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Solubility of Calcined Kaolinite, Montmorillonite, and Illite
in High Molar NaOH and Suitability as Precursors
for Geopolymers
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Abstract Clays and clay minerals dissolve over a broad
pH range, such as during sediment diagenesis and in a
variety of applications, including nuclear waste storage,
landfills, and geopolymer binders in the construction
industry. The solubility depends on process parameters
(pH, temperature, pressure, etc.) and material properties
(phase content, clay mineral composition, particle size,
etc.). Pretreatments such as calcination or severe grind-
ing change the material properties and could enhance
solubility, which is called activation. The aim of the
current study was to determine the solubility of three
different clay minerals after calcination (metakaolinite,
metamontmorillonite, and metaillite) in high molar al-
kaline solutions (NaOH) up to 10.79 mol/L and pH =
14.73. Furthermore, the solubility of an Al(OH)3 pow-
der in alkaline solution (NaOH) was analyzed, as it can
be used to adjust the Si:Al ratio of geopolymer precur-
sors. The residues of the clay minerals after the alkaline

treatment were investigated to disclose potential alter-
ations in their phase contents. Based on the results of the
thermal and alkaline activation, conclusions about the
suitability as geopolymer precursors were made. All
clay minerals showed an increase in solubility propor-
tional to the concentration of the alkaline solution. The
solubility decreased in the order metakaolinite >
metamontmorillonite > metaillite. Thereby, dissolution
was incomplete for all three clay minerals (<90%) after
7 days and congruent for metakaolinite and metaillite
but incongruent for metamontmorillonite.

Keywords Alkaline activation . Calcination . Clay
minerals . Geopolymer .Metaillite .Metakaolinite .

Metamontmorillonite . Solubility

Introduction

Clay and clay mineral dissolution over a broad pH range
takes place in natural systems, such as during sediment
diagenesis and soil (trans)formation, in geotechnical
applications including landfill liners (Kayabali, 1997;
Rozalén et al., 2008) and geotechnical barriers of nucle-
ar waste deposits (Charlet et al., 2017; Dohrmann et al.,
2013; Güven, 1990; Madsen, 1998), in technical pro-
duction processes or applications including during pro-
duction of bleaching earths (Steudel et al., 2009a, b ;
Valenzuela Díaz & Santos, 2001), and in construction
materials (Khalifa et al., 2020; Shubbar et al., 2019). For
construction materials, clays in their natural form or
after thermal or mechanical activation are used as
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rheology modifiers (Tregger et al., 2010), supplementa-
ry cementitious materials (Badogiannis et al., 2005), or
precursors of geopolymers, and are subjected to solu-
tions of various pH (Duxson et al., 2005; Werling et al.,
2020).

Clay dissolution and formation of new phases is
determined by material properties (phase content, clay
mineral composition and structure, particle size, and
microstructure) and process parameters (pH, activity of
protons and hydroxyls, temperature, pressure, and satu-
ration state of solution) (Amram&Ganor, 2005; Köhler
et al., 2003; Nagy, 2018; Rozalen et al., 2009; Sato
et al., 2005). Pretreatments such as severe grinding or
calcination change the clay mineral structure, particle
size, and microstructure and represent additional influ-
ence on dissolution characteristics. Typically, the
temperature-dependent dissolution at a given pH fol-
lows the Arrhenius law. Dissolution rates decrease with
increasing pH under acidic conditions, minimize at near
neutral pH, and increase with increasing pH under basic
conditions. This reflects proton-promoted dissolution at
low pH, hydrolysis at intermediate pH, and hydroxyl-
promoted dissolution at high pH (Rozalen et al., 2009).
Proton exchange on interlayer positions of swellable
clay minerals promotes the dissolution of smectites un-
der acidic conditions (Janek et al., 1997; Steudel et al.,
2009a, b). Alkaline dissolution is controlled mainly by
dissolution of layer edges, whereas the basal surfaces
are unreactive (Bauer & Berger, 1998; Kuwahara, 2006;
Sato et al., 2003).

To elucidate the dissolution mechanisms and kinet-
ics, research concerning the dissolution characteristics
of clay minerals has been performed with a wide varia-
tion of different experimental setups in flow-through
(Metz et al., 2005; Rozalén et al., 2008; Rozalen et al.,
2009) or batch reactors (Bauer & Berger, 1998; Bauer
et al., 1998; Carroll-Webb & Walther, 1988; Köhler
et al., 2003; Zysset & Schindler, 1996). In batch reactors
the solid/liquid ratios are fixed from the beginning until
the end of the experiment. In flow-through experiments,
fresh solution is fed continuously into the reactor and the
reacted phases are collected continuously. The satura-
tion state of the solution, which varies between flow-
through and batch experiments, influences the reaction.
Consideration must be given to whether the dissolution
takes place under equilibrium or far from equilibrium
conditions. In any experimental setup, accessory min-
erals can hardly be avoided and may have non-

neglectable impact if they are dissolved and affect the
overall dissolution.

Previous Studies on Dissolution of Raw and Calcined
Clay Minerals in Alkaline Solutions

Many studies concentrated on the dissolution of various
clays and clay minerals and calcined clays or clay min-
erals under alkaline conditions (Table 1). Due to the
different approaches in the research areas, the experi-
mental conditions differed significantly, e.g. in concen-
trations and types of alkaline solution, reaction times,
and temperatures. For kaolinite and metakaolinite, con-
gruent dissolution was observed up to concentrations of
4 mol/L NaOH or KOH. Dioctahedral smectites and
metasmectites showed mainly incongruent dissolution
in concentrations up to 5 mol/L of the alkaline activator
solution. At a calcination temperature of 900°C a con-
gruent dissolution for a metasmectite was observed,
which was explained by the formation of a separate,
inert SiO2 phase at that temperature and, therefore, a
reduction of dissolvable silica (Garg & Skibsted, 2015).
Studies on illite and metaillite dissolution in alkaline
activators with concentrations up to 6 mol/L showed a
strong dependence of congruency on the calcination
temperature. Uncalcined illite showed incongruent sol-
ubility, while for metaillite (calcined at <800°C) mostly
congruent dissolution was observed.

While raw and calcined clay minerals in natural and
geotechnical applications and even when used as sup-
plementary cementitious materials (SCM) are subjected
to pH <14, these materials react with NaOH of up to
18.94 mol/L (50%) when used as precursors for
geopolymer binder production. As yet, the solubility
characteristics in high molar alkaline solutions are not
fully understood.

Additional silica or aluminum sources are regularly
supplemented in geopolymer production. The aim is to
adjust the Si:Al ratio of the evolving geopolymers,
which can benefit the mechanical properties. For
metakaolinite (with a natural Si:Al of 1:1), silica is used
to increase the Si:Al. Metasmectite or metaillite have
natural Si:Al ratios of 2:1 or higher, so aluminum can be
used to decrease the ratio. Si:Al ratios in the broad range
of 2:1–4:1 were mostly determined to be favorable.

The aim of the current study was to analyze the
solubility of three different calcined clay minerals
(metakaolinite, metamontmorillonite, and metaillite) in
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high molar alkaline solution (NaOH), considering the
influence of the preceding calcination and unavoidable
mineral impurities. A further objective was to under-
stand better the dissolution of an industrial crystalline
aluminum hydroxide powder.

Materials and methods

Raw Materials

Three different clays were investigated. KBE-1, a Ba-
varian kaolin (Amberger Kaolinwerke Eduard Kick
GmbH & Co. KG, Hirschau, Germany). Ceratosil®
WG, a Bavarian bentonite (Clariant Produkte Deutsch-
land GmbH, Frankfurt am Main, Germany), and
Arginotec INX, an illitic clay (Arginotec GmbH & Co.
KG, Huenxe, Germany).

The main mineral in KBE-1 was kaolinite (≥93
wt.%). The kaolinite is low b-axis error-ordered and
consists of 46–47 mass% ordered kaolinite and 50–51
mass% disordered kaolinite. The disordered kaolinite is
characterized by 93% BB/7% BC stacking sequences.
88% of BB sequences have no additional ~b/3 stacking
errors (Izadifar et al., 2020). The Hinckley Index of the
kaolinite was 1.63, characteristic of a well ordered kao-
linite (Izadifar et al., 2020). Dioctahedral mica (musco-
vite), quartz, and anatase were present as accessory
minerals (Table 2). The specific surface area of the bulk
material was 9 m2/g. KGa-2 (Georgia, USA) from the
Source Clays Repository of The Clay Minerals Society
was used as a second kaolinite for solubility experi-
ments. The kaolinite content was 97.3 wt.% (Izadifar
et al., 2020). KGa-2 showed 86% BB stacking se-
quences and a low abundance of BC stacking. The
disorder was intermediate (Izadifar et al., 2020).

Ceratosil® WG consisted mainly of dioctahedral
smectite (montmorillonite) with accessory silicates,
cristobalite/opal-C, and carbonates (Table 2). The bulk
material had a cation exchange capacity (CEC) of 81
cmol(+)/kg. Ca2+ accounted for the largest amount of
the exchangeable cations (59%). Other exchanged cat-
ions were Mg2+ (21%), Na+ (17%), and K+ (3%). The
montmorillonite was classified as a medium-charged
cis-vacant montmorillonite (according to Emmerich
et al., 2009) from composition and by dehydroxylation
behavior (Drits et al., 1995; Wolters & Emmerich,
2007). The specific surface area was 58 m2/g and, as
the bentonite was similar to bentonite P in Delavernhe

et al. (2015), its lateral dimension was ~101 nm. A
secondmontmorillonite, which was the main component
(96 wt.%) of bentonite Volclay (Wyoming bentonite,
USA), was used for ancillary solubility experiments.
The montmorillonite of Volclay was fully cis-vacant.
The CEC was 85 cmol(+)/kg and interlayer occupation
was Na+ (96.4%) and K+ (3.6%). The lateral layer di-
mension was ~277 nm (Delavernhe et al., 2015; Wolters
et al., 2009). The BET surface was 39 m2/g.

The dominant clay mineral in Arginotec INX was a
dioctahedral trans-vacant interlayer-deficient mica (2M1

polytype with its specific peaks in X-ray diffraction
patterns; see Grathoff and Moore (1996) for distinction
of illite polytypes). Arginotec INX contained small
amounts (≤10 wt.%) of other clay minerals (kaolinite
and trioctahedral mica) and accessory silicates, quartz,
carbonates, sulfates, and phosphates (Table 2). The spe-
cific surface area of the bulk material was 110 m2/g.

The structural formulae for montmorillonite of
Ceratosil® WG Ca0.1Na0.1Mg0.01 (Si3.96 Al0.04)
(Al1.48Fe0.09Mg0.51) O10(OH)2 and for illite of
Arginotec INX K0.75 (Si3.5 Al0.5) (Al1.25Fe0.5Mg0.25)
O10(OH)2 were calculated (according to Stevens,
1946) from XRF data (Table 3). The initial Si:Al ratios
were 1.09 for the bulk material of KBE-1, 1.0 for the
kaolinite, 3.55 for the bulkmaterial of CeratosilWG, 2.6
for the montmorillonite, 1.91 for the bulk material of
Arginotec INX, and 2.0 for the illite.

Table 2 Mineral phases (wt.%)

Phase KBE-1 Ceratosil WG Arginotec INX

Kaolinite 93 (± 0.5) - 5.4 (± 0.2)

Montmorillonite - 67.1 (± 0.4) -

Dioctahedral illite - - 76.4 (± 0.6)

Dioctahedral mica 5.5 (± 0.5) 2.4 (± 0.1) -

Biotite (Phlogopite) - - 7.8 (± 0.3)

Zeolite (Heulandite) - 0.9 (± 0.1) -

Quartz 1 (± 0.5) - 0.4 (± 0.2)

Cristobalite/Opal-C - 13.3 (± 0.1) -

K-Feldspar - 10.4 (± 0.1) 4.4 (± 0.3)

Plagioclase - 4.1 (± 0.3) 1.1 (± 0.5)

Calcite - 1.9 (± 0.1) 2.4 (± 0.2)

Anatase < 0.5 - -

Anhydrite - - 1.4 (± 0.1)

Apatite - - 0.7 (± 0.1)
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Hereafter, the terms KBE-1, Ceratosil WG, and
Arginotec INX will be used when referring to the bulk
material. The term ‘calcined’ will be prefixed for heated
s amp l e s . Fo r ob se rva t i on s r e l a t ed to t he
(dehydroxylated) main clay mineral itself, the terms
(meta)kaolini te, (meta)montmoril lonite, and
(meta)illite will be used.

Furthermore, an industrially produced crystalline alu-
minum hydroxide powder (Table 3) (Hydrafil®, HPF –
The Minerals Engineers, Frechen, Germany) was ana-
lyzed. The Al(OH)3 was supposed to be used to reduce
the Si:Al ratio of solid geopolymer precursors. The
solubility of an amorphous SiO2 powder (Amosil®,
HPF – The Minerals Engineers, Frechen, Germany)
for increasing the Si:Al ratio in geopolymers was al-
ready investigated in a previous work (Werling et al.,
2020).

Analytical Techniques

Cation exchange capacity (CEC) was determined by the
modified Cu-trien method. 50 mg of the powdered
sample was mixed with 10 mL deionized water and 5

mL of a 0.01 mol/L copper-triethylentetramine (Cu-
trien) solution in 15 mL centrifuge tubes. After shaking
the sample by hand briefly, it was placed on a shaking
table for 3 h. After shaking, the sample was centrifuged
at 4500 rpm (4347×g) for 10 min (Heraeus Multifuge 3
S-R, Thermo Heraeus, Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA). The absorbance of the
supernatants was measured with a UV-Vis spectropho-
tometer (Genesys 10 UV, Thermo Electron Corpora-
tion, Waltham, Massachusetts, USA) at a wavelength
(λ) of 580 nm using polystyrene microcuvettes (path
length 1 cm; Lab logistics Groups GmbH,Meckenheim,
Germany). The concentration of Cu-trien of the super-
natants was determined by a calibration curve. CEC
[cmol(+)/kg] was calculated by the depletion of the
supernatant due to the uptake of Cu-trien into the inter-
layers of the smectites.

Simultaneous thermal analysis (STA) was conducted
using a Jupiter 449 (Netzsch, Selb, Germany) thermal
analyzer coupled with a mass spectrometer (Quadrupol
409 Aeolos, Netzsch, Selb, Germany). Before analysis
the samples were stored under ambient conditions
(21°C, 50–60% R.H.). For the measurements,
~100 mg of the powdered raw materials was heated
from 35 to 1000°C with a heating rate of 10°C/min in
a Pt-Rh crucible with a loose lid. An empty crucible
with lid served as the reference. The measurements were
carried out under an atmosphere of synthetic air (50 mL/
min, purge gas) and nitrogen (25 mL/min, protective
gas). Prior to the dynamic heating, an isothermal seg-
ment of 10 min at 35°C was performed to ensure stabi-
lization of the measurement atmosphere.

Inductively coupled plasma optical emission spec-
trometry (ICP-OES) was carried out using an Optima
8300DV instrument (PerkinElmer, Waltham, Massa-
chusetts, USA). The measuring range of Si and Al
concentrations in solution was 30 mg/L. Liquid samples
were acidified and diluted accordingly.

For X-ray diffraction (XRD) a Bruker D8 Advance
A25 diffractometer (Bruker Corporation, Billerica,Mas-
sachusetts, USA)with a LYNXEYEXEDetector (2.94°
opening angle) was used. Powdered samples (ground
with aMcCronemill, <20μm)were analyzed between 5
and 80°2θ. The step size was 0.02°2θ and the scan rate
was 2 s per step. An automatic slit (primary side), soller
collimators of 2.5° (primary and secondary side), and an
automatic knife edge were used. The CuKα radiation
(1.54 Å) was generated at 40 kV and 35 mA. For
quantitative analysis, Rietveld software Profex

Table 3 Oxide and element compositions (wt.%, normalized to
ignited state)

KBE-1 Ceratosil WG Arginotec NX Hydrafil®

SiO2 54.12 71.1 52.43 -

Al2O3 43.93 17.71 24.28 99.5

Fe2O3 0.4 1.31 8.74 0.01

MnO - 0.07 - -

MgO - 3.91 4.02 -

CaO 0.1 2.72 1.46 0.1

Na2O - 1.08 - -

K2O - 1.92 6.82 -

TiO2 - 0.18 0.88 -

Si 25.32 33.24 24.74 -

Al 23.27 9.37 12.97 58.87

Fe 0.28 0.91 6.17 0.01

Mn - 0.05 - -

Mg 0.06 2.36 2.45 -

Ca 0.09 1.94 1.05 0.07

Na 0.01 0.8 - -

K 0.47 1.59 5.71 -

Ti 0.38 0.11 0.53 -

O 50.11 49.62 46.38 47.05
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(Doebelin & Kleeberg, 2015; www.profex-xrd.org) was
used.

Investigations with the environmental scanning elec-
tron microscope (ESEM) were performed with a Philips
XL 30 environmental scanning electron microscope
(Thermo Fisher Scientific Inc., Waltham, Massachu-
setts, USA). For ESEM micrographs, 2–3 mg/cm2 of
the powders of the raw clay samples, metaclay samples,
and the dried residues were scattered on the sample
holders. The powdered samples were investigated after
applying a 5 nm coating of platinum. A scan throughout
the complete sample holder was made to ensure homo-
geneous distribution of the sample. Subsequently, sev-
eral sections were chosen for particle-size estimation.

Atomic force microscopy (AFM) for determination
of the height of particles was carried out using a Bruker
Dimension Icon (Bruker Corporation, Billerica, Massa-
chusetts, USA). A grid of 1 μm×1 μmwas investigated.
A cantilever typeMikroMasch (HQ:NSC15 AL/Bs: 320
kHz; 40 N/m) was used (MikroMasch, Tallinn, Esto-
nia). A dispersion of 50 mg/L for each sample in ethanol
(99.9%) was prepared. The dispersions were ultra-
sonicated (37 kHz) for 15 min. Subsequently, the dis-
persions were deposited on silica wafers by spin coating
(WS-650MZ-23NPP, Laurell Technologies Corpora-
tion, North Wales, Pennsylvania, USA) at 2000 rpm.
Spin coating was performed twice (~0.5 mL each time)
to ensure a sufficient coverage with sample material.

The specific surface area was determined by Argon
adsorption measurements at 87 K with a Quantachrome
Autosorb 1-MP (Anton Paar GmbH, Ostfildern, Germa-
ny). The specific surface area was calculated with the
Quantachrome program ASiQwin 4.0, according to the
BET method on the raw and the calcined bulk materials
(Brunauer et al., 1938). Before adsorption measure-
ments, the powdered samples were outgassed at 95°C
for 24 h in vacuum.

Experimental Procedure

Calcination of Clay Minerals

The calcination process to produce metaclay minerals
was carried out in a L9/12/B180 furnace in air
(Nabertherm GmbH, Lilienthal, Germany) with a
heating rate of 10°C/min. 5 g of raw clay was heated
in unglazed ceramic crucibles to the final temperature
and immediately placed in a desiccator for cooling to

room temperature. The calcination temperatures were
selected based on STA results (Fig. 1). Kaolinite was
calcined at 480, 555, 615, 700, and 900°C (Werling
et al., 2020). For montmorillonite, calcination tempera-
tures of 550, 670, 750, and 900°C (starting at the onset
of dehydroxylation (DHX) and ending prior to recrys-
tallization) were selected. The same criteria were ap-
plied to select the calcination temperatures for illite
(300, 510, 650, 750, and 900°C). After calcination, all
samples were stored in a desiccator until the preparation
of the solubility experiments.

Determination of Dissolution Characteristics

The powdered (calcined) samples (0.1 g) were mixed
with NaOH solution (5 g) in 50 mL polypropylene
centrifuge tubes. This corresponded to a solid/liquid
(s/l) ratio of 0.02. Concentrations of NaOH solutions
were 0.01 to 10.79 mol/L, reflecting a pH value ranging
between 12 and 14.73 (Table 4). The activity represents
the effective molarity of the solutions. It can be calcu-
lated by multiplication of activity coefficient and molar-
ity of the solution. For NaOH concentrations higher than
1 mol/L, activity coefficients increase (Table 4).

The reaction time for the solubility experiments was
24 h or 7 days, during which the samples were placed
horizontally on a shaking table (Edmund Buehler
GmbH, Bodelshausen, Germany). Subsequently, the
samples were centrifuged (Heraeus Multifuge 3 S-R,
Thermo Heraeus, Thermo Fisher Scientific Inc., Wal-
tham, Massachusetts, USA) for 25 min at 4500 rpm
(4347×g). The supernatant was decanted and 0.5 mL
were acidified (with 7.5 mL of 1 mol/L HNO3) and
diluted (with 17 mL deionized water). Subsequently,
2.5 mL of the diluted solution were diluted again with
7.5 mL of deionized water (final dilution factor 1:200)
for ICP-OES measurement.

The solid residuals were washed several times until
the pH was equal to the deionized water used for wash-
ing (pH = 5.5). Afterwards, the samples were dried at
room temperature and ground gently before the mea-
surements to determine the morphology (SEM) and the
phase content (XRD).

Differentiation between Silica Polymorphs

In bentonites, opaline silica polymorphs (opal-C and
opal-CT) can be mistaken easily for cristobalite. Silica
polymorphs such as opal-C and opal-CT show
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reflections in XRD patterns near those of cristobalite.
For opal-C a sharp reflection with a FWHM in a range
of 0.222–0.453 Å would appear. Opal-CT shows a
broader reflection with a FWHM ranging from 0.506–
0.883 Å (Elzea et al., 1994). To differentiate between
opal-C, opal-CT, and cristobalite the bulk sample was
heated at 1050°C for 24 h (Elzea et al., 1994). The
change of the d101 reflection near 4.0 Å in the XRD
pattern indicates the nature of the silica polymorph. As
opal-C and opal-CT are hydrated, the d101 reflection
shifts and sharpens due to heating. Cristobalite does not
change the position of its reflection (Elzea et al., 1994).

For quantitative analysis of the mixture of cristobalite
and an opaline silica polymorph, the raw bulk material
of Ceratosil WGwas treated in boiling 0.5 mol/L NaOH
for 10 min (Hillier & Lumsdon, 2008). By comparing
the sample weight before and after dissolution, the silica
polymorph and cristobalite could be quantified.

Results and Discussion

The thermal behavior of kaolinite for calcination as a
geopolymer precursor was investigated in preliminary
experiments (Werling et al., 2020). Only a small mass
loss of 0.32% occurred up to 300°C due to dehydration.
The DHX reached its peak (in the DSC curve) at 576°C
and led to a weight loss of 13.04%. Recrystallization of
the material started at 980°C (Fig. 2).

Thermal Behavior of Montmorillonite and Illite

The air-dry montmorillonite showed a mass loss of
11.11% caused by dehydration (DHD) with a peak
temperature in the DSC curve of 151°C. The moisture
content was obtained by adding the mass loss during the
isothermal heating (100% minus starting mass of the
dynamic measurement) to the mass loss during DHD.

The moisture of this montmorillonite was 11.60%. A
mass loss of 2.96% due to DHX occurred with the peak
of the reaction (in the DSC curve) at 663°C (Fig. 1),
which agreed with the DHX of mainly cis-vacant mont-
morillonites between 650 and 700°C (Emmerich et al.,
2009). Normalized to the dry weight (after loss of mois-
ture), the mass loss for DHX was 3.35%. This result
confirmed the quantified amount of montmorillonite
(67.1 wt.%) together with traces of mica. The DHX
overlapped with the decomposition of calcite, which
led to a further mass loss of 0.58% (normalized
0.66%). The mass loss corresponded to a calcite amount
of 1.5 wt.%, the quantified amount of calcite was 1.9
wt.%. The deviation was probably caused by challenges
in the determination of the mass loss values due to the
overlap of the signals from H2O and CO2 loss. Recrys-
tallization started at 990°C.

The mass loss (3.48%) of illite during DHD with a
peak maximum in the DSC curve at 98°C was consid-
erably smaller than for montmorillonite (Fig. 1). The
moisture was 4.41%. During DHX amass loss of 4.51%
was observed with the peak maximum (in the DSC
curve) at 504°C, which was characteristic for trans-
vacant dioctahedral illite (Emmerich et al., 2009). Nor-
malized to the dry weight the mass loss for DHX was
4.72%, which confirmed the quantified amount of illite
in combination with the DHX of the quantified amount
of kaolinite. The sample contained a small amount of
calcite, which decomposed at 678°C with an associated
mass loss of 1.10%. The normalized mass loss of 1.15%
agreed with a calcite content of 2.6%, which was within
the error of the quantification (2.4 ± 0.2 wt.%).

Phase Content of the Calcined Materials

The XRD patterns of KBE-1 with a calcination temper-
ature of 480°C showed no changes compared to the raw
material (for patterns see Supplementary Data). At

Table 4 NaOH solutions

Molarity (mol/L) 0.01 0.1 1 4 5 6.1 7.96 10.79

Concentration (%) 0.038 0.38 3.8 13.9 16.88 20 25 32

pH - 12 13 14 14.55 14.6 14.63 14.68 14.73

Molality (mol/kg) 0.01 0.1 0.99 3.5 4 5 6 8

Activity coefficient* - - 0.777 0.668 - 0.900 1.065 1.287 1.992

Activity (mol/L) 0.01 0.08 0.668 - 4.5 6.5 10.3 21.5

*Pabalan & Pitzer (1987)
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555°C the background increased due to the formation of
an amorphous phase. Kaolinite was still detectable, but
the intensity of the peaks decreased. At 615°C kaolinite
was completely transformed into amorphous
metakaolinite. The broad hump between 15 and 30°2θ
in the X-ray pattern due to an amorphous phase in-
creased in intensity by calcination to 700°C. Kaolinite
was already converted into amorphous metakaolinite
before; therefore, only the accessories (mica, anatase,
and quartz) were still detectable by XRD. The XRD
pattern of the material did not change by calcination
up to 900°C. At temperatures of ~1000°C, recrystalli-
zation of a defect spinel followed by mullite formation
at ~1400°C would take place (Glass, 1954; Sonuparlak
et al., 1987).

At a calcination temperature of 550°C for Ceratosil
WG the reflections of montmorillonite were still detect-
able. Only the d001 reflection shifted to higher °2θ
values due to dehydration of adsorbed water, which
was completed at that calcination temperature. At
670°C the intensity of the montmorillonite reflections
decreased. Calcite started to decompose. Further calci-
nation to 750°C led to a further decrease in the intensity
of the montmorillonite reflections. The accessories did

not react, except calcite was decomposed completely
and lime (CaO) was formed. The background increased,
which indicated the formation of amorphous phases. At
900°C the reflections of montmorillonite were no longer
detectable by XRD. No high-temperature phases were
observed.

At a calcination temperature of 300°C for Arginotec
NX, no changes compared to raw illite occurred. At
510°C the kaolinite reflections were reduced in intensity
due to the start of the conversion into amorphous
metakaolinite. At 650°C no kaolinite reflections were
detectable anymore, which indicated that the total
amount of kaolinite was transformed into metakaolinite.
The d001 of illite was reduced slightly in intensity at that
calcination temperature. The decomposition of calcite
started, but small amounts of calcite were still detect-
able. For calcination at 750°C only slight differences
(increase in background) could be observed. Metaillite
still displayed similar reflections as illite. Phlogopite
was not yet dehydroxylated at that temperature. DHX
of phlogopites starts at >800°C. Therefore, the only
layer silicate from which reflections disappeared was
kaolinite due to the formation of amorphous
metakaolinite. Phosphates, sulfates, quartz, and

Fig. 1 Thermal behavior of kaolinite (left) from Werling et al. (2020), montmorillonite (middle), and illite (right)
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feldspars did not change. During heating, α-quartz was
transformed into β-quartz at 573°C, but after cooling of
the sample, α-quartz was the existing phase again. Cal-
cite was completely decomposed at 750°C at the ex-
pense of CaO formation. By calcination at 900°C the
illite reflections decreased in intensity but were still
detectable. No high-temperature phases formed.

Solubility of Clay Minerals

The metakaolinite showed congruent dissolution
(Werling et al., 2020). The maximum solubility for the
bulk material was reached in 10.79 mol/L NaOH (up to
70 mol.% of Si or Al after 24 h). This corresponded to a
solubility of 77 mol.% of the metakaolinite after 24 h. It
was increased at longer reaction times up to 80mol.% of
Si and Al of the bulk material after 7 days (Fig. 2a–d),
which corresponded to a dissolution of 88% of the
metakaolinite, while dissolution of the mica could be
ignored. Mica did not contribute significantly to disso-
lution because it was not yet dehydroxylated during
calcination of kaolinite. Assuming that mica (5.5
wt.%) showed a similarly low solubility as the
undehydroxylated illite (max. 6 mol.%) studied here, a
maximum contribution of 0.4% of mica to the total
solubility of the material would be possible.

The first experiments on the solubility of a second
kaolinite (KGa-2 (Georgia, USA) from the Source Clays
Repository of The Clay Minerals Society; see

Supplementary Data) indicated that the specific surface
area of the material influenced the dissolution. The
solubility experiments were performed according to
the same procedure. Kaolinite was the main mineral of
KGa-2 with 97.3 wt.% (Izadifar et al., 2020). Only small
amounts of mica were present (0.5 wt.%). KGa-2
showed a high degree of structural disorder and had a
significantly lower Hinckley Index (0.5) compared to
KBE-1 (Izadifar et al., 2020). The DHX was compara-
ble to KBE-1 and the DHX peak temperature was in the
range of 20°C (Izadifar et al., 2020). Compared to KBE-
1 the particle size of KGa-2 was smaller. KGa-2 had a
larger BET surface of 18 m2/g compared to KBE-1. The
maximum solubility of KGa-2 for the metakaolinite (at
calcination temperatures of 540, 615, and 700°C) was
86 mol.% Si and 84 mol.% Al in 10.79 mol/L NaOH
already after 24 h. Due to particles with a larger specific
surface area, the dissolution seemed to be accelerated.
But, the influence of disorder and particle size/surface
area on dissolution were not clearly distinguishable.

Solubility of Montmorillonite and Metamontmorillonite

The amounts of dissolved Si and Al measured by ICP-
OES were used to calculate the solubility of
(meta)montmorillonite (for total dissolved values see
Supplementary Data). The raw material and the material
calcined at 900°C showed the lowest solubility for
metamontmorillonite after 24 h in any concentration of

Fig. 2 a Solubility of Si (equal
for Al) of metakaolinite in NaOH
(10.79 mol/L, 4 mol/L, 0.01
mol/L) as a function of
calcination temperature (reaction
time 24 h) (from Werling et al.,
2020). b Solubility of Si and Al of
metakaolinite (reaction time 24 h,
NaOH 10.79 mol/L). c Solubility
of Si of metakaolinite as a func-
tion of NaOH concentration (re-
action time 24 h and 7 days, cal-
cination temperature 700°C)
(from Werling et al., 2020). d
Solubility of Al of metakaolinite
as a function of NaOH concen-
tration (reaction time 24 h and 7
days, calcination temperature
700°C)
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NaOH (Fig. 3a). Thereby, the dissolved Si (7.8 mol.%)
from metamontmorillonite calcined at 900°C was even
lower than the dissolved Si (24.6 mol.%) from the raw
montmorillonite in 10.79 mol/L NaOH. Otherwise, the
solubility of the metamontmorillonite increased with
increasing the calcination temperature up to 63.5
mol.% after calcination at 750°C in 10.79 mol/L NaOH
(Fig. 3a). Dissolution of the rawmontmorillonite as well
as the metamontmorillonite increased with NaOH con-
centration from 0.01 to 10.79 mol/L. In 0.01 mol/L
NaOH a maximum of 0.4 mol.% Si (for calcination
temperatures of 670 and 750°C) was dissolved. At 4
mol/L NaOH the solubility of Si rose to a maximum of
42.6mol.% (at a calcination temperature of 750°C). Due
to simplicity of presentation not all of the analyzed
NaOH concentrations are shown in the figures (for
remaining concentrations see Supplementary Data).

Both montmorillonite and metamontmorillonite
showed an incongruent dissolution of Si and Al (Fig.
3b), which was also observed at low NaOH concentra-
tions by Bauer and Velde (1999) and by Garg and
Skibsted (2015). Garg and Skibsted (2015) as well as
Khalifa et al. (2020) suggested that Si dissolves faster
from the structure than Al at low NaOH concentrations,
as in the distorted 2:1 layers of metamontmorillonite Al
hexahedra are enclosed by Si tetrahedra.

N e v e r t h e l e s s , t h e s o l u b i l i t y o f A l i n
metamontmorillonite increased with increasing concen-
tration of NaOH. The highest solubility for Al of the
metamontmorillonite (42.1 mol.%) was reached in
10.79 mol/L NaOH for a calcination temperature of
750°C. Calcination temperatures significantly greater
than DHX can lead to the formation of segregated
SiO2 and crystalline silicates (Grim & Kulbicki, 1961),
which are less soluble. This changes the Si:Al in the still
soluble phases of the metamontmorillonite and can lead
to reduced leaching of Si and, therefore, apparent con-
gruent dissolution of metamontmorillonite. However,
X-ray diffraction of the material calcined at 900°C did
not show newly formed crystalline silicates. The reduc-
tion of the solubility could be explained by sintering of
metamontmorillonite. Due to the formation of large
particles (and the reduction of specific surface area),
particles within the agglomerates were less accessible
for the alkaline activator solution and, therefore, the
amounts of dissolved Si and Al decreased (Dietel
et al., 2017).

In subsequent experiments the reaction time was
increased to 7 days, to determine whether the reaction

was completed after 24 h. The samples with a calcina-
tion temperature of 750°C, which showed the greatest
solubility after 24 h, were leached in the different NaOH
concentrations (Fig. 3c). The maximum solubility for
metamontmorillonite was increased by 20.6 mol.% up
to 84.1 mol.% Si at a reaction time of 7 days. For Al the
increase in solubility after 7 days was even higher (25.8
mol.%), a maximum of 67.9 mol.% Al was reached
(Fig. 3d). The Si:Al ratio (in solution) for the
metamontmorillonite in the different NaOH concentra-
tions ranged from 1.6–3.0 after 24 h, and from 1.2–2.1
after 7 days. The Si:Al ratios showed that the dissolution
was more incongruent after 24 h compared to dissolu-
tion after 7 days.

T o d e t e r m i n e t h e d i s s o l v e d S i f r om
metamontmorillonite, the amount of dissolved Si from
the accessory minerals must be considered, especially in
the case of the nature of the accessory SiO2 in Ceratosil
WG, the solubility of which plays an important role. The
FWHM of the d101 reflection of 0.309 was in the range
of that for opal-C (0.222–0.453; Elzea et al., 1994).
After heating, the reflection sharpened (see
Supplementary Data for XRD pattern) and the FWHM
decreased to 0.208. The mass loss of the sample due to
the dissolution procedure (Hillier & Lumsdon, 2008)
indicated that Cerastosil WG contained 54% opal-C and
46% cristobalite. The total solubility of Si was, there-
fore, increased by the simultaneous dissolution of opal-
C with metamontmorillonite. While cristobalite is con-
sidered to be essentially insoluble (Hillier & Lumsdon,
2008) the amount of total dissolved Si from raw and
calcined Ceratosil WG was increased by 10.1 mol.%
due to opal-C dissolution. The total SiO2 in Ceratosil
WG was 71.1 wt.%. Ceratosil WG contained 13.3 wt.%
silica polymorphs. Therefore, the silica polymorphs ac-
counted for 18.7% of the total SiO2 and the montmoril-
lonite accounted for 64.3%. The remaining SiO2 origi-
nated from the accessory silicates. 54% of the silica
polymorphs was soluble opal-C, 46% was insoluble
cristobalite. Accordingly, opal-C accounted for 10.1%
of total SiO2 and cristobalite for 8.6%.

Even though, from studies about pozzolanic reac-
tions, small amounts of cristobalite are believed to be
dissolved due to pH increase from lime hydration after
longer reaction times (>5 days; De Windt et al., 2014),
the amount of dissolved crystalline cristobalite in the
present study was considered to be low after 24 h reac-
tion time. As cristobalite was still detectable by XRD of
the residue after the alkaline treatment, only small
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amounts of cristobalite could have been dissolved even
after 7 days reaction time. Further contributions to Si
and Al solubility for calcined Ceratosil WG from
heulandite and feldspars were neglected. Heulandite
showed a solubility of 4 mol.% for Si and 6 mol.% for
Al in 10 mol/L NaOH (s/l = 0.025) after 5 h (Xu &
van Deventer, 2000), and the solubility for the plagio-
clase was <4 mol.% for Si and Al in the same study.
Solubilities between 0.15% (0.07% Si) and 0.32%
(0.17% Al) of the total SiO2 and Al2O3 was calculated
from the data of solubility experiments for feldspars
by Locati et al. (2010) in 1 mol./L NaOH for 24 h at
80°C. As only <1 wt.% heulandite was present in
Ceratosil WG, the amount of this accessory dissolved
was ignored; the contribution from feldspar dissolu-
tion was also ignored even though the amount of
feldspar in Ceratosil WG was greater than the zeolite
content.

As for kaolinite, complementary solubility experi-
ments with a second montmorillonite (Volclay – Wyo-
ming bentonite, USA; Wolters et al., 2009) were con-
ducted first (see Supplementary Data; bulk material was
used for experiments). Montmorillonite of Volclay is
completely cis-vacant, unlike Ceratosil WG. Fur-
thermore, the particle size of montmorillonite from
Volclay was significantly larger (Delavernhe et al.,
2015) and, thus, the BET surface area was smaller than
for the montmorillonite of Ceratosil WG described here.

The first results indicated that the larger particles of
Volclay showed a significantly smaller solubility due
to smaller amount of edge surfaces, which matched
observations for the influence of specific surface area
on solubility of the metakaolinites; but, distinguishing
between the influence of particle size/surface area and
location of the vacancy on the dissolution was not
possible. Volclay showed a maximum solubility for
metamontmorillonite of 14.5 mol.% Si and 10.5
mol.% Al after 24 h (for calcination temperatures of
710 and 800°C) in 10.79 mol/L NaOH. As for the
preliminary metamontmorillonite described, the solubil-
ity was incongruent. The solubility decreased signifi-
cantly at a calcination temperature of 930°C (max. 2
mol.% Si). After 24 h, both metamontmorillonites
showed a ratio of dissolved Si and Al > 1.4 (1.4 for
Volclay and 1.5 for Ceratosil WG). The ratio of dis-
solved Si and Al of Ceratosil WG after 7 days decreased
to 1.2; a similar trend would be expected for Volclay at
longer reaction times.

Solubility of Illite and Metaillite

As for (meta)montmorillonite, the amounts of dissolved
Si and Al measured by ICP-OES were used to calculate
the solubility of (meta)illite (for total dissolved values
see Supplementary Data). After 24 h the lowest solubil-
ity was reached by the raw illite, e.g. 6 mol.% Si in

Fig. 3 a Solubility of Si of
metamontmorillonite in NaOH
(10.79 mol/L, 4 mol/L, 0.01
mol/L) as a function of
calcination temperature (reaction
time 24 h). b Solubility of Si and
Al of metamontmorillonite
(reaction time 24 h, NaOH 10.79
mol/L). c Solubility of Si of
metamontmorillonite as a
function of NaOH concentration
(reaction time 24 h and 7 days,
calcination temperature 750°C). d
Solubility of Al of
metamontmorillonite as a
function of NaOH concentration
(reaction time 24 h and 7 days,
calcination temperature 750°C)
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10.79 mol/L NaOH (Fig. 4a). The illite calcined at
300°C showed a comparably low dissolution (7 mol.%
Si in 10.79 mol/L NaOH), due to the fact that the DHX
just started at that temperature and, therefore, the reac-
tivity was not yet elevated. The solubility of (meta)illite
increased with increasing calcination temperature
(510°C < 650°C < 750°C) and with increasing NaOH
concentration. In 0.01 mol/L NaOH the solubility of Si
did not exceed 2.5 mol.% regardless of the calcination
temperature. The greatest solubility for metaillite of 44
mol.% Si was reached at a calcination temperature of
750°C in 10.79 mol/L NaOH. The maximum amount of
dissolved Al was 42 mol.% in 10.79 mol/L at a calcina-
tion temperature of 750°C. The solubility of Al in-
creased with calcination temperature and concentration
of NaOH comparable to solubility of Si. The XRD
pattern of the material calcined at 900°C did not provide
an explanation for the decreased solubility. No newly
formed high-temperature phases could be detected. The
reduction in solubility may have been caused by
sintering of metaillite, which was observed by others
previously (Buchwald et al., 2009; Dietel et al., 2017;
He et al., 1995a, b).

The solubility of Al and Si of metaillite (750°C)
seemed to be congruent within a deviation of max. 2
mol.% (Fig. 4b). Previous studies showed a strong de-
pendence on calcination temperatures for congruency of
dissolution of Si and Al from illite in 0.03–2.77 mol/L

NaOH (He et al., 1995a, b; Köhler et al., 2003; Seiffarth
et al., 2013). Uncalcined illite materials showed incon-
gruent solubility behavior (He et al., 1995a, b; Köhler
et al., 2003). For calcined illite, the method and temper-
ature of calcination had a clear influence on solubility.
For a common clay, mainly consisting of illite (37.8
wt.%) and quartz (36.8 wt.%), calcination under a re-
ducing atmosphere led to congruent and higher solubil-
ities, but calcination temperatures >800°C led to incon-
gruent dissolution independent of calcination atmo-
sphere (Seiffarth et al., 2013). For standard illite IMt-1
the solubility was incongruent for the raw material and
calcination temperatures >800°C. Calcination between
650 and 790°C led to a congruent dissolution (He et al.,
1995a, b).

As for metamontmorillonite, the reaction time was
increased for metaillite from 24 h to 7 days (Fig. 4c).
The metaillite calcined at 750°C was chosen for these
experiments due to the highest solubility after 24 h. The
increase of solubility of metaillite was comparable to the
observations formetamontmorillonite. Themaximum sol-
ubility of Si increased up to 62 mol.% in 10.79 mol/L
NaOH. The solubility of Al reached 56 mol.% (Fig. 4d).

The phlogopite of Arginotec INX was not
dehydroxylated at the calcination temperature of
750°C. Therefore, the reactivity of the phlogopite was
assumed to be low and dissolution could be ignored,
whereas the kaolinite was fully transformed into

Fig. 4 a Solubility of Si of
metaillite in NaOH (10.79 mol/L,
4 mol/L, 0.01mol/L) as a function
of calcination temperature
(reaction time 24 h). b Solubility
of Si and Al of metaillite (reaction
time 24 h, NaOH 10.79 mol/L). c
Solubility of Si of metaillite as a
function of NaOH concentration
(reaction time 24 h and 7 days,
calcination temperature 750°C). d
Solubility of Al of metaillite as a
function of NaOH concentration
(reaction time 24 h and 7 days,
calcination temperature 750°C)
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metakaolinite and, therefore, dissolved simultaneously
with metaillite. The amount of Si and Al dissolved from
metakaolinite contained in calcined Argiontec NX in-
creased the total dissolved Si by a maximum of 5 mol.%
and the total dissolved Al by 10 mol.% (for total
dissolved values see Supplementary Data).

As Arginotec NX contained <6 wt.% feldspars, the
assumption was that the contribution to the total solu-
bility could be ignored.

For investigations of the influence of the specific
surface area on illite solubility, further experiments on
illites with different particle sizes will be necessary. The
results will almost certainly be similar to the observa-
tions made for metakaolinite and metamontmorillonite.

Illite and montmorillonite showed different DHX
temperatures, but anhydrous structures were still detect-
able by XRD after calcination. Both minerals retained
some of their crystal structure after DHX. The structure
of montmorillonite was lost at temperatures >750°C,
which was within the range of 700–800°C observed in
former studies (McConville & Lee, 2005). Regardless
of the DHX temperature, the structure of illite was not
completely lost up to 900°C, only the reflection intensity
in the X-ray pattern was decreased, due to the beginning
of decomposition.

The trends of dissolution for all investigated clay
minerals were comparable to the trends in previous
studies, although the overall dissolution (in %) can
scarcely be compared due to different concentrations
and types of alkaline solutions (Table 1). The obser-
vations herein showed that the dissolution decreased
in the order metakaolinite > metamontmorillonite >
metaillite. As shown in previous studies, the disso-
lution of kaolinite was congruent. Dissolution of
montmorillonite was incongruent and for illite con-
gruency was dependent on calcination temperature.
The difference in congruency could be triggered by
the (5-times) higher Fe content of illite compared to
montmorillonite, while Mg was (2-times) lower. A
higher Fe content influences the dissolution posi-
tively, which could have led to the congruent solu-
bility of illite compared to incongruent solubility of
montmorillonite. The difference in total amount of
solubility of the two 2:1 layer silicates could appear
due to the turbostratic disorder of the montmorillon-
ite. By this disorder the edge surfaces could be more
accessible for the alkaline solution and, therefore,
the dissolution of the montmorillonite would be
increased.

Solubility of Aluminum Hydroxide and Amorphous
SiO2

The solubility of Hydrafil® after 24 h increased with the
NaOH concentration (Fig. 5). In 0.01 mol/L NaOH the
lowest solubility was determined (0.3 mol.%). The
greatest solubility of Al after a reaction time of 24 h
was reached in 10.79 mol/L NaOH with 89 mol.%. By
increasing the reaction time to 7 days, the maximum
solubility of 90 mol.% was reached using 6.1 and 7.96
mol/L NaOH, not only in 10.79 mol/L. Compared to the
solubility of an amorphous SiO2, which reached a solu-
bility of 25 mol.% Si after 24 h and 55 mol.% after 7
days (Werling et al., 2020), the Al(OH)3 dissolved to a
greater extent. The different solubilities of SiO2 and
Al(OH)3 have to be taken into account when used for
adjustment of the Si:Al ratio.

The results were comparable with a solubility of 30%
observed by Pereira et al. (2009) in 1.2–2.5 mol/L
NaOH after 5 days for synthetic Al(OH)3 (gibbsite).
Thus, any Al(OH)3 source could be used to adjust the
Si:Al ratio in geopolymers while the solubility of even
amorphous SiO2 varies between natural and synthetic
material.

Morphology, Microstructure, and Composition
of Residues

Micrographs of the materials were taken before calcina-
tion, after calcination, and from the residues after the
solubility experiments to show the changes in particle
morphology and microstructure of the materials. The
raw kaolinite displayed the structure of stacked plates
(diameter 0.5–3 μm; height 80–200 nm) consisting of
~110–290 layers, characteristic for many kaolinites
(Fig. 6a). After the calcination process, the plates in
metakaolinite were reduced slightly in height to ~40–
120 nm (Fig. 6b), but still observable. The specific
surface area of the bulk material was still 10 m2/g after
calcination at 700°C. Metakaolinite, calcined at 700°C,
was dissolved up to 80 mol.% (Al and Si) after 7 days’
reaction time (Werling et al., 2020). The solid residues
showed small spherical particles which were formed on
the surface of larger agglomerates. At high resolution
those particles appeared to have a morphology similar to
hydrosodalite or nanosheets from FAU-type zeolites,
but the spherical particles were X-ray amorphous
(for diffraction patterns see Supplementary Data). Neither
for the spherical particles nor for the agglomerates could
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a stacked platy structure be observed for the solid residual
at lower resolution (Fig. 6d). Agglomeration of particles
was visible at lower resolution. The agglomerates
formed showed diameters up to 50–60 μm.

The raw montmorillonite showed aggregates (diam-
eters between 4 and 11 μm) where single particles or
stacks of layers could not be separated (Fig. 7a). During
calcination the plates of the montmorillonite were fused
together. The typical platy morphology got less obvious
in the metamontmorillonite (Fig. 7b). The specific sur-
face area decreased from 58 to 37 m2/g after calcination
at 750°C. It has to be noted that the BET surface was
measured fo r the bu lk ma te r i a l , no t pure
metamontmorillonite. The size of the aggregates did
not change. Metamontmorillonite, calcined at 750°C,
showed a solubility up to 84% Si and 68% Al after 7
days ’ reac t ion t ime. In the res idue of the
metamontmorillonite the platy structure was still ob-
servable for several grains (Fig. 7c). Agglomerates with
diameters up to 75 μm existed (Fig. 7d). X-ray diffrac-
tion patterns (see Supplementary Data) showed small
amounts of hydrotalcite (Mg6Al2CO3(OH)16·4H2O),
which was precipitated as a new phase. After alkaline
treatment reflections of metamontmorillonite were no
longer detectable. One can assume that the hydrotalcite
was formed of Al and Mg, which was dissolved from
the metamontmorillonite, together with either airborne
CO2 or CO3

2+ released due to calcite dissolution.
In addition to the ESEM investigations, the raw

montmorillonite and the metamontmorillonite calcined
at 750°C were analyzed by AFM. Raw montmorillonite
showed particle heights of between 2.7 and 3.8 nm.
Primary particle diameters up to ~40 nm were consider-
ably smaller than indicated by the supplier (≤30 μm,
aggregates, secondary particle size). Primary particles
were dispersed by the ultra-sonication process before
AFM measurements, which destroyed aggregates in the

material. The heights of the particles showed that de-
lamination of the layers was not reached for this mate-
rial. This was already assumed because Ceratosil WG
contained Ca+ as the interlayer cation, which strongly
connected the layers and was responsible for preferred
formation of aggregates. For Na-saturated montmoril-
lonites, complete delamination was observed by others
(Assemi et al., 2015; Delavernhe et al., 2015). Calcina-
tion at 750°C caused the particle heights to decrease to
~1.5 nm. The distribution of the particle diameters was
also reduced slightly by calcination (~30 nm).

The raw illite (Fig. 8a) showed aggregates with di-
ameters of 2–4 μm with particles of small diameters
(40–250 nm). The particle size of metaillite hardly de-
creased during calcination (Fig. 8b) and the size of the
aggregates was retained. The specific surface area of the
bulk material decreased from 110 to 86 m2/g after
calcination at 750°C. Metaillite, calcined at 750°C,
showed a solubility up to ~60% for Si and Al after 7
days’ reaction time. The residue of the dissolution ex-
periment showed agglomeration of smaller particles, but
the platy structure was somehow retained (Fig. 8c).
Thereby, agglomerates with diameters between 50 and
75 μm were formed (Fig. 8d). The reflections in the X-
ray patterns similar to raw illite (see Supplementary
Data) were still present. The phases contained in the
residue were equivalent to the phases in the calcined
material.

As for montmorillonite, AFM investigations were
executed for the raw illite and metaillite (calcined at
750°C). Raw illite showed heights up to 2.9 nm,
which was lower on average than the particles of
the raw montmorillonite. The particle diameters
were between 20 and 40 nm, while the D50 was
determined with <150 nm by conventional particle-
size measurements. Metaillite contained few larger
aggregates (8.9–9.5 nm); but, except from those

Fig. 5 Solubility of Al of
Al(OH)3 (left) and Si of amor-
phous SiO2 (right, according to
Werling et al., 2020) as a function
of NaOH concentration (reaction
time 24 h and 7 days)
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aggregates, the particle height was comparable to
that of raw illite. A sample height of 0.9 nm would
correspond to a single layer of illite.

The morphology of clay minerals has a signifi-
cant influence on their solubility properties. A pro-
gressive decrease of the specific surface area at
calcination temperatures (775–925°C) higher than
the DHX temperature was observed for Friedland
clay due to partial sintering of grains (Dietel et al.,
2017). Friedland clay contains kaolinite as well as
an interstratified illite-smectite. The decrease of the
specific surface area (by one fifth) and, therefore,
increase of particle size led to a decrease in the
solubility (by about half) of Friedland clay in 5
mol/L KOH (Dietel et al., 2017). The same obser-
vations were made for samples of the same clay-
mineral type (e.g. kaolinite group) described in this
work. The calcined samples with a larger specific
surface area showed an increased solubility. Still,
metaillite solubility was considerably lower than
the solubility for the other metaclay minerals, al-
though the material showed the largest specific sur-
face area. Therefore, the specific surface area can
only be used to predict the solubility for the same
type of clay mineral. Furthermore, this trend can
only be observed for dehydroxylated clay minerals.
The raw materials with larger specific surface areas
showed considerably lower solubilities because of
the reduced reactivity without preliminary DHX.

Suitability as Precursors for Geopolymers

The materials studied differed in the purity of the clay
minerals. The chosen kaolin was relatively pure (93
wt.% kaolinite). The bentonite as source of montmoril-
lonite (67.1 wt.% montmorillonite) showed larger
amounts of impurities, such as 13.3 wt.% silica poly-
morphs, >10 wt.% feldspars, and 1.9 wt.% calcite. The
studied illite (76.4 wt.%) had slightly smaller amounts
of impurities compared to the montmorillonite but was
not as pure as the kaolin. Therefore, the amounts of
phases not contributing to the evolving geopolymer
matrix would be different. The impurities with low
solubility could function as fillers but the formation of
different phases simultaneously with geopolymer for-
mation could not be excluded. The phases formed dur-
ing geopolymer production with the studied materials
need to be investigated further.

F o r t h e m e t a i l l i t e s t u d i e d , a s w i t h
metamontmorillonite, the highest solubility for Si and
Al was reached with a calcination temperature of 750°C
in 10.79 mol/L NaOH although the dehydroxylation
temperature (TDHX) at 504°C of the trans-vacant illite
in Arginotec IXN was much lower than TDHX at 663°C
for the cis-vacant montmorillonite of Ceratosil WG.
Thus, 750°C was considered as the optimal calcination
temperature for the thermal activation of these materials
prior to the production of geopolymers. Earlier studies
of Garg and Skibsted (2015) and Seiffarth et al. (2013)

Fig. 6 a Raw kaolinite of KBE-
1. b Metakaolinite (calcination
temperature 700°C). c Solid
residue of metakaolinite
(calcination temperature 700°C)
after alkaline treatment (NaOH
10.79 mol/L, reaction time 7
days). d Overview. Solid residue
of metakaolinite (calcination
temperature 700°C) after alkaline
treatment (NaOH 10.79 mol/L,
reaction time 7 days)
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found optimal calcination temperatures of 800°C for
two montmorillonites and between 750 and 800°C for
an illite and an interstratified illite-smectite. The optimal
calcination temperature for the well ordered kaolinite
was slightly lower at 700°C.

The optimal calcination temperature determined in
this study applies only for the clay minerals
investigated here. General statements about the optimal
calcination for kaolinites cannot be derived directly
from these findings. For dioctahedral 2:1 layer silicates,
e.g. montmorillonites and illites, taking into account the

influence of octahedral vacancies on the dehydroxyl-
ation behavior will be necessary. As trans-vacant vari-
eties dehydroxylate at much lower temperatures than
cis-vacant varieties, the optimal calcination for cis-va-
cant might differ from that of trans-vacant varieties,
although the present results indicate that the optimal
calcination temperature was in the same range for both
varieties. With an increasing number of studies about
calcination, setting up general rules about optimal cal-
cination temperatures for clay mineral groups may be
possible in the future.

Fig. 7 a Raw montmorillonite of
Ceratosil WG. b
Metamontmorillonite (calcination
temperature 750°C). c Solid
residue of metamontmorillonite
(calcination temperature 750°C)
after alkaline treatment (NaOH
10.79 mol/L, reaction time 7
days). d Overview. Solid residue
of metamontmorillonite
(calcination temperature 750°C)
after alkaline treatment (NaOH
10.79 mol/L, reaction time 7
days)

Fig. 8 a Raw illite of Arginotec
NX. b Metaillite (calcination
temperature 750°C). c Solid
residue of metaillite (calcination
temperature 750°C) after alkaline
treatment (NaOH 10.79 mol/L,
reaction time 7 days). d
Overview. Solid residue of
metaillite (calcination
temperature 750°C) after alkaline
treatment (NaOH 10.79 mol/L,
reaction time = 7 days)
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Thermal activation of all three clay minerals was
regarded as successful, as >50% of the metaclay min-
erals was dissolved with the optimal thermal pretreat-
ment. The production of geopolymers with those mate-
rials in water glass (Na2xSiyO2y+x) free systems by sole
activation with NaOH would be possible. The first tests
producing geopolymers with varying Si:Al ratios,
NaOH concentrations, and solid/liquid ratios, showed
that geopolymers with a metakaolinite (Werling et al.,
2020), metaillite, or metamontmorillonite precursor
hardened. Further experiments onmechanical properties
and phase content will follow. In the case of an adjust-
ment of the Si:Al ratio with respect to Al, the solubility
of Hydrafil® indicated that a pre-solution in NaOH
would be useful if the geopolymers were produced with
lower NaOH concentrations. For geopolymers produced
with 10.79 mol/L NaOH, pre-solution would not yield
any advantage. The influence of adjusting the Si:Al ratio
needs to be studied further. Incomplete dissolution
(<100%) for all studied clay minerals and Al(OH)3 must
be considered for the stoichiometric composition of the
resulting geopolymers. By using more Al(OH)3, the
desired Si:Al could be reached, but simultaneously the
amount of unreacted powder in the sample would in-
crease. Depending on the material properties (e.g. parti-
cle size), unreacted Al(OH)3 could act as a filler without
negative impacts on the evolving geopolymers. Fillers
can have a positive influence on the mechanical proper-
ties of the resulting geopolymer, e.g. by increasing
compressive strength (Duxson et al., 2005; Xu & Van
Deventer, 2000). Incomplete dissolution of the metaclay
minerals can lead to excess Na+ which does not react.
Due to free Na+, carbonation of the geopolymers can
appear and affect the mechanical properties of the binder
(Fletcher et al., 2005; Nikolov et al., 2017; Werling
et al., 2020). Furthermore, for metamontmorillonite the
incongruent dissolution led to smaller amounts of dis-
solved Al than expected. It has to be considered that the
Si:Al ratio of a geopolymer produced with this
metamontmorillonite will be lower than the stoichiomet-
ric ratio of the montmorillonite.

The dissolved Si from both the metamontmorillonite
and opal-C could form CSH phases together with Ca
from the metamontmorillonite and the decomposed cal-
cite during geopolymer production (De Windt et al.,
2014) or the Si:Al ratio of the emerged geopolymers
would increase. CSH phases could coexist with the
geopolymer matrix. Instead of the evolution of CSH
phases, the formation of CASH or N(C)ASH may also

be possible. Coexistence of NASH phases with calcium-
containing phases is possible.

Generally, emphasis is necessary that the findings
from solubility experiments are limited, given that the
liquid:solid ratio differs from that used for geopolymer
production; but, even during solubility experiments,
reaching 100% solubility was not possible. Therefore,
further studies will be necessary to answer satisfactorily
whether this happens due to thermodynamic or kinetic
effects.

Summary and Conclusions

The montmorillonite studied showed DHX at the highest
temperature (663°C), kaolinite was intermediate (583°C),
and illite was the lowest (504°C). Optimal thermal activa-
tion due to maximum dissolution was obtained at 700°C
for the studied kaolinite and 750°C for both studied cis-
vacant montmorillonite and trans-vacant illite. During cal-
cination, kaolinite was transformed into X-ray amorphous
metakaolinite. Metamontmorillonite and metaillite were
not X-ray amorphous after calcination. Dissolution was
incomplete for all metaclay minerals. Metakaolinite
showed the highest solubility after 24 h compared to both
calcined materials containing 2:1 layer silicates. The solu-
bility of the metaclay minerals decreased in the order
metakaolinite > metamontmorillonite > metaillite. While
metakaolinite (700°C) and metaillite (750°C) showed con-
gruent dissolution, metamontmorillonite (750°C) showed
incongruent dissolution. While the distribution of octahe-
dral vacancies in 2:1 layer minerals strongly influenced the
dehydroxylation temperature, optimal activation tempera-
ture was similar and solubility was influenced by chemical
composition and turbostratic disorder.

Dissolution characteristics of the raw materials with
respect to Si:Al were similar to the materials calcined at
900°C and higher. The uncalcined samples showed very
low solubilities (<30 mol.% Si) independent of the type
of clay mineral. Calcination at temperatures significant-
ly higher than 750°C led to decreased solubility for the
metamontmorillonite as well as for the metaillite, while
metakaolinite still showed high dissolution after calci-
nation at 900°C.

Al(OH)3 showed almost complete solubility up to 89
mol.% Al in 10.79 mol/L NaOH after 24 h and would be
suitable to adjust the Si:Al ratio for geopolymer produc-
tion. To optimize the dissolution in lower NaOH con-
centrations, a longer reaction time up to 7 days, i.e. pre-
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solution prior to mixing the precursors, should be con-
sidered for Al(OH)3.

Furthermore, the lateral dimension of the layers of
the clay minerals (e.g. the specific surface area and
accessible edge surface) influenced the solubility. The
comparison of the solubility of two different
metakaolinites showed that the metakaolinite with the
larger specific surface area was dissolved to a greater
extent. The same trend was observed for the solubility of
two different metamontmorillonites. The results of the
solubility experiments and first tests on geopolymer
production in water glass (Na2xSiyO2y+x) free systems
led to the assumption that all three clay minerals are
suitable as precursors. Different amounts of unreacted
metaclay minerals in the hardened binders are expected,
which supposedly will influence the mechanical prop-
erties of the resulting geopolymers.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s42860-
022-00185-6.
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