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aracteristics influence the
structure and pozzolanic reactivity of thermally and
mechano-chemically activated meta-kaolinites†

Alastair T. M. Marsh, *a Andy P. Brown,b Helen M. Freeman,a Anke Neumann, cd

Brant Walkley, e Helen Pendlowskif and Susan A. Bernal a

Increasing early age reactivity of cement replacements is a barrier to reducing the embodied carbon of

blended Portland cements. Mechano-chemical activation is an emerging alternative to conventional

thermal activation for clays, which can accelerate early age reactivity. Knowledge gaps on the structure

and reactivity of mechano-chemically activated kaolinitic clays include the influence of Fe-bearing

phases and the mineralogical characteristics of kaolinites from different sources. This study evaluated the

effectiveness of mechano-chemical vs. thermal activation for an Fe-rich clay containing disordered

kaolinite and 24 wt% goethite, and a low-Fe clay containing highly ordered kaolinite. In the Fe-rich clay,

mechano-chemical activation simultaneously caused dehydroxylation of kaolinite to form meta-

kaolinite, and dehydration of goethite to form hematite. Agglomerates of intermixed meta-kaolinite and

goethite/hematite nanoparticles were shown to have similar Al and Si environments after thermal or

mechano-chemical activation (as determined by STEM-EDX, 27Al and 29Si MAS nuclear magnetic

resonance and electron energy loss spectroscopy). Mechano-chemical activation enhanced early age

(<12 hours) reactivity for both clays. Evaluating early age reactivity by unit mass of anhydrous meta-

kaolinite explains how surface-adsorbed moisture results in underperformance of mechano-chemical

activation at later ageing times. External surface area alone does not predict reactivity acceleration well

– edge : basal surface area of meta-kaolinite is proposed as a more relevant factor that governs early age

performance of mechano-chemically activated clays. The structure–property–performance relations of

mechano-chemically activated meta-kaolinites are explained through interactions of kaolinites' intrinsic

mineralogical characteristics (i.e. initial particle size, aspect ratio, structural order) and extrinsic

processing effects (i.e. intensive milling on structural order and physical characteristics).
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1. Introduction

Mechano-chemistry is promising as a processing or synthesis
route for a diverse range of technologies needed for the low-
carbon transition, including hydrogen storage, solar photovol-
taics, batteries, catalysts and more.1–3 An emerging application
of powder mechano-chemistry (sometimes referred to as tribo-
chemistry) is in the decarbonisation of Portland cement,
whose production accounts for 8% of annual global anthropo-
genic CO2 emissions.4 Mechano-chemical processing (typically
ball-milling) has been investigated as a way to induce dehy-
droxylation and structural disorder in clay minerals, which then
undergo a pozzolanic reaction when added to a cementitious
system, enabling reduction of carbon-intensive clinker
content.5 The proposed advantages of mechano-chemical acti-
vation for clay minerals, relative to the conventional route of
thermal activation in a kiln or furnace, are a lower energy cost
and a higher degree of structural amorphization.5

Research on powder mechano-chemistry for the decarbon-
isation of cement has tended to focus on systems primarily
containing single minerals: most oen kaolinite;6–9 but also
muscovite,10–12 quartz,13,14 and others. The geographical distri-
bution of future construction partly determines which types of
clays will be most important for meeting future demand for
cementitious materials. Much of the world's population growth,
and hence demand for cementitious materials, is anticipated in
areas with Fe-rich clays (e.g. Indian sub-continent, West Africa)
which contain kaolinite and additionally signicant propor-
tions of goethite and/or hematite. Activated Fe-rich kaolinitic
clays can also be used in conventional blended cements,15 as
well as precursors in alkali-activated cements.15,16 There is
therefore a need to understand the behaviour of Fe-rich
kaolinitic clays undergoing mechano-chemical activation.

The principles of mechano-chemical activation for the
dehydroxylation of kaolinite are well-established, and the pro-
totropy model17 explains the mechanism of dehydroxylation
and retention of moisture in the system.6,7,18 The accumulation
of strain from repeated particle collisions causes loss of long-
range order for all crystallographic axes.19 In addition, inten-
sive milling of goethite (a-FeOOH) induces dehydration and
a topotactic transformation to hematite (a-Fe2O3).20,21 Yet, the
exact scope, denition and dening criteria of mechano-
chemical activation remains a subject of ongoing debate.1–3

The mechano-chemical dehydroxylation of kaolinite largely
fulls both the conditions of a denition provided by Kaupp:1

“breaking of intramolecular bonds directly by an external
mechanical action” is the initial breaking of an (Al)–O–H bond
in the octahedral sheet, which is then “followed by further
chemical reactions” of the free H+ reacting with another (Al)–O–
H site to form H2O molecules. Notwithstanding whether the
initial breaking of the O–H bond occurs directly as a result of an
external force sensu stricto, as opposed to localised heating
generated by collisions, this activation route is clearly distinct
from comminution (i.e. mechanical activation) which only
increases the specic surface area available for dissolution.
This journal is © The Royal Society of Chemistry 2024
The application of mechano-chemical activation for Fe-rich
clays seems promising as a globally impactful contribution to
decarbonising the cementitious materials sector. Yet there are
several knowledge gaps unanswered by previous studies that
have only mechano-chemically activated kaolinite and goethite
separately. The extent of structural disorder and lattice substi-
tutions in kaolinites found in Fe-rich lateritic clays are typically
higher compared to kaolinites formed via other geological
routes.22 The dissolution rate of meta-kaolinite in cementitious
systems (particularly the dissolution of Si and Al) is a key
inuence on the early age hydration behaviour of blended
cements: the extent of meta-kaolinite structural disorder affects
the energetic driving force for dissolution, and the meta-
kaolinite particle size and morphology together affect the
kinetics of dissolution.23 It is unknown whether the effects of
mechano-chemical activation will be lesser for Fe-rich clays
compared to just kaolinites with a higher inherent structural
order; or whether the presence of ne goethite and/or hematite
particles could inuence the composition and structure of
meta-kaolinite aer intensive milling. A barrier to studying the
effects of mechano-chemical activation on the local Al envi-
ronments in kaolinite within Fe-rich clays is the degradation of
27Al magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectral quality arising from paramagnetic Fe, and ferro/
ferrimagnetic Fe-oxyhydroxide bearing phases.24 As an alterna-
tive, electron energy loss spectroscopy (EELS) in a transmission
electron microscope has been used to investigate local Al envi-
ronments for thermal activation in Fe-rich clays,25 but has not
yet been used to study mechano-chemical activation. Another
knowledge gap is why the reactivity of mechano-chemically
activated clays (measured either via isothermal calorimetry in
blended cement pastes or compressive strength in mortars) is
consistently lower than the reactivity of the same clay if ther-
mally activated,10,26 despite apparently similar structural
changes upon the formation of meta-kaolinite through both
activation routes.9,18

This study aims to understand (1) the chemical and physical
phenomena occurring in a natural mineral system, containing
both kaolinite and goethite, caused by mechano-chemical
activation, in relation to a simpler, natural reference system
containing predominantly kaolinite; and (2), how these
phenomena affect the activated clays' pozzolanic reactivity and
hydration behaviour when used in a simulated cementitious
system. Thermal and mechano-chemical treatments are there-
fore applied to two clays with differing geological backgrounds
and Fe content. The activated clays were characterised to
understand differences in phase composition (via X-ray
diffraction (XRD), thermogravimetry (TG) and Fourier trans-
form infrared spectroscopy (FTIR)), particle size and
morphology (via laser diffraction, N2 sorption, scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM)), and local coordination environments of Al, Si and Fe
(via 27Al and 29Si MAS NMR, electron energy loss spectroscopy
(EELS) and 57Fe Mössbauer spectroscopy). The reactivity of the
activated clays in a simulated cementitious system was
measured using isothermal calorimetry, and differences in
J. Mater. Chem. A, 2024, 12, 24260–24277 | 24261
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behaviour explained through the changes in the activated clays'
structure and physical properties.
Sample name Source clay Activation route

LoFe-therm LoFe Thermal activation
LoFe-mech LoFe Mechano-chemical

activation
HiFe-therm HiFe Thermal activation
HiFe-mech HiFe Mechano-chemical

activation
2. Materials and methods
2.1 Materials

Two kaolinitic clays were selected for this study – a puried
china clay (Imerys PolwhiteE) with an Fe2O3 content of 1.1 wt%
(referred to as “LoFe”), and a lithomargic clay with an Fe2O3

content of 24.4 wt% (referred to as “HiFe”). These clays were
previously used to validate the use of EELS to characterise
changes in Al coordination in Fe-rich kaolinitic clays;25 their
phase composition was determined by quantitative XRD anal-
ysis to be 73.5 wt% kaolinite, 17.9 wt% muscovite, 5.6 wt% K-
feldspar, 3.0 wt% quartz for the LoFe clay, and 62.7 wt%
kaolinite, 29.0 wt% goethite, 2.7 wt% hematite, 2.6 wt%
magnetite or maghemite, 1.6 wt% gibbsite, 1.0 wt% quartz,
0.3 wt% anatase for the HiFe clay. The relative uncertainty in the
quantitative XRD measurements can be approximated as X0.35,
where X= concentration of a given mineral in wt%., e.g. 30 wt%
±3.3, as described by Hillier.27 The chemical oxide composition
of the clays was measured by X-ray uorescence (XRF) spec-
trometry (Table 1), using a Rigaku ZSX Primus II, with the fused
bead preparation method and a loss on ignition (LOI) heating
step carried out at 900 °C for 2 hours. A conservative estimate of
uncertainties for XRFmeasurements on clays via the fused bead
method is: ±0.4 wt% for major oxides (i.e. >10 wt%); ±0.2 wt%
for minor oxides (i.e. 1–10 wt%), ±0.1 wt% for trace oxides (i.e.
<1 wt%).28
2.2 Methods

2.2.1 Activation routes. Thermal activation was carried out
by heating the clays in air in a Carbolite AAF 1100 muffle
furnace. 10 ± 0.05 g of clay powder was placed in a porcelain
crucible, with an average powder depth of 5mm (and always <10
mm). The furnace temperature was increased at 10 °C min−1

from room temperature up to 750 °C, and then held at 750 °C
for 1 hour. 750 °C was chosen based on both clays' derivative
thermogravimetric (dTG) curves to be at least 50 °C above the
end of the dehydroxylation mass loss peaks (see Section 3.1 for
more details).

Mechano-chemical activation was carried out by dry-milling
the clays in air in a Retsch PM100 planetary ball mill. 10± 0.05 g
of clay and 250 ± 0.5 g of stainless steel grinding balls (2 mm
diameter) were placed in a 500 mL stainless steel milling vessel
and spun at 500 rpm for 1 hour. These conditions, including
a ball to powder mass ratio (BPR) of 25 : 1, were shown to be
effective for mechano-chemical activation of clays by Tole et al.29

The ambient temperature of the milling vessel aer the
Table 1 Chemical oxide composition (wt%) of the two kaolinitic clays in

SiO2 Al2O3 Fe2O3 K2O TiO2 MgO CaO

LoFe 49.1 34.8 1.1 3.3 — 0.3 0.1
HiFe 29.5 25.9 24.4 0.1 3.1 0.7 0.5

24262 | J. Mater. Chem. A, 2024, 12, 24260–24277
mechano-chemical treatment was assessed to approximately
50 °C – this is comparable to the temperature measured by an
infrared thermometer under similar milling conditions.10 Aer
milling, the vessel was opened in a fume cupboard to minimise
release of plumes of ne powders into the air. The balls were
tipped onto a 1 mm sieve, and powder adhered to the balls was
removed with a brush. The remnant powder le inside the
milling vessel, and adhered to the vessel walls, was removed
using a brush and a spatula. The name of the samples produced
via these two routes are shown in Table 2.

2.2.2 Physico-chemical properties of activated clays. X-ray
diffraction (XRD) patterns of the as-received and activated
clays were collected using a Panalytical Empyrean diffractom-
eter (45 kV, 40 mA, Cu Ka radiation source l = 1.5406 Å), using
a range of 4–70° 2q, and a step size of 0.0131° 2q. X'Pert High-
score Plus V5.1 was used for phase identication using the PDF-
4+ 2022 ICDD database. Abbreviations for indexing minerals
have followed International Mineralogical Association
recommendations.30

Thermogravimetric (TG) curves of the as-received and acti-
vated clays were obtained using a Netzsch STA 449 F5 simulta-
neous thermal analyser with Netzsch QMS 403D mass
spectrometry unit. The heating programme started with a 30 °C
isotherm for 10 minutes, followed by a 10 °C min−1 ramp to
1000 °C. 20 mg of sample was loaded in alumina crucibles, with
an N2 ow rate of 60 mL min−1. Mass spectrometry channels of
mass/charge ratio of 17, 18 and 44 were used to detect the
release of OH−, H2O and CO2 respectively. A beat correction
was applied to adjust for buoyancy effects. Due to initial uc-
tuations in the measured signal at the start of the ramp, TG
curves were normalised to the mass measured at 40 °C in the
heating cycle. To generate derivative (dTG) curves, the raw TG
data were pre-smoothed in OriginPro soware using a Loess
procedure with a window of 0.1.

The activation energy of kaolinite dehydroxylation for the as-
received clays was calculated using the Kissinger method.31

Differential thermogravimetric (dTG) curves were collected for
heating rates of 1, 2, 5, 10 and 20 °C min−1 (see ESI Fig. S1†),
and the temperatures corresponding to the dehydroxylation
vestigated in this study

P2O5 Na2O MnO Cr2O3 Others (<0.1 wt%) LOI

0.1 0.2 — — 0.2 10.9
0.2 — 0.2 0.1 0.3 14.9

This journal is © The Royal Society of Chemistry 2024
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peak, Tp were used to construct a linear plot according to eqn (1)
(see ESI Fig. S2†). The activation energy of dehydroxylation for
each as-received clay was then calculated from the gradient of
the linear best-t line.

Eqn (1): the Kissinger equation. q = heating rate (K min−1);
Tp = peak temperature of dehydroxylation; EA = activation
energy (kJ mol−1); R = gas constant (8.314 J K−1 mol−1). From
a scatter plot, the gradient of the linear best t line corresponds
to −EA/R, from which EA can be calculated.

ln

"
q

T2
p

#
¼ constant�

�
EA

R

�
1

Tp

(1)

Fourier transform infrared (FTIR) spectra of the as-received
and activated clays were collected using a PerkinElmer Spec-
trum 2 instrument with an attenuated total reectance (ATR)
attachment. A resolution of 4 cm−1 was used, and 16 scans were
collected per sample. Due to the coarser size distribution of the
HiFe clay, all HiFe clay-based samples were treated by wet-
grinding in isopropanol and sieving to <63 mm. No additional
treatment was done for the LoFe clay-based samples, due to
their smaller size distribution. Absorption bands were indexed
according to Madejova and Komadel.32

Particle size distribution curves were collected using a Mal-
vern Mastersizer 3000 laser diffraction particle size analyser. A
dispersal medium of deionized water was used, with a micro
spatula dose of sodium hexametaphosphate added as a disper-
sant. In situ ultrasonication was carried out using the in-line
sonication probe at a power input of 20 W, for 5 minutes
before measurement. Optical parameters of refractive index =

1.555 and absorption = 0.1 were used. Cumulative volume
curves were generated from an average of 10 consecutive
measurements of 4 seconds duration each. From a previous
study measuring the particle size distribution of clays with the
samemeasurement conditions, the uncertainties in d10, d50 and
d90 values across three replicate measurements (using different
sub-samples of clay) were in the range of 1–15%.33

N2 sorption isotherms were collected using a Micromeritics
Tristar. To minimise the contribution of microporosity to
surface area measurements, samples of 0.5 g mass were
degassed in a Micromeritics Flowprep 060 unit for 24 hours at
135 °C under N2 ow.34 External surface areas and micropo-
rosity were calculated using the t-plot method,35 applying the
Harkins and Jura thickness equation. For some clays it is known
that microporosity (typically at clay platelet edges) can lead to
articially large surface area measurements when the BET
method is used;36 therefore, the external surface area was
calculated using the t-plot method, and the contribution of
microporosity to surface area was also reported. Uncertainty in
the mass measurement of each powder sample was estimated at
±50 mg (given charging effects when handling powder-
containing glass tubes), leading to an estimated uncertainty
in external surface area of approximately ±1%.

Secondary electron (SE) images of clay powders were taken
using a Zeiss EVO 15 scanning electron microscope (SEM).
Powders were tapped onto a carbon tape and sputter-coated
This journal is © The Royal Society of Chemistry 2024
with ne-grained iridium. An electron accelerating voltage of
20 kV was used.

27Al MAS NMR spectra were collected using a Bruker Avance
III HD (500 MHz, magnetic eld 11.7 T), at an operating
frequency of 130.32 MHz. ZrO2 rotors of 4 mm diameter were
used, with a spinning speed of nR = 12.5 kHz, an excitation
pulse duration of 1.7 ms, and a relaxation delay of 10 s, with 1024
scans collected for each sample spectrum.

29Si MAS NMR spectra were collected using a Bruker Avance
III HD spectrometer with a 400 MHz wide bore magnet
(magnetic eld 9.4 T); an operating frequency of 74.49 MHz was
used, with samples spun in an alumina rotor at 6 kHz in a 7 mm
solid-state NMR probe. An excitation pulse duration of 5.5 ms
and a relaxation delay of 30 s were used, with 2048 scans
collected for each sample spectrum. Chemical shis were
referenced to an external sample of tetramethylsilane at 0 ppm.
Topspin 3.6.4 (Bruker) was used for initial phase adjustment
and line broadening for both 27Al and 29Si MAS NMR spectra.
Spectra were presented aer constant sum normalisation.37

Scanning transmission electron microscopy (STEM) was
used alongside energy dispersive spectroscopy (EDX) to identify
individual mineral particles on the basis of size, morphology
and elemental composition. Electron energy loss spectroscopy
(EELS) at the Al K-edge was used to measure the coordination
states of Al for particles of interest. A Thermosher Titan3

Themis G2 STEM was used with a monochromator, a Thermo-
sher Super-X EDX detector, a Gatan OneView camera, and
a Dual EELS Gatan Quantum 965 ER energy lter. Samples were
prepared by dispersing in ethanol, sonicating and then drop-
casting onto holey carbon lm (EM resolutions). STEM oper-
ating conditions were selected in order to minimise the likeli-
hood of damaging the beam sensitive samples, following the
methods outlined in Freeman et al.38 In TEM mode, an accel-
erating voltage of 300 kV and a probe current of 200 pA were
used, whilst limiting magnication to <185 kX maximum.

For STEM-EELS measurements, a monochromator energy
spread of ca. 0.4 eV was used to achieve satisfactory energy
resolution at the Al K-edge. Spectra were acquired by continu-
ously scanning the 350 pA focussed probe over mineral plates
imaged at <180 kX with an EELS collection semi-angle of 29
mrad and a convergence semi-angle of 10 mrad (as per Freeman
et al.38). Any orientation dependence at the Al K-edge was
minimised by acquiring spectra at a large collection angle (i.e.,
>10 times the characteristic scattering angle for inelastic scat-
tering at 1560 eV energy loss) from kaolinite/meta-kaolinite
plates lying at on the carbon support lm. These plates tend
to lie with the c-axis normal to the lm such that measurement
is of plates lying in similar orientations. The dwell time of the
electron probe was limited to ∼1 ms, to ensure minimal damage
per dwell point. Spectra were collected for 30 s continuous
scanning and then background subtracted (power law) in
‘Gatan Microscopy Suite’ soware (v 3.0.1). In order to reduce
spectral noise, a 40 point moving average was applied to all
spectra before displaying the nal results and the ‘typical’
spectrum of at least three representative spectra presented.

STEM-EDX mapping was carried out using the FEI Super-X
detector and Velox soware, under the same probe and
J. Mater. Chem. A, 2024, 12, 24260–24277 | 24263
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acquisition conditions as for STEM-EELS. EDX spectra were
used to conrm that the composition of analysed areas was
consistent with that expected for kaolinite/meta-kaolinite,
rather than any of the associated minerals also present in the
clays.

Mössbauer spectra of the HiFe clay before and aer activa-
tion were collected at both room temperature (293 K) and at low
temperatures (4 K) to differentiate and quantify Fe bound in
crystalline and amorphous phases.39 Spectra were collected on
a MS4 Mössbauer spectrometer (SEE Co., Edina, MN, USA)
equipped with a closed cycle cryostat (SHI-850, Janis Research
Co., Wilmington, MA, USA). The spectrometer was operated in
transmission mode with a constant acceleration of the 57Co
source (Ritverc GmbH, Russia) and calibrated against a 7 mm a-
Fe(0) foil. Spectral tting was carried out with the soware
Recoil,40 using its Voigt-based peak tting routine.41

2.2.3 Reactivity of activated clays. Chemical reactivity of the
as-received and activated clays was measured via the isothermal
calorimetry method of ASTM 1897-20,42 using a TAM air calo-
rimeter. This method, referred to as the ‘R3 test’, measures the
cumulative heat evolution when a material is mixed with
a simulated Portland cement paste, consisting of Ca(OH)2 and
CaCO3 in a mixed potassium hydroxide and potassium sulphate
solution. Cumulative heat thresholds provided by Londono-
Zuluaga et al.43 were used for classifying reactivity of the acti-
vated clays.

3. Results and discussion
3.1 Macroscopic composition

The XRD pattern of as-received LoFe clay (Fig. 1A) contained
sharp diffraction peaks corresponding to kaolinite (Al2Si2O5(-
OH)4) (powder diffraction le (PDF) # 01-079-1570); lower
intensity peaks were observed for muscovite (KAl2(AlSi3O10)(-
OH)2) (PDF # 01-084-1304), quartz (SiO2) (PDF# 00-046-1045)
and K-feldspar (K(AlSi3O8)) (PDF# 00-019-0932). The XRD
Fig. 1 XRD patterns for (A) LoFe as-received and activated clays, and (B) H
= goethite; Hem= hematite; Kfs= K-feldspar; Kln= kaolinite; Mag=mag
(relative to the most intense peak in each pattern), for ease of readabilit

24264 | J. Mater. Chem. A, 2024, 12, 24260–24277
pattern of as-received HiFe clay (Fig. 1B) contained kaolinite
reections (PDF # 01-079-1570) with a broader prole, sugges-
tive of a smaller crystallite size, and/or a more disordered
structure compared to the as-received LoFe clay.25 Other peaks
were attributed to associated minerals goethite (FeO(OH))
(PDF# 01-073-63522), quartz (SiO2) (PDF# 00-046-1045), gibbsite
(Al(OH3)) (PDF# 01-070-2038), anatase (TiO2) (PDF# 00-021-
1271), and either magnetite (Fe3O4) (PDF# 00-019-0629) or
maghemite ((Fe3+0.67,0.33)Fe

3+
2O4, where , denotes vacancy

sites) (PDF# 00-039-1346), which are difficult to distinguish
when present in minor quantities.44

Thermogravimetric measurements (ESI†) showed that the
kaolinite in the HiFe clay had a lower dehydroxylation activation
energy, and a lower kaolinite peak dehydroxylation tempera-
ture, compared to the kaolinite in the LoFe clay (Table S1†) –
both these differences also indicate a lower degree of structural
order in the parent kaolinite.45,46 A greater extent of octahedral
Fe3+ substitution in the HiFe clay kaolinite is expected from the
laterization process,22 which in turn increases the extent of
structural disorder.47,48

In terms of producing a reactive supplementary cementi-
tious material, transformation of kaolinite to meta-kaolinite is
the most signicant mineralogical change in either activation
process. Aer thermal activation, in the LoFe-therm XRD
pattern (Fig. 1A) kaolinite peaks were not detectable, indicating
that complete (or near-complete) dehydroxylation took place.
This induced long-range structural disorder and transformed
kaolinite to meta-kaolinite as shown by a diffuse intensity-
hump in the range of 20–30° 2q. In the HiFe-therm XRD
pattern (Fig. 1B), most kaolinite diffraction peaks were no
longer present; however, a small, broad intensity-hump at 20°
2q could correspond to remnant kaolinite. Aer mechano-
chemical activation, both LoFe-mech XRD pattern (Fig. 1A)
and HiFe-mech XRD pattern (Fig. 1B) showed no detectable
kaolinite reections, indicating signicant long-range struc-
tural disorder.
iFe as-received and activated clays. Ant= anatase; Gbs= gibbsite; Gth
netite; Ms=muscovite; Qz= quartz. Plotted with normalised intensity

y.

This journal is © The Royal Society of Chemistry 2024
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Comparing the effects of the two treatments on other
minerals present in the clays is important for understanding
other potential sources of pozzolanic reactivity. The most
signicant associated minerals by mass fraction are muscovite
in the LoFe clay, and goethite in the HiFe clay. Descriptions for
minor associated minerals are given in the ESI Section S2.†
Muscovite diffraction peaks were still clearly visible within the
LoFe-therm pattern, indicating that muscovite had not under-
gone signicant structural transformation during thermal
activation. Muscovite is a 2 : 1 phyllosilicate that does undergo
Al coordination changes during dehydroxylation, but unlike
kaolinite it does not lose its long range order.49 However, aer
mechano-chemical treatment, no muscovite reections were
detectable in the XRD pattern, suggesting destruction of long-
range order. Increased structural disordering of muscovite
through high-energy milling has previously been reported.10,11

Aer thermal activation, goethite diffraction peaks in the
HiFe clay were replaced by hematite peaks (Fe2O3) (PDF# 00-
033-0664), resulting from the thermal decomposition reaction
2FeO(OH) / Fe2O3 + H2O. This indicates the goethite to
hematite transformation went to completion (or near comple-
tion). An intermediate phase, ‘protohematite’, that forms
immediately aer the thermal decomposition of goethite,50 was
not observed here as the calcination temperature of 750 °C is far
higher than the dehydration temperature range of goethite
(Fig. 2). Aer mechano-chemical treatment, broad peaks
attributed to the (110) and (111) reections of goethite, and
(104) and (110) reections of hematite, were observed together
Fig. 2 For LoFe as-received and activated clays, curves for (A) TG, (B) dTG
for (D) TG, (E) dTG and (F) evolved H2O.

This journal is © The Royal Society of Chemistry 2024
in the HiFe-mech XRD pattern, indicating only a partial dehy-
dration of goethite to hematite. Previous studies have achieved
complete transformation of goethite to hematite in a planetary
ball mill, albeit at far longer milling times (e.g. 70 hours21) than
the 1 hour duration used in this study.

The dehydroxylation of kaolinite during activation, as well as
transformations of other minerals, was conrmed with ther-
mogravimetric analysis. The as-received LoFe clay experienced
a main mass loss between 450 and 700 °C (Fig. 2A). This is
highlighted by the dTG peak at 536 °C that can be attributed to
the dehydroxylation of the majority kaolinite phase, with
a small shoulder at 650 °C in the dTG curve that can be
attributed to dehydroxylation of the ∼18 wt% muscovite
(Fig. 2B).51 The dTG peaks align with peaks in the H2O signal
from mass spectrometry of the evolved gas (Fig. 2C). The as-
received HiFe clay experienced two main loss events: the rst
between 200 and 350 °C (with a dTG peak at 289 °C), attributed
primarily to the thermal decomposition of goethite with a small
contribution also from gibbsite (Fig. 2D and E). The second
mass loss event between 350 and 600 °C (with a dTG peak at 500
°C) was attributed to the dehydroxylation of the majority
kaolinite phase.

In the LoFe-therm (Fig. 2A) and HiFe-therm (Fig. 2D) TG
curves there was negligible mass loss above 100 °C, indicating
that the thermal treatment had successfully removed all surface
water and dehydroxylated the kaolinite in both clays; and, had
also dehydroxylated muscovite in the LoFe-therm clay and
dehydrated goethite in the HiFe-therm clay. In the LoFe-mech
and (C) evolved H2O. For HiFe as-received and activated clays, curves

J. Mater. Chem. A, 2024, 12, 24260–24277 | 24265
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and HiFe-mech curves, a loss event occurred in the range of 40–
750 °C (Fig. 2B and E), corresponding to H2O evolution from
surface-adsorbed water presumably generated from the
mechano-chemically induced dehydroxylation (Fig. 2C and F).6

A small shoulder in the dTG curve of the HiFe-mech clay at 327 °
C was attributed to the dehydroxylation of some retained
goethite (Fig. 2E and F). The temperature of the goethite
dehydroxylation dTG peak increased aer mechano-chemical
activation (from 289 °C to 327 °C) (Fig. 2E), rather than
decreased as might be expected from previous studies on
intensive milling of Al oxyhydroxides.52,53 The increase in
goethite dehydroxylation temperature peak may be explained by
substantial incorporation of Al substitutions in goethite,54

resulting from the mechano-chemical treatment; this would be
consistent with the observation of a near-homogenous distri-
bution of Fe and Al in HiFe-mech particles (shown later in Fig. 6
by STEM-EDX elemental mapping).

An independent conrmation of mineral dehydroxylation
leading to sorbed water upon mechano-chemical activation can
be obtained from FTIR spectra. For the LoFe clay spectrum, the
four characteristic OH stretching bands of kaolinite were visible
between 3600 and 3700 cm−1 (Fig. 3A). For both the LoFe-therm
and LoFe-mech clay spectra, the intensities of all OH stretching
bands in the 3600–3700 cm−1 region were reduced, along with
those of the Al–O–H bending bands (937 and 911 cm−1). The
LoFe-mech clay spectrum however exhibited a substantial
background hump in the region of 3000–3700 cm−1, attributed
to the OH stretching bands of surface-adsorbed water, and
corresponding to the surface-adsorbed water released over the
temperature range of 40–750 °C in the TG and dTG curves
(Fig. 2). This retention of water is seen even more clearly in the
HiFe-mech clay spectrum (Fig. 3C). A brief discussion on the
changes relating to the aluminosilicate framework bands
(Fig. 3B and D) is given in the ESI Section S3.†

The mechanism of dehydroxylation in mechano-chemical
activation shares some similarities with thermal processing
Fig. 3 For LoFe as-received and activated clays, FTIR spectra for (A) 3
activated clays, FTIR spectra for (C) 3800–3000 cm−1 and (D) 1200–600

24266 | J. Mater. Chem. A, 2024, 12, 24260–24277
(i.e. calcination). Miller and Oulton17 proposed that prototropy,
i.e. the migration of protons between hydroxyl groups, occurs in
kaolinite during milling; a phenomenon since described in
more detail.6,8,55 Calcination removes the hydroxyl groups from
the system entirely (aer formation of water molecules),
whereas in milling, the hydroxyl groups are ‘relocated’ within
the clay mineral as water either coordinated with or surface-
adsorbed to the octahedral sheets.6 This retention of water
has implications for applications in cementitious systems, as
described later in Section 3.4.
3.2 Particle size and morphology

The particle size and morphology of activated clays are inu-
ential in determining the rate of reaction and the rheology of
blended cement pastes containing activated clays. Thermal
treatment caused a slight particle coarsening for both clays, as
shown by their cumulative size distribution curves (Fig. 4A and
B), and their d50 values (increasing from 8 to 9 mm, and 18 to 37
mm, for the LoFe and HiFe series respectively) (Table 3). The
mechano-chemical treatment caused the particle size distribu-
tion of both clays to become signicantly ner (d50 decreasing
to <3 mm) (Fig. 4A and B). Reductions in d10 were proportionally
much larger than those for the d50 and d90, indicating that
milling is not a homogenous size reduction process and that the
signicant numbers of iron hydroxide/oxide nanoparticles in
the HiFe clay likely intensied the size reduction of the meta-
kaolinite particles in the HiFe-mech clay (further discussion is
provided in Section S4 of the ESI†). The HiFe clay had a broader
starting distribution of particle sizes than the LoFe clay; aer
the mechano-chemical treatment, HiFe-mech had a much
higher proportion of extremely ne particles (71 vol% <1 mm)
than LoFe-mech (18 vol% <1 mm).

The external surface area of the as-received HiFe clay (58.7
m2 g−1) was approximately ten times higher than that of the as-
received LoFe clay (6.0 m2 g−1) (Fig. 4C and D). Thermal
800–3000 cm−1 and (B) 1200–600 cm−1. For HiFe as-received and
cm−1.t denotes a stretching vibration; ‖ denotes a bending vibration.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Cumulative particle size distribution curves of the as-received and activated clays for (A) LoFe, and (B) HiFe. Column chart of external
surface area and microporosity of the as-received and activated (C) LoFe and (D) HiFe clays. Note the difference in order of magnitude between
the y-axis scales.

Table 3 d10, d50 and d90 values for the as-received and activated clays,
as determined by laser diffraction

Clay type Treatment d10 (mm) d50 (mm) d90 (mm)

LoFe None 3 8 18
Thermal 4 9 21
Mechano-chemical 0.7 3 10

HiFe None 1 18 63
Thermal 5 37 111
Mechano-chemical 0.02 0.1 7
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treatment resulted in a small decrease in external surface area
for both the LoFe-therm (5.4 m2 g−1) and HiFe-therm (50.2 m2

g−1) clays, consistent with the slight degree of coarsening
observed in the particle size distribution curves (Fig. 4A and B).
Coarsening may be expected due to some thermal aggregation
between clay particles during heating at 750 °C. Full N2

isotherms are given in ESI Fig. S3.†
Despite the large differences in external surface area for the

as-received clays, the mechano-chemical treatment resulted in
similar external surface area values for both the LoFe-mech (7.4
m2 g−1) and HiFe-mech (10.6 m2 g−1) clays. A broadly similar
phenomenon was reported aer mechano-chemical activation
This journal is © The Royal Society of Chemistry 2024
by Klevtsov:56 a clay with a low surface area (11 m2 g−1) did not
change signicantly (9 m2 g−1), whereas a clay with a high
surface area (60m2 g−1) underwent a signicant decrease (13m2

g−1). The mechano-chemical treatment resulted in a ner
particle distribution and a reduced external surface area. These
observations can be explained by the change in particle
morphology caused by mechano-chemical treatment. Fine
particle agglomerates are seen in the mechano-chemically
activated clays compared to both the as-received and
thermally-activated clays, as shown in SEM images (Fig. 5A). The
structure of individual clay platelets in the mechano-chemically
activated clays were signicantly disrupted compared to both
the as-received and thermally-activated clays, particularly so for
the HiFe-mech clay, as shown in STEM images (Fig. 5B).
Cumulative porosity volume curves (calculated from the N2

desorption curves), shown in ESI Fig. S4,† indicate that HiFe-
mech had a substantially lower volume of mesoporosity
compared to HiFe and HiFe-therm. Lower mesoporosity volume
is potentially indicative of densied aggregates, also indicated
by the TEM images (Fig. 5). The changes in particle size aer
activation treatments observed in the SEM and TEM images
(Fig. 5) were consistent with the changes observed in the size
distribution curves obtained via laser diffraction (Fig. 4 and
Table 3).
J. Mater. Chem. A, 2024, 12, 24260–24277 | 24267
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Fig. 5 (A) SEM and (B) STEM high angle annular dark field (HAADF) images showing the size and morphology of clay particles as a function of the
activation treatment adopted and type of clay.
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STEM-EDX maps of the as-received HiFe clay (Fig. 6) showed
platelets rich in Al and Si (assigned to kaolinite) and extremely
ne particles (<10 nm) rich in Fe, which were assumed to be
goethite based on the prior XRD analysis (Fig. 1B). A weak signal
of Fe was measured in the kaolinite particles, and a weak signal
of Al was measured in the goethite particles. In the laterization
process it is known that a small extent of Fe substitution for
octahedral Al occurs in kaolinite, and Al substitution for Fe
occurs in goethite.22 STEM-EDX maps of the HiFe-therm clay
(Fig. 6) showed again platelets rich in Al and Si, and extremely
ne particles rich in Fe, which were assumed to be meta-
kaolinite and hematite based on the prior XRD analysis
(Fig. 1B). In the STEM-EDX maps of the HiFe-mech clay (Fig. 6),
a particle of ∼1 mm diameter was composed of a large number
of much smaller constituent grains (∼100 nm diameter)
apparently containing Al, Si and Fe. However, goethite and
hematite diffraction peaks were observed in the HiFe-mech XRD
pattern (Fig. 1B) and their broad prole suggests grains with
nanoscale crystal sizes and likely also highly strained. The
resultant material therefore appears to be an extremely ne
intermixture of meta-kaolinite, goethite and hematite grains.
3.3 Coordination environments

The Al and Si local environments of activated clays inuence
their dissolution behaviour, and hence their reactivity in
24268 | J. Mater. Chem. A, 2024, 12, 24260–24277
cementitious systems. In the LoFe clay 27Al MAS NMR spectrum
(Fig. 7A), the main AlVI resonance (dobs = 0.5 ppm) was attrib-
uted to octahedral Al in kaolinite and muscovite. A minor AlIV

resonance was attributed to tetrahedral Al in muscovite (dobs =
69.0 ppm),57 and another minor AlIV resonance to K-feldspar
(dobs = 55.5 ppm)58 with the additional potential for some
contribution from tetrahedral Al substitutions in kaolinite.59

Dehydroxylation occurs via the reaction of two neighbouring –

OH sites to release an H2O molecule, leaving behind an –O
group on one site and the other site unoccupied. Convention-
ally, this process is expected to cause a reduction in coordina-
tion of Al sites (which occupy two thirds of available octahedral
sites in kaolinite) from AlVI in kaolinite, to a mixture of AlVI, AlV

and AlIV in meta-kaolinite;60 however, the precise sequence of
structural changes during the dehydroxylation process is still
contested.61 Aer the thermal and mechano-chemical treat-
ments (Fig. 7A), the spectra exhibited AlIV and mid-range reso-
nances of comparable intensity to the broadened AlVI

resonance. As described byMarsh et al.,25 ‘mid-range resonance’
acknowledges the ongoing debate around whether this central
resonance in meta-kaolinite truly arises from AlV, or is in fact
AlIV having undergone a substantial deviation in chemical shi
due to disorder effects.62–64 Quadrupolar broadening was
observed in the LoFe-therm spectrum and attributed to dis-
torted coordination spheres,65 as indicated by the loss of
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02545h


Fig. 6 STEM (HAADF) and Al, Si and Fe X-ray maps for the HiFe as-received and activated clays.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 8

:5
1:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
structural order in kaolinite observed from XRD patterns
(Fig. 1A).

In the 29Si MAS NMR spectrum (Fig. 7B) of the LoFe clay, the
main resonance (dobs = −91.1 ppm) was attributed to Q3(0Al) in
kaolinite, the high-eld shoulder (dobs = −85.5 ppm) to Q3(1Al)
in kaolinite and muscovite, and the weak Q4 resonance (dobs =
Fig. 7 A) 27Al MAS NMR spectra, and (B) 29Si MAS NMR spectra of the as-r
are: Kln= kaolinite, Kfs= K-feldspar, MK=meta-kaolinite, Ms=muscovit

This journal is © The Royal Society of Chemistry 2024
−107.1 ppm) to quartz. Aer both activation routes, a broad
Q3(0Al) (possibly with a Q4 component) resonance centred at
dobs = −100 ppm for LoFe-therm, and at dobs = −97 ppm for Lo-
Fe-mech, was attributed to Si tetrahedral sites in meta-kaolinite
with a range of bond lengths and angles.62 The weak quartz
resonance was still present in the same position, on the
eceived LoFe, LoFe-therm and LoFe-mech clays. Mineral abbreviations
e, Qtz= quartz. * symbols indicate the location of spinning side-bands.

J. Mater. Chem. A, 2024, 12, 24260–24277 | 24269
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shoulder of the broad Q3(0Al) resonance. The changes observed
are consistent with numerous previous reports on the kaolinite
to meta-kaolinite transformation, through both thermal and
mechano-chemical activation routes (as described by Klo-
progge18 and references therein). MAS NMR measurements on
the as-received or activated HiFe clays were not feasible due to
the high Fe content of the HiFe clay (24.4 wt% Fe2O3), because
the paramagnetic/ferrimagnetic properties of Fe and its oxides
cause signicant degradation of spectral quality when present
in high concentrations.24

There are two main differences between the spectra for the
two activation routes. Firstly, the LoFe-mech spectrum exhibi-
ted a more prominent and better-resolved AlVI resonance than
the LoFe-therm spectrum (Fig. 7A) – this could indicate
a marginally more ordered AlVI environment in the octahedral
sheet of LoFe-mech compared to LoFe-therm. Secondly, the
broad Q3(0Al) meta-kaolinite resonance was shied further
downeld for LoFe-therm compared to LoFe-mech (Fig. 7B).
The same two differences between mechano-chemically and
thermally activated kaolinitic clays' 27Al and 29Si MAS NMR
spectra were reported by Mañosa et al.9 Lower Q3(0Al) chemical
shis have been associated with increased disorder induced
over longer grinding durations.66 The positions of the Q3(0Al)
resonances suggest that the meta-kaolinite tetrahedral sheet in
LoFe-therm is more highly disordered than that in LoFe-mech.
These two differences over the 27Al and 29Si MAS NMR spectra
suggest that the local bonding environment in meta-kaolinite
deviated further from the original kaolinite for the LoFe-
therm clay compared to the LoFe-mech clay. This minor
apparent structural difference contrasts with the more
profound effects mechano-chemical treatment had on the
micro- and nano-scale structure of particle sizes and morphol-
ogies, as seen in the previous section.

To conrm the changes in Al bonding environment, EEL
spectroscopy at the Al K-edge was used and can, in contrast to
solid state NMR spectroscopy, also be applied to samples with
high Fe content. In agreement with 27Al MAS NMR results, EEL
spectra for the LoFe-therm and LoFe-mech clays had similar
proles. The position of the main peak (∼1572 eV) is associated
Fig. 8 Al K-edge EEL spectra for the as-received and treated (A) LoFe c

24270 | J. Mater. Chem. A, 2024, 12, 24260–24277
with 4- and/or 5-fold coordination, compared to the main peak
position of the as-received LoFe clay (∼1576 eV) that is associ-
ated with 6-fold coordination25 (Fig. 8A). Similarly, the Al K-edge
proles of the HiFe-therm and HiFe-mech spectra exhibited
a higher intensity of the peak associated with 4- and/or 5-fold
coordination compared to the peak associated with 6-fold
coordination (Fig. 8B). In contrast to LoFe clay, the as-received
HiFe clay spectrum already exhibited the same two peaks;
and, in contrast to the activated HiFe clays, both peaks had
similar intensity. These observations are consistent with the
27Al MAS NMR spectra (Fig. 7), showing that whilst there are
small differences in the local Al bonding environments between
the thermally and mechano-chemically activated clays, they
both possess a range of Al coordination states in a highly
disordered local bonding environment.

Measuring the coordination and binding environment of Fe
in the HiFe as-received and treated clays provides more insight
to the transformation from goethite to hematite during the two
activation routes, and the composition of the highly disordered
nal phases produced upon mechano-chemical activation.
Hyperne spectral parameters are provided in Table S4 of the
ESI.† For the as-received HiFe clay, the room temperature (RT)
Mössbauer spectrum indicates all of the Fe is present as Fe3+,
given the presence of a large central doublet feature and an
additional small sextet (Fig. 9A). Consistent with the HiFe clay's
XRD pattern (Fig. 1B) and TG curve (Fig. 2D), magnetic ordering
of the majority of Fe3+ in the low-temperature (LHT) spectrum
and the associated hyperne parameters of the sextet suggest
the presence of nano-sized goethite.67 Up to 5% Fe may be
present within kaolinite, given the persistence of an Fe doublet
at LHT (CS: 0.45 mm s−1, QS: 0.61 mm s−1) – this would be
consistent with known geochemical processes in lateritic hori-
zons, which result in Fe3+ substitutions for Al3+ sites in the
kaolinite octahedral sheet.22

The dominant sextet with typical hyperne parameters for
hematite (CS: 0.37 mm s−1, QS: −0.11 mm s−1, H: 49.1 T) in
HiFe-therm RTMössbauer spectrum (Fig. 9B) conrms the XRD
results (Fig. 1B) that thermal treatment converted the goethite
into hematite. The suggested Fe3+ octahedral substitutions
lays, (B) HiFe clays.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Mössbauer spectra of HiFe clay as-received (A), after thermal treatment (B) and after mechanical treatment (C). Spectra were collected at
room temperature (RT: 293 K) and at low temperature (LHT: 4 K). Hyperfine parameters of the Fe components used in the fit are listed in Table S5
in the ESI.†
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within the starting kaolinite were still present in the meta-
kaolinite, as indicated by a minor doublet component (3%
spectral area) remaining at LHT. However, the quadrupole split
(QS) value of 1.07 mm s−1 was large relative to the typical
octahedral coordination in sheet silicates (QS: 0.4–0.9 mm
s−1)68 and suggests an altered and disordered Fe binding
environment.

Aer mechano-chemical treatment, the RT spectrum was
very similar to that of the as-received sample and showed
broadening of the hematite sextet and an additional collapsed
component (orange area in Fig. 9C), both indicative of alter-
ations and increased disorder. Similar to the HiFe-therm clay
spectrum, the Fe3+ octahedral substitutions in the starting
kaolinite were still present in the meta-kaolinite, albeit in
a more disordered binding environment suggested by the
higher QS value (1.09 mm s−1) of the Fe3+ doublet. A proportion
(∼8%) of the nano-goethite was turned into a largely disordered
phase with some potential similarities to short-range-order Fe
phases in tropical soils,39 given the presence of a collapsed
sextet at LHT (orange area in Fig. 9C). The STEM-EDX map of
the HiFe-mech particles showed extensive intermixing of Al, Si
and Fe (Fig. 6); whilst the Mössbauer spectrum indicates the
presence of Fe3+ in highly disordered local environments, this
could correspond to an intermixture of extremely ne goethite
and meta-kaolinite, or possibly indicate the formation of
a distinct highly disordered and highly substituted phase.
3.4 Reactivity in simulated cementitious systems

Mechano-chemical activation enhanced early age (<12 hours
aer mixing) heat release and therefore reactivity in the simu-
lated cementitious systems in comparison to thermal activation
(Fig. 10A and C). This acceleration at <12 hours is consistent
with previous investigations of hydration kinetics using
mechano-chemically and thermally activated kaolinitic clays in
This journal is © The Royal Society of Chemistry 2024
blended cements.26 It represents an actual increased pozzolanic
reaction at early ages for the mechano-chemically activated
clays, given that the R3 test measures chemical reactivity and
excludes potential ller effects from additions.69

The early age reactivity benets of the mechano-chemical
activation route were not sustained at later times. Cumulative
heat release for the thermally-activated clay exceeded that of the
mechano-chemically activated clay aer 40 hours for the LoFe
clays (Fig. 10B) and aer 18.5 hours for the HiFe clays (Fig. 10D).
A similar trend was seen in strength data, with slightly higher 28
day compressive strengths in blended cement mortars for
thermal activation compared to mechano-chemical activa-
tion.10,26 All the activated clays were classied as “moderately
reactive” based on their 7 day cumulative heat values, using the
RILEM TC-TRM scheme43 (see ESI Fig. S5† for values).
Comparing the as-received clays, heat release by 72 hours was
higher for the HiFe clay than the LoFe clay, resulting from
a higher extent of dissolution of kaolinite – this indicates the
kaolinite in the HiFe clay has higher structural disorder and/or
ner particle size70 (compared to the as-received LoFe clay),
consistent with the characterisation in previous sections.

To obtain a better understanding of how activation treat-
ment affects reaction kinetics and cumulative heat evolution,
the cumulative heat curves were normalised by the mass of
anhydrous meta-kaolinite in each activated clay. Anhydrous
meta-kaolinite is dened here as the alumino-silicate oxide
framework structure, excluding structural hydroxyls and surface
adsorbed water. In thermal activation, structural hydroxyls (as
well as surface adsorbed water) are removed from the system
during the heating process. In mechano-chemical activation,
structural hydroxyls undergo dehydroxylation but the evolved
water molecules are then adsorbed onto surface sites with
a range of binding energies. As a result, a minor mass propor-
tion of the mechano-chemically activated clay is surface
J. Mater. Chem. A, 2024, 12, 24260–24277 | 24271
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Fig. 10 (A) Heat flow curves and (B) cumulative heat curves for as-received and activated LoFe clays; (C) heat flow curves and (D) cumulative heat
curves for as-received and activated HiFe clays. For (A) and (C), representative SEM images and external surface area values are shown next to the
activated clays' heat flow curves.
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adsorbed moisture, whereas negligible quantities of surface
adsorbed moisture are present in thermally activated clays
(Fig. 2); the same phenomenon has previously been shown for
thermally and mechano-chemically activated montmorillonitic
clays.33 The mass proportion of anhydrous meta-kaolinite in the
activated clays was estimated using TG data (description and
values provided in Tables S2 and S3 in the ESI†).

The cumulative heat per unit mass of anhydrous meta-
kaolinite for the two activation routes converge to very similar
values for each clay at 72 hours and beyond (Fig. 11). On this
basis, thermal and mechano-chemical activation of kaolinite
are equally effective in cement blends at later age reactivity. It is
the presence of retained moisture in the mechano-chemically
activated clay that explains their slightly lower cumulative
heat values (relative to the thermally activated clays) when
normalised in the conventional manner per unit mass of acti-
vated clay (Fig. 10). This phenomenon explains previous
observations that later age strength of blended cement mortars
made with mechano-chemically activated kaolinitic clays were
consistently slightly lower than those made with thermally
activated kaolinitic clays;10,26 i.e. they would have similar
strengths when normalised to the mass proportion of
24272 | J. Mater. Chem. A, 2024, 12, 24260–24277
anhydrous meta-kaolinite in the activated clays. The different
geological origins of the two clays results in small differences in
structural order (Fig. 1 and Table S1†) and local bonding envi-
ronments (Fig. 7 and 8) of the kaolinites in the as-received clays.
These factors may explain why the transformed, anhydrous
meta-kaolinite in the activated LoFe clays is more reactive than
that of the activated HiFe clays (Fig. 11).

3.5 Explanation of differences in effectiveness of mechano-
chemical activation to increase early age reactivity

Reactivity of activated clays in the rst 24 hours of a setting
blended cement is industrially important, because sufficient
strength development is typically needed in this time period to
prevent delays in the construction process. The slower reactivity
of thermally activated clays compared to Portland clinker limits
how much Portland clinker can be replaced by calcined clays,
and therefore also limits achievable reductions in embodied
carbon.71 Souri et al.26 attributed the acceleration of early age
hydration in blended cements containing mechano-chemically
activated clay to the higher specic surface area of the clay
compared to a thermally activated clay. Increased specic
surface area would lead to an accelerated pozzolanic reaction
This journal is © The Royal Society of Chemistry 2024
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Fig. 11 A plot of cumulative heat curves, normalised to the estimated content of anhydrousmeta-kaolinite in each activated clay. An x-axis break
is used to show the closer convergence of the curves for each clay source by 168 hours.
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and an enhanced ller effect. Indeed, the association between
higher external surface area and accelerated early age reactivity
holds true for the LoFe-mech clay (7.4 m2 g−1) compared to the
LoFe-therm clay (5.4 m2 g−1). However, the acceleration effect
cannot be explained by increased surface area alone because the
HiFe-mech clay still had a moderate enhancement of early age
reactivity despite having a signicantly lower external surface
area (10.6 m2 g−1) than the HiFe-therm clay (50.2 m2 g−1).

Intensive milling of quartz leads to an increase in radicals
and non-bridging oxygens on quartz surfaces,13,14,72 which could
intuitively be expected to increase Si dissolution from quartz
and hence increase reactivity. However, increases in strength of
cementitious materials made using intensively milled quartz
have been attributed to enhanced formation of reaction prod-
ucts around the quartz surface, rather than a contribution of
soluble silica to binder phase formation.14,72 For this reason,
and given the low quantities of quartz in the starting clays
(<3 wt% in both LoFe and HiFe), quartz is not expected to have
a meaningful impact on chemical reactivity of the mechano-
chemically activated clays. Therefore, meta-kaolinite is still
the most important mineral phase for explaining reactivity of
these activated clays.

As kaolinite particles are fractured duringmilling, additional
edge surfaces are formed. Klevtsov et al.56 inferred that the
reduction in kaolinite crystallite size through intensive milling
would increase the ratio of edge surface area to basal surface
area of kaolinite. As dissolution occurs faster at edge surfaces of
kaolinite compared to basal surfaces,73 a higher edge : basal
surface area ratio would lead to faster dissolution per unit mass
of anhydrous meta-kaolinite. In parallel, re-agglomeration
occurs concurrently with fracture during intensive milling
(Fig. 5). Thus, whilst the primary particle size of kaolinite and/or
meta-kaolinite is decreasing during milling, the overall external
surface area is governed by the formation of agglomerates.
These parallel, opposing processes can help explain why the
This journal is © The Royal Society of Chemistry 2024
HiFe-mech clay (compared to the HiFe-therm clay) had a ner
particle size distribution yet also a lower external surface area
(Fig. 4), and still achieved enhanced early age reactivity (Fig. 11).
A greater contribution of edge surface area, and higher edge :
basal surface area ratio, is likely to be more relevant than overall
external surface area for explaining the accelerated early age
reactivity in mechano-chemically activated samples, by way of
promoting faster dissolution rates. Two additional factors may
contribute. First, heat ow is related to the dissolution of Al and
Si, which for these activated clays is provided near wholly by the
meta-kaolinite. But from the STEM-EDX maps (Fig. 6), it is clear
that extremely ne particles of goethite and/or hematite
contribute to the external surface area of the HiFe clays.
Secondly, the external surface area accessible by gaseous N2

molecules may not be equivalent to the external surface area
accessible by OH− anions in an aqueous solution.

Particle aspect ratio and availability of meta-kaolinite edge
sites also helps to explain why the relative acceleration effect of
mechano-chemical activation compared to thermal activation
was much stronger for the LoFe clay than for the HiFe clay. SEM
and STEM images (Fig. 5) showed kaolinite particles were larger
in the LoFe clay than the HiFe clay, plus the activation energies
of dehydroxylation (Table S1†) together with the EEL spectra
(Fig. 8) suggest that the kaolinite in the LoFe clay was more
ordered. Thus, the edge : basal surface area is expected to be
lower for the LoFe clay than for HiFe clay.70 This is consistent
with the clays' dehydroxylation peak shapes in the differential
thermogravimetric curves (Fig. 2). Vizcayno et al.74 state that
smaller, more disordered kaolinite particles exhibit an asym-
metric dTG prole weighted towards the low-temperature side,
based on the lower binding energies of edge-exposed hydroxyl
sites. Aer mechano-chemical activation, a larger relative
increase in edge : surface area for the LoFe-mech clay (due to
particle size reduction and disordering) would result in
a greater early age reactivity acceleration than for the HiFe-mech
J. Mater. Chem. A, 2024, 12, 24260–24277 | 24273
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Fig. 12 Schematic showing the impact of the physical properties of the clays on chemical reactivity. A larger reduction in kaolinite primary
particle size and aspect ratio for the mechano-chemically activated LoFe clay compared to the mechano-chemically HiFe clay can cause
a higher relative increase in edge:basal surface area, leading to a greater increase in early age reactivity (in comparison to the thermal activation).
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clay (which has reduced edge site exposure due to nanoscale
agglomeration with goethite and hematite) (Fig. 11).

Overall, the greater relative efficacy of mechano-chemical
activation (relative to thermal activation) of kaolinitic clays for
enhancing early age (<12 hours) reactivity in a simulated
cementitious system can largely be explained through its
capability to transform kaolinite to meta-kaolinite, whilst also
achieving greater reduction of particle size and potentially
a higher ratio of edge : basal surface area of meta-kaolinite.
However, precise effects are dependent on the different inter-
actions of:

(a) ‘Intrinsic’mineralogical characteristics, i.e. differences in
particle size and morphology, and structural order in the as-
received clays.

(b) ‘Extrinsic’ processing effects, i.e. differences in the effects
of intensive milling on particle size and morphology, and
structural order.

The enhancement in early age reactivity of a cement blended
with mechano-chemical activated clays is governed by (b) but
from a baseline set by (a), as is shown schematically in Fig. 12.
The larger and more ordered the starting kaolinite, the more
likely it is to have enhanced reactivity upon mechano-chemical
activation. In addition, the presence of, and interaction with,
Fe-bearing associated minerals may affect the size and struc-
tural order of the activated kaolinite (thereby affecting the
extent of early age reactivity enhancement) and will reduce the
long-term reactivity of the activated clay. Nonetheless for
consistency, the later age performance of blended cement
mortars made with mechano-chemically activated kaolinitic
clays should be assessed by unit mass of anhydrous meta-
kaolinite in the activated clay. While it is suggested that the
edge : basal surface area of meta-kaolinite is the critical factor
that governs early age performance of a mechano-chemically
activated clay in a simulated cementitious system. Using
24274 | J. Mater. Chem. A, 2024, 12, 24260–24277
atomic force microscopy to directly measure the dimensions of
individual meta-kaolinite particles in mechano-chemically
activated clays, and hence measure their edge : basal surface
area ratios, could provide direct conrmation or contradiction
of this proposed explanation. However, isolating individual
meta-kaolinite particles from the strong agglomerates formed
during the mechano-chemical treatment is expected to be
challenging.

4. Conclusions

The effects on early (12 h) and later (7 d) age reactivity of
intensively milled kaolinitic clays in simulated cementitious
systems can be understood in terms of parallel processes of
mechano-chemical activation (dehydroxylation of kaolinite to
meta-kaolinite and increasing structural disorder) and
mechanical activation (reduction of kaolinite or meta-kaolinite
primary particle size, and increase in ratio of edge : basal
surface area). A clay's starting characteristics, resulting from its
geological formation route, also inuence the effects of inten-
sive milling. The mass of anhydrous meta-kaolinite is the key
parameter that governs the later age reactivity and performance
of an activated clay in cementitious systems.

The added benet of mechano-chemical activation, insofar
as enhancing early age pozzolanic reactivity, was greater for
a low-Fe clay relative to an Fe-rich clay that contained kaolinite
of larger particle size and greater structural order. However,
mechano-chemically activated metakaolins of either origin may
be valuable for cementitious products that require fast strength
development with minimal clinker content (and hence minimal
embodied carbon).

A challenge common to all mechano-chemical research is
scale-up.75,76 This is particularly so for clay activation since
cementitious materials are high volume, low value. It would be
This journal is © The Royal Society of Chemistry 2024
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timely to test whether up-scaling solutions successfully
deployed for mechano-chemical processing of other materials,
particularly larger, horizontal axis ball mills77 and extruders,78

can be effective for clay activation. Once feasible solutions for
up-scaled mechano-chemical activation processes have been
tested, the key question of their embodied energy (especially in
comparison to up-scaled thermal activation processes) can then
be addressed.
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