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Abstract

This study presents the development of a one-part phosphate-activated geopolymer foam
based on fayalite flotation residue from the copper industry. The solid activator consisted
of triple superphosphate, enabling a dry-mix binder that requires only water addition
prior to use. Foamed materials were characterized by XRD, FTIR, Mdssbauer spectros-
copy, DSC-TG, hot-stage microscopy, SEM-EDX and physical and mechanical testing. The
foaming of the geopolymer reduced the densities between 0.753 and 2.15 g/cm?, relative
porosities up to 73.6%, and compressive strengths ranging from 1.4 to 28.8 MPa. The
foamed geopolymer maintained dimensional stability up to about 1000 °C. The thermal
conductivity coefficient measured on large-sized specimen blocks was 0.099 W/mK at a
density of 0.753 g/cm?. These results demonstrate that fayalite slag can be effectively uti-
lized as a precursor for sustainable geopolymer foams combining low thermal conductiv-
ity, high thermal stability, and the utilization of industrial by-products.

Keywords: phosphate geopolymer; one-part; foam; fayalite slag; iron silicate fines;
thermal insulation; fire-resistant; sustainable construction materials

1. Introduction

The construction sector faces growing pressure to reduce greenhouse gas emissions

and dependence on primary raw materials. Although cement and concrete are irreplace-
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able for modern infrastructure, their production contributes substantially to global carbon
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emissions, driving the search for low-carbon alternatives [1]. Consequently, considerable
research efforts have focused on the development of alternative inorganic binders derived
from industrial by-products and secondary resources. Among these materials, geopoly-

mers have attracted extensive attention because of their low-temperature synthesis, supe-
Copyright: © 2026 by the authors.
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s A industrial waste [2-4]. The development of geopolymers has been largely associated with
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tracted increasing attention due to their high thermal stability up to 1550 °C, reduced ef-
florescence, chemical resistance, high early strength and ultimate strength [6-8].

Acid-activated geopolymers are produced by activating aluminosilicate precursors
with phosphate-based activators, resulting in the formation of a three-dimensional alumi-
nosilicate—phosphate network through polycondensation reactions [9]. Similar or the
same materials have also been described as chemically bonded phosphate ceramics [10]
or aluminosilicate phosphate cements [11]. The reaction mechanism is analogous to alkali
activation and involves the dissolution of the precursor followed by polycondensation
and the formation of phosphate-containing inorganic polymer networks dominated by Si-
O-P-O-Al and Al-O-P bonds [12,13]. The most commonly used precursors include cal-
cined clays [9,14], fly ashes [15,16], iron-rich metallurgical slags [17,18] and other alumi-
nosilicate-rich industrial by-products [5,19,20]. Phosphoric acid is the most widely used
acid activator, although highly reactive precursors may induce rapid and strongly exo-
thermic reactions. Phosphate salts are often used to obtain a more controlled reaction:
NaH2POs, KH2POs, [21,22] and Ca(H2POs)2 [23]. Furthermore, using alternative sources of
dry phosphates enables the development of one-part phosphate geopolymer systems
which offer many technological benefits [24]. Our previous study demonstrated the feasi-
bility of producing a one-part phosphate-based geopolymer from fayalite slag and dry
phosphate fertilizer, thereby eliminating the need for handling concentrated phosphoric
acid solutions [23]. The growing diversity of precursors and activators has significantly
broadened the scope of phosphate geopolymers and their potential applications.

In recent years, porous geopolymers and geopolymer foams have emerged as partic-
ularly promising materials for sustainable building applications combining low density,
thermal insulation and fire resistance properties [25-27]. Porous geopolymer systems are
typically produced through chemical or mechanical foaming methods. Chemical, also
known as direct, foaming is most commonly achieved using hydrogen peroxide, alumi-
num powder or metallic foaming agents that release gases during the setting process
[28,29]. Direct foaming was also found to be promising in acid-activated geopolymer sys-
tems. Among the mentioned foaming agents, alkaline compounds such as waste marble
dust, limestone, and sugar beet lime residue in acid-activated phosphate systems also pro-
duce foaming [30-32]. Recent studies demonstrated that phosphoric acid-activated me-
takaolin-based geopolymer foams synthesized using hydrogen peroxide exhibit low ther-
mal conductivity and exceptional fire resistance, reporting that the foams maintained re-
verse-side temperatures near 220 °C after exposure to a direct 1100 °C flame for 2 h [33].
Similarly, Jouin et al. [34] produced insulating phosphoric acid-based geopolymer foams
with thermal conductivity values between 61 and 75 mW m™" K-! while retaining structural
stability after freeze—thaw cycling and exposure to 1200 °C. However, most currently
available studies of acid-activated geopolymer foams are focused on metakaolin-based
systems, whereas other potential precursors such as industrial wastes remain insuffi-
ciently explored.

Among industrial by-products, fayalite slag generated during copper production
represents a significant secondary resource with high potential for geopolymer produc-
tion [35,36]. Previous investigations demonstrated that fayalite slag mixed with me-
takaolin can be successfully activated under alkaline conditions to produce dense materi-
als with high strength and thermal resistance up to 1150 °C [37]. The high-strength geo-
polymer paste was subsequently used to produce the first alkali-activated fayalite-based
geopolymer foams [38]. The high iron content of fayalite slag results in a high-specific-
gravity geopolymer paste, making the formation and stabilization of the cellular structure
challenging. At the same time, this characteristic makes foaming especially attractive, as
it can substantially reduce the density of an otherwise heavy geopolymer while improving
its thermal insulation performance. On the other hand, acid activation of fayalite slag was
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explored and found to have several advantages, including rapid setting, high fayalite uti-
lization and one-part cement preparation [18,23]. To the best of our knowledge, no studies
have reported the production of phosphate-based geopolymer foams using fayalite slag.

The present study investigates a previously developed one-part phosphate geopoly-
mer cement based on fayalite slag floatation residue as a matrix for lightweight insulating
foam. The effects of foaming on the density, porosity, microstructure, mechanical proper-
ties, thermal conductivity, thermal stability, and fire resistance were therefore investi-
gated to assess the potential of copper industry residues as precursors for sustainable
lightweight construction materials.

2. Materials and Methods

The main geopolymer precursor used in this study was a fayalite-dominated copper
slag flotation residue, commercially known as iron silicate fines, generated during the flo-
tation treatment of copper smelting slags from furnace and converter operations at Au-
rubis Bulgaria(Pirdop, Bulgaria). The activator used in this study was triple superphos-
phate (TSP), a commercially available granulated phosphate fertilizer containing 46 wt.%
water-soluble P20s, supplied by Agropolychim AD (Bulgaria). The chemical composition
of the used TSP was reported previously [23]. The use of a solid phosphate activator ena-
bles the development of one-part geopolymer systems, where water is added directly be-
fore mixing, similarly to conventional Portland cement-based materials. The one-part ge-
opolymer phosphate cement was prepared by co-grinding the fayalite slag flotation resi-
due and TSP in a ceramic ball mill for 2.5 h. This step is essential to homogenize and me-
chanically activate the mixture, producing a homogeneous and reactive one-part binder.
A fayalite slag-to-TSP mass ratio of 10:3 was adopted based on the results of earlier inves-
tigations [23]. The particle size distribution of the resulting material was determined using
a Mastersizer 3000 laser diffraction analyzer (Malvern Panalytical, Malvern, UK) operat-
ing in dry dispersion mode.

The chemical composition of the one-part geopolymer cement and the microstructure
of the geopolymer foams were studied on a ZEISS SEM EVO 25LS scanning electron mi-
croscope with an EDAX Trident system (IMC-BAS). The one-part geopolymer cement was
finely ground in an agate mortar for 20 min for better homogenization and then pressed
on a pellet at a pressure of 35 bar. The obtained sample was mounted on a SEM stub,
coated with carbon and then analyzed (EDX analysis) in SEM at an acceleration voltage
of 18 kV using an EDAX SDD Apollo 10 EDS detector and Genesis V. 6.2 software and a
set of reference standards—hematite (for Fe), diopside (for Ca, Mg), sanidine (for K, Al
Si), albite (for Na, Al, Si), rutile (for Ti), rhodonite (for Mn), monazite (for P), anhydrite
(for S), cuprite (for Cu), and sphalerite (for Zn). EDX spectra of the sample and the stand-
ards were obtained on scanning regime (area analysis) at 1000x magnification. The sample
pellet was analyzed in 4 different areas, and the final composition was obtained as the
average of the 4 area analyses. To study the microstructure of the geopolymer foams, frag-
ments of them were mechanically broken off, mounted on the SEM holder and coated
with carbon, and then examined using secondary electron (SE) and backscattered electron
(BSE) at 18 kV acceleration voltage.

The phase compositions of the one-part geopolymer cement and geopolymer foams
were studied using powder X-ray diffraction (XRD) analysis on an Empyrean Diffractome-
ter system, Cu anode, 40 V, 30 mA (Malvern Panalytical, Malvern, UK). FT-IR spectra were
collected from KBr pellets (13 mm diameter) containing 2 mg of sample using a JASCO 4X
spectrometer (Tokyo, Japan). Measurements were performed in the mid-infrared region
from 4000 to 400 cm™ at a spectral resolution of 4 cm™ using 64 accumulated scans.

The Mdssbauer spectra were recorded at room temperature using a Wissel electro-
mechanical spectrometer (Wissenschaftliche Elektronik GmbH, Starnberg, Germany) op-
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erating in constant acceleration mode. A¥Co/Rh source with an activity of 20 mCi and an
a-Fe reference standard was employed for calibration. The obtained spectra were pro-
cessed and fitted with the CONFIT2000 software package [39]. The hyperfine interaction
parameters, including isomer shift (6), quadrupole splitting (AEq), effective internal mag-
netic field (B), experimental line width (I'exp), and relative spectral area (G), were deter-
mined from the fitted spectral components.

The DTA-TG-MS were performed on a SETSYS2400 analyzer, SETARAM(Caluire-et-
Cuire, France), at the following conditions: a temperature range from 20 to 900 °C, in a
static air atmosphere, with a heating rate of 10 °C min-!, and 10-15 mg sample weight.
Simultaneous analysis of the evolved gases was performed via mass spectrometry using
an OmniStar mass spectrometer connected to the TG apparatus. The intensities related to
the main m/z value of the following volatiles H2O (18), CO: (44) were examined.

The physical and mechanical properties were determined using three samples from
each series, with the results reported as mean values accompanied by calculated standard
deviations where meaningful. The apparent density of the obtained foams was determined
by the hydrostatic weighing method. The water absorption was determined by measuring
their mass in the dry state and after immersion in water until constant mass was achieved.
Absolute density was determined using a gas pycnometer (AccuPyc 1330, Micromeritics,
Norcross, GA, USA). Prior to the measurements, the samples were ground and sieved to a
particle size below 25 um. The relative porosity was calculated from the ratio between the
apparent density and the absolute density. The compressive strength of the foamed materi-
als was determined using three cubic specimens from each series, with a loading surface
area of 10 cm? The tests were performed using an ALFA Test 200 kN universal testing ma-
chine (ALFA Testing Equipment, Ankara, Turkey) at a constant rate of 150 N s

The thermal conductivity coefficient was measured under steady-state conditions us-
ing a FOX 314 Heat Flow Meter (TA Instruments, New Castle, DE, USA). The measure-
ments were performed on oven-dried geopolymer foam specimens with dimensions of
about 130 x 120 x 30 mm and polished surfaces.

3. Results
3.1. Characterization of the One-Part Fayalite-Based Geopolymer Cement

The particle size analysis of the co-ground one-part geopolymer cement based on
fayalite slag floatation residue and TSP showed that 90% of the particles were below 76
um, which is typical for cementitious materials (Figure 1). The particle size of the obtained
binder is a key parameter because it directly influences the geopolymerization process by
governing the reactivity, water demand, and the rheological behavior of the fresh paste.
These characteristics are also expected to affect the foaming process, as paste viscosity and
reaction kinetics influence gas retention, bubble growth, and the stability of the cellular
structure. The particle distribution curve exhibits a broad multimodal character, indicat-
ing the presence of both fine and coarser particle fractions. The relatively low Dx(10) equal
to 1.4 um indicates the presence of a significant ultrafine fraction, which is expected to
contribute to reactivity. The combination of fine and coarse particles is also expected to
improve particle packing and promote a more homogeneous distribution of the solid
phosphate activator throughout the matrix. The presence of coarse particles may be asso-
ciated predominantly with the harder fayalite and magnetite-rich slag components or ag-
glomerated particles [40]. However, the influence of particle size distribution on foaming
kinetics was not investigated directly in the present study.
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Figure 1. Mie-sizing and particle size distribution parameters of the co-ground cement based on

fayalite slag and calcium superphosphate.

The EDX analysis showed that the one-part geopolymer cement is dominated by
Fe20s (37.67 + 0.88 wt.%), followed by SiO:z (21.65 + 0.35 wt.%), P20s (16.63 + 0.39 wt.%),
and CaO (9.42 + 0.18 wt.%) (Table 1). Minor constituents include Al2Os (3.68 + 0.17 wt.%),
MgO (1.49 = 0.05 wt.%), and SOs (1.40 + 0.08 wt.%), while other established components
such as K20, Na20, TiOz, MnO, CuO and ZnO are present in concentrations below 1 wt%.

Table 1. Chemical composition of one-part geopolymer cement according to SEM-EDX analysis (in wt%).

Oxides Fe20s3*

SiO2

P20s CaO AlkOs MgO Na:O K0 SOs TiO2 MnO CuO ZnO

37.67+ 21.65+

0,
wt% ) 88

0.35

16.63+ 942+ 368+ 149+ 057+ 087+ 140+ 024+ 0.07+ 045+ 076+
0.39 0.18 0.17 0.05 0.06 0.02 0.08 0.02 0.05 0.06 0.04

* Total iron is presented as Fe20s.

The powder X-ray diffraction pattern of the obtained one-part geopolymer cement
revealed the presence of several crystalline phases inherited from both the fayalite slag
precursor and the phosphate activator (Figure 2). The dominant mineral phases identified
were fayalite (Fe:5iOs) and magnetite (FesOs), originating from the copper slag flotation
residue, together with monocalcium phosphate monohydrate, Ca(H2PO4)2-H20, derived
from the triple superphosphate activator. Minor amounts of quartz were also detected.

The XRD pattern was characterized by an elevated background and significant noise
signal. This effect is due to fluorescence (emission of FeKa by a material when irradiated
with CuKa) due to the high iron content in the fayalite slag. The presence of Fe-rich min-
erals increases the fluorescent FeKa radiation under CuKa excitation, resulting in the de-
terioration of the signal-to-noise ratio and reduced peak resolution. Despite the fluores-
cence effects, the major crystalline phases could be clearly identified.
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Figure 2. Powder XRD of the obtained one-part geopolymer cement based on fayalite slag floatation
residue and TSP.

3.2. Geopolymer Foam Synthesis and Characterization

Four geopolymer series were prepared using different amounts of gas-forming agent
corresponding to 0, 0.5, 1.0, and 2.0 wt.% hydrogen peroxide solution (30%). In all series, the
water-to-cement ratio was fixed at 0.16. The fresh mixtures were prepared in a planetary
mixer operating at a rotational speed of 285 rpm and a planetary motion speed of 125 rpm.
All ingredients were initially mixed for 90 s, followed by manual scraping of the material
adhering to the walls of the mixing vessel using a plastic spatula. The mixture was then
subjected to an additional 30 s of mixing to ensure complete homogenization of the fresh
geopolymer paste. The fresh pastes were poured into steel molds and cured under labora-
tory conditions at 20 °C and 60% relative humidity. In the next 20 min or so, the material
expanded due to oxygen release from the gas-forming agent. After 24 h, the specimens were
demoulded and further cured under laboratory conditions and unwrapped until testing.

3.3. Physical and Mechanical Properties

The physical and mechanical characterization of the foamed fayalite-based geopoly-
mers revealed a strong dependence of density, porosity, water absorption, and compres-
sive strength on the amount of gas-forming agent used during synthesis (Figure 3 and
Table 2). The reference non-foamed geopolymer (GF0) exhibited an apparent density of
2.15 g cm™ and a relative porosity of 36.2%. The moderately high porosity of the non-
foamed matrix indicates that a considerable number of intrinsic pores was already gener-
ated during the mixing and hardening processes.

The introduction of the gas-forming agent resulted in a pronounced reduction in den-
sity and a simultaneous increase in total porosity. The density decreased from 2.15 g/cm?
for GFO to 1.16, 1.02, and 0.89 g/cm? for GF05, GF1, and GF2, respectively. Correspond-
ingly, the relative porosity increased from 36.2% to 65.6-73.6%. The most significant de-
crease in density occurred at the lowest dosage of the gas-forming agent, whereas further
increases produced comparatively smaller changes. This behavior suggests that pore for-
mation becomes progressively less efficient at higher dosages, likely due to pore coales-
cence, the instability of larger gas bubbles, and the partial collapse of the cellular structure
during setting.
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Water absorption followed a similar trend to total porosity, increasing from 15.8%
for the dense reference specimen to 37.0% for the most highly foamed series. High water
absorption indicates the presence of interconnected pores that are accessible to water
within the geopolymer matrix. Such behavior is characteristic of chemically foamed geo-
polymers, where gas generated in situ expands the fresh paste and commonly produces a
network of interconnected macropores, in addition to isolated closed pores [28].

The development of the porous network resulted in a significant decrease in com-
pressive strength. The non-foamed geopolymer achieved a compressive strength of 28.8
MPa, while the foamed specimens exhibited significantly lower values down to 1.4 MPa
for GF2. The reduction in strength is directly associated with the increased porosity. How-
ever, the obtained materials maintained sufficient mechanical stability for potential appli-
cations as lightweight insulating and non-structural construction materials.

Table 2. Physical and mechanical properties of the foamed fayalite-based geopolymers.

) H:0: (30%), Density, g Absolute Density, Relative Porosity, Water Absorption, Compressive
Series
g/100 g Cement cm3 g cm™ % % Strength, MPa
GFO0 0 2.151+0.006  3.370 +0.002 36.2+0.2 15.8+0.3 28.8+0.3
GF05 0.5 1.158 £0.008  3.369 + 0.002 65.6 0.2 27.7+0.3 35+0.2
GF1 1 1.019£0.009  3.368 + 0.002 69.7 £0.3 33.7+0.2 22+0.2
GF2 0.890 £0.013  3.372 +0.002 73.6+0.4 37.0+£0.2 1.4+0.2

Figure 3. Porous structure of fayalite-based geopolymer foams visualized by digital optical images

captured on a 2D scanner from polished cross-sections of the foam samples.

3.4. Powder XRD

The results from powder XRD analysis on hardened geopolymer showed that the dry
activator calcium monophosphate monohydrate reacted completely during hardening
(Figure 4). A slight amorphous halo is observed between 25° and 40° 20, which is charac-
teristic of amorphous phosphate-based geopolymer gels. No crystalline phosphate-con-
taining reaction products, such as berlinite, dihydrogen phosphate, or phosphocristobal-
ite, were detected [14,41]. This finding is consistent with previous studies on phosphoric
acid-activated fayalite-based geopolymers [17,18].

The XRD patterns of the hardened geopolymer foams were dominated by reflections
from the crystalline phases present in the fayalite slag precursor —fayalite (Fe2SiO4) and
magnetite (FesOs) —indicating the persistence of these crystalline phases after geopoly-
merization. A slight reduction in the relative intensity of the fayalite reflections was ob-
served, suggesting that a fraction of the fayalite participated in the geopolymerization re-
action. Similar behavior was previously reported for both alkali- and acid-activated fay-
alite slag systems, where fayalite and magnetite remained largely unreacted while only a
minor fraction contributed to gel formation [18,35].
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Weak reflections attributed to cristobalite were also detected. This phase may origi-
nate from silica-rich constituents in the raw materials or from local structural rearrange-
ments occurring during the hardening process.

A calcite-type carbonate phase was identified in the geopolymer foams, most likely
formed through the carbonation of calcium released from the phosphate activator. The
formation of carbonates is attributed to the contact with atmospheric CO:z during curing
and storage. The highly porous cellular structure facilitates COz ingress and promotes car-
bonate precipitation. The main carbonate reflection at d ~ 3.00 A suggests the presence of
a calcite with partial isomorphic substitution of calcium. Given the availability of Mg and
Fe in the fayalite slag, the carbonate phase is likely a calcite-magnesite—siderite solid so-
lution (ferroan-magnesian calcite). Nash and Pittman [42] reported that iron and magne-
sium readily substitute in the calcite lattice. Thus, the carbonate phases identified as mag-
nesian calcite may correspond to ferroan-magnesian calcite.

Fayalite, Fe,SiO4- F

1600 -
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Quartz, Si0, - Q
1400 ] Calcite, (Ca, Mg, )CO; - C
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3 ! “”
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Cr C ‘ | F\ F |
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WWW S -»~' '¢ | wwku ! u‘f bl
0
20 30 40 50 60
26°(CuKa)

Figure 4. Powder XRD patterns of the geopolymer foam series GF2.

3.5. Mossbauer Spectroscopy

The experimental spectrum of geopolymer sample GF2 consists of sextet and doublet
components (Figure 5). For the mathematical fitting, a model containing three sextets and
four doublets was used. The parameters of the sextet components correspond to the min-
eral magnetite: Sx1 —tetrahedrally coordinated Fe3* ions; Sx2—octahedrally coordinated
Fe2> jons (existing due to very quick electron exchange between Fe?* and Fe* ions); and
Sx3—also octahedrally coordinated Fe2* ions with non-iron nearest cation neighbors in
the spinel structure, such as Al or Mg [43]. The results of the fitting of the Mdssbauer
spectrum are presented in Table 3. The parameters of the doublet components Dbl and
Db2 correspond to the two different positions of Fe?* ions in the structure of the mineral
fayalite (Fe2SiOs). The doublet component Db3, characterized by an isomer shift greater
than 1.00 mm/s, is attributed to Fe?" in an amorphous phase previously identified in the
fayalite slag [18]. Following geopolymerization, a new doublet (Db4) appears, which is
assigned to Fe¥ ions in an amorphous phase [43]. Similar Mdssbauer parameters have
been reported for iron-phosphate glasses and phosphate-bonded amorphous iron species
[44,45]. Therefore, Db4 is probably attributed to Fe® incorporated into the amorphous
iron-phosphate geopolymer gel formed during the reaction.
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The Mossbauer spectrum of the investigated geopolymer sample (GF2) is generally
similar to the spectrum of a geopolymer sample prepared with phosphoric acid solution
and published earlier [18]. A notable difference is the lower content of newly formed Fe3*
ions (8%) in the amorphous phase of sample GF2 compared to series P1 (15%). This dif-
ference may be related to the different reaction pathways of the activators. In the present
system, the solid phosphate activator first dissolves before participating in the geopoly-
merization reactions, resulting in a slower release of reactive phosphate species and a
lower oxidation potential during the early stages of hardening, compared to the liquid
phosphate activator. Consequently, a smaller fraction of Fe?* appears to be oxidized to Fe3*
and incorporated into the amorphous reaction products.

1.00

0.98——
0.96;
0.94:
0492——
0.90—-
0488—‘

0.86

0.84

Relative Transmission, a.u.

0.82

080077 T T T T 1
-0 8 6 4 -2 0 2 4 6 8 10

Velocity, mm/s

Figure 5. Mossbauer spectrum of geopolymer series GF2.

Table 3. Mossbauer parameters of the geopolymer foam series GF2.

Components o . A Eq’_ X B,T  Tep, mms? G, %
mm s mm s
Sx1-FesOs, Fed*tetra 0.29 0 48.6 0.36 11
Sx2-FesOs, Fe25*octa 0.60 -0.05 45.7 0.59 16
Sx3-Fe3Os, Fe25octa 0.76 0 42.0 0.98 12
Db1-Fe2SiOs, Fe2-M1 1.13 2.74 - 0.30 19
Db2-Fe2Si0s, Fe2-M2 1.17 2.93 - 0.30 24
Db3-Fe2 1.28 2.14 - 0.86 10
Db4-Fe3* 0.41 0.60 - 0.39 8
3.6. FTIR

The FTIR spectra of the dense geopolymer (GF0) and the geopolymer foam (GF2) are
shown in Figure 6. Both spectra exhibit a broad absorption band at approximately 3408
cm! and a weaker band at 1632 cm™, corresponding to the stretching and bending vibra-
tions of absorbed and chemically bound water, respectively [46]. The most prominent fea-
ture in both spectra is a broad absorption band in the region 1300-700 cm. The broad
character of the spectra supports the predominantly amorphous nature of the geopoly-
mer. This band was deconvoluted using Lorentzian functions (Figure 6, right). The decon-
volution in this region indicates that the main band consists of several overlapping vibra-
tions. The main component at 1075 cm™! is associated with the reaction between the fayal-
ite slag and the phosphate activator and is consistent with the formation of the amorphous
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https://doi.org/10.3390/ceramics9070071

Ceramics 2026, 9, 71

10 of 19

binding phase, as previously observed for phosphoric acid-activated fayalite slag [18]. To-
gether with the Mossbauer evidence for the appearance of the Fe3* doublet (Db4), this
supports the formation of an iron-containing phosphate geopolymer gel. The position of
this band lies within the range reported for asymmetric stretching vibrations of Si-O-T (T
= Si, Al) structural units in geopolymers [47], while also overlapping with P-O stretching
vibrations characteristic of phosphate-based geopolymers [48,49], iron-phosphate miner-
als [50] and phosphate glasses [51]. This overlap suggests the formation of a mixed sili-
cate—phosphate network rather than discrete silicate and phosphate phases. In agreement
with this interpretation, Tchakouté et al. [51] proposed that bands in this spectral region
are associated with phosphorosiloxo (-5i-O-P-O-5i-) linkages formed during phosphate
geopolymerization [52].

The bands at approximately 958 cm™ and 872 cm™ are attributed to residual fayalite,
indicating that a fraction of the precursor remained unreacted after geopolymerization.

A weak absorption band at 1418 cm™' is assigned to the vs asymmetric stretching vi-
bration of carbonate (COs?") groups, most likely resulting from natural carbonation during
curing and storage. The low intensity of this band indicates that carbonation is limited
and probably confined to the near-surface region of the specimens. This interpretation is
consistent with the detection of magnesian calcite by XRD.

— GFO0
— GF2

Absorbance /a.u.

3409

Absorbance /a.u.

1633

1418

4000 3500 3000 2500 2000 1500 1000 500 1300 1200 1100 1000 900 800 700
Wavenumber /cm’™ Wavenumber /cm’™

Figure 6. FTIR spectra of the dense geopolymer (GF0) and foamed geopolymer (GF2) (left). The
deconvolution of the main band is associated with overlapping vibrations of silicate and phosphate

stretching regions in the GF2 spectrum (right).

The combined XRD, Mossbauer and FTIR results indicate the formation of an amor-
phous iron-phosphate/silicate binding phase during geopolymerization, which is con-
sistent with the development of the continuous matrix responsible for the observed me-
chanical strength. The appearance of the Fe** doublet (Db4) together with the broad FTIR
band at approximately 1075 cm™ supports the development of a mixed silicate-phosphate
network that binds the slag particles. Residual fayalite identified by XRD and FTIR indi-
cates incomplete precursor reaction, suggesting that the hardened material consists of un-
reacted slag particles embedded in a continuous amorphous geopolymer matrix.

3.7. Thermal Properties

Thermogravimetric analysis coupled with differential scanning calorimetry and
mass spectrometry (DSC-TG-MS) revealed a total mass loss of approximately 7% up to
500 °C for the GF2 geopolymer foam series (Figure 7). This mass loss was primarily asso-
ciated with the release of physically adsorbed water and structurally bound water from
the geopolymer matrix. In the range of 500-770 °C, an additional mass change (~0.3%) is
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observed, accompanied by clear signals in the MS data for the release of H2O and CO..
The CO:z peak around 650-680 °C is related to the decomposition of the carbonate phases,
while the intense H>O signal in the region of 680730 °C is due to the dehydroxylation of
the geopolymer material. These processes overlap with oxidation reactions of iron-bear-
ing phases from the fayalite slag. Previous thermal analysis of the raw fayalite slag
showed that oxidation of fayalite and magnetite phases occurs over a broad temperature
range, from about 400 to 1000 °C, and produces an overall mass gain of approximately 2%
and the progressive formation of hematite [23]. The superposition of dehydroxylation,
carbonate decomposition, and iron oxidation reactions complicates the interpretation of
the thermal behavior in this broad temperature interval.

TG (%)

T:25.44 and 457.51 (°C)
Am (%) -7.135
Tinf: 95.80 (*C), 10.7 (min)

HeatFlow (mW)

200

300 400 500 600 700 860 900
Sample Temperature (°C)

Figure 7. DSC-TG-MS (CO2, H20) data for fayalite geopolymer foam material (series GF2) in the
temperature range 20-900 °C.

The thermal dimensional stability of the geopolymer foam was evaluated by hot-
stage microscopy. Figure 8 presents the evolution of specimen height (%) as a function of
time during linear heating. The material exhibited excellent dimensional stability over a
wide temperature range, with negligible shrinkage or expansion observed during heating
up to approximately 1000-1050 °C. Above this temperature, the onset of shrinkage was
detected, indicating the beginning of thermally induced deformation. The observed di-
mensional stability demonstrates that the geopolymer foam retains its dimensions up to
about 1000 °C despite the progressive removal of chemically bound water, oxidation, de-
carbonation, and phase transformations occurring within the matrix observed at DSC-TG-
MS. However, the present hot-stage microscopy results evaluate dimensional stability
only and do not provide information on the residual mechanical or structural integrity of
the material after thermal exposure.
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Figure 8. Full linear thermal scan of a fayalite foam sample in a hot-stage thermal-optical system.

Above approximately 1050 °C, the specimen began to deform, indicating the onset of
softening and viscous flow. This behavior is associated with the formation of a partially
molten phase and the reduction in mechanical rigidity at elevated temperatures.

The observed thermal behavior demonstrates the excellent refractory character of the
phosphate-activated geopolymer foam. This thermal stability highlights the potential of
the developed geopolymer foam as a fire-resistant insulating material. The results indicate
that the material can withstand temperatures up to about 1000 °C without significant loss
of dimensional stability.

3.8. SEM

SEM examination of the geopolymer foam series GF2 revealed the presence of pores
of several orders and sizes (Figure 9). The largest cavities, approximately 3-5 mm in size,
have distinctly asymmetric shape (Figure 9a) as a result of the predominantly vertical
movement of gas bubbles and vertical merging of smaller cavities. The preserved smaller
cavities, < 0.3 mm in size, have a more isometric form. Regardless of the cavity size, the
thickness of their walls is almost uniform throughout the sample and ranges from 100 to
150 um (Figure 9b). The walls consist of well-cemented grains of precursor material.
Shrinkage cracks sometimes appear between adjacent cavities. The inner surface of the
cavities is covered by a dense glassy material 1-3 um thick (Figure 9c,d), consisting of
coalescent 0.5-1 um gel particles and demonstrating well-developed shrinkage cracks.
The glassy material probably corresponds to amorphous phosphate binding phase and
mechanically stabilizes the entire geopolymer structure. Similar microstructural features
have been reported for fayalite-based alkali-activated geopolymer foams [38].
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Figure 9. SEM images of GF2 geopolymer foam. (a) Large and small cavities of the geopolymer

..

foam. (b) Example of a cross-section of a cavity wall between two adjacent geopolymer cavities. (c)
The inner surface of the cavities covered with a dense glassy material 1-3 um thick. (d) Presence of
coalescent gel particles of 0.5-1 um in size and well-developed shrinkage cracks.

3.9. Thermal Conductivity

For thermal conductivity measurements, a larger geopolymer foam specimen was
prepared using the GF2 formulation. The fresh mixture was cast into steel molds with
dimensions of 160 x 160 x 40 mm, which is about 32 times bigger in volume compared to
the cubic specimens prepared for physical and mechanical properties. After curing, a
specimen was cut and polished to obtain a test sample with dimensions of approximately
131 x 121 x 31 mm. Prior to testing, the specimen was dried at 105 °C to constant mass,
and its dimensions were accurately measured.

The apparent density of the large specimen was determined to be 0.753 g/cm? (Table
4), which is approximately 15% lower than the density measured for the small cubic spec-
imens used for mechanical testing. This difference can be partly attributed to the specimen
preparation method. The small cubes were tested in their as-cast condition and therefore
included the relatively dense surface layer formed at the interface between the geopoly-
mer paste and the steel mould. This contact zone contained fewer pores due to wall effects
and the partial suppression of bubble growth near the mould surface. In addition, the
foaming process is highly sensitive to processing parameters such as the water-to-solid
ratio, mixing intensity and duration, batch volume, and casting conditions [38].

The geopolymer foam exhibited a thermal conductivity of 0.099 W-m--K-! (Table 4).
For comparison, alkali-activated fayalite-based geopolymer foam panels were previously
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reported to have a thermal conductivity of 0.243 W-m~-K! at a density of 1.29 g/cm? [38].
The lower thermal conductivity achieved in the present study is associated with the lower
density. Figure 10 illustrates the thermal conductivity and density of the developed phos-
phate-activated fayalite-based geopolymer foam among geopolymer foams reported in
the literature. The developed foam combines a relatively low thermal conductivity with a
moderate density, placing it near the lower boundary of the density—thermal conductivity
relationship observed for the data in the literature. However, direct comparison between
studies should be interpreted with caution because thermal conductivity is also influenced
by pore morphology, pore connectivity, precursor composition, and testing methodology.
The relatively low thermal conductivity at a certain density obtained in the present study
may be related to the intrinsically high density of the fayalite and magnetite phases. The
presence of these iron-rich minerals increases the bulk density of the material without
proportionally increasing heat transfer through the highly porous cellular structure. Con-
sequently, fayalite-based foams may exhibit lower thermal conductivity than would be
expected based solely on density. These results demonstrate that foaming effectively
transforms dense phosphate-activated fayalite-based geopolymers into lightweight mate-
rials with significantly reduced thermal conductivity. The successful production of larger
specimens confirms the scalability of the foaming process and suggests the feasibility of
manufacturing insulation panels under practical conditions.

Table 4. Properties of the prepared geopolymer foam specimen for thermal conductivity measure-

ments.
Size of the Speci- . Thermal Conductivity Coeffi-
1 D t 3
Sample men, mm ensity, g cm cient, W m1 K-
GF2 131 x 121 x 32 0.753 0.099
@ Alkali-activated
o
o . .
Y Acid-activated
o
X
P o Acid-activated
fayalite-based
o
o ® X Alkali-activated
P o fayalite-based
o
0.45 0.65 0.85 1.05 1.25 1.45

Density, g cm™3

Figure 10. Relationship between density and thermal conductivity of geopolymer foams reported
in the literature and the fayalite-based geopolymer foam developed in the present study. Data from
the literature are listed in Appendix A, Table Al.
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4. Conclusions

A novel phosphate geopolymer foam was successfully synthesized from fayalite slag
flotation residue and dry triple superphosphate. The developed foams exhibited densities
between 0.89 and 2.15 g cm?, relative porosities up to 73.6%, and compressive strengths
ranging from 1.4 to 28.8 MPa. The lowest-density foam achieved a thermal conductivity
of 0.099 W m™ K and maintained dimensional stability up to approximately 1000 °C,
demonstrating its potential as a fire-resistant insulating material.

The microstructural analysis showed that geopolymerization resulted in the for-
mation of an amorphous iron-phosphate/silicate binding phase, while fayalite and mag-
netite remained only partially reactive. Calcium released from the phosphate activator
reacted with atmospheric CO: during curing to form carbonate phases detected by DSC,
XRD and FTIR.

The combination of low thermal conductivity and high thermal stability up to 1000
°C makes the developed material a promising candidate for fire-resistant and thermal in-
sulation applications in the construction sector. In addition, the relatively high density of
the studied iron-rich geopolymer foam may provide potentially sound insulation and
thermal capacity, making it attractive for multifunctional building elements in thermal
and acoustic systems. Future studies are needed for the optimization of the pore structure,
long-term durability, fire performance under realistic service conditions, acoustic proper-
ties, thermal capacity, leaching tests, etc.
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Abbreviations

The following abbreviations are used in this manuscript:

DSC Differential Scanning Calorimetry

EDX Energy-Dispersive X-ray Spectroscopy

FTIR Fourijer-Transform Infrared Spectroscopy

MS Mass Spectrometry

SEM Scanning Electron Microscopy

TGA Thermogravimetric Analysis

TSP Triple Superphosphate (conventional fertilizer)
XRD X-ray Diffraction
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Appendix A

Table Al summarizes density and thermal conductivity values reported for geopol-

ymer foams in the literature. The data show a clear relationship between bulk density and

thermal conductivity. In general, thermal conductivity decreases with decreasing density

due to the higher volume of entrapped air within the porous structure. However, the re-

lationship is not strictly linear because thermal performance is also influenced by pore

size distribution, pore connectivity, cell wall thickness, and the proportion of open and

closed pores. The literature data provide a useful benchmark for evaluating the thermal

insulation performance of the geopolymer foam developed in the present study.

Table Al. Relationship between density and thermal conductivity of geopolymer foams reported

in the literature.

Type of the Geopolymer Density, g Thermal Conductivity Coefficient,

Activation cm3 W m1K-1 References
Alkali 0.31 0.08 [53]
Alkali 041 0.10 [53]
Alkali 0.640 0.127 [53]
Alkali 0.252 0.068 [53]
Alkali 0.360 0.120 [54]
Alkali 1.202 0.272 [54]
Alkali 0.786 0.176 [54]
Alkali 0.702 0.156 [54]
Alkali 1.100 0.220 [55]
Alkali 0.325 0.095 [56]
Alkali 0.470 0.110 [57]
Alkali 1.210 0.300 [57]
Alkali 0.401 0.095 [58]
Alkali 0.641 0.130 [58]
Alkali 0.367 0.127 [59]
Alkali 0.652 0.209 [59]
Alkali 0.535 0.116 [60]
Alkali 0.501 0.151 [60]
Alkali 0.767 0.286 [59]
Alkali 0.836 0.320 [59]
Alkali 0.290 0.030 [61]
Alkali 1.290 0.243 [38]

Acid 0.350 0.064 [34]
Acid 0.460 0.072 [34]
Acid 0.540 0.170 [33]
Acid 0.530 0.165 [33]
Acid 0.360 0.064 [33]
Acid 0.340 0.048 [33]
Acid 0.600 0.080 [62]
Acid 0.700 0.090 [62]
Acid 0.720 0.090 [63]
Acid 1.305 0.182 [64]
Acid 1.050 0.120 [65]
Acid 0.850 0.080 [65]
Acid 0.810 0.410 [66]
Acid 0.660 0.250 [66]
Acid 0.632 0.080 [31]
Acid 0.850 0.124 [30]
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