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A B S T R A C T

In this work, the use of waste dust filter of secondary aluminum industry (DFA) to obtain geopolymer foams
has been studied. The waste was used as source of alumina and foaming agent. As precursor and principal re-
active silica supplier rice husk ash was used. Precursors were chemically activated by means of a sodium hy-
droxide aqueous solution and a commercial sodium silicate solution. The influence of the DFA content or Si/Al
molar ratio (4–7) were determined by keeping the Si/Na molar ratio of 0.7 M constant and the concentration
of sodium hydroxide in the activating solution equal to 8.5 M. The geopolymer foams obtained were studied by
X-ray Diffraction (XRD), adsorption/desorption of nitrogen, infrared spectroscopy (FTIR), and scanning electron
microscope (SEM) techniques. The results indicated that geopolymer foams presented low values of bulk density
(643–737 kg/m3) high values of apparent porosity (62–70%), low, but sufficient values of compressive strength
(0.5–1.7 MPa) and good values of thermal conductivity (0.131–0.157 W/mK). Lower values of thermal conduc-
tivity were obtained for Si/Al = 4 and 5 M ratios, due to the highest apparent porosity and the highest total pore
volume. These geopolymer foam materials have similar properties to other construction materials sector such as
gypsum boards, foamed concrete, or insulating materials. In addition, its use in other applications of interest such
as catalyst support or gas filtration materials could be investigated.

1. Introduction

A large amount of industrial wastes is produced annually in the
world. In 2014, Spanish industry generated 38.7 million waste, of which
96.6 wt % were non-hazardous [1]. A large amount of industrial wastes
is deposited in landfills, generating serious environmental problems. In
recent years, the utilization of biomass to generate electricity and heath
has resulted in a significant increase, in order to recover waste and re-
duce CO2 emissions into the atmosphere.

In the European Union, becoming the fastest growing renewable en-
ergy. Biomass represents more than 5% of the total energy consumed
in Spain [2]. At the European level, the General Directorate of Agri-
culture of the European Commission for the 2016/17 season foresaw a
harvested area of 442,000 ha, with a production of 2.86 million tons
of rice husk [3]. The 20 wt% of total rice production gives rise to the
rice husk by-product in the rice industry. Due to its physical-chemical
constitution, the rice husk is hardly biodegraded, and hence many times
the husk is left in bulk as an agroindustrial residue. One of the ways
to eliminate this waste is by combustion, generating between 18 wt %
to 20 wt % of ash based on the weight of rice husk [4]. Rice husk ash
(RHA) contains more than 90 wt % silica, which makes it an impor

tant source of silica, with small amounts of inorganic salts. Its appli-
cations are diverse: manufacture of catalysts, zeolites, graphene, stor-
age/energy condenser, carbon capture, manufacture of silicon chips and
silica gels, in the production of silica and activated carbon and in the
synthesis of lightweight building insulation materials and geopolymers
[5–7].

Aluminum can be almost completely recycled. Due to this fact, there
are industrial processes for obtaining secondary or second fusion alu-
minum, obtained from the transformation of aluminum and scrap, which
recycle primary aluminum, giving rise to several by-products. The waste
generated in the secondary aluminum melting stage is salt slag (more
than 500 kg/MT Al), aluminum slag (less than 10,000 MT/year) and fur-
nace filter fines (more than 35 kg/MT Al [8]. In this study, fines of oven
filter, generated in the filters installed in the different emitting sources,
such as rotary kilns and chip dryers, are used as the source of aluminum.
Currently, a part of this waste is purified and used in the steel industry,
or is used as a road cracking sealant, although the majority is, in gen-
eral, landfilled or disposed without treatment, which is why it causes a
severe environmental damage.

The so-called Circular Economy is emerging as an environmental and
economic concept whose objective is that the value of materials, re-
sources and products (water, energy, …) continue in the economy for
the longest time and the generation of waste is minimal. The aim is
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to implement a new economy, to circulate against the current linear sys-
tem of our economy (extraction, manufacture, use and disposal). There-
fore, the effective use of resources in Europe is one of the most impor-
tant initiatives of the Europe 2020 strategy in order to generate sustain-
able, smart and inclusive growth. Currently, this is Europe's main future
strategy to generate economic expansion and employment. This strategy
supports the shift towards an efficient economy in the use of resources
and low carbon emissions, as set out in the EU circular economy mea-
sures package presented on 02.12.2015 [9]. Therefore, from a techni-
cal, environmental and economic perspective, improving the recovery of
waste can mean fewer impacts on the environment, as well as opening
new markets and promoting less dependence on imports of raw mate-
rials. In addition, there is a need to develop new technological tools to
stop the environmental footprint derived from the construction materi-
als manufacturing, by the use of waste or by-products in its formulation.

The cement industry has developed alternative cements, such as ce-
ments with additions with which the partial substitution of the Port-
land cement has been achieved by the incorporation of chemically ac-
tive additions, such as pozzolans and industrial secondary products such
as ash and steel slag [10–13] and the cements of alkaline activation or
geopolymer cements, being the most promising green cements, due to
their low environmental impact [14,15]. Geopolymers are non-Portland
cements obtained from the alkaline activation of different sources of alu-
minosilicates such as natural minerals, by-products or industrial wastes
[16,17].

The geopolymers are considered the materials of the future due to
their low environmental impact and high performance relative to the
consumption of raw materials, their low consumption of energy, as well
as causing a significant reduction, approximately 85%, of CO2 emissions
[18]. Consequently, the production of these new substitute sustainable
materials of the traditional ones that generate a lower environmental
impact is one of the main strategies to fight against climate change that
can contribute very effectively to a future green "revolution" in the sec-
tor of non-metallic inorganic building materials.

Chemically, geopolymers or alkali-activated materials are obtained
by reaction of silicate and aluminate rich raw materials at tempera-
tures lower than 100 °C [19,20]. Geopolymer foams have high ther-
mal efficiency and environmental benefits are an alternative to materials
with low thermal conductivity [21–23]. The production of geopolymers
with porous structure requires adding blowing agents as aluminum, zinc
or silicon metal powders and hydrogen peroxide [24–29]. In geopoly-
mer foams the geopolymerization reaction and chemical foaming reac-
tion occur simultaneously. Recently, wastes as coconut ash [30], bottom
ash from solid waste combustion [31], aluminum potassium slags [32]
and paval, a solid waste stream from the aluminum industry [33] have
been used as innovative foaming agents. They have been proposed for
new applications such as cellular concrete [34], sewage treatment [35],
catalyst support [36], gas filtration [37], heavy metal immobilization
[38,39] and insulation materials [22].

The novelty of this study is to valorize the hazardous waste, dust fil-
ter from the secondary aluminum industry (DFA), used only as a drier
in the management of hazardous liquids, sludge and oils, in a new po-
tential application, reducing its accumulation in landfills. The composi

tion of the residue is suitable for use as a raw material for manufacturing
geopolymeric foams. The residue is rich in Al2O3 and has a high sodium
content, which reduces the content of the activating solution to achieve
a Na/Si molar ratio of 0.7. At the same time, the waste contains metallic
aluminum and aluminum nitride in its composition, therefore, the use
of organic raw materials, such as polyurethanes, or hydrogen peroxide,
is not required in the process for the formation of porosity, resulting in
economic and environmental benefits.

In view of this background, the aim of this study is to investigate the
use of a waste, not employed so far, dust filter from the secondary alu-
minum production industry (DFA) as a source of aluminum and bloating
agent in the production of geopolymer foams. Other waste, rice husk ash
(RHA) was use as a silica precursor. Both raw materials were alkaline-ac-
tivated by means of a mix solution of sodium hydroxide and commercial
sodium silicate. The influence of DFA content or Si/Al molar ratio has
been studied.

2. Materials and methods

2.1. Materials

The geopolymers were prepared using as a source of silica, rice husk
ash (RHA) and as a source of aluminum and foaming agent, dust filter
of secondary aluminum industry (DFA). RHA come from a rice produc-
ing industry located in San Juan de Aznalfarache (Seville, Spain). DFA
was obtained from Befesa, a service company specializing in the recy-
cling of steel dust, salt slags and aluminum waste located in Erandio
(Vizcaya, Spain). RHA was sieved in order to obtain a particle size less
than 150 μm. DFA was used as received. A mixture of aqueous sodium
silicate (Panreac, SA) with a composition of 8.9 wt % of Na2O, 29.2 wt
% of SiO2 and 61.9 wt % of H2O and a 8.5 M NaOH solution (Panreac
SA) was used as an alkaline activating solution.

2.2. Synthesis of geopolymer foams

Alkali activated foams (GF4; GF5; GF6 and GF7) were prepared us-
ing 4 M ratios of Si/Al = 4, 5, 6 and 7; Na/Si = 0.7. The synthesis of
the materials was carried out in several stages involving: i) NaOH solu-
tion and homogenization of sodium silicate (pH = 13.2); ii) appropri-
ate amounts of raw materials, RHA and DFA were mixed for 5 min in a
Proeti mixer; iii) adding the activating solution in 2 min and iv) mixing
the mixtures for 10 min (Table 1).

The aluminum residue acts as a chemical foaming agent, since it
contains impurities of metallic Al (<1 wt %) and aluminum nitride
(>1.5 wt %) that generate the release of hydrogen [40,41] and ammo-
nia into the slurry according to the following reactions:

2 Al+ 6 H2O → 2 Al(OH)3+ 3H2 ( Eq.
1)

2 Al + 3H2O → Al2O3 +3 H2 (Eq.2)

2Al+6H2O+2NaOH→2Na[Al(OH)4]+ 3H2↑ (Eq.
3)

AlN+3H2O→NH3↑+ Al(OH)3
(Eq.

4)

Table 1
Mix proportions of geopolymeric foam materials.

Sample Molar Ratio Si/Al Molar Ratio Na/Si RHA (g) DFA (g) Na2SiO3 (g) H2O (g) NaOH (g) S/L ratio

GF4 4 0.70 14.20 13.40 9.83 14.62 1.66 1.2
GF5 5 0.70 14.20 11.90 9.88 14.90 2.39 1.2
GF6 6 0.70 10.42 8.05 15.00 5.40 1.86 1.0
GF7 7 0.70 12.50 7.59 12.15 11.18 2.75 1.0
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The release of hydrogen and ammonia in the reaction medium gen-
erates abundant bubbles resulting in the geopolymeric foam. The con-
centration of DFA was 25, 22, 19 y 16 wt % for Si/Al = 4, 5, 6 and 7,
respectively.

Subsequently, the geopolymeric precursor was subjected to 60 °C
and a high relative humidity, 99%, during a setting time of 24 h to fa-
vor the formation of H2 and NH3, the foam expansion and the consolida-
tion, using sealed polyethylene molds. The specimens were then demold
and kept at ambient conditions up to the 28-days final curing stage. A
schematic of the synthesis of geopolymer foams and a photo of the ma-
terials obtained can be seen in Fig. 1.

2.3. Material characterization

To characterize the RHA, DFA and geopolymer foams, a high reso-
lution scanning electron microscope (FESEM), Merlin by Carl Zeiss was
used. The measurement of particle size distributions of the wastes was
performed using a Mastersizer 2000LF of Malvern Instruments laser dif-
fractometer. The characterization of the different compounds formed
during the geopolymerization reaction and to identify the functional
groups present in the geopolymers was carried out using infrared spec-
troscopy (ATR-FTIR). A Vertex 70, Bruker equipment equipped with
ATR accessory with diamond crystal model Bruker Platinum was used.
The spectra were collected at frequencies between 4000 and 400 cm−1

with 64 scans with a scanning speed of 5 kHz and a resolution of 2 cm−1.
Crystalline phases of RHA, DFD and geopolymer foams were evaluated
with X-ray diffractometry Empyrean with a PIXcel-3D detector of PAN-
alytical. The CuKα, 40 kV and 35 mA radiation was used to obtain the
X-ray diffraction patterns, in a 2 theta range between 10 and 60°. The
chemical composition of the wastes was determined by X-ray fluores-
cence (XRF) using the Philips Magix Pro PW-2440 equipment.

The degree of reaction was determined by attacking 1 g of ground
and sieved geopolymer at 150 μm with a solution of HCl (1:20). The at-
tacked solid was filtered under vacuum, dried in an oven and calcined at
1000 °C for 3 h [42,43]. The geopolymeric gel dissolves in the acid so-
lution, while the insoluble residue remains in the ash fraction that does
not react. The degree of reaction was determined by calculating the loss
of mass produced in the attack of the acid to the geopolymer, according
to the equation:

(Eq.5)

A Micrometitics ASAP 2020 equipment was used to determine the
characteristics of the pores of powdered geopolymeric foams. From the
adsorption-desorption isotherms of N2 at −196.8 °C, the specific sur-
face area, pore volume and pore size distribution were determined.
The Brunauer-Emmett-Teller (BET) method at a P/P0 value between
0.065 and 0.2 was used to determine the specific surface. The BJH

Fig. 1. Synthesis protocol of the geopolymer foams obtained.
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method was used to determine the pore volume and pore size distrib-
ution. Physical properties such as bulk density and apparent porosity
were calculated according to the Archimedes method. European stan-
dard UNE-EN 772-21 [44] was followed to determine water absorption.
The thermal conductivity of the foamed geopolymers was evaluated by
FOX 50 heat flowmeter of TA instrument that utilize a steady state tech-
nique for the determination of thermal conductivity, in accordance with
ISO 8301 standard [45]. The UNE-EN 772-1 standard [46] was followed
to determine the mechanical properties of compressive strength using an
MTS 810 Material Testing Systems laboratory press.

3. Results and discussion

3.1. Characterization of raw materials: dust filter of secondary aluminum
industry (DFA) and rice husk ash (RHA)

The particle size distribution of the wastes is shown in Fig. 2. The
average particle size of the DFA and RHA particles, D50, was 12.5 and
96.2 μm, respectively. The particle size of DFA waste is finer than that
of the RHA. The main fraction of the DFA is constituted mainly by par-
ticles of the size of the silt (2–63 μm) while RHA consists mainly of
sand-sized particles (63–2000 μm) and a minor amount of fine particles
(<2000 μm), 1.73 vol % (Table 2).

The specific surface, determined by Blaine permeabilimeter of the
DFA was 2058 cm2/g and of the RHA of 1948 cm2/g presenting a rela-
tive density of 3105 kg/m3 and 2148 kg/m3. High specific surfaces have
a favorable effect on the chemical reactivity of silica and alumina, since
they react at faster speeds when a greater exposed surface is found to be
able to react.

XRF was used to determine the chemical composition of the wastes
(Table 3). DFA is composed mainly of Al2O3 (21.6%) and Na2O (21.7%)
being important its content in Cl- (24.4%) and containing lower
amounts in descending order of K2O, F, S, MgO and CaO. Therefore,
DFA can be used as an aluminum and sodium source, raw materials
necessary for the formation of geopolymers, besides acting as foamed
agent. The main constituents of RHA are SiO2 (76.7%)

Fig. 2. Particle size distribution of raw materials: dust filter of secondary aluminum indus-
try (DFA) and rice husk ash (RHA).

Table 2
Particle size distribution of raw materials: dust filter of secondary aluminum industry
(DFA) and rice husk ash (RHA).

Particle size distribution (mm) DFA (wt %) RHA (wt %)

Clay content<0.002 9.14 1.73
Silt content (0.002–0.063) 84.31 36.86
Sand content (0.063 −2) 6.53 61.41

Table 3
Chemical composition of dust filter of secondary aluminum industry (DFA) and rice husk
ash (RHA).

Oxide content (%) DFA RHA

SiO2 0.38 76.7
A2O3 21.56 0.183
Fe2O3 0.64 0.233
CaO 1.37 0.821
MgO 2.37 0.654
MnO 0.05 –
Na2O 21.69 –
K2O 5.88 2.03
TiO2 0.37 –
P2O5 0.03 1.62
SrO 0.035
S 2.69 –
F 2.89 –
Cl 24.42 –
LOI 21.82 17.78

with percentages lower than 3 wt % of other components such as P2O5
(1.62%) and K2O (2.03%). The weight loss by ignition (LOI) is sim-
ilar although slightly higher in the DFA residue (21.8%) than in the
RHA (17.8%). This may be due mainly to the presence of carbon-
ates (18.1% and 5.6%) and organic matter (8.9 and 16.3%), respec-
tively. Both residues have a composition suitable for the formulation of
geopolymers [47].

The XRD patterns of the DFA and RHA indicate that both raw ma-
terials present crystalline phases. The diffraction pattern of DFA (Fig.
3a) is more complex presenting as main crystalline phases halite (Ref
Code: 96-900-6377) NaCl, K3.2Na0.8Cl4 (Ref Code: 96-900-3165), alu-
minum oxide (Ref Code: 96-152-8428) Al2O3, aluminum and magne-
sium spinel (Ref Code: 96-900-3484) MgAl2O4, metallic aluminum (Ref
Code: 96-901-2430) Al, aluminum nitride (Ref Code: 96-101-0515) AlN,
feldspars (silicoaluminate of alkaline and/or alkaline earth, (Ref Code:
96-153-1007) KAlSi3O8), elpasolite (Ref Code: 96-900-9342) K2NaAlF6
and BaFe1.5Al0.5O4 (Ref Code: 96-152-4485). The halite phase could be
formed by a process of condensation of gases rich in Na and Cl, when
the temperature is lowered to extract the filter dust of the secondary
aluminum industry below 801 °C, the melting point of this phase [48].
The main phase of the RHA residue (Fig. 3b) is cristobalite (Ref Code:
96-900-8228) polymorphic form of quartz, formed at high temperatures
during the combustion process of rice husk. XRD pattern present a back-
ground indicating the present of amorphous phase.

Fig. 4 shows the SEM images of wastes used as raw materials. It
is observed that both residues are formed by particles of micrometric
size, as well as larger particles, observing a large granulometric distrib-
ution. DFA waste reveals the presence of spherical particles, rich in Cl,
Na and K, as well as irregular ones, rich in Al according to the FRX and
XRD data The RHA particles are formed by silica, the main component
of the residue, also containing small amounts of alkaline earth elements
according to the EDAX analysis. The particles of the RHA waste are rel-
atively larger.

3.2. Geopolymer foams characterization

Diffraction results from 28-days cured geopolymer foams (Fig. 5)
indicate the presence of amorphous substances, when deviations of the
baseline were observed between values of 2θ between 20 and 35°. This
fact can indicate the formation of an amorphous geopolymer gel pro-
duced in the geopolymerization reaction [49,50]. In addition, diffrac-
tion peaks are observed, indicating the presence of crystalline struc-
tures of SiO2 (such as cristobalite) (Ref Code: 96-900-8228), NaCl

4
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Fig. 3. (a) XRD pattern of dust filter of secondary aluminum industry (DFA) and (b) XRD
pattern of rice husk ash (RHA).

(Ref Code: 96-900-6377) and Al2O3 (Ref Code: 96-152-8428) in the raw
materials. The crystalline phases present in the raw do not intervene in
the geopolymerization reaction.

The FTIR analysis was used to know a molecular "fingerprint" of
both rice husk ash and geopolymer foams obtained by alkaline activa-
tion of the raw materials RHA and DFA (Fig. 6). The dissolution of the
waste used as raw material in the alkaline solution is the first stage. A
solid network is formed from the polymerization reaction of the species
formed by hydrolysis. The dissolution of the aluminates and silicates
present in the residues used as raw materials, RHA and DFA, is pro-
moted by the hydroxyl ions present in the alkaline activator that pro-
mote an increase in the rate of hydration [51]. The FTIR spectrum allo-
cated at approximately 1100 cm−1 is assigned to non-reactive silica-rich
particles [52]. The shoulder detected in this spectra region is slightly
higher for geopolymer foams with lower Si/Al ratio, which indicates
that these samples have a higher number of silica-rich phases, which
confirms their lower reaction compared to the formulations with ratios
molars Si/Al = 6 and 7. Therefore, for higher molar ratios a higher dis-
solution of the Si of the RHA raw material is achieved. The bands cen-
tered between 1061 and 1011 cm−1 correspond to the vibrations stretch-
ing asymetric of Si–O–Si in the raw material, RHA waste (1061 cm−1)
and Si–O−T (T = Si or Al) bonds of SiO4 or AlO4 tetraedra in geopoly-
mer foams (1030-1011 cm−1) [53]. The displacement of the position of
the band with respect to the band of the raw material, indicates the
activation by the alkaline solution of the raw materials, and therefore,
indicates that the geopolymerization reaction takes place [54]. In ad-
dition, the displacement indicates that the Al is incorporated into the
Si─O─Si structure and there has also been an increase in the number
of non-bridging oxygen in the silicon tretrahedra [55]. The peaks cen-
tered at 790 cm−1 more intense in the raw material RHA could corre-
spond to Si─O stretching characteristic of the bonds that are present in
the RHA of origin, mainly in crystalline compounds such as cristobalite.
The not very intense peak observed at 617 cm−1, that is only observed
in the raw material, could be due to the vibrations of the silanol groups
(Si─OH). The band at approximately 440 cm-1, could correspond to the
second characteristic band of the sodium aluminosilicate gel character-
istic of the deformation vibrations of the T-O-T bonds (T = Al, Si). This
band could also be assigned to the angular vibration of deformation of
the Si–O–Si bonds present in the raw material RHA. The FTIR analysis
confirms that the ash react with the waste of the aluminum industry and
become a geopolymer structure.

Figs. 7 and 8 show the nitrogen adsorption/desorption analysis
and pore size distribution curves of the geopolymer foams, respectively.
All adsorption-desorption isotherms of N2 conform to type IV with hys-
teresis cycle, indicating capillary condensation in mesopores according
to the IUPAC classification [56]. The H3-type hysteresis cycle is usu-
ally due to aggregate flat particles that form slit-like pores [57] as
in SEM micrographs it can be observed. The presence of macropores
and mesoporos with a non-uniform size is attributed to the vertical
asymptotic profile at high relative pressures P/Po that appears in the

Fig. 4. (a) SEM micrograph of dust filter of secondary aluminum industry (DFA) and (b) SEM micrograph of rice husk ash (RHA).
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Fig. 5. (a) XRD patter of geopolymer foams as a function of Si/Al molar ratio.

Fig. 6. IR spectra of raw material (RHA) and geopolymer foams as a function of Si/Al mo-
lar ratio.

isotherms [58]. All geopolymeric foams have a well -connected pore
structure as indicated by the dominant reflections in the mesoporous re-
gion (2, 3 and 11 nm) and the presence of macropores (99 nm) [59].

Textural properties of the obtained geopolymer foams are shown
in Table 4. The BET specific surface area is greater for the sample
Si/Al = 5, showing a beneficial effect of porosity formation for these
geopolymer foams. The lower mesoporous area corresponds to the spec-
imens with Si/Al molar ratio of 6. The total pore volumes of geopoly-
mer foams are greater for specimens containing a Si/Al = 5 M ratio in-
dicating a greater connectivity of the pore structure, however geopoly-
meric foams with a Si/Al = 6 M ratio present a larger pore diameter
size (7.36 nm).

The reaction degree is greater with increasing Si/Al molar ratio as
shown in Table 5, reaching a maximum value of 61.5% for a Si/Al mo-
lar ratio of 7.

The bulk density and apparent porosity data of the geopolymer
foams cured for 28 days are show in Table 5. All geopolymeric foams
have a low bulk density in the range of 644–709 kg/m3. The formation
of the H2 and NH3 bubbles, the increase in viscosity and the consolida-
tion of the foams is favored in the curing stage at 60 °C. The balance
of the two mechanisms allows to trap bubbles of H2 and NH3, which
due to the pressure exerted by the geopolymer paste expand within
the structure and give rise to porous foams [60,61]. All foams pre-
sent an apparent porosity from 62 to 70%. The apparent porosity in-
creases as the bulk density decreases. Among the investigated samples,
GF4 exhibits the higher porosity (70.0%) and water absorption (60.9%)

and the lowest bulk density (644 kg/m3). The apparent porosity values
are similar to those obtained for geopolymeric foams that use different
proportions of rice husk and metakaolin as a precursor and aluminum
powder as a foaming agent. The specimens had a porosity between
64.19 and 77.39% depending on the water/metakaolin ratio [62]. How-
ever, Dembovska et al. [63], have obtained higher porous geopoly-
mers with higher apparent porosity values between 83 and 86% and
lower bulk density between 380 and 470 kg/m3 using as raw materi-
als metakaolin residue and aluminum scrap recycling waste, metakaolin
residue, aluminum scrap recycling waste and glass waste or metakaolin
residue, aluminum scrap recycling waste and steel-plant waste.

Images of the core sections of the geopolymeric foams are shown
in Fig. 9. Every specimen present a structure with approximately ir-
regular spherical pores derived from the foaming process. The geopoly-
meric foams with Si/Al = 4 and 5 h M ratios have a brighter surface,
while geopolymeric foams with Si/Al = 6 and 7 M ratios present a more
spongy structure. In all the foams prolate pores are observed. The struc-
ture is more homogeneous in geopolymeric foams with Si/Al = 6 and
7 M ratio, due to the lower solid/liquid ratio in the starting materials (1
for foams with Si/Al = 6 and 7 and 1.2 for foams with Si/Al = 4 y 5).

SEM micrographs (Fig. 10) show the microstructure of the fracture
surface of the geopolymeric foams (GF4 and GF7). All specimens show
the formation of amorphous porous gel, with closed and interconnected
pores of different sizes. All foams are formed by big pores with a large
interpores partition where smaller pores are observed.

Thermal conductivity (λ) is an important property in foams as it
affects its insulation capacity. The geopolymer foams present values
of thermal conductivity between 0.157 W/mK and 0.131 W/mK for
geopolymeric foams with Si/Al = 7 and Si/Al = 5 M ratio, respectively
(Fig. 11). The Si/Al = 5 samples have a greater total volume of pores
generated in the foaming process. The values obtained from thermal
conductivity indicate that geopolymeric foams are promising insulating
materials. The thermal conductivity values are similar to those obtained
for geopolymeric foams using clayed material an iron – aluminum – cal-
cium slag as precursor and 2 wt % potassium – aluminum slag as foam-
ing agent, with thermal conductivity of 0.169 W/mK [64]. Kanseu et al.,
[62] obtained thermal conductivity values between 0.21 and 0.12 W/
mK depending on the water/metakaolin ratio for metakaolin-rice husk
ash porous geopolymers that use aluminum powder as a foaming agent.

Normally, the compressive strength of these building materials, light
foams, is not a critical factor, since they are not used in loading ap-
plications. However, it is important from a transport point of view
without damaging its porous structure. The compressive strength data
(Fig. 11) indicate that geopolymer foams present low values of this
mechanical property due to their high relative porosity. The lowest
values of compressive strength, 0.5 MPa, are obtained for specimens
with Si/Al = 4 and 5 M ratios. These specimens have a greater to-
tal pore volume and greater porosity and lower amount of geopoly-
meric gel as indicate reaction degree (Table 5). Compressive strength
may be determine by the amount of geopolymer gel, the pore size
and the pore size distribution. High bulk densities with more homoge-
neous and lower pores allows a more suitable distribution of the charge
within the geopolymer gel. Specimens having a Si/Al = 7 M ratio pre-
sent the highest compressive strength of 1.7 MPa, because they have
a greater bulk density and a smaller total pore volume, smaller size,
and a slightly narrower distribution and possibly a greater proportion of
geopolymer gel as indicated by the reaction degree. Hajimohammadi et
al. [65] obtained geopolymeric foams using fly ash activated as a pre-
cursor by alkali solutions which are made from different ratios of al-
kali activators NaOH and sodium silicate solution and aluminum pow-
der as a foaming agent. The samples presented compressive strenght val
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Fig. 7. The nitrogen adsorption/desorption analysis Isotherms of nitrogen adsorption/desorption of geopolymer foams as a function of the Si/Al molar ratio.

Fig. 8. Pore size distribution curves of the geopolymer foams as a function of the Si/Al
molar ratio.

ues between 1.6 and 0.4 MPa, with bulk densities between 880 and
680 kg/m3, respectively. Dembovska et al. [63] obtained compressive
strength values of 1.1 MPa for synthesized geopolymeric foams using
waste metakaolin and aluminum scrap recycling waste as raw materi-
als. The incorporation of steel-plant waste produced geopolymers foams
with higher compressive strength up to 2.0 MPa. The heat conductivities
values ranging between 0.14 and 0.15 W/m·K.

The thermal conductivity and compressive strength of the new
geopolymeric foams obtained are similar to other common low ther

Table 4
Textural properties of the foamed geopolymers as function of Si/Al molar ratio determined
by nitrogen adsorption/desorption analysis.

Sample

Molar
ratio
Si/Al

Specific surface
área SBET
(m 2/g)

Total pore
volume VBH, ads
(cm 3/g)

Average pore
diameter DBJH,ads
(nm)

GF4 4 20.37 0.024 6.58
GF5 5 24.32 0.032 6.21
GF6 6 15.42 0.022 7.36
GF7 7 20.86 0.019 5.79

Table 5
Reaction degree and physical properties of geopolymer foams as function of Si/Al molar
ratio.

Molar
ratio Si/
Al

Reaction
degree (%)

Bulk density
(kg/m 3)

Apparent
porosity (%)

Water
absorption
(%)

4 48.5 643.94 ± 10.28 69.69 ± 0.37 60.88 ± 2.43
5 53.5 678.95 ± 22.41 63.40 ± 1.76 45.62 ± 3.31
6 54.0 652.48 ± 22.40 65.37 ± 2.06 45.15 ± 5.57
7 61.5 717.82 ± 18.37 62.32 ± 1.22 38.50 ± 3.51

mal conductivity construction materials. Some examples are proposed
next: cork board, with thermal conductivity, λ = 0.052–0.70 W/mK
and compressive strength of 0.15–2.5 MPa, used for thermal insulation
[[70]]; expanded clay with λ = 0.085–0.160 W/mK with sound insula

7



UN
CO

RR
EC

TE
D

PR
OO

F

D. Eliche-Quesada et al. Journal of Building Engineering xxx (xxxx) xxx-xxx

Fig. 9. Photographs of the core sections of the geopolymer foams (cylindrical specimen 40 mm diameter and 50 mm length) as a function of the Si/Al molar ratio.

Fig. 10. SEM micrographs of geopolymer foams (a) GP4: Si/Al = 4 M ratio and (b) GP7: Si/Al = 7 M ratio at 40x and 250x.

Fig. 11. Compressive strength and thermal conductivity of geopolymer foams as a func-
tion of Si/Al molar ratio.

tion applications of suspended floor constructions and aggregate in
the manufacture of masonry units [71]; foamed concrete with
λ = 0.081–0.19 W/mK and compressive strength ≥ 0.4 MPa with appli-
cation in exterior protected construction [70] and wood fiber board
with λ = 0.11–0.26 W/mK and compressive strength of 0.4–0.5 MPa
used in partition board, wall panel and ceiling [70]. In addition, the
new geopolymeric foams obtained have lower thermal conductivity and
bulk density values than gypsum plasterboard with densities of 900 kg/
m3 and λ = 0.25 W/mK used as partition board and wall panel [72].

3.3. Comparision with other foams geopolymers materials

The physical, mechanical and thermal properties were compared
with those of other research. It should be considered that different raw
materials, water content, foaming agents and curing regime are used.
Ziegler et al. [66] activated fly ash using alkaline solution realized
with rice husk ash and KOH, incorporating between 0.05 and 0.3% of
aluminum powder as a foaming agent. The porosity of the specimens
varies between 54 and 67% with the addition of 0.05 and 0.3% of alu
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minum powder. Geopolymeric foams that incorporate 0.3% aluminum
powder have values of apparent porosity and compressive strength sim-
ilar to those obtained in this study. Palmero et al. [67], used metakaolin
and hydrogen peroxide in different amounts as a foamed agent.
Geopolymeric foams were obtained with a porosity between 56 and
75%, a bulk density between 590 and 330 kg/m3, thermal conductivities
between 0.15 and 0.17 W/mK, but with higher compressive strengths
between 1.8 and 5.2 MPa. Alam Zaidi et al. [68], produced geopoly-
meric foams using different percentages of natural soil as a source of
aluminosilicates and 2 wt % of hydrogen peroxide as a foaming agent.
The geopolymeric foams had bulk densities between 1090 and 863 kg/
m3, apparent porosity between 54.0 and 63.1%, compressive strength
between 1.6 and 3 MPa and thermal conductivity between 0.267 and
0.334 W/mK. Chen et al. [69], studied the manufacture of geopolymeric
foams from bottom ash from the combustion of solid waste that con-
tains a certain amount of metallic aluminum that is used as a foam-
ing agent. Geopolymeric foams with apparent densities between 612
and 1036 kg/m3, compressive strengths between 0.95 and 2.82 MPa and
porosity between 10.3 and 37.3% were obtained. Hassan et al. [30]
prepared geopolymer foams using as raw materials coconut ash (CA)
and alumina slag (AS). The authors indicated that the incorporation of
7 wt % of AS at coconut ash with a water to CA powder ratio of 0.4
produced geopolymer foams with a bulk density of 640 kg/m3, a total
porosity of 83%, a compressive strength of 1.3 MPa and a thermal con-
ductivity of 0.045 W/mK. Gouloure et al. [73] manufactured geopoly-
mers with insulating properties from metakaolin, volcanic ash and rice
ash, using aluminum powders as a foaming agent. The bulk density of
geopolymers varies from 600 to 800 kg/m3. The increase in aluminum
powder produced a decrease in thermal conductivity from 0.600 W/mK,
typical value of the thermal conductivity of compact metakaolin up to
0.150 W/mK. Font et al. [74] designed geopolymer from fluid crack-
ing catalyst residue (FCC) aerated by recycled aluminium foil powders
(R). The geopolymers presented low bulk density (600–700 kg/m3), rel-
atively high compressive strength (2.5–3.5 MPa), and thermal conduc-
tivity between (0.581–0.700 W/mK). Novais et al. [75] manufactured
light and porous geopolymers using metakaolin and biomass ash using
aluminium as foaming agent. The geopolymers presented bulk density
from 850 to 430 kg/m3, compressive strength of 0.6–4.3 MPa and ther-
mal conductivity of 0.082–0.227 W/mK. All the materials showed sim-
ilar physical and mechanical properties, however thermal conductivity
can differ, finding materials with similar thermal properties, but also
with different thermal properties in both directions with major and mi-
nor thermal conductivity.

4. Conclusions

Geopolymer foams were prepared using as a source of aluminum
and foaming agent, dust filter of secondary aluminum industry, and as
source of silica, rice husk ash. The influence of aluminum waste or the
Si/Al molar ratio in the formation of foamed geopolymers in the range
of 4–7 was investigated. The XRD analysis confirms the formation of
the sodium aluminosilicate gel for all the Si/Al molar ratios studied
and the 28-day curing time. Nitrogen/desorption analysis demonstrated
the mesoporous structure of the geopolymers, being the geopolymeric
foams with a Si/Al = 5 M ratio that presents a greater surface area,
whereas, geopolymeric foams with a Si/Al = 7 M ratio have the small-
est pore diameter. The geopolymer foams have low bulk densities with
values between 644 kg/m3 and 738 kg/m3, and apparent porosity be-
tween 62 y 70%. The mechanical properties, as compressive strength of
the geopolymer foams increases with the Si/Al molar ratio, reaching the
maximum value of 1.7 MPa for the specimens with a Si/Al = 7 M ratio.
The low thermal conductivity values of the geopolymeric foams (0.131
and 0.157 W/mK), confirm their adequate use as insulating materials.
The geopolymer foams with Si/Al = 4 and 5 M ratios have greater ther-
mal insulation capacity.

Therefore, sustainable geopolymer foams can be obtained from in-
dustrial by-products, by means of processes of low energetic cost, with
adequate physical, mechanical and thermal properties for applications
of great interest such as support of catalysts, materials for gas filtration,
foamed concrete and insulating materials.
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