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a b s t r a c t

The wide range of physical and chemical properties of inorganic polymers, also known as geopolymers,
commonly formed by alkali activation of aluminosilicates, makes these materials useful for a variety of
applications.

In the present experimental study inorganic polymers are synthesised from low-Ca electric arc fer-
ronickel slag. The effect of experimental conditions on the compressive strength of the final products is
assessed.

A number of techniques, namely XRD, FTIR and TG–DTG were used to identify new phases and subse-
lag
ompressive strength

quently elucidate to some degree the mechanisms involved.
Finally, the paper discusses briefly the potential of inorganic polymer technology as a feasible option

for the utilisation of certain potentially hazardous mining and metallurgical wastes towards an increased
min
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. Introduction

Glukhovsky was the first who attempted to model cementi-
ious systems in accordance with low temperature and pressure
ransformation of rocks into zeolites. These systems, formed by
lkali activation of aluminosilicates present in industrial materials
r wastes, were first called soil silicates [1].

Inorganic polymers (geopolymers) are amorphous tri-
imensional aluminosilicates, synthesised at ambient temperature
nd short time when aluminosilicate powder reacts with a caustic
oncentrated alkali metal silicate solution [2,3]. Such novel materi-
ls, exhibiting excellent physical and chemical properties [4,5] may
e also obtained under specific conditions from utilisation of min-

ng and metallurgical wastes [6]. Nowadays, several other names
re used to describe these materials, including alkali-bounded-
eramics, hydroceramics and alkali-activated-cements, creating
hus some confusion; however, in all cases alkali-activation is
ssentially involved [7].

The formation of these cementitious materials (M2O–

l2O3–SiO2–H2O) is in general complex and involves destruc-

ion of primary solid phases, formation of certain units of unstable
tructure as well as contact interactions between the units; these
echanisms result in the formation of hydrated products hav-

∗ Corresponding author. Tel.: +30 28210 37686; fax: +30 28210 69554.
E-mail address: komni@mred.tuc.gr (K. Komnitsas).
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ng coagulated thixotropic and condensed/crystalline structures
8,9]. De Silva and Sagoe-Crenstil [10] state that the initial molar
ontent of Na2O, Al2O3 and SiO2 plays a key role in controlling
ransformations from amorphous to crystalline phase; a tentative
ink exists between phase transformation/stability and strength
haracteristics, since systems that favour the formation of zeolitic
roducts usually possess lower strength.

Inorganic polymers are similar to zeolites in chemical composi-
ion but they are characterised by higher density and amorphous
o semi-crystalline three-dimensional alumino-silicate microstruc-
ure [11]. The factors affecting the synthesis of zeolites such as
emperature, pH and presence of specific cations seem also to affect
he synthesis of inorganic polymers [12,13].

The amorphous inorganic polymer structure is due to alumi-
osilicate precursor gels from which zeolites are hydrothermally
enerated [14,15]. It is worth mentioning that zeolitic materials
re often detected in geopolymeric systems [11,16]; high-resolution
icroscopic techniques may be used to determine relations

etween inorganic polymer and zeolite synthesis [14].
A wide range of natural Al–Si minerals, wastes such as fly ash

nd various types of slags could serve as potential source materials
or the synthesis of inorganic polymers characterised by less porous
icrostructure, advanced mechanical and thermal properties, good
esistance to attack by aggressive solutions as well as by high added
alue [17–25].

Reactivity and solubility of the source materials, water con-
ent as well as the type of metal silicate used during synthesis of

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:komni@mred.tuc.gr
dx.doi.org/10.1016/j.jhazmat.2008.04.055
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Table 1
Chemical analysis of ferronickel slag

%

Fe2O3(total) 43.83
SiO2 32.74
Al2O3 8.32
CaO 3.73
Cr2O3 3.07
MgO 2.76
Mn3O4 0.44
S 0.18
C 0.11
N
C

w
p
r
t
p
s

c
d
d
i

g
s
a
fi
s
e

2

L
t
i
r
i
t
t
X
t

0

o
p
a

s
a
t
N
k
f
m
o

d
a
b
h
t
f

m
t
a
(
t
m
p
i
d
s

t
a
w
t
t
(
a
A
o
s
i

3

i 0.1
o 0.02

aste-based inorganic polymers define to a significant degree the
roperties of the final products [26]. Varying waste properties and
eactivity between different sources or even between batches of
he same source requires full understanding of the effect of com-
osition, synthesis and post-synthesis parameters on the nature,
trength and performance of the final products [27].

Compressive strength measurements are used widely as an indi-
ator to assess the success of inorganic polymer technology. This is
ue to the low cost, simplicity as well as due to the fact that strength
evelopment is a primary measure of the utility of these materials

n various applications [14].
In the present experimental study, ferronickel slag-based inor-

anic polymers were produced by mixing slag with sodium silicate
olution, sodium or potassium hydroxide and water. The effect of
dditives such as kaolin or metakaolin and pre-curing period on the
nal compressive strength was also evaluated. XRD, DTG and FTIR
tudies were carried out to identify new phases and subsequently
lucidate to some extent the main mechanisms involved.

. Materials and methodology

The raw material used is electric arc slag produced at the
ARCO S.A ferronickel plant in Greece. The annual slag produc-
ion is about 1,700,000 t of which approximately 450,000 t is used
n the cement industry. Disposal cost of the remaining quantities
eaches 650,000 D /year. Table 1 shows its chemical composition
n the form of oxides and trace elements, while Fig. 1 presents
he main mineralogical phases, namely fayalite, anorthite, quartz,
ridymite, cristobalite, magnetite, forsterite and chromite. From the

RD pattern seen in Fig. 1 it is estimated that the amorphous con-

ent exceeds 50%.
The particle size of the as received brittle slag varies between

.075 and 4 mm (most of it is seen in the 0.1–1.5 mm fraction). Based

3

w

Fig. 1. X-ray pattern of slag (Fa: fayalite, A: anorthite, Q: quartz, T: tridym
s Materials 161 (2009) 760–768 761

n previous studies [28,29] and in order to achieve higher com-
ressive strength, pulverised slag (91%–50 �m, 47%–10 �m) using
FRITSCH pulverizer was used.

The inorganic polymer liquor was prepared by dissolving
odium or potassium hydroxide anhydrous pellets (ACS-ISO for
nalysis) in deionised water and then mixing the resulting solu-
ion with a sodium silicate solution (Merck, Na2O:SiO2 = 0.3,
a2O = 7.5–8.5%, SiO2 = 25.5–28.5%). Slag and additives, such as
aolin (Fluka) or metakaolin (derived by calcining kaolin at 600 ◦C
or 4 h) were then slowly added in the liquor under continuous

echanical mixing so that a reactive and homogeneous paste was
btained.

The wt% of the raw materials/additives involved varies and
epends on the reagents used in each case to produce a work-
ble paste. The additives were used to trigger chemical reactions
etween alumino-silicates and alkali metal silicate solutions under
ighly alkaline conditions so that amorphous or semi-crystalline
hree-dimensional structures consisting of Si–O–Al–O bonds are
ormed.

The cement like paste was cast in high-resistance plastic cubic
oulds (50 mm each side) which were vibrated for a few minutes

o remove air trapped within the paste. The moulds were cured
t room temperature for 48 h and then heated in a laboratory oven
MMM GmbH) at the required temperature for a specific time. Aging
ook place at room temperature in order to enhance the develop-

ent of structural bonds. The compressive strength of the final
roducts was measured using a MTS 1600 load frame. All exper-

ments were carried out in duplicate. Only in a few cases, when
eviation in the experimental data was higher than 10%, additional
pecimens were prepared.

XRD analysis was performed by a Siemens D500 diffractome-
er using a Cu tube and a scanning range from 3◦ to 70◦ 2�, with
step 0.03◦ and 4 s/step measuring time. The qualitative analysis
as carried out using the Diffracplus Software (Bruker AXS) and

he PDF database. FTIR analysis was carried out by the FTIR Spec-
rometer Model 1000 (Perkin-Elmer) using the KBr pellet technique
1.5 mg powder sample mixed with 150 mg of KBr). TG and DTG
nalysis was performed using a Perkin Elmer Thermogravimetric
nalyser TGA 6 (maximum heating temperature was 950 ◦C at a rate
f 10 ◦C min−1 using a nitrogen purge rate of 60 mL min−1). Table 2
hows the composition as well as the experimental conditions of
norganic polymers used for mineralogical analyses.

. Effect of synthesis conditions
.1. Alkali cation

In order to study the effect of alkali addition inorganic polymers
ere synthesised and heated at 40, 60 and 80 ◦C for 24 or 48 h.

ite, Cr: cristobalite, M: magnetite, Fo: forsterite and Ch: chromite).
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Table 2
Synthesis conditions of inorganic polymers T1, T2, T3 and T4

Inorganic polymer Composition Experimental conditions

T1 Slag, metakaolin, NaOH, sodium
silicate solution, H2O

60 ◦C, 24 h, 7 days

T2 Slag, kaolin, NaOH, sodium silicate
solution, H2O

60 ◦C, 48 h, 7 days

T3 Slag, kaolin, KOH, sodium silicate
solution, H2O

60 ◦C, 24 h, 28 days

T4 Slag, metakaolin, KOH, sodium
silicate solution, H2O

80 ◦C, 48 h, 7 days
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ig. 2. Compressive strength evolution vs. heating temperature (heating period 24
r 48 h, use of NaOH or KOH).

uring took place at room temperature for 7 or 28 days in order to
nhance structural bonding and then the hardened products were
ubjected to compressive strength testing (Fig. 2).

The experimental results show that almost no increase in the
ompressive strength, varying between 20 and 24 MPa, is seen
hen 8.6 M NaOH is used over the entire temperature range and
uration of heating studied. On the other hand, when 4.3 M KOH

s used, the compressive strength of the final inorganic polymers
ncreases substantially with temperature and slightly with heating
ime and reaches 40 MPa at 80 ◦C after 48 h.

In order to examine the effect of KOH or NaOH concentration on
he compressive strength, slag-based inorganic polymers (without
ddition of kaolin) were prepared using various alkali hydroxide
oncentrations and heated for 48 h at 80 ◦C; the results are shown
n Fig. 3.
It is seen from this figure that use of KOH up to 8 M results in
uch higher compressive strength, reaching 50 MPa. Use of excess

OH (e.g. 10 M) results in decreased final strength; this is mainly
ue to the fact that this additional quantity does not react with the

Fig. 3. Compressive strength evolution vs. alkali hydroxide concentration.
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ig. 4. Compressive strength evolution vs. temperature when both NaOH and KOH
re used (heating period 24 or 48 h).

aw materials. On the other hand, use of NaOH between 4 and 8 M,
esults in compressive strength not exceeding 25 MPa. It is under-
ined that when no alkali solution is used the paste exhibits high
iscosity, cannot solidify and under the same synthesis conditions
cquires practically no strength (0.22 MPa).

KOH provides more inorganic polymer precursors since the
arger size of K+ favours the formation of larger silicate oligomers

ith which Al(OH)4
− prefers to bind; thus better setting and higher

ompressive strength is obtained.
It is seen therefore that the presence of alkali metal cation plays a

atalytic role, controls all stages of inorganic polymer formation, in
articular gel hardening and crystallisation and enables an appro-
riate structure formation [17,30–32].

When a mixed KOH/NaOH solution is used (1:1 ratio, 2.2 M
nd 3.1 M respectively) the results are discouraging; the maximum
ompressive strength attained at 80 ◦C does not exceed 16 MPa
Fig. 4). This is not the case for inorganic polymers made of pure

etakaolin and mixed-alkali solution (Si/Al ≥ 1.90), where the final
ompressive strength after 28 days reached almost 85 MPa [33].

Another factor that plays an important role during inorganic
olymer synthesis is the available calcium content of the raw mate-
ials. It is believed that at high alkalinity, calcium plays a lesser role
n affecting the nature of the final binder, as it probably forms pre-
ipitates rather than hydrated gels. Indeed, when in the present
tudy additional crystalline CaO was added in the initial mix-
ure, varying between 5 and 20% (w/w), the compressive strength
ecreased gradually to 24 and 5 MPa, respectively; similar results
ere also reported in previous studies [34,35]. On the other hand,

he presence of calcium provides extra nucleation sites for precip-
tation of dissolved species, which may be used to tailor setting
imes and material properties [27]. When the content of CaO in
he source material is high an amorphous Ca–Al–Si gel structure
ith a decreased microstructural porosity is formed and therefore

he final strength is high [16,18,36]. Finally, it is underlined that
he role of available calcium during inorganic polymer synthesis
equires further elucidation.

.2. Alkali activator

The effect of sodium silicate, used as alkali activator in the
resent study, on the compressive strength was examined for
lag-based inorganic polymers synthesised using admixture per-
entages of Na2SiO3 varying from 0 to 14%; in each case, water
ercentage was adjusted accordingly so that a workable paste was

btained. Mixing percentages for all specimens synthesised are
hown in Table 3. Fig. 5 presents the evolution of the compres-
ive strength in relation to sodium silicate percentage, when KOH
r NaOH are used, respectively.
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Table 3
Mixing percentages of slag-based inorganic polymers using various % (w/w) of
Na2SiO3

% Slag 83.5 83.5 83.5 83.5 83.5 83.5 83.5 83.5
% KOH 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
% Na2SiO3 0 2 4 6 8 10 12 14
% H2O 14 12 10 8 6 4 2 0
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ig. 5. Compressive strength evolution vs. % Na2SiO3 when KOH or NaOH is used.

It is seen from this figure that the optimum addition percentage
or sodium silicate is close to 8% (w/w) in both cases. The maximum
ompressive strength acquired is 56.2 MPa which decreases when
igher percentages of alkali activator are used. It is worth men-
ioning that KOH has a more beneficial effect until the maximum
ompressive strength is reached, whereas after that point this trend
everses.

Alkali activator acts as binder, dispersant or plasticizer, affects
norganic polymer bonding and therefore results in denser struc-
ures that improve substantially the mechanical strength of the
roduced specimens; similar results are also seen in previous stud-

es [37–43].
As seen from Figs. 3 and 5, the properties of the final inorganic

olymers depend on the composition of the starting mixture, the
oncentration of KOH/NaOH solution as well as on the % (w/w) of
odium silicate addition.

.3. Pre-curing period

In order to study the effect of pre-curing period inorganic poly-
ers were synthesised, left for up to 2 days at room temperature

nd then heated at 80 ◦C for 48 h. Thereafter, aging took place at
oom temperature for 7 days.

The composition of the control specimen C is seen in Table 4;
n all other specimens the w/w % of kaolin, KOH and Na2SiO3 was

odified accordingly. The water content was also slightly modi-

ed in each case to obtain a workable paste, but remained close to
he optimum value of 12% that resulted in the highest compressive
trength of 43 MPa. It is seen in Fig. 6 that low percentage of the
hree additives does not result in acceptable compressive strength
alues while excess of these additives has practically no further

able 4
ixing compositions of slag–kaolin inorganic polymers for various w/w % of kaolin,

OH and Na2SiO3

C (1/3) C (1/2) C (3/2) C 2 C

lag 76.6 83.09 81.52 71.78 67.10
2O 12.45 13.27 13.00 11.80 11.00
aolin 5.43 1.8 2.72 8.14 10.86
OH 2.97 0.98 1.48 4.46 5.94
a2SiO3 2.55 0.85 1.28 3.82 5.10
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Fig. 6. Effect of pre-curing period (0 or 2 days) on the compressive strength.

eneficial effect. It is also seen that pre-curing for 2 days increases
he compressive strength of almost all specimens by almost 30%.
re-curing is considered as an important factor during inorganic
olymer synthesis; increase of the pre-curing period from 2 to 4
ays (data not shown) results in no further increase of the com-
ressive strength.

Pre-curing for a specific period allows reaction of water with
he raw materials present in the paste and therefore enhances the
evelopment of structural bonding; the specimens produced in the

aboratory were perfectly cubic and no surface cracks were seen.
re-curing did not seem to improve the final compressive strength
hen temperatures higher than 80 ◦C were considered; in this case

e.g. 120 ◦C) accelerated evaporation of the water takes place result-
ng thus in the development of pores and cracks and therefore in
ecreased compressive strength [20,44,45]. It is also mentioned
hat the formation of cracks is affected by the rate of heating that
bviously affects the water evaporation rate.

Similar results were obtained in earlier studies using high cal-
ium slag or fly ash as raw materials [3,46–49]. High temperature
ay increase the lability of inorganic polymer gel resulting thus

n structural reorganisation and densification. The structural tran-
ition from amorphous to crystalline at low or mild temperatures
mplies that synthesis temperature and aging period are critical
actors during inorganic polymer synthesis [3].

.4. Kaolin/metakaolin

Fillers such as kaolin or metakaolin, may be used for the supply
f Al3+ ions in the inorganic polymer paste. Kaolin (Al2Si2O5(OH)4)
s a well crystalline material, while metakaolin was obtained in
he present study under calcination of kaolin at 600 ◦C for 4 h;
t is known that calcination alters the original crystalline struc-
ure. Briefly, the decomposition process starts with dehydration at
round 100–120 ◦C and proceeds with dehydroxylation of the struc-
ure (loss of water from the condensation of interlayer hydroxyl
roups) yielding metakaolin at around 590 ◦C [50,51]. Crystallinity
oss due to calcination weakens the bonds between crystals and
he amorphous phase; the amorphicity of metakaolin is seen in the
RD pattern presented in the following section.

In order to study the effect of kaolin and metakaolin addition
everal experiments were carried out and the respective percent-
ge varied between 0% (control specimen) and 12%. Fig. 7 shows
hat increased percentages of kaolin result in decreased compres-
ive strength values which drop to 17 MPa when kaolin addition

s 12% (w/w). When metakaolin is used, at the same percentages
s kaolin, a more noticeable decrease in the compressive strength
s observed. Addition of only 3% metakaolin results in compres-
ive strength not exceeding 25 MPa; when the addition is 12% the
ompressive strength reaches the lowest value, 3 MPa.
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Mainwaring [56,57] who studied low-temperature hydrothermal
behaviour of metakaolin using NaOH or KOH found that zeoli-
tisation reactions were dominant and sodalite phases were also
formed. In the framework of sodalite, when aluminum is substi-
tuted by silicon, the one minus charge generated can be balanced
ig. 7. Variation in compressive strength of inorganic polymers vs. kaolin/
etakaolin addition.

It is deduced from this experimental data that sufficient avail-
ble quantities of Si and Al are provided from sodium silicate
olution (mainly) or slag, therefore the addition of kaolin does not
urther contribute to the formation of strong inorganic polymer
onds; on the contrary most Si and Al dissolved from kaolin remains
ractically un-reacted, therefore limited strength is obtained. Simi-

ar results have been reported for fly ash-based inorganic polymers
52]. Finally, it should be mentioned that the high Fe2O3 content of
lag although it does not take part in the formation of gel, seems to
lay some role during inorganic polymers synthesis.

The noticeable decrease in the compressive strength of slag-
etakaolin inorganic polymers may be due to the thermal

rocessing of kaolin which results in a totally different final struc-
ure, due to dissolution–migration–polymerisation phenomena. It
s known that the presence of metakaolin increases porosity and
herefore the specimens may require too much water as also men-
ioned in a recent study [3]. De Silva et al. [53] also state that when
he paste has a high Al2O3 content (i.e. low SiO2/Al2O3 ratio) the
esulting products acquire low strength. In addition, the plate-like
tructure of residual metakaolin particles does not provide suffi-
ient moisture escape routes at elevated temperatures causing thus
ubstantial damage to the matrix [54].

On the other hand it is known that calcination of kaolin trans-
orms the octahedral coordinated Al layers into the more reactive
etrahedral form; it would then be expected that since Al ions dis-
olve more readily from metakaolin than from un-calcined kaolin,
norganic polymers containing metakaolin would exhibit higher
ompressive strength [15,18]. The fact that this is not the case in
his as well as in other similar studies implies that synthesis does
ot entirely depend on dissolution and migration of ions dissolved

rom mineral surfaces [55].
In order to further elucidate this issue, slag, kaolin and

etakaolin were leached in 1N KOH solution using a solid to liquid
atio of 1:20 and the results are presented in Fig. 8. It is seen from
his figure that while leaching of metakaolin is a first order reac-
ion and after 24 h enriches the solution with almost 850 mg/L of Al,
ery little Al is dissolved from slag and kaolin. This Al excess cannot
eact in the system and therefore the final specimen acquires low
trength. It is underlined that Si dissolution exhibits a similar trend
data are not shown); concentration of Si though is much lower
han that of Al.

. Mineralogical studies
.1. XRD

X-ray patterns of slag-metakaolin (T1 and T4) and slag–kaolin
norganic polymers (T1 and T2) synthesised under the experimen-

F
q
d

Fig. 8. Al dissolution from kaolin, metakaolin and slag.

al conditions shown in Table 2 are seen in Fig. 9. XRD analysis
eveals the presence of quartz, kaolin, fayalite, magnetite and the
ormation of new phases, such as hydroxysodalite, maghemite and
alcite.

The presence of remaining kaolin in specimens T2 and T3 indi-
ates that the initially used quantity has not fully reacted during
norganic polymer synthesis [6,55]. Furthermore, the broad peak
een between 25◦ and 40◦ 2� indicates that specimens T1 and T4
re characterized by a certain degree of amorphicity.

Sodalite, Na4Al3(SiO4)3Cl, with a Mohs hardness of 5.5–6, is a
ember of the feldspathoid group and belongs to rock forming
inerals. Hydroxysodalite is detected in T2 and T3 slag–kaolin

norganic polymers exhibiting maximum strength [25], while no
ydroxysodalite was detected in specimens T1 and T4 where
etakaolin was used. Hydroxysodalite, Na8Al6Si6O24(OH)2(H2O)2,

s produced by replacing Cl− with OH− when NaOH reacts with
aolin according to the following reaction:

3Al2(Si2O5)(OH)4 + 8NaOH

→ Na8Al6Si6O24(OH)2(H2O)2 + 7H2O (1)

Kaolin provides OH− and accelerates reaction (1) whereas the
se of metakaolin which is a dehydroxylation product does not
ontribute to hydroxysodalite formation. However, Barrer and
ig. 9. X-ray patterns of inorganic polymers produced under various conditions (1:
uartz, 2: kaolin, 3: fayalite, 4: calcite, 5: magnetite, 6: maghemite, 7: hydroxyso-
alite and 8: trona).
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y the incorporation of an alkali cation which is strongly attracted
y electrostatic interaction with negatively charged Al sites [58].

Engelhardt et al. [59] prepared hydrosodalite from kaolin and
queous NaOH solution using different hydrothermal synthesis
onditions. Dombrowski et al. [60] reported that the formation
f hydrosodalite is feasible when kaolin or other phyllosilicates
montmorillonite, halloysite) react with a concentrated NaOH solu-
ion at 100 ◦C. The concentration of caustic soda may also affect the
ormation of hydroxysodalite in fly ash-based inorganic polymers
9].

The formation of hydroxysodalite in inorganic polymer T3,
here KOH instead of NaOH was used, may be due to the pres-

nce of sodium silicate solution. According to Ogura et al. [58],
hen a potassium nitrate solution is heated at 80 ◦C for 24 h, partial
otassium doping of sodalite, designated as K/sodalite, may take
lace through ion exchange; K/sodalite may be therefore present

n limited amounts in inorganic polymer T3.
The olivine group comprises easily weathered silicates and

herefore the remaining quantity of fayalite, Fe2SiO4, seen in the
RD patterns of T1 and T2 specimens, synthesised with the use
f NaOH solution, is significantly less than the quantity initially
resent in the slag.

Calcite, CaCO3, is formed when calcium hydroxide reacts with
tmospheric carbon dioxide; it is well known that the solubility
f calcium decreases at elevated pH values due to the formation
f unstable calcium hydroxide. Excess of calcium hydroxide in the
norganic polymer paste induces carbonation and thus the strength
f the final product is reduced [9,25].

Maghemite, �-Fe2O3, may be formed during low-temperature
xidation of ferrous iron phases present in the raw slag [61].

It has to be mentioned that traces of a salt like phase seen
n the surface of some specimens consist of synthetic thermona-
rite, trona, calcite, hydroxysodalite and quartz; thermonatrite
a2CO3·H2O and trona Na3(CO3)(HCO3)·2(H2O) belong to soda
inerals group.

.2. TG–DTG

Thermogravimetric analysis (TG) and derivative thermo-
ravimetry (DTG) may be used to assess the rates of water
vaporation in a system or identify the mechanism by which a
aterial loses weight as a result of controlled heating [62]. TG

urves for specimens T1, T2, T3 and T4 are shown in Fig. 10. Each

pecimen lost in total 4, 7, 6.5 and 5% water, of which approximately
, 5, 4.5 and 3.5%, respectively, is absorbed water lost at tempera-
ures lower than 200 ◦C. The water loss at around 550 ◦C is probably
ue to dehydroxylation of kaolin. The remaining water is less able to

ig. 10. TG plot of weight % vs. temperature for inorganic polymers T1, T2, T3 and
4.
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ig. 11. DTG plot of weight % vs. temperature for inorganic polymers T1, T2, T3 and
4.

iffuse to the surface or bound tightly [63] and continues to evap-
rate slowly at temperatures higher than 200 ◦C. The continuous
ass loss up to about 550 ◦C is due to the loss of hygroscopic water

r water residing in the channels [64]. As it has been mentioned ear-
ier an optimum water content should be present in the initial paste
o that an adequate compressive strength is acquired; specimen T3
eaches 53 MPa, while specimen T1 only 1.5 MPa.

DTG thermograms are presented in Fig. 11 where all curves are
ypical of poly(sialate-siloxo) inorganic polymers. The endotherms
een at approximately 110 ◦C can be attributed to evaporation of
ree pore water [65]; this may cause a slight increase in poros-
ty [47]. The appearance of a distinct minimum in the dehydration
ndotherm for all specimens implies that more water evaporates
ver this narrow temperature range; this observation confirms the
eight loss seen in Fig. 10. Moreover, the greater temperature span

f the endotherms may suggest that T2 and T3 specimens contain
ater that is more tightly bound within the inorganic polymer gel
ue to the presence of zeolitic phases that incorporate water into
heir cage-like structure [65]. The broad endothermic peak between
00 and 600 ◦C seen in inorganic polymers T2 and T3 is due to
ehydroxylation of kaolin.

.3. FTIR

FTIR analysis shows increased sensitivity for structures of
hort-range structural order and is considered as an appropri-
te technique for studying the structural evolution of amorphous
luminosilicates exhibiting high heterogeneity [66]. Infrared
bsorption bands enable identification of specific molecular com-
onents and structures. The difference in absorption frequencies
etween slag and final products predicts transformations taking
lace during inorganic polymers synthesis. The FTIR spectra of slag
nd specimens T1, T2, T3 and T4 are seen in Fig. 12.

The bands at 460–465 cm−1 seen for specimens T2, T3 and T4
re due to in plane Si–O bending and Al–O linkages originating
rom within individual tetrahedra [26]. The small band seen at
530 cm−1 only for T2 and T3 specimens is mainly due to out of
lane Si–O bending; it may be also overlapped by hematite absorp-
ion which demonstrates a strong peak between 520 and 610 cm−1

67]. The bands at approximately 680 cm−1 represent the functional
roup of AlO2.

The very small peak seen at 864 cm−1 for inorganic polymers

2, T3 and T4 corresponds to dissolved silicate and/or aluminosil-
cate species and indicates that dissolution of raw material takes
lace [68,69]. The band at around 850 cm−1 is assigned to T–OH
tretching modes [70].
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Fig. 12. FTIR spectra of slag and inorganic polymers T1, T2, T3 and T4.

The broad band of slag at around 965 cm−1 has been shifted
n inorganic polymers to around 990 cm−1 where maximum
bsorbance is seen. This band may be due to T–O–Si (T:Si or Al)
symmetric stretching vibration (950–1200 cm−1) as a result of TO4
eorganisation that takes place during synthesis [61,69]. The posi-
ion of the main T–O–Si stretching band indicates the length as
ell as the angle of the bonds in a silicate network [69]; shifting

o lower wavenumbers hints lengthening of T–O–Si bonds, reduc-
ion in the bond angle and therefore decrease of the molecular
ibrational force constant [71–73].

The only significant band for T1 specimen is the one seen at
87 cm−1. All bands at around 1088 cm−1 are a major fingerprint
f the inorganic polymer matrix and define the extent of polysiala-
ion or aluminium incorporation; they are either due to asymmetric
tretching of Al–O and Si–O bonds originating from within individ-
al tetrahedra [74] or due to the presence of quartz in the reactive
aste [61].

Atmospheric carbonation is seen in the infrared spectral region
410–1570 cm−1 [75,76]; a percentage of the excess Na is carried
o the surface where it reacts [77]. The band seen at 1630 cm−1 for
pecimen T4 is attributed to bending vibrations (H–O–H) and is
ypical for polymer structures including aluminosilicate networks
70]. The small bands seen at around 2504 cm−1 are probably due
o the infrared band position of HCO3

− ions [67]. Finally, it is men-
ioned that the noise seen in some parts of the curves is due to
nstrumental difficulties.

. Conclusions

The main factors affecting synthesis of ferronickel slag inorganic
olymers include mineralogy of raw materials, types of additives
sed, initial water content, alkali concentration and activator, pre-
uring period as well as heating temperature, heating and aging
eriod.

The presence of alkali metal cations plays a catalytic role, con-
rols all stages of inorganic polymer synthesis in particular gel
ardening and crystallisation and contributes to strong structure

ormation. KOH provides more inorganic polymer precursors com-
ared to NaOH since the larger size of K+ favours the formation of

arger silicate oligomers with which Al(OH)4
− prefers to bind; thus

etter setting and higher compressive strength is acquired. Inor-
anic polymers acquire the highest compressive strength value of

lmost 60 MPa when 8 M KOH and 8% Na2SiO3 are used.

The presence of kaolin in the initial paste results in decreased
ompressive strength values. In the presence of metakaolin, derived
rom calcination of kaolin, the final compressive strength decreases
s Materials 161 (2009) 760–768

urther; this is probably due to the increased porosity of the new
tructure as a result of thermal processing.

Pre-curing for a short period (e.g. 2 days) favours reactions
etween water and raw materials/additives so that an appropriate
tructural bonding is developed. Pre-curing for longer periods or
rior to heating at temperatures higher than 80 ◦C does not further

mprove the final compressive strength.
XRD, TG–DTG and FTIR analyses of inorganic polymers may elu-

idate to some extent mechanisms involved during synthesis and
redict the degree of amorphicity of the final products. Hydrox-
sodalite is identified in slag–kaolin inorganic polymers exhibiting
igh compressive strength. Thermogravimetric analysis shows that
he presence of an optimum water content in the initial reac-
ive paste affects positively the final compressive strength; DTG
hermograms may be used to identify the formation of poly(sialate-
iloxo) inorganic polymers. FTIR spectra reveal the transformations
aking place during inorganic polymer synthesis corresponding

ainly to Si–O bending and Al–O bonds.
Further research is required to overcome the industrial barri-

rs and establish inorganic polymer technology as a feasible option
or the management of potentially hazardous mining and metal-
urgical wastes. Industrial barriers involve mainly the entrenched
osition of OPC concrete and the conservative nature of the indus-
ry in adopting innovative technologies as well as in accepting new
roducts. Such developments will contribute to considerable sav-

ngs in disposal costs, recycling of wastes, substantial reduction of
reenhouse gas emissions, higher degree of social acceptance of
he industry and ultimately increase of sustainability of the wider

inerals sector.
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