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Abstract

Exfoliated clay nanosheets (CNSs) of synthetic hectorite (s-hectorite) have been used for synthesizing advanced
functional materials and gels that exhibit high transparency, high mechanical toughness, and many unprecedented
characteristics like optical anisotropy, cell harvesting, instant strong adhesion, and self-healing. Therefore, it is
important to determine the rheological properties of aqueous s-hectorite dispersions in terms of the CNS
microstructures formed in the dispersion. Herein, viscosity changes in aqueous dispersions of s-hectorite were
determined using a vibration viscometer to measure viscosity under agitated and static conditions. Upon varying the
pH and salt concentration, aqueous dispersions of s-hectorite exhibited a maximum viscosity accompanied by
gelation. Additionally, the aqueous dispersion with maximum viscosity exhibited large and complex time-dependent
viscosity changes in the static state after cessation of stirring. The anomalous viscosity dynamics depended on the
types of clay, acid (salt), temperature, repetitions, and agitation conditions used. The mechanisms for viscosity
dynamics have been discussed in terms of variations in the CNS microstructures. It is inferred that anomalous viscosity

dynamics are a general phenomenon in multicomponent dispersion systems containing CNSs.

Introduction

Clays possess an array of unique properties, such as
excellent ion-exchange capabilities, selective adsorption,
intercalation, reinforcement, and catalytic activities owing
to their layered, fibrous, or hollow crystal structures, as
well as the occurrence of permanent charges on their
surfaces'. In particular, clay minerals belonging to the
smectite group, such as montmorillonite, hectorite, and
saponite, have exfoliation abilities and have been widely
used in many industries, such as cosmetics, catalysis,
paper, paint, and ceramics®>. Moreover, such clays have
found applications as nanocomponents in the develop-
ment of advanced functional materials with distinctive
characteristics, such as low gas permeability, incombust-
ibility, controlled mesoporosity, and excellent thermo-

mechanical properties®™°.
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Clay minerals belonging to the smectite group exhibit
2:1 crystal structures comprising an octahedral layer of
alumina or magnesia sandwiched between tetrahedral
silica layers (Fig. S1a). They bear negative charges on their
layered surfaces due to partial isomorphic substitution
(e.g, Mg®" = Li": hectorite) and contain equivalent
cations (e.g., Na™) between their layers. Consequently,
smectite clays can swell in water and gradually delaminate
into discrete, disc-like nanoparticles (i.e., clay nanosheets
(CNSs)) (Fig. S1b)"’. The resulting CNSs have thicknesses
of ~1nm and diameters in the range of 20-1000 nm,
depending on whether the clays were obtained from
synthetic or natural sources. In particular, synthetic hec-
torite (s-hectorite, e.g, Laponite®-XLG) can be com-
pletely exfoliated to yield individual CNSs in water owing
to its small crystal layer size (¢ ~ 30 nm)®° and adequate
surface charge (104 meq/100 g).

Super hydrogels'®'" and novel soft nanocomposites'
with improved mechanical properties (e.g., high strength
and large elongation)'®'* and distinguished character-
istics (e.g., large and rapid swelling/deswelling, new
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stimuli sensitivity, unique changes in optical anisotropy,
stem cell harvesting, biocompatibility, contractive force
generation, instant strong adhesion, and self-healing)'*'>~
18 have been developed using s-hectorite. Since then,
aqueous dispersions of s-hectorite have received con-
siderable attention because all the excellent properties
and characteristics were derived from the unique
polymer—clay (i.e., CNS) network structures formed by
in situ polymerization in the presence of CNSs in aqueous
media'®'®, Therefore, it is important to evaluate the
rheological characteristics of aqueous s-hectorite disper-
sions in terms of the CNS microstructures formed in the
dispersion.

An aqueous dispersion of smectite clay is a typical
colloidal dispersion whose rheological properties depend
significantly on the concentration and microstructure of
the nanoparticles (CNSs). When smectite clays are dis-
persed in water, the resulting aqueous dispersions typi-
cally exhibit thixotropic behavior due to formation of the
so-called “house-of-cards” structure in the static state™’
and subsequent breakage when stress is applied'** (Fig.
Slc, d). Furthermore, above a certain clay concentration,
the dispersion becomes a gel due to the formation of a
continuous CNS network’. To date, the detailed rheolo-
gical characteristics of smectite clay aqueous dispersions
have been studied for natural montmorillonite® >,
s-hectorite?® 3!, and their mixtures>>. Emphasis has been
placed on the effects of clay concentration®***%2°
pH*"**** added salts****?°, measurement time
gelation®”’, fractal dimension®', and flow instabilities in
different flow regimes*>®,

Among smectite clays, s-hectorite forms a uniform and
transparent aqueous dispersion or hydrogel, and this
characteristic plays an important role in conferring new
functions to advanced materials and gels, as described
above. Therefore, the aqueous dispersion of s-hectorite is
best suited for studying the relationships between rheo-
logical properties and CNS microstructure. Herein, we
report an investigation of the viscosity of aqueous
s-hectorite dispersions using a vibration viscometer, with
specific focus on the effects of pH and salt and the visc-
osity dynamics in the static state. To the best of our
knowledge, these characteristics of aqueous s-hectorite
dispersions have never been observed before.

)
24,35,36
)

Materials and methods
Materials

An s-hectorite, viz. Laponite®—XLG ([Mgs.34Lio.66-
SigO20(OH)4]Nag ¢s; Rockwood Ltd., UK) supplied by
Wilbur-Ellis Co. (Tokyo, Japan) and natural montmor-
illonite (n-montmorillonite, [Als34Mgg66Sis020(OH),4]
Naggs: Kunipia-F) supplied by Kunipia Industries Co.
(Tokyo, Japan), were used as clays in this investigation.
Laponite®-XLG was used after purification by washing
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with ethanol/water (90:10 w/w) and subsequent vacuum
drying. Kunipia-F was further refined using the following
procedure: the washed Kunipia-F was dispersed in water
(5 wt%) with stirring for 24 h and subsequently allowed to
stand for 24h. Then, the supernatant dispersion was
collected and vacuum-dried at 100 °C. The yield of refined
Kunipia-F was approximately 65 wt% of that of pristine
Kunipia-F. X-ray diffraction (XRD) profiles of purified
s-hectorite (Laponite®-XLG) and n-montmorillonite
(Kunipia-F) are shown in Fig. S2a, b, respectively. Ultra-
pure water supplied by a Puric-Mx system (Organo Co.,
Japan) was used in all experiments. Inorganic acids (6 N
HCl, 6 N H,SO,), organic acids (C,H,,,;COOH: n=
0-7), alkali (6 N NaOH), salts (3 N NaCl, 3 N CaCl,), poly
(acrylic acid) (PAAc: M, =1,000,000), sodium poly
(acrylic acid) (PAAcNa: M,, = 800,000), and polyethylene
glycol (PEG: M,, = 1,000,000) were used without further
purification. All the chemicals and polymers, except for
PAAcNa (Polysciences, Inc., USA), were purchased from
FUJIFILM Wako Pure Chemical Corp., Japan.

Preparation of aqueous smectite clay dispersions

Aqueous smectite clay (e.g., s-hectorite) dispersions
with clay concentrations (Cjay) of 1.0-3.5 wt% were pre-
pared by carefully mixing the clay with water and then
stirring for 24h at ambient temperature (20-25°C).
Ternary dispersions at different pH levels or salt con-
centrations (Cg,)) and comprising smectite clay, water,
and acid/alkali/salt were prepared by dropwise addition of
various acid, alkali, or salt solutions to the original aqu-
eous clay dispersions under stirring. For the aqueous
smectite clay—polymer dispersion, aqueous solutions
(10 wt%) of PAAc, PAAcNa, and PEG were added drop-
wise under stirring.

Measurements

Sample viscosities were measured at 25 °C using a sine-
wave tuning-fork-type vibration viscometer (SV-10, A&D
Co., Japan) calibrated with three standard solvents (kine-
matic viscosities: 10, 100, and 500 mm?%/s) and water.
Viscosity was obtained by dividing the measured value by
the density according to JIS Z 8803 (2011). Unless other-
wise noted, the viscosity was typically measured for 5 min
after the cessation of stirring (i.e., in the static condition),
and the temperature was recorded simultaneously. Chan-
ges in viscosity under alternating stirring (5min) and
standing (15 min) conditions were recorded approximately
10 times. The aqueous clay dispersion was agitated, i.e.,
stirred by rotating a polytetrafluoroethylene (PTFE) rotor
(8 mm @ x40 mm length) in a glass sample container
(60 mm @ x 65 mm height: sample liquid (180 ml)) at a
predetermined rotation speed (100-500rpm) (Fig. S3).
The sample density was measured at 25 °C using a density
meter (DA-130N, Kyoto Electronics Manufacturing Co.,
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Japan). Ultrasonic waves (20 kHz, 5 W) generated using an
ultrasonic device (SN-10, Daikyo Denshi, Japan) were also
employed as an alternative method of agitation. The light
transmittance (LT) and turbidity of the aqueous clay dis-
persion were measured at 600 nm using a UV—vis spec-
trophotometer (V-730iRM: JASCO Co., Japan) equipped
with a quartz cell (10 mm x 10 mm x 30 mm) and a tur-
bidity meter (H198703, Hanna Instruments, USA),
respectively. XRD patterns were obtained using an X-ray
diffractometer (D2 PHASER: Bruker Co., USA) with Cu-
Ka radiation (30kV, 10 mA).

Results and discussion
Viscosity measurements using a vibration viscometer

Viscometers can be classified into different types based
on their measurement principle: falling ball-type, capillary-
type, rotational-type, and vibration-type. All these visc-
ometers are considered standard viscosity measurement
tools according to JIS Z 8803 (2011) and ASTM D2162
(2013). Among them, the vibration viscometer is used to
determine viscosity by controlling the amplitude of sensor
plates immersed in a sample liquid, i.e., by measuring the
electric current required to drive the sensor plates at a
specific amplitude and constant frequency (Fig. S3).
Because the amplitude varies in response to the quantity of
the frictional force produced by viscidity between the
sensor plates and sample liquid, the physical quantity
measured by vibration viscometers is the kinematic visc-
osity. The absolute viscosity can be obtained by dividing
the displayed value by the sample density. Specific details
can be found in the literature®’. The vibration viscometer
(SV-10) used in this study provides a wide dynamic range
(0.3-10,000 mPa-s), enabling measurements of viscosity
changes during thixotropic processes that involve sol—gel
transitions. High resolution was achieved by vibrating at a
frequency of 30 Hz, which was equivalent to the eigen-
frequency (resonance) of the detection system.

The rheological properties of aqueous smectite clay
dispersions with different compositions and pH levels
have been studied using other types of devices, such as
capillary viscometers®?, Couette-type rotating visc-
ometers*"*’, and cone—plate- or plate—plate-type rotating
rheometers>*?>282935 1 this study, we used a vibration
viscometer, which is a unique tool for measuring viscosity
with small vibrations (+200 pum), thereby dispensing with
the need for a large flow. Previously, we reported that
similar to the other types of viscometers (e.g., Brookfield
rotating and Ubbelohde), the vibration viscometer can
accurately measure the viscosity for standard solutions
with low and high viscosities*’. Furthermore, we used a
vibration viscometer to determine the abnormal excess
viscosity that appeared in clay—alcohol-aqueous disper-
sions*® and discover new aqueous solutions with lower
viscosities than water for the first time in 147 years*'.
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Fig. 1 Viscosity measurements using a tuning fork-type vibration
viscometer. Kinematic viscosity (v) was measured for standard
solutions with different kinematic viscosities (10, 100, and 500 mm?/s)
and water (1.0 mm?/s). Measurements were alternated between
standing (0 rpm) and stirring at different rotational speeds (100, 300,
and 500 rpm).
| J

When the vibration viscometer was set up as shown in
Fig. S3, the viscosity of the sample liquid could be mea-
sured under both static and stirring conditions, and the
rotation speed of the PTFE rotor was electrically con-
trolled. Therefore, time-dependent viscosity changes in
the static state could be measured immediately after
cessation of stirring, i.e., in the reconstruction processes
of CNS microstructures. First, the effects of stirring and
repetition on viscosity were measured using standard
solutions without nanoparticles. As shown in Fig. 1, an
accurate kinematic viscosity (v) can be determined for all
standard liquids (10-500 mm® s~ ') and water (1.0 mm?>
s ) in the static state regardless of the previous rotation
speed (100-500 rpm). The measured value increased
slightly during stirring, particularly at higher rotation
speeds (probably due to water stream collisions with the
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sensor plates); however, no practical change was observed
after intermittent stirring was stopped. This step con-
firmed that the vibration viscometer can be used to track
time-dependent changes in viscosity, if they occur, after
the cessation of stirring; thus, the structural changes of
CNSs in aqueous clay dispersions may be estimated.

Viscosity of aqueous s-hectorite dispersions

Owing to its moderate surface charge and small crystal
layer size, s-hectorite (Laponite®-XLG) can be completely
exfoliated in water’®** to obtain individual CNSs with
diameters of 30 nm and heights of ~1 nm®?°, In the pre-
sent study, the aqueous s-hectorite dispersion (Cgay =
2wt%) was prepared under mild stirring for 24 h. The
obtained dispersion was highly transparent and alkaline
and had low viscosity (LT =99%, turbidity =10.1 NTU,
pH 10.2, # = 2.2 mPa-s). As shown in Fig. 2a, the viscosity
of the dispersion varied significantly depending on Cjay
and increased steeply at concentrations exceeding 2 and
3wt% because of the increased probability of CNS net-
work formation in water. Furthermore, the viscosity of the
aqueous dispersion gradually increased with time at rest

(Fig. 2b) because of the formation and gradual buildup of
a network of “house-of-cards” structures due to electro-
static attractions between faces (—) and edges (+)".
Figure 2c shows the changes in viscosity observed over
repeated cycles of alternating stirring (300 rpm, 5 min)
and rest (0 rpm, 15 min) for aqueous s-hectorite disper-
sions with different Cg,, values. While relatively low
viscosities were observed during stirring of dispersions
with high C,y values of 3 and 3.5 wt%, the viscosity values
abruptly increased by approximately 10 and 100 mPas,
respectively, upon cessation of stirring. Subsequently, the
viscosity increased gradually over time and approached an
asymptotic value, as shown in the last repeated mea-
surement. This trend indicated that the CNS micro-
structure was destroyed during stirring and was partially
reconstructed immediately upon cessation of stirring;
subsequently, with increasing time at rest, the strength
and/or network spread of the microstructure increased
further. This long-term recovery for aqueous s-hectorite
dispersion was consistent with those observed in previous
studies using small amplitude oscillatory shear measure-
ments>>. Thus, an aqueous dispersion with Celay = 3.5wWt%
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showed a visibly clear sol-gel transition upon stirring and
subsequent cessation. By contrast, for Ceay=2wt%, the
viscosity increased only slightly (~0.5 mPa-s) upon cessation
of stirring and increased very slowly during the subsequent
rest condition, probably due to sluggish network formation
(Fig. 2b, below). In contrast, the LT and turbidity of the
aqueous dispersion did not change during stirring and
subsequent standing even for a high C,, dispersion (upper
part of Fig. 2b). These results indicated that formation and
breakage of the CNS microstructure and its associated
network clearly caused a change in viscosity, but barely
affected the LT and turbidity of the dispersion, which may
be due to the very small size of the CNS unit and the high
uniformity of the microstructure/network.

Variations in viscosity and transparency caused by altering
the pH of aqueous smectite clay dispersions

The changes in viscosity, transparency, and pH of
aqueous smectite clay dispersions were examined upon
the addition of an acid or alkali. Figure 3a shows the
changes in viscosity, LT, and turbidity of aqueous
s-hectorite dispersion (Cj,y = 2 wt%) as a function of pH.
Here, the original (as-prepared) dispersion is shown with
closed circles (pH 10.2). The pH was changed by adding
6 N HCI or 6 N NaOH, and the titration curve (relation-
ship between pH and concentration of acid (C,q: mM)) is
shown in all related figures (Fig. 3a—d and Fig. 4). Nota-
bly, Clay Was not significantly changed (<0.05 wt%; upper
part of Fig. 3a) due to the small quantities of added acid or
alkali. In the alkaline pH range (pH 9-11), no changes in
dispersion properties were observed, i.e., high LT (96%),
low turbidity (10 NTU), and low viscosity (2 mPa-s) were
retained. In contrast, the LT and turbidity rapidly
decreased and increased, respectively, upon reducing the
pH from 9 to 7. In addition, the viscosity exhibited a large
change, with the maximum viscosity (#m.x = 1953 mPa-s)
observed at pH 7.9. In the acidic pH range (pH 6-7), the
dispersion maintained a low viscosity, as well as low LT
and high turbidity.

From the pH dependencies shown in Fig. 3a, it is evi-
dent that at pH 9 (Cyc = 2.5 mM), CNSs began to form
weak aggregates (agglomerates) that scattered light, and a
concomitant steep increase in viscosity began. This point
corresponded to the critical aggregation concentration
(C)*, which is indicated by a black arrow in all related
images (i.e., Fig. 3a—d and Fig. 4). The number and/or size
of CNS agglomerates increased upon addition of larger
quantities of acid, and the viscosity exhibited a maximum
behavior in the pH range 7-9. Specifically, #n.x, Which
was significantly larger (~1000 times) than that of the
original dispersion, appeared at pH 7.9. Furthermore, the
dispersion showing #,.x was translucent (LT 40% and
turbidity 109 NTU) but uniform (i.e., no precipitation).
These results indicated that network formation was
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dominant, i.e., CNS agglomerates formed the strongest
network at pH 7.9. With a further decrease in pH to <7.9,
the sizes and strengths of CNS aggregates were increased
by strong interactions at lower pH, while the probability
of network formation decreased. Finally, in the acidic state
(pH < 7), aggregate sizes increased further while the
viscosity remained low. These results are consistent with
the rheological properties measured using a cone—plate
rheometer®, where the yield and shear modulus of the
dispersions were decreased by altering the pH of the
aqueous s-hectorite dispersion both in acidic and alkaline
regions, and a maximum value was obtained at an inter-
mediate pH of 8.2.

Next, the effect of acid type on the maximal viscosity
behavior of the aqueous s-hectorite dispersion was
examined. For this purpose, a variety of acids, including
other inorganic acids (H,SO,), organic acids (C,Ha,
+7/COOH: n=0-7), and acidic polymers (PAAc), were
employed. Evidently, each acid caused a steep increase in
viscosity at Cx and a maximum viscosity at a specific pH.
For H,SO,, changes similar to those obtained with HCI
addition were observed over a slightly lower pH range
(6.7-8.3), with Cy at pH 8.3 and 7.« at pH 7.7 (Fig. 3b).
For formic acid (n =0), significant changes in the visc-
osity, turbidity, and LT were also observed (Fig. 3c),
although both 7. (1056 mPa-s) and pH (7.1) at #max
were considerably lower than those obtained by using
HCI. For the other organic acids examined (n = 1-7), the
Ck (3.3-4.4mM) and #pax (981-1095 mPa-s) were simi-
larly observed at pH 7.6-8.3 and 7.0-7.3, respectively.
The #maw PH (#max)s Cymax (acid concentration at #pmay),
and C values for all types of acids are summarized in
Table 1. In general, all organic acids (n = 0-7) exhibited
lower #max values at lower pH and higher C,max and Ck
than those for strong inorganic acids because of the
relatively lower dissociation constant (i.e, higher pK,
(3.8-4.9)) of organic acids.

The acidic polymer (PAAc) (Fig. 3d) yielded a higher
value of 7. (2341 mPass) and lower pH (7.1) at #pax
than those in the HCl system. Thus, the viscosity behavior
upon addition of acid (i.e., # began to increase at Ci and
then exhibited a large maximum) was observed for many
acids regardless of their chemical nature, e.g., organic and
inorganic acids and acidic polymers. By contrast, for
nonionic polymers like PAAcNa and PEG, the addition of
the polymer to the aqueous s-hectorite dispersion resulted
in entirely different changes in the viscosity, and no
maximum viscosity was observed. Instead, a gradual
increase in viscosity was observed upon increasing the
amount of added polymer (Fig. 3e). Notably, the 7., in
this system appeared after addition of a very small amount
of PAAc (0.3 wt%), which was approximately 1/10 of the
added amount of PAAcNa or PEG (~3wt%) when y
reached the same value.
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Next, the effect of the C,y value (2.0, 2.5, and 3 wt%)
was examined as a function of pH to determine its impact
on the properties of the aqueous s-hectorite—HCI dis-
persion. A comparison of Figs. 3a, 4a, b revealed that a
maximal viscosity appeared for the three dispersions.
Meanwhile, all of the other factors (Cx, #maw and pH
(#max)) depended on the C,, value: with an increase in
Celay from 2 to 3wt%, Ck decreased from 2.5mM to
1.0 mM, #pa increased from 1900 mPa-s to 6400 mPa-s,
and pH at 7., increased from 7.9 to 8.9 (Table 1). All
these changes in aqueous s-hectorite dispersions with
different C,y values can be attributed to the formation of
an increasingly strong and widespread CNS network upon
addition of a small amount of HCI with increasing Ciay.

The effects of different smectite clay types were also
examined by using n-montmorillonite (Kunipia-F)
(Fig. 4c). An aqueous n-montmorillonite—HCl dispersion
(Celay=2wt%) also exhibited a maximum viscosity;

however, the values of 7., (417 mPa-s), pH (1.9) at /a0
pH (3.3) at Cy, and pH range (1-3.3) corresponding to the
maximal viscosity were all much lower than those for the
aqueous s-hectorite—HCI dispersions (dotted lines). The
significantly low pH at Cyx and the pH range for the
maximal viscosity behavior in the aqueous Kunipia-F
dispersion were attributed to the lower point at which the
net charge on the Kunipia-F surface was zero compared
with that on Laponite®XLG. Furthermore, the LT was 0%
over the entire pH range. This is primarily attributed to
insufficient exfoliation of n-montmorillonite in water and
its large crystal sizes (~1000 nm).

The results described above indicated that the large
change in viscosity observed upon altering the pH and the
existence of a viscosity maximum at a specific pH are
general phenomena observed for all aqueous smectite clay
dispersions regardless of the type of acid and clay
employed. However, among them, the aqueous s-
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hectorite—acid dispersion exhibited the clearest changes
in viscosity and LT due to full exfoliation into CNSs and
the steady formation of a network in water.

Viscosity dynamics in aqueous s-hectorite dispersions
Time-dependent changes in the viscosities of aqueous
smectite clay dispersions, especially aqueous s-
hectorite—acid dispersions (Cclay =2 wt%) that displayed
Hmax at a specific pH, were studied in the static state. In all
the experiments, the viscosity measurements were

repeatedly conducted with rotation speeds (time) alter-
nating between 300 (5 min) and O rpm (15 min).
Aqueous s-hectorite—acid dispersions exhibited anom-
alous viscosity dynamics that were broadly classified into
three types (0, I, and II) depending on the type of acid, as
shown in Fig. 5. Types I and II exhibited large time-
dependent viscosity changes after stirring was stopped. In
type I, the maximum viscosity appeared immediately
(within 1min) after cessation of stirring. Subsequently,
viscosity increased gradually and approached an
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pK, values of various acids and Nmax PH at Nmax Cymaxs Ck, and pH at Ci as evaluated from the pH dependence

of n for s-hectorite-inorganic acid (HCl and H,SO,) or s-hectorite—organic acid (C,H;,,;COOH, n = 0-7) aqueous

dispersions.

Acid HCI HCI HCI H,SO;, nin C,H;,,,;COOH
(Catay = 2.0 Wt%)  (Cjay = 2.5Wt%)  (Ceiay = 3.0 Wt%)
0 1 2 3 4 5 6 7
pKa -3.00 —8.00 3.75 476 487 483 484 485 489 489
Nrnax (MPa-s) 1923 3419 6416 1714 1056 1025 981 1033 1095 976 1022 1032
PH [Nimax] 7.90 846 8.90 7.70 7.05 7.20 710 703 6.99 725 720 7.26
Cocid Mimad (MM) 553 527 502 361 730 699 691 654 624 641 622 620
Ck (mMM) 2.51 2.01 1.00 201 3.31 440 401 327 414 360 415 3.78
pH [Cd 9.00 9.60 10.00 830 880 800 760 780 830 790 820 780
300rpm _ O0rpm Type:0
1500 7
Type I (HCI N
g Time (min)
» 1000 F —
v ype :
8 Type 0 (PAAD) ;
E £
< 500 f
Type I (Formicacid) Time (min)
Type I (Valericacid) Type: I
0 1 1 1 é W
0 5 10 15 20 =

Time (min)

exhibit any viscosity maximum.

\.

Fig. 5 Types of time-dependent viscosity changes. Types | and Il exhibited one and two viscosity maxima, respectively, whereas Type 0 did not

Time (min)

asymptotic value. In type II, two maximum viscosities
were observed: the first viscosity peak appeared rapidly
and lasted for 1min, whereas the second peak was
observed at 5-7 min. After the second peak, the viscosity
increased again and approached an asymptotic value. By
contrast, the corresponding time-dependent viscosity
changes were not observed in type 0. The results for each
type of acid and clay are described in the following sub-
sections: organic acids, inorganic acids, and acidic and
nonacidic polymers.

Organic acids

The time-dependent viscosity changes were measured
for three aqueous s-hectorite—formic acid dispersions at
pH 8.3, 7.3, and 6.3 (Fig. 6a). When the pH was 8.3
(transparent dispersion) or 6.3 (turbid dispersion), the
dispersions were found to be typically thixotropic in all
repeated measurements. By contrast, the translucent

aqueous dispersion showing #max (PH 7.3, #max=
1056 mPa-s, LT = 24%, and turbidity = 158 NTU: Fig. 3c)
exhibited the time-dependent viscosity changes of type I
(Fig. 5). The overall change in viscosity remained constant
in all repeated measurements (Fig. 6a). On the other hand,
the LT and turbidity of all aqueous s-hectorite—formic
acid dispersions hardly changed throughout the repeated
measurements.

Similar time-dependent viscosity changes were observed
for the other organic acids (C,Hy,,, ;COOH) (n =1-7) in
s-hectorite dispersion systems. Typical time-dependent
viscosity changes resulting after nine iterations are shown
in Fig. 6b for each organic acid (n = 1-7). At n =1-3, the
first viscosity peak appeared immediately after cessation
of stirring (type I), whereas in the organic acids with
longer alkyl chains (# =4-7), the changes in viscosity
changed to type II with the second #,,. This indicated
that a complex viscosity change (type II) occurred when
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Fig. 6 Time-dependent viscosity changes for aqueous s-hectorite dispersions (Cjay = 2 Wt%). Viscosity measurements were repeated with
alternations between stirring (300 rpm, 5 min) and standing (0 rpm, 15 min) conditions. a s-Hectorite-formic acid aqueous dispersions with a pH of
7.3 (Nmax); b ninth repeated measurements for s-hectorite-organic acid (C,H,,,;COOH, n = 1-7) aqueous dispersions; ¢ s-hectorite-HCl aqueous
dispersions with pH values of 89 and 7.9 (pH,max), and 7.3. d s-hectorite-PAAc aqueous dispersions with pH 7.8 (pHpmay). € s-Hectorite aqueous

dispersion comprising 3 wt% PEG.

organic acids with longer fatty chains were used, possibly
resulting in the formation of complex nanostructures
comprising CNSs and the acid at #ax-

Inorganic acids

Three aqueous s-hectorite—-HCIl dispersions (Cclay =
2wt%) at different pH levels of 8.9, 7.9 (max), and 7.3
were investigated under the same experimental conditions
(Fig. 6¢). The time-dependent viscosity changes depended
strongly on pH, i.e., the aqueous dispersions at pH 8.9 and
7.3 exhibited simple thixotropic-type viscosity changes in
all repeated runs. By contrast, the aqueous dispersion

showing an #,.x (pPH 7.9) exhibited large, complex visc-
osity changes attributed to type II in the static state.
Although the details of such viscosity changes are differ-
ent for different numbers of repeated measurements, they
converged to almost the same pattern with two viscosity
maxima after the third repetition. In this study, the first
viscosity peak appeared rapidly within 1 min, and the
second maximum was observed at ~7 min. In terms of
transparency, the LT was virtually unchanged throughout
the repeated measurements. For aqueous s-
hectorite—H,SO, dispersions, similar viscosity changes
were observed. These results indicated that a complex
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microstructure showing a type II change was formed after
several repetitions of stirring and standing in the s-
hectorite—strong acid aqueous system.

Acidic and nonacidic polymers

The dispersion system comprising acidic polymer and
s-hectorite showed viscosity change patterns that deviated
completely from those observed for organic and inorganic
acids. As shown in Figs. 5 and 6d, in all repeated
experiments, aqueous PAAc-s-hectorite dispersions
(Cetay = 2wt%) with pH 7.1 (#max) and pH 7.4 showed
very large viscosities (1500 and 500 mPa-s, respectively)
even during stirring, and the viscosities increased further
to 2000 and 1000 mPa-s upon cessation of stirring.
However, no complex time-dependent viscosity change
(type 0) was observed after cessation of stirring regardless
of the number of repeated runs. Thus, anomalous, large,
and complex viscosity changes of types I and II were only
observed when low-molecular-weight acids (organic and
inorganic acids) were used. In comparison, the clay—PEG
aqueous system did not show any viscosity change even
during stirring (Fig. 6e) due to the uniformly mixed
solution consisting of polymer (PEG), CNSs, and water.

Variations in viscosity and viscosity dynamics for aqueous
s-hectorite-salt dispersions

The effects of added salt were investigated using a
similar approach to that for added acids. Figure 7a, b show
the changes in viscosity, LT, and turbidity for the aqueous
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s-hectorite dispersion (Cjay = 2 wt%) as a function of the
concentrations of the two salts NaCl and CaCl,. In both
cases, although the pH changed slightly for every salt
concentration range, large maximal viscosities and sig-
nificant changes in LT and turbidity were observed within
a specific range of Cg,. The Ci values above which the
viscosity started to increase were 3.0 and 0.95mM for
NaCl and CaCl,, respectively. Subsequently, the viscos-
ities reached maximal values, i.e. 1408 mPa-s at 6.6 mM
(NaCl) and 1425 mPa-s at 1.7 mM (CaCl,), because the
CNS agglomerates flocculated to form the strongest net-
work at Cymax. Viscosity dynamics were also examined for
the aqueous s-hectorite—salt dispersions showing #max
using a similar methodology to that for aqueous s-
hectorite—acid dispersions. As shown in Fig. 7c (NaCl), a
rather complex time-dependent viscosity change (type II)
was observed before approaching an asymptotic value in
equilibrium. This result also indicated the formation of a
complex microstructure consisting of CNSs and NaCl at

Hmax-

Other factors responsible for viscosity dynamics

The anomalous viscosity dynamics observed for aqu-
eous s-hectorite dispersions showing #,,,, must reflect
changes in the CNS microstructures between the stirring/
standing states. In this study, the effects of stirring con-
ditions, stirring/standing interval, temperature, and the
type of smectite clay were examined. Figure 8a shows the
effect of rotation speed (100-500 rpm) on an aqueous s-

\.

Fig. 7 Changes in viscosity, LT, turbidity, and pH as a function of salt concentration for aqueous s-hectorite dispersions (Cj,y = 2 wt%). a
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Fig. 8 Effects of various factors on time-dependent viscosity changes for aqueous smectite clay-formic acid dispersion showing nNmax. a
Rotation speed of the stirring rod (clay = s-hectorite); b length of the stirring time (clay = s-hectorite); ¢ temperature (clay = s-hectorite); d type of
agitation (ultrasonication) (clay = s-hectorite); and e type of smectite clay (clay = n-montmorillonite).
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hectorite—formic acid dispersion at pH 7.3 (#a)- Typical
time-dependent viscosity changes appeared when the
rotational speed was 300 rpm at minimum. Conversely, if
the speed was decreased to 200 rpm or less, both the
reduction in viscosity during stirring and the viscosity
change after cessation of stirring disappeared. This indi-
cated that CNS microstructures and their networks were
not destroyed in the upper part of the aqueous dispersion,
near the sensor plate, upon mild stirring. Therefore, in

this experimental setup (Fig. S3), a rotation speed
threshold existed above which destruction of the network
occurred.

Figure 8b shows the effect of stirring time in repeated
measurements of the aqueous s-hectorite—formic acid
dispersion (pH 7.3). Typical time-dependent viscosity
changes were observed when the stirring time reached or
exceeded 3 min, but no such changes were observed with
stirring for 30 s in each repetition. With stirring for 1 min,
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very simple viscosity changes were observed. These
observations indicated that at the rotation speed used
(300 rpm), the stirring time in the setup must exceed
3 min to sufficiently destroy CNS microstructures.

Regarding temperature effects, the time-dependent
viscosity remained nearly unchanged when the experi-
ments were performed at 50 °C or above (Fig. 8c), prob-
ably due to the thermal motion of the hydrated CNSs. In
terms of the type of agitation, no time-dependent viscosity
change was observed when the aqueous dispersion was
subjected to ultrasonication (Fig. 8d). Finally, the effect of
the smectite clay type on viscosity was examined using
n-montmorillonite clay (Kunipia-F). During stirring, the
aqueous n-montmorillonite—HCI dispersion (Cjay = 2 wt
%) with a #7.x (417 mPa-s) at pH 1.9 exhibited low visc-
osity, which rapidly recovered to high viscosity when
stirring was ceased. No time-dependent viscosity change
was observed during viscosity recovery (Fig. 8e). These
phenomena are attributed to the destruction and rapid
recovery of the network frame, i.e., the network was dis-
connected by stirring and reconnected instantaneously
after cessation of stirring. However, its constituents (large
aggregates of n-montmorillonite) were not decomposed
by stirring.

Mechanisms of viscosity changes

All results obtained in this study must be correlated
with changes in the dispersion/aggregation states of
s-hectorite  in  aqueous  media. Based on
Derjaguin-Landau—Verwey—Overbeek (DLVO) theory™,
the original (as-prepared) aqueous dispersion of
s-hectorite (charged colloidal particles) was stable due to
the repulsive forces caused by overlapping diffusion
electrical double layers (EDL) of individual CNSs in water.
The viscosity of the original aqueous dispersion depended
strongly on Cg,, (Fig. 2a) because the CNSs formed a
“house-of-cards” structure via electrostatic interactions
between the surfaces (negative charge) and edges (polar-
ized positive charge) of CNS (Fig. S1d) and formed a
continuous network at high Cg,y. Thus, the aqueous
s-hectorite dispersion with Cg,, values of 2-3wt%
exhibited simple thixotropic behavior (Fig. 2c) because
the CNS network structure was broken under shear and
reformed at rest.

The addition of acid or salt to aqueous sodium mon-
tmorillonite (2 wt%) dispersions characteristically influ-
enced flow behavior, i.e., the flow values (shear stress and
yield value) first decreased to a minimum and then
increased steeply above Ci*>*°. This minimum flow seen
with low salt or acid concentrations was also observed in
this study of the viscosity of aqueous s-hectorite (3 wt%)
dispersions (Fig. 9a, b), and # decreased slightly from
125 mPa-s to 120 and 112 mPa-s at 0.12mM NaCl and
0.19 mM HCI, respectively. These changes were minor
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compared with the changes in flow values reported in the
literature because the flow was lower in the present study.
On the other hand, the viscosity decrease was marginal
when Cg,y was 2wt% (Fig. 9¢, d) possibly because of the
extremely low viscosity of the original dispersion (2
mPa:s). Similarly, the aqueous dispersion of Kunipia-F
(3 wt%) showed a slight viscosity decrease (10 mPa-s — 8.5
mPa-s) at 8 mM NaCl (Fig. 9e). Mechanistically, the slight
decrease in viscosity before Cx was presumably caused by
a reduction in the secondary electroviscous effect™:
increasing the acid (or salt) concentration would reduce
the thicknesses of the diffuse ionic layers; thus, the visc-
osity would be diminished owing to reduced geometrical
constraints.

Upon further addition of acid, the aqueous dispersion of
s-hectorite exhibited large viscosity changes and showed a
Hmax at a specific pH (Fig. 3a—c and Fig. 4a, b). This is
mainly because the variable charges at the edges of the
CNSs changed from negative at high pH (through the
ionization of Si—-OH groups) to positive at low pH
(through the addition of protons). Consequently, in
alkaline solution, the repulsive EDL force between CNSs
led to stable dispersion, and in acidic regions, CNSs were
strongly aggregated by electrostatic attraction. At inter-
mediate pH values, CNSs formed agglomerates, which
flocculated to form networks. Model structures for two
typical aggregations of CNSs at different pH levels, ie.,
agglomerates at pH 7.9 (#.,) and aggregates at pH 7 in
the s-hectorite (2 wt%)—HCI system, are depicted in Fig.
10a-1, b, respectively. In Fig. 10a-1, the agglomerates
consisted of lightly accumulated CNSs, as suggested by
the optical translucency; these agglomerates flocculated to
form a widespread network (Fig. 10a-1N) in which the
strength was significantly higher than that of the network
in the original dispersion (Fig. S1d). By contrast, the
aggregates in Fig. 10b (formed at pH 7) consisted largely
of accumulated CNSs due to strong face-to-face cohesive
interactions. Eventually, these aggregates exhibited low
transparency and poor capability for network formation.
Here, only CNSs are depicted in all models; for simplicity,
the acidic ions (or salts) are not shown.

Based on the above models, the microstructural changes
occurring in the stirring and subsequent standing states
were estimated as follows (Fig. 10). When the aqueous
dispersion was a gel consisting of a network of agglom-
erates (Fig. 10a-1, a-1N), the network decomposed to
constituent agglomerates upon stirring (Fig. 10a-2 (with
orientation): step 1); the viscosity was reduced because of
disaggregation and orientation. When stirring was stop-
ped, the disaggregated constituents suddenly gathered to
form a tentative network (Fig. 10a-2*: step 2) via elec-
trostatic attractions between the neighboring constituents
and acidic ions, resulting in a rapid increase in viscosity.
However, owing to the instabilities of these constituents at
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Fig. 9 Initial viscosity changes due to addition of salt or acid to aqueous clay dispersions. a s-hectorite (3 wt%)—NaCl; b s-hectorite (3 wt%)
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this pH, the components soon spontaneously separated was due to disaggregation and orientation processes;
from each other (Fig. 10a-2* — Fig. 10a-2 (no orientation):  during recovery, two different time scales corresponding
step 3), leading to a rapid decrease in viscosity and the to a rapid relaxation of the particle orientations and a slow
first #max- Subsequently, increasingly stable agglomerates  aggregation process were identified. These previous
were gradually formed and flocculated with each other to  findings were consistent with the results (steps 2—3 and 4)
afford a stable network structure (Fig. 10a-1: step 4) with  obtained in this study.

the passage of standing time; therefore, the viscosity With vigorous stirring of the dispersion, the original
gradually approached an asymptotic value at thermo- network further decomposed into smaller components
dynamic equilibrium. Pignon et al. studied the thixotropic ~ that included some individual CNSs (Fig. 10a-3 (with
behavior of aqueous s-hectorite dispersions using com-  orientation): step 5). Therefore, spontaneous flocculation
binations of rheometric and scattering techniques®”. They  (i.e., tentative network formation) of decomposed units
reported that under shear flow, the reduction in viscosity  and subsequent destruction due to instability occurred
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(see figure on previous page)

simplicity, acidic ions (or salts) are not shown.

Fig. 10 Schematic representations of model microstructures for aqueous s-hectorite dispersions. a-1 Agglomerates comprising weakly
accumulated clay nanosheets (CNSs); a-1N network of agglomerates; a-2 (with orientation) decomposed and oriented constituents of (a-1) formed
upon stirring; a-2* tentative network consisting of decomposed constituents formed soon after cessation of stirring; a-3 (with orientation) finely
decomposed and oriented constituents of (a-1) formed upon vigorous stirring; a-3* Tentative network consisting of finely decomposed constituents
formed soon after cessation of stirring; b large aggregates comprising strongly accumulated CNSs. In all models, only CNSs are depicted; for

twice (steps 6—7 and 8-3) in succession before the equi-
librium network structure was achieved. Here, steps 2—3
and 6-7 occurred quickly (~1min) because the phe-
nomenon was associated with orientation, whereas steps
8-3 and 4 occurred more slowly (~10 and ~30 min,
respectively) because they included reaggregation of
the CNSs.

Under repeated stirring/standing, the degree of
decomposition increased with increasing number of
repetitions because the network was not completely
reformed during 15 min of standing before the start of the
next stirring treatment. Therefore, the viscosity changes
converged to more complex changes with two viscosity
peaks after several repeated runs (Fig. 6¢). Furthermore,
the pattern for time-dependent viscosity changes depen-
ded on the type of acid (Fig. 6a—d), which influenced the
ease with which stirring caused network destruction. In
particular, no practical time-dependent viscosity change
was observed for PAAc (Fig. 6d) because the cationic
polymer chain has many charged groups that interacted
with numerous CNSs simultaneously; thus, complete
separation by stirring was difficult to achieve. Thus, one
or two viscosity peaks observed in the static state after the
cessation of stirring were attributed to the tentative for-
mation of a metastable network consisting of finely
decomposed units. By contrast, little anomalous time-
dependent viscosity change was observed when the clay
was not fully exfoliated (e.g., n-montmorillonite: Fig. 8e)
and when an acidic polymer was used (Fig. 6d). Further-
more, the aqueous s-hectorite—PEG (3 wt%) dispersion
did not show any change throughout the stirring or
standing processes (Fig. 6e). Thus, the large and complex
time-dependent viscosity changes observed in the static
state after cessation of stirring were only observed in
multicomponent aqueous systems containing water, fully
exfoliated CNSs, and low-molecular-weight inorganic or
organic acids. The viscosity dynamics observed in this
study will be further analyzed in terms of CNS micro-
structures by using small-angle scattering techniques (e.g.,
small-angle neutron scattering) or theoretical simulation
techniques in future studies.

The addition of salt to an aqueous s-hectorite dispersion
also influenced the changes in dispersion/aggregation
states of CNSs, and consequently, the rheological prop-
erties (Fig. 7a, b). Based on DLVO theory, the addition

of a salt leads to screening of the electrostatic repulsions
between the charged particles (CNSs). Therefore, the s-
hectorite—water system showed stable dispersion at zero
or extremely low salt concentrations, which was also the
case, i.e., Cnac1 <3 mM and Cc,cpp 0.8 mM in the pre-
sent study. At higher C,, values (beyond Cy), van der
Waals attractions between CNSs dominated the electro-
static repulsion, and the resulting CNS agglomerates
flocculated to form a strong network. Thus, the aqueous
s-hectorite—salt dispersion was converted into a gel within
a specific range of Cg,. Additionally, the aqueous s-
hectorite—salt dispersions that showed #,.x exhibited
typical viscosity dynamics (type II), indicating that the
network was composed of complex agglomerates con-
sisting of CNSs and salt. Upon further addition of salt, the
ionic strength of the dispersion considerably increased;
subsequently, the viscosity decreased sharply owing to
sedimentation of CNS aggregates; finally, no further
viscosity dynamics were observed.

On the other hand, in aqueous s-hectorite—HCI dis-
persion systems with different C,, values, both pH(Cy)
and pH(#max) increased with increasing C., (Table 1).
For example, the aqueous dispersion with a Cj,y value of
3 wt% exhibited the onset of viscosity increase and 7« at
higher pH levels of 10 and 8.9, respectively, compared
with those for the 2 wt% dispersion. This result may be
due to the effects of the salt produced by neutralization
with HCL. Thus, despite the system being in the alkaline
range, the agglomeration of CNSs and network formation
proceeded with an increase in Cyc.

Interestingly, similar time-dependent viscosity changes
were observed after cessation of stirring in our previous
study on clay—ethanol-water dispersion systems (Fig. S4
(a part of Fig. 8c in the literature))**. The dispersion
consisting of a specific composition of three components
(ethanol, CNSs, and water) and showing a maximum
viscosity exhibited time-dependent viscosity changes,
although the mechanism for these changes was unknown.
Based on the results obtained in this study, the time-
dependent viscosity changes observed in our previous
study may be attributed to spontaneous changes in the
metastable microstructures upon cessation of stirring.
Thus, the anomalous viscosity dynamics observed for the
static state after stirring were confirmed to be a general
phenomenon that occurs in multicomponent dispersion
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systems containing nanoparticles with variable charges
and anisotropic shapes (e.g., CNSs).

Conclusion

The viscosities of aqueous smectite clay dispersions
were studied using a vibration viscometer, which can be
used to measure the viscosity under both agitated and
static conditions. This study was focused on aqueous
s-hectorite dispersions consisting of fully exfoliated CNSs.
The aqueous s-hectorite dispersion with low C,y, values
(e.g., 2 wt%) formed a gel upon the addition of an acid or
salt and showed a large #,,,x, which was ~1000 times that
of the original dispersion, at a specific pH or salt con-
centration. The viscosities of the aqueous s-hectorite
dispersion were reduced by stirring and recovered upon
cessation of stirring. In particular, the aqueous dispersion
showing #m.x exhibited large and complex time-
dependent viscosity changes after cessation of stirring.
The viscosity dynamics strongly depended on the type of
clay, acid, or salt used, as well as temperature, number of
repetitions, and stirring conditions. Anomalous time-
dependent viscosity changes exhibiting one or two visc-
osity maxima and a subsequent increase to an asymptotic
value were observed in aqueous systems containing water,
CNSs, and a low-molecular-weight acid or salt, as well as
in other multicomponent dispersion systems including
CNSs. The mechanism for the viscosity dynamics was
discussed based on the microstructures of CNSs (re)
formed in aqueous media. We believe that this study on
aqueous clay dispersion and viscosity dynamics is
important for understanding the unique behavior of clay
nanosheets in aqueous media, as well as formulating
rational designs of new functional materials. Furthermore,
we infer that anomalous viscosity dynamics are general
phenomena that may occur in multicomponent colloidal
systems containing charged nanoparticles with aniso-
tropic disc-like CNSs.
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