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HIGHLIGHTS

GRAPHICAL ABSTRACT

Novel diatomite-based foams were de-
signed by using a natural source, diato-
mite, vegetable surfactant and silicon
powder.

The materials design lead to an hierar-
chical porosity from macro (until 500

pum) to nano-scale (under 50 nm).

Hierarchical porosity of the diatomite-
based highlight co-existence of acoustic
and thermal insulation properties.

Diatomite has a significant effect on

thermal conductivity reduction, around
46% with respect to the pristine foam.

The wettability results highlighted that
the diatomite-based foams could be po-
tentially used as oil/water membrane

too.
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abstract

3D-structured silica exoskeletons-diatomite was used as reactive inorganicingredient, with and without metakaolin
to produce sustainable multifunctional diatomite-based geopolymeric foams. Suitable amount of Silicon powder and
vegetable surfactant were used as foaming agents, while polysilicate solution was used as reactive crosslinker. The
resulting porous materials, characterized by hierarchical porosity ranging from macro to nano-scale, were fabricated
at 40 °C for 24 h and characterized by means of chemical and morphological investigations, contact angle, thermal
and acoustic properties and fire reaction. The presence of diatomite in the produced foams provides an increase of
thermal inertia, and the thermal insulation performance firstly due to the intrinsically low thermal conductivity of
diatomite and also because silicon and vegetable surfactant are able to promote the formation of a co-continuous
mesoporous structure. Furthermore, the created morphological structure provides a good acoustic absorption coef-
ficient in a wide range of frequency. Finally, due to their hydrophilicity/oleophobicity character, diatomite-based
geopolymeric foams could, potentially, be proposed as oil/water separation membranes.
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1. Introduction

Design and control of hierarchical porosity (micro, meso and
macroporosity) are the key tasks in the development of new light-
weight porous materials with enhanced chemico-physical and func-
tional properties (acoustic and/or thermal) [1,2]. Generally, these
materials, based on organic composites, polymers, metals, glass, graph-
ite and cement, are used for thermo-acoustic insulation, cushioning, en-
ergy storage as well as catalysis and membranes (as filters) [3-5].
However, the manufacturing processes used to produce them are ex-
pensive and consume a significant amount of energy, leading to the
emission of huge amounts of carbon dioxide, which is the main cause
of the greenhouse effect [6]. In this scenario, it is very important to de-
velop an inexpensive, energy-saving and environmentally friendly
acoustic and thermal insulting material to replace existing ones.

For economic and environmental considerations, geo-materials and
geo-materials synthesized composite, provide an interesting alternative
to the traditional materials, i.e. polymers and cement [7,8]. These materials
are obtained by reacting an alumino-silicate powder with a highly concen-
trated aqueous alkali hydroxide and/or silicate solution, producing a syn-
thetic amorphous-to-semicrystalline alkali alumino-silicate new phase.
Furthermore, to improve some mechanical (flexural stress, toughness)
and/or functional (acoustic or thermal insulation) performances both
fiber reinforcement and porosity can be exploited [9,10]. Different
methods may be adopted to obtain porous material, such as application
of a limited thermal treatment to a compact pressed powder, formation
of foams by dispersing hollow particles in a matrix [11] or using of a
pore forming agent [12]. In this case the foaming approaches allow tailor-
ing the cellular structure of the alkali-activated materials in the meso to
macro range.

Previous study has already shown the possibility of synthesizing
geomaterial foam based on metakaolin as matrix and potassium or sodi-
um silicate as crosslinker [8,13].

The simultaneous use of in situ chemical foaming and protein-
assisted foaming has been successfully proposed in a previous paper
[14] and it can be considered an innovative approach to tailor the me-
chanical performances as well as the functional properties of inorganic
foams. The synergistic effect of two different foaming agents (chemical
and physical blowing agent) can lead to porous materials exhibiting po-
rosity ranging from 150 to 700 um (mediated between open and closed
cellular structure) and mechanical properties intermediated between
the ceramic and polymeric foams [14].

In order to enhance the functional properties of aforementioned sys-
tem a reduction of the porosity at nanometric scale (0100 nm) has been
explored, for example, by using a filler with intrinsic nano-porosity
dimension.

Diatomite represents a filler with this peculiarity, it is a natural sed-
imentary rock coming from the siliceous fossilized skeleton of diatoms
(Si0; nH,0 and crystallized silica). Besides its amorphous silica con-
tent, diatomite [15] commonly contains carbonate and clay minerals,
quartz and feldspars and are available in large quantities at low cost.
As well described by Li et al. [16], due to their three-dimensional (3D)
structured silica exoskeletons, known as frustules (porosity ranging
from 100 nm to 100 um), diatomaceous earths have drawn attention
from a different of research fields thanks to their chemically inert, ex-
traordinary mechanical properties, huge surface area (high surface/vol-
ume ratio), high water absorbing/retention, and especially unique
optical properties. The presence of amorphous silica, their fine porous
structure, lightness and low thermal conductivity (0.05-0.10 W/mK)
allow them to be used as filtering agent, catalyst carrier and heat, cold
and sound insulators [17]. Pimraksa and Chindaprasirt [18] reported
significant uses of diatomite in construction and insulation materials.

In a previous paper Liguori et al. [19] designed and characterized an in-
novative geopolymeric foam, based on metakaolin, as matrix, diatomite as
reactive filler, sodium silicate as crosslinker and vegetable surfactant as
blowing agent. The effect of diatomite as a partial (or total) replacement
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of metakaolin was evaluated in terms of mechanical, mineralogical and
physical properties of the foams.

In the present paper the focus was shifted on the tuning of the func-
tional properties of the diatomite-based geopolymeric foams: the effect
of diatomite reactive-ingredient addition, as a partial (or total) replace-
ment of the metakaolin matrix, on porosity at nanoscale, wettability,
thermal stability, fire resistance, thermal conductivity and the acoustic
properties of the produced foams was assessed.

2. Experimental
2.1. Materials

The Sodium Silicate (SS) (Si0s/Na;O = 3.2) was provided by Prochin
Ttalia Srl (Wt%: SiO 27.40; NayO 8.15; HyO 64.45); the metakaolin pow-
der, MK, was provided by NEUVENDIS with the following composition
(Wt%): A1203 42%; SlOz 53%; Kzo 0.77%; Fe203 1.60%; TlOz 1.83%; MgO
0.19%; Ca0 0.17%. (Metakaolin is an alumina-silicate powder produced
by the thermal decomposition of kaolin, a naturally occurring clay basi-
cally containing kaolinite [Al,Si;O5(OH)4]. It is almost completely amor-
phous with traces of quartz, kaolinite and other clay minerals [19]. The
particle size distribution reported in the technical sheet showed the fol-
lowing median diameters: Dso = 3 pm and a Dgy = 10 pum).

Si metal powder (chemical blowing agent) and Na,SiF (catalyst)
were supplied by Merck and Sigma-Aldrich respectively. Vegetable sur-
factant (physical blowing agent) in water solution (pH = 7) was sup-
plied by Isoltech s.r.l. Italia and used as received after mechanical
whipping. Diatomite, Celite® 545 a calcined diatomite, was provided
by Celite France and it has been used as received. The chemical compo-
sition is the following (wt%): SiOs 91.5; Al,O3 1.0; Fe,Os 1.5; PoO5 0.004;
Ca0 0.3; MgO 0.3; NayO + K,0 2.5 and it could contain up to 70% of crys-
talline silica as cristobalite (mineralogical crystalline silica phase)
[19,20]. The particle size distribution is characterized by a retained on
106 and 45 pm mesh of 25 and 62 (wt%) respectively, with a median
particle size of 53.1 um. (Additional information in terms of morpholog-
ical structure, SEM images, were reported in Supplementary informa-
tion, Fig.S1).

2.2. Preparation of diatomite-based geopolymeric foams

A diatomite-based geopolymeric foam (HCF) [19], as control sample,
based on: 70 wt% of SS, 8.65 wt% of NaySiFg, 21.3 wt% of aluminosilicate
source (MK) and 0.05 wt% of Si powder was prepared. Based on 100
parts of the above mixture 12 part of a “meringue” type foam was
added. In particular, the “meringue” was prepared by whipping the veg-
etable surfactant using an UltraTurrax disperser at 12000 rpm up to ob-
tain a volume 8 times the initial one.

The slurry, HCF, was cast in plastic prismatic open molds (4 x 4
x 16 cm®) and cured unsealed at 40 °C for 24 h at room humidity. The
other foams were prepared by replacing metakaolin (MK) in the
starting mixture with different percentage of diatomite from 5 to
100 wt% (namely D-HCF/5, D-HCF/10, D-HCF/50, D-HCF/70, D-HCF/
100, where the number represent the percentage of Diatomite).

3. Characterization of diatomite-based Geopolymericfoams
3.1. Porosity and specific surface

In order to characterize porosity and specific surface of the foams, ni-
trogen adsorption analysis have been performed using a Nova 1000 ma-
chine (Quantachrome, USA). Density functional theory (DFT) methods
was used for determining pore size distribution in the range from mi-
cropore to mesopore [21].

The morphological structure of the diatomite-based geopolymeric
foams was assessed by Scanning Electron Microscopy, SEM, (SEM, LEO
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1530, Zeiss). The foam samples were cross-sectioned, sputtered, and
then analyzed at an accelerating voltage of 20 kV.

3.2. Chemical and physical characterizations

The chemical structure, that can occur during the synthesis of
diatomite-based geopolymeric foams, is measured from the band fre-
quency of the transverse-optical (TO,: TO; TO, TOs; TO,),
longitudinal-optical (LO,: LO;, LO,, LOs;, LO,) and longitudinal-optic-
transverse-optical (LO,--TO,: LO:;-TOi, LO»-TO, LO3sTOs LO&+TOy)
stretching modes of the Si-O-Si bond [22] by means of Reflectance At-
tenuate Mode (ATR) FT-IR spectroscopy. FT-IR spectra of the samples
are collected at room temperature by using a Nicolet apparatus (Thermo
Scientific, Italy) from 4000 to 600 cm ™" with a wavenumber resolution
of 4 cm™! for 64 scans.

The spectral region ranging from 1400 to 600 cm ™" was analyzed by
deconvoluting the severals peaks with OriginPro 8.0 software. The posi-
tions of the absorption bands, corresponding to specific vibrational
mode assignments of TO (for instance TO,, that is related to the symmet-
ric stretching of u; SNO and TO;, that is related to the asymmetric
stretching of u,s SNO), LO (for instance LO,, that is related to the sym-
metric stretching of us SNO and LO;, that is related to the asymmetric
stretching of u,; SNO), and longitudinal-optic-transverse (1.LO)-TO
splitting of vibrational modes (i.e.: LO,-TO,) attributed to the
disordered-induced modes [19,22] were determined by automatic
peak finding feature, by using Lorentzian function for deconvolution.

The wettability on the diatomite-based geopolymeric foams was
also evaluated by means of contact angle measurement with goniome-
ter OCA 20 (DataPhysics Instruments, Filderstadt, Germany) at room
temperature. This device is based upon a conventional goniometer con-
tact angle apparatus, with the addition of automated drop delivery, dig-
ital image capture, and data analysis. Calculations based on measured
contact angle values allow to evaluate the wetting characteristics of a
solid material [23].

The sample was positioned directly under the dosing needle of a
glass microsyringe (DS 500/GT gas tight 500 pL syringe) on the stage
of the instrument. Two typologies of liquid analyzers were used:
water and diiodomethane. For both a liquids droplet (1 uL) was poured
on the surface of the sample and the contact angle was measured by the
Software SCA20. Ten measurements for each sample were performed.

3.3. Thermal properties and fire resistance behavior

The thermal degradation of the diatomite-based geopolymeric
foams was investigated by thermogravimetric (TGA) and derivative
TGA (ATGA) analyses with a TGA 2950 apparatus (T.A. Instruments,
USA) under air atmosphere. The samples were heated on platinum
pans from 30 to 1000 °C with heating rate of 20 °C/min.

Moreover, in order to evaluate the behavior of the diatomite-based
geopolymeric foams in isothermal condition, each specimen was ther-
mally treated at 200, 400 and 600 °C, using a Nabertherm HTC 03/15
oven. The thermal used consisted in a heating ramp with heating rate
of 10 °C/min followed by an isothermal step at the fixed temperature
for 2 h. Before and after every thermal treatment, the foams were accu-
rately weighted, using a Mettler Toledo XS105 Dual Range microbalance
with an accuracy of +0.1 mg, where the dimensional modifications
were measured by using a caliper (accuracy +0.05 mm).

The thermal conductivity of each foam was measured according to
ASTM WK50791-WK43689 at ambient conditions, using the Modified
Transient Plane Source (MTPS) technique on a C-Therm TCi Thermal
Conductivity Analyzer. The samples were put on a 17 mm diameter sen-
sor. For each system, five tests were performed [24,25].

The fire behavior, exhibited by diatomite-based geopolymeric foams
in realistic fire conditions, was evaluated by a cone calorimeter and a
non-combustibility apparatus. Regarding cone calorimeter tests, an ox-
ygen consumption cone calorimeter (Fire Testing Technology, FFT dual

cone calorimeter model) was used. The standard procedure ISO 5660
used in this analysis involves tiles shape specimens (100 X 100
x 20 mm®) in horizontal orientation subjected to an external radiant
flux of 50 kW/m?, representing a developed fire. Three samples for
each system were investigated.

The standard procedure ISO 1182 for non-combustibility tests in-
volves cylindrical specimens (d = 45 mm and h = 50 mm) inserted
in a furnace set to 750 °C for 30 min. The parameters measured during
test are: the mass lost by the sample in %, total duration (s) of sustained
flame Gf occurs) and the temperature rise (°C) of the surface and center
of the sample and of the furnace during the test.

3.4. Acoustic properties

Thanks to the presence of a partially open-cells (micro- and nano-
scale) structure, that permits to the air particles to move through the
pores of the material, the sound absorption coefficient (a), was also
measured according to the standard UNI EN 10534. For this measure-
ment an impedance Kundt tube, 100 mm in diameter, 570 mm in length
was used. The distance between first microphone and samples was
200 mm, while the distance between first and second microphone
was fixed at 50 mm. The frequency ranged from 200 to 2000 Hz. A loud-
speaker placed at one end of the tube generated the signal (white
noise), while the samples are placed on a rigid surface at the opposite
end. The thicknesses of foams were equal to 33 mm.

4. Results and discussion
4.1. Porosity and specific surface

The DFT (density functional theory) pore size distributions of
diatomite-based geopolymeric foams evidenced the significant change
in the porosity that takes place after the replacement of metakaolin
with the diatomite (Fig. 1a).

The D-HCF/50 and D-HCF/100 samples showed a very narrow and
high peak between the values of about 5 and 7 nm. It is a confirmation
of the presence of nanoporosity that derives from the nanopores origi-
nally present in the diatomite. HCF does not present this kind of peak
and its pore size distribution is characterized by a quite completely
flat curve. This means that in the HCF foam, porosity on nanometric
scale is somewhat absent as also observed by SEM characterization at
high magnification (see the SEM at high magnification in Fig. 1b). As al-
ready reported by Liguori et al. [1,19] and as observed in the SEM at low
magnification, the HCF cellular morphology showed a porosimetric dis-
tribution ranging from 100 to 500 pm, and the pore size decreases with
the increasing of diatomite content. On the contrary, D-HCF/50 and D-
HCF/100 presented a well-developed porous structure at nanometric
scale ranging from 100 to 400 nm. The diatom frustules present in the
diatomite are responsible of the formation of a uniform aerogel-like
structure (see SEM image of D-HCF/100), deriving from the reaction of
diatomite surface with alkaline silicate solution. In fact, due to the reac-
tivity of the diatomite surface in alkaline condition the “individual”
shape of diatom disappears creating a co-continuous structure. Instead,
as observed in the SEM micrographs (of D-HCF/50 and D-HCF/100) at
low magnification the presence of both, chemical and physical, surfac-
tants has induced a formation of micro and macroporosity (as widely
described by Liguori et al. [1,19]), assuring the obtainment of hierarchi-
cal structure.

This peculiar morphological structure, as already observed in Liguori
et al. [19], affects the mechanical performances of the foams: the com-
pressive strength of D-HCF/100 results about 3 times (o6~1,4 MPa at
p~400kg/m?®) with respect to the HCF (6~0,50 MPa at p~400kg/m®).

Due to this aerogel- like structure the BET surface value, increases
significantly with diatomite content especially for D-HCF/100 sample
(from 1.072 m?%g to 23.202 m%g).
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Fig. 1. (2) DFT pore size distributions of HCF, D-HCF/50 and D-HCF/100 samples and corresponding (b) SEM images at high and low magnification.

4.2. Chemical and physical characterizations

Deconvoluted FT-IR spectra related to the different diatomite-based
geopolymeric foams are shown in Fig. 2 and the corresponding assign-
ments are listed in Table 1. The absence of stretching vibrations, for all
samples, related to the Q° and Q' units (silica monomer and dimer re-
spectively) suggests a high degree of silicate polymerization, while the
stretching vibration of Si-O-2 and 3 non-bonding oxygens, NBO, link-
ages (Q’and %), characteristic of two or three non-bonding oxygens,
are detected in all samples.

The broad absorption band centered around 1030-1140 cm™ is
assigned to the overlapping of the vibration modes of the different link-
ages of silicate structure such as Q°, TOx and LO, [19,22,26]. In particular,
the contribution of Q* decreases by increasing of Diatomite content until

it completely disappears for the DHCF/10. Conversely the TO; modes as
well as the shoulder around 1200 cm™ ascribed to the LO; vibrational
modes becomes more intense with the diatomite content. As described
by Innocenzi [22] the presence of LO; vibrational modes show that the
structure is highly crosslinked and porous.

However, a shift of TO; modes to lower wavenumber was also ob-
served (from D-HCF/5 to D-HCF/100), which could be ascribed to a
more porous structure characterized by smaller siloxane rings, larger
SNO\S1 angles and SNO bond lengths. This is due to the degree of
condensation reactions of siloxane components which occur between
the several ingredients (silicate-silicate, silicate-diatomite surface and
silicate-metakaolin). As well described by Innocenzi [22], the condensa-
tion reaction during the synthesis of silicate-based foam is accompanied
by a shrinkage mono-dimensional perpendicular to the powder surface
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Fig. 2. Deconvoluted FTIR spectra of different diatomite-based geopolymeric foams.

(i.e. diatomite) and, as consequence, a shift in frequency of TO; modes
could be observed.
The sessile drop experiment is performed on two different surfaces
corresponding to the surface exposed to air and to the cut surface
(namely external and internal respectively, Fig. S2 in supporting infor-
mation) of each selected diatomite-based geopolymeric foams. Internal
and external surfaces were characterized by different roughness: the
first was rougher than the second. The structure of the surface has a di-
rect influence on contact angle and wettability of surface itself: at the
macroscopic scale, Wenzel [27] and Cassie-Baxter [28] theories corre-
late the contact angle behavior to the roughness factor. The Cassie-
Baxter model, that is a development of Wenzel's theory, defines the

correlation between apparent contact angle on a porous surface with a
contribution due to the porosity [29].

In Fig. 3 the images of contact angles related to the droplets of
diiodomethane on the internal and external surfaces of different
samples are showed. On the external surfaces, the wettability behav-
ior is related to the chemical structure of the foams: in fact, the
oleophobic character decreases with the diatomite content. On the
contrary, the internal surfaces showed a significant oleophobicity
which does not depend on the intrinsic nature of the diatomite-
based geopolymeric foams. In fact, a porous material can display a
oleophobic character due to the air entrapped within the porous
structure, which can prevent the entrance of liquid (diidomethane)
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Table1
FT-1IR details of several sample foams.

General assignments [22] Wavenumber (cm™?)

Si-0-8iv_(TO, and LO, modes) ~810-820
Si-0 (Q°) 850-855
Si-0 (Ql) 898-920
Si-0 (@) 940-950
Si-0 (Q7) 1030-1040
Si-0 (Q9) 1093-1160
Si-O-Si vas (TO3 modes) 1070-1050
Si-0-Si uas (LO3 modes) ~1200

Specific assignment [22] Wavenumber (cm ™)

D-HCF/5 D-HCF/10 D-HCF/50 D-HCF/70 D-HCEF/100

TO»-LO» 789 790 787 788 790
Q' - - -

Q 941 943 944 939 941
o 1034 1032 - - -
TO; 1073 1077 1054 1053 1050
Ot 1163 1148 1163 - 1161
LOs 1212 1197 1209 1190 1205

into the pores resulting in higher values of contact angle. Yuqi Teng
et al. [30] reported that this behavior could increase with the surface
roughness. As expected the contact angle for rougher surface, the
internal one, is bigger than the external one. In particular, contact
angle increases from 69.3° to 111° for D-HCF/100, from 67° to 91°
for D-HCF/50 and from 67° to 96° for HCF.

The wettability radically changes when the liquid is water. In fact,
the silico-aluminate nature of all the foam samples leads to a high hy-
drophilicity. As reported in the Video 1, water droplets were immedi-
ately absorbed on all the surfaces, regardless their roughness or nature.

Finally, this wettability behavior showed that the oleophobic charac-
ter of the proposed foams can be tailored dosing the amount of diato-
mite. At the same time the foams, due to their composition, exhibit a
high hydrophilicity. The above findings suggest a possible application
as oil/water separation membranes for remediation of wastewaters
containing either organic and/or inorganic pollutants.

4.3. Thermal properties and fire resistance behavior

The thermo-degradative behavior up to 1000 °C was examined for
allthe foamswith TGA/DTGA analysis.

The thermodegradation of ceramic foam showed three decomposi-
tion temperatures with maximum values occurring at Tpaa1 = 99 °C,
Thnaxaz = 554 °C and Taxas = 796 °C. In Table 2 the degradation tem-
peratures related to each sample are summarized. All the foams show
similar weight losses in the same temperature ranges and the total
amount weight losses is always near to 10%. In particular, the first
range goes from about 50 °C to 200 °C and the weight loss is ascribed
to the condensation reactions of the sodium silicate solution [31,32].

The other two main weight losses identified can be both connected
to the thermal degradation of the sodium hexafluorosilicate, one of
the raw components present in all the different kinds of ceramic
foams prepared. In particular, between 550° and 600 °C, there is a
very small weight loss (0.45 + 0.65%, see Table 2) that can be attributed
to the weight loss of the unreacted sodium hexafluorosilicate. In the
temperature range 700°-850 °C, a higher weight loss, equal to about
2%, can be identified and attributed to the vaporization of melted NaF
[33], which has been obtained during the consolidation process from
the reaction between sodium hexafluorosilicate and sodium silicate so-
lution. The presence of these two phases was already confirmed by XRD
analysis, performed on all the diatomite-based geopolymeric foams
[19].

In Fig. 4 the weight losses and the volume variations of the samples
exposed to thermal cycles are reported. Mass losses increased with tem-
perature for all the foams considered, because the weight loss is due to
dehydration processes that are facilitated at higher temperatures. At
600 °C, HCF, D-HCF/50 and D-HCF/100 foams exhibit a very similar
value of weight loss (~8-9%). Conversely, at lower temperatures (b600
°C), D-HCF/100 showed a minor weight loss (~5) with respect to HCF
and D-HCF/50. Finally, the addition of diatomite leads to an improve-
ment of the final product in terms of volume variation. This trend results
to be particularly evident at 600 °C considering that the HCF sample
showed a volume reduction of quite 12%, while D-HCF/50 and D-HCF/
100 samples showed volume reductions of respectively 5.3% and 3.0%.

External surface

DHCF-100 DHCF-50

HCF

T T N—

Internal surface

DHCF-100 DHCF-50

HCF

- N T —

Fig. 3. Contact angle of internal and external surface of HCF, D-HCF/50 and D-HCF/100 with diiodomethane droplets.
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Table 2
Main temperature ranges of thermal degradation of ceramic foams.

Sample Thax Weight loss-1 Ty, Weight loss-1 T,,, Weight loss-3
(SORNCH] (SORNCD] (SORNCH]

(~50°-200°) (~550°-600°) (~700°-850°)
HCF 106  4.08 574 0.45 838  2.00
D-HCF/5 96 4.48 560 0.31 840 0.55
D-HCEF/10 102 4.52 555 0.60 830 2.06
D-HCF/50 109 4.27 556 0.65 803 2.44
D-HCF/70 103 4.23 5565  0.67 810 2.35
D-HCEF/100 99 3.56 554 0.50 796 3.88

The positive effect of the diatomite addition on thermal stability of
diatomite-based geopolymeric foams is much more significant consid-
ering the volume restriction of samples than considering the weight
loss. This is probably because all the samples, independently from the
diatomite content, contain some unreacted or chemically bonded
water that evaporates as consequence of the thermal treatments. On
the other hand, the unreacted diatomite, present in the foamed system
after the polycondensation [19], acts as filler improving the dimensional
stability and hindering the shrinkage of diatomite-based geopolymeric
foams.

Thermal conductivity of the diatomite-based geopolymeric foams
decreases with increasing diatomite content. Foam HCF shows a ther-
mal conductivity value of 0.128 W/m ‘K whereas DHCF/50 shows
0.088 W/m K. The thermal conductivity decreases substantially to
0.074 W/m ‘K with the total replacement of metakaolin by diatomite.
In Fig. 5 the correlation between thermal conductivity, bulk density
and diatomite addition is reported. Collected data showed that the ther-
mal conductivity of the foamy materials is not directly correlated to the
bulk density. This behavior can be explained by considering that foams
showed a nanometric porosity, that influences thermal conductivity
through the pores.

In fact, the effective thermal conductivity of a porous material can be
described as a combination of different contributions [24,31,34,35]:

Ai YaAs pAg b Ar P Ac 2W=8m - Kb

in which:

Aiistheapparent thermal conductivity of the insulation material; As
isrelated to the conduction through the solid phase (pore walls); Ag
corresponds to the conduction through the gas-filled inside the pores;
Aris the heat radiation through the cell walls; Ac is related to the con-
vectionwithinthecells, thatisnegligible for foams withnon-broken
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Fig. 5. Correlation between thermal conductivity, bulk density and diatomite addition.

structure, and with cell size smaller than 4 mm, as the Skochdopole ex-
periment confirmed [35].

The solid conductivity As decreases, when thermal resistances in-
crease into the insulating material. Since nano-materials are superior,
the solid walls interrupt the heat flow on the nm-level [35,36] and the
solid structures (\) influence on the thermal conductivity can be
neglected, thanks also to the intrinsically low (0.05 W/m ‘K) thermal
conductivity of the diatomaceous phase. The radiation contribution,
A, could account for approximately 30% of the measured effective con-
ductivity at room temperature: it is a non-negligible part of the thermal
conductivity of the foam. However, conduction in the cell gas mixture,
Mg, is the main contribution of the thermal conductivity of a foam.

The only way to reduce the overall conductivity is to affect one of the
aforementioned contributions. Considering that the cell size of the
foams produced is on the range of nanometric, convection is negligible.
The “conduction through the gas” contribution, A, can be lowered fill-
ing the cells with a gas that has a very low thermal conductivity using
a physical expansion [31]. In our case the gas (the air) was not changed.
While the presence of nano-pores in diatomite-based geopolymeric
foams, especially in DHCF-100, hinder the heat radiation contribution
through the cell-walls of the foam, reducing the term A, [37].

Conecalorimeterresults showed that samples (HCF and D-HCF/50),
in the condition of external heat flux selected (50 kW/m?), do not burn.
A very low contribution in terms of heat released rate has been
highlighted too (see Fig. S3(a) in supporting information). A little
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Fig. 4. Weight losses and volume variations of HCF, D-HCF/50 and D-HCF/100 samples after thermal treatments.
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Table 3
Non combustibility results related to HCF, D-HCF/50 and D-HCF/100.

Parameters HCF D-HCF/50 D-HCF/100
AT urtace) (°C) 1,0-£0,4 2,0+0,2 4,00,2
ATenten  (°C) 1,1+0,5 1,8+0,3 3,5+0,3
AT gurnacer (°C) 2,1+0,4 1,5+0,1 5,2+0,4
awt (%) 10+1 9+1 8+1
Sustained flame (s) 0 0 0

percentage of smoke, which does not reach the concentration necessary
to ensure the ignition, is developed (Fig. S3(b) in supporting informa-
tion), furthermore CO and CO; gases are, also, produced in a negligible
quantity.

In Table 3 the results of non-combustibility tests in terms of
temperature rise of surface and center of sample, temperature rise
in furnace, mass lost during the test and development of flame for
the three formulations tested have been reported. Samples exhibit
a very good fire behavior regardless of content of diatomite; the
mass lost during the tests is b15%, flames are not developed, the
temperature rise of the surface and center of the sample and in the
furnace is less than 10 °C.

The behavior exhibited certifies the non-combustibility of these
materials with the best features for application as insulators in the
buildings and transport fields (i.e marine). The temperature trend
for the non-combustibility test for D-HCF/x samples is reported in
Fig.6.

4.4. Acoustic properties

In Fig. 7 the acoustic absorption curves for selected samples (HCF
and D-HCF/50) are reported. Commonly the parameters affecting the
acoustic absorption behavior of a porous material are related to the po-
rosity, the tortuosity, the flow resistivity and the thickness of the layer.
When the sound propagates in a porous media (with interconnected
pores) energy is lost, this behavior is due to the complex heterogeneous
microstructure and to the viscous boundary layer effects [38]. In our
samples, the results showed a broader “hopscotch” curve with a maxi-
mum value of a around 0.47 at 300 Hz for both systems. This behavior
is related to the presence of “cavities” that amplify, at specific frequency,
the capability to absorb the sound [39]. At higher frequency the two sys-
tems, HCF and D-HCF/x, showed two distinct peaks at 1527 and 1248 Hz
respectively with a value of a equal to 0.2 and 0.33. The presence of di-
atomite induced a shift to lower frequency value with an increasing of a
value (related to the second peak), probably due to an increasing in tor-
tuosity of porous media. This peculiarity could be enhanced in those ap-
plications in which a specific absorption, in a defined range of
frequencies, is required.
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Fig. 7. Sound absorption coefficient as function of frequency for HCF and D-HCF/50
samples.

5. Conclusions

In this paper, the design diatomite-based geopolymeric foams with
hierarchical porosity (from macro to nano-scale) were successfully pre-
pared thanks to the synergistic effect of two foaming techniques and di-
atomite powder as partial (or total) replacement of Metakaolin matrix.

The replacement of Metakaolin with diatomite changes the morpho-
logical structure of the produced samples, leading to a porosity on
nanometric scale (under 50 nm), preserving also the porosity on a
micrometric scale, and to a significant increment in the BET surface
value. This morphological structure provided to have at the same time
in a unique product either a reduction in thermal conductivity (about
46% for the D-HCF/100 with respect to HCF) and a good capability to ab-
sorb the sound thanks to the presence of “cavities” produced by both
blowing agents. Furthermore, by increasing the diatomite content
(until 100%) an improvement in terms of thermo-dimensional stability
(low shrinkage, ~3% at 600 °C for D-HCF/100) and thermal inertia was

also observed.

Thanks to the hydrophilicity/oleophobicity character the diatomite-
based geopolymeric foams can be also proposed in oil/water separation
process for remediation of wastewaters containing either organic and/
orinorganic pollutants.

Finally by modulating the formulation it is possible to “design” a
foamed products with specific properties ranging from thermal-
acoustic insulation to the environment sustainability.

Supplementary data to this article can be found online at https:/doi.
org/10.1016/j.matdes.2018.02.063.
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