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Abstract This project explores the use of grinding aids to control the resulting
particle-size distribution of calcined clay and limestone. It was observed that after
grinding, calcined clays exhibit a strongly bimodal particle-size distribution, where
the clay minerals concentrate mainly in the finer particle population. A significant
increase in compressive strength at early age was observed in systems incorporating
alkanolamines. The effect appears to be restricted to the aluminate reaction, as the
silicate peak remains virtually unmodified. Particle classification (air separation)
techniques were applied to remove the impurities (mainly quartz and iron oxides)
and, therefore, increase the amount of kaolinite in the resulting material. An increase
in the kaolinite content from 29 to 45% bymass was achieved in one step and without
pre-dispersion of the particles.
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1 Introduction

Calcined clays are a promising opportunity to lower clinker levels in cements because
of their widespread availability and their excellent reactivity in blended cements.
The combination of metakaolin and limestone in OPC-based systems produces a
synergy that enables the production of high-performance cement with a significantly
lower clinker factor. Clays are mixtures of clay minerals (such as kaolinite, illite
and montmorillonite) and other impurities, such as quartz, iron oxide and other rock
forming minerals. Due to this inherent heterogeneity of the material, the grinding
of clays results in a characteristic bimodal particle-size distribution. This charac-
teristic distribution is observed when grinding both raw and calcined clay and also
at industrial-scale grinding setups. This opens the possibility of applying particle
classification processes to increase the kaolinite content in low-grade clays.
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Grinding aids (GAs) are incorporated during comminution of clinker to reduce
electrostatic forces andminimize agglomeration of clinker and SCMgrains [1]. Such
additions are commonly used to increase cement fineness and compressive strength
for given specific energy consumption (Ec) of the grinding mill [1–3]. After the
grinding process, GAsmay not preserve their original molecule structures. However,
they do remain adsorbed onto the cement particles to entail variations of cement
properties whether in the fresh or hardened state [1]. Thus, grinding aids may have
beneficial effects on rheology and hydration of limestone calcined clay cements
(LC3).

2 Materials and Methods

The effect of grinding aids on the agglomeration of calcined clay during grindingwas
studied using unground calcined clay passing #8 sieve, and a lab-scale rotary jar mill.
The clay had a calcined kaolinite content of 62%. The grinding was performed in
controlled conditions of time and load of the mill, incorporating different dosages of
commercial grinding aids based on polycarboxylate ether (PCE), glycol or amines.
As the clay was calcined before grinding, the workability of LC3 cast using these
clays was assessed using the mini-cone slump test, while hydration kinetics was
studied using isothermal calorimetry.

To assess the potential of particle classification as a mean to increase the kaolinite
content of ground clays, a natural clay with 30% kaolinite content was selected.
Two different particle classification techniques, gravimetric precipitation and air
separation, were applied over the samematerial. The first one is a classic and accurate
method normally used by geologists on soil science, while the second one has the
biggest potential for industrial scalability. The procedure was applied to a previously
grounded and dried batch of raw clay. A Hermle Z 206 lab centrifuge was used with
50 mL tubes. The clay dispersion was composed of raw ground clay as solute and
sodium metaphosphate (0.1%) aqueous solution in water-to-solid ratio of 6. At the
end of the centrifugation, the liquid solution was placed in plastic container. The
containers were placed in a 60 °C oven to speed-up the evaporation and to allow
the retrieval of the dry samples. The gravimetric separation was performed to obtain
5 batches with their own target separation size (the limit size between particles
sedimented and in suspension): 0.8, 3, 5, 11 and 50 microns. The time required to
achieve the desired separation limit was established using the Stoke’s law adapted
for centrifugation [4].

Cement plants normally perform grinding in close circuit configuration, combin-
ing a mill with an air classifier that controls the particle size of the output. In order to
demonstrate the potential for clay concentration using this technology, a lab-scale air
separatorwas used. The speed of the classifierwas initially adjusted using a limestone
calibration curve. Afterwards, a clay curve was constructed based on experimental
results. The reactivity of the fine and rejected (coarse) fractions of clay was analysed
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by means of the R3 test [5], while their physical (particle-size distribution by laser
diffraction and specific surface area by nitrogen adsorption) and chemical (kaolinite
content by TGA) properties were also assessed.

3 Results and Discussion

3.1 Effect of the Incorporation of Grinding Aids
in the Agglomeration of Clay During Grinding

Calcined clay was ground in the conditions described above for 60 min in order
to observe the effects of grinding aids incorporation on the strong agglomeration
observed in clays without the addition of these molecules. The three commercial
grinding aids were included in the dosages recommended by the manufacturer. As
observed in Fig. 1, all of the products used showed a strong effect on reducing the clay
covering layer of the mill walls and grinding media, which impacts the efficiency of
the process. Particle-size distribution of samples collected every 15 min during the
grinding process allowed to observe that fine clay is obtained faster with the use of
grinding aids. However, the ultimate fineness is similar as this is mainly controlled
by the mill geometry and the grinding media load.

Particle-size distribution and specific surface area measurements of the samples
were collected every 15 min and compared. It was observed that the increase in the
surface area as a function of particle size is almost negligible (2% increase of surface
area, for a DV50 reduction from 50 to 10m), in contrast to what is normally observed
in cement and other SCMs. This is explained as the main source of surface area from
clays is their internal porosity, which is independent of the particle size over the
range explored in this study.

Fig. 1 Photographs of ground clay after 60min incorporating (from left to right) noGA, PCE-based
GA, Amine-based GA and Glycol-based GA
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3.2 Effect of the Incorporation of Grinding Aids
on Workability and Hydration

The effect of the grinding aids addition on the workability of LC3 is illustrated on
Fig. 2. Results are presented as slump versus addition of a commercial PCE super-
plasticizer, and compared against a reference OPC w/c 0.5 mixture. As observed,
the incorporation of some grinding aids can improve the flowability of LC3 to lev-
els approaching the behaviour of OPC. The most effective grinding aid is the PCE
based. For this reason, another batch of clay was ground with an increased dosage
of this product to see if the effects could be further increased. Thus, the addition of
PCE both in the solids or during mixing as a regular superplasticizer is effective to
increase the slump of LC3-based mixtures.

Regarding the effects of grinding aids on LC3 hydration, it was observed that
alkanolamines (TEA, TIPA and DEIPA) have a strong effect on the intensity of the
aluminate (second) peak of hydration. The effect seems to be more intense in the
system containing DEIPA, followed by TIPA and finally TEA. Previous research has
suggested that this heat increase is linked to the complexation of iron contained in cal-
cined clay, preventing the formation of a solid ferrous hydroxide phase that prevents
further dissolution of clay. In order to confirm this hypothesis, model systems with
synthetic iron-free clay (prepared by mixing quartz and pure metakaolin to match
the grade of the natural clay used) and also incorporating white OPC instead of grey
cement were tested. Each system was intended to test the effect of alkanolamines
on the aluminate peak in LC3 mixtures with iron-free clays and iron-free clays and

Fig. 2 Slump of LC3-50 paste versus PCE superplasticizer addition, comparing systems with clays
ground with different commercial grinding aids
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cement. Results show that in the iron-free clay system, the effects of TEA, TIPA and
DEIPA are comparable as the one observed in the natural (iron rich) clay LC3. On the
other hand, the complete iron-free system (synthetic clay and white OPC) showed
a very minor effect of the molecules studied. This confirms that the interaction is
indeed related to the presence of iron, but not sourced from calcined clay. In contrast,
the effect appears to be linked to the iron contained in cement, in particular, C4AF.

3.3 Particle Classification of Ground Clay to Increase
the Kaolinite Content

Themeasurements of kaolinite content on the fine fraction collected after gravimetric
separation showed that it is concentrated in the fine fraction of the particle-size
distribution, corresponding typical first bump observed between about 0.1 and 1 m.
This is linked to the different grindability of kaolinite and the impurities normally
found on clays (quartz and rock forming minerals). In this regard, clay minerals
become finer quicker generating the characteristic bimodal distribution, while the
impurities remain concentrated in the coarser fraction. Thus, particle classification
techniques based on size difference could provide a technically suitable way to
concentrate kaolinite in low-grade natural clays.

A consolidated plot containing the results of characterization of the fine fraction
obtained by air separation is shown on Fig. 3. It can be observed that, as gravimetric
separation, air separation is effecting in removing the impurities (mainly quartz) from
the raw materials and concentrating the kaolinite in the remaining one. The amount

Fig. 3 Consolidated results of particle separation trials using a lab-scale air classifier. Results
shown represent values measured over the fine fraction of material obtained



162 F. Zunino and K. L. Scrivener

of kaolinite was increased from 30% in the raw clay to about 45% under the most
restrictive conditions. However, the reactivity as measured by the R3 test shows an
increase on the heat release at 24 h from 70 to 130 J/g of solids. This is explained
due to the simultaneous increase of kaolinite content and specific surface area of the
final material as compared to the initial clay.

4 Conclusions

Based on the presented results, the following conclusions can be drawn:

• The incorporation of grinding aids effectively reduces the agglomeration of clays
upon grinding. This leads to a reduction of the time required to reach a finematerial
suitable for LC3 manufacture under the same grinding energy conditions.

• The incorporation of grinding aids in calcined clay can lead in some cases to
significant improvements in the flowability of fresh LC3.

• Alkanolamines have a strong impact on the aluminate reaction during LC3 hydra-
tion.This effect is linked to the interactionbetween alkanolamines and iron-bearing
phases of OPC.

• Kaolinite is concentrated in the finer portion of the particle-size distribution of
ground clays. Particle classification techniques can be used to remove part of the
(coarser) impurities in order to increase the kaolinite content of the final material.
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