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A B S T R A C T

The mechanical activation of phyllite for use as an alkali-activated material was studied. Prolonged milling of
phyllite resulted in reduced particle size and a structural reorganization of the material, leading to incremental
increases in amorphous content, which further resulted in the improved reactivity of phyllite in an alkaline
environment. Quantitative X-ray diffraction results showed that the phyllite consisted of quartz, muscovite,
chamosite, albite, and X-ray amorphous phases. Among the crystalline phases, muscovite and chamosite un-
derwent the most structural reorganization, leading to a more disordered structure due to prolonged and in-
tensive milling. The structural reorganization was also established through Fourier-transform infrared spectro-
scopy. Dissolution tests in 6M NaOH showed incremental increases in leached Al and Si elements with increased
milling time. After geopolymerization of mechanically activated phyllite, calorimetric studies showed exo-
thermic reactions, and a 28-day compressive strength of 25MPa was achieved for paste samples cured at room
temperature. This study ascertained the potential utilization of phyllite mineral waste in sustainable cement
applications.

1. Introduction

Phyllite is a naturally occurring metamorphic rock that consists of
clay minerals. It is rich in finely grained phyllosilicates; thus, it can be
easily pulverized (Adom-Asamoah and Afrifa, 2010; Garzón et al.,
2015). The main elements of phyllite are silicon, aluminum, and iron.
The mineralogy and color (beige, violet, black, and red) varies in the
different deposit locations around the world and may sometimes con-
tain calcareous minerals (Garzón et al., 2010). Phyllite is a promising
construction material that has been used, for example, in waterproof
roofs and ponds in Spain (Garzón et al., 2010), in the ceramics industry
and waterproof materials in Brazil (De Azeredo Melo et al., 2017), and
as aggregate in mortars in Ghana (Adom-Asamoah and Afrifa, 2010). In
Finland, phyllite is used in the manufacture of roofing products. Phyl-
lite rock is crushed and fractionated in two parts; fractions that are
2mm or larger are used for roofing manufacturing, while the fractions
that are less than 2mm are considered waste. In a production site,
between 6000 and 7000 tonnes of the less than 2mm fractions are
landfilled into waste areas every year. Hence, there is interest in uti-
lizing this material from a circular economy point of view, and the
utilization pathway is proposed in this study. Phyllite’s low perme-
ability and chemical composition are properties that highlight its po-
tential as a precursor for alkali activation.

Alkali activation has been widely studied and used as a method of
synthesizing cementing materials in binders known as alkali-activated
materials. They are regarded as environmentally friendly and sustain-
able alternative binders to Portland cement (PC) (Davidovits, 1991;
Adesanya et al., 2018). Compared with PC, alkali-activated materials
emit fewer greenhouse gases and can be designed using a wide range of
industrial waste/by-products and existing natural materials (Adesanya
et al., 2018; Kinnunen et al., 2017; Provis, 2018; Sreenivasan et al.,
2017). Alkali activation entails mixing a solid aluminosilicate material
(the “precursor”) with an alkaline solution (the “alkali activator”) to
form a hardened binder that is based on a combination of alkali alu-
minosilicate hydrates and/or alkali–alkali earth aluminosilicate gels
(Provis and van Deventer, 2009). The usability of a precursor in alkali
activation depends significantly on the reactivity of particles (which is
defined by mineralogy and specific surface area), type of alkaline ac-
tivator, and curing temperature. Median particle sizes below 10 µm are
suggested for higher rates of alkali activation and good hardened binder
properties (Assi et al., 2018; Kumar and Kumar, 2011; Li et al., 2010;
Temuujin et al., 2009). These authors, through mechanical activation
(MCA) using high-energy milling, reduced the particle sizes of alumi-
nosilicate materials (fly ash and metakaolin) and, consequently, in-
creased the reactivity of the materials for alkali activation. They all
reported increases in compressive strength with reduced median
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particle sizes below 10 µm. The enhancement in the reactivity of these
materials is attributed to the collective effects of milling on the particle
surface area, surface physicochemical properties, and greater crystal
structural disorder (Feng et al., 2019). Mechanotreatment have been
used commonly in hydrometallurgy and minerals activation with po-
sitive influence on the leaching reaction kinetics and extraction of
metallic elements from mine resources (Kleiv and Thornhill, 2006;
Baláž, 2003; Baláž, 2000). Mostly with minerals having a high activa-
tion energy, where leaching or recovery of chemical elements is pro-
blematic (Achimovičová and Baláž, 2005; Baláž and Achimovičová,
2006).

Previously, calcined phyllite has been used as a precursor for geo-
polymers (De Azeredo Melo et al., 2017). To improve the amorphous
content and reactivity of the material, the authors calcined phyllite in a
muffle furnace at 850 °C for 2, 4, and 6 h. They reported the highest
compressive strength of about 10MPa when 100wt% cream-colored
phyllite calcined for 6 h was alkali activated and 27.6MPa when 50wt
% of metakaolin was replaced with the cream-colored phyllite. Also, the
use of phyllite clays (< 125 µm) blended with less than 10 wt% PC have
been studied (Garzón et al., 2015). After hydration, the authors re-
ported a compressive strength of 0.50MPa for hydrated neat phyllite
clay and 1.02MPa when replaced with 5 wt% of cement. They also
reported low permeability of the hardened material and further suggest
potential applications for the materials in building construction, roofs,
and flexible pavements. To the best of our knowledge, there are no
publications regarding the effect of MCA on the physicochemical
properties of phyllite. Mechanical activation offers an option to increase
the reactivity of phyllite to alkali activation without thermal treatment
(calcination). The intensive energy transferred to the particles during
milling can induce physicochemical modifications, such as the dis-
ordering of the particle’s crystal structure. The structural reorganization
of ash materials after MCA has been confirmed through Fourier-trans-
form infrared spectroscopy (FTIR) (Kumar and Kumar, 2011).

In this work, phyllite was mechanically activated to increase its
reactivity, such as with dissolution of silicon and aluminum under al-
kaline conditions. A laboratory scale vibratory disc mill was utilized as
the mill. The effect of MCA on the reorganization of the crystalline
structures of the material and dissolution of its chemical components
were also investigated. Quantitative X-ray diffraction (QXRD) was used
to determine the changes in mineralogy and the content of X-ray
amorphous material before and after milling. A solubility test in sodium
hydroxide was conducted to verify the dissolution of the main chemical
components (Si, Al, and Fe) of phyllite. Alkali activation of phyllite was
carried out using sodium silicate and sodium hydroxide, and the har-
dened binder compressive strength was determined at 7 and 28 days.

2. Materials and methods

2.1. Materials

Phyllite used in this investigation was obtained from a producer of
roof sand product (S-G Finland Oy) in Finland. It is the waste dust
fraction (less than2 mm) separated after phyllite is crushed. Sodium
silicate (26.5% SiO2, 8% Na2O, and 65.5% H2O) and sodium hydroxide
(> 99% pure) used as alkali activators were obtained from Sigma-
Aldrich (St. Louis, MO, USA), and deionized water was used as added
water.

2.2. Methods

Mechanical activation was done using a vibratory disc mill (RS 200,
Retsch GmbH, Haan, Germany). The as-received material had a median
particle size of 13.90 µm and was then milled for 9min and 15min. The
particle size distribution of the materials was determined using a laser
diffraction technique (Beckman Coulter 13 320, Beckman Coulter, Brea,
CA, USA) and the Fraunhofer model. Isopropanol was used as the

dispersion medium to avert reactions during measurement.
The chemical composition of the as-received phyllite was de-

termined through X-ray fluorescence (XRF; PANalytical Omnian Axios
mAX, Malvern Panalytical, Malvern, UK), as shown in Table 1. The
quantitative mineralogy analysis was done through QXRD using a Ri-
gaku SmartLab 9 kW (Applied Rigaku Technologies, Austin, TX, USA)
equipped with Co Kα radiation (Kα1=1.78892 Å; Kα2=1.79278 Å;
Kα1/Kα2=0.5). A scan rate of 3°/min between 5°and 80° (2θ), and
0.02°/step was used. 10 wt% of titanium oxide was used as the internal
standard in the analyzed samples. The phase identification of the mi-
neral phases was then completed using X’pert HighScore Plus analytical
software (Malvern Panalytical, Malvern, UK), and the crystalline and
amorphous quantifications were calculated through Rietveld analysis.
Scanning electron microscopy (SEM) was used to analyze the mor-
phology of the as-received phyllite and after MCA with a Zeiss Ultra
Plus microscope (Carl Zeiss AG, Oberkochen, Germany). An accel-
erating voltage of 15 keV was used during the analysis on a carbon
coated powder.

The non-milled phyllite (RP0), 9 min milled phyllite (RP9), and
15min milled phyllite (RP15) were subjected to an alkaline solubility
test, and then 0.5 g of each of the materials was mixed with 20 g of 6M
NaOH solution in polypropylene containers. The mixes were then
placed on a shaking table (IKA KS 260 orbital shaker; IKA Staufen,
Staufen, Germany) at Mot= 200/min for 24 h at 23 °C. The samples
were then filtered using a 0.45 µm filter paper. To preserve samples
prior to the elemental analysis, the filtrate pH was lowered below 2
using nitric acid. The elemental concentration in the filtrate after dis-
solution was analyzed using a duo inductively coupled plasma optical
emission spectrometer (ICP-OES, Thermo Fisher Scientific iCAP 6500;
Thermo Fisher Scientific, Waltham, MA, USA). The ICP-OES was
equipped with a Cetac ASX-520 autosampler.

The reaction kinetics was determined using a TAM Air isothermal
calorimeter. The paste samples were mixed ex-situ, and approximately
7 g of the paste was inserted into the ampoule and then placed in the
calorimeter. The measurement was performed for 5 days at 20 °C. Dry
binder mass of the paste was used to normalize the heat flow. The FTIR
was used to analyze the structural transformation after mechanical and
chemical activation of the phyllite. The spectra were collected using a
Bruker VERTEX 80v spectrometer (Bruker, Billerica, MA, USA) in the
400–4000 cm−1 range and 40 scans at a resolution of 2 cm−1 for each
sample.

2.3. Alkali-activated phyllite preparation

Alkali-activated phyllite samples were prepared by mixing the al-
kaline solutions with each of RP0, RP9, and RP15. The mix composition
(67% phyllite, 23% sodium silicate, 1% NaOH pellets, and 9% added
demineralized water) and water-to-binder ratio of 0.29 were kept
constant in all the mixes. Each mix paste was mixed using a shear mixer
(IKA Eurostar 20; IKA Staufen, Staufen, Germany) for 4min. The re-
sulting geopolymer paste was then cast in a cylindrical mold (dia.
25mm) and cured at 23 ± 2 °C; another batch was cured at elevated
temperature (50 °C). Three replicate samples were mechanically cru-
shed at 7 and 28 days using a Zwick testing machine (Zwick Roell
Group, Ulm, Germany) with a maximum load of 100 kN and a loading
force of 2.4 kN/s. The error bars were added to the strength graph to
show the standard deviation of the crushed samples strength. After

Table 1
Chemical composition in wt.% of phyllite (RP0) according to XRF, shown as
oxides.

Oxides (%) CaO Al2O3 SiO2 MgO Fe2O3 Na2O K2O LOI* 950 °C[%]

Phyllite 0.90 17.4 57.5 4.2 11.4 2.1 3.2 3.4

*Loss on ignition.
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geopolymerization, the samples were renamed, with a letter G added to
denote geopolymerization.

3. Results and discussion

3.1. Mechanical activation

3.1.1. Effect on particle size distribution
A graph showing the particle size distribution of the phyllite before

and after milling is presented in Fig. 1. The median d50 for RP0 was
13.90 µm. After 9min of milling (RP9), a significant reduction in the
median size occurred, and the phyllite measured 5.70 µm. However,
there seems to have been only a minimal effect of longer milling on the
median size of RP15 (5.30 µm). This indicates evidence of particle ag-
glomeration during longer milling and not milling inadequacy in frac-
turing particles. Fig. 1 shows that about 70 vol% of the milled phyllite
particles are under 10 µm and approximately 32 vol% for the non-
milled phyllite under 10 µm.

The morphology of phyllite before and after MCA is given in Fig. 2.
The as-received phyllite (RP0) contained angular shaped particles
ranging in size from 5 to 22 µm. After 9 and 15mins of milling, the
particle sizes were reduced into smaller, irregularly shaped particles.
Also, after 15mins of milling (RP15), agglomerated particles formed
into spherical shapes can also be seen.

3.1.2. Effect on mineralogy phase
Mechanical activation had a desired disruption in the mineralogy

phase of phyllite, as shown by the XRD results for all the samples after
MCA (Fig. 3). Comparing the non-milled and 9min milled sample dif-
fractograms, we can see a significant reduction in the crystalline signals
of muscovite and chamosite. After 15min milling, those signals dis-
appeared, indicating an ongoing breaking down of their crystal struc-
ture as a function of milling time. Albite and quartz exhibited no no-
ticeable changes in XRD signal intensities during MCA. The signal
intensity reduction with chamosite and muscovite is attributed to dis-
ruption or stress induced on the mineral’s crystalline structure during
milling (Kriskova et al., 2012).

The crystalline phases and amorphous content calculated using
QXRD data and Rietveld analysis are presented in Fig. 4. It was found
that phase transformation occurred most for chamosite and muscovite
after MCA. Both mineral phases decreased in quantity, while the
amorphous content increased with increased milling time, from 27wt%
in RP0 and 30wt% in RP9 to 48wt% in RP15. Muscovite was most
affected, with an 81% reduction in quantity, whereas the quantity of

albite unexpectedly increased, and quartz showed negligible change in
crystallinity with increased milling time. Similar observations for albite
after milling have been previously reported elsewhere (Yu et al., 2017),
where the MCA of copper mine tailings yielded an increase in albite
XRD signals. In addition, incremental increases in mineralogical crys-
tallinity after MCA have been reported elsewhere (Kumar and Kumar,
2011). The amorphization of these minerals is likely associated with
their hardness. Albite and quartz have a similar hardness value of
7 Mohs, while muscovite and chamosite have hardness values between
2 and 2.5 and 3 Mohs, respectively (Albite Mineral Data, 2019; Quartz
Mineral Data, 2019; Muscovite Mineral Data, 2019; Chamosite Mineral
Data, 2019). The quartz content can possibly help the amorphization of
the other mineral content in the phyllite dust due to quartz hardness
which may have operated as a grinding media to aid the process (Tole
et al., 2019; Hamzaoui et al., 2015; Makó et al., 2001)

The IR spectra for the materials shown in Fig. 5 supports the in-
creased quantity of disordered crystalline material associated with
structural changes due to milling. The effect of milling on the crystal
structure is corroborated by the changes and shifting of the signal in-
tensities at ~470 cm−1, ~800 cm−1, and the broad band from 880 to
1160 cm−1 corresponding to Si-O-Si and O-Si-O bending, Si-O stretching
and OH bending in Si-OH, and the asymmetrical stretching of T-O-Si
(where T=Si,Al), respectively (Lee and van Deventer, 2002; Lee and
van Deventer, 2003). Notably, the Si-O-Si bending band shifted
~20 cm−1 to a lower frequency and an increase in band intensity after
MCA. Due to the overlapping of peaks in the spectra between 1200 cm−1

and 900 cm−1, assigning peaks to minerals previously identified in XRD
was a complex task. However, the presence of quartz is attributed to the
bands at ~1150 and ~690 cm−1 (Marjanović et al., 2014), and the Al-
OH stretching vibrations at ~3630 cm−1 and ~3406 cm−1 are asso-
ciated with the interlayer hydroxyl sheet of layered silicates, which may
indicate OH stretching of muscovite [(KAl2(Si3Al)O10(OH,F)2] and/or
chamosite [(Fe2+,Mg)5Al2Si3O10(OH)8] (Schroeder, 2002). The dis-
appearance or broadening of these bands with increasing milling time
can suggest that dehydroxylation induced during intensive milling of
phyllite may have partly disrupted the structural organization of the
phyllite particles, which is also supported by the XRD results.

3.1.3. Effect on Si, Fe, and al solubility
The dissolution of phyllite in NaOH was enhanced by MCA, as the

amount of dissolved aluminum and silicon increased significantly. The
raw phyllite displayed low potential for alkali activation as both silicon
and aluminum had solubility below 0.5 wt% (Fig. 6). After MCA, the Si
dissolved from RP9 and RP15 samples was 14wt% and 18wt%, re-
spectively, whereas the amount of dissolved aluminum was calculated
to be 31wt% and 42wt% for RP9 and RP15, respectively.

Increased dissolution is contributed by the decreased particle size
(Fig. 1.) but also by the structural changes in phyllite after MCA. The
lower dissolution of silicon compared with aluminum, despite higher
elemental composition (Table 1), is due to the inertness of quartz (SiO2)
in an alkali environment. Silicon in quartz is mostly in the mineral form
of SiO2 (see QXRD results), which has been shown to be nearly inert in
the experimental conditions used here. Based on the QXRD results
(Fig. 4), the content of quartz remains the same with increased milling
time, while the Al-containing phases of muscovite and chamosite are
transformed into amorphous material. Amorphous content of a material
(i.e. aluminosilicates) is generally acknowledged to enhance dissolution
rate compared to crystalline phases due to the weaker SieO and AleO
bond strengths of amorphous material (Li et al., 2002; Runzhang,
1981). Thus, because the content of Al is proportionally higher in
amorphous material than the content of Si, the extent of dissolution of
Al is greater.

Additionally, the disruption of bonds in the crystalline lattice of the
mechanically activated material mineralogy brings about a reduction in
the activation energy and an increase in the extent of leached elements
during dissolution (Baláž, 2003). An explanation for the possible

Fig. 1. Particle size distribution of phyllite before milling (RP0) and after 9 and
15min of milling (RP9 and RP15, respectively).
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dissolution process and reactions of Al-Si minerals in phyllite can be
found in the literature (Garcia-Lodeiro et al., 2014; Xu and Van
Deventer, 2000; Zhang and Lüttge, 2008). Although complex, the re-
action begins when the OH− in the NaOH breaks the Si-O-Si and Al-O-Si

bonds in the aluminosilicate, and the ions reorganize their electronic
density around the Si and Al atoms. This weakens the bonds and, hence,
forms alumina/silica-hydroxy species (-OSi(OH)3 and Al(OH)−4). The
dissolution reaction is expressed in eq.1.

+ +Al Si solid particle OH aq Al OH Osi OH( ) ( ) ( )4 3 (1)

The rate of dissolved silicates and aluminates in the dissolution
reaction is enhanced by the increased surface area of the phyllite par-
ticles after MCA, contributing to an increased chances of collisions

Fig. 2. SEM of phyllite before MCA (a) RP0, and after MCA (b) RP9 and (c) RP15.

Fig. 3. XRD patterns of non-milled phyllite (RP0) and milled phyllite (RP9 and
RP15). Numbers indicate the identified phases: 1) Chamosite-1A [(Fe2+,
Mg)5Al2Si3O10(OH)8], 2) Muscovite-2M1 [(KAl2(Si3Al)O10(OH,F)2], 3) Quartz
[SiO2], and 4) Albite [NaAlSi3O8].

Fig. 4. QXRD of phyllite before milling and after 9 and 15min of milling.
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between Si and Al in phyllite and OH− from the activator during the
dissolution test.

Milling had a minimal effect on Fe dissolution. After 15min milling,
Fe content in the filtrate increased only from 0.74 wt% to 1.5 wt%. Fe is
expected to precipitates as iron hydroxide ((Fe(OH)2 and/or Fe(OH)3)
in the experimental conditions used here (Sreenivasan et al., 2017;
Pontikes et al., 2013), thereby reducing the amount of Fe released into
the filtrate analyzed. A similar behavior of Fe during alkaline dissolu-
tion has been reported in a previous publication (Sreenivasan et al.,
2017). Additionally, the QXRD data showed that Fe was present only in
chamosite, which is completely turned into amorphous material after
MCA. Thus, it will likely dissolve just as well as Si and Al, but it will
immediately precipitate as iron hydroxide and, hence, its concentration
in filtrate is very low.

3.2. Effect of MCA on phyllite geopolymerization

3.2.1. Reaction kinetics of phyllite during geopolymerization
Heat released during the geopolymerization of phyllite is dependent

on MCA and the milling time, as shown in Fig. 7. The reaction pathways
during geopolymerization are dissolution, precipitation, and gel for-
mation; restructuring; and hardening (Duxson et al., 2007). The first
peak (I) in Fig. 7a corresponds to the heat released from the wetting and
dissolution of the particles on contact with the alkaline activator. For
the as-received phyllite (GRP0), negligible or no significant heat flow
was observed, indicating that no dissolution occurred. Also, the exo-
thermic peak for GRP15 was higher than GRP9, indicating enhanced
disruption of the SieO and AleO bonds by the adsorbed OH− anion
hydrolytic reactions on the finer particles in GRP15. After 1.5 h, the
heat flow declined, which shows that the initial reactions of phyllite
were slowing down. A brief second peak at the GRP15 curve appears
after 8 h. This second peak (II) suggests a second dissolution of phyllite
particles in combination with the formation of a few alumina/silica-
hydroxy species and oligomers, such as OSi(OH)3−, Al(OH)4−,
(OH)3eSieOeAle(OH)3, and so on (Rahier et al., 2007; Silva et al.,
2007; Yao et al., 2009). Therefore, peak II could indicate the formation
of alkali aluminosilicate hydrate gel (N-A-S-H) (Fang et al., 2018;
Kumar et al., 2017), which could be expected based on the mix design
of the sample.

According to Yao et al. (Yao et al., 2009), the products formed from
the earlier dissolution polymerize into gels as the species concentrations
increase, which is indicated by the third peak (III). Fig. 7b shows that
the cumulative heat released after 100 h of reaction increases with

Fig. 5. FTIR spectra of phyllite before milling (RP0) and after milling (RP9 and
RP15).

Fig. 6. Leaching of silicon, aluminum, and iron before and after MCA.

Fig. 7. Effects of MCA on heat released during geopolymerization of phyllite.
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increasing milling time of the phyllite materials, attaining up to 12 J/g,
7.5 J/g, and 0.5 J/g for GRP15, GRP9, and GRP0, respectively. The
reaction also continues after 100 h, as the cumulative heat flow is still
increasing.

3.2.2. XRD of phyllite geopolymer
The mineralogy phases after geopolymerization of mechanically

activated phyllite show no noticeable changes in the diffractograms and
no detection of new phases (Fig. 8). The crystalline phases identified are
muscovite, quartz, albite, and chamosite. Rutile peaks are derived from
TiO2 used as an internal standard. Rietveld refinement of the paste after

28 days shows the amorphous content to be 50.2 wt% and 53.5 wt% for
GRP9 and GRP15, respectively. In addition, the reaction product from
the geopolymerization of phyllite due to its chemical composition and
from the leached results discussed in the previous section are suggested
to be an amorphous alkaline aluminosilicate gel (i.e., N-A-S-H) which is
X-ray amorphous.

3.2.3. Fourier-transform infrared spectroscopy (FTIR)
FTIR is a technique that can be used to verify the chemical bonds

typical of certain elemental functional groups (e.g., SieO and AleO)
(Ogundiran and Kumar, 2016) and, therefore, can be used to ascertain
disruption in aluminosilicate bonds before and after geopolymerization.
The spectra for milled phyllite (Fig. 9) had different spectra patterns for
both hardened samples after geopolymerization. The change in depth
and peak intensities of the IR spectra may indicate polymerization oc-
curring. Broad bands in the region between 3500 cm−1 and 2500 cm−1,
as well as the band at 1650 cm−1, in both phyllite geopolymer spectra
are attributed to the stretching (eOH) and bending (H-O-H) vibrations
of absorbed water in the pores of the hydrated polymeric framework
(Swanepoel and Strydom, 2002; Panias et al., 2007). The band at
1450 cm−1 attributed to carbonation, shows less intensity, which may
suggest a minor occurrence of carbonation (Swanepoel and Strydom,
2002). Also, characteristic differences in the spectra of phyllite before

Fig.8. XRD of phyllite geopolymer mineralogy phases at 28 days.

Fig. 9. FTIR spectra of phyllite before and after geopolymerization.

Table 2
Characteristic FTIR bands observed in phyllite before and after chemical acti-
vation.

Wave number (cm−1) Assignments

3500–2500 Stretching vibration (eOH, HOH)
1650–1630 Bending vibration (HOH)
1450 Stretching vibration (OeCeO)
1200–950 Asymmetric stretching vibration (TeOeSi, T=Al or SI)
800, 690 Quartz double band
500 Aluminosilicate gel
470 Bending vibration (SieOeSI and OeSieO)
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and after geopolymerization are seen in the change in the bands ran-
ging from 1200 cm−1 to 950 cm−1, which is attributed to the stretching
of SieOeSi and SieOe(Al) and indicates a chemical transformation
(Criado et al., 2007; Ryu et al., 2013). The band at about 800 cm−1 can
be attributed to the Si-O bonds of quartz (Criado et al., 2005). This band
remained unchanged even after geopolymerization due to the inertness
of quartz in the alkaline system. Also, after geopolymerization of
phyllite, the band at 470 cm−1 develops shoulders at 500 cm−1 on both
the GRP9 and GRP15 spectra. This band had been previously associated
with zeolite formation and silicate and aluminosilicate glasses and
could indicate the formation of aluminosilicate gel in the matrix (Lee
and van Deventer, 2002; Fernández-Jiménez and Palomo, 2005). The
intensity of this peak also increased with the fineness of the precursor
used in the geopolymer. The tentative IR bands and respective assign-
ments are shown in Table 2.

3.2.4. Effect of MCA on compressive strength
Unground phyllite (GRP0) did not harden even after a prolonged

curing period under either curing condition (ambient or 60 °C), which
was attributed to the low reactivity of the material and was not further
analyzed. The compressive strengths of the mechanically activated
phyllite geopolymer pastes GRP9 and GRP15 (Fig. 10) were dependent
on the curing temperature and the fineness of the precursor. Elevated
curing of the geopolymer at 60 °C was only significant for the strength
gained during the early curing age of 7 days, with a recorded com-
pressive strength of 6MPa and 13MPa for GRP9 and GRP15, respec-
tively (Fig. 10a). Over the long term, this had no effect on the later
strength gain of the geopolymer samples, while samples cured at room
temperature (RT) achieved the highest compressive strength of 25MPa
after 28 days for GRP15.

The higher early strength gained with 60 °C cured phyllite geopo-
lymers is attributed to the increased rate of reaction and dissolution of
silica and alumina species in the aluminosilicate material induced by
the elevated temperature. Over the long term, the lack of moisture in
the geopolymer paste due to the loss of water out of the matrix under
elevated temperatures probably hindered the transportation of alkali
ions needed for continuous polymerization and hardening of the acti-
vated materials during the later curing days. On the other hand, the
lower moisture loss in the RT-cured samples may have partly con-
tributed to the later gain of strength for the samples after 28 days.
Additionally, the increased fineness of the precursor material with in-
creased milling time also helps with faster dissolution of the particles.
The strength achieved for the RT-cured phyllite geopolymer sample is
suitable for pedestrian and light traffic paving brick requirements

(ASTM C902–07, medium weathering), structural clay load-bearing
wall tile (ASTM C62–10), and building brick (ASTM C62–10) (Ahmari
et al., 2015). Remarkably, the total alkaline content of the activating
solution was kept low, constituting 15% of the mix composition.

4. Conclusion

Mechanical activation of phyllite by milling can increase its re-
activity under alkaline conditions through structural changes of the
particle’s crystal structure and decreased particle size. The amorphous
content increased, while the crystalline phases (i.e., muscovite and
chamosite) decreased during the MCA. FTIR confirmed the structural
transformation of the mechanochemically activated phyllite in agree-
ment with mineralogical transformation. The improved reactivity after
MCA increased the alkaline solubility of Al and Si. After mechan-
ochemical activation, phyllite is a promising raw material for geopo-
lymers since the compressive strength up to 25MPa can be achieved
even when using lower alkaline content and curing at room tempera-
ture.
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