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ABSTRACT:

Alkali activation of clay minerals in soil can be used to form a stabilising phase, such as a geopolymer.
Because this requires low-temperature curing, typically <100 °C, it has the potential to be a lower energy
method than fired brick or even cement or lime stabilisation. Whilst this has been demonstrated for individual
clay minerals and soils, it is unknown how effective this stabilisation method is for naturally occurring soils
from around the world. The potential for stabilisation by alkali activation of a given clay mixture or soil could
be approximately, but not fully, predicted from its clay mineralogical composition.

Keywords: Stabilised soils, alkali activation, clay, geopolymer, hydrosodalite

1. INTRODUCTION

Alkali-activated materials (AAM) have emerged in recent decades as novel materials for several applications,
including construction materials (Davidovits, 2011; Provis, 2014). One of their main selling points is their
prospect as a low carbon building material. This is due to their typically low curing temperature of <100 °C,
and also that their precursor preparation does not chemically require the release of carbon, unlike Portland
Cement (Heath et al., 2014; Khale and Chaudhary, 2007). A geopolymer is an amorphous, alkali
aluminosilicate phase that is typically produced by a dissolution-condensation reaction between an
aluminosilicate precursor and an alkaline activating solution, such as a concentrated aqueous sodium
hydroxide solution (Duxson et al., 2007a). The formation of a geopolymer depends on several compositional
and processing conditions, including extent of dissolution, Si:Al molar ratio of the system (Duxson et al.,
2007b). Alkali activation can also produce zeolitic reaction products (Criado et al., 2007).

The aluminosilicate precursors used in AAM are commonly fly ash, blast furnace slag, other industrial by-
products, metakaolin, or mixtures thereof (Pacheco-Torgal et al., 2008). Sub-soil has the benefit of being a
precursor that is widely available and available at very low environmental cost (Diop and Grutzeck, 2008). In
these systems, the clay minerals in the soil are the aluminosilicate reactant, with the other less reactive phases
acting as an aggregate. Thus, the alkali aluminosilicate product phase performs the role of stabiliser for the
remnant components in the soil. In effect the clay minerals become a water resistant binder, replacing the role
of cement in a concrete block. Some researchers have investigated adding industrial by-products (e.g. fly ash)
to soils before alkali activation, but this research is focussed on natural soils without any other precursors.

Soil materials stabilised by alkali activation have good environmental prospects by virtue of their low curing
temperature, avoidance of chemical production of carbon during preparation, and availability of sub-soil
(Diop and Grutzeck, 2008; Murmu and Patel, 2018). However, there is still a significant knowledge gap
around how soil composition influences the alkali activation reaction, and in particular the reaction products
formed. The mix of clay minerals in a soil is of most interest, as out of the minerals typically found in soil, the
clay minerals are the largest reactive component in the activation reaction (Xu and van Deventer, 2000; Autef
et al., 2012). The clay minerals most commonly found in soils are kaolinite, montmorillonite and illite
(Nickovic et al., 2012). In this study, alkali activation was done on samples of these individual clays and also
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on a mixture of all three. The aim was to determine whether phase formation behaviour for the mixture
differed from that expected by the behaviour of the individual clay minerals.

2. MATERIALS AND METHODS

Imerys Speswhite kaolin (abbreviation = Kao) (mined from Cornwall, U.K.), K10 montmorillonite
(abbreviation = Mont) (Sigma-Aldrich, product no. 69866-1KG) and Clay Minerals Society IMt-2 (Silver
Hill) illite (abbreviation = ILL) were used as the precursor clays. The clays were activated by adding sodium
hydroxide solution and mixing. The concentrations and quantities of sodium hydroxide solution were selected
to give an Na:Al molar ratio of 1 for each system, whilst keeping the wet mix workability at approximately
the plastic limit (Marsh et al., 2018b). The first constraint was used as a molar ratio of Na:Al =1 is the
stoichiometric balance theoretically required for geopolymer formation (Barbosa et al., 2000), the second
constraint used to be compatible with extrusion processing (Maskell et al., 2013). This was achieved for all
systems except the activated illite, which due to its lower plastic limit had a maximum ratio of Na:Al = 0.75.

Solutions of different concentrations were prepared by adding sodium hydroxide pellets to distilled water,
mixed with a magnetic stirrer (Stuart UC152 heat-stir) for a minimum of 2 hours until fully dissolved and then
allowed to cool. The clays were pre-dried in a 105 °C oven, and left to cool. For the mixture, the constituent
clays were then dry-mixed together using a magnetic stirrer for 5 minutes. Varying quantities of activating
solutions were added to each clay or clay mixture, as given in Table 1. Each wet mix of activating solution
and clay was mixed by hand for 3 minutes, providing a consistent and well-distributed mixture. The high
viscosity of the samples allowed them to be compacted by hand into 18mm x 36mm cylindrical Teflon
moulds by tamping with a glass rod in three layers for each sample, using 25 blows for each layer. Samples
were cured in an air atmosphere in a 80°C oven for 24 hours in their moulds. A control sample was made for
each composition, by adding distilled water and then mixing and curing in the same manner.

Activated samples of illite and 33Kao-33Mont-33ILL did not fully dry with curing, so were forcibly dried in a
vacuum desiccator for 72 hours.

Table 1: Clay contents of the samples given in wt%.

Sample Kao Mont ILL [NaOH] NaOH solution : clay
content content content molarity mass ratio

Kao - activated 100% n/a n/a 16.1 0.73

Mont - activated 0% 100% n/a 6.4 0.77

ILL - activated 0% n/a 100% 19.7 0.39

Kao-Mont-ILL 33% 33% 33% 13.6 0.65

activated

The set of characterisations were done at 28 + 2 days ageing time, and (with the exception of SEM imaging)
were done using powders prepared from the cured samples. Powders were prepared by grinding by hand,
having been wetted with isopropanol to avoid damaging the clay minerals’ crystal structures (Moore and
Reynolds, 1997). Powder X-ray diffraction (PXRD) analysis was done to identify phases with a Bruker D8
Advance instrument using monochromatic CuKal L3 (A = 1.540598 A) X-radiation and a Vantec superspeed
detector. A step size of 0.016°(20) and step duration of 0.3 seconds were used. Phase identification was done
using Bruker EVA software. Scanning electron microscope (SEM) imaging was used on a fracture surface of
the bulk samples sputter coated with gold for 3 minutes, to characterise phase size and morphology. A JEOL
SEM6480LV was used in secondary electron mode with an accelerating voltage (AV) of 10kV.
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3. RESULTS

3.1. Precursors

The PXRD patterns of the precursors are given in Figure 1. The kaolinite precursor contained kaolinite clay
mineral as the major phase, with muscovite and quartz present as minor phases, as expected from a Cornish
residual deposit. The montmorillonite precursor contained Ca-montmorillonite clay mineral as the major
phase, as well as muscovite, quartz and minor amounts of kaolinite. The illite precursor contained illite clay
mineral as the major phase, with quartz, microcline and kaolinite present as minor phases. Previous studies on
this source clay identified the illite clay mineral to be mostly of the 1M/1Md polytype (Haines and van der
Pluijm, 2008). Their chemical compositions are given in Table 2.
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Figure 1: PXRD patterns of a) Kaolinite precursor; b) K10 montmorillonite precursor; c) IMt-2 illite
precursor. Indexed as: | = illite; K = kaolinite; Mi = microcline; Mo = montmorillonite; Mu = muscovite; Q =
quartz.
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Table 2: Chemical composition of clay precursors in oxide wt%.

Oxide Al,O3; | CaO Fe.0s; | KO MgO | Na,O | SiO2 SO; TiO, | Total
Kaolinite 4011 |000 |095 |206 |004 |000 |5683 |0.00 |0.00 |100
(std error) (0.15) (0.06) | (0.09) | (0.04) (0.15)

K10 1353 | 047 |453 | 156 |167 |003 |7760 |012 |049 |100

Montmorillonite | o 66y | (0.14) | (1.05) | (0.22) | (0.11) | (0.03) | (2.12) | (0.07) | (0.02)

(std error)

Ilite 20.80 | 0.00 8.32 8.67 2.28 0.00 59.14 | 0.00 0.78 100
(std error) (0.34) (0.38) | (0.18) | (0.06) (0.26) (0.06)
3.2. Kaolinite

Alkali activation of kaolinite produced the hydrosodalite Nas[AlSiOg]s.(OH)2-2H20 (abbreviated as 8:2:2) as
the product phase, a member of the zeolite family (Marsh et al., 2018b). This was clearly evident in the strong
crystalline peaks in the PXRD pattern (Figure 2), as well as the 0.5 - 1 um crystallites in the SEM image
(Figure 3). As seen in both the XRD and SEM, a significant amount of kaolinite was consumed in the
reaction, but some remained unreacted. No shrinkage was observed in the cured sample, and no unusual
morphological or colour changes were observed either (Figure 4).
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Figure 2: XRD patterns of control and activated samples of kaolinite, montmorillonite, illite and a mixture of
all three. For simplicity, only the clay minerals and product phases have been indexed.
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Figure 3: SEM images of control and activated samples of kaolinite, montmorillonite, illite and a mixture of
all three.
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Figure 4: Photos of activated samples of kaolinite, montmorillonite, illite, and a mixture of all three.

3.1. Montmorillonite

Activation of montmorillonite produced a geopolymer as the product phase. This can be seen in the PXRD
pattern from the characteristic shift in the background in the region of 22-35 °20 (Duxson et al., 2007a)
(Figure 2). No new crystalline peaks were observed. Some of the montmorillonite clay mineral was
consumed, but some remained unreacted. The 001 reflection shifted after activation, a change in d-value from
14.4 A to 11.6 A. This decrease in interlayer space was partly attributed to cation exchange of Na* in the
sodium hydroxide activating solution for Ca?* in the montmorillonite’s interlayer sites (Marsh et al., 2018a).
The microstructure of the activated sample was very different to that of the plate-like clay minerals in the
precursor, with a semi-continuous morphology indicative of geopolymer formation (Provis et al., 2005)
(Figure 3). The cured sample showed very distinctive radial shrinkage cracks, aligned upwards (Figure 4).

3.2. lllite

Activation of illite did not result in a product phase, but instead resulted in the alteration of the illite clay
mineral. The XRD pattern of the activated sample contained no major new crystalline peaks (Figure 2), but
contained minor peaks attributed to hydrosodalite, natrite (Na.COsz) and thermonatrite (Na,COs-H.0) (Marsh
et al., 2018a). The microstructure of the activated illite is significantly different to the precursor, mostly due to
the emergent porosity (Figure 3). This porosity on the micro-scale may have contributed to the significant
expansion which was observed upon curing (Figure 4).

3.3. Kaolinite-Montmorillonite-1llite mixture

The major reaction product was 8:2:2 hydrosodalite, as seen in the XRD pattern of the activated sample
(Figure 2). There was some evidence of a background shift in the region of 22-35 °26, but not enough to
conclusively show that a geopolymer was formed. None of the clay minerals in the precursors were fully
consumed. Particles of ~300nm size were observed in the SEM images of the activated sample (Figure 3). No
structural defects, shrinkage or expansion was observed in the cured sample, but there was noticeable
darkening around the top of the sample at the open end of the mould (Figure 4).
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4. DISCUSSION

Using a consistent Na:Al ratio, different clay minerals have vastly different reactions to alkaline activation.
Kaolinite forms hydrosodalite, a crystalline phase; montmorillonite forms a geopolymer, an amorphous phase;
illite does not form a product phase, but instead seems to undergo alteration. A difference between kaolinite (a
1:1 clay) and montmorillonite (a 2:1 clay) is expected, since geopolymers are favoured over crystalline
reaction products for systems with Si:Al > 1.5 (Duxson et al., 2007b). However, the difference between the
montmorillonite and illite (both 2:1 clays) suggests that alkali activation behaviour is strongly influenced by
clay mineralogy rather than Si:Al stoichiometry alone.

In the test case of an equal mix of all three clay precursors, the result is not trivial to interpret. On the evidence
available, the activated clay mixture is likely to contain a mix of hydrosodalite and geopolymer. Whilst
geopolymers are straightforward to detect in highly reactive, simple systems such as metakaolin or fly ash, it
is much more difficult in less reactive, multi-component systems such as uncalcined clay mixtures and soils.
This is especially the case in low Si:Al systems where zeolitic and geopolymer reaction products can co-exist
(Rahier et al., 1997; Buchwald et al., 2011).

The influence of mineralogy on curing defects also opens many questions. The defects observed here are
extreme, given that the clay mineral content of these samples are far higher than would ever be used in earth
construction. A greater proportion of aggregate phases such as quartz would reduce the extent of these.
However, it is another indication of how much there is still to be understood about these systems.

5. CONCLUSION

There are large differences in phase formation behaviour after the alkali activation of individual clay minerals.
The phases formed from alkali activation of an equal mixture of these clay minerals are roughly equivalent to
those formed in the individual clay minerals. Hence, it seems that the phase formation of a given clay mixture
or soil could roughly be predicted from knowing the amount and types of clay minerals present. However, it
also seems there is an additional degree of complexity in the phase formation behaviour of a mixture, beyond
that of the individual clay minerals. This means that the exact behaviour of a given clay mixture or soil can
only be fully known by testing. The findings of this study have identified an emergent issue - a greater
understanding is required in order to determine how much of a difference this additional complexity of
mixtures could make to the properties of construction materials made with alkali-activated clays or soils.
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