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Abstract Study of the behavior of landfill lin-
ing materials (clays) in organic solvents is impor-
tant because, in waste management, lining prevents
groundwater contamination by the adsorption of vari-
ous pollutants such as chemicals and organic solvents.
Although scaling behavior and the self-association
property of clays in water-alcohol binary solvents
have been studied by many researchers, the anoma-
lous behavior of Laponite XLG in binary solvents
requires investigation as suggested by previous stud-
ies. In the present study, Laponite® RD, which is
structurally similar to Laponite XLG, was used to gain
further insight into the reasons for the anomalous vis-
cosity, aggregation, and non-ergodic behavior of clay
in a water—-methanol binary solvent. Dynamic light
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scattering (DLS) revealed the emergence of the non-
ergodic phase of 3% w/v Laponite® RD in the water—
methanol binary solvent, which increased in the pres-
ence of a large methanol content as well as with aging
time in the binary solvent. Viscosity measurements
further indicated that aggregation was responsible for
the non-ergodic behavior, and small-angle X-ray scat-
tering (SAXS) revealed that a large methanol content
enhanced the aggregation. Moreover, SAXS data also
revealed that the surface charge was responsible for
anomalous viscosity fluctuations in the binary solvent
due to interparticle repulsion within aggregates. Rheo-
logical studies showed that the large methanol content
in the binary solvent led to frequency-independent
behavior of the storage modulus of Laponite® RD.

Keywords Aggregation - Anomalous viscosity -
Laponite - Non-ergodicity - Scattering

Introduction

Clay minerals such as Laponite and montmorillonite
(Mnt) have interesting phase states, e.g. glassy phase
and gel phase, that occur as a function of clay con-
centration and aging time in a solution (Bonn et al.,
1999; Jabbari-Farouji et al., 2008; Mourchid et al.,
1998; Pujala et al., 2015; Ruzicka & Zaccarelli,
2011; Ruzicka et al., 2006). The various phase states,
aging behavior, route of gelation, and gelation kinet-
ics of clays have been reported extensively by many
authors (Abou et al., 2001; Bandyopadhyay et al.,
2004; Joshi et al., 2008; Knaebel et al., 2000; Kroon
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et al., 1996; Mourchid & Levitz, 1998; Mourchid
et al,, 1995; Pujala et al., 2011b; Ranganathan &
Bandyopadhyay, 2017; Ruzicka et al., 2004, 2010).
Various techniques such as dynamic light scattering
(DLS) (Arfin & Bohidar, 2014; Bellour et al., 2003;
Kretzschmar et al., 1998; Nicolai & Cocard, 2000;
Pujala & Bohidar, 2013), small angle X-ray scattering
(SAXS) (Li et al., 2005; Mori et al., 2001; Morvan
et al., 1994; Pignon et al., 1997a), small angle neutron
scattering (SANS) (Avery & Ramsay, 1986; Pignon
et al., 1998; Ramsay & Lindner, 1993), refractometry
(Ravi Kumar et al., 2008), and rheology (Chang et al.,
1993; Keren, 1989; Luckham & Rossi, 1999; Neaman
& Singer, 2000; Pignon et al., 1997b; Ramsay, 1986;
Rao, 2010; Teh et al., 2009) have been used to under-
stand the behavior of clays in various solvents. Clays
have been used for a wide range of biomedical appli-
cations such as bio-sensing (Mousty, 2010), bioim-
aging (Ding et al., 2016; Mornet et al., 2004), tissue
engineering (Mihaila et al., 2014; Reffitt et al., 2003),
delivery of regenerative microenvironments (Daw-
son et al., 2011), 3D cell printing for skeletal appli-
cations (Ahlfeld et al., 2017), drug delivery (Chen
et al., 2015; Gongalves et al., 2014; Wang et al., 2013;
Wau et al., 2014; Zhuang et al., 2017), and many more
(Chrzanowski et al., 2013; Kim et al., 2016; Rodri-
gues et al., 2013; Tomas et al., 2017).

Apart from biomedical applications, clays have
been used in the paint industry (Seydibeyoglu
et al., 2017), water purification (Annan et al., 2018;
Brown et al., 2021), packaging coatings (Chandio
et al., 2021), pollution remediation associated with
gasoline (Sentenac et al., 2007), and waste man-
agement as clay liners (Alther, 1983, 1987; Ander-
son, 1982; Broderick & Daniel, 1990; Fernandez
& Quigley, 1991). A clay-based liner system can
minimize groundwater contamination by restrict-
ing pollutant migration. During the period of opera-
tion, the liner system may encounter various types
of pollutants, chemicals, and organic solvents such
as phenols, alcohols, etc. The exposure to organic
solvents may affect the clay-based liner system and
thus hamper its effectiveness and efficiency in ways
that differ from estimates based on laboratory con-
ditions. Researchers have thus tried to understand
the effect of various organic solvents on clays. Sen-
tenac et al. (2012) studied the effect of gasoline and
diesel additives (ethanol and methyl-t-butyl ether)
on kaolinite. A hybrid process of clay adsorption
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that removed soluble organics such as phenol and
o-cresol from the water was studied by Lin et al.
(2006). The macro and microstructure of Na-ben-
tonite in the presence of methanol, acetone, acetic
acid, and citric acid were studied by Goodarzi et al.
(2016).

Although clays that are used as geosynthetic clay
liners are almost exclusively natural clays with vari-
ous chemical or physical modifications, the anoma-
lous behavior of the synthetic clay, Laponite XLG, in
a binary solvent and the unknown reason for some of
the anomalous behavior were studied by Kimura and
Haraguchi (2017). Researchers have tried to under-
stand the effect of alcohol on clays; the literature on
this topic is scarce, however, and among the few stud-
ies available, Permien and Lagaly (1994) discussed
the formation of a band-type network in clay parti-
cles in a water-alcohol binary solvent. Those authors
stated that band networks were shown to undergo
contraction to form thicker particle aggregates at
greater alcohol contents in water-alcohol binary mix-
tures. The scaling behavior of physical properties,
i.e. zeta potential, hydrodynamic radius, viscosity,
and surface tension of Laponite and montmorillon-
ite in water-alcohol binary mixture was investigated
by Pujala et al. (2011a). They noticed that the scal-
ing behavior was independent of the aspect ratio of
the different types of clays, though the scaling behav-
ior was dependent on the solvent polarity. The self-
association of clay minerals in water-alcohol binary
mixtures was discussed by Pawar and Bohidar (2009)
who revealed that the structure formation depends on
the hydrophobicity of the solvent. The cluster forma-
tion phenomenon in Laponite which resulted from
using oil instead of alcohol was explored by Garcia
and Whitby (2012) who studied the breaking and
recovery of the structure of the Laponite in an oil-in-
water emulsion. An anomalous increase in the viscos-
ity of Laponite XL.G in water-alcohol binary solvents
occurs when the alcohol used is ethanol, propanol, or
butanol but does not occur with methanol (Kimura
& Haraguchi, 2017). The phase diagram of Laponite
in an alcohol-water binary mixture using real space
imaging techniques and mechanical-strength tech-
niques was investigated by Pujala and Bohidar (2019).

The objective of the present study was to investi-
gate further the viscosity behavior of Laponite® RD
in a water—methanol binary solvent, using small-
angle X-ray scattering, and compare the results with
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those observed by Kimura and Haraguchi (2017) for
Laponite® XLG. It was assumed that both Laponite®
RD and Laponite® XLG will behave similarly
because of their structural similarities and gel-form-
ing capacity, irrespective of the few dissimilarities
between them. Laponite® XLG is a high-purity form
of Laponite® RD and is commonly employed in
biomedical applications as it has small heavy metal
content and shows very little toxicity (Cummins,
2007; Tomas et al., 2017). The hypothesis was that
the viscous behavior of Laponite® RD would be in
accord with Laponite® XLG and that the viscosity
fluctuations are due to interparticle repulsion between
charged Laponite surfaces within the aggregates.

Materials and Methods

Laponite® RD (BYK-Additives Ltd., UK) was
received as a gift from Aroma Chemical Agen-
cies (India) Pvt. Ltd, New Delhi, India. Methanol
with a purity of 99.7% was purchased from Merck
(Darmstadt, Germany).

Laponite is a hygroscopic material that can absorb
moisture from the environment which adds to its
weight and leads to inconsistency during sample
preparation. Therefore, to remove excess moisture
and obtain uniform dispersions in aqueous solutions,
Laponite® RD powder was dried in an oven at 50°C
for 8-10 h. Dried Laponite® RD (0.45 g) was then
stirred and dissolved in 5 mL, 12.5 mL, 10 mL, and
7.5 mL of deionized water, using a magnetic stirrer,
until the suspension was clear. Different volumes of
methanol were added and stirred immediately to the
above aqueous Laponite® RD suspensions, to make
up the final volume of the solution to 15 mL until a
3% wi/v Laponite® RD in water—methanol binary
solvent was obtained with various water:methanol
(W:M) ratios, i.e. 1:0, 5:1, 2:1, and 1:1 (v/v). The
samples were prepared at room temperature, nomi-
nally 25°C.

Dynamic light scattering, SAXS, and viscosity
measurements were carried out to study the time-
dependent behavior of samples. The storage and
loss modulus of the samples were studied using a
rheometer.

The DLS study was performed using a Zetasizer
Nano ZS (Malvern Panalytical, Worcestershire, UK).
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The light scattering technique is often used to study
ergodic and non-ergodic systems. Ergodic systems
are those where the time average description is simi-
lar to its ensemble average property. However, in the
arrested phase (a phase in which the particles do not
execute Brownian motion due to restrictions in move-
ments caused by jamming and/or crowding), the ergo-
dicity condition may fail, resulting in a non-ergodic
system. The scattering centers in non-ergodic systems
are localized near fixed mean positions and execute
restricted Brownian motion. The condition of non-
ergodicity results in the failure of the Siegert relation
given by Eq. 1.

& =1+ (g, (1)

where, g,(7) is the intensity correlation function, p is
the coherence factor, and g, (7) is the field correlation
function.

The issue of non-ergodicity was thus resolved
using Eq. 2 as mentioned by Coviello et al. (1997):

£ =1+F12X1 - 05+ X(la@F )1 @

where ' is the coherence factor and has a maximum
value of 1 and X is the ergodic parameter.

The SAXS experiments were carried out at the
SWAXS beamline (BL-18) of the Indus-2 synchro-
tron at Raja Ramanna Centre for Advanced Tech-
nology (RRCAT), Indore, India. BL-18 is a bending
magnet (1.5 T)-based synchrotron beam line facility
which is equipped with a double-crystal monochro-
mator (pair of flat Si [111] crystals) to tune the mon-
ochromatic X-ray energy in the range of 5-20 keV
with a resolution of ~10 keV. A 1.5 m long toroi-
dal X-ray mirror (60 nm Pt and 5 nm Rh coating on
a silicon substrate) was used to focus the monochro-
matic X-ray beam onto the detector plane. The SAXS
data, using monochromatic X-rays of 16 keV (wave-
length~0.77 A) were collected on a 2D online image
plate (mar 345) detector keeping the sample-to-detec-
tor distance at~3.2 m. The background noise and the
empty cell scattering signal with an estimated trans-
mission factor were subtracted from the raw SAXS
data before further processing. The viscosity of sam-
ples was measured by a sine wave vibro-viscometer
(SV: 10-100, A&D Co. Ltd., Tokyo, Japan). All the
viscosity readings were recorded at the interval of
5 s. The rheology experiment was carried out using
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an AR-500 model stress controller rheometer (T.A.
Instruments, Cheshire, UK). The elastic modulus of
samples was measured by cone-plate geometry (2 cm
diameter, 2° cone angle) with the oscillation stress
value set at 0.1 Pa. The study was used to determine
the frequency-dependent storage modulus in the fre-
quency range 0.1-100 rad/s.

Results and Discussion
Dynamic Light Scattering (DLS)

The aging behavior in soft matter systems is usually
probed by scattering experiments through dynamic-
structure factor and correlation-curve analysis. The
correlation function (Fig. 1) showed the emergence
of non-ergodic behavior of Laponite® RD (3% w/v)
in a water—methanol binary solvent as a function of
methanol content and aging time.

The issue of non-ergodicity in DLS experiments
is understood by scanning the entire phase space of

the sample cell via rotation (Coviello et al., 1997).
Nevertheless, the heterodyne approach (Coviello
et al., 1997) can also be implemented to understand
the non-ergodic system using Eq. 2. The value of
X=1 in Eq. 2 transforms it into Eq. 1 where the
Siegert relation holds; whereas, for the non-ergodic
phase, the value of X< 1 and the term 2X(1—X)
makes a finite contribution to g,(t). The pre-factor
of the linear term for g,(t) in Eq. 2 was observed
to be much larger than the quadratic second term in
most of the cases and thus g,(t) can be written as
Eq. 3:

£1(0) & [g,(x) — 11/12B'(X(1 - X))] 3

The intercept of the plot of [gz(‘c) - 1] vs. delay
time, T, at T—0 gives p'[2X —X°] from which the
value of X was calculated.

The calculated value of the ergodic parameter, X,
was plotted (Fig. 2) and the value of X for Laponite®
RD in the binary solvent decreased with aging as well
as with the increase in methanol content. The plot of
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Fig. 1 Intensity autocorrelation curve of 3% w/v Laponite® RD in a water—methanol binary solvent for various W:M ratios: a 1:0, b

5:1,¢2:1,and d 1:1

@ Springer

https://doi.org/10.1007/s42860-023-00229-5 Published online by Cambridge University Press


https://doi.org/10.1007/s42860-023-00229-5

Clays Clay Miner.
1F
g
2 o1}
s
<
[=¥
2
< 0.01 [
=]
2
3} fﬁo
0.001
0.0001 : . L : :
0 50 100 150 200 250
Time (min.)

Fig. 2 Variation of the ergodic parameter (X) as a function of
time for 3% w/v Laponite® RD in various W:M ratios: a 1:0, b
5:1,¢2:1,and d 1:1

X (Fig. 2) suggested that the sample witha W:M =1:0
ratio remained ergodic until 165 min whereas samples
with a larger methanol content became non-ergodic at
a much earlier time.
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Viscosity Measurement

Viscosity studies were used to determine the evolu-
tion of the non-ergodic behavior of Laponite® RD
in the binary solvent. The viscosity data (Fig. 3a)
showed that initially (¢ % O min) the relative viscos-
ity was very small for Laponite® RD in W:M =1:0;
with aging, however, the viscosity increased. The
increase in viscosity led to the formation of a gel
with a house-of-cards arrangement. As discussed
in various previous studies (Cummins, 2007; Mar-
tin et al., 2002; Mongondry et al., 2005; Ruzicka
et al., 2004; Shahin & Joshi, 2010), the house-of-
cards arrangement was formed due to the interac-
tion between the negatively charged surfaces and
positively charged edges of Laponite® RD in a high
ionic-strength solution. The assertion of the house-
of-cards arrangement, however, was derived from
the work of Shahin and Joshi (2010) who suggested
that the aging that occurs over a long period of time
in a low salt-concentration system is qualitatively
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Fig. 3 Time-dependent viscosity of 3% w/v Laponite® RD in a water—-methanol binary solvent for various W:M ratios: a 1:0, b 5:1,
c2:1,and d 1:1. The arrow indicates the time, ¥, where viscosity fluctuation was observed
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Fig. 4 Time-dependent viscosity of 3% w/v Laponite® RD in a water—ethanol binary solvent with various water:ethanol ratios: a

5:1,b2:1,and ¢ 1:1

similar to that occurring in high salt-concentration
systems over a short period of time.

The plot of viscosity vs time (Fig. 3) suggested
that the relative viscosity (at # &% 0 min) for 3% w/v
Laponite® RD in the binary solvent increased with
the increase in methanol content. This increase
was attributed to the aggregation of Laponite®
RD particles owing to the limited availability of
water for hydration. Note that the viscosity trend
of Laponite® RD for W:M ratios of 1:0 and 5:1
(Fig. 3a,b) was evolving whereas the saturated vis-
cosity profile was observed for W:M ratios of 2:1
and 1:1 (Fig. 3c,d). The data indicated that the
large viscosity value and the plateau region may
have evolved due to the aggregation of particles
because of jamming and limited access to water for
hydration.

Nevertheless, in the viscosity profile (Fig. 3b, c, d),
an anomaly was noted at time #* at which a reduction
in viscosity was observed. The anomalous fluctua-
tion in viscosity at #* and a plateau region for large
alcohol contents in binary solvents was not an arte-
fact; in fact, the anomalous fluctuation and plateau
region could invariably be seen in binary mixtures
when ethanol was used instead of methanol (Fig. 4).
An anomalous viscosity fluctuation by Laponite XLG
in a water-alcohol binary mixture was also observed
by Kimura and Haraguchi (2017).

Small-angle X-ray Scattering (SAXS)
Viscosity measurements revealed the occurrence

of aggregation in Laponite® RD particles with
the passage of time and increasing methanol
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concentration in the binary solvent. Nothing definitive
could be stated about the viscosity fluctuations, i.e.
the reduction in the viscosity measurements. This
suggests that the reduction was due to repulsion
between negatively charged Laponite® RD surfaces
within the aggregates. This hypothesis of aggregation
and repulsion behavior within aggregates was
supported by results from the SAXS study. The plot
(Fig. 5) depicted the scattering intensity (/) profile of
Laponite® RD in a water—-methanol binary solvent as
a function of scattering vector (g) for various W:M
ratios immediately after sample preparation, i.e. r=0.
The SAXS data (Fig. 5) revealed that the scattering
profile could be split into two regions, referred to
here as I and II. The data points in region II for all

10000
t=0 —O—W:M =1:0
—O—W:M =5:1
__ 1000 Reg,- —O—W:M =2:1
s & —O—W:M=1:1
8 100 4
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Fig. 5 SAXS scattering intensity (/) profile of 3% w/v
Laponite® RD in a water—methanol binary solvent as a func-
tion of scattering vector (g) for various W:M ratios at the ini-
tial time (r=0). Inset is a close-up image of region I
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samples could be fitted with the power law [ ~ ¢

where the value of a=2.07+0.04. The value of 2
for a in the high-g region (region II) suggested that
the Laponite® RD particle is disc-shaped (Cui et al.,
2013). Data from the low-g region (region I) revealed
that scattering intensity from Laponite® RD increased
with the increase in methanol concentration in the
binary solvent (see inset in Fig. 5). The increase in
scattering intensity suggested enhanced aggregation of
Laponite® RD in samples with increasing methanol
content (Chatani et al., 2015; Kikhney & Svergun,
2015; Lecomte et al., 2000; Londoifio et al., 2018).
The data (Fig. 5) showed a variation (immedi-
ately after sample preparation, i.e. t=0) of scattering

intensity as a function of the scattering vector; the data,
however, revealed nothing about the anomalous fluctu-
ation that occurred with the passage of time. The aging
behavior was observed from the time-dependent scat-
tering intensity of the SAXS profile of each individual
sample (Fig. 6); apparently the scattering profile was
the same with aging for larger g values; at smaller g
values, however, some variations were noticed.

The explicit variation of the scattering profile
with aging time at low ¢ (0.0627 nm™) revealed the
interactions between Laponite® RD particles in the
water—methanol binary solvents. The variation of scat-
tering intensity for each sample at ¢=0.0627 nm™
as a function of time (Fig. 7b, c, d) revealed that the

Fig. 6 SAXS intensity (/) profile as a function of the scattering vector (¢) and aging time for 3% w/v Laponite® RD in a water—

methanol binary mixture at various W:M ratios
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scattering intensity decreased with aging in all the
samples with methanol, which suggests a repulsive
interaction (Franke et al., 2012; Kikhney & Svergun,
2015) between Laponite® RD particles. The repulsive
force within aggregates might be the reason for the
observed anomalous fluctuation (reduction in viscos-
ity) as mentioned in the viscosity section (Fig. 3).

The sample without methanol (W:M = 1:0) showed
an increase in scattering intensity with time (Fig. 7a),
which suggested an attractive interaction (Franke
et al., 2012; Kikhney & Svergun, 2015) between the
negatively charged basal surface and the positively
charged edge of the Laponite® RD, thus forming the
house-of-cards arrangement discussed above.

Note that the rise in viscosity of Laponite® RD in
water—methanol binary solvent as observed in this work
was not in accord with the results obtained by Kimura
and Haraguchi (2017); those authors did not note an
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anomalous increase in the viscosity of Laponite XLG
in water—methanol binary solvents. Although both
Laponite® RD and Laponite XI.G are structurally simi-
lar and have gel-forming properties, the difference in
the results may be attributed to the sample preparation.
Kimura and Haraguchi (2017) prepared samples by add-
ing alcohol in a dropwise manner whereas in the current
study methanol was added immediately during the prep-
aration of samples. The sudden and immediate addi-
tion of methanol may have contributed to the sudden
flocculation and aggregation of Laponite® RD, which
was responsible for the anomalous increase in the vis-
cosity. The occurrence of dissimilar anomalous behav-
ior among different grades of Laponite in water-alcohol
binary solvents needs meticulous investigation, consid-
ering various parameters, such as purity, heavy-metal
content, extent of exfoliation, and hydration behavior, as
mentioned by Kimura and Haraguchi (2017).
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Fig. 7 SAXS intensity (/) profile of Laponite® RD as a function of time at the lowest scattering vector (¢=0.0627 nm™') for various

W:M ratios
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The observed time-dependent fluctuation in the vis-
cosity of Laponite® RD in a water-alcohol binary sol-
vent was, however, in accord with the results obtained
by Kimura and Haraguchi (2017). The SAXS data
revealed that the repulsive forces due to negatively
charged Laponite® RD platelets within aggregates were
the reason for such anomalous viscosity fluctuations.

Rheology

The viscoelastic properties of the samples were char-
acterized using rheology. The samples were allowed
to mature for 30 h before performing the rheological
experiments. The storage modulus (G'(»)) and loss
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modulus (G"()) of the samples were plotted (Fig. 8)
to characterize the viscoelastic properties. The
explicit frequency dependence of the storage modu-
lus was determined by fitting G'(w) to the power-law
function given by Eq. 4 (Barnes, 2000).

G (@) ~ " “)

where o is the angular frequency.

The data (Fig. 8) showed the frequency-dependent
storage and loss modulus of 3% w/v Laponite® RD
in a binary solvent with W:M ratios of 1:0, 5:1, 2:1,
and 1:1. The data (Fig. 8) revealed that the interac-
tion between Laponite® RD particles increased with
high methanol concentrations, which gave rise to a
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Fig. 8 Variation of storage modulus (G'(®)) and loss modulus (G"(w)) as a function of frequency for 3% w/v Laponite® RD in a
water—methanol binary solvent with various W:M ratios: a 1:0, b 5:1, ¢ 2:1, and d 1:1. The arrow indicates the frequency at which

the slope of the storage modulus changed
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Fig. 9 Variation in the power law exponents (n, and n,) for
3% w/v Laponite® RD in a water—methanol binary solvent
with various W:M ratios: a 1:0, b 5:1, ¢ 2:1, and d 1:1

large storage modulus. Furthermore, the storage mod-
ulus exhibited two regions (indicated by the arrow)
based on the slope of the graph except for the case
when W:M=1:1. The two regions were fitted to Eq. 4
which gave two power law exponents n; and n,.

The linear viscoelastic model (Barnes, 2000) pre-
dicts that the power-law frequency dependence behav-
ior given by Eq. 4 with 0 <n <1 will be followed. The
number of crosslinks (excess crosslinks, n<1/2 and
lack of crosslinks, n>1/2) defines stoichiometric bal-
anced and unbalanced networks strictly for chemically
crosslinked gels. The data (Fig. 8) were, however,
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Fig. 10 Variation of the loss tangent (tan ) as a function of
frequency for Laponite® RD in a water—methanol binary sol-
vent with W:M ratios of 1:0, 5:1, 2:1, and 1:1. The straight line
in the graph shows a single fitting to all the data points
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Fig. 11 Variation of the storage modulus (G, (w)) at 0.1 rad/s
and viscoelastic length ({) for 3% w/v Laponite® RD in a
water—methanol binary solvent with various W:M ratios: a 1:0,
b5:1,¢2:1,and d 1:1

fitted to Eq. 4 and the value of n was determined in
order to understand the strength of the samples.

The power law exponents (n; and n,) were obtained
and plotted (Fig. 9) by fitting the storage modulus data
(Fig. 8) using Eq. 4. From the large storage modulus
(Fig. 8) and almost zero frequency dependence (Fig. 9)
for W:M=1:1, the present authors concluded that a
high concentration of methanol provided greater physi-
cal interaction between Laponite® RD particles.

Furthermore, understanding whether Laponite®
RD in the binary solvent has gel or melt-like behav-
ior is important. In order to understand the arrested
phase, a plot of the loss tangent (tan 8=G"(0)/G'(»))
as a function of frequency (Fig. 10) for various W:M
ratios yielded a straight-line equation (tan 8=0.07
— 0001 ®) of almost zero slope, indicating that
Laponite® RD aggregates in binary solvent behaved
almost like a gel in all the samples.

The low-frequency storage modulus, G, defined as
G, =ii_r)r(1)G'(w) was determined explicitly using Eq. 5
(Arfin et al., 2014; Barnes, 2000). The equation gave
the measure of elastic free energy stored per unit vol-
ume of a characteristic viscoelastic network of size {
(Barnes, 2000).

¢ ~ kgT/G, Q)

The value of G, for each sample in this work
was determined at 0.1 rad/s. The values for G, and
viscoelastic length ({) obtained from Eq. 5 were
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plotted (Fig. 11) and indicated that the rigidity of the
Laponite® RD network increased with the increase in
methanol concentration in the binary solvent.

Conclusions

The non-ergodic behavior and viscosity of Laponite®
RD in a water—methanol binary solvent increased
strongly with aging time and methanol content. The
increase in viscosity was attributed to the aggregation of
Laponite® RD particles as revealed through the SAXS
experiment. The hypothesis that the fluctuation in the
viscosity behavior occurred due to the repulsion between
negatively charged Laponite® RD surfaces within the
aggregates is consistent with the analysis of the SAXS.
Nevertheless, the results obtained are at variance with
the results obtained for Laponite XLG (Kimura &
Haraguchi, 2017) which showed no significant increase
in viscosity in the water—methanol binary solvent.
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