dispersed in the supernatant
solution and at least 3 separate samples were measured, with an
average of 100 runs per sample.

We used the supernatant with the re-dispersed particles, prepared as
explained above for the zeta potential measurements, as a model system
to study also the drying process on a microscale. We placed 1-2uL
droplets of supernatant+ particles on a glass substrate and monitored
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the water evaporation and the particle motion and aggregation in the
drying drop by optical microscopy in transmitted light. We used mi-
croscope Axioplan (Zeiss, Germany), equipped with long-distance ob-
jectives Zeiss LD Epiplan 50 x /0.50 and EC Plan-Neofluar 2.5x/0.075.

3. Experimental results and discussion

In this section we present experimental results about the prepara-
tion of wet foams, their drying and the mechanical properties of the dry
porous materials, comparing the different surfactants. Afterwards,
model experiments, aimed at explaining the observed differences in the
mechanical strength of the final porous materials, are presented and
discussed.

3.1. Preparation of the wet foams

One of our aims is to develop a robust procedure for preparation of
lightweight carbonate materials with porosity > 90%. To calculate the
fraction of air bubbles that we needed to entrap in the wet foam pre-
cursor, we used the relation derived in ref. [32]:

— [1 _ pwall(1 _ (15):|
(2)

2700

where p,, is the mass density of the final porous material,
Peacos = 2700kg/! m? is the mass density of the carbonate material, p,;
is the mass density of the material containing closely packed solid
particles after suspension drying, and @ is the bubble volume fraction
in the wet foam. We measured p,, = 780 + 50kg/m?> via drying of
non-foamed suspension without surfactant. Thus we calculated that =
65 vol. % bubbles should be trapped in the wet foams to obtain 90%
porosity of the final dry material (see ESI section S2).

The suspension in absence of added surfactant did not generate
foam within one hour of mixing due to the natural hydrophilic char-
acter of the CaCO3 particles (contact angle with water < 15°) [30,36].
Therefore, to modify the particles and to assist foaming, we tested the
surfactants listed in Table 1. Illustrative results for the kinetics of
foaming of carbonate suspensions with decanoic acid (C10Ac) are
presented in Fig. 1A. Low concentration of C10Ac allows the formation
of a small amount of foam, but it does not reach the required 65% of
bubble volume fraction even after a very long foaming time. Upon
addition of C10Ac of moderate concentration, 7 mM, a steady process of
foam generation is observed. Around 44 vol % air was entrapped within
the first 10 min of mixing and the foam gradually increased up to
74 vol% after 40 min. At higher concentration of C10Ac, 29 mM, the
foaming was much faster and ® = 74% was reached in 8 min.

All studied surfactants, except for dodecanoic acid (C12Ac), had
similar behavior at 7mM - high foamability with foam formation
within minutes. Air volume fraction = 0.70 was typically reached
within 600 s of mixing (Fig. 1C).

It is worth noting that, similarly to our previous study with silica
suspensions, the surfactant concentrations triggering high foamability,
i.e. ® = 0.65, corresponds to very low surface coverage of the particles
by surfactant molecules. Estimates, using the known particle surface
area and the amount of surfactant added to the suspension, show that
0.38 umol/m?, corresponding to 4.4 nm® per C8Ac molecule
(assuming that all added C8Ac molecules are adsorbed) were sufficient
to obtain stable foams. This value corresponds to less than 4% surface
coverage of the particles, when assuming dense monolayer of = 0.2
nm? per C8Ac molecule [28], specific surface area of the particles of 25
m?/g, and adsorption of all surfactant molecules on the particles sur-
face. The latter assumption was verified experimentally for C8Ac, but is
not true for the conventional surfactants - see Section 3.3 below.

On the other hand, we observed that dodecanoic acid (C12Ac) did
not affect the foamability of the carbonate suspensions within the entire
concentration range tested (Fig. 1B). The most probable explanation of

Porosity = 1 — Pem_

Pcacos
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this result is the formation of calcium soaps, Ca(C12Ac),, which have
very low solubility product, pKy, = 11.94 [37]. As a result, C12Ac
molecules precipitate and are not available to modify the particles
surface. In addition, the calcium soaps of this type are known to have
strong antifoam effect [38].

Our next aim was to compare the efficiency of the different sur-
factants with respect to their ability to yield stable porous materials. To
reduce to a minimum the amount of surfactant needed and to avoid the
particle aggregation in the suspension which has a negative effect on
the stability of the final porous material [33], we make this comparison
at the lowest surfactant concentration allowing the formation of volu-
minous foams. Thus, we foamed suspensions containing 7 mM surfac-
tant and took samples for drying at air volume fraction,
® = 0.65 + 0.02 and ® = 0.75 + 0.02. We studied the stability of
these wet foams upon drying, as well as the mechanical properties of
the final dry porous materials.

All wet foams were stable to drainage. Some limited bubble Ostwald
ripening was observed in the foams containing SLES, while all other
foams showed no signs of bubble ripening. No bubble-bubble coales-
cence events were seen either. Reflected light images from the surface
of the foams, taken immediately after the foam preparation, revealed
that the foams films were stabilized by carbonate particles (see Fig. 2).
Only in the foams with SLES surfactant we observed 5 to 10% of foam
films which were partially stabilized by surfactant molecules — see the
black foam film area, shown by arrow on the SLES image in Fig. 2. The
presence of such thin black film areas could explain the limited bubble
Ostwald ripening in the SLES-containing foams, as the air transfer be-
tween bubbles is inversely proportional to the foam film thickness.

In ref. [34] we showed that the type of foam film stabilization (by
particles or by adsorbed surfactant molecules) plays an important role
on the mechanical properties of the porous materials with high air
volume fraction. We demonstrated that silica foams with ® = 0.70,
whose films were stabilized by adsorbed surfactant molecules, had up
to two times lower mechanical strength, compared to the foams with
particle stabilized foam films. Based on the previous results obtained
with silica foams, we might expect that all foams shown in Fig. 2, ex-
cept those prepared in the presence of SLES, should have similar me-
chanical properties. However, we observed a significant difference in
the mechanical strength of the porous carbonate materials. This effect
and the reasons for its appearance are discussed in the following

sections.

3.2. Effect of surfactants on the mechanical strength of the dry carbonate
materials

To compare the effect of surfactants on the mechanical strength of
the porous materials, we used the procedures described in Sections
2.3-2.4. We prepared dry porous materials from foamed suspensions,
containing 30 wt% particles and 7 mM surfactant, with air volume
fractions @ = 0.65 and 0.75. The obtained porous materials were with
average mass densities of 180 *+ 20kg/m? and 120 + 10kg/m>, re-
spectively. Illustrative pictures of the materials with 120 kg/m> mass
density are shown in Fig. 3. All these foams dried in “one piece”,
without visible cracks on their upper surface. However, once we flipped
the porous samples over, we observed a lot of macroscopic cracks on
their bottom surface (no such differences were seen with the silica
foams in [34]). Only the materials prepared with fatty acids did not
exhibit such macroscopic cracks on any of their surfaces.

Since these cracks did not allow us to compare the mechanical
strength of the materials directly using standard tests with compressing
machine (some of the samples fell apart upon touching), we used a
stainless steel ball to measure their mechanical strength locally on their
upper surface. Direct comparison showed that the method with the steel
ball yields very similar results as the commercial testing machine
(Tiratest 2300, Tira GmbH) for the materials without cracks (e.g.
C8Ac), and it gave somewhat higher crushing stress for the ones con-
taining macroscopic cracks.

Experimental results for the mechanical strength of the materials,
prepared with different surfactants, are presented in Fig. 4A. Materials
with p = 120 kg/m® and containing the surfactants SDS, AOT and a-0OS
had a compressive strength = 3 kPa. In comparison, the materials with
C8Ac and C10Ac had much higher mechanical strength = 13 kPa. This
significant effect of the C8Ac and C10Ac, as compared to the other
surfactants, was observed with all samples tested, including those with
higher mass density of 180 kg/m?>, as shown for two of the surfactants
in Fig. 4B.

We note that the indentation method probes the surface layer of the
porous material and that the mass density of the surface layers of the
different samples could deviate significantly from the average mass
density of the materials (see Section 3.3 for further discussion of this



M. Hristova et al.

C8Ac / C10Ac

a-0S

2016-07-25 18:27:11

SDS

Colloids and Surfaces A 552 (2018) 142-152

2016-07-30 14:49:31

SLES

Fig. 2. Reflected light images of the bubbles on the surface of wet foams, immediately after their preparation. Foams contain 30 wt% particles, 7 mM surfactant, as
indicated in the figure and 75 *= 2vol.% air. Scales - 50 um. The white arrow shows a foam film, stabilized by SLES surfactant.

issue). Therefore, for some systems we compared the “local” strength of
the materials, measured by the steel ball, to their macroscopic strength
measured by compressing machine, cf. the empty and full symbols in
Fig. 4A. Similar results were obtained from both tests for the materials
obtained with fatty acids, whereas for the materials obtained with other
surfactants we measured higher strength locally at the upper surface in
comparison to the macroscopic strength.

SEM micrographs of these materials evidenced that the lower me-
chanical stability of the samples is related to the presence of multiple
micro-to-millimeter-sized cracks all along the materials bottom surface
and in the adjacent bulk regions (see Fig. 4C-E).

To clarify the role of the air bubbles and of the rate of water

evaporation during drying on the process of crack formation, we per-
formed several additional series of experiments. First, we dried non-
foamed suspensions, containing 7 mM octanoic acid or sodium dodecyl
sulfate (SDS) at 60 °C, under conditions equivalent to those used for
drying the foamed suspensions. In these experiments we observed
cracks at the bottom of the final dry materials in the presence of both
octanoic acid and SDS, although these cracks were much smaller for
octanoic acid in comparison to SDS-containing samples. When we made
similar experiments with aerated suspensions, containing different vo-
lume fractions of bubbles, we found that even 20 vol.% bubbles are
sufficient to prevent the crack formation in the presence of octanoic
acid (but not in the case of SDS). These results clearly show that the

TOP VIEW

(Representative image for all samples)

BOTTOM
VIEW

Fig. 3. Pictures of dried materials, prepared from wet foams containing 30 wt% particles and 7 mM surfactant (as indicated in the figure) at ® = 0.75 = 0.02. Foams
were dried in Teflon molds with volume of 114 ml at 60 + 10 °C and ambient humidity.
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Fig. 4. (A) Mechanical strength of porous materials with different mass densities, as indicated in the figure. The error created by variations in the mass density of the
materials was estimated to be + 4kPa for 180kg/m® and less than 2kPa for 120 kg/m® (see ESI section S1). (C-E) SEM pictures of dry foams, with density

180 = 20 kg/m?': (C) C10Ac, (D) LAS and (E) SLES. Scale bar is 1 mm.

bubbles dispersed in the drying carbonate suspensions are not the cause
of the cracking process (unless they are with very high volume fraction)
- on the contrary, they suppress cracking. This latter conclusion is in
agreement with literature results showing that the presence of de-
formable entities (drops, bubbles) inside drying suspension layers could
adsorb/disperse the mechanical stress in-between the particles and,
thus, suppress the cracking during drying of the suspension layer (see
e.g. Jin et al. [39])

The mass density of the dry carbonate suspension, obtained without
cracks in the presence of octanoic acid, was measured to be py.; =
745 + 50 kg/m® while its mechanical strength  was
Owal = 471 + 50kPa. We recall that the subscript “wall” is used to
indicate that similar in values mass density and mechanical strength are
expected for the walls (the porous solid matrix) inside the porous ma-
terials produced after drying the foamed suspensions [34]. The mea-
sured values of py.; and 0, allowed us to plot the relative mechanical
strength of the porous carbonate materials, as a function of their re-
lative mass density, and to compare the results with the data for the
porous silica materials, described in Ref. [34]. As seen from Fig. 5, the
dimensionless data for the two types of particles (silica and carbonate)
agree very well with each other. Furthermore, for both silica and

100 ¢ E
£ L] 3
5 yooseds—
£ 10
2 10
o
s
n
o
=
© g
T, 102 E E
4 B 3
L ® Silica 1
L 4 Carbonates| |
102 :

10 100
Relative density

Fig. 5. Relative strength of porous silica and carbonate materials, as a function
of the relative mass density of the materials. The density is scaled with the
particle matrix density, and the strength is scaled with the matrix compressive
strength, respectively. The solid lines are calculated using Egs. (3) and (4).
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carbonate materials we observe a smooth transition from the Gibson-
Ashby theoretical predictions [40] for closed cell structure (at high
mass density) towards the theoretical prediction for open cell structure
(at low mass density). The Gibson-Ashby model, used to plot the solid
lines in Fig. 5 implies that:

Sor _ (L)(closed cells)

Owall pwall (3)
1.5

e _ O.Z[L] (open cells)

Owall Pwall (4)

Here, oc, is the mechanical strength of the porous material and 0y is
the respective wall (matrix) strength. The values used to plot the data in
Fig. 5 for the silica dispersions are py.; = 474 = 30 kg/m3 and
Owan = 1463 = 200 kPa [34].

As seen from Fig. 4, the bubbles in some of the samples are bigger
than the bubbles in others. More detailed information about the mean
bubble size and bubble polydispersity is presented in the ESI. The
comparison of the data for the bubble size with those for the mechan-
ical strength of the respective porous materials did not reveal any
correlation. For example, the bubbles in the presence of LAS are smaller
than those produced in the presence of SDS but larger than those with
AOT, while the mechanical strength of LAS-containing materials is
higher than that for both SDS and AOT (cf. Fig. 4A). The bubbles in
octanoic acid-containing foams are even bigger but the final porous
materials are the strongest, due to the minimum cracks observed in this
system. Also, we did not see any indications that the bubble size, the
open-cell formation and/or the crack formation are directly correlated.
As shown in Refs. [33-34], we can prepare materials with open cell
structure without having cracks, as well as we observe cracks in ma-
terials with closed cell structures [34].

Therefore, we explained the crack formation in Ref. [34] as a
manifestation of inhomogeneous local distribution of stresses (e.g. dif-
ferent local capillary pressures) during the drying process which could
be a result of several (possibly interrelated) factors: formation of
polydisperse particle aggregates, uneven propagation of the drying
front, particle migration during drying, etc. The importance of these
possible effects is further investigated in the following Section 3.3.

3.3. Crack formation and prevention upon drying - model experiments and
discussion

To identify the mechanism of crack formation in the studied car-
bonate porous materials, we performed a series of model experiments,
including measurements of the surface tension of the drying liquid
phase, and of the zeta potential of the carbonate particles in the foamed
suspensions, as well as drying of (2D) supernatant droplets and of (3D)
macroscopic materials with impregnated tracer dyes.

First, we measured the surface tension of the supernatant solutions,
separated from the foamed suspensions. These experiments aimed to
determine the concentration of free surfactant molecules, after the in-
troduced surfactant had been placed in contact with the carbonate
particles. Therefore, the free surfactant molecules include those which
have not been adsorbed on the particles surface and have not been
precipitated when coming in contact with the Ca®* ions, present in the
carbonate suspensions.

With this aim in view, we prepared suspensions containing 30 wt%
particles and 7 mM surfactant, homogenized and centrifuged them to
separate a clear, equilibrated solution from the particles. We measured
the equilibrium surface tension of the supernatants, obtained in this
way (see Fig. 6A). The supernatant of carbonate suspension, in the
absence of any surfactant added, had surface tension of 71 + 1 mN/m
which indicated a high level of purity of the carbonate particles. C10Ac
and C8Ac had relatively small effect on the surface tension:
72 = 1 mN/m was measured for C10Ac and 57 = 2mN/m for C8Ac.
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These values correspond to negligible concentration of free C10Ac left
in the aqueous phase, and 3.1 mM (= 45%) free C8Ac. These estimates
from the surface tension data were confirmed by gas chromatography
measurements. These concentrations of the free fatty acids in the su-
pernatant indicate surfactant depletion, predominantly due to adsorp-
tion on the particle surface, rather than to acid precipitation as calcium
soaps. Equilibrium estimates show that at least 1.1 mM of C10Ac and
8.5 mM C8Ac could be present in the supernatant, if the precipitation of
calcium soaps were the only mechanism of fatty acid removal (ESI
section S3).

In contrast, the supernatants of the other surfactants (SLES, LAS,
etc.) had surface tensions in the range between 28 mN/m and 32 mN/
m, corresponding to free surfactant concentrations around and above
their CMC [30,31,36].

To check whether the surfactant adsorption affects the properties of
the carbonate particles, we measured the particle zeta potentials, see
Fig. 6B. As expected, the zeta potentials in the presence of anionic
surfactants were lower, when compared to the original particle zeta
potential, in the absence of surfactants. These results are in agreement
with the optical observations of the foam films (Fig. 2) which revealed
Pickering stabilization for all these foams.

Pourcel et al. [41] showed that formation of cracks in drying sus-
pensions may be due to excessively high evaporation rates. Since we
used different surfactants, allowing different levels of particle hydro-
phobization at the concentrations used (see ESI table S3.1) we checked
whether we could detect a significant difference in the drying rates of
the various foam samples. This idea originates from the observation
that the hydrophobization of the particle surface could affect the rate of
drying of granular materials [42]. However, our direct measurements
showed that all variations of the drying rates were within the experi-
mental error, 1.9 = 0.1 g of water evaporated per hour, for all
samples studied (ESI Section 4).

We checked also whether the mechanism of drying is different for
the various samples studied. Indeed, Faure and Coussot [43] showed
that bentonite and kaolin clays dry in a different manner. In one case,
there was a water receding front which gradually moved from the top to
the bottom of the material being dried. In the other case, the air pe-
netrated into the sample and formed air-impregnated regions around
small wet clusters of particles. Because we had no access to equipment
that allows us to verify these two mechanisms directly, we performed
two types of model experiments to obtain indirect information about
the possible differences in the drying behavior of the foams:

1 To investigate the particle interactions and motion upon drying, we
observed the modes of drying of supernatant droplets, containing
small carbonate particles [44,45]

2 To visualize the macroscopic flow of liquid upon drying of the
porous materials, we introduced water-soluble dye in the foamed
suspensions [46].

3.3.1. Drying drops

In these experiments we studied the same supernatants with re-
dispersed carbonate particles of low concentrations, which were used
for measurements of the particle zeta potentials in the presence of
different surfactants. We placed 1-2 uL drops of these supernatants on
glass slides and left them to evaporate under ambient conditions, while
observing them with optical microscope, in transmitted light, with
objectives x 2.5 and x50.

Two distinct periods of drop evaporation were observed: (1) at fixed
water-glass-air contact line in which the drop periphery is pinned and
the drop contact angle gradually decreases with time [44,45], and (2) at
constant receding contact angle in which the contact line gradually
shrinks (and occasionally pins at larger particle clusters in a stick-slip
jumps).

The length of the first period depended significantly on the specific
surfactant. It was generally shorter for drops with lower contact angle
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Fig. 6. Measurement of the properties of supernatant solutions, containing 30 wt% particles and 7 mM surfactant before centrifugation: (A) Surface tension after 900
s of measurement. (B) Zeta potential of 0.1 wt% particles re-dispersed from the sediment. The natural pH of the supernatant + particles is around 7.5 + 0.5.
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Fig. 7. Microscope images of dried supernatant droplet. The variations in the size of the dried spots are due to minor differences in the volume of the deposited drops

and in the different spreading of the surfactant solutions. Scale: 400 pm.

(i.e. in the systems containing free surfactant with concentration =
CMC) and longer for the drops with high initial contact angle (at low
concentration of the free surfactant). Along this period we observed a
flux of liquid from the drop center towards its edges, causing migration
of surfactant and particles, and the resulting formation of coffee rings at
the drop periphery [44,45]. Illustrative movies of this process are
presented in the online Supplementary videos S1-S7. The formation of
“coffee” rings was more pronounced for particle aggregates with
smaller size and drops with lower contact angle (lower surface tension
of the solutions), viz. for SLES, SDS and a-OS surfactant solutions, see
Fig. 7. The process of particle migration was somewhat slower for AOT
and almost negligible for LAS and fatty acids. Small coffee rings were
observed at the edge of the droplets with fatty acids, LAS and AOT, too.
Notably, these rings were mostly due to local supersaturation with
surfactant and formation of calcium soaps, rather than to a directed
particle transport, caused by the flowing water, as it was the case for
SLES, SDS and a-OS. This comparison between the systems shows that
the lower in magnitude {-potentials, measured with C8Ac and C10Ac
containing suspensions, results in more pronounced particle aggrega-
tion and sticking to the glass substrate during the drop evaporation
experiment, as compared to the other surfactants (see Fig. 7).

The second period of drop evaporation led to the formation of
smaller, secondary coffee rings at the temporary pinning locations of
the receding contact line (see the pictures for a-OS, SDS and SLES in
Fig. 7).

We observed an additional effect with the solutions containing fatty
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acids. In these systems we observed the formation of a thin “skin” of
calcium soap precipitates on the drop surface, along with the pre-
cipitation of small crystallites in the drop interior, as illustrated in
Fig. 8. During the first period of water evaporation, small wrinkles
formed at the drop periphery (see ESI video S1). These wrinkles were
fatty acid precipitates, forming due to local supersaturation of the
evaporating solutions. These wrinkles gradually grew towards the
central area of the drop, forming a continuous shell on the drop surface.
In the second period of the evaporation process, small rod-like crys-
tallites of calcium precipitates with C8Ac were formed. Theoretical
calculations showed that quasi-equilibrium precipitation in these drops
should start after evaporating more than ca. 70% of the water in the
drop (ESI Section 3). However, in reality, the precipitation started
earlier, due to the local supersaturation at the drop periphery.

This surface precipitation could serve as an additional mechanism
for crack prevention via formation of precipitation shells. The drying
fronts appear first in the larger pores of the drying foams [50,51]. The
increased solution flux through these pores could cause a local super-
saturation of fatty acid and formation of soap shells, like those observed
in the experiments with drying drops, which would “seal” the drying
pores and will precipitate material in the capillary bridges, connecting
the carbonate particles, thus reinforcing the contacts between these
particles.

Large migrations of particles, similar to the particle transport
leading to coffee ring effects, have been observed before in 3D granular
media, saturated with coffee nanoparticles [47]. Such particle
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migrations could perturb significantly the homogeneous distribution of
the solid material in the drying foams, thus facilitating the formation of
cracks in the process of drying. Indeed, the particle accumulation in
some regions, at the expense of the particle depletion in the other re-
gions, results in non-isotropic shrinkage in the different regions of the
drying foams. The capillary and mechanical stresses would be in-
homogenously distributed during drying and cracks could form
[48,49], like those observed in the lower part of the solidifying car-
bonate foams. Therefore, one could expect that the systems in which the
particle migration is suppressed, should result in stronger dry materials
— a hypothesis which is confirmed by our experiments, as explained
below.

3.3.2. Visualization of the macroscopic liquidflow in drying porous
materials

To check if the calcium soaps precipitation and the particle migra-
tion change the drying mechanism in the drying foams, we added tracer
dye in the foamed suspensions [46]. We added the anionic (sulfonate)
dye Eriochrome black which forms red-colored complexes in the pre-
sence of Ca™ ions [52]. The solutions of Eriochrome have blue color in
the absence of Ca®* ions and its crystals are black.

We dissolved =50 uM Eriochrome in the suspensions, just before
starting the foaming procedure, but after the surfactants had been
added to the suspensions. Afterwards, we prepared foams with 65 vol%
air and dried them at 25 = 5°C or at 60 = 10°C, in both cases at
ambient humidity. The produced foams have light pinkish color im-
mediately after their preparation (Fig. 9A), due to the formation of
Eriochrome-calcium complexes with the calcium ions dissolved in the
aqueous phase from the carbonate particles. After drying the foams at
ambient conditions (Fig. 9B and C), we observed light homogeneous
pink color on the top surface of the C8Ac material (Fig. 9B) which had
the strongest mechanical properties. In contrast, the foam with SDS
(Fig. 9C) had exposed inhomogeneous lighter and darker areas, which
indicated inhomogeneous flow of the drying water throughout these
materials.

This result was much more pronounced at the higher temperature of
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Fig. 8. Microscope images of drying super-
natant droplet, containing C8Ac. After eva-
porating small quantity of solution, the local
supersaturation of Ca(C8Ac), causes the for-
mation of thin precipitated shell on the drop
surface, indicated by the red arrows. As the
evaporation continues the shell grows from the
edge towards the drop center. The rest of the
surfactant precipitates in the form of small rod-
like crystals in the drop center. Scale, 20 um
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).

2016-01-05 12:39:05 l

drying, see Fig. 9D-E. Far more intensive coloring of the top sample
surface was observed in both cases, indicating more intensive mass flux
of water and dye during drying. The presence of many black spots (dry
Eriochrome crystals) on the surface of the SDS materials revealed the
presence of local pores in which the evaporation rate and water
transport was much higher, compared to the average drying rate. In
contrast, the C8Ac material was still very homogeneous and only few
darker spots were seen on its surface, see Fig. 8. In addition, the ma-
terials formed with C8Ac had very similar mechanical strength after
drying at different temperatures, while the materials with SDS showed
worse mechanical properties when dried at higher temperature.

Thus we could link the different mechanical properties of the ma-
terials to different modes of water evaporation, depending on the sur-
factant studied. It is important to ensure homogeneous mode of water
evaporation and to suppress the transport of particles inside the drying
material via sticking to the other particles (via mild attraction) to en-
sure the formation of homogeneous, mechanically strong final porous
material.

3.3.3. Role of suspension rheology

In our previous studies [32-34] we revealed a very important role of
the suspension rheological properties (yield stress and viscosity) on the
formation of stable porous materials from silica suspensions. Therefore,
we checked for the possible effects of the studied surfactants on the
rheological properties of the carbonate suspensions.

All suspensions, containing 30 wt % carbonate particles, with and
without 7 mM surfactant, behaved as yield-stress fluids and are de-
scribed well by Herschel-Bulkley model:

=1+ Ky" 5)

where 7, is the yield stress of the suspension, K is its consistency, and n
is its flow index. These characteristics of the studied suspensions are
summarized in Table 2 for the different surfactants. In contrast to our
previous results with silica suspensions, the studied surfactants (at
7 mM concentration) showed relatively weak effect on the rheological
properties of the carbonate suspensions. The yield stress is slightly
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Table 2

Rheological properties of the carbonate suspensions ( + surfactant), and their
viscosity at the shear rate of foaming. The parameters are extracted using
Herschel-Bulkley model for suspensions sheared between 100 and 2000 s~ 1.

System To, Pa K n Viscosity at 100s~*, mPa.s
30 wt.% particles 7.4 0.62 0.52 112.0
+ C8Ac 8.5 0.14 0.65 92.0
+ C10Ac 10.6 0.71 0.47 135.6
+ SLES-3EO 8.5 0.31 0.55 136.5
+ LAS 11.3 1.23 0.40 178.5

increased for LAS and decanoic acid only, and the apparent viscosity at
the shear rate of foaming is significantly increased for LAS only.

This difference in the surfactant effect on the rheolological behavior
of the silica and carbonate suspensions is due to the much lower surface
area and the lower surface charge of the carbonate particles, as com-
pared to silica particles. Indeed, we used nearly 90 times less surfactant,
defined as the surface coverage of the particles (0.38 ug/m? for carbo-
nates vs. 33 ug/m? for silica) to ensure most appropriate conditions for
foaming and for production of stable dry carbonate porous materials.
This very low particle surface coverage leads to low particle hydro-
phobization and, hence, to weak effect on the suspension rheology.
Therefore, we conclude from these results that the main role of the
surfactants in the carbonate suspensions is to ensure Pickering stabili-
zation of the foams, while their effect on the suspension rheological
properties is secondary.

In comparison, for silica suspensions, the role of the cationic sur-
factant TTAB was to simultaneously ensure Pickering stabilization of
the foams and sufficiently high yield stress of the suspensions, whereas
the role of the zwitterionic surfactant CAPB was to modify the sus-
pension rheological properties and, simultaneously, to stabilize the
foam films between the neighboring bubbles [34].

Thus we see some subtle differences between the suspensions of the
various types of particles, while the main principles of stabilization
remain similar. Based on all our experiments with silica and carbonate
suspensions we reinforce our conclusions [34] that the general re-
quirements for preparation of crack-free porous materials from foam
precoursors are: (1) to have a “mild” attraction between the neigh-
boring particles which is detected as a moderate yield stress of the
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Fig. 9. Macroscopic sample of foams con-
taining 65vol% air and the respective dried
materials: (A) Foam outlook in the presence of
50 puM Eriochrom black T, just before
drying. The respective materials obtained in
the presence of 7 mM C8Ac (B and D) or SDS (C
and E). The materials shown in (B) and (C) are
dried at 25 * 5°C, while those shown in (D)
and (E) are dried at 60 = 10°C.

suspension, (2) lack of strong particle aggregation, and (3) propagation
of homogeneous water front during foam drying. In the current study,
these requirements are met by the carbonate suspensions containing
fatty acids. We observe an appropriate yield stress for all carbonate
suspensions, but it is not affected significantly by the various surfac-
tants. Therefore, the suspensions containing fatty acids differ mostly in
the local precipitation of calcium soaps during drying which ensures
more homogeneous drying front and, as explained above, thus facil-
itates the formation of crack-free materials.

4. Conclusions

Eight surfactants, reported in the literature to modify CaCOj3 sur-
face, are compared in their ability to assist the formation of crack-free,
solid carbonate porous materials with tunable mass density and me-
chanical properties. The most important results could be summarized as
follows:

In situ surface modification of the positively charged CaCO3 parti-
cles is achieved by a variety of anionic surfactants, as long as they have
a solubility product with the Ca®* ions pKgp < 9.5 (the Ca®* ions are
dissolved from the surface of the carbonate particles).

The wet foams, obtained in the presence of anionic surfactants or
fatty acids, are stable to water drainage and Ostwald ripening, but most
of them crack upon drying. Detailed analysis showed that, despite the
lack of severe aggregation and the lower capillary pressures in the
drying foams containing SDS, SLES, LAS and a-OS as surfactants, these
foams have lower mechanical strength and crack severely upon drying.
In contrast, the fatty acids with C8 and C10 chains are very efficient for
preparing crack-free and mechanically strong porous carbonate mate-
rials.

The ability of the fatty acids to reduce cracks formation is explained
mechanistically with their specific effects on the drying process. The
fatty acids suppress the particle migration along the pores of the drying
material. In addition, the supersaturation of the drying aqueous phase
with calcium soaps leads to local precipitation of these soaps in the
larger pores, which results in a partial pore sealing with precipitated
material and in the development of more homogeneous drying front. As
a result, the particle distribution and the shrinkage of the drying ma-
terial are more homogeneous in these samples. The precipitation of
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calcium soaps in the drying contact zones between the neighboring
carbonate particles (viz. in the liquid capillary bridges formed between
the carbonate particles in the final stage of material drying) may further
reinforce the dry porous materials.
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