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Mechano-chemical activation is of rapidly growing interest for
producing cementitious constituents from clays. The chemical reac-
tivity of clay minerals is enhanced during intensive grinding, due to
dehydroxylation
amorphisation. The most widely used grinding apparatus for

mechano-chemical and mechanically-induced
laboratory-scale studies is a planetary ball mill. It is still largely
unknown whether activation efficacy is critically dependent on any
individual milling parameter, or whether trade-offs are possible
between different parameters. In this study a first principles approach,
previously applied to alloy amorphisation, is adopted to estimate the
energy of an individual collision event and the total milling input
energy. Using a combination of primary data generated through
experiments and secondary data from literature, a set of nearly 100
datapoints was analysed. Rapid increases in chemical reactivity were
generally observed for <100 kJ g* of modelled milling energy input,
with a plateau beyond this value. The relationship between chemical
reactivity and modelled energy input was well fitted by an exponential
type function. For the same modelled milling energy input, a higher
gain in chemical reactivity was achieved for the 1:1 clay minerals
compared to the 2:1 clay minerals or mixtures of different clay
minerals. No strong trends were observed with individual collision
energy, with no clear evidence for the existence of a threshold colli-
sion energy. The modelled milling input energy was more effective for
predicting reactivity increase than measured energy consumption by
the mill. Within the ranges tested, increasing ball: powder ratio or
rotation speed seemed to be more energetically efficient at increasing
reactivity, compared to increasing milling duration. Results from this
study can also aid in selection of milling equipment for scaling up this
process.
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Relationships between milling input energy and
chemical reactivity for mechanochemical
activation of clays

*ab Sreejith Krishnan,?© Suraj Rahmon,® Susan A. Bernal®

1 Introduction

Mechano-chemical activation is a rapidly growing area of
technology for increasing the chemical reactivity of clays, with
the aim of producing cementitious constituents.”* The prin-
cipal mechano-chemical reaction undergone by clay minerals
during high-energy milling is localized dehydroxylation, i.e. the
rupture of the O-H bond present in Al-O-H octahedral sites.?
This leaves an Al-O site, and the migrated proton is believed to
subsequently react with other Al-O-H sites to form an H,O
molecule.* In kaolinite, this reaction leads to a progressive
change in bulk Al-O coordination from 6-fold to a range of, 4-, 5-
and 6-fold.” The effects of dehydroxylation on long-range order
has primarily been studied for thermally-induced dehydroxy-
lation, and these effects vary depending on mineralogical
structure. For 1:1 clay minerals, which have a layer structure
consisting of one octahedral alumina sheet and one tetrahedral
silica sheet,® thermally-induced dehydroxylation results in
complete amorphisation.” For 2:1 clay minerals, which have
a layer structure of one octahedral sheet sandwiched between
two tetrahedral silica sheets,® thermally-induced dehydroxy-
lation destroys long-range order in the c-axis but does not
always lead to complete amorphisation.®

During high-energy milling of clay minerals, the rupture of
O-H bonds (hereafter referred to simply as dehydroxylation)
and an increase in structural disorder are observed to occur in
parallel.*® For milled clays, it is not yet well-understood what
degree of coupling exists between dehydroxylation and
amorphisation, and how the extent of dehydroxylation and
amorphisation respectively affect dissolution rates in alkaline
solutions. At the same time, the specific surface area of clay
minerals changes non-monotonically during milling,*
following three regimes:'* the ‘Rittinger stage’ of only fracture,
the aggregation stage, and the agglomeration stage. It is ex-
pected that higher specific surface area of minerals leads to
faster dissolution in alkaline solutions, with some dependency
on surface morphology”> and inherent structural order.™
Nonetheless, whilst fineness can significantly affect the extent
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of dissolution at early ages of reactivity testing (i.e. 1 day),"* the
amorphous content is deemed to be the principal determinant
of increased reactivity for activated clays at the conventional
testing age (i.e. 7 days).*

Whilst a range of milling apparatus have been used (inc. disk
mill,*® attritor mill'”), the planetary ball mill is the most widely
used apparatus for laboratory scale mechano-chemical activa-
tion. Numerous studies at laboratory scale have shown that
planetary ball milling is an effective route for inducing changes
in the crystalline structure of clay and associated minerals,
making them chemically reactive in the presence of an alkaline
media. However, a challenge for the development of technology
for construction materials production, is to understand more
deeply the structure-processing-property-performance relation-
ships for mechano-chemically activated clays. Progress in this
topic is hampered by the wide range of variables in three aspects
of clay mechano-chemical activation studies: materials features,
milling parameters, and performance measurement.

In terms of materials, from the range of clays investigated in
the literature so far, the type of clay mineral'® and its structural
characteristics® partly determines the relationships between
mechano-chemical activation and chemical reactivity. In terms
of milling parameters, the planetary ball mill offers a wide range
of choices: vessel volume, grinding ball size, material for
grinding balls and vessel lining, charge mass, ball to powder
ratio, milling rotation speed, and milling duration. Several
parametric studies have investigated the effect of varying these
parameters,***> which typically conclude with which set of
tested parameters the physical, mineralogical and chemical
transformation were most effectively achieved. However, there
is still a knowledge gap in terms of how interchangeable these
parameters are. For example, whether a lower ball-to-powder
ratio can be compensated for with a longer milling duration.
In terms of performance measurement, there are numerous
different ways of assessing the performance of an activated
clay, or its pozzolanicity including: strength activity index,*
lime reactivity test,* Chappelle test,> Frattini test,> R® test,”
modified R® test.?® Whilst these tests are all indicative of an
activated clay's chemical reactivity, they are not directly
comparable. As a result of so many variables, results from
different studies are rarely directly comparable and hence
relatively little process has been made so far in gaining
a systematic understanding of the energetics of mechano-
chemical activation of clays.

Previous studies on the kinetics of mechano-chemical reac-
tions have validated various rate equations for a wide range of
different reactions.”>** These studies are highly useful from
a fundamental perspective, but the typical approach used poses
two main limitations regarding their application to the
mechano-chemical activation of clay minerals. First, the input
parameter varied is typically either milling duration or number
of collisions, for a fixed set of milling parameters. Whilst this
approach is useful for laboratory studies, the total milling input
energy is of greater practical value for assessing suitable acti-
vation conditions for a range of milling devices, as well as
evaluating trade-offs around duration of milling against the
intensity of milling conditions. Second, kinetic laws are
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typically investigated with regard to a material property, e.g. the
extent of reaction for a mechano-chemical synthesis. For acti-
vated clays, the material property per se (i.e. extent of de-
hydroxylation and amorphisation) is not the exclusive
controlling factor of industrial importance, but also the mate-
rial performance (i.e. extent of dissolution in an alkaline envi-
ronment). Hence, there is a knowledge gap around
understanding the energetic trends between clay mineral reac-
tivity and total milling input energy.

To overcome these challenges, this study applies a first
principles model for estimating milling input energy from re-
ported experimental parameters. This enables comparison of
datasets across numerous studies. A previously validated kinetic
model** is then adapted and applied for these data of mechano-
chemically activated clays. The aims are to gain a more
systematic understanding of how variation in milling parame-
ters affects reactivity as cementitious constituents, and how
these trends vary between different clay minerals.

2 Methodology

The first principles calculation approach used is that developed
by Burgio et al.** This was initially developed for the field of
mechanical alloying, and has since been used to develop
‘milling maps’ for the milling conditions under which alloys
can undergo amorphisation.* The three core assumptions are:
(1) ball motion follows the cataracting regime in which balls are
launched from one side of the vessel to the opposite side, due to
the ball inertia with respect to the centrifugal forces acting on
the vessel itself; (2) only the collisions between launched balls
and the vessel wall are considered (collisions between balls are
excluded); (3) the frequency of ball launch events (and hence the
frequency of collisions) is proportional to the difference in
angular velocity between the vessel and the sun wheel. Friction
and shear are excluded. A full description of assumptions and
approximations is given in the original study,** as well as
a critical review of its limitations.*® This approach has since
been applied to the topic of mechano-chemical activation of
clays by Oze and Mako,* but was used only to aid selection of
milling parameters, and the calculated values themselves were
not published. Whilst other numerical models exist for esti-
mating milling energy, e.g. discrete element modelling,*** and
the mechanistic UFR] mill model**** these are far more complex
and computationally demanding. For reviews discussing other
energetic modelling approaches for planetary ball mills see ref.
41 and 42.

The milling parameters required as model inputs are: vessel
diameter, vessel height, grinding ball size, material for grinding
balls and vessel lining, charge mass, ball to powder ratio,
milling rotation speed, milling duration. The two key outputs of
the model are described by eqn (1) and (2). In eqn (1), the
individual collision energy (adjusted for extent of ball filling in
the vessel), AE; (J), is calculated from the individual collision
energy (i.e. the estimated energy dissipated by a single collision
between a ball and the vessel wall), AEy, (]), and the vessel filling
factor, ¢p. Eqn (1) corresponds to eqn (9) in the original study.**
In eqn (2), the total modelled milling energy input per unit mass

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of powder, Eqoq (Wh g 1), is calculated from: the individual
collision energy (adjusted for extent of ball filling in the vessel),
AE; (J), obtained via eqn (1); the number of balls in the vessel,
Ny; the frequency of ball launches, f;, (s™'); the duration of
milling, ¢ (h); and, the mass of powder, m, (g). Eqn (2) repre-
sents a simplified presentation of eqn (10) and (12) in the
original study.** The calculation spreadsheet used can be found
in the associated research dataset.

AE; = ¢y AE, (1)
AE-Ny-fo-t
Emod - b mb ﬁj (2‘)
P

Independently, a similar calculation tool was also developed
by Jafter et al.;* their study adopted the same overall modelling
framework proposed by Burgio et al,** but used a different
approach for calculating individual collision energy to that used
in the original study** (and also used here). To test the extent of
difference between the two models, comparisons of the
modelled values for the primary data generated in this study are
shown in the SI (Fig. S1 and S2). The modelled milling input
energy values calculated with are consistently 40 % higher than
those calculated here.** The adjustments made in the Jafter et
al.®® calculation tool have been described as over-estimating the
collision energy compared to the original Burgio et al. model.*®
Whilst the choice of model results in differences in absolute
values of modelled milling energy (Fig. S1 and S2), it does not
affect the relative distribution of the datapoints. The goodness
of fit of the modelled curves is the same, whether the values are
calculated using the original Burgio et al** approach in this
study (Fig. 1C and Table 2) or the values calculated using the
Jafter et al.** approach (Fig. S3 and Table S1).

In order to have comparable values of performance, studies
were selected which used the R® test (standardised as ASTM
C1897-20)*” to measure the chemical reactivity of the activated
clays. This is a standardized test which measures the extent to
which a given material reacts in a simulated cementitious
system, and has the advantage of isolating chemical reactivity
from physical effects (which affect the interpretation of mortar-
based strength tests).** For the R’ test, a mixture is prepared
including the material to be tested (10.1 wt%) along with other
constituents that represent a simulated pore solution of
a cementitious system: calcium hydroxide (30.3 wt%), calcium
carbonate (5.05 wt%) and an alkaline solution (54.5 wt%,
prepared by addition of 4 g of potassium hydroxide and 20 g of
potassium sulphate to 1 L of deionised water). The extent to
which the test material reacts with the other constituents is
then determined after 7 days of accelerated curing in a 40 °C
environment. Reactivity is measured either by cumulative heat
measurements obtained via isothermal calorimetry (Method A
in ASTM C1897-20) or bound water content measurements
(Method B in ASTM C1897-20). Full methodological details can
be found within the standard itself. Thresholds have been
determined to categorise the reactivity of activated clays as non-
reactive, moderately reactive or highly reactive.* R® literature
data were used for both the isothermal calorimetry method and
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the bound water content method. The modified R* test®® was
used by some studies,*® but was excluded from consideration
here as these values are not directly comparable with the more
widely used R® test. Similarly, data which used a combination of
thermal and mechano-chemical activation processes were
excluded as this is not directly comparable with data which
solely used mechano-chemical activation.

Original data was generated via the activation of three
different clays (a kaolinitic clay, K, a montmorillonitic clay, Mt,
and a mixed mineral clay, F) using a range of milling parame-
ters (representing 54 data points). For all samples, a Retsch
PM100 instrument was used, with a 500 mL stainless steel
milling vessel, 2 mm diameter stainless steel grinding balls and
a charge of clay material of 15 g. The control parameters were
a rotation speed of 550 rpm, a ball: powder ratio of 25, and
a duration of 60 minutes; these parameters were varied
according to Table 1. The energy consumed by the planetary ball
mill during the milling process was measured using a plug
meter. 7 day cumulative heat was measured using a TAM Air
calorimeter, according to ASTM C1897-20;* the single operator
coefficient of variation has been established as ~2%, and the
multi-laboratory coefficient of variation as ~5%.*

Literature data that met the criteria for inclusion (i.e. used
a planetary ball mill to activate clays and measured chemical
reactivity via the R® test) was obtained using a ‘snowballing’
search strategy, using the keywords of “mechano-chemical
activation”, “clay” and “R® test”. Five studies met these
criteria.”*®?*?%% When required inputs for the model were not
found in the published article, these were confirmed with
authors via personal communication. This gave an additional
51 datapoints, giving a total of 105 datapoints for analysis.
Datapoints were grouped by clay mineralogy, in terms of
whether the clay consisted of a 1:1 clay mineral, a 2:1 clay
mineral or contained a mixture of different mineral clays (as
reported in the original studies). Consideration of the detailed

Table 1 Milling parameters varied for the samples tested in this study

Rotation speed Ball : powder Duration
1d (rpm) ratio (minutes)
D5 550 25 5
D10 550 25 10
D20 550 25 20
D30 550 25 30
D60 550 25 60
D120 550 25 120
R150 150 25 60
R250 250 25 60
R350 350 25 60
R450 450 25 60
R550 550 25 60
R650 650 25 60
B2 550 2 60
B5 550 5 60
B10 550 10 60
B15 550 15 60
B25 550 25 60
B35 550 35 60
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mineralogical changes occurring within the samples (i.e. extent
of amorphisation, degree of dehydroxylation) is excluded from
the scope of the study, as the primary aim is to identify whether
broad energetic trends exist across studies. Discussion of such
mineralogical changes can be found within the original studies
themselves.

Non-linear curve fitting for the R* cumulative heat data was
carried out using OriginPro 2023b software, applying a damped
least squares (Levenberg-Marquardt) iterative algorithm. The
tolerance value for a successful fit was set to 1 x 10~°, and the
maximum number of iterations was set to 400. A description of
the exponential function used for the non-linear curve fitting
(eqn (4)) is given in the Results and discussion section.

The first part of the Results and discussion section investi-
gates relationships between reactivity and modelled milling
energy. Because the modelled milling energy can be calculated
from the experimental parameters of published studies, this
first part of the study uses both primary data and secondary
data from previously published literature. The second part of
the study investigates relationships between reactivity and
measured milling energy. Because the previously published
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studies used in the first part did not report measured energy,
only primary data was used for the second part of the study.

3 Results and discussion

R? reactivity after 7 days is plotted against modelled milling
input energy in Fig. 1A, with datapoints grouped by mineralogy
(1:1 clay minerals, 2: 1 clay minerals and mixed mineral clays).
A higher 7 day cumulative heat is often associated with a higher
chemical reactivity as cementitious constituents.***” Whilst
there is considerable scatter in the data, an overall trend can be
observed of an initial rapid increase in chemical reactivity with
increasing milling input energy (<100 kJ g™, approximately),
followed by a plateau (>100 kJ g ) (Fig. 1A). However, there are
fewer datapoints for the >100 kJ g range.

In previous research, functions have been developed ab initio
to describe how the extent of a given mechano-chemical reac-
tion proceeds with the number of collisions, and then validated
with experimental data.** The type of function used depends on
the type of reaction: for example, functions developed for
mechano-chemical synthesis reactions are distinct depending
on whether an intermediate reaction product is involved.** The
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Fig. 1 (A) R® chemical reactivity vs. modelled energy input for all data. Additional data obtained from ref. 9, 18, 20, 21, and 48. “CHR" denotes
cumulative heat release data plotted on the left y-axis; "BWC" denotes bound water content data plotted on the right y-axis. The y-axis range
maximum is set to 800 J g~* of SCM for cumulative heat, and 14% for bound water; these values are considered approximately equivalent, given
the close correlation established between the two test methods.** (B) Example model curves plotting dummy data, showing the effect of
changing parameters AH i, and kg (egn (4)). (C) Fitted curves for the original cumulative heat reactivity data generated in this study, wherein each
clay grouping contains only a single source clay. (D) Fitted curves for original and literature-derived data for cumulative heat reactivity, wherein

each clay grouping contains >1 source clay.
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grouped by mineralogy.

mechano-chemical processes relevant to this study are de-
hydroxylation and amorphisation; we do not consider that
either of these are synthesis reactions. In addition, the 7 day
chemical reactivity of activated clays is primarily determined by
their amorphous content.”® Therefore, amongst the range of
kinetic models previously developed, the most relevant function
to this system was deemed to be the kinetic model which
describes progressive amorphisation® (experimentally vali-
dated on amorphisation of a mixture of Ni and Ti powders?).
This reaction was successfully modelled using an exponential
function. Hence this function type was selected as the most
suitable to fit the data in the present study.

The original equation described in ref. 32 is presented here in
eqn (3): the degree of amorphisation, «, is determined from
the kinetic constant, k4 (g kJ™') and the delivered energy dose,
DIJg™)

a=1-— (1 + de)exp(fde) (3)

This dataset presents a key difference compared to the
dataset fitted in ref 32. The measured quantity of interest is
a measure of material performance (i.e. chemical reactivity),
rather than a material property (i.e. extent of amorphisation).
Whilst extent of amorphisation is limited to between 0 and 1,
chemical reactivity varies more freely. For the upper bound,
there is no way at present to calculate the theoretical maximum
chemical reactivity of a given clay, as this depends on numerous
structural and physical aspects (as described in the
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Introduction). For the lower bound, the R® reactivity of an as-
received clay (i.e. before milling) is typically low (usually <100
J g~ 1) but rarely zero. For this reason, the fitting equation was
adapted to suit this dataset in two ways. First, the upper bound
was changed from 1 (representing complete amorphisation in
the original equation) to the maximum measured chemical
reactivity within a given data series. Second, the lower bound
was changed from 0 (representing no amorphisation in the
original equation) to the minimum measured chemical reac-
tivity within a given data series. The adapted equation is shown
in eqn (4). Eqn (4) predicts the 7 day cumulative heat (i.e. R®
reactivity) for a given activated clay, H-q (J g '), for a given
modelled milling input energy, Dmoq (k] g 1), as determined
from: the maximum measured 7 day cumulative heat for that
activated clay, Hmay (J g '); the minimum measured 7 day
cumulative heat for that clay Hy, (J g '); and, the kinetic
constant, kq (g kJ ). Fig. 2B shows how variation in kg and Hyn,
affects the modelled curve, for a constant Hy,,y.

H7d = Hmax - ((Hmax - min) + demod)eXp(_demod) (4)

The primary data generated in this study, in which each clay
grouping corresponds to a single source clay, was fitted using
eqn (4) (details of fitting procedure are provided in the Meth-
odology section). The fitted curves are shown in Fig. 1C, and the
fitting parameters of the fitted curves are reported in Table 2.
The R* coefficient was >0.8 for all three data series, indicating
a reasonable goodness of fit. Whilst there is some clear scatter
of datapoints, Fig. 1C suggests that the increase in chemical
reactivity of clays with increasing modelled milling energy
follows an exponential trend (as described in eqn (4)). This
finding is consistent with the kinetic expression originally
developed for the extent of amorphisation of metallic
powders.*” The value of the kinetic constant (kq) for all three clay
groupings is similar, in the range of 0.014-0.015 g ] ' (Table 2).
The biggest difference between the clay groupings is the Hpax
value; this leads to a larger AH value (i.e. the difference between
Hpnax and Hy,;y,) for the 1: 1 clay (614.7 J g ') compared to the 2 :
1 clay (267.5 J g ') and the mixed clay (406.6 J g ). The ener-
getic implication is that for the same milling input energy,
a higher gain in chemical reactivity can be achieved for 1:1
clays compared to 2 : 1 clays or mixed clays. Given the goodness
of fit, eqn (4) has some potential in helping to optimise the
milling input energy for a given clay, if Hy,ax and Hpy, are
already known.

Table 2 Fitting parameters for the curves in Fig. 1C (primary data only) and Fig. 1D (primary and secondary data). All parameters are the same as
those described in egn (4). AH corresponds to the difference between H,,,x and Hpin, Within each clay grouping data series

Primary data only

Primary and secondary data

Clay grouping  Hmax Jg") Hmn (g AH(JgY ka(glh R Huae 02 Hum (g AH(gY) k(g]) R

1:1 clays 737.3 122.6 614.7 0.0148 0.90 737.3 4.4 732.9 0.0284 0.53
2:1 clays 476.8 209.3 267.5 0.0144 0.82 476.8 70.9 405.9 0.0295 0.69
Mixed clays 503.5 96.9 406.6 0.0150 0.86 558.0 25.0 533.0 0.0285 0.57

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Effect on modelled milling energy input (kJ g~%) from changing combinations of continuous variables: (A) ball : powder ratio and rotation
speed; (B) ball : powder ratio and milling duration; (C) rotation speed and ball : powder ratio; (D) rotation speed and milling duration; (E) milling
duration and ball : powder ratio; (F) milling duration and rotation speed. Reference parameters are: clay charge mass = 15 g; vessel volume = 500
mL; ball diameter = 2 mm; ball and vessel material = stainless steel. The range of rotation speed is limited from 100-650 rpm as this is a typical
range possible on laboratory devices. Square markers on the curves represent milling conditions used in this study, as described in Table 1.

The same fitting exercise was carried out for the combined decreased for all clay groupings (0.53-0.69), compared to the
set of primary and secondary data, again grouped by clay fitted curves for the primary data only (0.82-0.90). The data-
mineral (Fig. 1D, Table 2). The R* coefficient of the fitted curves points still broadly plateau beyond a modelled milling input
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energy of 100 kJ g~ *; however, variation between clays (primarily
in terms of their Hy,,, and Hy,;, values) leads to a much greater
scatter of data. This degree of scatter precludes the use of eqn
(4) for ab initio predictions of chemical reactivity for a given clay
without prior knowledge of Hy,ax and Hpin.

An outstanding question around the mechano-chemical
activation of clays is whether a minimum impact energy (per
individual collision) is needed to achieve dehydroxylation and/
or amorphisation; and whether this varies across different clay
mineral types. In a general sense, if the individual impact
energy is sufficiently high, then a single collision can be enough
for the mechano-chemical reaction to take place.* The
minimum individual impact energy required for a mechano-
chemical reaction has been inferred from experiments in
a vibratory ball mill using a single ball, by using different
impact energies and extrapolating the value for which the rate
constant becomes zero.>*>* Previously established values for the
minimum individual impact energy are: 0.017 J for the hcp to
fee transformation of Co powder,* 0.025 J for the reaction of Ti
and C to form TiC,* and 0.005-0.024 ] for the trimerisation of
bis(dibenzoylmethanato)nickel(u) (the value within this range
depended on ball material and diameter).*® Plotting R* chemical
reactivity against AE, (eqn (1)) shows that calculated AE,, spans
four orders of magnitude across the dataset (Fig. 2). For both
below and above the range of minimum impact energies for
other reactions cited above (i.e. 0.005-0.025 J), a wide range of
chemical reactivity is achieved with some exceeding 500 J g~
This indicates that the minimum impact energy, as estimated
here for clay mineral dehydroxylation and/or amorphisation in
a planetary ball mill, is lower than those in the previous cited
studies. For datapoints where the individual impact energy is
=0.001 J, only low chemical reactivity (<350 ] g ') was obtained
- this could indicate the existence of a minimum impact energy
within this range, although few studies collected datapoints in
this range.

However, an additional factor is the rise in ambient
temperature during planetary ball milling, which can reach
around 80 °C*® and higher for this range of conditions. Mech-
anochemical reaction kinetics have a strong dependence on the
temperature within the milling vessel.®® The data presented
here are hence expected to represent coupled effects, deriving
from differences both in individual collision energy and in
ambient temperature. On a practical level, a broad range of
chemical reactivity values was obtained at both the higher (<1])
and lower (>0.001 J) range of collision energies. This suggests
that less intensive milling conditions (in terms of individual
collision energy) can generally be compensated for by longer
milling durations. A key difference between a planetary ball mill
(as used in this study) and a vibratory ball mill using a single
ball (as used in the cited previous studies investigating
minimum impact energy) may be the shear stresses that
powders are exposed to, in addition to normal stresses from
impacts.*® Shear stresses in combination with normal impact
stresses are likely to play an important role in aspects of
mechano-chemical reactions,” as already shown in tri-
bochemical investigations® and through shear-induced
amorphisation in geological materials.>® This combination of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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applied stresses may therefore obscure the detection of
a minimum collision energy in a planetary ball mill.

Using a reference set of milling parameters based on the
values in Table 1, the model was used to test the effect of varying
the three key continuous variables: ball : powder ratio (Fig. 3A
and B), rotation speed (Fig. 3C and D) and milling duration
(Fig. 3E and F). Increasing ball:powder ratio increases
modelled milling input energy up to a value of ~60 (Fig. 3A and
B). Beyond ~60, the reduction in modelled individual collision
energy (due to an increased vessel filling factor, eqn (1)) over-
comes the effect of an increased number of collisions, leading
to a decrease in modelled milling input energy. Increasing
rotation speed leads to a polynomial increase in modelled input
energy, due to the dependence of individual collision energy on
the velocity of launched balls (i.e., E = mv®), with an additional
contribution from increased collision frequency (Fig. 3C and D).
The increase of modelled milling input energy with longer
milling duration is linear (Fig. 3E and F). The mathematical
functions of the modelled dependencies varies between these
three parameters. Nonetheless, these modelled trends together
support the experimental observations in Fig. 1 and 2: that the
extent of mechano-chemical activation largely depends on total
milling input energy; and, lower values of one milling param-
eter can be compensated for (to some extent) by higher values of
another milling parameter.

The energy transferred into the milled material is of funda-
mental interest for understanding the relationships between
milling parameters and chemical reactivity. In parallel, the

300
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9 1
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0 Y% Reference
0 50 100 150 200 250 300
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Fig. 4 Measured energy consumption vs. modelled energy input, for
data generated in this study. Each series corresponds to a series of
milling parameters varying one independent parameter: BPR = ball :
powder ratio; RPM = rotation speed (rpm); duration = duration of
milling (minutes). The reference point corresponds to the control set
of milling parameters, i.e. ball: powder ratio = 25, rotation speed =
550 rpm, duration = 60 minutes. The label on each datapoint corre-
sponds to the value of the independent variable in that series, e.g. 10’
in the 'vary BPR’ series corresponds to a BPR of 10. A linear curve has
been fitted to each data series.
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Table 3 Fitting parameters for the linear curves in Fig. 4

Parameter varied Gradient  y-intercept (k] g ) R?

Ball : powder ratio (BPR) 0.6 80.8 0.997
Rotation speed (RPM) 0.9 36.6 0.997
Duration 1.2 1.6 0.998

actual energy consumed by the apparatus during milling is of
practical interest for determining the embodied energy of the
mechano-chemically activated clay. The magnitude of values for
measured energy consumption are broadly comparable with
those reported by Oze and Mako? for similar milling parame-
ters, albeit using a Fritsch Pulverisette 6 planetary ball mill
(rather than a Retsch PM100). Plotting the measured energy
consumption against the modelled energy input (Fig. 4), there is
an overall positive correlation albeit with significant spread in
the lower ranges (especially =50 kJ ¢~ of modelled energy). In
general, the measured energy consumption is similar to the
modelled energy consumption.**

Each data series in Fig. 4 shows the effect of varying one
milling parameter on the modelled milling energy input and
measured energy consumption, whilst keeping all other
parameters constant. Each data series can be fitted well with
a linear curve, with R* values > 0.99 (Table 3). The projected y-
intercept is close to 0 kJ g " for the ‘vary duration’ series, and
higher for ‘vary RPM’ series (36.6 kJ g ') and highest for the
‘vary BPR’ series’ (80.8 kJ g '). The implication from these y-
intercept values is that in the range of modelled energy input
<100 kJ g1, it is instrumentally less efficient to decrease ball :
powder ratio and/or rotation speed. Viewed the other wayj, it is
instrumentally more efficient to use a higher ball : powder ratio
and/or a faster rotation speed (and a shorter milling duration)
to achieve a given modelled milling input energy.

If chemical reactivity is then plotted against measured
energy consumption (only for the original data generated in this
study, Fig. 5A), the spread of datapoints is extremely broad
albeit with an overall weak positive trend. The spread of
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reactivity data in Fig. 5A is greater than the same reactivity data
when plotted against modelled milling input energy in Fig. 1C:
this indicates that the modelled milling input energy is more
accurate as a predictor of reactivity evolution than measured
energy consumption.

To investigate the reasons behind this wider spread, the
datapoints for the 1:1 clay were grouped by the milling
parameter varied (Fig. 5B). Similar to Fig. 4, clear trends were
visible for the variation of each milling parameter. If the energy
consumption is reduced from the reference datapoint, a reduc-
tion in ball: powder ratio leads to the sharpest drop in reac-
tivity, followed by a reduction in rotation speed, with
areduction in duration having the least effect. Viewed the other
way, one can infer that ball : powder ratio is the most significant
factor for increasing reactivity, followed by rotation speed and
then duration. Ball : powder ratio®® and milling frequency®” have
separately been highlighted as influential parameters for
increasing the extent of a mechano-chemical reaction at a given
milling duration; this analysis experimentally shows their
influence relative to each other.

To investigate the issue of energetic efficiency in more detail,
an ‘activation efficiency’ metric was calculated (eqn (5)). This
gives a quantitative measure for the extent to which additional
energy consumed during the milling process results in
improved chemical reactivity in the activated clay. The higher
the value, the more energetically efficient that set of milling
parameters is considered to be.

Activation efficiency (J kJ™') =

chemical reactivity(J g of SCM)

energy consumed during milling(kJ g™')

(5)

Even for activated clays produced from the same as-received
clay, differences in activation efficiency of over a factor of 5 were
observed (Fig. 6A). For example, two milled montmorillonitic
(Mt prefix) clays Mt_D5 and Mt B5 had 7d cumulative heat
values of 262.4 and 276.7 ] g~ ' of SCM respectively, but Mt_D5
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Fig. 5 (A) R® chemical reactivity vs. measured energy consumption for the data generated in this study. The dashed line at 190 J g~* of SCM
corresponds to the threshold for a ‘moderately reactive’ activated clay.*® (B) Datapoints for the 1: 1 clay only, with each data series corresponding
to the milling parameter being varied individually (same abbreviations as used in Fig. 4).
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Fig. 6 (A) Activation efficiency metric vs. R® chemical reactivity. The series suffixes represent the series varying each continuous milling
parameter, as listed in Table 1: "min” = milling duration; "rpom” = rotation speed; “bpr” = ball : powder ratio. The dashed line at 190 J g*1 of SCM
corresponds to the threshold for a ‘moderately reactive’ activated clay.* (B) Datapoints for the 1: 1 clay only, with each data series corresponding
to the milling parameter being varied individually (same abbreviations as used in Fig. 4).

had an activation efficiency of 17.9 J k] ' compared to 2.8 J k] "
for Mt_B5. 70% of the samples tested (23 out of 40) had an
activation efficiency in the range of 2-7 J k]~ '. A weak trend
across all the clay types investigated was a tendency for the
highest activation efficiencies to occur in the reactivity range of
200-400 ] g of SCM, with a decrease in activation efficiency to
achieve higher levels of reactivity. In other words, it is ener-
getically less efficient to increase the chemical reactivity of
a given clay beyond a certain level. This energetic observation is
consistent with a previous study, which found highest reactivity
in kaolinitic clays occurred before complete amorphisation was
achieved.”

When data for the 1:1 clay is grouped by the milling
parameter varied (Fig. 6B), distinct trends are again evident for
each milling parameter. Comparing the different routes to
achieve a higher chemical reactivity by changing milling
parameters: increasing milling duration is energetically ineffi-
cient; increasing ball : powder ratio makes milling more ener-
getically efficient, and activation efficiency seems largely
unaffected by varying the rotation speed. These trends are likely
a combination of the differences in modelled milling input
energy and the different loss factors arising in the planetary ball
mill equipment itself.

Embodied energy is a key concern in the cement industry;
a common question for proponents of mechano-chemical
activation is around the embodied energy of mechano-
chemically activated clays. Whilst the values here are useful
for understanding trends, it is reiterated that the planetary ball
mill is only suitable for laboratory scale production given
limitations around industrial upscaling.”®** Given the labora-
tory scale context of this processing method, it is not considered
meaningful to compare these figures to literature values for the
embodied energy of thermal activation. For example, the
embodied energy of activated clays was drastically reduced
simply by using a laboratory planetary ball mill configuration
which allowed two milling jars to be stacked on top of each

© 2026 The Author(s). Published by the Royal Society of Chemistry

other.?> Nonetheless, mechano-chemical activation is not
restricted to the planetary ball mill. Mechano-chemical activa-
tion of several minerals (e.g. quartz) can be achieved across
different grinding devices.®® Understanding the criteria for
mechano-chemical activation in laboratory mills, particularly
the dependencies around total input energy and the threshold
individual impact energy, can help to inform the selection of
scalable grinding devices and suitable grinding conditions.

A limitation of this first principles approach to modelling
milling input energy is the simplicity of its assumptions.
Crucially, the model assumes the energy is only transferred to
the material through impact collisions,** whereas it is known
that friction and shearing forces are important in planetary ball
milling.*® Nonetheless, this modelling approach is useful for
establishing a common metric to compare across diverse sets of
milling parameters, and establishing a threshold behind which
further reactivity increases are asymptotic.

4 Recommendations for
experimental reporting

A challenge in mechanochemistry is that frequently, insuffi-
cient information about milling conditions is reported for
experiments to be repeatable.®* Furthermore, the lack of suffi-
cient methodological information limits the extent to which
existing literature data can be used to feed first principles
models (such as that used in this study). We recommend that
the following milling parameters should be reported by all
studies on the mechano-chemical activation of clays:

e Vessel diameter (mm).

e Vessel height (mm).

¢ Grinding ball diameter (mm).

e Material for grinding balls and vessel lining.

e Mass of material (being milled) (g).

e Mass of grinding balls (g).

e Milling rotation speed (rpm).
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e Milling duration (minutes).

We also recommend that researchers routinely measure the
energy consumed during each milling run. This can be carried
out using a simple plug meter. More sophisticated ways of
measuring energy consumption exist for some planetary ball
mills. For example, the Retsch PM100 and PM200 models
include a function to separately measuring the idling energy
(corresponding to losses) and the comminution energy.®® In
mills which do not feature these dedicated functions,
measuring the energy consumed by spinning an empty vessel
may help to estimate the energy dissipated through friction at
a given rotation speed.

5 Conclusions

This study has applied a first principles approach to estimate
milling energy in a planetary ball mill, and analysed nearly 100
data point across original data and secondary data from
previous studies. This has brought new insights into how vari-
ation in milling parameters influences the mechano-chemical
activation of clays. The five key findings are:

(1) Increases in chemical reactivity with increasing modelled
milling input energy can be fitted well using an exponential type
function, previously developed for amorphisation of metallic
powders.

(2) A plateau exists beyond approximately 100 kJ g~, at
which there is little further increase in chemical reactivity
despite higher milling energy.

(3) Modelled milling input energy is more effective for pre-
dicting reactivity increases compared to measured milling input
energy.

(4) Increasing ball : powder ratio and rotation speed seem to
be more energetically efficient for increasing chemical reac-
tivity, compared to increasing duration of milling.

(5) There is no clear evidence for a threshold individual
collision energy for mechano-chemical dehydroxylation in the
planetary ball mill within the range of conditions tested so far.

These findings so far are largely consistent across different
clay mineralogies. However, they will need to be validated with
100 s of additional datapoints for different clays and across
different laboratories; and also, across a wider variety of mate-
rials beyond clays (e.g. slags, silicate minerals). The practical
implications of these findings are to help researchers select
milling parameters for laboratory mechano-chemical activation
studies. For example, by avoiding sets of parameters for which
the modelled milling input energy is far below the level ex-
pected to achieve effective mechano-chemical activation. Or
alternatively, to study a wide range of milling parameters to
establish the boundaries of which conditions are not effective,
in addition to the range of what does work well. The calculation
model developed by Burgio et al.** and used here is arithmeti-
cally complex but not computationally demanding. Validation
of this simple model for planetary ball mills also opens up the
opportunity to develop other simple models for milling appa-
ratus which are more suited for up-scaled production, e.g.
attritor mills. There is much potential for research in mechano-
chemical activation to adopt this approach, both for
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understanding trends within datasets, and to aid with selection
of milling parameters. In parallel, applying experimental
approaches for measuring the activation energy®® and the
minimum impact energy®® to the mechano-chemical de-
hydroxylation of clay minerals will improve our knowledge
around their reaction kinetics.
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