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Abstract 

Alkali-activated soils have potential as low carbon, low cost construction materials. 

There is a lack of fundamental understanding around how soil composition 

influences alkali activation behaviour, especially for uncalcined soils. The types and 

relative amounts of clay minerals can vary greatly throughout soils across the world. 

Since clays are typically the dominant reactive aluminosilicate constituent in soils, it 

is desirable to understand how the types and relative amounts of clay minerals 

influence reaction products in alkali activation. In this study, mixtures of kaolinite, 

montmorillonite and illite precursors were activated with sodium hydroxide solutions. 

By comparing with extrapolations of cross-characterisation from the behaviour of 

individual clays, it was shown that phase formation behaviour deviated from an ideal 

rule of mixtures model. Instead, there was a hierarchy between the clays in 

determining the reaction products: kaolinite and montmorillonite dominated illite in 

this regard. This study demonstrates that the viability of a given soil for alkali 

activation depends not only on the total amount of clay, but the types and relative 

amounts of clay minerals present. In order to unlock the potential of alkali-activated 

soils, more understanding is needed of the role of the different components in soil. 
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Highlights 

• Hierarchy of clays in reactivity and determining product phases formed 

• Rule of mixtures model does not fully describe alkali activation behaviour 

• Change in Si-O-T FTIR band position indicates product phases 

 

Graphical abstract 
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1 Introduction 

Alkali-activated materials are a promising candidate for low carbon construction 

materials (Davidovits, 2011; Provis, 2014). The principle of alkali activation is to 

transform an aluminosilicate precursor into an alkali aluminosilicate phase by the 

addition of an alkaline activating solution, followed by mixing and curing (Duxson et 

al., 2007a). The exact alkali aluminosilicate phase produced in this reaction depends 

on several compositional and processing factors - most importantly, the Si:Al ratio of 

the dissolved precursor (Duxson et al., 2007b; Weng and Sagoe-Crentsil, 2007). It is 

usually intended to form an amorphous gel phase, also known as a geopolymer, as 

this possesses good strength, durability and other desirable properties (Liew et al., 

2016). It is also possible to form crystalline products, typically members of the zeolite 

family (Criado et al., 2007). Crystalline products are more likely to form at lower Si:Al 

ratios while geopolymer phases are more likely to form at higher Si:Al ratios 

(Buchwald et al., 2011; Duxson et al., 2007b), as discussed later.  

Within the family of alkali-activated materials, alkali-activated soils have significant 

potential because subsoil is a widely available natural resource, available at very low 

environmental cost (Diop and Grutzeck, 2008). Subsoil is also a waste stream - soils 

typically make up the single largest component of construction waste (Llatas, 2011). 

In the application of soil stabilisation for construction blocks, the alkali aluminosilicate 

product fulfils the function of the stabilising phase (Murmu and Patel, 2018). By being 

stronger and less expandable than the clay mineral precursors it replaces, it 

improves the strength and durability of the soil. However, a significant barrier to 

adoption is a lack of understanding of how soil composition influences the alkali 

activation reaction.  

Soils are composed of clay minerals, unreactive quartz, and other associated 

minerals typically in minor quantities (Dixon and Weed, 1989). The most common 

clay minerals in soils are kaolinite, montmorillonite and illite, with allophane and 

halloysite less common (Reeves et al., 2006). The dissolution of aluminosilicates in a 

concentrated alkaline solution determines the ultimate extent of alkali aluminosilicate 

phase formation (Xu and Van Deventer, 2000). Of the aluminosilicate phases in 

soils, clays are typically the most soluble component, more so than other common 
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minerals such as quartz (Autef et al., 2012; Tchakoute et al., 2015) and muscovite 

(Zografou, 2015).  

Previous studies have investigated the effect of aluminosilicate precursor and 

activating solution composition on geopolymer formation (Pacheco-Torgal et al., 

2008). However, this is generally done using an aluminosilicate precursor of roughly 

fixed stoichiometric composition (usually metakaolin) and varying the chemical ratio 

of the liquor by adding additional soluble Si (Duxson et al., 2007b; Duxson et al., 

2005). This is not the same as supplying silicates solely from mineral precursors, as 

such minerals’ behaviours are likely to differ based on dissolution rates (Bauer and 

Berger, 1998; Xu and Van Deventer, 2000) and particle size effects (Weng et al., 

2005). Although it is well-established that clays are more reactive when calcined, the 

energy cost of this step gives a strong incentive to investigate the activation of un-

calcined clays (MacKenzie, 2009).  

The alkali activation behaviour of individual clay minerals kaolinite (Liew et al., 2016), 

montmorillonite (Belviso et al., 2017; Seiffarth et al., 2013) and illite (Belviso et al., 

2017; El Hafid and Hajjaji, 2015; Seiffarth et al., 2013; Sperberga et al., 2011) have 

previously been investigated. However, almost all previous studies on 

montmorillonite and illite have used their calcined state. Non-kaolinitic calcined clays 

have been used as supplementary cementitious materials in Portland cement blends 

(Hollanders et al., 2016; Snellings et al., 2012; Tironi et al., 2013). However, these 

studies involve high-Ca environments in order to form C-S-H phases, and so have 

limited transferability to low-Ca environments where the objective is to form N-A-S-H 

geopolymers. Whilst kaolinite (Liew et al., 2016), real soils (Lemougna et al., 2014), 

and blends of uncalcined real soils and other materials such as metakaolin (Omar 

Sore et al., 2018) are popular for studies, there has been much less attention on the 

alkali activation of individual clays, and in particular, controlled mixtures of clays. 

Soils around the world contain clays in different amounts (Abe et al., 2006; Nickovic 

et al., 2012), notwithstanding other minor minerals. Improving our fundamental 

understanding of how mixtures of clays react under alkali conditions is crucial to 

determining whether alkali-activated soils can be widely used and reliable 

construction materials.  
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Few previous studies have used a systematic approach for understanding the alkali 

activation behaviour of clay mixtures. Richardson et al. (1986) showed that binary 

and ternary mixtures of kaolinite, montmorillonite and illite activated using aqueous 

NaOH solution produced reaction products of combinations of sodalite, cancrinite 

and nepheline. However, no mention of geopolymers or amorphous phases was 

made, and since only XRD characterisation was used, this gives an incomplete 

picture of the activated systems. In addition, very short curing times (less than 30 

minutes) microwave curing was used, giving limited comparability with other 

systems. Buchwald et al. (2011) showed that for solutions of aluminium and silicon, 

geopolymer formation was favoured for systems with Si:Al > 1.5, with geopolymers 

and zeolites co-existing in some systems. This is a valuable contribution to 

fundamental understanding, but there is still a gap to consider the effects of 

mineralogy and composition of natural aluminosilicate precursors. 

In this study, a Rule of Mixtures (RoM) approach was used to investigate how phase 

formation behaviour in alkali activation differed for mixtures of clays, compared to the 

activation of the constituent clays individually. The RoM approach has been used to 

evaluate a range of properties for material mixtures including elastic modulus 

(Marom et al., 1978) and glass transition temperature (Couchman, 1978), as well as 

to evaluate phase formation in material mixtures (Donald and Davies, 1978). 

Mixtures of the common clay minerals kaolinite, montmorillonite and illite were 

activated with NaOH solutions, in order to determine their phase formation behaviour 

in comparison with the clays as individuals.  

2 Experimental 

2.1 Materials 

Imerys Speswhite kaolin (mined from Cornwall, U.K.), K10 montmorillonite (Sigma-

Aldrich, product no. 69866-1KG) and Clay Minerals Society IMt-2 (Silver Hill) illite 

were used as the precursor clays. Chemical compositions were determined by 

energy dispersive X-rays (JEOL SEM6480LV with Oxford INCA X-Act SDD X-ray 

detector), and specific surface area was measured using the BET method (Brunauer 

et al., 1938) using a Micromeritics 3-Flex. 

The kaolinite (Kao), montmorillonite (Mont) and illite (ILL) precursor clays have 

previously been characterised (Marsh et al., 2018a; Marsh et al., 2018b), but will 
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briefly be restated here. The XRD pattern of the kaolinite precursor gave kaolinite 

clay mineral as the major phase, with muscovite and quartz present as minor phases 

(Figure 1), as expected from a Cornish mixed hydrothermal and residual deposit 

(Murray and Keller, 1993). The XRD pattern of the montmorillonite precursor showed 

it contained montmorillonite clay mineral as the major phase, along with muscovite, 

quartz and minor amounts of feldspar and kaolinite (Figure 1). The refined basal 

spacing of 14.4 Å suggested it was a Ca-montmorillonite (Ferrage et al., 2005). The 

XRD pattern of the illite showed it contained illite clay mineral as the major phase, 

with quartz, microcline and kaolinite present as minor phases (Gailhanou et al., 

2007) (Figure 1). 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).  

The kaolinite precursor contained minor amounts of iron, potassium and magnesium 

(Table 1) and these were not considered to have a major effect on the reactions and 

products under the conditions in this study. BET specific surface area was 11.9 m2g-

1. The montmorillonite precursor contained minor amounts of iron, potassium, 

magnesium, sodium, sulphur and titanium (Table 1). BET specific surface area was 

265.8 m2g-1. The illite precursor contained minor amounts of iron, potassium, 

magnesium and titanium (Table 1). BET specific surface area was 19.5 m2g-1. 

The precursor clays were activated using sodium hydroxide pellets of >98% purity 

(Sigma-Aldrich, product no. 06203). 

Table 1: Chemical composition of clay precursors in oxide wt%, after LOI removed. 

Oxide (wt.%) Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2 SO3 TiO2 Total 

Speswhite kaolin 

(std error) 

40.11 

(0.15) 
0.00 

0.95 
(0.06) 

2.06 
(0.09) 

0.04 
(0.04) 

0.00 
56.83 
(0.15) 

0.00 0.00 100 

K10 Montmorillonite 

(std error) 

13.53 

(0.66) 

0.47 

(0.14) 

4.53 

(1.05) 

1.56 

(0.22) 

1.67 

(0.11) 

0.03 

(0.03) 

77.60 

(2.12) 

0.12 

(0.07) 

0.49 

(0.02) 
100 

IMt-2 illite  

(std error) 

20.80 

(0.34) 
0.00 

8.32 

(0.38) 

8.67 

(0.18) 

2.28 

(0.06) 
0.00 

59.14 

(0.26) 
0.00 

0.78 

(0.06) 
100 
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Figure 1: XRD patterns of the clay precursors. 

2.2 Synthesis procedure 

Using the same procedure as used in a previous study (Marsh et al., 2018b), the 

masses of clays, water and NaOH for each sample (Table 2) were specified so that 

all samples had two characteristics. Firstly, all samples had the same Na:Al molar 

ratio (chosen to be 1), and secondly, the wet mix consistency of all samples was at 
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the plastic limit. This was done by initially undertaking Atterberg plastic limit 

measurements (Wagner, 2013) for the clay minerals over a range of sodium 

hydroxide solutions. The exception to this condition is activated illite – due to its 

lower plastic limit, the maximum Na:Al molar ratio that could be achieved was 0.75 

without exceeding the saturation limit of NaOH(aq.) at room temperature. The plastic 

limits of the clay mixtures were estimated from the plastic limit behaviour of the 

individual clays. This was done by summing the plastic limit of each constituent clay 

for a given NaOH concentration, factored by the relative fraction of that clay in the 

mixture. This workability constraint was chosen in order to make the wet mixes 

compatible with extrusion, an established brickmaking process (Maskell et al., 2013), 

and builds on previous experiments on the alkali activation of individual clays using 

the same constraints (Marsh et al., 2018a). 

Table 2: Compositions of the clay mixtures made in each series. Clay contents given 
in wt%. 

Series Sample 
Kao.Content 

(%mass) 

Mont.Content 

(%mass) 

ILL 

content 

(%mass) 

[NaOH] 

molarity 

NaOH 

solution : 

clay mass 

ratio 

Kao-

Mont 

100Kao-

0Mont 
100% n/a n/a 16.1 0.73 

90Kao-

10Mont 
90% 10% n/a 15.0 0.73 

50Kao-

50Mont 
50% 50% n/a 10.7 0.75 

10Kao-

90Mont 
10% 90% n/a 7.2 0.77 

0Kao-

100Mont 
0% 100% n/a 6.4 0.77 

Mont-

ILL 

100Mont-

0ILL 
n/a 100% 0% 6.4 0.77 

50Mont-

50ILL 
n/a 50% 50% 12.2 0.61 

0Mont-

100ILL 
n/a 0% 100% 19.7 0.39 

ILL-

Kao 

100ILL-

0Kao 
0% n/a 100% 19.7 0.39 

50ILL-

50Kao 
50% n/a 50% 18.9 0.59 

0ILL-

100Kao 
100% n/a 0% 16.1 0.73 

Kao-

Mont-

ILL 

33Kao-

33Mont-

33ILL 

33% 33% 33% 13.6 0.65 
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The chosen combinations of clay mixtures were activated by adding a sodium 

hydroxide solution. 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 h until fully dissolved and then allowed to cool. 

The clays were pre-dried in a 105°C oven, and left to cool. The constituent clays 

were then dry-mixed together using the magnetic stirrer for 5 minutes. Varying 

amounts of activating solutions were added in the quantities presented in Table 2. 

Each wet mixture of activating solution and clay mixture was mixed by hand for 3 

min, providing a consistent and well-distributed mixture. The consistency of the 

samples allowed them to be compacted by hand into 18 mm x 36 mm 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 an 80°C oven for 

24 h in their moulds. For each composition, a control sample was made in addition to 

an activated sample. Distilled water was used instead of sodium hydroxide solution, 

such that the consistency of the wet mix was still at the plastic limit. The control 

samples were then mixed and cured in the same manner as the activated samples. 

Samples 50Kao-50Mont, 50ILL-50Kao and 33Kao-33Mont-33ILL did not fully dry 

with curing, so were forcibly dried in a vacuum desiccator for 72 h. After demoulding, 

samples were aged for 28 days in a controlled environment of 20 ± 0.5°C and 50 ± 

2.5% relative humidity. An air atmosphere was intentionally used for both curing and 

ageing, to provide conditions representative of industrial brickmaking processes. 

2.3 Characterisation methods 

The set of characterisations were done at 28 ± 2 days ageing time, and (with the 

exception of SEM imaging) were performed on powders prepared from the cured 

samples. These were ground by hand, having been wetted with isopropanol to avoid 

damaging the clay mineral crystal structures (Moore and Reynolds, 1997). For XRD 

and FTIR, all characterisation was carried out on powder samples stored for at least 

24 h at 50% relative humidity, to allow for equal hydration states. 

Powder X-ray diffraction (XRD) was undertaken with a Bruker D8 Advance 

instrument using monochromatic CuKα1 L3 (λ = 1.540598 Å) X-radiation and a 

Vantec superspeed detector. A step size of 0.016 °(2θ) and step duration of 0.3 s 



A. Marsh et al., 2019  Applied Clay Science 175 (2019) 10–21 

10 
CC BY 4.0 

were used. Oriented powder samples were used, prepared using a glass slide to 

press down the powder onto another glass slide. This preparation was chosen in 

order to achieve preferential orientation of clay minerals along their basal plane, and 

thus make them easier to identify when present in small quantities (Brindley and 

Brown, 1980). Phase identification was performed using Bruker EVA software. 

Patterns were corrected for sample height shift by calibrating to the most intense 

quartz reflection (101) at 26.6 °(2θ), and normalised to the most intense peak in each 

pattern. 

For each of the activated clay mixtures, a Rule of Mixtures (RoM) XRD pattern was 

calculated and plotted, to compare with the measured pattern for each activated 

sample. The RoM XRD patterns were calculated by proportionally summing the raw 

data of the XRD patterns for the constituent activated clays. For example, the 

calculated RoM pattern for activated 50Kao-50Mont was generated by summing 

together the activated Kao pattern at 50% intensity, and the activated Mont pattern at 

50% intensity. The calculated pattern was then normalised in the same way as for 

the measured patterns. As XRD intensity is affected by particle orientation and other 

factors, this is not considered an exact prediction but was used to make a very rough 

comparison between each clay mixture’s measured pattern, and what would be 

expected from a RoM model. This method gave good agreement to the measured 

pattern when comparing the control mixtures of clays. Due to the limitations of the 

XRD preparation techniques used, it was not possible to make quantitative 

comparisons. However, for the purpose of identifying differences in phases formed 

and any large differences in the quantities of phases formed, this method was 

deemed acceptable. 

Scanning electron microscope (SEM) imaging was used to characterise phase size 

and morphology, using a JEOL SEM6480LV in secondary electron mode with an 

accelerating voltage (AV) of 10 kV. Bulk specimens were sputter coated with gold for 

3 min. All images were taken >2 mm away from the edge to minimise edge effects. 

Fourier Transform Infrared Spectroscopy (FTIR) was performed to characterise 

molecular bonding, using a Perkin-Elmer Frontier with a diamond Attenuated Total 

Reflectance (ATR) head. Spectra were collected over a range of 4000-600 cm-1 

using a resolution of 4 cm-1 and 5 scans per spectrum. Corrections were made for 
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ATR and background using Perkin-Elmer Spectrum software, and each spectrum 

was normalised relative to its most intense band. RoM spectra were calculated for 

the clay mixtures using the same method described for the RoM XRD patterns. 

3 Results 

3.1 Visual inspection 

A range of colour and form was observed in the cured samples (Figure 2). The 

influence of ≥50% montmorillonite was strong, giving distinctive angled shrinkage 

cracking. The reasons for the distinctive form of these shrinkage cracks are not yet 

known, but these were consistent with similar cracks previously observed in alkali 

activation of this montmorillonite clay (Marsh et al., 2018a). There was a clear band 

of darker colour at the top of the 33Kao-33Mont-33ILL sample, and to a lesser 

extent, some darkening at the top of the 50ILL-50Kao sample. These phenomena 

are likely to be associated with the one-dimensional flow of soluble matter to the top 

of the sample, given that a mould with one open end was used. 

 

Figure 2: Photos of the cured activated mixed clay samples. 

3.2 XRD 

In the figures for XRD, for purposes of clarity given the number of patterns shown, 

only the main reflections for the clay minerals and reflections for product phases are 

indexed. In general, most of the reflections above 40 °2θ correspond to unreactive 

phases. Full indexation of reflections in the precursors’ patterns is given in Figure 1. 
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3.2.1 Kao-Mont series 

Firstly considering the individual clays at each end of this series, alkali activation of 

kaolinite and montmorillonite under these conditions has already been shown to form 

a 8:2:2 hydrosodalite (Marsh et al., 2018b) – a member of the sodalite and zeolite 

families - and a N-A-S-H geopolymer (Marsh et al., 2018a) respectively. 90Kao-

10Mont formed the same hydrosodalite phase and a small amount of 

hydroxycancrinite (Figure 3). 50Kao-50Mont formed a trace amount of hydrosodalite 

and a small amount of thermonatrite (Na2CO3∙H2O). 10Kao-90Mont formed a small 

amount of thermonatrite as the only crystalline product phase, but experienced a 

background shift in the 20 – 35 °2θ region (Figure 3b) indicative of geopolymer 

formation (Duxson et al., 2007a), whilst retaining a large amount of unreacted 

montmorillonite. 

Amongst the activated samples, kaolinite was still present in all mixes originally 

containing kaolinite. Montmorillonite was still present in mixtures with ≥ 50% 

montmorillonite in the starting mix. It was not detectable in 90Kao-10Mont, but was 

only faintly detectable in the control sample. The montmorillonite 001 reflection 

consistently shifted from 5.9 to 7.3 °2θ after activation, corresponding to a decrease 

of d-value from 14.4 to 11.6 Å. For this particular montmorillonite clay, this 

phenomenon is due to a combination of interlayer cation exchange for the Na in 

solution, as well as other possible effects associated with alkali activation (Marsh et 

al., 2018a). Muscovite was present in all samples, with no significant change in °2θ 

position, as expected from previous work by Zografou (2015).  

In summary, hydrosodalite formed in mixtures with ≥90% kaolinite, but not for 

samples with <50% kaolinite. Hydroxycancrinite formed in 90Kao-10Mont, but in no 

others. A geopolymer hump seemed to form in samples with ≥50% montmorillonite, 

but was a more subtle change for 50Kao-50Mont (Figure 3b). 

The RoM patterns were broadly correct in predicting the product phases formed, but 

were not consistent over the whole series. For 90Kao-10Mont the RoM model 

predicted hydrosodalite as a major product phase, while in the measured pattern, a 

small amount of hydroxycancrinite was formed in addition to hydrosodalite. For 

50Kao-50Mont, hydrosodalite was predicted as a major phase, whereas only a trace 

amount was formed. For 90Mont-10Kao, it was correctly predicted that a large 
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amount of montmorillonite remained unreacted, but the prediction that a minor 

amount of hydrosodalite would form could not be confirmed from the XRD pattern.  
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Figure 3: Kao-Mont series: a) XRD patterns of control (cont.) samples, compared 
with measured (act.) and RoM calculated (act. RoM) patterns of the activated 

samples. b) XRD patterns for a selection of samples for the range 20 – 35 °2θ. Lines 
have been drawn to illustrate the changes in the backgrounds of the patterns from 25 

– 30 °2θ. 
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3.2.2 Mont-ILL series 

Firstly considering the individual clays at each end of this series, alkali activation of 

montmorillonite under these conditions has already been shown to form a N-A-S-H 

geopolymer (Marsh et al., 2018a). For the alkali activation of illite under these 

conditions, the outcome is to alter the microstructure of illite, but without any clear 

changes in the crystal structure – a full description is given in the study by Marsh et 

al. (2018a). 50Mont-50ILL formed a small amount of thermonatrite (Na2CO3∙H2O) as 

the only new crystalline phase (Figure 4). Montmorillonite shifted its 001 reflection 

position as already observed in the previous series. The trace kaolinite impurity, 

evident by the reflection at 12.5 °2θ in the control sample’s pattern, appeared to be 

consumed. However, there was no evidence for formation of a hydrosodalite 

reflection, as observed for consumption of trace kaolinite in 0Mont-100ILL. The illite 

reflections at 9 and 18 °2θ overlapped with those of the muscovite impurity in the 

montmorillonite precursor. These reflections appeared to decrease in intensity, but 

the reflections at 20 °2θ were maintained, which could suggest this was partly an 

orientation effect. In each measured pattern, a large amount of clay precursor was 

still present, as shown in the 5 - 10 °2θ region.  

The RoM model matched well with the measured pattern. The only difference was 

the prediction of a trace amount of hydrosodalite, which was not observed in the 

measured pattern of 50Mont-50ILL. Given that both the reaction products from 

individual activated montmorillonite and illite do not appear as new crystalline 

reflections, the good match between the RoM model and the measured pattern was 

not in itself conclusive. However, the background profiles of the measured and RoM 

patterns were broadly similar.  
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Figure 4: Mont-ILL series: XRD patterns of control (cont.) samples, compared with 
measured (act.) and RoM calculated (act. RoM) patterns of the activated samples. 

3.2.3 ILL-Kao series 

Firstly considering the individual clays at each end of this series, alkali activation of 

illite and kaolinite under these conditions has already been shown to form altered 

illite (Marsh et al., 2018a) and 8:2:2 hydrosodalite (Marsh et al., 2018b) respectively. 

In 50ILL-50Kao, hydrosodalite was the major crystalline reaction product with 

possibly a trace amount of hydroxycancrinite, although some reflections overlapped 

with those of microcline and thermonatrite (Figure 5). All the kaolinite in the 

precursor seemed to be consumed, but unreacted illite was still present. However, 

as previously stated, the 001 reflection overlapped with that of the muscovite, which 

undergoes very limited dissolution in alkali solutions.   

The RoM pattern correctly predicted that hydrosodalite was the dominant product 

phase for 50ILL-50Kao sample. However, it predicted a minor amount of kaolinite 

phase would remain in the 50% mixture, whilst the measured pattern showed only a 

trace amount. 
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Figure 5: ILL-Kao series: XRD patterns of control (cont.) samples, compared with 
measured (act.) and RoM calculated (act. RoM) patterns of the activated samples. 

3.2.4 Kao-Mont-ILL 

In the mix of all three clay precursors, hydrosodalite was formed as the major 

crystalline product phase (Figure 6). There was some evidence of a shift in 

background profile towards higher angles in the 20 - 35 °2θ region. Some kaolinite 

and montmorillonite was consumed, with some left as a remnant. The overlap of the 

first two illite reflections with those of muscovite made it difficult to discern whether 

the intensity of these had decreased after activation. The RoM model was correct in 

predicting hydrosodalite as the main reaction product, as well as a small change in 

the background profile in the 20 – 25 °2θ region.  
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Figure 6: Combined results for the Kao-Mont-ILL series: a) XRD pattern of the 
control (cont.) sample, compared with measured (act.) and RoM calculated (act. 
RoM) patterns of the activated sample. Lines have been drawn to illustrate the 
changes in the backgrounds of the patterns from 20 – 35 °2θ. b) SEM images, 
comparing the cont. and act. samples. c) FTIR spectrum of the cont. sample, 

compared with act. and act. RoM spectra of the activated sample. 
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3.3 SEM 

3.3.1 Kao-Mont series 

Small, spheroidal crystallites were observed for 100Kao-0Mont and 90Kao-10Mont, 

typically with size of 250-500 nm and an irregular morphology (Figure 7). It was 

known from the XRD results that a large amount of hydrosodalite had formed in both 

of these samples. Given that these spheroidal particles had a morphology similar to 

that expected from hydrosodalites (Moloy et al., 2016), they were attributed as 

hydrosodalite. The amount of hydrosodalite formed was less for 50Kao-50Mont than 

for the samples with >50% kaolinite, with a corresponding increase in unreacted 

kaolinite. For 10Kao-90Mont, there was a large quantity of new particles with 

irregular morphology and particle size of around 250 nm, with more of a connected 

structure between particles. At 0% kaolinite (100% montmorillonite), the new 

particles were semi-continuous. Both of these microstructural characteristics have 

previously been observed in geopolymer systems (Duxson et al., 2005). Given that 

no hydrosodalite or other crystalline phase was present in the XRD pattern for the 

10% kaolinite sample, it was inferred that the new particles observed in both 10Kao-

90Mont and 0Kao-100Mont samples were part of a N-A-S-H geopolymer phase.  
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Figure 7: Kao-Mont series: SEM images comparing the control (cont.) and activated 
(act.) samples for each mixture. 
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3.3.2 Mont-ILL series 

In 50Mont-50ILL, the microstructure was made of irregular particles of 100-500 nm, 

sometimes showing connectedness (Figure 8).This is different to the microstructures 

of both 100Mont-0ILL, a semi-continuous geopolymer, and 0Mont-100ILL, an altered 

illite with a distinctive arrangement of particles (Marsh et al., 2018a). Given that the 

XRD pattern revealed no crystalline product phase, and that geopolymers have been 

observed to have similar particle morphologies (Duxson et al., 2005), this new 

microstructure was also attributed to be a N-A-S-H geopolymer. This was similar to 

the microstructure of the 10Kao-90Mont sample, also attributed to be a N-A-S-H 

geopolymer for the same reasons.  

 

Figure 8: Mont-ILL series: SEM images comparing the control (cont.) and activated 
(act.) samples for each mixture. 
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3.3.3 ILL-Kao series 

In 50ILL-50Kao, the microstructure was made of irregular particles of size 250-500 

nm (Figure 9). Given that the control sample contained clay particles of similar 

dimensions, the change in appearance after activation was not dramatic. Some 

unreacted clay particles were still present in the activated sample. The XRD pattern 

for 50ILL-50Kao showed that a large amount of hydrosodalite was present, and the 

particles’ morphology was in line with that expected of hydrosodalite (Moloy et al., 

2006). From this evidence, the irregular particles seen in the SEM images were 

identified as hydrosodalite. The modified microstructure seen in 100ILL-0Kao was 

not observed in 50ILL-50Kao. 

 

Figure 9: ILL-Kao series: SEM images comparing the control (cont.) and activated 
(act.) samples for each mixture. 
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3.3.4 Kao-Mont-ILL 

The 33Kao-33Mont-33ILL sample contained a microstructure made of fine particles 

of size ~300 nm (Figure 6). Unreacted clay particles were present too. The XRD 

pattern for this sample showed hydrosodalite to be the crystalline reaction product, 

and the fine particles observed had a morphology in line with that expected of 

hydrosodalite (Moloy et al., 2006), so these were attributed as hydrosodalite. 

3.4 FTIR 

The most intense bands in the FTIR spectra were observed between 950 – 1080 cm-

1. This region is dominated by the Si-O-T (T = tetrahedral Si or Al) bands of the clay 

mineral precursor phases and alkali aluminosilicate product phases respectively. 

The dominant band in each of the precursor clay minerals is the Si-O-T stretching 

vibration in the 970 - 1070 cm-1 region (Farmer, 1974; Madejova and Komadel, 

2001). Si-O-T has been used here for the clay minerals rather than Si-O-Si, as other 

arrangements such as Si-O-Al can also be present. The dominant band in both of 

the crystalline alkali aluminosilicate product phases, hydrosodalite and 

hydroxycancrinite, is an asymmetric Si-O-Al stretching vibration in the region of 980 - 

1000 cm-1 (Flanigen et al., 1974; Henderson and Taylor, 1977; Mikuła et al., 2015). 

In a geopolymer, it is an Si-O-T asymmetric stretching vibration (Rees et al., 2007b), 

the position of which depends on the Si:Al composition of the gel (Roy, 1990), the 

number of non-bridging oxygens and the extent of activation (Fernández-Jiménez 

and Palomo, 2005; Lee and van Deventer, 2003; Rees et al., 2007a).   

Outside of this main region of interest, quartz has bands at Si-O stretching vibrations 

at around 778 and 798 cm-1 (Van der Marel and Beutelspacher, 1976). In the cured 

samples’ spectra, carbonate bands are often seen in alkali-activated systems, with a 

C-O band at around 880 cm-1 (Barbosa et al., 2000).  

3.4.1 Kao-Mont series 

There were two clear groupings amongst the activated samples’ FTIR spectra in this 

series (Figure 10). The main Si-O-T band region of 1200 - 800 cm-1 was similar 

between 100Kao-0Mont and 90Kao-10Mont, with a single band with a centre at ~965 

cm-1, indicating hydrosodalite formation. For the three other spectra for samples with 

≥50% Mont, the main band area was broader with the band centres at higher 
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wavenumbers in the region of 995 - 1005 cm-1 indicating geopolymer formation. In 

this latter group, a carbonate band emerged at ~870 cm-1. 

Behaviour in the lower wavenumber region supported this interpretation. For 

100Kao-0Mont and 90Kao-10Mont, bands emerged at ~663 and ~732 cm-1 attributed 

to hydrosodalite Si-O-Al symmetric stretching modes (Henderson and Taylor, 1977). 

In the other three spectra, no narrow new bands were formed in this region. This 

discounted the possibility of formation of nanocrystalline zeolitic phases in large 

amounts, with the emergence of a weak broad hump in this region suggesting 

geopolymer formation instead (Rees et al., 2007a). 

The RoM spectra for activated 90Kao-10Mont and 10Kao-90Mont matched well with 

the measured spectra. However, for activated 50Kao-50Mont, there were clear 

differences in the RoM and measured spectra. The RoM spectrum’s profile was 

broader, and the Si-O-T main band peak was at a lower wavenumber (968 cm-1) 

than for the measured spectrum (1004 cm-1). Given the association between a 

negative shift of the main Si-O-T band and formation of alkali aluminosilicate product 

phases (Prud'homme et al., 2013), the difference in Si-O-T band wavenumber 

suggests that a smaller extent of transformation occurred in the 50Kao-50Mont 

mixture than was expected from the behaviour of the individual clays. 
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Figure 10: Kao-Mont series: FTIR spectra of the control (cont.) samples, compared 
with measured (act.) and RoM calculated (act. RoM) spectra of the activated 

samples. 
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3.4.2 Mont-ILL series 

The end members of this series behaved differently after activation (Figure 11). The 

dominant band in 100Mont-0ILL shifted from 1031 cm-1 to a lower wavenumber at 

1003 cm-1 after activation, indicating geopolymer formation, whereas the dominant 

band in 0Mont-100ILL shifted from 987 cm-1 to a slightly higher wavenumber at 994 

cm-1. For 50Mont-50ILL, the dominant band shifted from 1004 cm-1 to a slightly lower 

wavenumber at 992 cm-1 after activation and no narrow zeolitic bands emerged in 

the 650 - 750 cm-1 region. Given the microstructural changes observed in the SEM 

images, this also supported the interpretation that a geopolymer was formed in 

50Mont-50ILL. A carbonate band emerged at 866 cm-1. The RoM spectrum for 

activated 50Mont-50ILL matched well with the measured spectrum. 
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Figure 11: Mont-ILL series: FTIR spectra of the control (cont.) samples, compared 
with measured (act.) and RoM calculated (act. RoM) spectra of the activated 

samples. 

3.4.3 ILL-Kao series 

In the spectrum of the activated 50ILL-50Kao sample, the dominant band moved to a 

lower wavenumber at 968 cm-1 and Si-O-T symmetric stretching bands emerged at 

664 and 735 cm-1 (Figure 12).These observations supported the evidence of the 

XRD pattern that a hydrosodalite is the dominant reaction product. A carbonate band 

emerged at 866 cm-1. The RoM spectrum for activated 50ILL-50Kao matched well 

with the measured spectrum. 

 

Figure 12: ILL-Kao series: FTIR spectra of the control (cont.) samples, compared 
with measured (act.) and RoM calculated (act. RoM) spectra of the activated 

samples. 
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3.4.4 Kao-Mont-ILL 

After activation, the dominant band centre in the 33Kao-33Mont-33ILL spectrum 

shifted from 1000 cm-1 to 975 cm-1 and Si-O-T symmetric stretching bands emerged 

at 664 and 732 cm-1 (Figure 6). Hydrosodalite was known to be present from the 

XRD patterns, but given the presence of montmorillonite, a geopolymer phase may 

have also formed. The observed shift of the Si-O-T band centre may support this - 

the band centre was at a higher wavenumber than in activated samples which 

contained hydrosodalite as the primary reaction product (100Kao-0Mont and 50ILL-

50Kao), but lower than in activated samples which contained a geopolymer as the 

primary reaction product (0Kao-100Mont and 10Kao-90Mont). An intermediate value 

of wavenumber for the Si-O-T band could therefore indicate the presence of a 

geopolymer phase as well as hydrosodalite. As with other samples, a carbonate 

band emerged at 866 cm-1. The RoM spectrum for activated 33Kao-33Mont-33ILL 

matched well with the measured spectrum. 

For all the clays and clay mixtures except illite and 50Kao-50Mont, there was a 

decrease in wavenumber of the main Si-O-T band after activation.  

3.4.5 Changes in wavenumber position of dominant band 

As previously used in studies investigating the variables of time (Essaidi et al., 

2014), alkali source and calcination temperature (Prud'homme et al., 2013), the 

position of the dominant Si-O-T band in the sample can help understand product 

phases formed in alkali activation. As previously stated, the main region of interest is 

from approximately 950 – 1080 cm-1, as this is dominated by the Si-O-T bands of the 

precursor and product phases. There was large variation in wavenumber of the 

dominant band between precursor samples, and between activated samples. There 

was also significant variation between samples in the change in Si-O-T band 

wavenumber after activation (Figure 13). In most, but not all cases, alkali activation 

resulted in a decrease in wavenumber position of the dominant band, as a result of 

more Si-O-Al bonds (relative to the number of Si-O-Si bonds) in the aluminosilicate 

framework (Fernández-Jiménez and Palomo, 2005). The extent of shift for 

geopolymer formation was less than the 40 cm-1 observed by Prud’homme et al. 

(2013), as might be expected since calcined clays were used in those experiments. 

However, for 50Kao-50Mont and 0Mont-100ILL / 100ILL-0Kao, there was a positive 

shift. No explanation of this positive shift has been yet found in the literature.   
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Figure 13: The distribution of wavenumbers for the Si-O-T band peak centre for 
control and activated samples. The centre-line of each box is the median value; the 
edges of each box are the first and third quartile values, and the lines extend to the 

maximum and minimum values. 

4 Discussion 

4.1 Evaluation of phase formation 

Mixtures of clays are complex to characterise, even without alkali activation. 

Furthermore, given the amorphous nature of the geopolymer phase, it is important to 

use multiple characterisation methods to provide corroborating evidence. It has 

previously been shown that in the alkali activation of clays, different reaction 

products can coexist, including different zeolitic phases (Barrer and Mainwaring, 

1972) and a zeolite with a geopolymer (Heller-Kallai and Lapides, 2007). Due to the 

multiple phases present, the amorphous character of geopolymers and the presence 

of some phases in small amounts, it is not possible to state the phase composition of 

the activated systems with complete certainty. Nonetheless, a summary of phases 

observed in the activated samples, as well as the phases predicted from the RoM 

model, is given in Table 3.  

The trends observed here suggest that the wavenumber of the Si-O-T FTIR band 

could be a useful indicator for the alkali aluminosilicate phase formed in a given 

system of uncalcined clay mixtures, as has previously been shown for fly ash 

(Fernández-Jiménez and Palomo, 2005) and calcined clays (Prud'homme et al., 
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2013). However, given the inconsistencies within the series here, it should not be 

relied on as a standalone method, but should be supported with complementary 

characterisation techniques. This is especially important for uncalcined clay 

mixtures. Given the coexistence of crystalline and amorphous phases, as well as the 

significant amount of unreacted precursors, phase identification is more complex and 

less certain than for simpler, more reactive systems such as metakaolin.  

Regarding carbonate phase formation (not included in Table 3 for concision), a C-O 

band was detected in all of the samples where carbonates had been identified from 

the XRD pattern. In 0Kao-100Mont, a C-O band was detected, but no carbonate 

phase was identified in the XRD pattern. These two observations suggest two further 

insights. Firstly, that in most - if not all - of these systems there is an excess of Na 

available, which carbonates when not consumed during the reaction. And secondly, 

that the presence of carbonates in these systems cannot reliably be detected solely 

using XRD. 

Table 3: A summary of the product phases observed through characterisation for the 
activated clay mixtures, and the product phases expected from the rule of mixtures 

model. Phases marked with a ? indicate less certainty. 

Series Sample Phases observed 
Phases expected 
from RoM model 

Kao-Mont 

90Kao-10Mont 
Hydrosodalite 

Hydroxycancrinite 
Hydrosodalite 
Geopolymer 

50Kao-50Mont 
Hydrosodalite 
Geopolymer? 

Hydrosodalite 
Geopolymer 

10Kao-90Mont Geopolymer 
Geopolymer 

Hydrosodalite 

Mont-ILL 50Mont-50ILL Geopolymer 
Geopolymer 
Altered illite 

ILL-Kao 50ILL-50Kao 
Hydrosodalite 

Hydroxycancrinite? 
Hydrosodalite 
Altered illite 

Kao-Mont-ILL 33Kao-33Mont-33ILL 
Hydrosodalite 
Geopolymer? 

Hydrosodalite 
Geopolymer 
Altered illite 

 

4.2 Performance of the rule of mixtures (RoM) model 

For alkali-activated soils to be a viable construction technology, the phase formation 

behaviour needs to be predictable. As previously described, a rule of mixtures 

predictive model provides a useful basis for describing the phase formation 

behaviour of the clay mixtures. 



A. Marsh et al., 2019  Applied Clay Science 175 (2019) 10–21 

31 
CC BY 4.0 

For the Kao-Mont series in general, the RoM XRD patterns overpredicted the 

propensity of hydrosodalite formation. It predicted a large quantity of hydrosodalite 

for 50Kao-50Mont when only a trace amount was formed, and a minor quantity for 

90Mont-10Kao when none was detected. It also did not predict the formation of a 

minor amount of hydroxycancrinite for 90Kao-10Mont. For the Mont-ILL series, the 

RoM pattern matched the measured pattern well, but since the expected 

transformations do not yield strongly crystalline signals, it is difficult to verify the 

accuracy of this. For the ILL-Kao series, the RoM model underestimated the extent 

of kaolinite consumption and hydrosodalite formation for 50ILL-50Kao.  

The RoM FTIR spectra generally agreed well with the measured spectra, with the 

exception of 50Kao-50Mont. Here, the wavenumber of the Si-O-T band was higher in 

the measured pattern than in the RoM spectrum, suggesting that a smaller extent of 

transformation to alkali aluminosilicate reaction products occurred than expected. 

This agreed with the observation from the measured and RoM XRD patterns for 

50Kao-50Mont, in that less hydrosodalite was formed than expected. Therefore, the 

evaluation of the FTIR RoM spectra is in broad agreement with the evaluation of the 

XRD RoM patterns.  

Comparing the phases observed in the activated clay mixtures to those predicted by 

the RoM model, there is some degree of disagreement for nearly all of the mixtures. 

The RoM model is not consistently correct in predicting the phases and quantities 

formed in the alkali activation of mixtures of clays. This suggests there are 

hierarchies in the dissolution and subsequent reactivity of these clays and in 

determining the product phases formed. Given that consistent curing conditions were 

used for all compositions, the deviation from RoM behaviour is likely to be due to the 

conditions in the Al- and Si-rich pore solution favouring the production of different 

phases (Buchwald et al., 2011), and possibly the influence of the precursor minerals. 

4.3 Dominance relations between clays in determining product phase 

formation 

Given that the behaviour of the clay mixtures deviated from a rule of mixtures model, 

this can be used as a baseline to consider the dominance relations between the 

clays under the activation conditions used in this study. Dominance relations are 

evaluated here in two areas of interest – precursor reactivity, and product phase 
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formation. For example, in an alkali-activated clay mixture of A and B, if more of clay 

mineral A reacts and less of clay mineral B reacts (compared to the baseline 

behaviour in the RoM model), then clay mineral A could be said to be dominant in 

terms of reactivity. In the same mixture, if more of the product phase associated with 

clay mineral B forms than the product phase associated with clay mineral A (again, 

compared to the RoM model), then clay mineral B could be said to be dominant in 

terms of determining product phase formation in the mixture. Predicting the suitability 

of aluminosilicate precursors for alkali activation is acknowledged to be difficult even 

for individual minerals (Xu and Van Deventer, 2000), let alone for mixtures of 

minerals. The approach used here is not a quantitative method of evaluation, but is 

helpful in developing an empirical understanding of how such mixtures behave in 

alkali activation. In the following section, the constituent clay minerals’ reactivity and 

influence on phase formation in the different mixtures are evaluated in this way.  

In the Kao-Mont series as a whole, less kaolinite was consumed than expected from 

the RoM model, and less hydrosodalite was formed than expected. From the 

behaviour of the 50Kao-50Mont sample, montmorillonite seemed to be more reactive 

than kaolinite, given how much of each was consumed in the reaction. On the other 

hand, the characterisation evidence suggested that more hydrosodalite (the product 

phase associated with kaolinite) had formed compared to N-A-S-H geopolymer (the 

product phase associated with montmorillonite). Thus, over the Kao-Mont series as a 

whole, montmorillonite was dominant in terms of reactivity, but kaolinite was 

dominant in determining phase formation.  

In the Mont-ILL series, there was evidence of a N-A-S-H geopolymer (the product 

phase associated with montmorillonite) but not of altered illite (the product 

associated with illite) in 50Mont-50ILL. Given the overlap between the illite 

reflections and the muscovite impurity reflections in this XRD pattern, it was not 

possible to compare the relative extents of reaction of the montmorillonite and illite. 

So, for the Mont-ILL series, one can only say that montmorillonite dominated illite in 

determining phase formation.  

In the ILL-Kao series, the RoM model underestimated both the extent of kaolinite 

consumption and the extent of hydrosodalite formation (the product phase 

associated with kaolinite) in 50ILL-50Kao. At the same time, no microstructural 
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features similar to those in 100ILL-0Kao were observed in the SEM images of 50ILL-

50Kao. So, for the ILL-Kao series, kaolinite dominated illite both in reactivity and in 

determining product phase formation.  

The validity of this interpretation can be checked against 33Kao-33Mont-33ILL, as 

this mixture includes the three constituent clay minerals together. As summarised in 

Table 3, the XRD pattern and SEM images showed hydrosodalite to be present, with 

no evidence of the microstructure characteristic of altered illite. There was possibly a 

background hump indicative of a geopolymer in the XRD pattern, with the position of 

the dominant Si-O-T band in the FTIR spectrum suggesting a possible mix of 

geopolymer and hydrosodalite. These observations broadly agree with the 

dominance relations established from the three binary series of clay mixtures.  

These dominance relations have been evaluated for these specific clay precursors, 

under the alkali activation conditions used in this study. The chemistry and 

mineralogy of the clay minerals is highly influential in determining their reactivity and 

product phase formation. However, it is unlikely to be the case that these are 

inherent, irrevocable qualities of the clay minerals. It is conceivable that these 

dominance relations could change depending on other factors influencing 

dissolution, such as available surface area (Tchadjie and Ekolu, 2018), and phase 

formation, such as curing temperature, curing time and concentration of NaOH 

activating solution (Abdullahi et al., 2017; Johnson and Arshad, 2014).  

Nonetheless, this finding has implications for the application of alkali-activated clays 

and soils in construction. The expansive behaviour of soils containing 

montmorillonite means they are typically avoided in earth construction. However, 

given that montmorillonite influences phase formation towards geopolymers, the 

presence of montmorillonite could be beneficial in alkali-activated soil materials, if 

enough of the montmorillonite can be consumed. Illite is much less expansive, so is 

normally considered acceptable in soil construction. In isolation, its alkaline 

activation behaviour is problematic, although could be useful when present as a 

minor component with other clay minerals. Although these dominance relations were 

established for un-calcined clays, and without using additional soluble silicates, it is 

an important step in improving the fundamental understanding of the behaviour of 

alkali-activated soils.  
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5 Conclusions 

Through investigating the alkali activation of binary series of clay mixtures, it has 

been shown that there was a hierarchy between the clay minerals kaolinite, 

montmorillonite and illite in determining the product phases formed in the alkali 

activation of a clay mixture. Montmorillonite and kaolinite both dominated illite in 

terms of reactivity and determining phase formation. Montmorillonite seemed to be 

more reactive than kaolinite, but kaolinite had a stronger influence in determining 

reaction products. Hydroxycancrinite was formed in at least one of the binary 

mixtures, which was not a reaction product from any of the individual clays under 

these conditions. These findings suggest that knowing which clay minerals are 

present can help broadly predict phase formation; but, neither the relative amounts 

of phases formed, nor the type of phases formed, can be exactly predicted. The 

systematic method employed in this study has enabled a useful bridge to be made 

between the study of individual clays and complex soil systems.  
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