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Abstract
Several geopolymer-based materials were produced and characterized by mixing metakaolin, a commercial sodium silicate 
solution, a sodium hydroxide solution, and a loose waste olivine sand deriving from a metallurgical process devoted to the 
production of a high manganese steel. Olivine sand was added either in the as-received form or after a thermal treatment at 
900 °C. Hardened materials containing different amounts of olivine sand were characterized and their behavior was compared 
to that of a blank geopolymeric matrix. Materials were examined by X-ray diffraction, Fourier Transform Infrared Radiation, 
and optical and scanning electron microscope investigation; mechanical compressive strength was discussed taking into 
account water absorption and microstructure. It has been observed that all compositions containing the as-received olivine 
sands badly perform, whereas those prepared using thermally treated olivine have higher compressive strength than the 
reference blank composition. In particular, samples with composition containing 100 g of metakaolin and 75 g of olivine 
displayed the best overall behavior.
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Introduction

Alkali-activated aluminosilicate powders can be used to pro-
duce inorganic binders suitable to replace Ordinary Portland 
Cement (OPC): the resulting materials are known as “geo-
polymers.” Their use is generally accepted in many techno-
logical applications such as i. manufacturing of engineer-
ing structures [1–5]; ii. entrapment of industrial by products 
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[6–9] or fly ashes recycling [10–17], thus showing a possible 
way which could permit to limit their landfill disposal.

Olivine sands (OS) are natural materials often used to 
build up molds for casting high manganese steels; olivine is 
generally preferred to quartz in order to limit steel embrittle-
ment caused by some interactions between the liquid metal 
and the quartz sand particles [18]. Optimized OS particles 
must have sub-angular shape in order to provide pore spaces 
for gases escape without breaking the mold during casting. 
In addition, sand size affects the mold permeability as well 
as surface finishing of the steel; consequently, by the US 
standard, grain size distribution should be centered between 
the sieve mesh 60 (250 µm) and 35 (500 µm) with very little 
particles quantity out of that range. The selected OS are then 
mixed with 3–5% of bentonite depending on mold shape, 
size and casting temperature, a proper amount of water, and 
a small amount of organic additive (often cornstarch); the 
mixture is homogenized and then pressed into the required 
shape. Bentonite  [Na0.5  Al2.5  Si3.5  O10 (OH)2  (H2O)] is a 
montmorillonite clay which may have binding characteristics 
and is often used as inorganic binder in several metallurgical 
applications [19, 20].

After casting the liquid metal into the mold, after cool-
ing and consolidation, steel products are removed from 
molds and refined; on the other hand, molds are crushed 
and turned again into olivine sand. Part of this sand, which 
looks strongly agglomerated, is submitted to a strong addi-
tional crushing treatment, depulverized to remove most of 
the fine particles caused by the above processing and used 
in mixture with new (raw) OS for the production of new 
molds. Foundries, ordinary prepare molds using 60% of 
raw OS mixed with 40% of recycled product; this means 
that about 60% of the starting OS generally transforms into 
a waste material, which is generally disposed of to land-
fill. Indicatively, it is possible to assume that for 1 ton of 
steel, about 3 ton of waste olivine sands are also produced 
depending on the shape and dimensions of casted tools. This 
waste contains olivine, 3–5 wt% of aluminosilicate and other 
impurities derived from the thermal transformation of the 
organic additive. Transformation is, however, not homogene-
ous depending on the distance from the liquid metal of the 
mold material [21]. Heterogeneities may be due to a par-
tial decomposition of cornstarch and bentonite which may 
lead to the formation of thin layer of amorphous carbon as 
well as anhydrous aluminosilicates on the surface of olivine 
particles.

In order to bypass landfill disposal of the waste olivine, 
the present research explores the possibility to use it as a 
filler in the production of geopolymeric matrix composites.

In agreement with the approach followed in a previous 
research [22], geopolymeric monoliths have been produced 
using alkali-activated metakaolin (MK) which was mixed 
with different proportions of waste OS. Samples were 

prepared using either the as-received OS, or after a thermal 
treatment at 900 °C which was made to remove the residual 
organic compounds still present in the as-received waste oli-
vine sands. Some blank OS-free samples, made on the basis 
of literature data, were also produced in order to compare 
their properties with those of the OS containing materials.

During materials preparation, at the end of the mixing 
step, pastes of all compositions were submitted to the slump 
flow test in order to access their workability and to find out 
the maximum amount of waste OS which may be added to 
the blank geopolymer matrix without changing its original 
absolute amount of water. After hardening, samples were 
characterized by XRD and FTIR analysis. The mechanical 
behavior was tested by compressive strength which was dis-
cussed taking account of water absorption and microstruc-
ture which was accessed by stereoscopic optical microscope 
and SEM investigation. The present experimental research 
aims to offer an idea for a possible alternative to the landfill 
disposal solution of one of the several metallurgical waste 
which is daily made as a consequence of steel production.

Experimentals

Starting Materials

Starting materials used in the present research were: Argical 
M1200 metakaolin (Imerys Refractory Minerals), an end-
of-life waste olivine sand obtained by a foundry after the 
production of a high manganese steel, a commercial sodium 
silicate solution (containing 58 wt% of water) with 2.23 wt% 
 SiO2/Na2O ratio (2.29 molar), and sodium hydroxide pellets 
(98%—Titolchimica Spa-Pontecchio Polesine, Ro-IT).

Chemical composition and density of metakaolin and 
olivine sand, before the metallurgical process, have been 
reported, in term of oxides, in previous papers [23, 24], but 
they are repeated in Table 1 for an easier understanding by 
the reader.

Preparation and Characterization of the Starting 
Materials

The as-received OS was gently crushed by a mortar in order 
to crumble most of the agglomerates formed during the met-
allurgical process and then sieved to cut off particles with 
size greater than 1 mm. Sieves were also used to determine 
the particles size distribution (PSD) which was accessed by 
the sieves of 125 (120 mesh), 250 (60 mesh), 500 (35 mesh), 
and 1000 μm (18 mesh).

The powder particles morphology was examined by a 
Zeiss EVO40 Scanning Electron Microscope (SEM) cou-
pled with an EDS system which was also used for hard-
ened materials investigation. The powders’ samples were 
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simply placed on a conductive substrate, whereas hardened 
specimens were polished down to 6 µm diamond paste; after 
preparation powders and hardened samples were sputtered 
with gold.

Thermogravimetric analyses (TGA) were performed in 
air on a TA Q500 at a heating rate of 10 °C/min up to a 
temperature of 900 °C.

An 8 M sodium hydroxide solution was prepared by dis-
solving the required amount of NaOH pellets in distilled 
water, subsequently, the solution was stored for 24 h at room 
temperature in a closed glass container.

The mix proportion design of the materials produced 
is reported, together with their symbolic names in Table 2 
which also shows some theoretical ratios which were calcu-
lated on the basis of their chemical composition, but do not 
take account of their PSD. With the above assumptions, the 
 Al2O3/Na2O +  K2O and  H2O/Na2O ratios are 1.44 and 3.98, 
respectively, for all compositions. In addition, Table 2 also 
contains the  Na2SiO3/NaOH ratio which is 3.4. The mix pro-
portion design was built up on the base of previous research 
investigations [22, 23].

A parallel complete set of materials were also prepared 
using OS previously thermal treated at 900 °C for 1 h being 
their identification symbols followed by a superscript star.

ATR-FTIR and XRD analyses on the starting metakao-
lin and OS as well as on hardened samples were made to 
investigate their crystallographic composition. XRD patterns 
were acquired by a Philips X’Pert equipment working at 
40 kV and 40 mA using Ni-filtered Cu-Kα beam. Patterns 
were collected with a step size of 0.02° with a counting time 
of 40 s per angular abscissa in the range of 10°–80°. The 
Philips X’Pert HighScore software was used for phase iden-
tification, whereas their semi-quantitative evaluation was 
obtained following the RIR method [25]. A Nicolet iS™ 50 
FTIR Fourier transform spectrometer was employed using 
the Attenuated Total Reflection (ATR) method. Each IR 
spectrum was acquired using a 2  cm−1 resolution in a spec-
tral window ranging from 500 to 4000  cm−1 with 100 scans.

Samples Preparation

Alkali-activated geopolymer samples were prepared by mix-
ing MK, sodium silicate, and sodium hydroxide solutions 
which were performed by a Hobart stirrer (5 L capacity). In 
order to optimize this step of production slurries were mixed 
for 30 min; elapsed this time, olivine sand was added and 
pastes were milled for 5 more minutes. At the end of mixing, 
pastes were poured under vibration into high-density cylin-
drical nylon molds, furtherly vibrated for 5 min to remove air 
and sealed by a plastic film which was maintained up to the 
complete hardening of the samples in order to limit carbona-
tation. This protocol was pointed out after several attempts 
and followed for the production of all samples.

In order to test pastes workability, spread flow procedure 
developed by previous researchers was followed [26, 27]. 
The test requires to pour slurries into a truncated conical 
mold (upper diameter = 70 mm, lower diameter = 100 mm, 
height = 60 mm), which must be filled up to the top; 1 min 
after, the mold must be lifted up and the cake diameter meas-
ured along two perpendicular directions. The mean value 
of such two measurements can be used to evaluate pastes 
workability.

After casting, samples were maintained into the molds 
for 1 day at room temperature and then cured at 60 °C for 

Table 1  Composition (wt%) and density (g/cm3) of metakaolin and 
olivine used for mold production

Component Metakaolin Olivine sand

SiO2 54.8 42.3
Al2O3 39.6 1.0
CaO 0.3 1.1
MgO 0.5 46.6
Na2O 0.1  < 0.1
K2O 2.0  < 0.1
Fe2O3 0.4 6.6
Cr2O3  < 0.1 0.2
Undetermined 2.3 2.2
Density 2.4 3.2

Table 2  Mix proportion design of the compositions prepared

Si/Al,  Al2O3/(Na2O +  K2O),  Na2SiO3/NaOH and  H2O/Na2O ratios are calculated on the base of the chemical analyses of the starting materials

Sample
name

MK
(g)

OB
(g)

Sodium silicate 
solution (g)

Na hydroxide 
solution (g)

Si/Al
Atomic ratio

Al2O3/
Na2O +  K2O
Molar ratio

H2O/Na2O
Molar ratio

Na2SiO3/
NaOH
Molar ratio

H2O/total 
solid content

OB0 100 0 100 20 1.80 1.44 3.98 3.4 0.48
OB50 100 50 100 20 2.24 1.44 3.98 3.4 0.36
OB75 100 75 100 20 2.40 1.44 3.98 3.4 0.32
OB100 100 100 100 20 2.64 1.44 3.98 3.4 0.29
OB150 100 150 100 20 3.07 1.44 3.98 3.4 0.24
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additional 24 h. Hardened samples were extracted from the 
mold, further sealed by a plastic film and aged in environ-
ment for 28 days.

Characterization of Hardened Materials

In agreement with the ASTM C39 standard, compression 
strength tests were made on 60 mm diameter and 120 mm 
height cylindrical specimens using an 810 Material Test 
System (MTS) with a crosshead speed of 2 mm/min. The 
average of 3 compositions was taken.

ASTM C 642 standard was used to investigate water 
absorption on cylindrical specimens (Φ = 20  mm, 
h = 20 mm). This procedure requires to place samples in 
an oven at 90 ± 5 °C for 24 h in order to remove moisture, 
thereafter they must be weighed in air  (W1), treated by an 
autoclave at 120 °C, 2 kPa for 2 h using 2 L of water, cooled 
down to room temperature (in water), quickly dried with 
a cloth and weighed again (W2). Water absorption may be 
determined by the following equation:

Results and Discussion

General Remarks

Table 2, which reports the mix proportion design of the geo-
polymers prepared, also contains Si/Al,  Al2O3/Na2O +  K2O 
and  H2O/Na2O ratios of the materials produced calculated 
on the basis of data reported in Table 1. However, particles 
size distribution and reactivity of the solid starting compo-
nents are not considered at all, whereas it is demonstrated 
by many authors that particles size and shape of the reagents 
play an important role on materials development both as 
inherent reactivity as in terms of workability due to the water 
needed during production [28–30].

Literature clearly reports that structural properties and 
crystallographic and physical features of geopolymers are 
greatly affected by some parameters such as Si/Al atomic 
ratio,  Al2O3/Na2O +  K2O,  H2O/Na2O +  K2O molar ratios, 
and  H2O/total solid content [31–34]. For instance, the Si/
Al ratio affects mechanical behavior and pore size distribu-
tion of the materials [31], the  Al2O3/Na2O +  K2O molar ratio 
influences the numbers of OH groups which are bonded to 
the geopolymeric network [32, 33], and  H2O/total solid con-
tent determines pastes workability and the major or minor 
quantity of coarse open porosity of the hardened materials 
[34–37]. More in detail, it is possible to state that materials 
having good mechanical performances and homogeneous 
nano-sized pore distribution could be prepared keeping the 

W (%) = 100
(

W
2
−W

1

)

∕W
1

Si/Al atomic ratio in the range between 1.65 and 2.10; on the 
other hand, geopolymers with an  Al2O3/Na2O +  K2O molar 
ratio close to 1 display an almost neutral behavior toward 
environment, but changes to alkaline as this ratio turns to 
lower values which substantially depends of the amount of 
sodium silicate and sodium hydroxide solution that are used 
for geopolymer production [31–37].

The present experimental investigation, which deals with 
the production of geopolymers containing waste OS, should 
take account of some additional reactive material carried 
into the geopolymeric process by the fine fraction of the 
waste during the geopolymerization process [38–41]. How-
ever, at this stage, it is not possible to evaluate which is 
their effective contribution on the feature of the resulting 
materials.

Starting Materials Properties

In this research, geopolymer plays as binder medium there-
fore the analysis of the starting materials used for geopoly-
merization as well as the resulted chemical and crystallo-
graphic composition of geopolymers are not reported in the 
present manuscript because they can be found in the previ-
ous papers [16, 22, 23, 30–32, 34, 36, 37, 42].

Figure 1 shows the PSD of the waste OS (either before 
and after their thermal treatment at 900 °C) used for the 
present research. It can be observed that the main part of the 
particles is concentrated between 250 and 500 μm thus con-
firming some information reported in the introduction which 
depicts their previous metallurgical application. It can be 
also observed that about 15 wt% of their total amount have 
size inferior to 250 μm, whereas another 10 wt% is greater 
than 500 μm. The presence of small particles find reason-
able justification in the sand crumbling process after their 
metallurgical application, but before composites geopoly-
mer production. Conversely, sand particles with size greater 
than 500 μm may be due to a certain level of agglomeration 
which occurs during steel casting. The thermal treatment 
at 900 °C slightly shifts the PSD of the as-received sands 
toward smaller values thus increasing the amount of small 
particles.

It is, however, generally accepted that the complete reac-
tion of solid reactants, in heterogeneous systems, as those 
related to the production of geopolymers, is extremely unu-
sual and also fine powder particles do not fully react during 
geopolymerization [16, 36, 42]. For instance, Kuenzel et al. 
[42] demonstrated that the Argical 1200, which is the MK 
powder used in the present research, provides around 73 
wt% of its total Al content, during geopolymerization. It 
is therefore reasonable to assume that less than 50% of the 
particles with size lower than 250 μm (i.e., 7 wt% of the 
total) present in the OS is involved in the reaction. Conse-
quently, particles with size greater than 250 μm shall mainly 
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behave as inert components during geopolymeric reaction. 
As a consequence of the above assumptions it is possible to 
re-calculate the  Al2O3/Na2O +  K2O ratio of Table 2 which 
is lowered to 1.04 in all compositions, whereas the Si/Al 
is 2.05 in the reference composition and rises to 2.18 in 
material with composition OB150 as is displayed in Table 3. 
Such values are suitable for the production of geopolymers 
with optimized mechanical performances [31, 32, 34, 37].

Figure 2 displays the thermogravimetric trend between 
room temperature and 900 °C of the as-received OS. A sig-
nificant weight loss (around 1.5% of the total OS amount) 
is first observed before 100 °C related to moisture evapo-
ration, followed by an almost continuous additional 0.75% 
weight loss between 100 and 600 °C; thereafter another 
important weight loss (around 0.75%) due the combustion 

Fig. 1  Cumulative representa-
tion of particle size distribution 
of the as-received (plain line) 
thermally treated OS (dashed 
line)

Table 3  Si/Al and  Al2O3/(Na2O +  K2O) ratios recalculated taking into 
account the non-total reactivity of the starting solid components (i.e., 
MK, OS)

Sample name Si/Al
Atomic ratio

Al2O3/
Na2O +  K2O
Molar ratio

OB0 2.05 1.04
OB50 2.09 1.04
OB75 2.12 1.04
OB100 2.14 1.04
OB150 2.18 1.04

Fig. 2  Thermogravimetric 
analysis (TGA) of the as-
received OS
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of carbonaceous compounds may be observed at higher 
temperatures.

Figure 3 shows the appearance of OS before (above) and 
after (below) the thermal treatment of 1 h at 900 °C. The 
black color of the as-received OS is reasonably due to the 
presence of a thin layer of amorphous carbon which cov-
ers OS particles, whereas the brick colored thermal-treated 
OS reasonably depends on the presence of  Fe2O3 oxidized 
phase.

Figure 4 is a SEM image, coupled with EDS results made 
on the as-received OS. As expected, the presence of car-
bon (4–12 wt%) is observed in all the particles examined. 
The authors of the present research are aware that carbon 
determination by the EDS analysis gives a semi-quantitative 
information, however, it confirms the presence on the sur-
face of OS particles. In addition, it is to be highlighted the 
presence of Mg, Fe, Si, and O which are component ele-
ments of olivine, but also the one of Al, Na, K and Ca drawn 
in by bentonite.

Figure 5 shows the X-ray diffraction patterns of the as-
received (bottom) and thermally treated (top) OS. It may 
be observed that the former is substantially in line with the 
results obtained by other authors [43] and shows the pres-
ence of a great amount of olivine (PDF n° 01-088-1000), 
together with low quantities of vermiculite (~ 5% wt.) (PDF 
n° 01-074-1732), lizardite (~ 2% wt.) (PDF n° 00-050-
1625), and silicon oxide (~ 1.5% wt.) (PDF n° 00-045-0111), 
whereas the latter highlights a great quantity of olivine, 
along with a limited amount of enstatite (~ 6% wt.) (PDF n° 
01-073-1937), but vermiculite and lizardite are not observed. 
Enstatite appears as one consequence of the high-tempera-
ture treatment which causes reaction between some starting 
components leading also to the change in color of the start-
ing OS. However, due to the small amount of vermiculite 

and lizardite (~ 7% wt.) in the as-received sands and that of 
enstatite (~ 6% wt.) in the thermally treated one, their influ-
ence has been assumed negligible on the development of 
material performances.

It may be also pointed out that X-ray diffraction analysis 
did not reveal the presence of bentonite and cornstarch nei-
ther in the as-received or in the thermally treated OS; such 
results have been confirmed by the FTIR investigation. It 
appears, therefore, reasonable to assume that the slight dis-
crepancy of crystallographic structure observed in the two 
different OS should not play a relevant role on the prepara-
tion and properties of the resulting materials.

Pastes Workability

The slump flow tests led to build up Fig. 6 which shows 
that the addition of waste OS lowers geopolymeric pastes 
workability independently on the type of OS used. These 
expected results are in agreement with the decreasing 
 H2O/total solid content ratio reported in Table 2. It can 
be, moreover, highlighted that low addition (i.e., compo-
sitions OB25 and OB50) lead to the production of pastes 
which show the same behavior in pastes containing either 
the as-received or thermal treated OS, whereas composi-
tions containing greater quantities of thermally treated OS 

Fig. 3  Appearance of OS, before (left) and after (right) thermal treat-
ment

Fig. 4  SEM micrography and EDS results of the as-received OS
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(i.e., OB75*, OB100*, OB125*, and OB150*) show better 
workability than those prepared using the as-received OS. 
This different behavior is reasonably due to the different 
PSD distribution of the two OS and to the presence of 
certain amount of residual cornstarch in the as-received 
product. In fact, this component is known to be often used 
during the production of organic pastes when a viscosity 
increase is required [44–46]; on the other hand, literature 
reports that the presence of a greater amount of fine par-
ticles often improves the workability of cement and/or 
geopolymeric pastes [41, 47–50].

Mechanical Behavior

Figure 7a, b shows the trend of compressive strength (a) and 
water absorption (b) versus the amount of as-received (plain 
line) or thermally treated (dashed line) OS, respectively. The 
average compressive strength of the OS-free control material 
is 36 MPa. It may be observed that the strength of compos-
ites containing the as-received OS gradually decrease with 
increasing its addition (Fig. 7a), whereas the one of those 
containing thermally treated OS increase up to the composi-
tion OB75 thereafter it is observed a rapid decay. In parallel, 
Fig. 7b shows that water absorption of composites contain-
ing the as-received OS increase with its addition while the 

Fig. 5  X-ray diffraction patterns 
of the as-received (bottom) 
and thermally treated (top) 
OS. Symbols are as follows: 
O = olivine, V = vermiculite, 
L = lizardite, S = silicon oxide, 
and E = enstatite

Fig. 6  Slump flow trend of 
pastes containing the as-
received (plain line) and ther-
mally treated (dashed line) OS. 
OB0 refers to the cake diameter 
of the reference composition 
(bare geopolymer). Error bars 
are also displayed
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trend of samples containing thermally treated OS reach their 
minimum value in correspondence of composition OB75*. 
Compressive strength and water absorption are complemen-
tary investigations since water absorption is directly related 
to open porosity which directly affects strength; it may be 
therefore observed that the highest strength values fall at 
same composition where samples display the minimum 
water absorption. The above results may also be related to 
the  H2O/total solid content ratio of the various compositions 
which in turns affects the pastes workability during samples 
production. Table 2 shows that such ratio is 0.48 in the refer-
ence composition and lowers to 0.24 in composition OB150, 
being 0.32 in composition OB75. It may be also assumed 
that low workability leads to the increase in the amount of 
air which may be entrapped during materials production. 

The present research demonstrates that a slump dimension 
around 140 mm may be assumed as limiting value; higher 
values lead to the production of materials with enhanced 
open porosity and lower strength, according to the previous 
researches [6, 10, 13, 23, 28, 29, 41].

Moreover, olivine particles behave as inert components 
within the geopolymer-based composite in this way limiting 
shrinkage during consolidation after pastes preparation. It is 
known that shrinkage often causes microcracks which limits 
the material’s mechanical performances. In order to optimize 
material’s mechanical performances it is therefore necessary 
to identify the amount of additional olivine which permits 
to balance good workability (during pastes production) and 
minimum shrinkage (during material’s consolidation), as it 
has been reported regarding geopolymer concrete materials 

Fig. 7  a, b Trends of compres-
sive strength (a) and water 
absorption (b) vs composition 
of materials made using the 
as-received (plain line) and 
thermally treated (dashed line) 
OS, respectively. Error bars are 
also displayed
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[51–53]. The present investigation demonstrates that, in geo-
polymeric composites containing thermally treated coarse 
olivine sand, this limit falls to the composition OB75*.

The poor behavior of materials containing the as-received 
waste OS are yet to be explained. Figures 8a, b are two pho-
tographs made by the stereoscopic optical microscope of the 
section obtained from samples with compositions OB125 
and OB125*, respectively (namely samples containing same 
amount of the as-received or thermally treated OS). It can be 
observed that each image shows the fractureless matrix sur-
rounding olivine particles as well as the presence of rounded 
holes caused by the air entrapped during materials produc-
tion; it may be, however, observed that the holes of materials 
prepared using the as-received olivine are of greater size 
with respect to those prepared with thermally treated OS. 
The difference of their open macroporosity partially justi-
fies the different mechanical performances of the two sets 
of materials.

Microstructural Features

ATR-FTIR spectra of samples with compositions OB125 
(containing the as-received olivine) and OB125* (containing 
thermal treated olivine) are shown in Fig. 9.

The analysis of the fingerprint region (circled in blue) 
shows that the two spectra have overlapping morphologies. 
This suggests that the two samples have similar chemical 
composition. The disappearance of the numbered peaks 
in the OB125* spectrum is due to the calcination process. 
From their attribution, highlighted in Table 4, it is possible 
to verify that they arise from chemical bonds such as –OH, 
–CHx, and –CO. Each of them being removed by a high-
temperature treatment [54–56], thus confirming the presence 
of carbonaceous compounds in geopolymeric composites 
containing untreated olivine sand.

X-ray investigation made on the same samples as above 
did not give evidence of any contribution to the reaction by 
the added OS and therefore they are not reported.

Figures 10a, b are SEM micrographs (back scattering 
mode) which detail the interface between olivine particles 
and geopolymeric matrix in each material above described. 
It may be observed that the former shows a strong delamina-
tion, whereas the latter appears well bonded. The possibility 
of strong delamination due to the presence of carbon thin 
films coating the dispersed phase has been documented by 
the literature regarding other composites systems [57–61].

Fig. 8  a, b Stereoscopic microscope images acquired on an internal 
section of geopolymers with compositions OB125 (a) and OB125* 
(b)

Fig. 9  ATR-FTIR spectra collected on OB125 (black) and OB125* 
(red) (Color figure online)

Table 4  FTIR bands assignation of Fig. 9

Bands Wavenumber
(cm−1)

Assignation Reference

1 ~ 3500 –OH [54]
2  ~ 2900 –CH3 [55]
3  ~ 2800 –CH2 [55]
4  ~ 1640 –OH [56]
5  ~ 1450 –CO [55]
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The fractures in the geopolymeric matrix, which are also 
clearly visible, are reasonably due to the intrinsic features 
of geopolymeric materials. In fact, it is generally accepted 
that geopolymeric composites could often contain some 
microcracks caused by shrinkage during consolidation or 
sample preparation. The microcracks often appear in SEM 
investigations rather than from the optical one due to higher 
magnification.

The strong delamination, which is observed in samples 
made using the as-received OS, justifies their high water 
absorption as well as their poor mechanical performance. 
As concluding remarks it may be stated that the use of ther-
mally treated waste OS could lead to the production of well-
performing materials, whereas the as-received OS does not.

Final Remarks

The authors of the present research are aware that, even 
in a contest of circular economy, a thermal treatment at 
900 °C is not costless and would discourage the recycling 
of waste OS by the production of geopolymers. With this 
in mind, authors suggest to avoid the use of binders con-
taining organic components which could be the source 
of pyrolysis and consequently of free carbon during the 
casting of liquid metals. Conversely, some experimental 
parameters described in the present research, though easy 
in laboratory experiments, could find a difficult practical 
application. In particular, it is generally accepted that geo-
polymers could be hardened at room temperature as it has 
been clearly reported in the literature [62–65] thus avoid-
ing the cost of the thermal treatment at 60 °C. In addition, 
the distilled water, which has been used in the present 
research, could be replaced by less expensive water types, 
for the production of sodium hydroxide solution, therefore 
limiting the final cost of the resulting product [66, 67].

Conclusions

Several geopolymers containing also different amounts of 
waste OS were prepared mixing metakaolin, a commercial 
sodium silicate solution and an 8 M sodium hydroxide 
solution. OS was added either in the as-received form and 
after a thermal treatment at 900 °C in order to remove 
most of the carbonaceous compounds therein contained 
due to the partial pyrolysis of the organic additives used 
for molds preparation before liquid metal casting.

The modified slump flow test showed that materials 
with composition OB75 showed the best workability, in 
this way, enabling optimization of the maximum amount 
of waste OS which was possibly added to the blank geo-
polymer matrix without changing its original absolute 
amount of water.

Samples containing the as-received OS displayed poor 
mechanical compressive strength due to the presence of 
a thin layer of carbonaceous compounds on the surface 
of OS particles which caused delamination and therefore 
additional porosity in the geopolymeric matrix composite.

Materials containing thermally treated OS showed com-
pressive strength mostly better than that of the geopolymeric 
matrix alone. In detail, materials with composition OB75* 
showed the best overall behavior due to the good workability 

Fig. 10  a, b SEM micrographs (back scattering mode) detailing the 
interface between olivine particles and geopolymeric matrix in sam-
ples with the compositions OB125 (a) and OB125* (b)
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of the starting paste which led to the production of hardened 
samples having minimized residual porosity.
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