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Abstract Organic–inorganic hybrid foams based on an

alkali alumino-silicate matrix were prepared using dif-

ferent foaming methods. Firstly, silico-aluminate inor-

ganic matrix, activated through a sodium silicate

solution, was prepared at room temperature. The obtained

viscous paste was expanded by means of silicon metal

redox reaction in alkaline media in combination with

protein-assisted foaming. The foamed systems were

hardened at defined temperature and time and then

characterized by FTIR, scanning electron microscopy,

and compression tests. The high temperature behavior

and specific surface area were also evaluated. The

experimental findings highlighted that the combination of

silicon metal and vegetable protein allowed tailoring

hybrid foams with enhanced properties: good yield

strength and thermal resistance typical of geopolymeric

foam with a ductile behavior (toughness) and low density

typical of organic foams.

Introduction

Inorganic polymer, widely known as geopolymer materials,

due to their high early strength as well as good fire resis-

tance and thermal insulation is currently attracting great

interest in the production of foams for use as insulating

materials in high performance applications (such as trans-

port and aerospace) [1–3]. These materials are produced by

reacting an alumino-silicate powder with a highly con-

centrated aqueous alkali hydroxide and/or silicate solution

with the production of a synthetic amorphous-to-semi-

crystalline alkali alumino-silicate new phase. The chemical

mechanisms involved during this process provide the for-

mation of an intrinsically nanoporous material, character-

ized by nano-particulates ranging from 5 to 15 nm, and

nano-pores of 3–10 nm. In situ inorganic foaming

approaches allow tailoring the cellular structure of the

alkali-activated materials in the meso to macro range. In

this respect, different foaming procedures based on gas

evolution in the viscous matrix have been widely exploited.

Some authors proposed the hydrogen peroxide (H2O2) as

chemical blowing agent for the foaming of the geopoly-

meric pastes [4, 5]. In fact, H2O2 is thermodynamically

unstable, and therefore it can be easily decomposed to

water and oxygen gas with the latter playing the role of the

blowing agent:

2H2O2 ! 2H2Oþ O2:

Another chemical foaming process is based on the redox

reaction of Al or Si, in alkaline solution, which induces porosity

by H2 evolution [2, 6–8]. For many industrial applications, it is

essential to have foams of cellular morphology in terms of

controlling the pore structure (shape, morphology and orien-

tation) as well as texture, total porosity, and pore size distri-

bution [9]. These properties are strongly affected by the foam

stability of the viscous system before hardening or gelation.
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Proteins have been often proposed to stabilize differ-

ent kind of foams and emulsions, since their active

surface can lower the interfacial tension of fluid inter-

faces [10, 11]. Recently, proteins have been used in

cellular concrete as agent to reduce the surface tension of

the solution and stabilize air bubbles embedded in the

matrix through a mixing operation. The protein mole-

cules adsorb at the interface between air and water via

hydrophobic areas, and a partial unfolding (i.e., surface

denaturation) occurs which contributes to stabilize the air

bubbles [12–15].

In our knowledge, the simultaneous use of ‘‘in situ’’

chemical foaming and protein-assisted foaming has never

been proposed and it can be considered an innovative

approach to tailor the chemical–physical properties and

density of inorganic foaming.

In this paper, we investigated the effect of a chemical

blowing agent such as silicon metal redox reaction in alka-

line media in combination with a protein-assisted foaming on

the density and mechanical properties of geopolymeric

foam. Moreover, the effects of the foaming procedures as

well as the chemical composition on the cellular morphology

and chemical properties were also analyzed.

Experimental: materials and methods

Materials

The Sodium Silicate (SS) (Na2O 8.15 %, SiO2 27.40 %) was

provided by Prochin Italia Srl; the silico-aluminate powder

(MK) was provided by BASF with the following composi-

tion: Al2O3 42 wt%; SiO2 53 wt%; K2O 0.60 wt%; Fe2O3

1.70 wt%; TiO2 1.83 wt%; MgO 0.50 wt%; CaO 0.37 wt%.

Si metal powder and Na2SiF6 catalyst were purchased by

Merck and Sigma-Aldrich, respectively. Vegetable protein

in water solution (pH 7) was supplied by Isolchem s.r.l. Italia.

Design of geopolymeric foams

In order to control the morphology and porosity of the

geopolymeric foams, the kinetic of the following chemi-

cal–physical reactions was evaluated.

Geopolymer formation

This complex process involves the dissolution of silico-

aluminate amorphous phases in contact with high pH

alkaline solutions (i.e., sodium silicate). In particular, both

SiO4 and AlO4 units, released from the amorphous phase

reorient and polycondense leading to a strong network,

which provides interparticle bonding and physical strength

of geopolymer [16]. The schematic formation of a geo-

polymer can be illustrated by the following reactions [17]:

Simultaneously to the dissolution, the Sodium Silicate (SS)

solution condenses to form a silica gel [(SiO2)n2n(H2O)],

which evolves in a glassy material [(SiO2)n]. This mechanism

is based on the following reactions. The SS consists of a water

solution of alkaline silica made of silicic acid:

SiO2=Na2Oþ 3H2O, 2NaOHþ Si OHð Þ4: ð3Þ

The addition of a specific catalytic acid additive, Na2SiF6,

allows to control the gel’s formation of the SS solution. In

fact, Na2SiF6, in alkaline solution at 40 �C gives SiF6
2-

ions, which have an acid hydrolysis as follow [18]:

SiF2�
6 þ nþ 2ð Þ H2O, SiO2 � nH2Oþ 6F� þ 4Hþ:

ð4Þ

The catalyst affects the equilibrium reaction (Eq. 3) pro-

moting the formation of silicic acid (Si(OH)4) and consequently

(geopolymer precursors)

n(Si2O5, Al2O2) +2nSiO2+4nH2O+NaOH/KOH → Na+, K++n(OH)3-Si-Al--O-Si-(OH)3 (1)

(OH)2 

ð1Þ

ð2Þ
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the gelification of the system. Even though either the content

of silicic acid or the condensation reactions allow the for-

mation of a network with high crosslinking degree (Eq. 5):

The amount of catalyst and its typology have a key role

on both setting time and mechanical characteristics of the

final glassy material.

Foaming processes

This step can be obtained by several mechanisms:

(1) Chemical foaming: this process is obtained by

gaseous hydrogen, H2, produced through the redox

reaction of Si powder in the alkaline media [19]:

Siþ 4H2O! 2H2 þ Si OHð Þ4: ð6Þ

(2) Protein foaming: this process, usually employed in

porous ceramic materials production, consists in a

strongly whipping of the vegetable protein that, added

to the inorganic mixture, can act as ‘‘meringue’’ type

foam. Since the rate of whipping influences strongly

the expansion grade, it has to be suitably selected, in

order to obtain a stable foam network, able to maintain

itself during the gelling and consolidation processes.

In order to allow the entrapping of the bubbles in the

geopolymeric matrix, the foaming step has to take place

just before the gelification of the system.

Finally, it was taken into account that all the above

reactions are strongly influenced by curing conditions such

as time, temperature, and relative humidity.

Preparation of geopolymeric foams

Three different hybrid foams based on a starting mixture of

70 % wt. SS, 8.7 % wt. Na2SiF6, and 21.3 % wt. silico-

aluminate source (MK), were prepared. In particular, the

first foam (SCF) was prepared by mixing 8 wt% of Si

powder to the SS solution for 1 h, and subsequently the

other materials were added and homogeneously mixed. The

second foam (PCF) was prepared by adding to the starting

mixture 12 wt% of a ‘‘meringue’’ type foam, obtained from

an aqueous solution containing a mixture of vegetable

proteins. The ‘‘meringue’’ was prepared using an Ultra-

Turrax disperser at 12000 rpm up to obtain a volume 8

times the initial one. The third foam (HCF) was prepared

using simultaneously the Si powder and whipped protein.

The composition of each geopolymeric foam is summa-

rized in Table 1.

The slurries (namely SCF, HCF, and PCF) were cast in

plastic prismatic (4 9 4 9 16 mm) open molds and cured

at 40 �C for 24 h at room humidity. It has been proved that

prolonging the curing time and increasing the curing tem-

perature (up to 60 �C) can speed up the harden process and

improve the physical properties of a geopolymer sample.

However, curing at too high temperatures (80 and 10 �C)

or for longer time (more than 72 h) do not provide any

significant improvement in chemical and mechanical

properties [20].

Therefore, after curing, foams were let at 60 �C in

hydrothermal conditions (100 % Relative Humidity) for

72 h (namely h-SCF, h-HCF, and h-PCF).

Characterization of geopolymeric foams

The cellular morphology of the hybrid foams was examined

by SEM (SEM, Cambridge S440) and image (Image J�)

analysis was performed in order to assess the pore structure

of foamed systems. The samples were cross-sectioned, gold

sputtered, and analyzed at an accelerating voltage of 20 kV.

For the image analysis, the SEM micrographs were con-

verted to 8-bit digital images prior to be analyzed by the

Table 1 Geopolymeric foam

mixtures composition

a wt% is referred to the starting

mixture

Geopolymeric

foam

Starting mixture (wt%) Foaming agent

addition (wt%a)

SS MK Na2SiF6 Si Protein

SCF 70 21.3 8.7 8 No

PCF 70 21.3 8.7 No 12

HCF 70 21.3 8.7 8 12

ð5Þ
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Image J� software in order to evaluate the pore size distri-

butions and the mean pore size (ASTM D3576).

The chemical modifications that occur in the system

during the formation of geopolymeric foam were evaluated

by FTIR spectroscopy. FTIR spectra were collected at

room temperature using a Nicolet apparatus (Thermo Sci-

entific, Italy) from 4000 to 600 cm-1 with a wavenumber

resolution of 4 cm-1 for 64 scans. The FTIR spectra were

collected in absorbance mode on transparent pellets

obtained by dispersing the sample in the form of powder in

KBr (2 wt%).

Flexural and compressive tests were carried out on the

above described prismatic samples using a SANS testing

machine (mod. CMT4304, Shenzhen SANS Testing

Machine Co., China) with a 30 kN load cell, according

to ASTM D1621 and a loading rate of 2 mm/min. The

density was calculated as the ratio between the foam

weight (as measured with an analytical balance) and the

geometrical volume. All the tests were performed in

triplicate.

N2 adsorption/desorption analysis was carried out at

77 K using a Micromeritics ASAP 2020. Specific surface

areas were evaluated using the BET method.

Results and discussion

The morphological properties and the pore size distributions

of each foam are shown in Fig. 1. In Fig. 1a, a cellular

structure with a large number of closed cells having a size

distribution ranging from 70 lm to 350lm for SCF system

was observed. This morphology confirms that the hydrogen

produced during the redox reaction of the Si powder gener-

ates a cellular structure within the inorganic matrix.

A different morphology was observed in PCF foams

(Fig. 1b). Here the foamed structured was characterized by

Fig. 1 Morphological characteristic and pore size distribution of each foam
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a non-homogeneous microstructure with the presence of a

large amount of open cells.

Figure 1c shows the morphology of HCF foam. The

cellular morphology of the foam is characterized by an

open-cell structure with an interconnected porosity and a

pore size distribution that increased up to 200–700 lm.

At higher magnification (Fig. 2a), the presence of dif-

ferent inorganic structures located in the cell walls of

HCF was shown (enlargement of the white circle in

Fig 1c). In particular, it is possible to distinguish the

geopolymeric nano-precipitates (Fig. 2b) resulting from

the reaction of silico-aluminate source in silicate solution

media, and some un-reacted silico-aluminate particles

(Fig. 2c) [21, 22].

Figure 3 shows the FTIR spectra of MK, SCF, HCF,

PCF, h-SCF, and h-HCF. The MK shows a broad absorp-

tion band centered at 1069 cm-1 frequency assigned to the

overlapping of T–O–Si (T = Si or Al) asymmetric

stretching peaks typical of alumino-silicate species [16,

23]. The SCF, HCF, and PCF samples evidenced a shift of

this band at higher wavenumber (1079, 1080, and

1085 cm-1, respectively) that further increased for the

h-SCF and h-HCF (1089 and 1088 cm-1, respectively, data

not shown for brevity). This shift may be ascribed to the

change in the relative amounts of T–O–Si species [16],

which takes place in alkaline solution. In details, the SiO4

and AlO4 units of the amorphous phases of silico-aluminate

structure, in alkaline conditions, break and re-combine in

species with a higher covalent connectivity inducing a shift

of the T–O–Si bond toward higher wavenumber.

In addition, the SCF and HCF spectra displayed an

absorbance peak around 735 cm-1 ascribed to intrinsic

stretching vibrations of Al at the octahedral site (Al(6)),

according to the geometrical configuration of nearest

neighbors [16, 23].

This peak disappears after hydrothermal curing (h-SCF

and h-HCF), due depolymerization of silico-aluminate

species, Al(6), and structural amorphous reorganization of

the same species, Al(4)) tetrahedral coordinated [23]. This

behavior is not observed for the h-PCF.

These findings, confirmed by SEM results, suggest that

the presence of Silicon metal in the SCF and HCF system

enhances the formation of a geopolymeric network. The

generation of hydrogen from the redox reaction between

the Si powder and the alkaline solution was followed by the

gelification of silicate and then by dissolution and forma-

tion of new silico-aluminate phases, which contributed to

the hardening of the inorganic continuous phase.

Fig. 2 SEM images of HCF at a 70009, b 640009 and c 290009
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Accordingly, the compressive strength data (reported in

Fig. 4 and Table 2), highlighted that, for the SCF and HCF

foams, the presence of the Si component strongly

contributed to the consolidation of the inorganic structure

providing higher mechanical performances [24].

In addition, for HCF system, a toughness effect was also

observed, because the presence of ‘‘meringue’’ foam acted

not only as simple templating agent, but it contributed

actively to stabilize the hybrid foam through the formation

of a cross-linked organic network [10] chemically bonded

to inorganic phase.

On the contrary, PCF foam showed very poor mechan-

ical properties (see Table 2) due to a low extent of geo-

polymeric reactions. In fact, it is believed that the amount

of un-reacted material acts as defect site and affects neg-

atively the mechanical behavior [22].

As proposed by Gibson-Ashby [25], the relative strength

of a cellular material is related to its relative density by the

following equation:

r�F
rC

¼ C
q�F
qC

� �n

;

where qF* and rF* are the relative density and compressive

strength of the ceramic foam, respectively. qc and rC are

referred to the compact solid. C is a dimensionless constant

and the exponent n depending on the cell morphology.

Fig. 3 FTIR investigation

Fig. 4 Mechanical properties

Fig. 5 Compression strength as a function of relative density

Table 2 Mechanical characterization of the ceramic foams

Samples Density (kg/m3) Rc (MPa) Rf (MPa)

SCF 1000 4.62 ± 0.07 0.14 ± 0.01

HCF 450 1.41 ± 0.07 0.21 ± 0.01

PCF 290 0.49 ± 0.03 0.14 ± 0.01

CSa 1100 5.92 ± 0.07 1.30 ± 0.07

a Compact solid
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Figure 5 reports strength data as a function of the relative

density and compares the foam behavior either with a com-

pletely open-cell or closed-cell foams. The lack of a perfect

fit to Ashby’s theory can be due to the presence of mixed

closed and open cells. In fact, the hybrid ceramic foams are

characterized by an interconnected porosity, where some

pores are present in most of the cell walls [26, 27].

The results of N2 adsorption/desorption measurements

were reported in Fig. 6. The samples HCF and SCF showed

low values of the BET surface area. In particular, the BET

surface area was higher in HCF (2.614 m2/g) compared to

SCF (1.482 m2/g) samples. Both isotherms belong to Type II

from the IUPAC classification [28], characteristic of mac-

roporous materials. Accordingly, with the SEM results, the

HCF isotherm showed a narrow hysteresis loop, due to the

more heterogeneous pore distribution of the hybrid foam.

However, these BET values are fairly low when compared to

other foams characterized by a higher degree of cell inter-

connections within the entire structure. This suggested that,

even though an open-cell structure was observed by SEM,

the cell interconnection was low in these foamed structures.

Moreover, low values of specific surface area can be due to

the presence of un-reacted silico-aluminate phase (also

confirmed by SEM analysis, Fig. 2) which fills the mesop-

ores of the partially polymerized foams [1, 24].

Conclusions

Hybrid foams based on geopolymeric matrix were engi-

neered by employing different foaming methods. In the first

method, gaseous hydrogen produced by the oxidization of Si

powder in an alkaline media was used as blowing agent to

generate gas bubbles in the geopolymeric matrix. In the

second method, the porous structure was generated by mix-

ing the paste with a ‘‘meringue’’ type of foam previously

prepared by whipping, under vigorous stirring, a water

solution containing vegetal proteins as surfactants. In the

third method, a combination of these two methods was

employed. In particular, we found that the combination of the

‘‘meringue’’ approach with the use of Silicon powder, as

blowing agent, can lead to the formation of hybrid foams

(HCF) having a geopolymeric structure bonded to an organic

phase (protein). The whipped protein has the important role

to stabilize the hybrid foam through the formation of a cross-

linked organic network chemically bonded to inorganic

phase. The synergistic effect of two different foaming agents

leads to an interconnected porosity and low density. At the

same time, it is possible to obtain a product with mechanical

properties mediated between ceramic and polymeric foams.
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