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The prepared alkali-activated binders (AAB) and composites using suitable latent hydraulic raw materials represent an
alternative to materials based on Portland cements. This paper deals with ways how to influence the functional parameters
of AAB by setting up mixtures of granulated blast furnace slag (GBFS) and fly ash with selected chemical compositions. In
this way the course of hydration process is modified and the phase composition of products of alkali activation is changed as
well as their final properties. The amorphous character of the hydration products makes evaluation of the phase composition
of hardened AAB difficult and significantly limits the number of experimental techniques suitable to characterise their phase
composition. It was observed that measuring the pH of water extracts obtained from the alkali-activated mixtures can give
supplementary information about the process of hardening of alkali-activated mixtures of GBFS and fly ash.

INTRODUCTION

In recent years serious efforts have been made to
substitute traditional building materials based on Portland
cements with alternative latent hydraulic materials or
pozzolans. Latent hydraulic materials (LHM) are agents
whose binding properties can be evoked by a process
of alkali activation. The products of alkali activation of
LHM are inorganic polymers with binding properties
that are evoked by the effect of aqueous solutions of
alkali (primarily sodium) compounds. Generally LHM
materials are substances with a major content of SiO,,
Al,O; and CaO, showing a non-crystalline amorphous
structure. Some natural systems, e.g. tuffs, trasses or
diatomite and other natural raw materials after thermal
treatment (burnt clays, bauxites, shales etc.) can also
be alkali-activated. The main prerequisite for materials
having pozzolanic properties is an amorphous structure
and suitable content of SiO,, Al,0, and CaO. Pozzolanic
character also shows in some high-volume secondary
products originating during processes in metallurgy,
energetics or the chemical industry. Synthetic materials

with latent hydraulic properties belong to the category of
technogenic pozzolans and comprise different slags, fly
ashes or flue dust representing valuable materials from
both the economic and ecological point of view.

During the alkali activation process several simul-
taneous and consecutive chemical and physical trans-
formations of the raw materials lead to the formation
of a hardened resulting composite showing improved
strength and other advanced properties. The course of
the alkali activation process as well as the final products
has been described in different ways by many authors
[1]. All of the chemical reactions and transformations of
the raw materials proceed with different rates depending
on the properties of the initial materials as well as the
conditions during activation. The alkali activation pro-
cess is significantly influenced by the chemical and
phase composition of the raw materials, their grain
size and specific surface area, as well as properties of
the activator used (chemical nature, concentration), the
mixing process during homogenization of the alkali-
activated mixture, temperature and conditions during
hydration of the hardened mixtures and so forth [1-9].
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The process of alkali activation can be briefly
summarized as follows: the alkali solution attacks the
disordered structure of the latent hydraulic material,
breaks up the existing bonds and transfers ion fragments
into solution. Out of these processes new hydrates are
formed, which intergrow reciprocally until the resulting
system gradually sets and hardens. Strictly speaking,
two types of hydraulic products are formed, based on the
chemical composition of the initial raw materials:

e Calcium silicate hydrates, C—S—H phases. Their fibrous
structure, such as during the hydration of Portland
cements, assures the strength of the hardened material.

e Aluminosilicate hydrates, which often also consist
of alkali ions, i.e. N(C)-A—S—H phase. According to
Davidovits [10, 11], these products of alkali activation
can be considered chemically as “polysialates” or “sili-
cooxoaluminates”, for which Davidovits introduced
the term “geopolymers”. Their chemical composition
and structure is close to that of zeolites and represents
the precursors of zeolites.

In the course of activation process the alkali-acti-
vated mixture consists of three different groups of cons-
tituents:

1) unreacted raw materials, in which the major portion
of the structure is amorphous and only a minor
component is crystalline,

2) initial reaction products that for a long time are mainly
of amorphous character with variable chemical com-
position and heterogeneous microstructure,

3) final products, showing crystalline structure with more
or less constant composition and properties.

The greatest potential for preparation of binders
based on alkali-activated materials in technical practise
offers two secondary raw materials produced in high
quantities and sufficiently constant quality. These are
granulated (quenched) blast furnace slag (GBFS) and
power-station fly ash from the combustion of fossil fuels
(fly ash class F).

In the 1960s, Gluchovski studied the process of
alkali activation of GBFS and identified calcium silicate
hydrates and calcium and sodium aluminosilicate hyd-
rates with structures close to those of zeolites as the
products of this process [12, 13]. He also referred to 6
groups of alkali activators suitable for alkali activation
[13]. Another significant step in the description of the
alkali activation process occurred in 1978 in the works
of'J. Davidovits and his co-workers [10, 11], who studied
the process of alkali activation of metakaolin and for
the first time termed this process “geopolymerization”
and used the term “geopolymers” for the products of
activation.

Nowadays, the term “alkali-activated binders” is
used for systems originating during the complete
trans-formation of latent hydraulic materials instead of

geopolymers, whereas the term “geopolymer” is used
only for amorphous or semi-crystalline aluminosilicate
hydrates which are precursors of zeolites [1, 3, 4].

A number of hydration products of different alkali
activated latent hydraulic materials have been described
by different authors. Criado et al. [7] studied the alkali
activation of fly ashes and used X-ray diffraction (XRD) to
identify hydroxysodalite and herschelite as the hydration
products. According to Wang and Scrivener [6], C—S—H
gel is the main product of alkali activation of GBFS if
the pH of the mixture is high and thus favourable for low
concentrations of calcium and high concentrations of
silicon. Wang and Scrivener also described the formation
of hydrotalcite if NaOH is used as an activator, either
alone or mixed with a water glass.

Brough et al. [14] detected large amounts of zeolitic
phases (hydroxysodalite, gismondine), which probably
resulted from the high water/binder ratio (about 1),
because an excess of water is decisive during the crys-
tallization of N—A—S—H and N-C—-A—S-H systems.

Puertas et al. [8] studied mixtures of GBFS and fly
ash and mentioned that the main reaction product was
C—S-H gel. Hydrotalcite (Mg,Al,CO5(OH),4-4H,0), pirs-
sonite (Na,Ca(CO;),'2H,0) and calcite CaCO; were
also formed but no alkali aluminosilicate phases were
detected. Fernandez-Jiménez and Palomo [9] studied the
products of alkali activation of fly ashes using XRD. The
authors found unreacted crystalline phases from fly ashes
and hydroxysodalite (Na,Al;Si;0,,0H), herschelite
(NaAlSi,04-3H,0) and aluminosilicate gel. Similarly,
Xie and Xi [16] observed unreacted crystalline phases
as the major crystalline constituents of hardened alkali-
activated fly ash.

Brough and Atkinson [17] used XRD to study the
products of alkali activation of GBFS. They did not find
any crystalline phases; however, using SEM the authors
observed hydrotalcite after one month of hydration.
Similarly, Song et al. [18] reported C-S-H gel and a
small amount of hydrotalcite as the hydration products of
alkali-activated GBFS. Puertas et al. [19] also observed
calcite, instead of the products of GBFS alkali activation
reported in [18].

In summary, the reaction products from alkali
activation are dependent on the type of activator and the
initial raw material. For substances with a prevalence of
Si + Ca, C—S—H gel is the main product of hydration,
whereas for systems comprised mostly of Si + Al, poly-
mers comparable to zeolites are the main products of
hydration [1, 3, 4, 20].

The complexity of the hydration process requires
the proper selection of suitable methods capable of
monitoring the phase composition of hardened alkali-
activated systems. With respect to difficulties arising
from the lack of easy available techniques to characterise
the structure of the hydration products, this makes
standardization of the manufacturing process of alkali-
activated systems difficult.
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Next to XRD, infrared spectroscopy (IR) represents
the next most valuable instrumental technique, which can
supply researchers with information about the molecular
structures of crystalline and amorphous substances. In
general, IR spectroscopy is based on the interaction of
infrared (IR) radiation (wavelength 2 = 0.15 ~ 100 um,
i.e. with wavenumber v = 1/ in the 12000 ~ 100 cm™
region) with the studied sample. The most used is the mid-
infrared region of IR radiation with v~ 4000 ~ 400 cm™.
The energy of the photons changes the vibrational states
of the molecules, so the interaction of IR radiation with
the sample causes periodical changes in the positions of
the atoms in the molecules. If the interaction of infrared
radiation with the sample changes the length of the bond,
then a stretching vibration (marked as n) is observed,
which can be either symmetric or asymmetric. In cases
where the interaction is responsible for a change in
bond angle, then a bending vibration (J) occurs, which
can be either in-plane or out-of-plane [21]. Phases with
disordered structure — amorphous — show growth in the
widths of IR bands observed in their IR spectra thanks to
significant fluctuation in bonds lengths and angles [22].

According to Lecomt [23], there are identical
vibrations with peaks at 3440 cm” and 1650 cm™ in
binding systems based on Portland cement (PC) and
also based on alkali-activated GBFS, which correspond
to stretching and bending vibrations of O-H bonds
in water molecules. Similar to PC, the vibrations of
carbonate groups, with characteristic bands at 1450 cm™
and 870 cm™, can be observed in IR spectra of binders
based on alkali-activated GBFS. The main region of
stretching vibrations of [SiO,] tetrahedrons is broad in
the case of alkali-activated GBFS, with the maximum
centred at around 1000 cm’!, which also confirms the
interconnection with [AlO,] tetrahedrons.

Palomo and colleagues [15] studied alkali activation
of fly ash and observed using the FTIR technique that in
the first period of hydration process occurring at elevated
temperature (65 ~ 85°C), Al-phases react first, which is
reflected by the disappearance of vibrations with a maxi-
mum centred around 800 cm™ and the origination of new
bands with maximum at approximately 700 cm™. At the
same time the main vibration belonging to Si—-O and
Al-O bands, which can be observed at 1060 cm™ in
the case of original fly ash, moves towards approxi-
mately 1000 cm™. This is caused by the formation
of a structure in which (SiO,) groups are substituted
for (AlO,) groups in the newly originating net. The
difference in the charges is compensated for by alkali
ions. Using XRD analysis the authors didn’t identify
any new crystalline phase [15]. According to [25]
the vibration interval 600 ~ 800 cm™ corresponds to
A-O-Si bonds, i.e. aluminosilicates. The authors of
the study [26] mentioned that the original vibrations at
1088 cm™ observed in IR spectra of initial fly ash shifted
to 1029 ¢cm™, which may be due to the reorganization
of glassy aluminosilicate phases. They explained this

fact by the reaction of amorphous phases of fly ash with
activator and the formation of an amorphous gel.

Van Deventer et al. [20] used FTIR spectroscopy
to study fly ash activation with NaOH solution and
found that the original fly ash shows a relatively mild
IR spectrum as a result of the presence of diverse crys-
talline and amorphous phases, with a range of broad,
overlapping bands in the same regions. An exception
is a band at 1055 c¢m’, corresponding to Si-O-T
(T = Si or Al) bonds. According to these authors, the
band at 1055 cm™ does not completely disappear after
geopolymer formation. The most obvious change in the
hardened material structure is connected to the formation
of a new band with maxima centred at 960 cm™. This
band is also ascribed to the presence of Si—O-T groups;
nevertheless, its significant shift indicates extensive
changes in bond arrangements. Creation of this new
band in the spectrum is attributed to the newly formed
geopolymer net.

In general it can be stated that IR spectroscopy gives
evidence about the presence of Si—O-Si and Si—O-Al
groups that is crucial for alkali-activated materials. Fur-
ther interpretation and description of the bonds between
SiO, and AlO, tetrahedrons is difficult and ambiguous
using FTIR. For more detailed information about
reciprocal interconnections, i.e. nets of aluminosilicate
phases, it is necessary to employ MAS-NMR technique.
MAS NMR (nuclear magnetic resonance spectroscopy
using magic — angle spinning) of samples in a solid state
has been used in recent years to identify the phase
composition of alkali-activated pozzolanas. This method
provides detailed information about the structure of
materials containing atoms with non-zero nuclear spin;
in the case of alkali-activated pozzolana these are ’Si
and ?’Al nuclides. Based on the configuration of the
surrounding electrons and the presence of the bonds,
these nuclei form different magnetic fields acting in
opposition to the external magnetic field. If the frequency
ofthe external field and the rotational part of the magnetic
dipole of an atom are the same then resonance occurs,
which is a necessary condition for reception of the energy
by the nucleus. The reception of the energy is detected
in the form of a peak in the spectrum. Frequencies are
multiplied by a numerical factor of 10° and are expressed
in units of ppm [21].

The configuration of SiO, tetrahedrons is assigned
using the symbols Q" or SiQ", where n represents the
number of other Si atoms linked through oxygen bonds.
If an aluminium atom is bonded to the SiO, tetrahedron
then this arrangement is assigned as SiQ" (xAl), where n
can be 1 to 4 and x has a maximum value of 4. The value
of the index n denotes the degree of interconnection of
the silicon and aluminium tetrahedrons [27, 28, 29].

Using ?’A1 MAS NMR spectroscopy, identification
of the presence of aluminium in 4- or 6-fold coordination
(AlO, or AlOy) and also, less often, in 5-fold coordination
can be performed. Assignment of the Al-Si arrangement
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is again expressed in the form e.g. AlQ*4Si), which
means that four atoms of silicon are linked through
oxygen atoms to aluminium [27].

For 4-fold coordinated aluminium, resonance oc-
curs in the 60 ~ 80 ppm interval. In the case of bonding
between AlO, and SiO, tetrahedrons (aluminosilicate
bond) resonance occurs in the 50 £ 20 ppm interval.
Davidovits [10, 11] observed the following resonances:
AIQ% 79.5 ppm, AIQ'(1Si): 74.3 ppm, AIQ*(2Si):
69.5 ppm, A1Q*(3Si): 64.2 ppm and AlQ*(4Si): 55 ppm.
According to many authors the presence of resonance
for the A1Q*(4Si) unit in registered MAS NMR spectra
gives evidence for the presence of geopolymer in alka-
li-activated products [1]. Contrary to *’Al MAS NMR
spectra, the interpretation of Si MAS NMR spectra
is more difficult because the resonance signals of diffe-
rent structural units with SiO, tetrahedrons overlap
significantly. Skvéara et al. [30] listed the following
resonance values: SiQ': —78 + 2 ppm, SiQ?*: —85 =2 ppm,
SiQ*(1Al): —82 + 2 ppm, SiQ’: —85 + 5 ppm. For geopo-
lymers, Davidovits [11] listed the following resonances:
SiQ*4Al): -85 = 5 ppm, SiQ*(3Al): —90 = 5 ppm,
SiQ*(2Al): —95 £ 5 ppm, SiQ*(1Al): —100 + 5 ppm. For
SiQ*(0Al) resonance in the interval —100 ~ —115 ppm
has been reported [1].

Skvara et al. [30, 31] studied the hydration products
of alkali-activated fly ash and observed resonance at
55 ppm as well as weak resonance at 3 ppm in the Al
MAS NMR spectrum, which can be allotted to 6—fold
coordinated aluminium in unreacted mullite (AS,H,),
and observed that the main peak in this spectrum
matches with AlQ*(4Si) whereas the presence of this
structural unit verifies the presence of geopolymer.
If the alkali-activated mixture contains substantial
amounts of Al,O; and CaO, then using MAS NMR
phases of the geopolymer type and phases with branched
aluminosilicate chains, typical for alkali-activated slag
itself (chains of C—S—H phases where silicon is partially
substituted by aluminium) are observed [22].

Generally in the course of alkali activation (most
often acquired using sodium water glass or sodium
hydroxide) of various pozzolana, two types of amor-
phous products apparently originate: C—S—H phases and
geopolymers. Cations from the activator (most often
Na') are incorporated in these hydration products in
different ways. In the case of C—S—H phases, Na' cations
are adsorbed on the very ragged surface of the C—S—-H
gel and only a negligible portion of Na' is captured
inside the C—S—H gel. In the case of hydration products

Table 1. Chemical composition of the raw materials.

of aluminosilicate (zeolitic character), the alkali cations
are firmly bonded not only at the surface but also in the
internal structure of the resulting geopolymer [33, 34].

In this work we study the process of alkali activation
of mixtures of GBFS and FA using X-ray diffraction, IR
spectroscopy and MAS NMR spectroscopy. We propose
a method for identification of the presence of both
C-S-H gels and geopolymers based on pH measurements
of water suspensions prepared from alkali-activated
mixtures of GBFS and FA after different time periods of
hydration.

EXPERIMENTAL

Selection and adjustment
of the raw material components

Two most common technogenic pozzolana: i) gra-
nulated blast furnace slag (GBFS) produced at Arcelor
Mittal Ostrava a.s., specific surface area according to
Blaine 380 m? kg™', and ii) fly ash (FA) class F produced
in the Détmarovice power plant, CEZ, a.s., specific sur-
face area according to Blaine 365 m*kg™, were used for
sample preparation. Industrially produced water glass
was aplied as the alkali activator. Its original silicate
modulus Mg (M = ngp,/ny.0) Was modified with a 50 %
solution of NaOH to give a value of Mg = 2.0. Analysis
of the original water glass was performed in compliance
with the Czech standard CSN 653191 from 1987. The
activator was dosed in an amount which assured a
dosage of 5.0 wt. % of Na,O related to dry mixtures of
GBFS and FA.

The chemical compositions of GBFS and FA were
determined using XRFS (SPECTRO XEPOS spectro-
meter equipped with a 50 W Pd X-ray tube) — Table 1.

Phase analysis was conducted using X-ray powder
diffraction (XRPD) on a Bruker D8 Advance diffrac-
tometer equipped with Coy, radiation and a VANTEC 1
detector.

The rheological characteristics of the mixtures
were adjusted to the identical consistency using distilled
water. The water to solid ratio, i.e. ratio of 1/s, was close
to 0.30.

With the aim of studying the effect of the com-
position of the initial mixture on the hydration process
of alkali-activated GBFS-FA systems, four mixtures
of GBFS and FA designated as samples II, III, IV and
V were prepared. Alkali-activated GBFS and FA were
designated as samples I and VI. Such adjustment of

Compounds (wt. %)

Raw material CaO MgO SiO, ALO, Fe,0, TiO, Na,O K,0
GBFS 37.74 12.09 41.86 5.74 0.21 0.18 1.06 0.35
FA 3.40 3.00 50.39 27.85 7.90 0.95 0.67 2.36
Original water glass - - 28.80 - - - 9.04 -
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Table 2. Calculated composition of raw material mixtures.

Mixture = w(GBFS)/w(FA) Chemical composition (wt. %) Comp. ratio
Design. (wt. %) SiO, (S) Ca0 (C) ALO; (A)  Na,O (N) C/S A/S

I GBFS/FA= 100/0 48.43 39.22 5.96 6.39 0.810  0.123
11 GBFS/FA = 80/20 50.02 32.82 10.80 6.36 0.656 0216
I GBFS/FA = 60/40 52.29 25.74 15.63 6.34 0.492  0.299
v GBFS/FA = 40/60 54.59 18.54 20.57 6.30 0340 0377
\Y% GBFS/FA = 20/80 56.94 11.21 25.57 6.28 0.197  0.449
VI GBFS/FA= 0/100 59.33 3.74 30.68 6.25 0.063  0.517

chemical composition enables alteration of the phase
composition of alkali activation products in favour of
aluminosilicate hydrate formation to the detriment of
C-S—H phases.

The composition of each mixture was further recal-
culated whereby only the major oxides belonging to
phases that take part in alkali activation were taken into
account [34] (Table 2).

From Table 2 it is evident that the SiO, content is
only slightly modified when the content of GBFS and
FA changes and the content of Na,O remains almost
unchanged. A significant decrease in CaO content
followed by an increasing content of Al,O; in the mix-
tures is necessary for the purpose of modifying the final
hydration products.

Preparation and testing
of samples

All sample types (I - VI) were prepared and cured by
the same way. In the first step the dry mixtures, II - V, were
homogenized in a vibratory mill. Pure GBFS (sample I)
and pure FA (sample VI) as well as homogenized mixtu-
res II - V were then alkali-activated using a liquid acti-
vator — water glass (Mg = 2.0) — in sufficient amount to
yield 5 wt. % of Na,O per 100 g of dry solid components
in the final mixture. The rheological properties of the
mixtures were adjusted with distilled water to reach
identical workability.

The prepared mixtures were poured into moulds
(20 x 20 x 20 mm) and densified using a vibrational table
(60 sec., 25 Hz). The moulds were stored in a moist
environment (more than 99 % of relative humidity)
and after 24 hours the samples were taken out of the
moulds and again stored in a moist environment. The
temperature during storage of the moulds and samples
was approximately 23 + 1°C.

After 24 hours of storage the samples were tested

e Compressive strength (CS) was measured using a la-
boratory press with monotonous loading 2400 N-s™
COMPACT LLBI1 (BRIO Hranice, s.r.0.).

e Phase composition using X-ray powder diffraction em-
ploying a Bruker D8 Advance diffractometer (Bruker
AXS).

Three further types of tests used to characterise the
samples are described later in this paper.

RESULTS AND DISCUSSION

The basic characteristics that document the time run
of hydration processes are bulk density (BD) (Table 3)
and compressive strength (Table 4). BD values (Table 3)
grew slightly as a consequence of densification of the
hydrated structures caused by the filling of pores between
raw material particles by hydration products. Higher
BDs accrue to samples with a greater amount of GBFS
as a result of the presence of hollow spheroidal particles
in fly ash, which decrease the values of BD.

For all of the samples, the compressive strength
increased with the time of hydration (Table 4). Com-
paring the CS values for mixtures I - VI it is evident
that the samples with a higher portion of FA and thus
lower content of CaO showed lower values of CS as
a consequence of a smaller amount of C—S—H phases
being formed.

Table 3. Average bulk densities (BD) of mixtures [ ~ VI.

Hydration Bulk density (kg'm™)
period (days) | 1 111 v \% VI
7 2002 1991 1939 1895 1852 1804
28 2015 2000 1957 1911 1864 1823

Table 4. Average compressive strength (CS) of mixtures [ ~ VI.

for their: Hydration CS (MPa)
period (days) 1 1 m 1V vV VI
e Bulk density (BD = m/V), where m is weight of the
sample measured using an analytical balance and V 3 223 ii; 2;2 22: é?i 577
is the volume of each sample calculated from its 28 1 06' 13 4' 6 75'7 3 9'9 33'7 ) 3 P
dimensions measured with digital micrometre. i i i i i :
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pH measurements of alkali-activated
sample leaches

After 7 and 28 days of hydration, alkali-activated
samples were milled for 2 min using a vibrating mill.
The 0.09 ~ 0.2 mm fraction of each milled sample was
obtained using sieving. In the next step 0.50 + 0.01 g of
each sieved sample was weighted into a plastic bottle and
then 100 ml of distilled water was added. The prepared
suspensions were manually stirred for 30 seconds and
initial pH was measured using a HANNA pH 210 pH
meter equipped with a combined glass electrode. The
bottles with the suspensions were then covered with
plastic foil to secure a constant volume. The pH values
were then measured at selected time periods during
which the suspensions were manually stirred for 30 se-
conds prior to pH measurement.

The measured pH values (Table 5 and Table 6)
monitor the fraction of alkali ions that are not firmly
bonded in hydration products and thus can show the

Table 5. pH values after 7 days of hydration.

difference between alkali ions bonded in zeolitic phases
and alkali ions adsorbed only on the surface of C—S—-H
gel, which are easily released into the suspension.
Zeolitic precursors such as the hydration products of FA
alkali activation are practically insoluble in water and
alkali ions bonded in their structures are not released into
the suspension.

After conversion of the sieved grainy sample into
a suspension, the hydration processes continues further
under the same conditions; however, in contrast to the
original sample the hydration processes proceeds in a
high excess of water, hence significantly faster than in
the original state. The samples with greater portions of
Al (samples II - VI) represent a chemical composition
more favourable for the formation of zeolitic phases,
whereas alkali ions take part in the formation of these
phases; therefore, pH values in the suspensions prepared
from these samples decrease.

The dependency of the pH of the suspensions
prepared from samples I - VI after 7 and 28 days of hy-
dration are shown in Figures 1 and 2. The initial pH of the
suspensions measured after their preparation increased
over 2 - 3 days as a result of the release of alkali ions

Mixture pH adsorbed on the hydration products (Figure 3). In the
y p g
Days I 11 I v \4 VI next time period, the pH values decrease proportionally
7 1125 1125 1120 11.00 1140 1130 as a consequence of zeolitic product formation. In
10 1130 1125 1140 1140 11.60 11.60 mixtures with greater fly ash content (mixtures II - VI)
12 12.10 12.10 11.60 10.80 10.50  11.80
16 11.90 11.80 11.70 10.70 10.20  10.00 12.5
20 11.50  11.55  11.50  10.40 9.60  9.70 —o— Mixture |
24 1100 1070 1090 10.00  9.50  9.50 15 - —A— Mixture |l
28 1070 1045 1070 990 920  9.40 = M!X:“re :i'/
311025 1005 1010 950  9.10 920 L - Vidure
= 10.5 —&— Mixture V
36 9.85 9.65 9.40 9.40 9.10 9.10 .
—@ - Mixture VI
43 9.55 9.40 9.20 9.20 9.00 9.00
49 9.30 9.25 9.10 9.10 9.10 9.00 9.5 1
63 9.10 9.00 9.20 9.20 9.00 9.00
86 9.05 9.00 9.00 9.10 9.00 9.00 8.5 T T T T |
99 8.95 8.95 9.00 9.00 9.00 9.00 0 20 40 60 80 100
Days of hydration
Table 6. pH values after 28 days of hydration. Figure 1. Development of pH values after 7 days of hydration.
Mixture pH
Days I 1l 11 v v VI 125
28 12.05 11.90 11.20 11.00 11.20  10.90 —o— Mixture |
33 1205 1210 1160 1110 11.30  11.00 15 —&— Mixture |l
37 1180 1180 1140  11.00 10.80 10.00 —&— Mixture Il
40 1155 1135 1120 1020 1040  9.40 *— Mixture IV
I 105 —&— Mixture V
45 11.30 11.10 10.70 9.50 9.60 9.10 o \ )
\ —@ - Mixture VI
51 10.95 10.50 9.90 9.10 9.10  9.00 \
57 10.20 10.05 9.50 9.00 9.00  9.00 9.5
65 9.75 9.20 9.00 9.00 9.00  9.00
72920 890 9.00  9.00 9.00 - 85 -
87 9.00 8.95 9.00 9.00 9.00 - 20 30 40 50 60 70 80 90 100 110
95 8.90 - - - 9.00 — Days of hydration
108 8.85 - - - - . .
Figure 2. Development of pH values after 28 days of hydration.
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the conditions are more amenable to zeolite formation,
therefore more alkali ions can be entrapped in their
structures and the thus pH values are lower.

The final pH of all of the samples stabilized at
a value of about 9.0, showing the final state of hydration
process, which comprises achieving a dynamic balan-
ce of alkali ions adsorbed on the formed gels and
backwardly released into suspension during stirring. The
time needed to decrease the pH to its final value 0f 9.0 is
unambiguously associated with the formation of zeolitic
hydration products and varied between 90 and 55 days
for the suspensions I - VI (Figure 4).

The time dependence of the pH of the aqueous
suspensions prepared from hydrated samples shows the
extent of C—S—H gel and zeolitic phase formation, and
thus represents a valuable indirect method to characterise
the hydration process in alkali-activated systems.

12.5
VN ™ —e&— initial pH
12.0 "\4 N —A - max. pH
\\
11.5 Bl _
T o
[oR \\A—
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10.5
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Figure 3. The initial and maximum pH value of the hydrated

100

(particle size below 25 pm) after 28 days of hydration.
The hydration process of the freshly milled samples
was stopped using washing with acetone followed by
subsequent drying at laboratory temperature.

Results of XRD

Diffraction patterns of hydrated samples I, IIl and V
are shown and compared in Figure 5. Sample I represents
alkali-activated and hydrated GBFS and its diffraction
pattern reveals the vitreous character of this sample.
Calcium carbonate and merwinite were identified as the
only crystalline phases present in this sample. C—S—-H
gel as a main product of alkali activation and hydration
of GBFS is typically a poorly crystalline phase; its
presence is signalled by the diffraction line centred at
34.5°20 Cog, [38]. Unfortunately, the position of this
diffraction line is closely similar to the diffraction line
of CaCO,. The similarity of the positions of the main
diffraction lines of CaCO, and C—S—H phase and its low
crystallinity make it very difficult to verify the presence
of C—S—H gel in this sample. In the case of samples III
and V the situation with respect to verification of C—S—H
gel is the same as in the case of sample 1. Other phases
in samples III and V indicate the presence of mullite and
silicon oxide, which are common admixtures of fly ash.
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Figure 4. Time to attain a pH value 9.0.

Phase analysis

The phase and structural analysis of the hydrated
samples I (GBFS/FA=100/0), III (GBFS/FA=60/40)
and V (GBFS/FA=20/80) was studied using XRD, IR
spectroscopy and solid state NMR. The analysis was
done on the powders obtained by milling each sample

2-Theta - Scale

Figure 5. XRD pattern of samples I, III and V (1 - calcite,
2 - C-S—H gel, 3 - a-quartz, 4 - merwinite, 5 - gehlenite, 6 -
mullite).

According to the theory, C—S—H gel is the product
of alkali activation of granulated blast furnace slag.
Products of alkali activation of metakaolin or fly ash are
three-dimensional amorphous alumosilicate nets [10,
32], so called geopolymers. This paper [32] and others
confirm that C—S—H gel and geopolymer, as products of
alkali activation of granulated blast furnace slag and fly
ash, can coexist at the same time. Using XRD it is not
possible to verify the presence of geopolymer, mainly
due to the amorphous character of these hydration
products. Due to the position of main diffraction line of
C—S—H phases is closely similar to the main diffraction
line of CaCOs; as stated above, the presence of C—S—H is
not reliably confirmed by XRD.
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Results of IR spectroscopy

Contrary to X-ray diffraction, infrared spectroscopy
(IR) can provide information about the structure of
amorphous phases. The IR spectra of samples I, III and
V after a 28-day period of hydration are compared in
Figure 6. The broad band with a maximum centred at
approximately 3385 cm™, together with the band with
a maximum centred at 1648 cm™ belong to stretching
and bending vibrations of the O-H group, and appear in
the spectra of all the samples, verifying the presence of
water. The band at 1452 cm™ corresponds to asymmetric
stretching vibration of O—C—O bonds and, together with
the band centred at 876 cm™, confirms the presence of
the (CO,) anion and thus the presence of carbonates.
The main hydration products originating in sample
I is C—S-H gel, which shows vibrations of Si—O-Si
and Si-O-Al groups at position 970 cm™ [36]. The
position of the band belonging to vibrations of Si—O-Si
and Si—O-Al groups is slightly shifted towards higher
values in the case of samples Il and V (see Figure 6),
in which the content of fly ash is significantly increased.
The observed shift in the position of the peak maximum
in the region around wavenumber 980 ¢cm™ confirms the
presence of SiO, tetrahedrons with an increasing number
of bonds with other cations. In this case the given shift in
the peak maximum evidences penetration of Al into the
structure of the Si—O-Si net. Na cations from the alkali
activator are also involved in the process of C—S—H gel
as well as aluminosilicate hydrate formation [23, 30, 37].
The increase in aluminium content in the case of samp-
les with more fly ash indicates that the formation of
geopolymer type products is encouraged at the expense
of C—S—H phases, as documented by the shift in the
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maxima of the band at 970 cm™ observed in sample I to
the value 988 cm™ observed for sample V (the sample
with the highest content of fly ash).

Results of NMR

The structures of mixtures I, [Il and V after 28 days of
hydration were further evaluated using *’Al and *Si MAS
NMR spectroscopy; the spectra registered for samples I,
111, IV are shown in Figures 7, 8 and 9. The registered
»Si MAS NMR peaks were further deconvoluted to
individual peaks that are related to the presence of the
silicon and aluminium in a given coordination, which
provides information about the structure of the resulting
hydration products. The position and calculated area of
each of the peaks is included below the given spectrum.

The course of the ”’Al MAS NMR curve registered
for each mixture (Figures 7, 8 and 9) verifies the presence
of a peak with a maximum centred at approximately
60 ppm belonging to the structural unit AIQ*(4Si), which
is a typical constituent of geopolymers. The position of
the maximum shifts towards lower values (65.5 — 61.5 —
— 59.5 ppm) with increasing amounts of fly ash, while
alkali activation leads to the formation of geopolymer
(for pure geopolymer the position of the maximum
should be 55 ppm [1, 10, 11]). The second peak occurring
in the Al MAS NMR spectra can be found in the region
2.5 to 9.5 ppm, and corresponds to 6-fold coordina-
tion of aluminium. According to the literature, the pre-
sence of this peak signals the presence of hydrotalcite
[Mg75Al525(OH),](CO3)p.155(H,O)os. The area of this
peak decreases with increasing fly ash content.
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Figure 6. Mid-IR spectra of mixtures I, III and V after 28 days of hydration.
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The *Si MAS NMR spectra of the samples show
the presence of a single peak, its shape signalling that
this peak is formed by several overlapping peaks. Using
the deconvolution method the individual peaks can be
separated and the contribution of the given Si structural
unit can be calculated. Generally the presence of SiQ?
together with SiQ' units proves the presence of C-S—H
phases [30]; the peaks belonging to these units were
demonstrated in the spectra of samples I and I1I. The area

v

UL L R I
-50 -100 -150

100 50 0 0
ppm ppm
ppm | area % ppm |area %
AlO* | 65.5 92 SiQ° 7151 9
AlO® 9.5 8 SiQ’ -78.5| 44
SiQ%/SiQ*(4Al) | -85.0| 34
SiQ*(3Al) -92.0| 13
Figure 7. Al and *’Si MAS NMR of sample I after 28 days
of hydration.
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100 50 0 0 -50 -100 -150
ppm ppm
ppm | area % ppm |area %
AlO* 61.5 98 SiQ° -71.0 5
AlO® 2.5 2 SiQ’ -76.5| 16
SiQ¥/SiQ*(4Al) | -84.0| 48
SiQ“(3Al) -92.0| 25
SiQ*(Al) -102.0| 6
Figure 8. *’Al and ?Si MAS NMR of sample III after 28 days
of hydration.
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100 50 0 0 -50 -100 -150
ppm ppm
ppm | area % ppm |area %
AlO* | 59.5 97 SiQ! -76.0| 7
AlO® 2.5 3 SiQ*(4Al) -83.0| 13
SiQ*(3Al) -88.0| 20
SiQ“(2Al) 925| 24
SiQ*(1Al) -100.0f 19
SiQ* -109.0p 17

Figure 9. Al and *’Si MAS NMR of sample V after 28 days
of hydration.

of the peaks belonging to SiQ? and SiQ' is the lowest in
the case of sample V. It is evident that the sum of the
area of the peaks belonging to these units decreases with
increasing content of fly ash, verifying the decrease in
C-S—H gel content. The presence of the peak centred
at -85 ppm belonging to both SiQ*(4Al) and SiQ” units
signals the presence of both geopolymer structure as well
as the presence of C—S—H phases.

The SiQ*(xAl) units prove the presence of the geo-
polymer structure, whereas sample V shows the highest
number of these units, contrary to sample I which
shows the lowest number of these units. The centre of
gravity of the ?Si MAS NMR peak is shifted towards
lower resonance with increasing fly ash content and also
proves formation about geopolymer structure due to the
presence of aluminium from the fly ash.

MAS NMR represents the most suitable technique to
study the phase composition of alkali-activated techno-
genic pozzolana. Generally all of the samples showed
the presence of C—S—H phase as well as geopolymer
structure, with the actual proportions of these structures
dependent on the content of fly ash. Sample V, with the
highest content of fly ash, showed the greatest extent of
geopolymer structure compared with sample I, in which
geopolymer structure was minor. On the other hand,
sample I showed the presence of structure units typical
for C—S—H phase to the highest extent, contrary to sample
V in which this type of phase was a minor constituent.

CONCLUSION

The process of alkali activation of granulated
blast furnace slag (GBFS) and its mixture with fly ash
(FA) was studied in this paper and observations can be
summarized as follows:

1. Phase composition of products of alkali activation
shapes the mechanical properties. Alkali activated
GBFS is characterized by the compressive strength
over 100 MPa. It was observed that with FA content
increasing the bulk density as well as compressive
strength of the samples decreases. This trend is asso-
ciated with extent of C—S—H gel formation which is in
direct relation with GBFS content.

2. X-ray diffraction, does not provide satisfactory results
for products of alkali activated GBFS and products
of mixtures of GBFS and FA respectively. It is due
to the amorphous character of that formed hydrated
structures.

3. IR spectroscopy verified shifting of the position of
maximum of band attributed to Si—O-Si vibrations
towards higher wavenumbers due to the penetration of
Al cations into the structure of Si—~O-Si net.

4. MAS-NMR spectroscopy proved that samples pre-
pared from the pure GBFS and activator are for the
most part composed of C—S—H phases, which are
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accompanied by the occurrence of spatially bonded
Si0, tetrahedrons that are linked to AlO, tetrahedrons.
The presence of geopolymers was confirmed with
help of MAS-NMR in the case of samples with high
content of FA.

5. Observation of pH dependency of water leachates
prepared from hydrated samples GBFS and its mixtu-
re with FA showed the kinetics of pH stabilization
strongly dependent on the phase composition of hydra-
ted samples as well as on time of hydration. The final
pH of the suspensions prepared from alkali activated
GBFS and its mixture with FA reached the same value,
9.0, but the time after which this value was acquired
differed based on the composition of the samples.
The increasing presence of FA significantly reduced
this time. By this method of measure of the pH can
be indirectly monitored evaluation of the phase
composition of hydrating samples.

Alkali activation of secondary raw materials with
latent hydraulic properties is promising environmental
alternative to binders based on Portland cement. The
hydration of alkali activated materials is complex process
and its description requires utilization of different
methods of chemical and phase analysis.
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