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Abstract

The use of calcined clays as supplementary cementitious materials provides the opportunity
to significantly reduce the cement industry’s carbon burden; however, use at a global scale
requires a deep understanding of the extraction and processing of the clays to be used, which
will uncover routes to optimise their reactivity. This will enable increased usage of calcined
clays as cement replacements, further improving the sustainability of concretes produced
with them. Existing technologies can be adopted to produce calcined clays at an industrial
scale in many regions around the world. This paper, produced by RILEM TC 282-CCL on
calcined clays as supplementary cementitious materials (working group 2), focuses on the
production of calcined clays, presents an overview of clay mining, and assesses the current
state of the art in clay calcination technology, covering the most relevant aspects from the
clay deposit to the factory gate. The energetics and associated carbon footprint of the
calcination process are also discussed, and an outlook on clay calcination is presented,
discussing the technological advancements required to fulfil future global demand for this
material in sustainable infrastructure development.

Keywords: Calcined clay; processing; calcination; kiln; flash calciner; low-carbon; energetics;
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1 Introduction

Clays are generally classified according to their internal structure as 1:1 (e.g. kaolinite;
halloysite) or 2:1 (e.g. illite; montmorillonite; pyrophyllite) clay minerals and consist primarily
of mineral particles with a particle size of less than 20 um. Clay deposits occur in nature as
complex mixtures of clay and non-clay minerals (e.g. quartz; muscovite; feldspars;
carbonates; iron sulfides) [1, 2]. The economic value is determined by the dominant clay
mineral and the type and amount of other minerals that could be considered as impurities for
a given industrial use. According to their industrial value, clay deposits are commonly grouped
into four general classes. Industrial kaolins, which encompass pure kaolin, refractory clays,
and bauxitic kaolin, among others, are distinguished by their relatively high content of clay
minerals from the kaolinite group. Bentonite clay deposits, containing a high amount of clays
from the smectite group (e.g. montmorillonite), are prized for their high cation exchange and
volume expansion capabilities. The third class is the ‘palygorskite-sepiolite clays’ that have
many similarities to bentonites and are specifically used because of their surface properties
and reactivity. Finally, the “common” clays, which enjoy the largest usage in numerous
engineering applications, contain mixtures of different clay minerals such as illite/smectites,
kaolinites, smectites, micas and associated minerals [3]; common clays are the main group
that are the subject of investigation for the production of calcined clays for use as
supplementary cementitious materials (SCMs). The term illite is used for interlayer-deficient
micas with non-expandable layers [4, 5].

Clay resources are abundant, geographically widespread, and sufficient to meet global
cement demand [6]; although, different regions and climatic zones will have different types
and quantities of clays [7]. Calcined clays can exhibit pozzolanic properties [8], and their use
in the construction industry is on the rise as they are available in adequate quantities and can
improve the physical, chemical, durability, and sustainability performance of concrete. The
use of clay in the construction industry was initially for the manufacture of fired/calcined clay
bricks, which are one of the oldest building materials used since ancient times and are still a
basic material in construction work in many countries. Crushed fired-clay ceramics have also
been used as a constituent of mortars and concretes since Roman times [9, 10]. More
recently, over the past 200 years, clays are also used in the cement industry for Portland
cement clinker manufacture. Although calcined clay bricks are also fired at high temperatures
(950 — 1200°C), the calcined clays discussed in this article are those materials used as SCMs;
the difference is that, unlike for fired bricks, calcined clays are not moulded/shaped prior to
firing and the calcination temperature is generally lower.

While calcined clays, mainly metakaolin, have been used as SCMs and in the production of
cement in many places around the world [8, 11-16], advances in admixture technologies have
enabled a renewed interest in calcined clays, as some of the challenges identified when using
calcined clays (e.g. reduced workability, high water demand in concrete mixes, delayed
strength development) can now be resolved by using modern superplasticisers. One of the
most notable developments in recent years the use of calcined clays in a cement system
combined with limestone [17-20], referred to as limestone calcined clay cement (LC3) [21, 22].
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Calcined clays can also be used as precursors for alkali-activated cements and/or geopolymers
[23-28] and in the production of lime-pozzolan cements [29], where a source of lime (CaO or
Ca(OH)2) can be combined with sufficiently reactive calcined clays to produce standalone
cements. Calcined clays may also be combined with a source of magnesia to produce
hardened cement [30-32], and some have used calcined clays in combination with phosphoric
acid to produce “acid geopolymers” [33-35]. The potential for use of calcined clays as
construction materials is vast, and they will have a broader range of applications once their
interactions are fully understood, associated processes are optimised, and any disadvantages
overcome.

This critical review presents an overview of the state of the art in the existing technologies
and processes that can be adopted for producing calcined clays, covering different stages
from the Earth’s crust to the factory gate. The energetics and carbon footprint of clay
calcination are also investigated and compared with that of other calcined cement materials.
Emerging technologies are also discussed, and potential for the electrification of clay
calcination is highlighted. Finally, recommendations for future research needs are outlined.

2 Calcined clay: cradle-to-gate

The journey of calcined clays from deposits to industrial users is extensive, requiring large
equipment and sophisticated technology. This section discusses the steps involved in this
journey and the processes and technologies involved in each of the steps. The process begins
with mining of clay deposits.

2.1 Mining and excavation of virgin clay

2.1.1 Clay extraction and blending at the mine

When deposits are proven and a mine plan determined, mining begins where excavation is
usually conducted using earthmoving equipment. Sedimentary clays are now mainly surface-
mined in an open pit with a variety of stripping methods; underground mining has been
phased out due to low yield and concerns with health and safety. First, the land is cleared and
the layers of earth above the clay (topsoil/overburden) are removed, and then the deposits
are exposed and extracted with similar methods; however, the clay mining is done more
carefully than overburden removal to assure quality and for high recovery. Overburden can
also consist of various clay and other minerals with a high organic content. In some cases,
after removal of the overburden, the clay is left for some time to dry naturally in air and in
the sun before excavation; this can reduce moisture content (in some cases from >30% to 10
-20%).

The mining pit is usually wide enough to permit in-situ mixing of the clay layers, which is
mostly done on air-dried clay and in pursuit of a more efficient and consistent operation of
the deposit. A common mining technique involves peeling the clay from a smooth slope,
which can be established as soon as the pit is wide enough; the clay forms a roll in front of
the bulldozer shield, thus homogenising various layers. Clays often vary widely between
deposits or even within the same deposit; therefore, blends are often produced from more
than one site to homogenise output and extend reserves. In a particular mine, there may be
significant quality differences, so selective mining and segregation may be necessary. Efficient

Page 4 of 40



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

production of calcined clay requires a homogeneous feed, which means that raw materials
must be blended through programmed blending and stockpiling. Modern clay-consuming
industries, being aware of the problem of raw material variability and necessity of a
homogeneous feed, use long term stockpiles that contain blended raw material as shown in
Figure 1; these stockpiles are usually built up in thin alternating layers. During reclamation of
clay from the stockpile, the excavator takes a cross section through all different layers and,
thereby, receives a homogenous mix of the different clay qualities. All these common
requirements can be adapted to an optimal exploration and mining model according to the
actual clay deposit to be exploited and its potential use [36, 37]. Open pit mining can enable
simultaneous environmental renaturation. Additionally, restoration can be performed by
filling the mining pits with soils from subsequent pits while the mine is in production.

Figure 1: Photograph of a stockpile with layers of different types of clays, which can then be extracted by digging vertical
slices from the stockpile to homogenise the clays.

2.1.2  Mineral waste (mine tailings) from clay mining and its disposal

The top layer of a deposit is usually removed and stored beside the pit, as it is common to
reuse this material later for land restoration of the mine once it is exhausted. If the top layer
consists of material like sand or gravel, these can be used as backfill or in construction. In
some cases, the clay deposit itself can be the top layer; for example in a brown coal deposit
[38]. Here, the clay layer can be removed and used for calcination before the excavation of
the brown coal starts.

The extraction and processing of clay can produce large quantities of mineral waste and/or
by-products, much of which is sometimes discarded; the various routes to forming waste are
shown in Figure 2. Compared to the mining of limestone where only <10% of removed
material is a waste, the mining of industrial grade clay for calcination can produce on average
20 — 50% waste; in fact, the mining of industrial kaolin can produce up to 90% waste, but
these residuals can in fact be partly used as calcined clay SCMs Nonetheless, the amount of
mining waste produced is directly linked to the quality/homogeneity of the quarry and the
producer needs. The disposal of the mineral waste products can be a major issue because of
the large areas required and the visual impact. The arisings comprising sand and rock can also
be processed and used as aggregate; the silica is often separated and used as sand for
construction.
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Figure 2: Mineral extraction (modified from [39, 40]). It must be noted that separation is avoided when using the clay as
SCM as it may not be economically feasible.

2.2 Plant pre-processing of clay

2.2.1 Homogenisation

In addition to the mining site, further homogenisation can take place at the
calcination/processing plant. When relatively dry clay is used, it may be sufficient to pass the
clay only through a coarse crusher, which reduces the size of the raw material to a grain size
of <100 mm [41]; however, due to the sticky nature of the material, a coarse crusher may not
always be the best choice. Alternatively, a blade mill can be used where clumps are broken
down to a particle size of 30 — 50 mm. To maintain compositional consistency, the clay can be
homogenised a second time when stockpiled in buffer storage using, for example, the chevron
stacking method [42], before it is reclaimed from the face in the transverse direction.

2.2.2  Drying and grinding

Prior to activation, the clay may need to be dried and ground. Depending on the time of year,
the location and nature of the quarry, and the method of mining, the moisture content of the
clay can vary from a few percent to more than forty percent; this is a key factor in the
economics. Traditional sun-drying is sometimes used to allow the clay to dry naturally, and it
is not uncommon to excavate clays in the dry season and store them under shelter for later
processing in the wet season.

For thermal treatment in a rotary kiln, pre-drying and grinding is usually omitted as the clay
can be simply coarsely crushed [41] or can be pre-treated in a mill with no addition of water
[43]. On the other hand, in flash calcination, pre-processing consists of dehydration and
deagglomeration of the raw, humid clay to a dry clay meal, normally with an outlet
temperature of ~150°C and a final moisture content of <1 wt.%. A raw material fineness of
less than 1 mm (and typically much finer depending on the mineralogy of the clay source) is
usually used to ensure complete calcination and proper material flow to be suspended and
conveyed in a gas stream and/or collected in a filter or cyclone. Moisture regain in dried clay
is a risk in humid climates and this risk is higher for finer feeds, especially concerning the
suspension of the clay during flash calcination. The type of drying will depend on the clay
properties [43]; for example, for a lumpy raw clay with free water content <15 wt.%, crushing

Page 6 of 40



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

and subsequent grinding can be done, for example, via vertical roller mill and can use the hot
exhaust gas that comes from the pre-heater. If the moisture content in the clay is >15 wt.%,
additional drying equipment is usually needed in the pre-treatment process. For a high-
moisture powdered clay, a drying crusher is suggested for better efficiency. In some cases,
the grinding stage is embedded into the calcination process.

2.2.3 Feeding

For kiln pyro-processing, the wet clay is usually fed via a conveyor belt or by means of a bucket
elevator; both are bottlenecks in the production. Plastic clay types exhibit a tendency to stick
together and clog the conveyor belt [43], and are therefore transported by bucket elevator
[44]. The size and speed of the bucket elevators may determine the capacity of the process.
In flash calcination, a bucket elevator is normally used for feeding.

2.3 Clay calcination process

Upon heating of raw clays, three major phenomena related to the aluminosilicate material
can be differentiated: dehydration, dehydroxylation, and recrystallisation, as shown in Figure
3. Dehydration is the release of molecular water that may be adsorbed or trapped within the
pore or channel structure, or that is associated with the interlayer cations common in most
2:1 clay minerals [45]. The magnitude and temperature range of dehydration depends on
many factors such as storage conditions, crystallinity of the clay minerals, and nature of the
cations in the interlayer region; these processes are indicated by the blue double arrow in
Figure 3. For example, divalent exchangeable cations (e.g. Ca®*) in clay minerals bind more
water and more tightly to the clay surface than the monovalent exchangeable cations (e.g.
Na*). Therefore, a higher dehydration temperature (and more energy) is needed to remove
the additional water for divalent compared to monovalent interlayer cations [46]. In a Ca-
montmorillonite the theoretical amount of water associated to the dehydration step may be
almost up to ~50% higher as compared to a Na-montmorillonite but this is, generally, of less
importance compared to other factors like the natural humidity of the clay in the deposit,
which is controlled, not only by the chemical and mineralogical features of the raw material,
but mostly by the seasonal rain regimes and landscape morphology.

In the next thermal step, dehydroxylation, structural hydroxyls are released to the
surrounding atmosphere over a broad temperature range, the specific temperature interval
being dependent on the type and abundance of the clay minerals present in the raw material.
In general, dehydroxylation of 1:1 clay minerals occurs over a narrower temperature range
and at lower temperatures as compared to the dehydroxylation of 2:1 clay minerals [45]. In
natural clays, which often display a complex mineralogical composition, some degree of
overlap between the dehydroxylation temperature ranges of 1:1 and 2:1 clay minerals can
occur. Such differences in dehydroxylation range can make it challenging to select an optimal
calcination temperature for clays containing both 1:1 and 2:1 clay minerals [47]. Also, clay
minerals with a lower crystallinity exhibit dehydroxylation effects at lower temperatures and
within a wider temperature range, compared to similar clay minerals with a higher
crystallinity, due to its wide-ranging bond energy distribution for hydroxyl groups [48, 49].
Finally, at temperatures higher than ~850°C, recrystallization phenomena takes place,
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indicating the conversion of structurally disordered, potentially reactive phases to more
stable, high-temperature phases, which exhibit no pozzolanic reactivity.

Once the clay is heated to a sufficiently high temperature, hydroxyl groups break away and
are released as water. This process of breaking down the crystal structure is known as
dehydroxylation and can render the clay partially disordered (non-rigid structure) and
reactive in cements [50]. Dehydroxylation and “amorphization” are two related processes but
not the same. As shown by Fernandez et al. [8], major changes in Al and Si coordination within
the crystal lattice of the calcined clay are confirmed when calcination temperature is
increased from 600°C (~95% Degree of the dehydroxylation) to 800°C (complete
dehydroxylation) meaning that phenomena associated to structural disorder may continue
even after dehydroxylation is almost completed. However, there is no complete
amorphization of the structure, but rather what occurs is structural disorder associated to the
loss of the lattice periodicity in the direction perpendicular to the structural layers. Upon
heating of a clay, the hydroxyl groups are gradually removed, which results in structural
disordering (loss of long-range order) and eventually in decomposition of the clay mineral and
further recrystallization to a more stable, high-temperature phase. For 1:1 clay minerals, a
disordered, metastable material, so-called metaclay, can be obtained in this way while 2:1
clay minerals retain part of the initial crystal structure upon dehydroxylation and require
higher calcination temperatures for activation; the formation of crystalline high temperature
phases proceeds via an intermediate amorphous phase in the case of dioctahedral or
immediately without an intermediate phase in the case of trioctahedral clay minerals [51].

Pyrite
B decomposition
E +——p
[7] 380 420 X
E= Combustion of highly Low-vol_atne y
2 volatile organics -l New crystalline
o » 9 . combustion -> phases formation
- L) —
220 450 700 850
100 200 300 400 7
= 80 300 400 9200
£ e e— < B
5 Free water evaporation/ Clay minerals dehydroxylation
< clay minerals dehydration
[=] 225 450 650 850
'E —
w Hydroxide Carbona_tg
decomposition decomposition

Figure 3: Temperature range of typical reactions taking place during the calcination of clays (revised from [52]) in
conventional calcination systems. This Figure serves only as a guide; actual calcination steps need to be revealed locally based
on the type of clays and processing.

The dehydroxylation reaction is endothermic and has been reported to occur in more than
one step [53, 54]. Reactions to form dehydroxylated products are shown in Equations 1 and
2; the calcination of kaolinite (1:1 clay) is shown in Eq. 1 and is the most understood, while
pyrophyllite is used here as an example for a 2:1 clay. Figure 3 summarizes the different types
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of reactions or transformations that occur during calcination, together with the
corresponding temperature ranges in conventional calcination systems.

Kaolinite 2 metakaolin: Al>Si;Os(OH)s = Al;Si,07 + 2H,0D (1)
Pyrophyllite = pyrophyllite anhydride: Al;SisO10(OH)2 =2 Al;Sis011 + H,OD (2)

Interlayer cations (eg. Ca®* and Na*) in 2:1 clay minerals exert a moderate influence on
dehydroxylation behaviour, with dehydroxylation temperature increasing with increasing
ionic radius [55]. This is thought to be due to the migration of interlayer cations into
octahedral sites as part of the dehydration process, which then have an influence on
dehydroxylation [55].

The observed (through thermogravimetric analyses) temperatures of dehydroxylation are
reported to be 400°C — 600°C for kaolinite [56, 57], 450°C — 700°C for illite [58, 59], 600°C —
800°C [60, 61] for montmorillonite, and 500°C — 900°C for pyrophyllite [62, 63]; however, the
actual dehydroxylation temperature will depend on several factors including the fineness of
the clay, the pressure of the atmosphere surrounding the clay; in particular the water vapour
partial pressure [54], and also on structural features of the clay mineral (such as trans-vacant
or cis-vacant; trioctahedral or dioctahedral) and crystallinity [45, 64, 65]. Dehydroxylation
temperature of kaolinite is furthermore influenced by the degree of stacking disorder, as
disordered kaolinites usually dehydroxylate at lower temperatures than highly crystalline
kaolinites [48, 49].

Some impurities in the clay, such as quartz and feldspar, usually remain unconverted and do
not interfere with the process of calcination. However, given their refractory character, they
consume thermal energy to be heated together with the rest of the clay minerals and reach
the homogeneous target temperature. On the other hand, phases that calcine or decompose
at temperatures to which the clay is subjected, such as gibbsite and calcite, are known to
influence the mineralogy of the calcined clay [66]. In fact, the presence of calcite in the raw
clay can have a negative influence on the reactivity of calcined kaolinitic clays [66], but a
positive effect on the reactivity of calcined smectitic clays [67]. Recent studies have also
shown that the co-calcination of various clays with other minerals (e.g., dolomite) can
produce SCMs with higher pozzolanic activity [68]. The same could be extended to the use of
calcined marl; however, the content of carbonates should be accounted in terms of the
amount of free lime that might be generated.

To promote uniform and complete calcination of the clay, the temperature used in industry
is necessarily higher than theoretically required and higher than that used in laboratory
settings where much smaller quantities of material are calcined [12, 69]. Several factors, such
as the nature of the clay and the equipment configuration, play crucial roles. For example, it
is reported that the ideal industrial temperature (solid) for the calcination of kaolinite clay is
700°C — 850°C, and often temperatures up to 900°C are used in kiln calcination, with a
residence time of ~30 min in the burning zone, to achieve near-complete calcination [70-72].
On the other hand, it is also suggested to stay below the decomposition temperature of CaCOs
when calcining kaolinitic clay [66], to avoid negatively affecting the calcined clay reactivity.
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Due to the low thermal conductivity of clay and the varying particle size distribution, the
calcination of the clay may not be uniform, and some unconverted material may remain if the
temperature is not controlled. It is also known that sintering and recrystallisation of the clay
occurs at higher temperatures, which will reduce their reactivity [72-75]. The temperatures
to be avoided are reported to be approximately 2950°C for kaolinite and illite, and 2900°C for
montmorillonite; however, this depends on several factors including clay composition and
crystallinity.

Images showing the visual effect of calcination in a rotary kiln are presented in Figure 4. In
the sample calcined at 750°C (Figure 4a), the inner part shows some isolated pieces of quartz
and lime but still no glassy/amorphous phase. Figure 4b (930°C) shows glassy phases indicated
by a change towards brighter grey while the isolated pieces of quartz and lime remain since
it is the same clay. Some dark grey areas indicate calcined clay that has not yet turned glassy,
which also shows that calcination is not homogeneous throughout a granule.

Figure 4: Thin section images of calcined clay mixtures after large-scale calcination processing in a rotary kiln; maximum
material temperature in the rotary kiln: 750°C (a) and 930°C (b) [41]

The temperature envelope used for calcination is crucial in order to avoid, as much as
possible, the persistence of uncalcined material as well as partial recrystallisation that will
lead to a reduction of reactivity [76], as illustrated in Figure 5. The window for practical
thermal activation is larger in kaolinite (600°C — 950°C) than illite (700°C — 950°C) or
montmorillonite (800°C — 900°C) [12, 77, 78]. Above these temperatures, a crystalline
aluminosilicate spinel, which converts to mullite when temperature is increased further, is
formed, and quartz is also known to convert to cristobalite; all these phases are known to be
stable and inert (non-hydraulic) in cement systems. This brings complications when trying to
calcine mixed clays; for example, it may not be possible to avoid uncalcined material in mixed
clays when aiming for the highest reactivity. On the other hand, if aiming to stay below the
calcite decomposition temperature, it may not be possible to completely dehydroxylate 2:1
clay minerals. It must be noted that information on the effect of the rate of cooling on clay
reactivity is scarce and deserves further assessment.

Gaseous phases within the process atmosphere may react with the clay through solid-gas
reactions, which are naturally faster than solid-solid reactions. In turn, the atmosphere of the
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calcination process will have an impact on the conditions required for dehydroxylation as well
as on the composition and quality of the final clay product. Hanein et al. [79-82] pioneered
the use of atmospheric control during clinker production for quality control and to produce
novel clinkers and showed that the atmosphere is of critical importance when calcining
volatile phases. This is the same in clay calcination where the material bed exchanges matter
with the gas phase including H20, CO3, SO», and O,. The partial pressure or activity of these
gases may be controlled to alter the temperature of dehydroxylation or breakdown of
carbonate or sulfate phases. The dehydroxylation temperature of the clay will increase with
increasing H,O partial pressure [54] which can vary greatly depending on fuel, for example
(by volume) ~20% for natural gas combustion in air and <1% in an electric furnace (air).
Similarly, an increase of CO; fugacity will increase the decomposition temperature of CaCO3
[79], which may be useful to avoid the reaction of subsequent CaO with the aluminosilicate
material [66].

Fartly amorphous/
Crystalline clay Amaorphous material partly crystalline
High surface area High surface area Low surface area

Particle morphalogy is
important to ensure
right temperature and
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PYroprocessing,
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and melting.,
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SCM Reactivity
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Figure 5: Illlustration showing the importance of temperature control in clay calcination.

Although clay calcination can be carried out using many techniques, static, rotary, and flash
calcination are the most common. Other activation techniques such as mechanical activation
[83, 84] are not yet widely used and are not covered in this review.

2.3.1 Static (soak) and rotary kiln calcination

Both static and rotary kiln calcination techniques have been used for the calcination of clays,
but rotary calcination is more efficient in larger operations. When larger quantities of clays
are calcined using static (soak) calcination techniques, such as in muffle furnaces, a highly
non-uniform temperature distribution in the clay may result. It has been reported that while
parts of the clay may be heated to temperatures as high as 1100°C, other parts may not even
reach 500°C, despite several days of soaking [43, 44, 85]; however, this will depend on furnace
size and filling. A more uniform heating of the clay has also been attempted in a vertical shaft
kiln, where coal was mixed with the clay to control its temperature more uniformly; however,
it was found that, due to the variations in the properties of clay, it was difficult to arrive at
the appropriate proportion of coal-to-clay to achieve the optimal temperature range for
calcination. For this reason, static calcination was found to be suitable only for small
guantities of clay, mostly for laboratory use.
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In rotary kiln calcination, it is found that once the clay has been crushed to the size of a few
cm, a relatively uniform calcination can be achieved with a residence time of less than 1 hour
at calcination temperature [86]. As temperature rises, agglomeration of clay particles may
occur, increasing the mean diameter and decreasing the specific surface area [60]. On the
other hand, differences in particle size and density of the clay may lead to segregation of
particles to form an inner core (kidney bean effect) [87] as shown in Figure 6, which may
inhibit uniform calcination. Temperature control in the burning zone of a directly-fired rotary
kiln is also not trivial and may impact clay quality and, depending on the residence time, can
cause agglomeration and generate lumps [88, 89]; however, temperature fluctuation in the
kiln can normally be fixed via fuel switching and burner optimisation. The gas temperature in
the rotary kiln will vary by kiln type and efficiency, loading, and clay properties but is usually
100 — 200°C higher than that of the solid bed [90]. Nonetheless, the rotary kiln is robust and
tolerant to high moisture contents and fluctuating particle size distributions.

Rotating Kiln

Fine Material
Coarse Material

Kidney Bean Effect

Figure 6: lllustration of the kidney bean effect that may sometimes occur in the rotary kiln; differences in particle size and
density lead to formation of an inner core.

The moisture content of the clay can vary widely, and a pre-heater can be attached to the kiln
configuration for removing free water. Insertions/extensions within the kiln such as lifters,
flights, and grizzlies can also be used in shorter kilns to improve drying. Rotary kilns can also
have two or, in some cases, even three parts, one after the other in the longitudinal direction,
with different diameters. The different rotation speeds (and/or diameters) in the first two
parts allow for greater control of the heating profile and properties of the final product.
Removal of absorbed/free water is conducted in the first shaft and removal of chemically
bound water in the second shaft. The third shaft, if present, is usually used for cooling; this
allows for more adaptation based on the drying vs dehydroxylation requirements. An image
of a double body kiln is shown in Figure 7. It is also worth noting that the use of rotary kilns
to produce calcined clay for subsequent use in blended cements enables swing production
between clinker and clay at the plant using a single kiln.
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Figure 7: lllustration of two-part rotary kiln (double body) with dehydration and dehydroxylation shafts.

2.3.2  Flash calcination

In flash calcination, gas-solid heat transfer is exploited to calcine the material quickly; the
residence time is in the order of deciseconds to seconds, thus the term “flash”. As discussed
earlier, flash calcination requires pre-treatment of the raw clay meal into a dry and fine
powder, prior to calcination, which enables it to be a pneumatically suspended feed within a
carrier gas. The residence time at the firing chamber is short; thus, there is low possibility of
agglomeration. Depending on the fineness of the clay feed, it could be possible to avoid the
need for further grinding of the material after flash calcination [91, 92]. Although some
reports indicate differences in reactivity between calcined clay produced in flash calcination
vs. soak calcination [91, 92], more research is needed to conclusively confirm this.

For kaolinite calcination, it is reported that a residence time of 0.5 s and temperatures
reaching ~950°C (solid/clay temperature) are the most appropriate conditions to produce
material with highest pozzolanicity [93]. For complete dehydroxylation, lower temperatures
may be used at the expense of longer calcination times. Due to the short calcination time, the
difference between gas and solid particle temperature can be higher than that in a rotary kiln
(>200°C).

Flash calcination can be conducted in a gas suspension calciner (GSC) with suspension burning
and cooling systems included in its core system. GSCs have high thermal efficiency, are
suitable for mass production, and have been successfully applied at industrial scale. It is
important to emphasize that the number of stages in the heating and cooling system is
custom designed based on the type and moisture content of clay being processed, process
requirements, colour requirements, thermal and system efficiency optimization, and
capacity.

An example GSC configuration is shown in Figure 8. The preheating system uses four-stage
preheaters and enables drying as well as decomposition of organic materials. Similar to clinker
manufacture, the use of a cyclone preheater improves the thermal efficiency and lowers the
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fuel consumption, effectively reducing operational costs [94]. A series of counter current flow
cyclones recover heat and filter particulate matter. Heat exchange occurs over the entire
surface area of the individual mineral particles; therefore, the gas and solid feed reach the
same temperature very quickly. Usually, having more stages implies higher efficiency of the
preheater, but only up to a certain extent because each stage increases the work on the fan.
It must be noted that a limitation in the use of cyclones is that they have a minimum
requirement for gas flow for them to function properly. An illustration of a middle cyclone,
showing its mechanism, is shown in Figure 9. In the cyclone, the gas is drawn into the vessel
tangentially at high velocity, causing it to revolve rapidly. The denser particles concentrate
towards the outside edge (like a centrifuge). Cleaner and cooler gas is withdrawn from the
central vortex (with a fan). The hotter solids proceed by conservation of momentum towards
the tip.

| Raw meal
L + from storage
| €1y
Ea " \
| I
@
I | \
| |
I C3 % Preheater
L ‘1

Bag filter

Figure 8: An example process of the suspension burning and cooling system used for flash calcination. C1 — C8 are different
cyclone separators, and FBC1 and 2 are fluidised bed coolers in the setup.
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Figure 9: Illlustration of one of the middle cyclones in the preheater tower showing how the separation and heat exchange
occur.

In some cases, flash calcination may prove to be advantageous to rotary calcination such as
for complex clay mixtures with undesirable reactive materials, such as calcite or sulphur-rich
phases; when there is poor contact between particles suspended in a high-speed hot gas-
flow, there is less chance for solid-solid reactions or interference with clay dehydroxylation
from the decomposition of other minerals in the same temperature range [95].

2.3.3 Modelling the clay calcination process

Since its development in 1885, the rotary kiln has been used in several large industries and is
therefore well studied. Existing rotary kiln heat transfer models [90, 96-111] used for other
industries, including cement clinkering, can be adopted to simulate/model clay calcination.
Simulation of the atmosphere and solid-gas interactions should also be considered along with
heat transfer and reaction models including thermodynamics, kinetics, and granular
dynamics.

Some work has been conducted for modelling the flash calcination of clay [93, 112]. Models
of the preheater tower, cyclones, and/or calciner developed for other industries may also be
adopted for modelling the flash calcination process [106, 113-117]. Due to the nature of flash
calcination, computational fluid dynamics modelling may be the best approach. Again, it could
be important to include modelling of the composition of the carrier gas and any solid gas
reactions promoted or inhibited by the system.

2.4 Cooling, dedusting, and waste-heat recovery

After calcination, the clay is usually cooled to recover heat and for subsequent processing.
The cooling medium is usually air (e.g., grate coolers) although wet cooling with limited
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amounts of water can also be used [44]. However, any remaining absorbed water in the
calcined clay may react while grinding or blending with clinker. Nonetheless, water-cooling
has also shown to not impact reactivity of calcined clay used as SCM in concrete production
[118].

In GSC, a cyclone cooler system can be used to recover the heat and to cool the clay. The
cooling medium is usually air, which can be recirculated and can enable recovery of heat back
to the calciner as preheated combustion air; however, the high amount of dust during clay
calcination limits this. The counter-current flow obtained with cyclones stages in series
provides a high thermal efficiency for heat recovery. Modelling of the heat transfer, heat
integration, and solids separation is vital for the use of this technology [119].

Clays can also be cooled in rotary [44] or fluidised bed coolers (see Figure 8). In the latter, the
fluidised solids flow between a series of pipe cooling elements with water or cooled gas as
the cooling media. The residence time inside the cooler is optimised for increased cooling
efficiency.

Up to 20 wt.% of the clay can escape the system as dust that will need to be recovered. The
dust is transported by the spent gas, which is usually treated with bag filters or electrostatic
filters/precipitators. The gas is then discharged into the atmosphere through a stack,
mobilized by an induced fan. The dust collected is usually then fed back to the raw meal. Dust
generation is usually more pronounced in rotary kilns than in flash calciners.

2.5 Colour control

Colour-giving elements, such as Fe, Ti, and Mn, which are found in clays, can change in
oxidation state during calcination and cooling, thus altering the colour of the final product
[41, 120]. Usually, the element with sufficient concentration in the clay to alter its visual
perception is iron, whose oxides play the main role in the colour of the clay [121]. Clay
materials can contain up to 15 wt. % of iron oxide phases, and contents above 5% Fe,03
promote a reddish or pinkish colour of raw and calcined clays [121-123]. Cement producers
may avoid selling cement with a colour different from the traditional grey, mainly for
marketing purposes [95, 120]. On the other hand, some producers of more reddish cement
highlight the colour as an extra benefit. The colour of the final calcined clay product can be
controlled (usually between grey or red) as discussed below; however, calcined clays
containing less than a few wt.% iron oxides may not require colour control and may attain a
white colour. It must be noted that the presence of these iron-bearing phases is not related
to significant variations in reactivity of the clay [124].

The transformation of iron oxides in reducing atmospheres is very complex and there are
possibilities of several reactions, which usually take place simultaneously [121]. If the iron
content in the clay is high and a grey colour is desired in the final product, a strategy for colour
control must therefore be applied to the clay process. Above 650°C the only stable iron phase
is magnetite; therefore, colour control is not an issue during calcination, but upon cooling.
The two major routes to achieving colour control are: 1) very rapid cooling, where quenching
will inhibit the oxidation to hematite upon cooling or 2) cooling in a sufficiently reducing
environment. As shown in Figure 10, calcined clay where colour control is implemented is
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grey instead of pinkish-red [125-127]; this is due mainly to the persistence of magnetite
instead of hematite [123, 128].

Calcined clay Calcined clay
(oxidizing conditions) (reducing conditions)

Raw clay

Figure 10: Colour of raw and calcined iron-oxide containing (3.8 wt.%) kaolinitic clay under oxidising conditions and
reducing conditions. Adapted from ref [22, 129].

Colour control technologies that are based on cooling the calcined clay in a reducing
environment will require cooling the clay from its maximum temperature down to no more
than 300°C in a sufficiently reducing environment. If the calcination is carried out under
oxidizing conditions, the desirable oxidation of other materials, such as the sulfur-bearing
ones, would still occur. Several equipment producers have developed procedures that
provide a reducing atmosphere during cooling of the calcined material. For example, an inlet
can be created near the exit for the calcined material, through which fuel is then injected. The
combustion of this fuel at the high temperature in this region consumes all oxygen available
and imposes reducing conditions during cooling. It has been reported that, since this process
mainly influences the iron-bearing phases, it does not affect the reactivity of the clay [121]. It
is estimated that the fuel energy needed for this reduction is 50 — 100 kJ/kg calcined clay. In
flash calcination systems, by controlling the percentage of fuel and combustion air, the
concentrations of CO in the middle and outlet of calciner can be controlled to create an
oxidizing atmosphere or a weakly or severely reducing atmosphere, so as to control the colour
of the calcined clay. It must be noted that the term “reducing” is not well defined and the O3
fugacity can vary for example, from 103— 1073°; for example, the reducing degree and colour
control efficiency may vary greatly when creating an inert atmosphere (e.g., N2 or Ar) in the
laboratory or when using an active oxygen scavenger such as carbon monoxide or diesel.

The method of colour control that stabilises magnetite does, however, raise questions of how
long the colour will persist as the transformation to hematite is a naturally occurring process,
albeit slow under ambient conditions. Future work should consider new ways of stabilising
magnetite, such as the use of dopants, as well as on the separation of iron from the clay
through chemical or magnetic separation; unlike hematite, magnetite is ferrimagnetic.

2.6 Process monitoring, emissions, and quality control

In practice, the calcination of any particular clay mineral is usually optimal within a relatively
narrow range of temperatures. Calcination outside this range of temperatures will lead to a
reduction in the reactivity of the clay. Strict control on temperature and the distribution of
temperature in the clay particles/lumps is important. Process monitoring can be achieved
using thermocouples, heat transfer modelling, infrared pyrometry, and high-temperature
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cameras, as well as general routine visual inspections and mass and energy balances. In the
rotary kiln, temperatures of the solid bed can be estimated and monitored by knowing the
temperature of the kiln external wall and properties of the clay, kiln tube, and lining [90, 130].

The combustion of fuels and the calcination clay can be responsible for the emissions of
pollutants, such as SOx, NOx, organics, etc. in the flue gas. These emissions can be monitored
using on-line or in-lab gas analysers; although not currently widespread in industry, emissions
can also be predicted by modelling the combustion of fuel of known composition [79, 130].

The optimal temperature of clay calcination is usually lower for use as SCM than for other
applications. This temperature is usually determined on a performance-based approach. For
example, the highest strength can define the calcination parameters and the criteria needed
for continuously monitoring the calcination efficiency.

The most rapid (10-20 minutes) means of assessing the clay is using X-ray diffraction (XRD)
[60, 73]. This technique can be used to observe dehydroxylation; however, care should be
taken as, for example, in clay minerals from the kaolinite group, some peaks can disappear
completely even when dehydroxylation is not complete, but greater than 60%. For every
group of clay minerals, there are certain peaks that disappear in x-ray diffractograms within
a certain range of temperatures (especially peaks related to basal planes), while some others
remain relatively unaltered. Also, the verification of low intensity peaks in the XRD pattern of
the calcined clay could be difficult due to the increase of amorphous content. Moreover, this
technique cannot be used to monitor over-calcination except for extreme cases that lead to
the formation of mullite and/or spinel. The quantification of the amorphous content can also
provide pertinent information on calcination efficiency [131]. XRD assessment of calcination
is relatively straightforward, and the technique is widely available in modern cement plants.

An oven and a balance can also be used to calculate mass loss or the loss on ignition (LOI) at
specified temperatures. LOI is a well-known indicator in cement plants and its use for
calcination of clay is direct [132]. The calibration of the LOI on a performance-based approach
makes this indicator valuable. The conditions of calcination giving the highest strength can be
targeted in terms of LOI. The LOI optimal value is specific to each clay and each installation.
For example, the presence of calcite in clay would increase this optimum. The LOI can be used
as an indirect measurement for the quality control of clay but does not permit to assess over-
calcination or recrystallisation of the clay. For example, physical rearrangement or formation
of crystalline cristobalite does not affect the mass loss of the clay [73].

These methods give information on calcination efficiency and provide indirect indication on
material reactivity. Other methods permit assessment of the reactivity of calcined clay.
Among these tests, heat of hydration and lime-reaction based tests have been found to be
the most suitable to predict the subsequent reactivity of clays in cement systems [133-135];
however, these tests are still time-consuming and may not be suitable for use at plants, where
quicker results may be required. The development of faster test-methods to assess the
quality/reactivity of calcined clays is therefore required.
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2.7 Grinding of calcined clay

There is currently no specific equipment intended for grinding calcined clays, besides that
used for cement. After calcination, depending on the process and intended application, the
clay can already have a very fine particle size and high specific surface area; however, grinding
may be required to de-agglomerate calcined clay clusters, decreasing the average diameter
[136], as well as to grind down quartz and other hard minerals present in the calcined clay.

Calcined clay has a high tendency to flocculate, which has its roots in the plate-like structure,
of kaolinite particularly, and negative surface charge of the calcined clay [137, 138]. For the
production of LC3, grinding may be used to obtain a uniform and intimate mixture with clinker,
limestone, and gypsum [92, 119]. The cement can also be produced by blending components
after separate grinding.

Since one of the main objectives of using calcined clay as an SCM is to reduce the carbon
footprint of cement production, it is vital not to ignore the other process-based contributions
to the emissions. Comminution and grinding make up a significant part of the electricity
demand in cement production [139]. A potential ancillary benefit of calcined clay blended
cements is lower electricity demand from grinding due to the higher grindability of calcined
clay compared to clinker [140], but in practice this raises several issues due to grinding circuit
configurations.

In most research studies involving blended cements, the different constituents are normally
ground separately, i.e., open circuit grinding configuration. On the contrary, the most
common grinding process in cement plants is based on intergrinding of cement constituents
in closed circuit units. The main difference between separate grinding and intergrinding is
that during intergrinding the different minerals interact inside the mill. These interactions are
mostly due to their differences in grindability [141], which prevents harder materials from
further decreasing their particle size. In blended cements that contain additions of calcined
clay and/or limestone, calcined clay and limestone have higher grindability (softer particles)
as compared to clinker (harder particles). Upon intergrinding, clinker tends to remain
concentrated in the coarse fraction, which may compromise the early age strength. Softer
materials such as calcined clay and limestone become much finer [129], which may have a
negative effect on workability. A coating of calcined clay on the grinding media can also
reduce the efficiency of grinding of the harder components like clinker. In general, thus far,
the highest reactivity of the blended cement is achieved when clinker is ground separately
from limestone and calcined clay [141].

Grinding aids (GA) are incorporated during comminution of clinker to reduce electrostatic
forces, minimize agglomeration of clinker and SCM grains [142], and reduce the coating on
the grinding media, thus increasing fineness for given specific energy consumption of the
grinding mill [142-144]. GA can be used to increase the yield of the grinding process of
calcined clays [129]. Clay particles tend to agglomerate due to their high surface energies,
reducing the efficiency of the mill and of the air separation process in closed circuit grinding
configurations. Furthermore, the use of GA increases the efficiency of the dry separation
process of the material [145]. Alkanolamine-based GA can also promote the hydration of

Page 19 of 40



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

clinker aluminate phases (CsA and ferrite) in LC3-type systems, leading to an enhanced
precipitation of carboaluminates [124]. It has been shown that carboaluminates contribute
to the strength development of LC3 [146].

2.8 Available industrial processing equipment/technology: benefits and limitations

Existing equipment used in other pyro-processing or calcination industries can be repurposed
for the calcination of clay. This will generally require tailored solutions depending on the
equipment as well as the properties of the clay.

2.8.1 Useful equipment and heat sources in existing Portland cement plants

The refurbishment of old or mothballed kilns in existing Portland cement plants can be a fast
and low capital expense way to start producing calcined clay. Almenares et al. [86]
successfully converted a wet-process clinker kiln to produce calcined clay with good
pozzolanic properties. They found the process to be robust, but process parameters need to
be optimized for the specific clay material.

The GSC draws similarities with the pre-heater tower-calciner configuration used in clinker
production, which can be modified for the flash calcination of clay; the initial stages and fan
may need to be re-designed and cooling and separation/collection stages added on.
Additional firing of fuel may also have to be provided near the outlet of the calciners for colour
control.

2.8.2 Lime and magnesia plants

Lime and magnesia are produced worldwide in shaft or rotary kilns [147], and the
temperatures of calcination are similar to those required for clay calcination. Therefore, the
kiln configurations used for their production may be repurposed to produce calcined clay.
However, the energy required for clay calcination is significantly lower than that required for
lime and magnesia production (see section 3), so some modifications may be required. Unlike
in the manufacturing of lime and magnesia, the clay rock may not need significant crushing
prior to calcination.

2.8.3 Expanded clay manufacturing plants

Expanded clay, which is usually produced in northern countries where 2:1 clays are readily
available and there is a need for them as insulators or lightweight aggregates, is also produced
in rotary kilns. These kilns are smaller than cement kilns and usually have three parts: a drying
kiln or pre-heater, an expansion or burning kiln, and a cooler. Their typical capacity ranges
from 15 to 30 t/h. The expanded clay kilns shown in Figure 11 have successfully been
repurposed to produce calcined clay.

One issue in repurposing expanded clay plants to produce calcined clays is the type of cooler
used for expanded clay production. Some coolers operate with water that is sprayed on the
lightweight aggregate to cool it down to a temperature acceptable for transport on a
conveyor belt. However, if using this cooling system in calcined clays, residual moisture
content may exceed the limits for material that will be used in cement directly.
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Figure 11: a) Two-part rotary kiln (double body) with preheater and expansion shafts (Source: Liapor GmbH & Co. KG) and
b) Expanded clay kilns successfully tested for the productions of calcined clay (Pautzfeld plant, Germany (b) [41]
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2.9 Other and emerging technologies for clay calcination

2.9.1 Solar thermal calciner

Solar calciners have been developed and prototypes constructed [148-153]. These calciners
were targeted to produce lime or to complement or replace the pre-calciner (limestone
decomposition) stage of cement manufacture, which requires a temperature of ~900°C. The
possibility of conducting the entire clinker manufacturing process is limited by the required
higher temperature of clinker manufacture [154]; however, recent developments have
enabled the concentrated solar thermal technology to generate industrial heat at
temperatures up to 1,500°C [155].

Although there is no published work on the use of solar calciners for clay calcination, it is
apparent that these technologies can be employed for clay calcination and at the lower more
achievable temperatures. The limitations for wide-scale deployment include capital and
infrastructure costs, continuous operation in day and night, heat storage, and locations with
sufficient solar irradiation (see Figure 12); it is suggested that the minimum yearly solar
insolation requirement for the plant location is 2000 kWh/m? [156].

SOLAR RESOURCE MAP
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blished by the World Bank Group, funded by ESMAP, and prepared by Solargis, For more information and terms of use, please visit http://globalsolaratlas.info

Figure 12: Comparison of global averages of direct normal irradiation.
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2.9.2 Microwave calcination

Microwave processing offers potential for efficient heating [157]. The majority of applications
of microwave heating of solid oxides are used to achieve sintering, and this technology has
been demonstarted for the production of clinker [158]. In the case of clays, the heating of the
dipolar hydroxyl groups has been seen to result in dehydroxylation [159, 160]. Microwave
clay calcination has also been used in industrial trials for the manufacture of catalysts [161],
and a hybrid approach of a microwave-assisted calcination in rotary kilns has also been
developed [162].

A comparison of clays calcined using two microwave heating protocols (first starting with 30
min at 110°C, then heating to 700°C in 2h and then holding at 700°C for 30 m, second starting
with 30 min at 110°C, heating to 800°C in 1h and then holding at 800°C for 30 min), with the
same clay calcined for 60 min in a muffle furnace at 750°C showed comparable results in terms
of water demand and compressive strength development of the final cement product.
Preliminary investigations showed that the energy demand for microwave-calcination is
between 2350 kJ/kg and 3500 kJ/kg [163].

Whilst this method has potential, there are still unknowns and difficulties to optimise the
process. Depending on the microwave frequency, radiation will penetrate from a few cm to
only few mm, which is one of the disadvantages of using microwave radiation to heat larger
particles. After dehydroxylation, a decrease in resistivity and subsequent increase in heating
rate (up to 500°C/min) has been observed [159]; this poses a risk of recrystallisation and
sintering from runaway heating. In terms of scale-up, continuous-flow systems have been
established in microwave processing [164], and thus many of the challenges (e.g. real-time
monitoring) can be shared with continuous-flow processes for conventional heating. An
opportunity for real-time monitoring in microwave systems is the real-time measurement of
dielectric properties of the calcined materials using the same microwave system [159].

2.9.3 Thermal plasma processing

Thermal plasma processing encompasses a range of methods for altering a material by
exposure to a plasma (an ionized gas) [165, 166] and has been tested for clinker production
[167, 168]. In the context of clay calcination, this proposed method (and its potential
advantages) can be similar in some ways to flash calcination, where the raw powders are
passed through a high temperature environment at high speed. This technique has
successfully been used to manufacture several types of amorphised and/or nano-scale
ceramic powders [169]. A plasma torch-assisted calcination process [162] has been
developed; although it is not known what success was had with this, the high dependency of
calcination rate on particles surface area per volume ratio was highlighted. A wide spectrum
of temperatures can be achieved, up to >20,000°C. Available torch power is 20 kW — 2 MW,
and the carrier gas can be steam, air, argon, helium, hydrogen, or even carbon dioxide.
Thermal plasma processing is proven in other industries such as waste incineration; however,
it is likely that the very high temperature will pose an issue for clay calcination even at very
short exposure times.

If using the plasma torch in a rotary kiln, the plasma reaches temperatures far higher than a
conventional flame, and such a change would cause some operational uncertainties.
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Depending on the working gas used for the plasma and the plasma torch placement, the heat
transfer within the rotary kiln will be affected (mainly the radiation) and may cause changes
to the bed chemistry.

2.9.4 Fluidised bed calciner

An alternative way to achieve calcination is to use a fluidised bed system where a gas is passed
upward through a bed of material with relatively fine particles [170, 171]. As the gas velocity
through the solid particles increases, a series of changes in the motion of the particles can
occur. At a very low flowrate, the particles remain stationary, but with an increased flowrate
the particles will become suspended in the upward flowing gas. Studies have reported [170]
advantages of using fluidised beds including higher fuel efficiency and a more uniformly
reactive product; however, the amount of alkali in a fluidised bed system can impact the
quality of the calcination. Muntianu et al. [171] suggested a fluidised bed system to calcine
clay that has been dried and crushed to a maximum particle size of 2 mm; however, raw clay
is cohesive, which is not desirable for fluidised bed processing [171].

Studies on the calcination of clays by fluidised bed at bench scale [172] and pilot plant [173],
suggest this technology for the thermal activation of clays. The fluidised bed technology offers
potential benefits in terms of energy saving (fuel), high heat transfer coefficient, high contact
between hot gases and clay particles, guarantee of a uniform temperature and homogeneous
products, low retention times, and easy operation and maintenance. Although these works
have obtained good results, the recommended optimal economic capacity to develop the
process on an industrial scale according to the pilot studies is only 20 t/h [173]. The expansion
of this technology on an industrial scale is limited in part because in many cases the scaling
up studies may not reflect what is experienced at previous scales due to the complexity of the
hydrodynamics of some fluids, which is another disadvantage. Fluidised bed technology is
reported to cause high particle carry-over, and be very demanding in terms of pumping
requirements and pressure drop [174]. Therefore, fluidised bed technology requires a
complex installation for the capture and separation of particles, which in addition to
constituting a difficult technological problem, is expensive. Hence, scaling up and plant
productivity are among the common issues related to the design of fluidised bed technology
at industrial scale, which impose restrictions on its choice as an alternative for clay calcination.

3 Sustainability and economic performance of clay calcination

The environmental and economic performances of clay calcination are governed by several
factors including: the location of the clay deposit, the mineralogy of the clay, its moisture
content, and the processing technology used.

3.1 The cost of drying the free water

A major energy and cost consumer of clay calcination is the drying of the clay. The free water
and moisture content or natural humidity of a clay influences the thermal energy required for
drying (free water) and dehydration (surface-adsorbed and pore water) before calcination.
The moisture content of unsaturated clays will depend on both the mineralogy of the clay and
the relative humidity (which is partly dependent on temperature) of the surrounding
environment. Although the surface adsorbed and pore water content is not very high (up to
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0.25 g/g for a Na-montmorillonite compared to 0.02 g/g for a kaolinite (1:1) [175]), the free
water content, which changes with climates, can vary between a few percent to > 40 wt.%.

3.2 Mass balance

The compositions of 2:1 clays are not fixed, but the manufacturing efficiency is higher than
that of kaolinite due to less material loss through dehydroxylation (see Egs. 1 — 2) as shown
in Table 1. However, the manufacturing efficiency of calcined clay is higher than that of
clinker, lime, or magnesia where large amounts of CO; are released from the limestone. This
should be considered when adopting existing pyro-processing configurations for the
calcination of clay.

3.3 Energy balance

The drying, dehydration, and dehydroxylation of clay are endothermic processes. The
theoretical heat requirement for clay calcination can be calculated from enthalpic data at
constant pressure and a reference temperature (25°C) when the products have returned to
the reference temperature. Using the data provided by Schieltz and Soliman [176], the
theoretical heat required to produce metakaolin from pure kaolinite (dry basis) is 1145 kJ/ kg
metakaolin (~36% less than that of PC clinker), but this does not account for moisture.

Experimental enthalpic data for pyrophyllite anhydride do not exist. However, applying
density functional theory (DFT) calculations [177], the energy of formation of crystalline
pyrophyllite anhydride at 0 K from simple oxides is 60.6 kJ/mol [178]. The value at 298.15 K
should be similar (+/-5 kJ/mol; ~1 kJ/mol per constituent oxide). Therefore, using the
thermodynamic data for Al,Os3 (corundum) and SiO, (alpha quartz) compiled in [79], the
enthalpy of formation (from elements) of crystalline dehydroxylated pyrophyllite (Al>SisO11)
at 298.15 K is estimated to be -5258 kJ/mol. The enthalpy of formation (298.15 K) of
pyrophyllite [179] is -5640 kJ/mol and of H,O (L) is -286 kl/mol ; therefore the theoretical
heat of formation for Eq. 2 is 281 kl/kg pyrophyllite anhydride. This calculated value is for the
crystalline phase and the crystallization process is exothermic; assuming crystallisation energy
of 5 kJ/mol.atoms (17 atoms x 5 kJ/mol.atoms), the theoretical heat of formation for Eq. 2 is
then estimated as 529 kl/kg pyrophyllite anhydride.

The theoretical heat of formations of clays as well as other materials produced through
calcination and using similar technology (for comparison) are shown in Table 1 along with the
practical calcination temperatures. The theoretical energy required for the dehydroxylation
of pyrophyllite is less than half that of kaolinite, which is expected due to the lower amount
of water loss. Theoretical heat is calculated assuming that the calcination products
(dehydroxylated clay and water) return to standard conditions (25°C and 1 atm). However,
this is not the minimum energy requirement, as the latent heat of vaporisation of water is not
readily recoverable in heat integration.

Table 1: Theoretical heat calculated at 298.15 K for calcined clays and comparison materials.

. Raw material . R
Theoretical Practical calcination
Product Reactant(s) * per product R
heat (kJ/kg) . temperature (°C)
kg/kg
Kaolinite
Metakaolin 1145 [176] 1.16 600 -950
(1:1 clay)

Page 24 of 40



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

Dehydroxylated

pyrophyllite Pyrophyllite 800 -950
2 1.
(Pyrophyllite (2:1 clay) 529 (see text) 05 [62, 63]
anhydride)

Limestone, clay,

BCSA clinker*** 1279 [180] 1.46 1250-1300
and gypsum
PC clinker L'mesctl‘:;e and | 1780 [180] 1.66 1425 - 1500
MgO Magnesite 2932 [179] 2.09 600 — 900
Cao Calcite 3188 [179] 1.78 800 - 1000

*Not considering moisture

**Not considering moisture or mining waste

***¥Assuming a clinker composed of 30% ye’elimite, 60% belite, and 10% ferrite (by weight); BCSA
stands for belitic calcium sulfoaluminate

The minimum energy requirement for clay calcination can now be calculated by returning the
latent heat (2269 kJ/kg [181]); the minimum energy for production of metakaolin is 1513 klJ/kg
and for dehydroxylated pyrophyllite is 643 kJ/kg. It must be noted that these values do not
include thermal process efficiency, which can vary between 50 — 70%. These calculations also
do not account for the energy required to remove free water; therefore, the minimum energy
requirement can also be calculated by adding the latent heat of assumed moisture as shown
in Figures 13. Calculations reveal that clays with more than 20 wt.% (pyrophyllite) or 40 wt.%
(kaolinite) moisture may consume more energy in drying than in dehydroxylation. In
application, the actual energy required depends on the purity of the clay and its content of
clay minerals. Mixed clays with a higher kaolinite content are expected to consume more
energy. Other phase conversion processes that may occur in parallel (i.e. for the associated
minerals) would also consume energy.

3500 3500
] M
£ _ 3000 T 2 3000
5T 3%
@ = 2500 o £ 2500
> 2=
& T 2000 > o 2000
o @ [T
5 E 1500 2 = 1500
E& §2
5 S 1000 £ & 1000
EZ 55
c 500 E 2 500
c

= 0 55 o

-

0% 5% 10% 15% 20% 25% 30% 35% 40% = 0% 5% 10% 15% 20% 25% 30% 35% 40%
Moisture contentin clay Moisture contentin clay
a Dehydroxylation Moisture b Dehydroxylation Moisture

Figure 13: Minimum energy required for the calcination of a) kaolinite and b) pyrophyllite, with various amounts of free
water/moisture. It must be noted that these values do not consider thermal processing efficiency.

3.4 Raw material and fuel-derived CO; emissions

The raw material and fuel-derived CO; emissions from the calcination of clay are shown in
Table 2 along with emissions from other materials for comparison. It is shown that the
calcination of clay has a much lower carbon footprint than other materials. Additionally, it is
found that the carbon footprint of 2:1 clay calcination is lower than that of 1:1 clay calcination.
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Table 2: Estimated raw material and CO, emissions (per kg) to produce calcined clay as well as other materials (for
comparison).

*Raw-material CO> **Fuel-derived CO> Sum CO;

Product

g/ksg g/ks g/kg
Metakaolin <30 240 (no moisture) <270
Dehydroxylated pyrophyllite .
(PyerhyIKte anhli/ydrige;/ <30 102 (no moisture) <132
BCSA clinker 389 203 592
PC clinker 526 283 809
MgO 1092 466 1558
Ca0 785 507 1292

* Calculated assuming that Ca and Mg are supplied by carbonates (except for BCSA where part of
the Ca is from gypsum). The values of less than <30 g CO; for clays are based on the assumption
that the clay will contain <3 wt.% CO,.

**Estimated by considering a fossil fuel with 65% carbon and a net calorific value of 25,000 ki/kg
fuel, as well as a thermal processing efficiency of 60%. The theoretical heat from Table 2 is used,
except the clays where the values used are those considering that the latent heat of vaporization is
not recoverable; 1513 ki/kg for metakaolin and 643 ki/kg for dehydroxylated pyrophyllite.
However, moisture content of the clay is not considered (i.e., the clay is pre-dried).

The total CO; emissions and thus the sustainability performance will also depend on other
factors. Emissions from transport of the raw materials to the processing plant can have major
influence [180, 182]. Additionally, the CO; emissions associated with drying and grinding of
raw materials, fuels, and final product are significant [183] and have also not been considered.

3.5 Cost protocol

Cements using calcined clays are likely only to be commercialised if they are available at a
lower or similar cost to conventional cements; this includes any carbon tax that may be
applied. The cost for producing and using calcined clays must be calculated locally, as it will
differ by region [184]. For example, it could be cheaper in hotter countries where there is
greater availability. Additionally, all regions will have different operational, transport, and
maintenance costs. The economic feasibility of using calcined clays will also depend on the
availability and quality of other SCMs in the region. Although it is not practical to calculate or
present costs for all regions, a protocol for calculating cost can be suggested:

e Capital expenditure: repurpose existing equipment where possible

e Clay mining: reduce mining waste

e Drying and homogenisation of clay at the mine: avoid transporting free water and
homogenise to extend reserves

e Transportation: avoid transporting long distances

e Plant pre-processing: do not exceed required specification prior to calcining (e.g., drying
and milling)

e Calcination: optimise fuel pre-processing and consumption

e Grinding and blending: grind and blend efficiently and use grinding aids where necessary

e Maintenance: maintain equipment to avoid downtime

e Operational cost: automate operation where possible
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e Quality control: quick and frequent (or on-line) checks to avoid large losses of material
e CO; emissions: minimise carbon footprint and avoid possible taxation penalties

4 Fuels

To calcine clay, both adequate energy and temperature are required; therefore, the quantity
and quality of fuel are mutually important. Unlike clinker, clay calcination occurs at
temperatures below 1000°C, thus enabling a broader range of lower quality fuels to be used.
The choice of fuel also impacts the economic and sustainability performance indirectly
through transportation/delivery of the fuel to the plant as well as any required fuel
preparation, drying, grinding, and/or storage, which could even be more complicated than
the calcination process itself.

4.1 Traditional fuels and alternative fuels

The metakaolin and calcined clay industries currently prefer the use of diesel and furnace oil
as fuels, since the whiteness of china clays is important for many applications such as paper
and paint and other fuels may give colour or leave black specks in the product. This is not as
important for use in cement and can enable use of fuels such as coal or petcoke. Biomass, and
other waste fuels can also be used [70].

When combusted in stoichiometric air, fossil fuels such as coal can deliver a flame
temperature of ~2,000°C which will lead to an over-calcination of the clay; however, the
burner can be easily controlled/modified to adjust the heat and fuel mixing is not essential.
However, to control the temperature in the kiln or calciner, fuels can also be mixed.
Temperature control while using these fuels may also be achieved by stabilisation of the flame
through the intermittent use of other fuels such as diesel or furnace oil.

The CO; footprint can be significantly reduced if biomass is used as fuel. CO; emissions from
biomass combustion are considered net-zero because the CO. released from their
combustion equals the amount initially sequestered in the biomass. Fuels containing biomass
are mainly industrial and municipal wastes that have undergone treatment such as shredding,
screening, drying, and magnetic separation.

Similar to the clinker manufacture, in calcined clay production, other types of wastes can also
be used as alternative fuels, at least in partial replacement, such as tyres, oil, solvents, plastic,
textile, wood, sawdust, sewage sludge, and medical waste [185, 186]. The use of alternative
fuels in clay calcination it is possible but needs adaptation of traditional practices with
common fuels and develop suitable combustion equipment [95, 187].

4.2 Gasification

To achieve stable ignition and prevent the release of hazardous components such as
formation of SOx and NOx, the combustion temperature of many fuels such as petcoke,
municipal solid wastes, tyres, etc., may be required to be kept higher than that acceptable for
clay calcination. In such cases, the gasification of the fuels can be carried out to achieve stable
combustion, reduce pollution, and allow for more flexibility on fuel quality feeding.
Gasification has been used with biomass briquettes for the calcination of clays to achieve a
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stable flame in a rotary kiln [70]. Other abatement technologies also exist in case
environmental criteria are not fulfilled but will lead to an increase of cost.

4.3 Influence of impurities in fuels on characteristics of clay and on calcination process

It is important to analyse the presence of impurities in fuels on the calcination process and
the calcination of the clays. While some of the impurities may remain in the calcined clay and
may participate in hydration, others may escape with flue gases and contribute to pollution.
Impurities such as sulphates, chlorides, etc. may participate in hydration with cements and
influence the durability of concrete. The higher calcination temperature of clinker can
promote encapsulation of such impurities in the product during clinker production; however,
this is less severe in clay calcination.

4.4  Electricity and Hydrogen: towards carbon neutrality of clay calcination

Several studies have suggested the electrification of kilns and conversion of power to heat for
clinker manufacturing [188-193]. Solar calciners have been discussed in section 2.10, and
solar power or other renewable resources can also be used to produce electricity. The main
reasons cement kilns have not yet been electrified are the high temperature requirement of
~1450°C and the potential requirement of designing new plants. However, new plants may
need to be built anyway for wide-scale adoption of calcined clay in the cement industry, and
the calcination of clay requires relatively lower temperatures. Electric-powered kilns can be
directly or indirectly heated, and their use can also allow for more precise temperature
control with minimum deviations and maximum product performance. The hot gas can also
be generated externally to enable flash calcination without the combustion of fossil fuel.

Hydrogen gas can also be used as fuel for the kiln or calciner; the net calorific value of
hydrogen gas is 120,000 kJ/kg (~5 times higher than that of the traditional fossil fuels used).
Hydrogen gas production can be carbon neutral if produced from renewable/green electricity
through, for example, the electrolysis of water instead of steam reforming. The use of green
electricity, solar, and/or hydrogen gas as a fuel can enable calcined clay to be a carbon neutral
material.

5 General remarks and future research needs

The latest advances in the calcination of clays for use in cements have been discussed. It is
crucial to fully understand and characterise the clay available before designing the extraction,
pre-processing, and calcination processes. The processes and technologies available for each
of the steps required to bring the clay from the mines to the cement factory have been
discussed, while the CO, emissions and energy consumption calculations are presented.
Furthermore, technologies that could potentially be used to further improve the sustainability
of clay calcination and use as cement replacement are highlighted. Despite the relatively
mature state of this area, it has been identified that several aspects require further
investigation. Some of these important areas needing development are listed below:

e The effect of cooling and heating rates on clay reactivity
e The influence of process atmosphere on clay calcination (other than colour control)
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e Understanding any differences in morphology and reactivity between flash and rotary
calcination

e Deeper assessment of the calcination of 2:1 clays for use as SCMs

e Quicker test-methods to assess the reactivity of calcined clays for the industry

e Framework for linking clay type with the appropriate/ideal calcination technology

e Thermodynamic and kinetic data derivation for clay calcination and hydration

e Novel techniques for the stabilisation of magnetite and/or the separation of iron from
raw or calcined clay

e Regionalised life cycle analysis frameworks

e Detailed assessment of varying clay moisture content globally

e Large-scale application of microwave calcination

e Design and development of electric or solar powered furnaces for clay calcination
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