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of calcined clays used in
cementitious binders: origin to service life
considerations
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and Wolfgang Kunther c

The use of calcined clays in construction materials has attracted significant attention in the last few years.

Based on the continued need for sustainable construction to meet global development challenges, the

green transition of the cement industry is an urgent necessity. The use of clay-blended cements will

keep increasing to meet the need for mass quantities of materials and the prospect of reducing their

embodied CO2, as traditional supplementary cementitious materials are expected to decline in

availability. To enable the necessary rapid increase in the fraction of clays that can be used in cements,

the use of modeling tools which provide insights into the clays and their reactivity in cementitious

systems is of increased interest. The aim is to predict the properties of the calcined clays based on the

original rock and calcination conditions, the phase evolution, material properties, and durability of

construction materials. This is crucial to reduce the time needed for development and

commercialisation, whereas extensive empirical work has been used in the past to achieve material

transition in the construction sector, which can be extremely time consuming. This review article

therefore aims to provide an overview of available thermodynamic data, issues with database integration,

modelling of process parameters, and properties prediction for cementitious materials.
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Introduction

The use of calcined clay in cementitious binders is increasing,
facilitating the global push towards lower-carbon, sustainable
concrete. Global demand for cement exceeds 4 Gt per annum,1

and assuming a technically plausible replacement level of up to
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40% or Portland cement by calcined clay,2 there is potential
market for >1.5 Gt of calcined clay annually in the cement
industry alone. Emerging cementitious systems/technologies
using calcined clay, such as the limestone-calcined clay–
cement blends known as LC3,2 have already proven to be suit-
able for wide scale adoption, based on experimental testing of
the cement and concrete performance. However, there is little
systematic understanding of how the thermodynamic proper-
ties of clays (raw and calcined) and their solid solutions or
associated minerals (linked to their origin) will affect the
production/calcination process (including interaction with
process atmosphere) and their reactivity and performance in
cementitious binders. Moreover, the lack of consistency in
description of important clay minerals across thermodynamic
databases is problematic, and it is necessary to assess and
document the availability of thermodynamic data as well as the
research gaps in the thermodynamics of calcined clays, to
enable full exploitation of the potential of this material.
John Provis is Professor of
Cement Materials Science and
Engineering at the University of
Sheffield, UK. He completed
a PhD in Chemical Engineering at
the University of Melbourne in
2006, and since then has devel-
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investigate the fundamental
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journal Materials and Structures,
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In the practical application of concrete technology, materials
chemistry must be translated to real-life applications, where
workers and engineers with little or no chemical background
are tasked with manipulating and optimising the multi-phase,
multi-step cement hydration reaction process to produce
highly durable engineering materials. This eld normally relies
heavily on empirical solutions for understanding the reactivity
and property development of binders, and many important
materials are widely used despite an incomplete understanding
of their fundamental chemistry. However, the timeframe that is
imposed for the green revolution to reach net-zero targets is
more ambitious than can be achieved by this style of develop-
ment in the eld of cement and concrete research. Fortunately,
the advancement of computing technology/power makes ther-
modynamic calculations much more accessible, and potentially
also sufficiently user-friendly to enable their direct use in
cementitious materials design.3,4

The application of thermodynamic principles to the study of
cement chemistry was pioneered by Le Chatelier in the early
20th century,5 and thermodynamic analysis has since been
applied to almost all aspects of cement science, particularly in
the last two decades.6–8 On the other hand, clays are ne-
particulate (<20 mm) weathering products of silicate bearing
rocks whose constituents depend on the host rock/deposit and
climatic conditions. Weathering can occur locally and produce
relatively pure clays, but is oen combined with erosion and
transport processes, which leads to clay deposits that are then
sedimentary in nature and yield combinations of clay minerals,
such as kaolinite (1 : 1 clay) and illite (2 : 1 clay), in addition to
other, non-clay, associated minerals. It is therefore timely to
collect the available data and approaches used in calcined clays
and calcined clay–cement binders, ranging from the raw
materials to the calcination process9 and the hydration and
durability of the binders: from origin to service life. This will
enhance utilisation and understanding of the different models
and approaches that will lead to reduced design periods and
faster translation to commercial products.
Dr Wolfgang Kunther is a mate-
rial researcher with a back-
ground in civil engineering and
concrete technology, who works
as Assoc. Professor at the
Department of Environmental
and Resource Engineering of the
Technical University of Den-
mark. His research encompasses
the chemistry of cement in
connection with supplementary
cementitious materials, such as
calcined clays, and the deterio-

ration of these materials when exposed to salty solutions. He oen
uses a combination of experimental methods and thermodynamic
modeling to support the investigations, especially where
measurements are not (yet) feasible.
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Table 2 Species used to calculate log K for each clay minerals based
on the selected thermodynamic databases

Clay mineral Species

Kaolinite H+; Al3+; SiO2(aq); H2O
Halloysite H+; Al3+; SiO2(aq); H2O
Illite H+; Mg2+; K+; Al3+; Fe2+; SiO2(aq); H2O
Pyrophyllite H+; Al3+; SiO2(aq); H2O
Smectite H+; Mg2+; Na+; K+; Al3+; Fe3+; Fe2+; SiO2(aq); H2O
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To be able to predict and understand the behaviour of these
complex materials when exposed to certain environments, we
will start by discussing the different ideal minerals, to describe
their (thermo)chemistry and compositional variability that
would represent real-life clays that will be used in blended
cement production, which may be either quite pure or relatively
impure. It is noted that alkali-activation is another (potentially
very attractive) pathway to the production of clay-based
cementitious binders,10–12 but is deemed to be beyond the
scope of the current review, which is instead focused on blends
with Portland cement. The review will include a description of
calcination process modeling and the aspects that can be
inuenced to control and optimise the process. Finally, a review
of modeling approaches for the hydration, pozzolanic reactions,
and durability of binary and ternary binders, including lime-
stone nes, will be presented.
Survey of related thermodynamic data
of raw clays

Due to the varying chemical nature of clays, it is not straight-
forward to derive and exploit thermodynamic data of clay
minerals; nonetheless, some useful data sets do exist. Here, we
performed a survey to provide an overview about the consis-
tency and comparability of several of the most common and
well-known thermodynamic databases. These datasets are
shown in Table 1; for each, we have calculated and compared
the solubility constants of various clays (following reaction and
species shown in Table 2) as a function of temperature.

Fig. 1 shows the comparison between log K and temperature
among the surveyed databases for 1 : 1 (Fig. 1a and b) and 2 : 1
clays (Fig. 1c–e). Overall, there is a good consistency among
databases for kaolinite, halloysite, and pyrophyllite. For illite
(Fig. 1c), the Thermoddem17,18 and PHREEQC14 databases
exhibit a mismatch with higher log K values in a temperature
range of 0–100 °C compared to the other databases. In contrast,
smectite shows a high variation in its thermodynamic proper-
ties due to the solid solution nature of the clay. The high Fe and
Mg content are in a proportional relation with the log K of the
clay, while the high content of chemically bound water in the
smectite structure correlates with decreasing solubility
constants. Therefore, there are several solid solution models
Table 1 Selected thermodynamic databases containing information for

Databases
Temper
range (°

Minteq 0–100
PHREEQC 0–100
Lawrence Livermore National Laboratory (LLNL) 0–300
Yucca Mountain project 0–300
Thermoddem 0–300
Thermochimie 0–300
NEA —
JAEA —
Holland and Powell —

17922 | J. Mater. Chem. A, 2023, 11, 17920–17937
established in the literature to predict the thermodynamic
properties of these clays.

There are twomodels of solid solutions for clay minerals that
are known in the literature. First is the ideal solid solution
model proposed by Tardy and Fritz,24 which proposed that the
component activities are assumed to be controlled by ideal
mixing of end-member components.24,25 This is described via
eqn (1):24

log K ¼
Xi¼n

i¼1

Xilog Ki þ
Xi¼n

i¼1

Xilog Xi (1)

where X is mole fraction of an end-member and i is the number
of end-members in the solid solution. The second model was
proposed by Aagaard26 and further developed by Giggenbach,27

and considers that the solid solution was created by ideal site
mixing of individual atoms occupying the clay mineral's inter-
layer, octahedral, and tetrahedral sites. Therefore, the activity of
a solid solution can be calculated by eqn (2):27

ai ¼ ki
Y

s

Y

j

X
qj;s
j;s (2)

where ki is a constant relating the inter- and intra- crystalline
standard states for the ith component; Xj,s is the mole fraction
of the jth atom on the sth site in one mole of the ith thermo-
dynamic component; qj,s is the stoichiometric number of sites
occupied by the jth atom. In addition, only for a perfectly
ordered component is ki = 1.

To illustrate this, we take an example from the difference
between pyrophyllite and smectite, where pyrophyllite is a pure
end-member of aluminosilicate in the smectite group.28 Smec-
tite is a group of 2 : 1 phyllosilicates with a total layer charge
between 0.2 and 0.6 (negative) per half unit cell. The group can
the main clay minerals

ature
C) log K calculation References

Van't Hoff equation 13
Van't Hoff equation 14
Van't Hoff equation 15
Van't Hoff equation 16
Polynomial 17 and 18
Polynomial 19 and 20
Polynomial 21
SUPCRT 22
— 23

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 log K vs. temperature of selected (a and b) 1 : 1 clays and (c–e) 2 : 1 clays summarized from existing TDBs.
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be classied according to the following criteria (1) dioctahedral
or trioctahedral layer, (2) octahedral chemical composition, and
(3) density and location of layer charge.28 Hence, a wide range of
cations can populate sites in the smectite structure. Like other
members in the smectite group, pyrophyllite has a 2 : 1 layered
structure with an ideal structural formula of Al2Si4O10(OH)2.
The phase is known to have three different layer stacking
orders: (1) a two-layer monoclinic (2M), (2) a one-layer triclinic
(1Tc), and (3) a disordered form.29 The dehydroxylation of the
clay occurs between 500 and 900 °C,9,30 which in turn, gives rise
to ve-coordinated Al, forming distorted trigonal bipyramidal
AlO5 units in the octahedral sheet.31 At 1000 °C, the tetrahedral
sheet breaks down and leads to a partial segregation of amor-
phous SiO2.32
This journal is © The Royal Society of Chemistry 2023
Fig. 2a shows the formation of trioctahedral and dioctahe-
dral solid-solutions based on their ranges of composition
compared to the pure member, while Fig. 2b presents the
dehydration model of smectite driven by temperature or water
activity. Vidal and Dubacq33 then estimated the V°, S° and Cp(T)
of all of the dehydrated end-members dened in Fig. 2 using
oxide summation techniques. The formation enthalpy was also
calculated to be in-line with the experimental data at 1 bar and
25 °C, to ensure the stability of hydrated smectite instead of
mica and aluminosilicate at low temperature, and reproduce
the observations of smectite–illite equilibrium, as well as
vermiculite or mica segregation observed with increasing
temperature in the experiments and in nature.33
J. Mater. Chem. A, 2023, 11, 17920–17937 | 17923
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Fig. 2 Schematic representation of the solid solution models. (a) The
thick lines show the ranges of composition covered by the tri-
octahedral and dioctahedral solid-solution models and the end-
member compositions are in italics in which Beid = beidellite and Sap
= saponite. (b) Dehydration model of smectite with temperature or
water activity. The water content of the end-members is shown by the
circles on the lower horizontal axis. The continuous and dashed lines
indicate the stable and metastable parts of the four solid solutions
between Smectmn H2O and Smect A. The ranges of interlayer water
content for the Smect with 0–3 interlayer water are indicated by
z0H2O to z3H2O. The transitions from nw to (n− 1)w occur at discrete
values of temperature or aH2O, and are shown by the horizontal
arrows. Reproduced from ref. 33 with permission from Elsevier,
copyright 2009.
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Recently, Blanc et al.34 introduced a computing tool, named
ClayTherm (see Fig. 3), to estimate the thermodynamic prop-
erties of clay minerals as well as ISTherm dedicated to deriving
illite/smectite compositions. The tool uses the thermodynamic
properties of ions from Thermochimie19 and Thermoddem17

databases and advances from merging the model of Blanc
et al.35 for the anhydrous clays and the Gailhanou et al.36 and
Vieillard et al.37 models for the hydration of clays. The model
has capability to predict the equilibrium constants of clay
17924 | J. Mater. Chem. A, 2023, 11, 17920–17937
minerals and compare the calculated thermodynamic proper-
ties to the solubility data selected from the literature.

To further assess the reliability of these databases for the
clay minerals, the standard entropies retrieved from these
datasets were compared to the estimated standard entropy
based on the clay's formula unit volume as proposed by Jenkins
and Glasser38 and used for cement minerals by Ghazizadeh
et al.8. Those authors identied that the standard molar entropy
of inorganic phases not containing discrete water of hydration
(i.e., in this context, clay minerals with bound hydroxyl groups
but no molecular water) can be correlated with the formula unit
volume as follows:

S0
298 = 1262 × Vm + 13 (3)

where Vm (nm3 per formula unit) is the formula unit volume
which can be obtained from the molar volume Vmolar (nm3

mol−1) via the following equation:

Vm ¼ Vmolar � 1021

NA
(4)

where NA is the Avogadro constant (6.022 × 1023 mol−1). Fig. 4
shows the reported standard entropy of clays in the databases
compared to the estimated values. All the entropies are well in
line with the estimation, noting that the Jenkins and Glasser
estimation had a quoted ±12.6% uncertainty when applied to
their larger data set. Hence, the linear equation proposed in ref.
38 is a reliable tool to predict the standard entropy of clays and
their solid solutions.

The heat capacity (Cp) of clay minerals is temperature
dependent and can oen be measured via experiments. Here,
we evaluate the empirical Neumann–Kopp (NK) rule to estimate
heat capacity of clays. The NK rule39,40 was described as: “Each
element (in the solid state) has essentially the same specic or
atomic heat in compounds as it has in the free state”. The rule
can be expressed as the following equation:

Cp(AaBbCc(s)) = aCp(A(s)) + bCp(B(s)) + cCp(C(s)) (5)

where the solid AaBbCc is a composition of solid elements A, B,
and C via the following reaction:

aA(s) + bB(s) + cC(s) = AaBbCc(s). (6)

The estimated Cp from the NK rule is then compared with
the Cp = f(T) function:41 Cp = A1 + A2 × T + A3 × T−2 + A4 × T−0.5

+ A5 × T2. The temperature range and coefficients of kaolinite
(1 : 1 clay), pyrophyllite (2 : 1 clay), and relevant oxides are
shown in Table 3 (extracted from ref. 41).

Fig. 5 shows very good agreement between the two
approaches to obtain the heat capacity of both 1 : 1 and 2 : 1
clays. Hence, the NK rule can reliably estimate the Cp value of
the clays based on their stoichiometry. Note that the NK rule is
applicable in the reported range of temperature (i.e., 298–800 K)
for clays; however, there may be a need to adjust the estimated
Cp considering the contribution of other factors such as the
variation of thermal expansion and compressibility at high
temperature, beside the lattice vibrations and dilation.39,42
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The overall approach of ClayTherm to provide thermodynamic properties for hydrated clay minerals. Reproduced from ref. 34 with
permission from Elsevier, copyright 2021.

Fig. 4 The comparison between data from thermodynamic databases
and estimated values of standard molar entropy based on the formula
unit volume38 of common clays.
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Clay calcination and process
atmosphere

The favourable pozzolanic properties of calcined clays can be
generated through calcination of the clay under specic
conditions to achievemaximum dehydroxylation while avoiding
sintering and recrystallisation. Various clay types can be dehy-
droxylated to produce supplementary cementitious materials
(SCMs),† and the most studied is kaolinite, which forms met-
akaolin when calcined. The ideal calcination temperatures of
kaolinite-rich clay reported in the literature vary and are usually
† It must be noted that mechanochemical processes are also possible to
dehydroxylate/activate clay, but are beyond the scope of this discussion.

This journal is © The Royal Society of Chemistry 2023
reported as a range, depending largely on process conditions (it
is a kinetically controlled process43) as well as the degree of
disorder (e.g. layer stacking faults) within the clay itself, and
associated minerals within the clay.9 For example, calcium
carbonate can decompose at clay calcination temperatures and
undesirably further react with the aluminosilicate; thus nega-
tively inuencing the mineralogy of the nal calcined clay
product.44 Conversely, the CaO content of calcined marl is
sometimes considered to be benecial to boost its pozzolanic
properties45,46

The dehydroxylation of clay minerals is the key reaction in
clay calcination from a thermodynamic point of view. The
dehydroxylation temperature of clays such as kaolinite (Al2Si2-
O5(OH)4), illite (e.g., K0.65Al2[Al0.65Si3.35O10](OH)2), or montmo-
rillonite (e.g., Ca0.33Al2Si4O10(OH)2$nH2O) will change
depending on the H2O partial pressure of the process atmo-
sphere. Atmospheric control has been shown to be a critical
aspect in cement clinker calcination7,47,48 and the same
phenomenon is at play during the calcination of clays.
Considering the reaction Al2Si2O5(OH)4 / Al2Si2O7 + 2H2O[,
applying Le Chatelier's principle, the increase of water vapour
pressure in the system will shi the equilibrium to the le
(Fig. 7). In a production process, this implies that the formation
temperature (and energy demand) of metakaolin will increase
with increasing H2O partial pressure. The atmospheric
composition and H2O partial pressure can vary greatly
depending on the process conguration and fuel used for clay
calcination. The H2O partial pressure can vary between 1% and
∼100% depending on the fuel and oxidant (see Appendix).

The thermodynamic data for kaolinite and metakaolin are
taken from ref. 49 while the data for H2O are taken from ref. 50.
These data are used to calculate the dehydroxylation
J. Mater. Chem. A, 2023, 11, 17920–17937 | 17925
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Table 3 The coefficients of clays and oxides in the defined range of temperature

Clay Formula A1 A2 A3 A4 A5 Temp. range [K]

Kaolinite Al2Si2O5(OH)4 1430.3 −7.885 × 10−1 8.334 × 106 −1.852 × 104 3.034 × 10−4 298–800
Pyrophyllite Al2Si4O10(OH)2 746.8 −5.345 × 10−2 — −7.578 × 103 1.986 × 10−5 298–800

Oxide
Al2O3 161.2 −1.352 × 10−3 −1.815 × 106 −1.059 × 103 5.381 × 10−7 298–2250
SiO2 81.145 1.828 × 10−2 −1.81 × 105 −6.985 × 102 5.406 × 10−6 298–884
H2O (ideal gas) 27.057 1.7584 × 10−2 2.7696 × 105 −2.766 × 101 −2.509 × 10−6 298–2500

Fig. 5 The estimated Cp value of (a) kaolinite and (b) pyrophyllite based on NK rule compared with the Cp = f(T) function.41
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temperature of kaolinite over a range of H2O partial pressures as
shown in Fig. 6. It is shown that the dehydroxylation tempera-
ture of kaolinite changes from 525 °C when H2O vapour pres-
sure is 1%, to 605 °C at 10%, and 695 °C at 100%. Calcination
Fig. 6 Thermodynamic dehydroxylation temperatures of kaolinite to
metakaolin at various H2O partial pressures where the thermodynamic
data for kaolinite and metakaolin are taken from ref. 49 while the data
for H2O are taken from ref. 50.

17926 | J. Mater. Chem. A, 2023, 11, 17920–17937
under vacuum may also result in dehydroxylation temperatures
as low as 300 °C (although this still needs to be tested experi-
mentally). These variations in calcination temperatures will
inuence the kinetics of calcination as well as the rigidity of
microstructure of the produced clay, and thus also the clay
reactivity. At higher temperatures, the thermodynamically most
stable transformation of metakaolin yields mullite and crystal-
line SiO2 at 980 °C (ref. 49) with low reactivity in cementitious
binders. The inuence of H2O partial pressure on the conver-
sion of kaolinite to metakaolin has also recently been assessed
through density functional theory51 and the results are in
reasonable agreement.

Thermodynamic data, up to 1000 K, for kaolinite is taken
from ref. 52 and now compared with the data in ref. 49; it is
shown that there is a rather large difference in kaolinite
enthalpy and Gibbs energy between the two as shown in Fig. 7.
Data for andalusite, mullite, and quartz form ref. 52 are also
plotted in Fig. 7; it is shown that kaolinite is only thermody-
namically stable up to 400 K and 1 bar total pressure. Further-
more, metakaolin is never thermodynamically stable, even if the
data are shied downwards to coincide with the Haas data at
known dehydroxylation temperatures. Metakaolin is indeed
a metastable phase and more experimental tests are needed to
understand the series of reactions that may occur during service
life53 (in the context of blended cement/concrete) in the pres-
ence of various phases/ions in solution over time which can link
to the durability of the binder.
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Gibbs energy of formation from the oxides of various sets of phases, showing the thermodynamically stable products. Where H2O gas
forms, the pressure is set at 1 bar. Haas = ref. 52 and Schieltz = ref. 49.
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Other solid–gas interactions: CO2, O2,
SO2, and halogens

The CO2 in the process atmosphere could have a signicant role
on the calcination of clays. CaCO3 formation as function of CO2

partial pressure is shown in Fig. 8, plotted alongside the
kaolinite–metakaolin conversion temperatures previously dis-
cussed; both H2O and CO2 are major components of fossil fuel
combustion and H2O is the major product of hydrogen
Fig. 8 Superimposed plots of kaolinite dehydroxylation and calcium
carbonate calcination at various H2O and CO2 partial pressures
respectively.

This journal is © The Royal Society of Chemistry 2023
combustion. Fig. 8 may be taken as a useful guide, locating
a “Goldilocks zone” for manufacturing of calcined clay in
various fuels, but kinetic factors will also need to be considered.

On the other hand, for clay minerals containing calcium,
sodium, and potassium (e.g., montmorillonite and muscovite),
the CO2 may also play an important role. Under the conditions
used for clay calcination, CaCO3, Na2CO3, and K2CO3 are stable;
therefore, depending on the CO2 concentration, the clays may
interact with the CO2 to form carbonates along with alumino-
silicates during calcination. However, this will need to be
conrmed via experiments. Any segregation of Ca, Na, and K
from the clay minerals may also have a signicant effect on the
clay reactivity.

Sulfur-containing minerals such as pyrite and alunite are
found in clay while sulfur is also usually found in the process
atmosphere, originating from the combustion of sour fossil
fuels, and depending on the fuel used. SO2 concentration in
kilns can range from 100–3000 ppm depending on the fuel
properties. The reactions that SO2 can undergo greatly depend
on whether the atmosphere is oxidizing (contains O2). Several
sulfate compounds may form through the process but they
require oxygen gas (SO2 + 1

2O2 / SO3); furthermore, the
breakdown of sulfur containing compounds may also be inu-
enced in the presence/absence of sulfur. Halogen concentra-
tions in calcined clay manufacture may also uctuate.
Depending on fuels used, combustion can introduce halogens
into the product through the process atmosphere. Information
on the effect of halogens on clay quality is scarce and require
further investigation. It is unclear whether these are going to be
important at the very low levels that will be found in a practical
J. Mater. Chem. A, 2023, 11, 17920–17937 | 17927
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process; however, in summary, it is important to study the solid
gas reactions in clay calcination and thermodynamics can be
used here as an important tool.
Clay conversion (forced weathering
and diagenesis)

Clay minerals form naturally during the weathering of common
rock-forming silicates.54 In nature, clays form as a product of the
interaction of silicates and water at ambient or near-ambient
conditions in which the minerals slowly accumulate at or near
the surface of rocks exposed to atmosphere or in the shallow
subsurface. The weathering conditions strongly inuence the
formation of different clay minerals. A relatively low pH
combined with a moderate silica activity and low amounts of
(earth)-alkalis are favourable to form kaolinite.55 Therefore,
kaolinite is oen deposited in tropical soils where the climate
(e.g., rainfall and high heat) coupled with organic matter causes
extensive leaching of alkali and earth-alkali metals; there are
numerous weathering pathways that can lead to the formation
of kaolinite.56,57 In contrast, kaolinite is much less abundant in
cooler and dry regions. In such climates, other clay minerals
such as illite and chlorite are more dominant as weathering
products in soils.57 It follows that hydrothermal conversion of
clay is also possible, mimicking the weathering process in
nature for clay formation. The formation of clay minerals can be
also accelerated in hydrothermal conditions by alteration of
aluminosilicate parent rocks.

It may also theoretically be possible to interconvert between
different clay structures. A thermodynamic assessment using
data from Haas Jr et al.52 and the model constructed by Hanein
et al.7 was used to assess the difference in Gibbs free energy of
the reaction Al2(OH)2Si4O10 + H2O / Al2Si2O5(OH)4 + 2SiO2 at
Fig. 9 Thermodynamic calculations showing the possibility of con-
verting 2 : 1 clay to 1 : 1 clay at various temperature and H2O partial
pressure conditions.

17928 | J. Mater. Chem. A, 2023, 11, 17920–17937
varying temperatures and H2O partial pressures as shown in
Fig. 9. The possibility to convert 2 : 1 clays to 1 : 1 clays, by
reacting only with water, is thus revealed by our critical
assessment of existing data; however, a fully consistent ther-
modynamic database must be used and validated and further
research will be needed to verify and optimize the conditions of
accelerating the formation of 1 : 1 clays of higher cementitious
value via low-energy processes.
Transformation of iron oxides for
colour control

The aspect/colour of calcined clay is a signicant factor that
can restrict usage.58 Most low-grade kaolinitic clays contain Fe
that is oen present in hydrous forms (Fe(OH)3 or FeOOH) in
clays that decomposed to form signicant amounts of hema-
tite (Fe2O3), greater than a few wt%. Depending on the iron
content and oxygen availability, the material is red aer
calcination, which can be undesirable in the industrial use of
cement product. There are four iron oxide minerals as shown
in Table 4. There is a change in the oxidation state of iron in
reducing atmosphere: hematite (Fe2O3) – magnetite (Fe3O4) –
wüstite (FeO) – iron (Fe). The equilibrium stability ranges
depend on temperature and partial pressure of oxygen (PO2

).
The calculated phase diagram (T-PO2

) is shown in Fig. 10.
Magnetite converts to hematite even in reducing atmospheres
at low temperatures.

Martirena et al.58 discuss the mechanisms involved in the
colour of the nal clay product. Stabilisation of magnetite at low
temperature is required to avoid the red colour associated with
hematite and produce calcined clay with the same gray colour as
traditional cement. It is shown that the oxidation states of the
nal oxides are the key indicator of colour and that the colour
can be controlled by maintaining sufficiently reducing condi-
tions upon cooling of the clay, i.e., starving the atmosphere of
oxygen by adding oxygen scavengers. However, the trans-
formation to hematite is a naturally occurring process, and
whether these reactions will occur in the concrete placed in
environments where oxygen is readily available is still not
known.

It is not discussed in the cement-related literature, how
thermodynamics can play a crucial role in stabilising colour,
simply by the introduction of dopants or inorganic modiers
that will enable enhanced thermodynamic stability of magne-
tite to lower temperatures without the need for an oxygen
scavenger. It should be noted that the degree of reducing
environment is crucial – systems with an oxygen scavenger (e.g.,
C or CO) differ from inert atmospheres of nitrogen or argon
normally found in laboratory furnaces. Some data of the effects
of substitutional elements on magnetite–maghemite and
maghemite–hematite transition temperatures are available in
the literature.60,61 Thermodynamic data to model iron oxide
solid solutions are also available for a number of substitutional
elements in e.g., Factsage or Thermo-Calc Soware databases.

Using Thermo-Calc soware and TCOX Metal Slag and
Oxides Database version 11,59 the effect of elements Cr, Mn, Al,
This journal is © The Royal Society of Chemistry 2023
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Table 4 Iron oxide mineral information

Mineral name Chemical formula Oxidation state of Fe Crystal structure Colour

Wüstite FeO 2+ Cubic/halite Black
Magnetite Fe3O4 2+, 3+ Cubic/spinel Black
Maghemite g-Fe2O3 3+ Cubic with a tetragonal supercell/spinel Brown
Hematite a-Fe2O3 3+ Trigonal/corundum/Al2O3 Red

Fig. 11 Fe–Mg–O pseudo binary phase diagram between ‘Fe2O3’ and
MgO for P(O2) gas = 0.21 calculated using Thermo-Calc software
(TCOX Metal Slag and Oxides Database version 11) where M =
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Ni andMg on stability of Fe-oxides was calculated. The database
was validated by comparing calculated phases diagram at
various PO2

values and temperatures with published literature
where available, which showed good agreement for these
elements.

At PO2
= 0.21 (partial pressure of oxygen in earth's atmo-

sphere) undoped magnetite is calculated to be stable between
1384–1594 °C. Adding Mg stabilises magnetite to tempera-
tures below 1384 °C (Fig. 11). The maximum solubility of Mg in
magnetite is calculated to be 0.14 mole Mg. The phase diagram
predicts the single-phase region of magnetite to be narrow
below approximately 750 °C to room temperature. When the
mole fraction of Mg is increased above 0.14, both periclase
(MgO) and magnetite are stable to low temperatures. Periclase
has a relatively high solubility for Fe at high temperatures
(max. solubility ∼0.26 mole fraction Fe at 1735 °C) but as
temperature decreases the solubility of Fe also decreases
signicantly. It must be noted however that there is no pre-
dicted solubility of Mg in hematite, and therefore a two-phase
region of hematite andmagnetite exists as soon as Mg is added
below 1384 °C. Our calculated phase diagram is in agreement
with reported data.62
Fig. 10 Fe–FeO–Fe3O4–Fe2O3 stability diagram with changing
temperature and PO2

gas, calculated using Thermo-Calc software
(2022b) and TCOX Metal Slag and Oxides Database version 11.59

magnetite (Fe,Mg)3O4, H = hematite (Fe2O3), P = periclase (Fe,Mg)O.

This journal is © The Royal Society of Chemistry 2023
Fig. 12 shows change in stability of magnetite (single phase
region) with additions of elements: Mg, Ni, Cr, Mn or Al. The
transition temperature for a given composition was calculated
for PO2

= 0.21. Al and Cr stabilise magnetite at higher temper-
atures, increasing the transformation temperature above 1384 °
C. Mn reduces the transformation temperature, but Mn
substituted magnetite is not stable below 954 °C. In contrast, Ni
and Mg were calculated to stabilise magnetite at room
temperature.

The partial pressure of O2 as well as temperature can aid in
stabilising the magnetite to lower temperatures as indicated in
Fig. 13. PO2

vs. composition plots are calculated for tempera-
tures of 1200, 1000, 800, and 600 °C for Mg substitution. The
single-phase magnetite region is stable to lower temperatures
when decreasing PO2

. Increasing Mg content extends the single-
phase magnetite region to higher PO2

values. The two-phase
periclase – magnetite region, however, is stable over a wider
range of temperature and PO2

range. Although the Mg is calcu-
lated to stabilise magnetite to low temperatures, it is still not
certain whether these equilibrium phases will form under real-
life calcination conditions and further experiments are
required.
J. Mater. Chem. A, 2023, 11, 17920–17937 | 17929
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Fig. 12 Change in stability of magnetite (single phase region) with additions of elements Mg, Ni, Cr, Mn or Al. Points indicate minimum temperature at
which single phase magnetite is stable for given substitution calculated using Thermo-Calc software TCOX Metal Slag and Oxides Database version 11.
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Using ab initio calculations

Theoretical chemical methods including density functional
theory (DFT) can also be a powerful tool for application in
understanding the thermochemistry of clay calcination,
although also come with some disadvantages when approach-
ing calculations on such complex (oen disordered) layered
structures. Even the analysis of uncalcined clay minerals by DFT
can be controversial, with differences between published
studies on fundamental aspects of space groups, bond lengths
and orientations for a mineral as well-known as pure, highly-
crystalline kaolinite.63,64 More complex structures such as hal-
loysite65 and Fe-substituted kaolinite,66 as well as the role of
stacking faults in kaolinite,67 have also been studied with some
success by density functional techniques. The importance of
correct application of high-level theory including appropriate
corrections for dispersion and other physicochemical
phenomena has particularly been highlighted.68–70 Much of the
literature in this eld has been focused on determining surface
interactions between kaolinite and other molecules, although
exfoliation (which is a process of interest with respect to
cementitious reactivity) and small-molecule intercalation have
also been considered in a number of studies.70–72

Calcination of kaolinite has been described using a stepwise
DFT approach,73 progressively removing hydroxyl groups and
allowing the structure to relax, in simulations that were inten-
ded to describe the thermally induced dehydroxylation process
during calcination. Fig. 14 shows the progressive disordering
and layer disruption induced by this stepwise process, as
simulated by White et al.73. Izadifar et al.51 have also addressed
this question for dehydroxylation of both kaolinite and dickite,
17930 | J. Mater. Chem. A, 2023, 11, 17920–17937
and provided description of their results in terms of the
chemical potential of water accompanying each structure,
which is an alternative and potentially very valuable approach to
representing data of this type.

Detailed work has also highlighted the importance of correct
relaxation of atom positions in structure determination of
disordered structures such as that of metakaolin to ensure
chemical plausibility of the structural model,74 and conversely
also the importance of incorporation of experimental data into
computational approaches to ensure realistic outcomes.74,75

Fundamentally, the structures of dehydroxylated clays are
sufficiently complex that application of a pure theoretical
approach, or a pure experimental approach without reference to
theory, in determination of their structures and thermochem-
istry is unlikely to succeed in the absence of rigorous validation.
Important advances have recently been made in related areas,
including simulations of the aqueous dissolution of clay
minerals76 and in the application of force-eld methods to
cement hydrates and hydration.77 It appears likely that future
developments in theory and applications will also lead to
improvements in how clay calcination processes and products
are understood from this fundamental level.
Modeling the reaction of calcined clays
in cementitious binders

The understanding of cement hydration is much older than the
application of thermodynamic modeling to cementitious
binders, which has been gaining major attention in the last few
decades.78–82 Several approaches (Table 5) have been developed
with different levels of detail and therefore varying modeling
This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Mg/(Mg + Fe) vs. activity of log PO2
in gas at 1200, 1000, 800 and 600 °C where M = magnetite (Fe,Mg)3O4, H = hematite (Fe2O3), P =

periclase (Fe,Mg)O calculated using Thermo-Calc software TCOX Metal Slag and Oxides Database version 11.
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input data requirements which can be categorized in the
following strategies.

These modeling approaches can also be combined. For
example, one may choose to let fast reacting phases react in an
unconstrained manner (full hydration) while reducing the
reaction of slowly reacting phases such as belite to approximate
the hydration of the binder of interest. Oen the hydration
kinetics makes the difference between good and poor modeling,
based on agreement between the predicted and observed
hydrate phases.83

For the hydration of calcined clays, one should distinguish
several main binder categories (I) ‘model’ systems activated by
lime or alkaline solutions, (II) binary,91 and (III) ternary binders
containing Portland cement. The latter binders contain, in most
cases, limestone ller, due to the commercial and environ-
mental benets of these materials92 and standards which allow
replacement. Those ternary binders are oen, but not neces-
sarily, labelled as LC3-type binders.93 The addition of limestone
ller produces stable phase assemblages in which the ettringite
is stabilized and the reactive aluminium is incorporated in C–A–
S–H and mono- or hemi- carboaluminate AFm phases over
a wide range of compositions and clay types.83 Thermodynam-
ically, monocarbonate is oen predicted while hemicarbonate
This journal is © The Royal Society of Chemistry 2023
may be observed initially, which may be due to kinetics or anion
availability. In any case, the solubility of both phases are quite
close to each other;6 therefore, small variances may make the
difference between the phases observed and predicted. Another
feature of these binders for high clay replacement levels is the
predicted precipitation of strätlingite in the absence of por-
tlandite, while in experiments oen traces of portlandite are
still present when strätlingite is observed also, which should
not be the case based on thermodynamic modeling and is oen
explained through either kinetic effects or lack of ionic trans-
port in very ne pore systems.88,94 Binders (III) with low lime-
stone content may display a larger variety of members from the
AFm phase family including strätlingite.83 These binders can
show phase assemblages closer to binary blends (II), where the
calcium sulphate content also plays a crucial role in the
resulting phase assemblages.

The challenges that arise for modeling of both binary and
ternary binders is to gather the dissolution rates (kinetic) of the
calcined clay fraction which may differ due to:

� The chemical and mineralogical composition (including
impurities) of the starting material.

� Physical properties of the starting material (particle size,
surface areas, etc.).
J. Mater. Chem. A, 2023, 11, 17920–17937 | 17931
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Fig. 14 Stepwise dehydroxylation of a kaolinite supercell to metakaolin, as calculated by DFT.73 In that study, the kaolinite model was found to
describe the experimentally observed structures (from neutron and X-ray pair distribution functions) for calcination temperatures up to 450 °C;
step 9 corresponded to 500 °C, step 12 to 550 °C, and step 13 to 750 °C. The enlarged atoms in each structural model indicate the hydroxyl
groups removed in the subsequent step. Reproduced from ref. 73 with permission from American Chemical Society, copyright 2010.
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� The calcination process (temperature, retention time, atmo-
sphere, heating and cooling rates, etc.).

� Type of the cement used for activation.
�Mixture proportion (clay, limestone and gypsum quantities).
Results from such tests have been used for modeling and

classication of clays.83,94,95

The binders labelled above as model systems96 (I) represent
a range of systems that range from reactivity tests when
Table 5 Common modeling approaches to describe cement hydratio
conditions

Modeling approach

Input requirements

Water/binder
ratio

Chemical
composition

Full hydration × ×

Partial cement hydration × ×

Clinker (+SCM) phase separated
hydration degrees

× ×

Implementation of hydration
kinetics

× ×

17932 | J. Mater. Chem. A, 2023, 11, 17920–17937
activated on small scales97,98 and as hydraulic lime-pozzolana
mortars based on local alternatives to industrial cementitious
binders.99,100 The focus here will be placed on cement-based
binders. Interested readers are referred to suitable review
papers for alkaline activated binders on this topic.101,102

While the nature of most kinetic models used in thermody-
namic modeling has an empirical component, there is the
desire in the research community to link these measurable
n with/without SCMs and the required input parameters/boundary

References
Mineralogical
composition

Hydration
degree

Hydration
kinetics

83–86
× 87 and 88

× × 89 and 90

× × 80 and 83

This journal is © The Royal Society of Chemistry 2023
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“macro” scale effects to scientic questions on smaller scales,
like the dissolution rate which may be complicated by solid
solutions of clays utilised in practice. However, while there is no
lack of literature on the dissolution of pure clay minerals in the
geochemical domain, there are only a few articles tackling this
topic for specically metakaolin in acidic environments or
alkali activated binders.103–107
Property and performance prediction

The motivation for the use of thermodynamic modeling is oen
driven by the attempt to understand underlying material
chemistry and link/predict phase development and the dura-
bility of binders without decades of testing. Examples of this for
calcined clay binders include the comparison of calculated
porosity and mechanical properties as shown in Fig. 15.
Kunther et al.108 showed that relationships between compres-
sive strength and calculated porosity follow similar trends as
described by empirical models such as the Ryshkewitch
model.109

These types of calculations provide, especially for similar
cement blends, qualitative relationships that appear appro-
priate. While these relationships may seem intuitive, the
comparison between two binders, for example with two
different clays and equal replacement rates, can highlight
limitations because the same porosity may yield two compres-
sive strengths. Such differences can be explained by changes in
mineralogy, reactivity, and replacement of the materials. Other
applications could be:

� Estimates for permeable pore spaces or.
� Identication of key minerals relevant for durability

assessments.110–112

We do not know all relevant material parameters: the
compressive strength of composite materials, where the rele-
vant parameters include the porosity (larger pores are more
Fig. 15 Comparison of the measured compressive strength of mortar
bars and the calculated porosity changes during hydration108 based on
kinetic inputs.83 The mineralogical compositions were for clay 1: 23%
illite, 4% kaolinite, 36% quartz, 1% calcite, 36% amorphous and for clay
2: 48% illite, 5% kaolinite, 8% quartz, 43% amorphous.

This journal is © The Royal Society of Chemistry 2023
critical), hydrate phase assemblage including Ca/Si ratio of the
C–A–S–H phases, mechanical properties of individual and solid-
solutions of hydrate minerals, microstructural features
(through homogenization schemes), and impact of other
inclusions. It is not a simple task to predict conventional
mechanical properties based on the chemistry and kinetics
alone. One step forward is therefore to model also the micro-
structure, as has been proposed by reactive transport models;113

not all the pore space calculated in thermodynamic models is
accessible for ionic liquids and thus the permeable volume will
be smaller than the predicted volume.

Durability modeling of calcined clay binders is documented
in a few studies only,110,112 as a recent review of the durability of
binary and ternary binders also supported.114 However, the
presented results suggest that the general processes identied.
e.g. for carbonation, chloride binding, or sulfate attack will also
apply to these binders as long as the phase assemblages are
similar in terms of portlandite content, Ca/Si ratio of C–A–S–H
phases, and presence of AFm phases, which might be similar to
y ash containing Portland cements (typically 6–35 wt%
replacement) and higher replacement slag cements. Hence, one
needs to understand the limitations of modeling in context with
the expected service environment in order to be able to assess
possible durability issues which are affected by the clay reac-
tivity in combination with the chosen cement type and resulting
phase assemblage. Additionally, durability issues that are not
directly related to the clay properties, such as alkali–silica
reaction or frost, may provide additional stressors that may
shorten the service life when occurring simultaneously. In
summary, a lack of modeling knowledge on durability is
apparent.

Concluding remarks

The variety of input data of raw clays, due to solid solutions and
physical mixtures of sediment deposits, is large. This requires
extensive understanding of the processes to activate and utilize
the clays in construction materials. Calcination depends on the
minerals present which may impose compromise to achieve
maximum reactivity, but relevant thermodynamic data, in
particular for metastable/reactive clay phases, is lacking. Several
parameters are not yet experimentally veried but modeling
attempts have been initiated. There is an apparent lack of
models for calcination processes that link the theoretical
calculations with process parameters in the publicly available
literature, and future work should focus on experimentally
assessing the inuence of process atmosphere on calcined clay
production and quality. The use of inorganic modiers to sta-
bilise magnetite at low temperature can also be predicted
through thermodynamic modeling and the processing of raw
clays from one type to another is an unexplored avenue that
must be investigated.

As highlighted in this article, there are plenty data sources to
draw from and information are available when it comes to the
hydration of cementitious binders containing calcined clays;
other binder types might display similar phase assemblages
and synergies such as ternary binders containing y ash and
J. Mater. Chem. A, 2023, 11, 17920–17937 | 17933
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limestone llers.115 An aspect that is not well established is the
interplay between different cements also within the same
cement class in relation to blended binary or ternary cements
even though some studies have documented some results
already.116 The same will also be valid for alternative activators.

Microstructure differences will arise in new cements. Addi-
tionally, the measurement of porosity and permeability has
a long-lasting history when it comes to the applicability, sample
preparation, and comparison between different measurement
methods and sample preparation in concrete technology and
cement science.117,118 All these aspects become important when
it comes to the estimation of the service life.

Due to the underdeveloped understanding of ab initio
prediction of the dissolution of powders of mixtures of minerals
with a range of particle sizes, or pyro processing conditions to
obtain highly reactive calcined clays as SCMs, this is a topic that
requires further exploration. Similarly, the experimental deri-
vation of thermodynamic data that can be achieved using
advanced calorimetric and/or dissolution techniques is neces-
sary for co-validation.
Appendix

The combustion of simple fossil fuel (methane) in stoichio-
metric air (assuming air is 79% V N2 and 21% V O2).

CH4 + 2O2 + 7.5N2 / CO2 + 2H2O + 7.5N2: H2O Pp = 19%

Oxyfuel combustion of simple fossil fuel (methane):

CH4 + 2O2 / CO2 + 2H2O: H2O Pp = 67%

The combustion of hydrogen gas in stoichiometric air
(assuming air is 79% V N2 and 21% V O2).

H2 +
1
2
O2 + 1.9N2 / H2O + 1.9N2: H2O Pp = 35%

Oxyfuel combustion of hydrogen gas:

H2 +
1
2
O2 / H2O: H2O Pp = 100%
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