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Abstract—Soil–alkali interaction leads to abnormal soil behavior due to significant changes in mineralogy and morphology. The effect
of alkali on the swelling behavior of natural clays has been explored in recent years, but the swelling behavior of alkali-transformed clay
minerals is still unclear. The objective of the current study was to investigate the effect of alkali concentration on swelling characteristics
of natural and alkali-transformed kaolinitic clays. The study was complemented further with micro-level investigations. Red earth and
kaolin, which are regarded as non-swelling kaolinitic clays, were utilized. The results showed that alkalis induced greater swelling in
natural clays than in alkali-transformed clays. The results revealed further that alkali-transformed clays exhibited decreases in swelling
when exposed to increased alkali concentrations. Moreover, the degree of transformation played an important role in the swelling
behavior of alkali-transformed kaolinitic clays when inundated with water and with various alkali concentrations. These variations may
be attributed to the different extents of mineralogical and microstructural changes caused by alkali treatment.
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INTRODUCTION

Inmodern environments, soil in natural or modified forms has
been used increasingly for various civil engineering activities.
Directly or indirectly, the effects of modernization and the deple-
tion of natural resources have affected soils adversely due to
various anthropogenic activities, including contamination by ac-
cidental spills or leakages of industrial effluents (acids, alkalis,
etc.), petroleum, heavy metals, and pesticides (Wang 2003;
Onojake and Frank 2013). Among the many sources for soil
contamination, alkalis are released, for example, frompaper, paint,
dye, pulp, and aluminum industries and cotton mills.

Alkali contamination has led to soil structural failures due to
the formation of neogenic hydrated salts (Sokolovich and
Troitskii 1976; Kabanov et al. 1977; Shekhtman et al. 1995).
Much research has been conducted to understand the mineral
alterations produced by soil/alkali interactions (Cuadros and
Linares 1996; Taubald et al. 2000; Wang and Siu 2006a,
2006b; Elert et al. 2008; Jiang et al. 2008; Alshaaer 2013;
Elert et al. 2015; Boussen et al. 2015). Continuous wetting of
soils by alkalis and exposure of rock-forming minerals to alka-
line solutions can lead to neogenic zeolite formation, with the
type of zeolite produced depending heavily on the origin, dura-
tion of reaction, temperature, and chemistry of the pore fluids.
Batch reactor experiments were conducted (Chermak 1992) to
understand changes in the mineralogy of the Opalinus shale due
to the influence of highly concentrated NaOH solutions. The
general sequence of reaction products observed under these
high-pH conditions includes the formation of analcime, follow-
ed by vermiculite and Na-rectorite. The transformation of mont-
morillonite into tectosilicates (zeolite) when the pH goes beyond
moderately alkaline conditions was reported by Barrer (1982).
The formation of zeolites by kaolin–alkali interactions has also
been observed (Madani et al. 1990; Akokelar et al. 1997;

Demortier et al. 1999). The transformation of saponite to
nontronite took place in black cotton soils upon interaction with
NaOH (Sivapullaiah et al. 2010). From the above studies, alkali
contamination clearly affects the mineralogy of soils, irrespec-
tive of the type of mineral (kaolinite/montmorillonite/mixed-
layer), and thus may alter soil behavior, including clay-water
interactions or swelling.

Mineral–fluid interactions dominate the geotechnical be-
havior of clayey soils during contamination. The intensity of
interaction depends primarily on the nature and quantity of
clay minerals and the type and concentration of pore fluids
more than on the chemical composition of the soil. Many
researchers emphasized the ill effects of caustic soda on the
geotechnical features of soils (Maltsev 1998; Jozefaciuk 2002;
Reddy et al. 2017). According toMohnot et al. (1987), mineral
loss due to alkalinity is greatest for kaolinite due to soil/alkali
reactions and was dominated by chemical reactions. Two of
the reactions reported are

Al2Si2O5 OHð Þ4
Kaoliniteð Þ þ 2Naþ þ OH− þ 4Si OHð Þ4

Dissolved Silicað Þ→

2NaAlSi3O8

Na−Feldspar
þ 11H2O

ð1Þ

Al2Si2O5 OHð Þ4
Kaoliniteð Þ þ 2Naþ þ OH− þ 2Si OHð Þ4

Dissolved Silicað Þ→

2NaAlSi2O6:H2O

Analcime
þ 5H2O

ð2Þ

Kaolinite dissolves in alkaline environments and releases
alumina and silica monomers, which, upon interaction with
NaOH, precipitate as a Na2O-Al2O3-SiO2-H2O gel or a zeolite
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(Khajavi et al. 2007; Smith 2009; Samal et al. 2013; Liu and
Naidu 2014). Reddy and Sivapullaiah (2010a) discussed the
effect of varying NaOH concentrations (1M, 2M, and 4M) on
the swelling behavior of three soils with different mineralogies:
Black cotton soil predominantly containing montmorillonite,
Black cotton soil predominantly containing mixed layer illite-
smectite, and red earth predominantly containing kaolinite.
Results reported that swelling tendency and neogenic forma-
tions in soil with montmorillonite were unaffected by the
concentration of NaOH solution, whereas in soil with mixed-
layer illite-smectite and soil with kaolinite the swelling in-
creased with increase in concentration, which is mainly due
to the formation of sodalites (sodium aluminium silicate hy-
droxide hydrate). Furthermore, the nature of swelling in soil
with mixed-layer illite-smectite varied with concentration,
whereas more rapid mineralogical changes were noticed in soil
with kaolinite. In a continuation of the above-mentioned work,
mineralogical and morphological studies were carried out
(Reddy and Sivapullaiah 2010b) in three soils with different
mineralogies. Recently, Chavali et al. (2016) observed greater
swelling in all three kaolinitic clays with alkali solutions when
compared with water. The magnitude of alkali-induced swell-
ing observed in these clays is attributed to dispersion of clay
particles and new mineral formations. Thus, micro-level inves-
tigations play a predominant role in understanding the swelling
behavior of alkali-contaminated soils. In order to mimic the
long-term effect of a given alkali concentration on kaolinite
mineralogy and microstructure, Sruthi and Reddy (2017) treat-
ed kaolinite with various amounts of NaOH, and found signif-
icant dissolution of the original kaolinite and precipitation of a
new mineral phase, sodalite, thus demonstrating the nature of
the effect of alkali on the kaolinite. Still unknown, however, is
the effect of alkali exposure and treatment on clay swelling and
at which alkali concentrations the greatest effect occurs.

The concentrations of the alkali solutions used in the rele-
vant industries can reach as high as 10 N, and when they leak
into the moist ground they become diluted to concentrations
ranging from 1 to 4 N (Sivapullaiah and Reddy 2009). Ac-
cording toMitchell (1993) andMulyukov (2008), even a 0.1 N
alkali solution could alter soil structure. The objective of the
present investigation, therefore, was to examine the influence
of kaolinite content and concentration of alkali on the swelling
behavior and dissolution of existing minerals and on the for-
mation of new minerals in contaminated soils by performing a
set of laboratory studies on normal and alkali-transformed
kaolinitic clays, and to examine the mineralogical changes
and microstructural variations.

MATERIALS AND METHODS

Clays Used
Two clays, red earth (R) and kaolin (K) with kaolinite as

the predominant mineral in various proportions, were used in
the study. Naturally available red earth was collected from a
depth of 1 m from the ground surface inWarangal, Telangana,
India, and commercial kaolin was obtained from Godavari
mines and minerals, Vizag, A.P, India. Both clays were air-

dried and passed through an IS 425 µm sieve. The physical
properties (Table 1) and chemical compositions (Table 2) of
the clays were determined.

Solutions Used

Four different concentrations (0.1, 1, 4, and 8 N) of sodium
hydroxide (NaOH) solution were prepared as per standard
procedures (Standard Methods, 2017) by dissolving the re-
quired mass of AnalaR-Grade NaOH pellets (S D-Fine Chem
Ltd., Mumbai, India) in distilled water.

Experimental Investigation
To bring out the effect of various concentrations of alkali

(NaOH) solutions on mineral dissolution of kaolinitic clays
and the formation of new minerals, experiments were per-
formed under specific conditions that simulate long-term ef-
fects of alkali on the samples. The experimental procedure
mentioned by Sruthi and Reddy (2017) was adopted. Initially,
raw clay samples were mixed using smaller volumes of
interacting solution (4 N was used because most industrial
contamination is close to this value), i.e. 1× the moisture
content at the liquid limit (LL). After a 1-day interaction in a
desiccator, samples were dried in the oven at 110°C. The dried
samples were pulverized manually into fine powders using a
mortar and pestle and passed through a No. 200 sieve (75 μm).
The powdered samples were subjected to analysis by X-ray
diffraction (XRD). The entire procedure was repeated by
mixing raw clay samples with greater volumes of interacting
solution. The samples were mixed in batches, i.e. separate
samples were prepared for each volume of interaction solution
(1, 2.5, 3.5, 5, 6, 7, 8, and 10 × LL moisture content). This
procedure was continued until complete dissolution of kaolin-
ite was confirmed by XRD analysis. Based on the procedure
mentioned above, the specific conditions selected for the cur-
rent investigation were: temperature (110°C), volume of
interacting solution (7 × LL for R and 10 × LL for K), and
duration of interaction (1 day). The samples were allowed to
interact with specific concentrations (0.1, 1, 4, and 8 N) of
alkali (NaOH) solutions. After interaction with NaOH

Table 1. Physical properties of kaolinitic clays

Properties Red earth (R) Kaolin (K)

Specific gravity 2.62 2.70

Liquid limit (LL), (%) 38.0 42.9

Plastic limit (PL), (%) 22.64 29.72

Plasticity index (PI), (%) 15.36 13.18

Free swell index (mL/g) 1.0 1.1

Max. dry unit weight kN/m3 18.3 17.0

Optimum water content (%) 20.74 27.05

Clay content (%) 26 32

Silt content (%) 38 68

Fine sand content (%) 36 -

Cation exchange capacity
(meq/100 g)

9.39 5.62
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solutions, the samples were filtered, dried, and allowed to swell
after inundation with water and with the respective trans-
formed concentrations (i.e. a 0.1 N transformed sample was
inundated with 0.1 N, a 1 N transformed sample with 1 N, and
a 4 N transformed sample with 4 N) in oedometer consolida-
tion cells. Swelling studies for the 8 N transformed samples
were not performed with water or transformed concentrations
because of the difficulty of placing the samples in the
oedometer cell. The variations in mineralogy and changes in
morphology due to interaction with alkali solutions were ana-
lyzed using XRD and scanning electron microscopy (SEM),
respectively. Quantification of raw- and transformed-clay min-
erals was done according to the procedure reported by Garvie
and Nicholson (1972) and Mazaheri et al. (2008). Further,
Fourier-transform infrared (FTIR) spectroscopy and
thermogravimetric-differential thermal analyses (TG-DTA)
were performed to reconfirm the mineralogical changes.

One-dimensional Free Swell Tests
One-dimensional free swell tests were carried out on the

natural and transformed samples by inundating them in water
and NaOH solutions continuously. The one-dimensional free
swell test procedure adopted was mentioned by Puppala et al.
(2005). The final swell displacements along with the original
heights of the soil specimens were used to calculate swell
strains in the vertical direction.

Swell (%) in soils is calculated as a percentage ratio of the
increase in thickness relative to the original thickness using Eq. 3

ε ¼ ΔH=H � 100% ð3Þ
where ε is swell percent, and ΔH and H are the change in
thickness and original thickness of the samples, respectively.

After attaining equilibrium, treatments on swollen samples
were terminated and the samples were oven dried. Experiments
were repeated twice to check the reproducibility of results.
Representative soil samples were collected at the completion
of the free swell tests, and mineralogical and microstructural
investigations were carried out to understand particle-level
interactions.

X-ray Diffraction Studies

The XRD patterns were recorded using a PANalytical
X'Pert Powder X-ray diffractometer (Almelo, Netherlands)
with the help of an X'Celerator ultra-fast detector. The X-ray
tube (Ni-filtered CuKα) was operated at 60 kV and 55 mA.
The data were collected from 6 to 70°2θ with a step size of
0.01°2θ. The samples were ground manually and a represen-
tative sample was pressed gently into glass holders. For qual-
itative identification of minerals, X'pert high score plus soft-
ware based on the PCPDFWIN database was used.

Scanning Electron Microscopy Studies

The microstructures of the samples were analyzed using
TESCAN VEGA 3LMU (Brno, Czech Republic) scanning
electronmicroscopy (SEM). A conventionalW heated cathode
with 3D beam technology was used. Prior to scanning, a gold
coating was sputtered onto the samples

Fourier-Transform Infrared Spectroscopy

The FTIR analysis of the samples was conducted using a
Perkin Elmer 100S FTIR spectrophotometer (Shelton, Con-
necticut, USA) equipped with a standard DTGS detector.
Samples were prepared using the KBr pellet method and
scanned at a resolution of 4 cm−1 over the spectral range
4000 to 400 cm−1.

Differential Thermo-gravimetric Analysis

To determine structural changes and losses in sample mass,
differential thermal analysis (DTA) and thermo-gravimetric
analysis (TGA) were conducted. The tests were performed
using a NETZSCH STA 2500 Regulus thermal analysis in-
strument (Selb, Germany). Samples were tested at a heating
rate of 10°C/min to 1000°C in Ar.

RESULTS

Effect of Various NaOH Concentrations on Swelling Behavior
of Alkali-transformed Red Earth

Free swell test results of red earth (R) and alkali-
transformed red earth samples (red earth samples transformed
with 0.1, 1, and 4 N NaOH are represented as 0.1R, 1R, and
4R, respectively) when inundated with water (represented as
R-W, 0.1R-W, 1R-W, and 4R-W) exhibited swelling of ~1%,
3%, 5%, and 8%, respectively (Fig. 1). Further, alkali-trans-
formed red earth samples inundated with the respective trans-
formative concentrations (represented as 0.1R-0.1 N, 1R-1 N,
and 4R-4 N) exhibited swelling of ~17%, 14%, and 7.5%,
respectively (Fig. 1a–c). To explain the variations in the swell
behavior of transformative samples, the results were compared
to the natural, non-transformed samples. The mineralogical
alterations, which took place during swelling, were identified
using XRD analyses of all samples.

XRDAnalyses of Red Earth Samples Before and After Swelling

TheXRD pattern of red earth (R) shows peaks pertaining to
quartz, kaolinite, and hematite (Fig. 2). The red earth sample
reacted with 0.1 N NaOH solutions (0.1R) showed no changes
in the XRD pattern (Fig. 2a); in 1R, very small traces of
sodalite were identified (Fig. 2a). With an increase in the
concentration to 4 N (i.e. sample 4R), kaolinite dissolution
(7.13 and 4.28 Å) and more intense sodalite peaks appeared
(Fig. 2a). Sodalite, which belongs to the zeolite group, forms in

Table 2. Chemical composition of kaolinitic clays

Clay SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO SO3

R 34.6 29.1 24.6 3.8 3.5 0.2 0.5 2.0 0.22 0.75 0.125

K 32.5 48.80 8.2 2.9 4.6 0.09 0.3 2.2 0.15 0.17 0.11
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alkaline systems with alumina and silica. Also at 4R, traces of
topaz with less intense peaks (Fig. 2a) were noted. With an
increase in concentration to 8 N (i.e. sample 8R), in addition to
sodalite, new mineral peaks attributed to trona were observed
(Fig. 2a). Thus, XRD analysis of red earth samples reacted
with various concentrations of NaOH showed complete kao-
linite dissolution; new-mineral formation occurred mainly at
the higher concentrations, i.e. 4 N and 8 N solutions.

After the swell test, red earth samples (0.1R-0.1 N, 1R-1 N,
and 4R-4 N) were subjected to analysis by XRD (Fig. 2b). The
XRDpattern of 0.1R-0.1N showed little variation inmineralogy
except for the formation of albite (Fig. 2b); new peaks for
flusston (Ayoob et al. 2011; Ogbaji et al. 2018) and sodalite
were observed in the 1R-1 N sample (Fig. 2b). The formation of
new minerals, however, does not imply complete dissolution of
kaolinite in either of the 0.1R-0.1 N and 1R-1 N samples. The
XRD patterns of 4R-4 N had more intense sodalite peaks (Figs.
2b and 3b) and evidence of another new mineral, natrite (Figs.
2b, 3b). According to Zubkova et al. (2002), natrite is one of the
rarest species of the six in the soda minerals group. Natrite is the

only mineral in the group which does not contain hydrogen
atoms. This is a peculiarity considering the mineral is an endog-
enous high-temperature species (Zubkova et al. 2002). Further-
more, in sample 4R-4 N, complete kaolinite dissolution was
apparent. Mineral quantification of the red earth samples re-
vealed a variation in the percent mineral contents (Fig. 3a, b)
of each mineral identified using XRD (d spacings listed in
Table 3). Raw XRD data for red earth samples before and after
swelling are given in supplementary Table S1.

SEM Studies of Red Earth Samples Before and After Swelling

The morphology of the red earth and the 0.1 to 8 N NaOH-
transformed red earth samples was determined by SEM (Fig. 4)
and revealed a compacted and aggregatedmorphology (Fig. 4a).
No significant change in morphology was observed in sample
0.1R (Fig. 4b). A micrograph of sample 1R (Fig. 4d) showed
traces of reaction products, which was consistent with the XRD
analyses. Sample 4R showed a distinct morphology (Fig. 4f)
with significant reaction products supplementing the partially
dissolved kaolinite and the new mineral peak observed in the

Fig. 1. Swelling behavior of transformed and non-transformed red earth samples inundated with water and alkali solutions
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XRD analyses. The morphology of topaz varies widely accord-
ing to its origin and formation. In the present study, particles
with morphology typical of topaz (Russell 1924) were observed
(Fig. 4f). After an increased interaction with 8 N NaOH, well
defined sodalite crystals (Fig. 4h) were formed, corroborating
the intense sodalite peaks observed in the XRD analyses of 8R
(Fig. 2a). Coalesced pellet formations representing crystalline
trona were also observed (Fig. 4h). A micrograph of sample
0.1R-0.1 N (Fig. 4c) showed a weathering-related change in
morphology. An SEM image of 1R-1 N (Fig. 4e) also showed
weathering and the formation of particles with the distinct crystal
morphology of sodalite. Flusston formation was minimal and
the particles did not have a clear morphology. The presence of
sodalite in themicrograph of 4R-4N (Fig. 4g) was evident in the
form of cotton balls. Natrite appeared as small, isolated, efflo-
rescent growths, which were surrounded by relatively large
porous areas (Ball et al. 1986). Face-face association, i.e. parallel
orientation of the particles, was clearly visible (Fig. 4g), which
supports the more limited swelling observed.

FTIR Analyses of Alkali-transformed Red Earth due
to Interaction with Various NaOH Concentrations

The FTIR spectra of sample R and its NaOH transformed
products (Fig. 5, Table 4) contained a band at 3696 cm-1 and
3621 cm-1 indicating OH vibrations of kaolinite. When the red

earth reacted with 0.1 N NaOH (0.1R), no significant alter-
ations in bands were observed, which indicates no new min-
erals were formed (Fig. 5a). However, a peak at 1008 cm–1 in
the 0.1R sample might be due to quartz interference (Si–O)
(Diko et al. 2016). For the R sample treated with 1 N NaOH
(1R), the intensity of the 912 cm–1 band decreased, which
indicates kaolinite disintegration and the 1414 cm–1 band
indicated a small number of carbonate groups. For the 4 N
(4R) and 8 N (8R) NaOH-treated R samples, remarkable
changes were noticed in the FTIR spectra (Fig. 5a). The wide
band observed from 3400–3700 cm–1 (centered at 3464 cm–1

in 4 N (4R) and 3459 cm–1 in 8 N (8R)) was assigned to
stretching of water molecules adsorbed on sodalite OH groups
(Schnabel et al. 1997; Popescu et al. 2001; Ren et al. 2003;
Esfandian et al. 2016). The development of peaks around
1452 cm–1 and 1451 cm–1 in the 4R and 8R samples, respec-
tively, are usually ascribed to three-fold coordinated Al
(Kamseu et al. 2016). For the R sample treated with 8 N
NaOH, a new peak in the 8R sample at 864 cm–1 was attributed
to carbonate ion vibrations (Blanco et al. 2011). The presence
of carbonates in trona was indicated by a band at 864 cm–1.
FTIR spectra of 0.1R-0.1 N and 1R-1 N (Fig. 5b) showed little
variation in the spectra when compared to 0.1R and 1R,
respectively. The FTIR spectra of 4R-4 N showed slight var-
iations compared to 4R, however, in terms of the

Fig. 2. XRD patterns of red earth a before and b after swelling tests
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disappearance of bands at 734 and 707 cm–1 (Fig. 5b).
Raw FTIR data for red earth samples before and after
swelling are given in supplementary Table S2.

Thermogravimetric Analyses of Alkali-transformed Red Earth
The DTA curve of sample R (Fig. 6a) had endothermic peaks

at 74, 491, and 574°C and an exothermic peak at 938°C, which
are characteristic features of kaolinite minerals. The peak at 74°C
indicated that the hygroscopic water content was small, whereas
peaks at 491 and 574°C indicated deoxydrilation (Deoxydrilation
of clay minerals refers to the loss of an interbedded hydroxyl,
which occurs over a wide temperature range, 300–700°C;
Amadori et al., 2018) and dehydroxylation of kaolinite. The
exothermic peak at 938°C was ascribed to the formation of a
new-mineral crystalline phase.

The endothermic peaks at 75°C and 94°C in the 0.1R and
1R samples, respectively, were due mainly to the loss of
hygroscopic water (Fig. 6b). The second endothermic peaks

at 491°C (0.1R) and 471°C (1R) shifted to lower temperatures
and indicated that minerals in sample R were degraded to a
certain degree. This indicated that the red earth sample was
affected by the 0.1 N and 1 NNaOH alkali solutions. The DTA
curve of 4R showed a strong and sharp endothermic peak at
104°C (Fig. 6a), which was mainly due to loss of water
molecules from zeolite cavities. The endothermic peak at
636°C corresponds to sodalite decomposition. In the tempera-
ture range 50–300°C, the zeolite minerals had a characteristic
endothermic peak due to desorption of water. This might be the
reason for the endothermic peaks at 104 and 213°C in 4R and
8R samples, respectively.

The DTA curve of the 0.1R-0.1 N and 1R-1 N samples had
endothermic peaks at 85 and 100°C (Fig. 7a), which were
mainly due to the loss of hygroscopic water. The second
endothermic peak at 491°C (Fig. 7a) in 0.1R-0.1 N showed
that minerals present in the sample were degraded to some
extent. The DTA curve of 4R-4 N showed a sharp

Fig. 3. Mineral quantification of transformed red earth a before and b after swelling tests

Table 3. Diagnosed d spacing values of soil alkali reaction products formed

Notation Mineral Major diagnosed d spacings Chemical formula

Kln Kaolinite 7.20A (001), 4.450A (002), 3.59A (003) Al2Si2O5(OH)4
Qz Quartz 3.34A (001), 4.25A (002), 1.81A (003) SiO2

Hem Hematite 2.69A (001), 2.51 (002) Fe2O3

Cal Calcite 3.03A (001), 1.87A (002), 3.87A (003) CaCO3

Soil-NaOH reaction products

Sdl Sodalite 6.30A (001), 3.62A (002), 2.80A (003) Na8Al6Si6O24 ( OH )2 ( H2O )2
Tpz Topaz 3.24A (001), 2.96 (002) Al2(SiO4)(OH)2
Tr Trona 2.64A (001), 3.07A (002), 9.79A (003) Na3H(CO3)2 (H2O)2
Ab Albite 3.23A (001), 4.85A (003) Na(AlSi3O8 )

N Natrite 2.96A (001), 2.36A (002),2.17A (004) Na2CO3

Anl Analcime 3.43A (001), 4.85A (003) Na(AlSi2O6)(H2O)

Zeo X Zeolite X 14.49(001) Na92.8 ( Al88Si104O384 )

F Flusston 4.46(002), 2.58(003) SiO2-Al2O3- Na-OH
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Fig. 4. SEM images of samples a red earth (R), b 0.1R, d 1R, f 4R, and h 8R interactedwith water; c 0.1R-0.1N, e 1R-1N, and g 4R-4N. Scale bars = 2
μm
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Fig. 5. FTIR spectra of a red earth and b alkali-transformed red earth interacted with various NaOH concentrations
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endothermic peak at 212°C (Fig. 7a), which was mainly
due to the loss of water molecules from zeolite cavities.
Mass losses corresponding to endothermic peaks were
identified (Fig. 7b). In the 0.1R-0.1 N, 1R-1 N, and 4R-
4 N samples, the endothermic peak at 574°C was absent
and indicated kaolinite dissolution.

Effect of Various NaOH Concentrations on Swelling Behavior
of Alkali-transformed Kaolin

The free swell tests on kaolin (K) samples (kaolin samples
transformed with 0.1, 1, and 4 NNaOH are designated 0.1K, 1K,
and 4K) inundated with water and NaOH solutions are presented
in Fig. 8. The kaolin samples inundated with water are hereafter
designated K-W, 0.1K-W, 1K-W, and 4K-W; the kaolin samples
inundated with 0.1 N, 1 N, and 4 N NaOH solutions are hereafter
designated 0.1K-0.1 N, 1K-1 N, and 4K-4 N, respectively. Trans-
formed samples (0.1K-W, 1K-W, and 4K-W) exhibited swelling
of ~4.5, 7, and 11% (Fig. 8a, b, c), respectively, compared to non-
transformed samples (K-W). On the other hand, the 0.1K-0.1 N,
1K-1N and 4K-4N samples exhibited swelling of ~8.5, 7.78, and
7.92%, respectively (Fig. 8a, b, c).

Kaolin (K) had very limited swelling and exhibited only
3% swelling when inundated with water. Upon inundation
with 0.1 N, 1 N, and 4 N NaOH solutions, kaolin exhibited
swelling of ~16% (K-0.1 N), 12% (K-1 N), and 22% (K-4 N),
respectively, as reported by Chavali et al. (2016).

XRD Analyses of Kaolin Samples Before and After Swelling
The XRD patterns of kaolin showed peaks due to quartz,

kaolinite, and calcite (Fig. 9a). No changes in XRD pattern
were observed for sample 0.1K. In the 1K sample, less
intense sodalite peaks were observed and the calcite peak
remained unaltered. In the 4K sample, a drastic reduction in
the intensity of kaolinite peaks with a simultaneous increase
in the intensity of sodalite peaks was noticed and the calcite
peak disappeared completely. Differences in the quantity of
minerals in the samples were revealed (Fig. 10a). A reduc-
tion in the intensity of the kaolinite peaks marked the
disintegration of the mineral, which liberated silica and
alumina and formed sodalite. Besides sodalite peak forma-
tion, new, less intense natrite peaks appeared. Complete
dissolution of calcite might explain the formation of natrite.

Fig. 6. a DTA and b TG curves of red earth interacted with various NaOH concentrations
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With an increase in NaOH concentration to 8 N, a tremen-
dous increase in the intensity of sodalite and natrite peaks
was noticed (Figs. 9, 10a). Besides sodalite and natrite, new
analcime peaks were also observed. Johnson and Arshad
(2014) reported the formation of sodalite and analcime
(sodium aluminum silicate hydrate) at greater concentra-
tions of NaOH (3.99 M). The XRD data indicated that
kaolinite dissolution and new-mineral formation occurred
mainly in the 4 N and 8 N NaOH solutions. The XRD
pattern of 0.1K-0.1 N revealed the formation of zeolite X
(Figs. 9b, 10b). Zeolite X is a sodium aluminum silicate
mineral formed due to dissolution of silica and alumina
from kaolinite. The XRD pattern of 1K-1 N (Fig. 9b)
showed an increase in the sodalite peak intensities (refer
to Fig. 10b for quantification of sodalite) and the XRD
pattern of 4K-4 N (Fig. 9b) showed a tremendous increase
in the intensity of the sodalite peaks (Fig. 10b) which
corresponded to complete dissolution of kaolinite. The d
spacing of the minerals identified from the XRD analysis of
the kaolin samples are listed in Table 3. Raw XRD data for
kaolin samples before and after swelling are given in sup-
plementary Table S3.

SEM Studies of Kaolin Samples Before and After Swelling

The SEM studies illustrated the effects of various NaOH
concentrations (0.1 to 8 N) on the morphology of kaolin
particles (Fig. 11). An SEM image of kaolin showed a loose
fibrous structure (Sruthi and Reddy 2017). An SEM image of
0.1K showed only a subtle change in morphology (Fig. 11b),
which was difficult to differentiate and interpret from the
existing images. The SEM image of the 1K (Fig. 11d) sample
highlighted the formation of trace amounts of sodalite and had
a cotton-ball like morphology (Barnes et al. 1999). Severe
morphological changes were observed in the 4K sample (Fig.
11f) with the formation of distinct sodalite particles and indi-
cated an increase in the size of sodalite particles. In the 8K
sample, a complete grouping of sodalite particles took place
with layered structures on the surface of grouped sodalite
particles (Fig. 11h). Small traces of analcime particles showed
indistinct octahedral and tetrahedral crystal morphologies
(Ibrahim 2004) (Fig. 11h). The weathering of a swollen sample
(0.1R-0.1 N) is clearly visible in Fig. 11c. Tiny groups of
particles with a cotton ball-like morphology supported the idea
of formation of sodalite (Fig. 11e) as confirmed by XRD
analysis. The micrographs of the 4K-4 N sample (Fig. 11g)

Fig. 7. a DTA and b TG curves of alkali-transformed red earth, interacted with various NaOH concentrations
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had distinctly grouped formations of particles with a cotton-
ball-like morphology with dense packing, which also supports
the limited swelling observed in sample 4K-4 N. Fibrous
structures seen in kaolin (Fig. 11a) were completely absent
from the 4K (Fig. 11f), 4K-4 N (Fig. 11g), and 8K samples
(Fig. 11h). Thus, changes in particle morphology provided
evidence for mineralogical alterations.

In summary, changes in mineralogy and morphology
reflected the treatment conditions, i.e. initial mineral content,
type and concentration of reacting solution, hydrothermal con-
ditions, and duration of the reaction. Furthermore, FTIR and
TG-DTA analyses corroborated the changes inmineralogy and
morphology observed by XRD and SEM.

FTIR Analyses of Kaolin Samples Before and After Swelling

The FTIR spectrum of the K sample was similar to that of
the R sample with an additional stretching band appearing at
1426 cm–1, which indicated the presence of calcite (Fig. 12;
Table 5). Weak bands at 2924 cm–1 and 2494 cm–1 appeared in
the carbonyl region for the 4 N NaOH samples (Fig. 12a). The

characteristic sodalite absorption bands at 978 cm−1 (4K) and
983 cm−1 (8K)were attributed to asymmetric atomic vibrations
(Vaiciukyniene et al. 2009). A band at 912 cm–1, which is
characteristic of kaolinite, was absent from both the 4 N and
8 N NaOH-treated samples which highlights the dissolution of
kaolinite at higher NaOH concentrations (Table 5).

The FTIR spectra of 0.1K-0.1 N and 1K-1 N (Fig. 12b)
showed little variation compared with those of 0.1K and 1K.
The FTIR spectrum of 4K-4 N showed a slight variation in
comparison to 4K, however, in terms of the disappearance of
the bands at 2924 and 2494 cm–1. Raw FTIR data for kaolin
samples before and after swelling are given in supplementary
Table S4.

Thermo-gravimetric Analyses of Alkali-transformed Kaolin

The DTA curve of kaolin with an endothermic peak at
59°C (Fig. 13a) was accompanied by a weight loss of 1.49%
(Fig. 13b). An endothermic peak at 525°C was due mainly to
dehydroxylation of the mineral, due to the removal of hydroxyl
groups from Al–OH bonds (Rocha and Klinowski 1990). A

Fig. 8. Swelling behavior of transformed and non-transformed kaolin samples inundated with water and alkali solutions
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third endothermic peak was followed by a negligible weight
loss on the TG curve at ~977°C (Fig. 13a).

The DTA curves of the 0.1K and 1K samples (Fig. 13a)
were similar to the untreated kaolin (K). The two samples were
also characterized by three endothermic peaks. The first

endothermic peak at 79°C (Fig. 13a) in 1K was due mainly
to dehydration. The second at 501°C (Fig. 13a) with a mass
loss of ~7% (Fig. 13b) was attributed to dehydroxylation of the
mineral. This peak was a little broader and was shifted to a
lower temperature in comparison to the peak in the K

Fig. 9. XRD patterns of kaolin a before and b after swelling tests

Fig. 10. Mineral quantification of transformed kaolin a before and b after swelling tests
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Fig. 11. SEM images of a kaolin, b 0.1K, d 1K, f 4K, and h 8K interacted with water; c 0.1K-0.1 N, e 1K-1 N, and g 4K-4 N
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Fig. 12. FTIR spectra of a kaolin and b alkali-transformed kaolin interacted with various NaOH concentrations
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specimen. This indicated that kaolinite was affected by the 1 N
NaOH alkali solution treatment. Endothermic peaks at 973 and
923°C (Fig. 13a) in samples 0.1K and 1K corresponded to the
transformation of kaolinite into more stable phases, and also to
the decomposition of other minerals that were present, such as
carbonates (Rocha and Klinowski 1990). Decomposition of
calcite (calcium carbonate) as indicated by the absence of
peaks in the XRD patterns of respective samples supports the
above statement mentioned by Rocha and Klinowski (1990).
An endothermic peak at 88°C was observed in sample 4K with
a mass loss of ~4.24% (Fig. 13). This mass loss was due
mainly to the escape of water molecules from zeolite cavities
(Sruthi and Reddy 2017). Further, a sharp endothermic peak at
663°C (Fig. 13a) with a notable weight loss of 10.92%was due
to decomposition of sodalite. The DTA curve of sample 8K
exhibited an endothermic peak at 220°C (Fig. 13a) with a
resultant mass loss of 1.32%, which may be attributed to the
dehydration of analcime present in the sample. Koizumi
(1953) and Milligan and Weiser (1937) mentioned that anal-
cime dehydrates gradually between 200 and 400°C. Similar to
sample 4K, in the 8K sample an endothermic peak at 660°C
(Fig. 13a) indicated sodalite decomposition at higher temper-
atures. The endothermic peak that appeared between 450 and
650°C was due to the dehydroxylation of kaolinite
(Moropoulou et al. 1995; Hajjaji et al. 2002; Palanivel and
Rajesh 2011), but the absence of kaolinite highlighted its
dissolution at higher concentrations, i.e. samples 4 N and 8 N
NaOH.

The DTA curve of the 0.1K-0.1 N sample (Fig. 14a) was
similar to the untreated kaolin. An endothermic peak at
635.4°C in 1K-1 N corresponded to sodalite decomposition.
The endothermic peaks observed at 113 (1K-1 N) and 113°C
(4K-4 N) were due mainly to the loss of water molecules from
zeolite cavities (the presence of zeolites can be seen from XRD
analysis; Fig. 9b).

DISCUSSION

Mechanism Involved in the Swelling Behavior of Red Earth
Samples (Non-transformed and Transformed)

Swelling of ~1% for sample R in water (Fig. 1) was due to a
lack of significant isomorphous substitution that led to a rela-
tively small net negative charge and small cation exchange
capacity. The cementitious nature of the iron oxides (Rao and
Rao 1994; Sivapullaiah and Manju 2006) in sample R (shown
in XRD analyses) bound the soil particles into coarse aggre-
gates, which resulted in less swelling. The transformed red
earth sample (0.1R) exhibited swelling of ~3% when inundat-
ed with water (Fig. 1a), however. The increase in swelling was
due mainly to the presence of Na+ ions. Sodium ions favor the
formation of an opened edge-to-face (EF) association due to
the dominant Coulombic attraction between faces and edges
(Wang and Siu 2006a), which leads to a volume increase.
Samples 1R and 4R inundated with water (1R-W and 4R-W)
exhibited swelling of ~5% (Fig. 1b) and 8% (Fig. 1c), respec-
tively. The increased swelling of 1R-Wwas due partly to fabric
flocculation (as explained for 0.1R-W) and partly to new-

Fig. 13. a DTA and b TG curves of kaolin, reacted with various NaOH concentrations
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mineral formation (confirmed by XRD, Fig. 2). Whereas in
4R-W, increased swelling was due mainly to new-mineral
formation (Fig. 2), Neogene minerals (sodalite, a zeolite) took
place during transformation in 1R and 4R. The zeolites have open
honeycomb structures with a negative charge (Sivapullaiah and
Manju 2006). These zeolites are porous and host water molecules
(Sand and Mumpton 1976); the sodalite imbibes water and even-
tually swells. Kranz et al. (1989), Heidug and Wong (1996), and
Bish (2013) reported that zeolites exhibit expansion on hydration,
supporting the swelling of alkali-transformed red earth due to the
formation of zeolite minerals.

The observation made by Chavali et al. (2016) in their
studies on non-transformed red earth samples inundated with
various concentrations of alkali solution were considered to
explain the swelling behavior of the transformed red earth
samples inundated with the respective alkali solutions. Red earth
samples, when inundated with 0.1N (R-0.1 N), 1N (R-1 N), and
4N (R-4 N) NaOH, exhibited maximum swellings of ~27%
(Fig. 1a), 22% (Fig. 1b), and 22% (Fig. 1c), respectively. The
variations in swelling behavior of the red earth samples inun-
dated with alkali could be explained by three possible mecha-
nisms (Kabanov et al. 1977): (1) dispersion of structure; (2) loss
of iron oxide coatings; and (3) new-mineral formation. Further,
the swelling is exhibited by phases that depend on the alkali

concentration: Phase-I – swelling takes place mainly due to the
dominant effects of pH and electrolytes; Phase-II – a relative
stabilization period (i.e. transition zone with the absence of swell-
ing) where reaction between soil particles and NaOH begins and
continues to reach a certain value; Phase-III – swelling takes place
mainly due to the formation of new minerals such as zeolites.

The swelling in 0.1R-0.1 N (Fig. 1a) was governed explic-
itly bymechanism 1 and the swelling pattern further confirmed
that the swelling was due mainly to a pH effect (phase-I).
Sample 0.1R-0.1 N exhibited less swelling (17%) than did
R-0.1N (27%, Fig. 1a), however, due to a reduction in the
phase-I swelling pattern. This reduction in Phase-I swelling
was explained as follows: (1) during the transformation pro-
cess (before the sample was subjected to swelling), partial
dispersion of soil particles i.e. face-to-face association
(Mitchell 1993), took place which did not occur during
phase-I swelling; (2) the absence of mechanism 2 was due to
the iron oxides (Fig. 2b) which do not add to phase-I swelling.
Therefore, the 0.1R-0.1 N samples showed less tendency to
swell compared to the R-0.1 N sample.

In sample 1R-1 N (Fig. 1b), the maximum swelling
was ~14%, which was less than that observed for sample
R-1 N (22%, Fig. 1b). The decrease in swelling was due
to: (1) a reduction in the phase-I swelling, which was

Fig. 14. a DTA and b TG curves of alkali-transformed kaolin samples, reacted with various NaOH concentrations
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found to be even less than the phase-I swelling of 0.1R-
0.1 N; and (2) the absence of mechanism 2. The reduction
in Phase-I was due mainly to the accumulation of excess
Na ions, which reflects the significance of the electrolyte
effect. Mechanism 2, which deals with the dissolution of
iron oxide that leads to swelling (Rao and Rao 1994), was
absent because the dissolution of iron oxide occurred during
transformations (Fig. 2a) and minimized the swelling in 1R-1 N.
The relative stabilization period i.e. phase-II, which activated the
soil for the next stage was completely absent (Fig. 1b) because the
formation of newminerals was initiated during the transformation
period. Therefore, the majority of swelling observed in 1R-1 N
wasmainly during phase-III, where the formation of newminerals
initiated the swelling. The result indicated, therefore, that the
swelling mechanism in transformed red earth i.e. 0.1R-0.1 N,
was governed mainly by mechanism 1 and 1R-1 Nwas governed
mainly by mechanisms 1 and 3. A minimum swelling of 7% was
observed in sample 4R-4 N, which was much less than the
swelling in R-4 N, i.e. 22% (Fig. 1c). Mechanisms 1, 2, and 3,
which govern the swelling in R-4 N, took place during the
transformation period and did not occur during the swelling of
4R-4 N. Complete reduction in the phase-I swelling pattern,
absence of a stabilization period (phase-II), and minimal contri-
bution of phase-III swelling led to decreased swelling in 4R-4 N.
Also observed was that 4R-W (8%) exhibited more swelling
compared to sample 4R-4 N (7%). At alkaline pH, double
layer repulsion exists, which rendered the dispersed and
deflocculated structure (Wang and Siu 2006a) subject to
less swelling in 4R-4 N. The swollen phases in trans-
formed soils 0.1R-0.1 N, 1R-1 N, and 4R-4 N could not
be detected individually because the phases occurred
concurrently.

Mechanism Involved in the Swelling Behavior of Kaolin
Samples (Non-transformed and Transformed)

Similar to the red earth (R) sample, depending on the
concentration of NaOH with which it interacted, kaolin (K)
exhibited different mechanisms to induce swelling. In kaolin,
mechanisms 1 and 3 are similar to red earth, whereas mecha-
nism 2 was due to leaching of calcium carbonate instead of
iron oxide in red earth. Like the red earth sample, the swelling
induced by water in the alkali-transformed kaolin can be
explained as follows: (1) in 0.1K-W, mostly due to fabric
flocculation; (2) in 1K-W, partly due to fabric flocculation
and partly to new-mineral formation; and (3) in 4K-W, mostly
due to the formation of new minerals.

The increase in swelling at higher NaOH concentrations
when inundated with water (1K-W and 4K-W)was duemainly
to the formation of new minerals, i.e. sodalites (zeolite group
minerals). Published research (Kranz et al. 1989; Heidug and
Wong 1996; Bish 2013) supports the observed uncharacteristic
swelling of alkali-transformed kaolin when inundated with
water due to the formation of zeolite minerals.

The kaolin sample (0.1K-0.1 N) exhibited swelling of
~11%, which was less than the swelling of K-0.1 N
(16%, Fig. 8a). This decrease in swelling was due main-
ly to the reduction in phase-1 swelling. This reduction

in phase-I was due to: (1) the effects on particle orien-
tation (mechanism 1), which was initiated during the
transformation period and (2) the absence of mechanism
2 (i.e. dissolution of calcite, which induced swelling)
because the calcite remained (XRD patterns of 0.1K
(Fig. 9a) and 0.1K-0.1 N (Fig. 9b)). The relative stabi-
lization (phase-II) initiated the next stage of new-mineral
formation and phase-III highlighted the formation of
new minerals, which were major contributors to the
induced swell in 0.1K-0.1 N, which was not observed
in sample K-0.1 N.

The 1K-1N sample exhibited swelling of 8%,whichwas less
than the swelling observed for K-1N (12%, Fig. 8b).Mechanism
2, which deals with the dissolution of calcite, was absent because
calcite remained (XRD patterns of 1K (Fig. 9a) and 1K-1 N (Fig.
9b)) and the relative stabilization period (transition), i.e. phase-II,
was completely absent because the formation of new minerals
was initiated during transformation. New-mineral formation was
governed by mechanism 3 and enhanced phase-III swelling. The
4K-4N sample exhibited 7% swelling, whichwasmuch less than
the swelling exhibited by K-4 N (22%) (Fig. 8c). This difference
in swellingwasmainly attributed to the absence ofmechanisms 1
and 2, which minimized phase-I swelling and the absence of
phase II swelling. The mechanism 3-enhanced phase-III swelling
was trivial because the formation of new minerals commenced
during transformations. New-mineral formation (Fig. 9) in-
creased compared to K-4 N but this did not enhance swelling.
4K-W (11%) also exhibited more swelling than 4K-4 N
(8%). The interparticle forces and associated fabric forma-
tions were responsible for the decreased swelling in 4K-4
N. Double layer repulsion led to a dispersed/deflocculated
structure, which tended to form denser soil packing in the
sediment (Wang and Siu 2006a) and resulted in less
swelling. Phases of swelling were not identified individu-
ally when alkali-transformed soils were inundated with
water and in samples 0.1 N, 1 N, and 4 N NaOH because
the swelling phases took place concurrently. This was due
mainly to the transformations that had occurred in the
samples prior to inundation.

From the above discussion, the swelling observed in trans-
formed clays was less than that observed in non-transformed
clays and was also inversely proportional to the alkali concen-
tration of pore fluid. Higher alkali concentrations of pore fluid
produced less swelling.

CONCLUSIONS

When concentrated alkali is released accidentally and en-
ters moist ground, it spreads spatially, and is diluted to produce
varying levels of contamination. Depending on the alkali con-
centration and the exposure period, soils are transformed to
various degrees. In studying the swelling behavior of such
transformed soils when subjected to various pore fluids, one
must tackle the effects of the contamination. To mimic field
contamination conditions and to understand the behavior of
such soils, swelling studies were carried out in the laboratory
on kaolinitic clays that were transformed using inundating
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fluids of various aqueous NaOH concentrations. The conclu-
sions drawn from the results obtained are as follows:

& For a given volume of interacting solution, the degree of
transformation of kaolinitic clays (i.e. the extent of the
changes in mineralogy and microstructure) depended
largely on the concentration of the alkali solution.

& Swelling in water increased as the degree of alkali trans-
formation increased. Particle orientation and the extent of
mineralogical changes were the key factors that enhanced
swelling.

& Upon interaction with alkali, regardless of concentration,
the swelling of non-transformed (untreated) kaolinitic
clays was affected adversely. Particle orientation, leaching
of secondary minerals, and the extent of mineralogical
changes are the key factors that enhance swelling.

& Swelling in transformed (treated) kaolinitic clays de-
creased with increase in the concentration of interacting
alkali solution. Leaching of secondary minerals and the
magnitude of mineralogical changes during the transfor-
mation period are the key factors that inhibit swelling.
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