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Abstract
In this work, we investigate the physical origin of ergodicity breaking in an aqueous colloidal
dispersion of synthetic hectorite clay, LAPONITE®, by performing dissolution and rheological
experiments with monovalent salt and tetrasodium pyrophosphate solution. We also study
the effect of pH and nature of interface, nitrogen and paraffin oil on the same. Dissolution
experiments carried out for dispersions with both the interfaces show similar results. However,
for samples with a nitrogen interface, all the effects are observed to get expedited in time
compared to a paraffin oil interface. When kept in contact with water, 1.5 wt.% and 2.8 wt.%
colloidal dispersion at pH 10 swells at small ages, while it does not swell at large ages. The
solution of tetrasodium pyrophosphate, interestingly, dissolves the entire colloidal dispersion
sample with pH 10 irrespective of the concentration of clay. Experiments carried out on
colloidal dispersions prepared in water having pH 13 demonstrate no effect of water as well
as sodium pyrophosphate solution on the same suggesting a possibility of the presence of
negative charge on edge at that pH. We believe that all the behaviors observed for samples at
pH 10 can be explained by an attractive gel microstructure formed by edge-to-face contact.
Furthermore, the absence of swelling in old colloidal dispersion at pH 10 and dissolution
of the same by sodium pyrophosphate solution cannot be explained by merely repulsive
interactions. This behavior suggests that attractive interactions originating from edge-to-face
contact play an important role in causing ergodicity breaking in the colloidal dispersions at pH
10 at all the ages irrespective of the clay concentration. We further substantiate the presence
of a fractal network structure formed by interparticle edge—face association using rheological
tools and cryo-TEM imaging. We also conduct a comprehensive study of the effect of
tetrasodium pyrophosphate on the sol—gel transition of LAPONITE® dispersion.
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1. Introduction intricate with enhanced complexities of the building blocks or

elements that constitute the same [3]. In addition, at a greater
In colloidal systems, the microstructure of the same is one of  concentration of colloidal particles, an increase in viscosity
the most important aspects that determines physical behavior  strongly hinders the translational diffusivity rendering limited
[1, 2]. The microstructure is expected to become more access to the phase space causing ergodicity breaking [3-5].

All these aspects pose strong challenges to the material sci-
! Author to whom any correspondence should be addressed. entists, physicists, chemists and engineers in designing these
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materials for useful end use. In this paper, we investigate some
of the facets of the microstructure of an aqueous colloidal dis-
persion of synthetic hectorite clay, LAPONITE® XLG, whose
building blocks are composed of anisotropically shaped par-
ticles with uneven charge distribution. It has been observed
that beyond a certain concentration, the aqueous dispersion of
this clay spontaneously transforms itself from a free-flowing
liquid to a soft solid that supports its own weight [6-8]. A lot
is said in the literature about the microstructure of aqueous
dispersion of this clay that renders it a soft solid-like state,
which is also thermodynamically out of equilibrium [8—12].
Many groups have invented and reinvented the phase diagram
for this system with little agreement with each other. The point
of contention in the prevailing literature was whether aqueous
dispersion of LAPONITE® above 2 wt.% forms an attrac-
tive gel or a repulsive glass. However, very recently Suman
and Joshi [13] critically analyzed the various developments
in understanding the phase behavior of the colloidal disper-
sion of this clay and proposed a mechanism for microstruc-
tural evolution. They also proposed a state diagram wherein
the nonergodic state has been unequivocally identified as an
attractive gel state irrespective of the concentration of the clay.
Although the gel state has been verified using various charac-
terization techniques such as microscopy, rheology, and elec-
trochemical analysis, the results of the dissolution (dilution)
experiments have been interpreted in the literature in favor of
both the gel and the glass state. Furthermore, there has been
comparatively less work with regard to effect of multivalent
salt such as tetrasodium pyrophosphate on the microstructure
of aqueous LAPONITE® XLG dispersion. In this work, we
address these issues that lead to new insights into this subject.

The microstructure of aqueous LAPONITE® dispersion
has been investigated by a variety of characterization tech-
niques such as static and dynamic scattering [ 14, 15], bulk rhe-
ology [16—-19], microrheology [20, 21], microscopy [13, 19],
electrochemical analysis [18, 22], simulations [23-25], etc. At
low concentration of LAPONITE® (above 1 wt.% but below
2 wt.%) there is a consensus that the clay particles form a
space-filling network through positive edge—negative face
attractive bond [9, 10, 20, 26-27]. At high concentration of the
clay (above 2 wt.%), however, there is a disagreement among
various groups regarding the nature of microstructure. Many
groups propose that ergodicity breaking in high concentration
colloidal dispersion is also due to a space-filling network pro-
duced by the positive edge-negative surface attractive bond
[10, 24, 28-31]. Contrary to a proposal of attractive gel, var-
ious groups claim that above 2 wt.% the dispersion forms a
repulsive or Wigner glass, wherein the clay particles are self-
suspended in the repulsive environment without physically
touching each other [9, 15, 20]. One of the prominent exper-
imental works that supported the repulsive glass proposal car-
ried out small angle x-ray scattering studies and established
their inference on the position of the peak in the structure
factor when plotted against the wave vector. However, Suman
and Joshi [13] analyzed the SAXS results and, based on the
findings of Greene et al [32], observed that decoupling of
intensity into a product of form factor and structure factor is a
poor approximation for a disk-like particle having aspect ratio

around 25, which also possess dissimilar charges. The very fact
that Greene et al [32] suggest that, owing to high aspect ratio
and high concentration of the particles, decoupling approx-
imation leads to spurious peaks in structure factor, Suman and
Joshi [13] concluded that SAXS data cannot be interpreted
at its face value to infer repulsive glassy state. On the other
hand, Jatav and Joshi [19] performed rheological experiments
on a large number of dispersions with various concentration
of LAPONITE® and salt and observe that the various rheo-
logical characteristic features of the same as it spontaneously
transforms from a sol to a soft solid like state are identical
in every aspect to the sol—gel transition in polymeric systems
undergoing a chemical crosslinking reaction.

While various more topical studies unequivocally show
the presence of an attractive gel state in the aqueous dis-
persion of LAPONITE®, results of some of the dissolution
studies have been interpreted otherwise. In a recent study
[33] LAPONITE® dispersions of various concentrations were
kept in contact with deionized water to discern the origin of
ergodicity breaking. For 1.5 wt.% dispersion, the dissolution
experiment did not show any change in the solid-like state of
the same. On the other hand, dissolution experiment with 3
wt.% dispersion, right after the dynamic arrest, led to melting
of the same. Interestingly, the dissolution experiment per-
formed one week after the dynamic arrest in 3 wt.% dispersion,
however, showed swelling of the dispersion. It was claimed
that 1.5 wt.% dispersion, due to the presence of clay bonds
(positive edge to negative face), does not melt or undergo
swelling [33]. Conversely, it was proposed that the high con-
centration dispersion melts in the presence of water due to the
presence of repulsive interactions. It was further claimed that
the absence of melting in one week old 3 wt.% dispersion sug-
gests the presence of attractive interactions in addition to the
repulsive interactions [33]. However, Mongondry et al [10]
argued that the interparticle bonds are weak and can easily
be broken on the application of small stress. Furthermore,
the bonds associated with edge—face interactions and van der
Waals interactions, which constitute the network formation,
are not irreversible. This suggests that even the gel state can
be reversed by the addition of water. Therefore, the inferences
of the dissolution study, on one hand, have been not univer-
sally established. This aspect was very recently highlighted
by Suman and Joshi [13] where they acknowledge the neces-
sity to carefully revisit the dissolution studies so that a uni-
fied picture regarding the nature of the nonergodic state in the
aqueous dispersion LAPONITE® can be established through
all the characterization techniques.

The introduction of salt in clay dispersion greatly influ-
ences the aggregation dynamics. This has resulted in numerous
studies exploring salt-clay interactions [34-36]. Importantly,
an observation that addition of monovalent salt such as NaCl
in LAPONITE® dispersion, which reduces repulsion among
the particles, actually accelerates the process of ‘solidification’
is itself counterintuitive to dominant microstructure being
repulsion dominated. This phenomenon collaborates with the
microstructure of LAPONITE® dispersion being in attractive
gel state irrespective of the concentration. Unlike the mono-
valent salt such as NaCl, which expediates gelation [19, 26,
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Figure 1. Idealized structural formula of LAPONITE® [Na_ o 7[(SisMgs sLig 3)O20(OH)4]_o7] based on various proposals in the literature

[53, 54].

29, 37, 38], the addition of multivalent salts such as sodium
pyrophosphate (NasP,0O5) [10, 24, 39, 40] or sodium hexam-
etaphosphate (NaPO3)g [41] and hydrophilic polymer [42—44]
is observed to delay the network formation [13]. Dissociation
of NayP,O7 produces tetravalent anion (P05 4), which is pro-
posed to strongly bind to the positively charged edge causing
attenuation of attraction between the edge and the face [13].
On a similar front, the addition of poly(ethylene oxide) results
in adsorption of the PEO chains on the LAPONITE® particles,
resulting in a reduction of edge-face interaction. Therefore,
the slowing down of the aging dynamics of LAPONITE®
dispersion in presence of multivalent salts and hydrophilic
polymer can also be used as a test for the presence of an attrac-
tive gel state [10, 39]. While LAPONITE®-PEO system has
widely been explored in the literature using DLS [42, 44-46],
SANS [39, 47, 48] and rheology [42, 44, 45, 49], reports on
LAPONITE®-Na,P,0, systems are few in number [39, 50].
According to a review, a systematic study of the effect of
NayP,07 on low and high concentration of LAPONITE® dis-
persion is necessary in order to distinguish the contribution of
repulsive and attractive interactions [9].

The sol—gel transition in LAPONITE® dispersion studied
by different groups has different protocols of sample prep-
aration. Any minute change in the sample preparation protocol
can have a noticeable effect on the process of the sol-gel
transition [13]. Cummins [51] investigated the effect of pH
adjustment in LAPONITE® dispersion using photon correla-
tion spectroscopy. He observed that the dispersion prepared
without pH modification showed faster aggregation compared
to the one whose pH was adjusted to 10. Furthermore, the
edge charge of a LAPONITE® particle is greatly dependent
on the pH of the medium and reducing the initial pH of the
dispersion makes the edges more electropositive [13]. As a
result of higher electropositive edges, the aggregation rate gets
enhanced due to faster edge-to-face associations. Therefore,
the pH of the dispersion has a pronounced effect on the sol-
gel transition process. In a recent study, Shahin et al [52]

studied optical birefringence in LAPONITE® dispersion and
observed a strong enhancement in the orientational order near
the air-LAPONITE® dispersion interface which extended over
length-scales beyond five orders of magnitude larger than the
particle length-scale. Interestingly, such long-range orienta-
tional order was absent at the interface when the LAPONITE®
dispersion was covered with paraffin oil. This clearly suggests
that the nature of the interface greatly affects the sol-gel trans-
ition in LAPONITE® dispersion.

In this work, we carry out extensive dissolution experi-
ments on a colloidal dispersion of LAPONITE® having a
low and high concentration. We investigate the effect of pH
on dissolution experiments. Furthermore, we perform the dis-
solution experiments with sodium pyrophosphate and sodium
chloride solutions and also examine the effect of interface,
nitrogen and paraffin oil, on the dissolution phenomena. We
also characterize the microstructure of LAPONITE® disper-
sion using bulk rheology and perform a systematic rheological
study on the effect of tetrasodium pyrophosphate on the sol-
gel transition. Lastly, we also obtain a cryo-TEM image of a
high concentration LAPONITE® dispersion so as to directly
relate a microstructure to the rheological findings.

2. Materials and experimental methods

2.1. Materials and sample preparation

LAPONITE® XLG (aregistered trademark of BYK Additives)
is a 2:1 smectite hectorite clay. The chemical formula of its unit
crystal is given by: Na,7[(SigMgs sLip3)O020(OH)4] 07 [13].
A particle of LAPONITE® has a disc-like shape with a diam-
eter in the range of 25-30nm and a thickness of about 1 nm
[13]. An idealized unit cell of the hectorite clay crystal is illus-
trated in figure 1 [53, 54]. It can be seen that in a clay particle,
an octahedral layer of magnesia is sandwiched between two
tetrahedral layers of silica. In a unit cell, six magnesium atoms
of the octahedral layer and eight silicon atoms belonging to
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two tetrahedral layers on either side, share eight oxygen atoms.
Remaining twelve oxygen atoms are bonded to eight silica
atoms and are on the outer sides of the unit cell. Four hydroxyl
groups, according to this idealized cell structure, have bonds
with only magnesium atoms (according to van Olphen [54],
in 2:1 smectite clays, hydroxyl groups form bonds only with
the metal atoms belonging to octahedral layer, which in the
present case is magnesium). Isomorphic substitution of diva-
lent magnesium by monovalent lithium creates a deficiency of
positive charge within the cell [54]. This renders a net nega-
tive charge to the face (charge deficiency of 0.7 per unit cell)
of a disc, which is balanced by positively charged sodium ions
that reside in the interlayer gallery. In a LAPONITE® particle,
the unit cell shown in figure 1 repeats itself in two directions
such that a single disc having 25 nm diameter contains around
1100 unit cells with the net charge on the same to be around
770e [13]. In aqueous medium, sodium ions undergo disso-
ciation giving a permanent negative charge to the faces of a
clay particle. At the edge of a disc, tetrahedral silica and octa-
hedral magnesia structures are disrupted due to the breakage
of primary bonds [54]. As shown in figure 1, the edge contains
oxides of silicon and lithium (in a very small amount) and
oxides and hydroxides of magnesium. The charge associated
with the edge of a disc depends on the pH of the medium. The
edge charge changes from positive to negative at an isoelectric
point (or a point of zero charge) associated with the (hydrous)
oxides present on the same [54]. Below the isoelectric point,
protonation renders a net positive charge to the edge. On the
other hand, above isoelectric point, deprotonation makes the
edge negatively charged. As can be seen from the unit cell, the
edge of a hectorite disc consists of -Mg—OH groups, which
are known to have an isoelectric point around a pH of 12 [55].
The region on the edge, where tetrahedral silica is broken usu-
ally carries a negative double layer (negative charge) [54] as
the isoelectric point associated with silica is around 2 [55].
Remarkably, the isoelectric point of the edge of hectorite clay
has been reported to be around 10.5, which suggest it to be
significantly skewed towards -Mg—OH [56]. Nonetheless, in
any event, the edge of hectorite clay particle must carry nega-
tive charge beyond pH of 12.5.

The white powder of LAPONITE® XLG is dried at 120 °C
for four hours before dispersing in ultrapure Millipore water
(resistivity 18.2 M2 cm) maintained at an initial pH of 10 and
13. The basic pH is obtained by addition of NaOH. The disper-
sion is stirred for 30 min using IKA-Ultra Turrax drive, which
leads to a transparent homogeneous dispersion. The chemicals
(NaOH and NaCl) used in sample preparation are procured
from Fischer Scientific and NayP,0O7 from Loba Chemicals.

2.2. Dissolution studies

For the dissolution study, we explore two concentrations of
the studied synthetic clay, 1.5 wt.% and 2.8 wt.%. During
the sample preparation, soon after the stirring is complete,
S ml of the salt-free dispersion is stored in cylindrical glass
cuvettes. We employ two storage protocols. In the first
protocol, the remaining volume of the cuvette is filled with

nitrogen, while in the second protocol a layer of paraffin oil
is placed over the free surface. All the cuvettes were sealed
tightly and stored at 30 °C. The samples are monitored at
frequent intervals to study the time taken by the same to
support its own weight upon inversion. We report this time
as the arrestation time (z,). After 2 and 10 d succeeding the
arrestation, following solutions are added to the indepen-
dent cuvettes: (a) deionized water having pH 10, (b) 40 mM
aqueous NaCl solution, and (c) 10mM aqueous sodium
pyrophosphate (NasP,07) solution. The concentrations of
NaCl and Na4P,O; are chosen in a manner such that the
ionic strength of sodium ions is the same in both the solu-
tions (b) and (c). The stock solutions are prepared in ultra-
pure Millipore water having pH 10. A similar procedure
was also carried out for the colloidal dispersion samples
prepared with Millipore water having pH 13. (It should be
noted that the LAPONITE® particle is reported to be com-
pletely stable at pH 13 [57].) We also investigate 1.5 wt.%
dispersion to obtain the range of pH over which the charge
of the edge of LAPONITE® particle changes from positive
to negative suggesting the isoelectric point to lie between
the same. We observe that when LAPONITE® dispersion
is prepared in ultrapure water having pH 10, the final pH
of dispersion increases to ~10.4. On the other hand, when
the initial pH of ultrapure water is 10.5, the final pH of dis-
persion decreases to ~~10.45. Since the only source of OH™
ions in a LAPONITE® particle (when dispersed in aqueous
media) is its edge, as suggested by Tawari et al [56] the
isoelectric point of LAPONITE® particle can be safely
assumed to be close to 10.5.

2.3. Rheological measurements

We prepare a high (2.8 wt.%) concentration LAPONITE®
dispersion to investigate the nature of nonergodic state rheo-
logically. Furthermore, in order to systematically examine the
effect of tetrasodium pyrophosphate, we prepare 2.8 wt.%
dispersion with 3mM NaCl and varying concentrations of
tetrasodium pyrophosphate in the range of 0—0.5 mM. All the
rheological experiments are performed on TA Instruments,
DHR 3 rheometer with concentric cylinder geometry having
a cup diameter of 30mm and a gap of 1 mm. In all the rheo-
logical experiments, freshly prepared samples are loaded into
the shear cell and are subjected to cyclic frequency sweep over
a range of 0.5-25 rad s~! at a constant stress of 0.1 Pa. A thin
layer of low viscosity silicone oil is applied over the free sur-
face of the sample to prevent the evaporation losses during the
long duration of the measurement. The rheological measure-
ments are conducted at a constant temperature of 30 °C unless
otherwise mentioned.

2.4. Cryo-TEM imaging

We prepare a 2.8 wt.% LAPONITE® dispersion using the
above protocol and filter the sample using a Millex-HV 0.45
pm Sterile filter. The filtered sample having an age of 110h
is loaded on a 400-mesh holey carbon grid by the process of
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Table 1. Arrestation time (7,) for the 1.5 wt.% and 2.8 wt.%
colloidal dispersion at pH 10 and 13.

pH 10 pH 13
Nitrogen Oil Nitrogen Oil
interface interface interface interface
1.5 wt.% 7d 38d 6d 6d
2.8 wt.% 2d 3d Within Within
an hour an hour

vitrification wherein the loaded grid is immediately plunged
in liquid ethane using a reservoir of liquid nitrogen. The vitri-
fied sample was subsequently transferred to the cryo holder
for examining in a FEI-Tecnai G2 12 Twin TEM 120kV. We
take multiple images at different defocus values to ensure that
there is no loss of microstructural information.

3. Results and discussions

3.1. Dissolution experiments:

Incorporation of LAPONITE® in water (for a concentration of
1.5 wt.% and 2.8 wt.%) eventually leads to an arrested state,
wherein dispersion acquires enough strength to sustain its
weight against gravity. The time required to achieve this state,
which we define as arrestation time, is found to depend on the
clay concentration, pH and the type of interface: nitrogen or
paraffin oil, as shown in table 1. As expected, and as reported
in the literature, dispersion with a greater concentration of
LAPONITE® takes less time to get into an arrested state [13].
However, the nature of the interface appears to have a notice-
able effect on arrestation time, with samples having paraffin
oil interface delaying the process of arrestation. The expe-
dited ordered structure formation in case of air interface has
been argued to the cooperative dynamics of particles initiating
near the air interface [52]. On a similar front, Kaolinite and
[llite clay also displayed partitioning to the air—water inter-
face [58]. As discussed in the recent literature, the influence
of the interface can also be explained in terms of the charge
characteristics of the nitrogen—water interface. The deionized
nitrogen—water interface is reported to have a negative charge
with zeta potential of —30 mV [59]. The negative charge is
believed to arise from an excess of OH™ ions caused by the
preferential orientation of water molecules at the interface,
however, the exact mechanism is still a topic of discussion
[60—62]. At a pH value of 10, the edges of LAPONITE® parti-
cles are positively charged. The negatively charged nitrogen—
water interface attracts the positively charged edges of the
clay particle to the interface thus initiating the ordering at the
interface. It should be noted that the air—water interface also
yields a high negative value of zeta potential (—65 mV) and
therefore, the mechanism of ordering at the interface remains
intact at air—water and nitrogen—water interfaces [58, 60, 61].
Interestingly the favorable adsorption of the colloids at the air—
water interface can be found naturally on the surfaces of lakes
and oceans wherein the surface is enriched with colloid asso-
ciated compounds and heavy metals [58]. On the other hand,
the interface induced structure formation has been observed

Table 2. Effect of water, sodium chloride and sodium
pyrophosphate solutions on an aqueous dispersion of LAPONITE®
at 1.5 wt.% with nitrogen interface at pH 10 and pH 13 for
experiments carried out on the mentioned number of days after
arrestation.

pH 10 pH 13

1.5 wt.% h=7d L=6d

with Nitrogen t,a+ 2 t,+10

interface t,+2d t,+10d d d

Water No effect No effect No No
effect effect

Sodium No effect No effect No No

chloride effect effect

Sodium Dissolved Dissolved No No

pyrophosphate effect effect

to be absent in case of hydrophobic liquid interface (octanol,
paraffin oil) samples owing to the organophobic nature of the
colloidal dispersion, thereby causing the delay in gelation [52,
63]. It is suggested that the water-hydrophobic liquid inter-
face acts a reflecting boundary which neither allows the par-
ticles to stay or stick at the interface [63]. Interestingly, the
pH of the aqueous medium also affects the gelation behavior,
as samples with pH 13 show substantially expedited gelation.
It is observed that at pH 13, the 2.8 wt.% colloidal dispersion
undergoes gelation soon after stirring is stopped, while the
samples with 1.5 wt.% takes around 6 d to undergo gelation.
Interestingly, the nature of interface does not show any effect
on the arrestation time for samples with pH 13 possibly due
to the absence of positive edge charge. However, the exact
reason for such behavior is not completely understood and
demands future investigations.

Next, we study the effect of the addition of water, sodium
chloride and tetrasodium pyrophosphate solutions on 1.5 wt.%
dispersion. Since the soft solid is fragile soon after arrestation,
the dissolution studies were carried out 2 and 10 d after the
arrestation. The corresponding results are reported in table 2
(nitrogen interface) and 3 (paraffin oil interface). In2 and 10 d
old 1.5 wt.% dispersions with pH 10 and nitrogen interface,
both water as well as sodium chloride solutions do not show
any effect on the dispersion. However, for paraffin oil inter-
face, the dispersion with pH 10 undergoes swelling upon dilu-
tion with water at an age of 2 d but does not show any effect
at an age of 10 d. Similar to nitrogen interface, the addition of
sodium chloride solutions does not show any effect on the dis-
persion with paraffin oil interface. Moreover, the addition of
tetrasodium pyrophosphate solution dissolves both the types
of dispersions (air and oil interface) completely irrespective
of the age of dispersion.

As mentioned in the introduction section, there is a gen-
eral consensus among various groups that aqueous disper-
sion of LAPONITE® having 1.5 wt.% concentration forms
an attractive gel (a space-filling network structure) with an
edge—to—surface bonds. We believe that a network formed by
the clay particles may or may not swell when exposed to water
depending upon the rigidity (or flexibility) associated with the
network junctions. Therefore, there is a possibility that the
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Table 3. Effect of water, sodium chloride and sodium
pyrophosphate solutions on an aqueous dispersion of LAPONITE®
at 1.5 wt.% with paraffin oil interface at pH 10 and pH 13 for
experiments carried out on the mentioned number of days after
arrestation.

Table 4. Effect of water, sodium chloride and sodium
pyrophosphate solutions on an aqueous dispersion of LAPONITE®
at 2.8 wt.% with nitrogen interface at pH 10 and pH 13 for
experiments carried out on mentioned number of days after
arrestation.

pH 10 pH 13 pH 10 pH 13
. t,=38d t,=6d t,=2d t;<1h

1.5 wt.% with 2.8 wt.%

paraffin oil tat+2 t,+10 with nitrogen t,a+ 2 t,+10

interface ta+2d t.+10d d d interface t,+2d t.+10d d d

Water Swelled No effect No No Water Swelled No effect No No
effect effect effect effect

Sodium No effect No effect No No Sodium No effect No effect No No

Chloride effect effect Chloride effect effect

Sodium Dissolved Dissolved  No No Sodium Dissolved Dissolved No No

Pyrophosphate effect effect Pyrophosphate effect effect

network strands are flexible enough to undergo swelling in
2 d old colloidal dispersion exposed to paraffin oil interface.
However, the network strands become rigid over a duration of
10 d such that no effect of water is observed. The increasing
rigidity of the network can be understood from an evolution
of elastic modulus (G’) as a function of time. Via a scaling
argument, the elastic modulus (G’) can be related to bond
strength (E) and the characteristic length-scale (b, leading to
1 /b3 as the network density) as: G’ ~ E/b> [5]. It has been
observed that the elastic modulus of a gel increases continu-
ously as a function of time [22]. Such enhancement can occur
either through increase in bond strength (E) and/or through
decrease in the characteristic length-scale (b). However, as
time progresses, the average interparticle distance (b) can
be expected to remain unaffected [64]. This suggests that an
increase in the value of G’ is a direct consequence of increase
in the bond strength (E). This consolidates the conjecture that
the interparticle bonds get rigid with time. In case of nitrogen
interface, the strands become rigid, particularly at the inter-
face, in lesser duration (note that the colloidal dispersion with
nitrogen interface undergoes gelation also over lesser dura-
tion due to the interface induced structure formation [52])
and therefore, no swelling is observed. Interestingly, sodium
pyrophosphate solution dissolves 1.5 wt.% colloidal disper-
sion, while sodium chloride solution that has an equivalent
concentration of Na® ions does not show any effect. This
observation is in accordance with an edge-to-face interaction
proposal since tetravalent pyrophosphate ions are known to
get bound on positively charged edges of the hectorite clay
particles obliterating edge—to—surface bond causing the dis-
solution of colloidal dispersion [24, 39, 40].

Tables 2 and 3 also report observations of the same experi-
ments for 1.5 wt.% colloidal dispersions prepared in water
having pH 13. It can be seen that water, sodium chloride
as well as sodium pyrophosphate do not have any effect on
the colloidal dispersion prepared in water having pH 13. As
mentioned in the introduction, the edge of the clay particle
is expected to have a negative charge at pH 13, consequently
negatively charged pyrophosphate ions do not have any effect
on the edge, and therefore the state of the structure. Overall the
observations reported in tables 2 and 3 for 1.5 wt.% colloidal

dispersion at pH 10 can be explained by a network formed by
a positive edge to negative surface attractive interactions as
universally accepted in the literature.

We now discuss the effect of water, NaCl and NayP,0;
solutions on 2.8 wt.% colloidal dispersion prepared in pH
10. As reported in table 4, dispersions with nitrogen inter-
face having an age of 7, + 2 d, where 7, = 2 d, demonstrate
swelling when put in contact with water, while swelling is not
observed for #, + 10 d old sample. In figure 2, we show the
effect of the addition of water, sodium chloride solution and
pyrophosphate solution on 2.8 wt.% dispersion preserved with
paraffin oil as interface after 2 d of arrestation and the corre-
sponding observations are listed in table 5. Samples with par-
affin oil interface having ages of 7, + 2d and ¢, + 10 d, where
t, = 3 d, demonstrate swelling in the presence of water as seen
in figure 2(a). In order to confirm if the sample with paraffin
oil interface would become rigid on an increase in time, we
carried a dissolution experiment on a later day (45th day after
arrestation). It should be noted that conducting the experiment
on 45th day after arrestation corresponds to a total of 48 d
(t, + 45 d) since sample preparation. This timescale is equiva-
lent to the dissolution experiment conducted on 1.5 wt.%
dispersion on 10th day after arrestation since ¢, for 1.5 wt.%
dispersion is 38 d. Interestingly, the sample having 7, 4+ 45 d
of age shows no effect in the presence of water, therefore sig-
nifying that the junctions have indeed become rigid with time.
As reported in tables 4 and 5, for the dissolution study con-
ducted on day 2 and 10 with pH 10 in air and paraffin oil inter-
face, sodium chloride solution does not show any effect on 2.8
wt.% dispersion as evident in figure 2(b). However, sodium
pyrophosphate solution, on the other hand, is observed to dis-
solve the 2.8 wt.% samples at pH 10 irrespective of its inter-
face as shown in figure 2(c). For dispersion prepared with pH
13, similar to that observed for 1.5 wt.% dispersion, neither
water nor sodium chloride or sodium pyrophosphate shows
any effect, irrespective of the nature of the interface.

The above-mentioned observations clearly suggest that all
the effects that are observed for 1.5 wt.% colloidal dispersion
at pH 10 is also demonstrated by 2.8 wt.% dispersion having
pH 10. If microstructure of 2.8 wt.% colloidal dispersion at
pH 10 is assumed to constitute a space-filling network formed
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(b)

Figure 2. Effect of dissolution on 2.8 wt.% aqueous dispersion of LAPONITE® with paraffin oil interface at 2 d after arrestation: (a)
swelling of the arrested state on the addition of water, (b) no effect on addition of sodium chloride solution to the arrested state, and (c)
complete dissolution of the arrested state on the addition of pyrophosphate solution.

Table 5. Effect of water, sodium chloride and sodium pyrophosphate solutions on an aqueous dispersion of LAPONITE® at 2.8 wt.% with
paraffin oil interface at pH 10 and pH 13 for experiments carried out on mentioned number of days after arrestation.

pH 10 pH 13
. . t,=3d t<1h
2.8 wt.% with Paraffin oil
interface t,+2d t,+10d t,+45d t,+2d t, +10d
Water Swelled Swelled No Effect No effect No effect
Sodium chloride No effect No effect No Effect No effect No effect
Sodium pyrophosphate Dissolved Dissolved Dissolved No effect No effect

by the positive edge—negative face bonds, swelling behavior
of the same can be explained by a similar argument made for
1.5 wt.% dispersion at pH 10, which suggests the presence of
flexible junctions that allow swelling at the beginning of the
aging process. For the old samples (¢, + 45 d), however, junc-
tions become rigid and do not allow swelling in water. In addi-
tion, sodium pyrophosphate solution causes the dissolution of
the 2.8 wt.% dispersion having pH 10. However, no effect of
sodium pyrophosphate solution on 2.8 wt.% colloidal disper-
sion at pH 13, further consolidates the conjecture that edge-
to-face attractive bonds have a decisive role to play in pH 10,
2.8 wt.% dispersion. Furthermore, similar to 1.5 wt.% dis-
persion, the effect of nitrogen and paraffin oil suggests the
sol—gel process to be slow in case of paraffin oil interface
system compared to that of the nitrogen interface system.

If 2.8 wt.% dispersion of LAPONITE® is assumed to pos-
sess repulsive glass-like microstructure, initial swelling of
the colloidal dispersion can be understood from the repulsive
interactions the clay particles share that force them to move
away from each other in presence of water. However, it is
difficult to comprehend no swelling of old dispersion in the
presence of water, if the structure is based only on repulsive
interactions. In addition, the repulsive glass scenario cannot
explain the dissolution of its structure in the presence of
sodium pyrophosphate, when sodium chloride solution having
equivalent moles of Na™ ions has no effect on the same. These
observations conclusively rule out the possibility of the pres-
ence of a repulsive glass-like microstructure in high concen-
tration LAPONITE® dispersion.

Experiments carried out at pH 13 for both 1.5 wt.% and 2.8
wt.% do not demonstrate any effect of sodium pyrophosphate
solution. This suggests that the structure formed at pH 13 does
not involve a positive edge to negative face attractive interac-
tions. It is possible that the high concentration of Na™ ions
due to pH 13 causes gelation in this system via van der Waals
interactions. Absence of effect of sodium pyrophosphate solu-
tion at pH 13 verifies that this gel is not composed of positive
edge-to-negative face bonds and supports the conjecture that
the colloidal dispersion at pH 10 forms attractive edge-to-
face interactions at 1.5 wt.% as well as 2.8 wt.%. However,
a systematic study of the effect of solvent pH on the gelation
behavior of synthetic hectorite dispersion is the motive of our
future work.

On the other hand, at pH 13 the edges of LAPONITE® par-
ticle possess negative charge. Furthermore, owing to the high
pH of 13, the dispersion already has a significant concentra-
tion of sodium ions, which decreases the amount of released
sodium counterions from the faces of LAPONITE® particles.
As a result, the faces of a LAPONITE® particle are expected
to be significantly less electronegative than when dispersed
in water at pH 10. Furthermore, the presence of high sodium
ions in the bulk is also expected to significantly reduce the
Debye screening length in case of pH 13 system compared to
pH 10 system. Accordingly, the gel formation in pH 13 system
occurs due to the van der Waals interactions between the parti-
cles. In pH 13 system, since the repulsive barrier for particles
to approach each other is smaller than that of at pH 10, the gel
formation is faster in the case of former as evident in table 1.



J. Phys.: Condens. Matter 32 (2020) 224002

K Suman et al

Figure 3. Time evolution of 3 wt.% LAPONITE® dispersion with air interface on the addition of water on Oth day (a)—(c) and 4th day
(d)—(f) since arrestation. The initial state on the addition of water to the arrested state is shown in (a), (b), (d) and (e), while the final state
wherein the swelling of the arrested state occurs, is depicted in (c) and (f).

The mechanism of arrestation holds irrespective of the nature
of interface.

3.1.1. Comparison with previous dissolution study. As dis-
cussed in the introduction, a comprehensive dissolution study
has recently been conducted [33, 65] on high and low concen-
tration clay dispersion to identify the microstructure present in
the dispersion. It has been inferred that the low concentration
dispersion is in the gel state since the strong interconnected
clay bonds do not allow any restructuring in the sample. Fur-
thermore, the melting of the high concentration dispersion is
attributed to the formation of repulsive glass.

With the motivation to understand the reported result, we
prepare an identical system as used in the literature [33, 65]
having 3 wt.% LAPONITE® dispersion and add water to the
sample soon after arrestation. The photographic sequence of
dissolution experiment is shown in figure 3. On addition of
an equal volume of water, no effect is observed macroscopi-
cally on Oth day sample as shown in figures 3(a) and (b).
Contrary to the previously reported results in the literature,
with an increase in time, dissolution experiment conducted on
day 0 did not lead to the melting of the semi-solid dispersion.
Instead, the water gradually diffused into the network and led
to the swelling of the sample a shown in figure 3(c).

Furthermore, it is reported in the literature that the disso-
lution experiment carried before and after 3 d of arrestation
leads to different behavior [65]. On one hand, dissolution car-
ried out before 3 d led to complete fluidization of the sample,
while no macroscopic change was observed for dissolution

carried after 3 d. The difference in observation is interpreted
as the transition from repulsive glass to a disconnected house
of cards structure. We perform an identical dissolution experi-
ment on 3 wt.% clay dispersion, wherein we add water on
4th day after arrestation. The initial state is macroscopically
unaffected as seen in figures 3(d) and (e). Similar to Oth day
results, eventually we observe swelling of the sample in
figure 3(f). Consequently, we do not observe any macroscopic
difference in the results of the dissolution experiments carried
on Oth and 4th day after arrestation which was earlier reported
to be a glass—glass transition. Since the evolution of the micro-
structure of LAPONITE® dispersion is greatly influenced
by the ambient conditions, pH, presence of impurities and
sample preparation protocol [51], we believe that the differ-
ence in observation of the dissolution study can be attributed
to change in any one or more of the above-mentioned param-
eters. Furthermore, the fact that LAPONITE® is a commer-
cially manufactured product and may have a batch to batch
variation can also contribute to the difference in the observed
behavior. This suggests that a careful dissolution study does
not conclusively confirm the nature of the interactions (attrac-
tive/repulsive) and the microstructure of the dispersion.

3.2. Rheological measurements

The main inference from the dissolution experiments is that
the observed behavior for no salt dispersions prepared in
pH 10 water with 1.5 wt.% and 2.8 wt.% concentrations is
qualitatively similar. The apparent difference between the
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Figure 4. (a) Evolution of tan d as a function of time is plotted at
different angular frequencies for 2.8 wt.% LAPONITE® dispersion.
The dashed line indicates the direction of increase in the angular
frequency. The arrow denotes the point of critical gelation. (b)
Evolution of G’ and G” is plotted as a function of w at different
times for 2.8 wt.% LAPONITE® dispersion. The solid line is the
prediction given by equation (1) to the data at the critical gel state
(2848 min).

two systems primarily stems from the significantly different
timescales of arrestation associated with low and high con-
centration systems. As shown in table 1, the typical time of
arrestation for 1.5 wt.% dispersion prepared in water having
pH 10 is about 7 d while 2.8 wt.% underwent arrest within 2 d
in presence of nitrogen as the interface. Furthermore, there is
as such no debate in the literature regarding the microstructure
of low concentration dispersion. As a result, in the rheology
experiments, we study the behavior of 2.8 wt.% dispersion for
the signatures of gelation transition.

The rheological study gives information about the flow
behavior of the viscoelastic material in terms of elastic (G’)
and viscous (G”) modulus. During the process of sol-gel
transition, as the material transforms from the sol state (that
possesses zero shear viscosity) to the gel state (that possesses
equilibrium modulus) [66], the rheological study can serve
as an important tool to describe the transition. In a seminal
contribution by Winter [67] on crosslinking polymeric system
undergoing a transition from a sol state to a 3D crosslinked
network, the system passes through a critical state with the
weakest space spanning percolated network. At this point of
critical gel transition, Winter and Chambon [68] observed G’
and G” to exhibit an identical power-law dependence on fre-
quency (w) given by:

s n
2I'(n) sin (n7r/2)w ’ M

where S is the gel strength of a network, » is the critical relax-
ation exponent limited between 0 and 1, and T" (n) is the Euler
gamma function of n. Consequently, the loss tangent given
by tand = tan (nm/2) = G”/G’, becomes independent of
w suggesting the sol—gel transition to be independent of the
timescale of observation [67, 68]. The Winter criteria [68] has
been validated experimentally using bulk rheology as well as
microrheology study. The identical power-law dependence of
dynamic moduli on w results in a continuous power-law spec-

G' = G"cot (n/2) =

trum of relaxation times given by: H(7) = %T’” [69]. The
power-law rheology exhibited by the critical gel state arises
from the fractal nature of the percolated network. In an impor-
tant contribution by Muthukumar [70], the fractal dimension
(fa) of the hierarchical network with a complete screening of
the excluded volume effects can be computed with the knowl-
edge of n using the relationship:

fa=52n-3)/2(n-3). 2)

Very interestingly, the fractal dimension computed using the
relation proposed by Muthukumar has been observed to agree
well with that obtained by scattering studies for different gel-
forming systems [71-73].

Figure 4(a) describes the results of a cyclic frequency
sweep experiment on 2.8 wt.% LAPONITE® dispersion. The
evolution of G’ and G” is shown in figure 4(b). Initially, the
dispersion is liquid-like with G” > G’. In addition, the ter-
minal regime is observed at early times with G’ ~ w? and
G" ~ w dependence. With a gradual increase in time, the
dynamic moduli grow with the rate of growth of G’ being
greater than G”. Interestingly, at a certain time, both moduli
exhibit identical power-law dependence on the frequency,
which signifies the critical gel state wherein the system forms
the weakest space spanning percolated network. The solid line
in figure 4(b) represents the dependence of G’ and G” given by
equation (1) with § = 0.3 Pa-s" and n = 0.6. Very interest-
ingly, the identical power-law dependence has been observed
in LAPONITE® dispersion using microrheology study as well
[20, 74]. Beyond the critical gel time, the frequency depend-
ence of moduli weakens. The corresponding evolution of
tan d for high concentration dispersion has been plotted as a
function of time in figure 4(a). The scaling of moduli in the
terminal region suggests tan é to be inversely proportional to
frequency as shown by the dashed line in figure 4(a). Very
interestingly, the iso-frequency tand curves become inde-
pendent of the applied frequency at the critical point. The time
associated with tan  becoming independent of the observa-
tion timescale is known as the critical gelation time (7). It
should be noted that ¢, is different than the arrestation time
recorded in the dissolution experiment. At the critical gel
state, the largest aggregate spans the entire space which results
in the weakest fractal network. However, the arrestation time
denotes the post-gel state when the sample is able to with-
stand its own weight. The time to achieve critical gelation is
2848 min (~47.5h) for 2.8 wt.% dispersion as indicated by an
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Figure 5. (a) Evolution of tan d as a function of time is plotted at
different angular frequencies for 2.8 wt.% LAPONITE® dispersion
with 3mM NaCl and 0.1 mM NayP,0;. The arrow denotes the point
of critical gelation. (b) The time to achieve critical gel transition (#,)
is plotted as a function of NayP,O7 concentration (Crspp). The lines
serve as a guide to the eye.

arrow in figure 4(a). The corresponding relaxation exponent
(n) associated with the critical gel state is calculated using
the relation n = 20 /7. Remarkably, the critical relaxation
exponent is the same as the power-law exponent of moduli
dependence on the frequency at the point of critical gelation.
This equivalence validates the presence of percolated fractal
network at the critical gel state as suggested by the Winter
criterion [67] for both low and high concentration colloidal
dispersion. At higher times, as the dependence of G’ and G”
weakens with respect to frequency, tand increases propor-
tionally with frequency. Such dependence of tan ¢ denotes the
post-gel state that has finite equilibrium modulus [66].

The microstructure of the colloidal dispersion is observed
to be greatly dependent on the concentration of clay and the
ionic strength of the salt. While the effect of monovalent salt
(sodium chloride) has been widely investigated in the liter-
ature [13, 19, 38], a systematic rheological investigation of
sol—gel transition in an aqueous dispersion of LAPONITE®
clay on the addition of tetrasodium pyrophosphate is lacking.
Therefore, next we discuss the effect of tetrasodium pyroph-
osphate on the rheological gelation behavior of synthetic hec-
torite clay dispersion. We conduct an identical rheological
experiment on LAPONITE® dispersion as reported in figure 4
with varying concentrations of tetrasodium pyrophosphate in
the range of 0-0.5mM. Since pure 2.8 wt.% LAPONITE®
dispersion takes a long time to undergo sol-gel transition
(2848 min), and tetrasodium pyrophosphate actually prolongs
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Figure 6. The characteristic parameters associated with the critical
gelation such as (a) relaxation exponent (), (b) fractal dimension
(fa) and (c) gel strength (S) are plotted as a function of NasP,O;
concentration (Crspp). The lines serve as a guide to the eye.

it even further, it is not practically feasible in terms of time-
scale to perform these experiments. Consequently, we add
monovalent salt (3mM NaCl) to 2.8 wt.% LAPONITE® dis-
persion that screens the repulsive potential resulting in faster
structure formation and reducing the gelation time by over
one order of magnitude. This aids in performing the experi-
ments over a smaller window of timeframe. The evolution of
tan d for 2.8 wt.% colloidal dispersion having 3mM NaCl and
0.1mM tetrasodium pyrophosphate is shown in figure 5(a).
It can be seen that dispersion with pyrophosphate exhibits
identical qualitative behavior as shown in figure 4(a) while
undergoing the sol-gel transition. Furthermore, identical
rheological behavior demonstrating all the characteristic fea-
tures of the sol-gel transition is exhibited at all the explored
concentration of pyrophosphate salt validating the Winter cri-
terion [67]. In figure 5(b) we plot the evolution of the time
required to achieve critical gel state as a function of tetraso-
dium pyrophosphate concentration (Crspp). The gelation time
can be seen to increase with an increase in the concentration
of multivalent ions in the system. The pyrophosphate system
being a strong dispersant adsorbs on the edges of the posi-
tively charged clay particles. As a result, the positive charge
on the edges reduces and the bond formation between the
negative face and positive edge gets inhibited. Therefore, the
rate of gelation gets strongly deaccelerated with the increase
in ionic strength of pyrophosphate ions.

In figures 6(a) and (c), we plot the value of critical relaxa-
tion exponent (n) and the gel strength () obtained from the fit
of equation (1) to the dynamic moduli data at the critical gel
point as a function of pyrophosphate concentration. We also
obtain the fractal dimension (f;) of the percolated network with
the knowledge of n using equation (2) [19, 75] and plot as a
function of pyrophosphate concentration in figure 6(b). It can
be seen from figures 6(a)—(c) that n, fy and S remain almost
constant over the explored range of pyrophosphate concen-
trations, indicating the addition of pyrophosphate essentially
affects the gelation kinetics keeping the fractal structure at
the critical point unaffected. Such behavior could arise from
screening of the positive edge charges—because of tetravalent
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pyrophosphate ions—thereby reducing the number of sites
on the edges where the faces of other LAPONITE® particles
can attach to in doing so delaying the point at which weakest
percolated network (critical gel) is obtained. In a limit of suf-
ficiently high concentration of pyrophosphate, the samples
simply do not undergo gelation over the practically explor-
able timescales. Similar results were obtained in dissolution
experiments wherein the adsorption of pyrophosphate ions on
the edge of clay particle was also responsible for the disso-
lution of the arrested state. It must be mentioned that many
sol-forming commercial variants of LAPONITE® are avail-
able in the market which contains tetrasodium pyrophosphate
to inhibit the gel formation. This clearly subscribes to the fact
that soft solid state formed by LAPONITE® dispersion must
originate from a network with a positive edge to negative face
attractive bond as the building blocks.

The discussion to this point very clearly indicates that
high concentration LAPONITE® dispersion (2.8 wt.%) in the
absence (figure 4(a)) or presence (figure 5(a)) of salts, over-
whelmingly demonstrates all the rheological signatures of
critical gel transition. The attractive gel state can further be
confirmed by analyzing the effect of the addition of salt in
LAPONITE® dispersion. In figures 4(a) and 5(b), the critical
gelation time for 2.8 wt.% is observed to be 2848 min while
for 2.8 wt.% with 3mM NaCl and 0mM NaysP,05, the time
reduces to 180 min. It is interesting to note here that the time
to achieve critical gelation decreases by over an order of mag-
nitude on the addition of monovalent salt. This clearly sug-
gests that the process gets expedited in time with an increase
in the concentration of externally added salt. Furthermore, the
zeta potential of salt-free LAPONITE® dispersion has been
reported to be around —65 mV [50]. The negative value of
zeta potential suggests the surface property to be dominated
by negative face charges. Interestingly, with a slight addition
of monovalent salt to the LAPONITE® dispersion, the value
of zeta potential has been observed to decrease in magnitude
to —40mV due to the electric double layer compression [50].
This clearly suggests that the introduction of salt decreases
the repulsion between the clay particles and therefore, it is
counter-intuitive that decreased repulsion will expedite order
formation in a repulsive glass. Therefore, the possibility of the
nonergodic state in high concentration clay dispersion to be a
repulsive Wigner glass gets completely ruled out.

In order to have insights about the microstructure and
associate a microscopic portrait of the structure to the rheo-
logical findings, we take the cryo-TEM image of filtered 2.8
wt.% LAPONITE® dispersion. The rheological experiment
suggests the time to achieve critical gel state is 2848 min
(~47.5h). Therefore, we obtain a cryo-TEM image at a post
gel state of 110h. The corresponding cryo-TEM image is
shown in figure 7. The thick lines represent a LAPONITE®
particle, which can be seen to be having edge-to-face bonds
at different angles and overlap coin configuration [24, 25, 76],
which eventually leads to a very clear percolated space span-
ning network as seen in figure 7. We believe that the cryo-
TEM image is the most explicit confirmation of the presence

1

Figure 7. Cryo-TEM image representing the percolated network
structure formed in 2.8 wt.% LAPONITE® dispersion at a post gel
state (110h).

of a gel-like microstructure formed by attractive interparticle
bonds in high concentration LAPONITE® dispersion.

The observations of the present work and various other
observations discussed in the introduction section very conclu-
sively establish that the microstructure of aqueous dispersion
of LAPONITE® in the higher concentration regime corre-
sponds to the attractive gel state as also proposed by Suman
and Joshi [13]. Very importantly, the present work carries out
the dissolution experiments, studies effect of pyrophosphate,
obtains cryo-TEM images and provides further insight into
the microstructure of the LAPONITE® dispersion.

4. Conclusion

In this work, we carry out dissolution experiments on 1.5
wt.% and 2.8 wt.% aqueous dispersion of LAPONITE®
having pH 10 and 13 using deionized water, sodium chloride
solution and sodium pyrophosphate solution to investigate the
physical origin of ergodicity breaking, attractive or repulsive,
in this system. We also perform the dissolution experiments as
a function of the age of the colloidal dispersion. Furthermore,
we carry out all the dissolution experiments for the colloidal
dispersions having two types of interfaces: nitrogen and par-
affin oil. Overall, we observe that for the experiments carried
out on pH 10 system, irrespective of the clay concentration, all
the effects that are shown by the nitrogen interface dispersion
are also observed for the paraffin oil interface but delayed in
time. This suggests that the overall evolution of microstructure
is faster for nitrogen interface compared to that for paraffin oil
interface owing to the ordering of particles at the negatively
charged nitrogen—water interface.
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An aqueous dispersion of LAPONITE® having 1.5 wt.%
concentration at pH 10 is believed to possess a network-like
structure with a positive edge-negative face attractive bonds.
We observe that this system with paraffin oil interface under-
goes swelling when kept in contact with water 2 d after arr-
estation. The aged samples with paraffin oil as well as nitrogen
interface do not demonstrate swelling or any other effect in
the presence of water. Interestingly, sodium chloride solution
does not show any effect while sodium pyrophosphate solu-
tion always dissolves this system irrespective of the nature of
interface as well as the age. For 1.5 wt.% dispersion having
pH 13, neither water nor sodium chloride solution or sodium
pyrophosphate solution demonstrates any effect. This result
is in accordance with an attractive gel-like structure with
an edge-to-face interactions postulated for low concentra-
tion (1 wt.% to 2 wt.%) colloidal dispersions having pH 10.
Furthermore, no effect of sodium pyrophosphate on pH 13
system also vindicates the conjecture that proposes the edge
of the clay particle to be negatively charged at this pH.

The 2.8 wt.% concentration colloidal dispersion at pH 10
and 13 also show the same behavior as that observed for 1.5
wt.% colloidal dispersion having pH 10 and 13, respectively.
The time taken by the 2.8 wt.% system, however, is observed
to be smaller compared to 1.5 wt.% system. Similar to the
1.5 wt.% dispersion at pH 10, all the observed behaviors of
2.8 wt.% at pH 10 can be explained by a percolated network
(gel) structure wherein interactions are formed by the edge-
to-face bond. On the other hand, the absence of swelling at
very high ages and dissolution of dispersion when kept in
contact with sodium pyrophosphate solution demonstrated
by 2.8 wt.% pH 10 systems cannot be explained by merely
repulsive interactions among the clay particles. The disso-
lution study, therefore, clearly suggests that in an aqueous
dispersion of LAPONITE® at pH 10, attractive interactions
originating from the positive edge—negative face contact play
a decisive role in causing ergodicity breaking. Furthermore,
our rheological results indicate that the high concentration
sample demonstrates all the characteristic rheological signa-
tures of the sol—gel transition, which indicates the presence of
a fractal network. Additionally, we report a systematic study
on the effect of tetrasodium pyrophosphate on the microstruc-
tural evolution of synthetic hectorite dispersion. The delay
in time to critical gelation on increasing the tetrasodium
pyrophosphate concentration further validates the presence of
edge—face bonds, which are responsible for network forma-
tion. This work, therefore, on the one hand, discusses the new
facets of dissolution results and address the discrepancy in the
literature. On the other hand, the present work investigates
the microstructure of LAPONITE® dispersion using rheology
and with the help of microscopic evidence, we conclude the
arrested state to be an attractive gel state.

Acknowledgment

Financial support from the Science and Engineering Research
Board (SERB), Department of Science and Technology,
Government of India is greatly acknowledged. We also

12

acknowledge the Advanced Imaging Center at II'T Kanpur for
the cryo-TEM facility.

ORCID iDs

Yogesh M Joshi @ https://orcid.org/0000-0001-6692-858X

References

[1] Evans D F and Wennerstrom H 1994 The Colloidal Domain
(New York: Wiley)
[2] Israelachvili J N 2010 Intermolecular and Surface Forces 3rd
edn (London: Academic)
[3] Arora A K and Tata B V R 1996 Ordering and Phase
Transitions in Charged Colloids (New York: Wiley)
[4] Wales D J 2003 Energy Landscapes (Cambridge: Cambridge
University Press)
[5] Jones R A L 2002 Soft Condensed Matter (Oxford: Oxford
University Press)
[6] Kroon M, Vos W L and Wegdam G H 1998 Structure and
formation of a gel of colloidal disks Phys. Rev. E 57 1962-70
[7]1 Abou B and Gallet F 2004 Probing a nonequilibrium Einstein
relation in an aging colloidal glass Phys. Rev. Lett.
93 160603
[8] Tanaka H, Meunier J and Bonn D 2004 Nonergodic states of
charged colloidal suspensions: Repulsive and attractive
glasses and gels Phys. Rev. E 69 031404
[9] Ruzicka B and Zaccarelli E 2011 A fresh look at Laponite
phase diagram Soft Matter 7 1268-86
[10] Mongondry P, Tassin J F and Nicolai T 2005 Revised state
diagram of Laponite dispersions J. Colloid Interface Sci.
283 397405
[11] Mourchid A, Delville A, Lambard J, Lecolier E and Levitz P
1995 Phase diagram of colloidal dispersions of anisotropic
charged particles: equilibrium properties, structure, and
rheology of laponite suspensions Langmuir 11 1942-50
[12] Gabriel J-CP, Sanchez C and Davidson P 1996 Observation of
nematic liquid-crystal textures in aqueous gels of smectite
clays J. Phys. Chem. 100 11139-43
[13] Suman K and Joshi Y M 2018 Microstructure and soft glassy
dynamics of an aqueous laponite dispersion Langmuir
34 13079-103
[14] Avery R and Ramsay J 1986 Colloidal properties of synthetic
hectorite clay dispersions: II. Light and small angle neutron
scattering J. Colloid Interface Sci. 109 448-54
[15] Bonn D, Tanaka H, Wegdam G, Kellay H and Meunier J 1999
Aging of a colloidal ‘“Wigner’ glass Europhys. Lett. 45 52—7
[16] Strachan D, Kalur G and Raghavan S 2006 Size-dependent
diffusion in an aging colloidal glass Phys. Rev. E 73 041509
[17] Bonn D, Coussot P, Huynh H, Bertrand F and Debrégeas G
2002 Rheology of soft glassy materials Europhys. Lett.
59 786
[18] Jatav S and Joshi Y M 2016 Analyzing a fractal gel of
charged oblate nanoparticles in a suspension using time-
resolved rheometry and DLVO theory Faraday Discuss.
186 199-213
[19] Jatav S and Joshi Y M 2017 Phase behavior of aqueous
suspension of laponite: new insights with microscopic
evidence Langmuir 33 2370-7
[20] Jabbari-Farouji S, Atakhorrami M, Mizuno D, Eiser E,
Wegdam G, MacKintosh F, Bonn D and Schmidt C 2008
High-bandwidth viscoelastic properties of aging colloidal
glasses and gels Phys. Rev. E 78 061405
[21] Pilavtepe M, Recktenwald S, Schuhmann R, Emmerich K
and Willenbacher N 2018 Macro-and microscale structure


https://orcid.org/0000-0001-6692-858X
https://orcid.org/0000-0001-6692-858X
https://doi.org/10.1103/PhysRevE.57.1962
https://doi.org/10.1103/PhysRevE.57.1962
https://doi.org/10.1103/PhysRevE.57.1962
https://doi.org/10.1103/PhysRevLett.93.160603
https://doi.org/10.1103/PhysRevLett.93.160603
https://doi.org/10.1103/PhysRevE.69.031404
https://doi.org/10.1103/PhysRevE.69.031404
https://doi.org/10.1039/c0sm00590h
https://doi.org/10.1039/c0sm00590h
https://doi.org/10.1039/c0sm00590h
https://doi.org/10.1016/j.jcis.2004.09.043
https://doi.org/10.1016/j.jcis.2004.09.043
https://doi.org/10.1016/j.jcis.2004.09.043
https://doi.org/10.1021/la00006a020
https://doi.org/10.1021/la00006a020
https://doi.org/10.1021/la00006a020
https://doi.org/10.1021/jp961088z
https://doi.org/10.1021/jp961088z
https://doi.org/10.1021/jp961088z
https://doi.org/10.1021/acs.langmuir.8b01830
https://doi.org/10.1021/acs.langmuir.8b01830
https://doi.org/10.1021/acs.langmuir.8b01830
https://doi.org/10.1016/0021-9797(86)90322-X
https://doi.org/10.1016/0021-9797(86)90322-X
https://doi.org/10.1016/0021-9797(86)90322-X
https://doi.org/10.1209/epl/i1999-00130-3
https://doi.org/10.1209/epl/i1999-00130-3
https://doi.org/10.1209/epl/i1999-00130-3
https://doi.org/10.1103/PhysRevE.73.041509
https://doi.org/10.1103/PhysRevE.73.041509
https://doi.org/10.1209/epl/i2002-00195-4
https://doi.org/10.1209/epl/i2002-00195-4
https://doi.org/10.1039/C5FD00128E
https://doi.org/10.1039/C5FD00128E
https://doi.org/10.1039/C5FD00128E
https://doi.org/10.1021/acs.langmuir.7b00151
https://doi.org/10.1021/acs.langmuir.7b00151
https://doi.org/10.1021/acs.langmuir.7b00151
https://doi.org/10.1103/PhysRevE.78.061405
https://doi.org/10.1103/PhysRevE.78.061405

J. Phys.: Condens. Matter 32 (2020) 224002

K Suman et al

formation and aging in different arrested states of Laponite
dispersions J. Rheol. 62 593-605

[22] Shahin A and Joshi Y M 2012 Physicochemical effects
in aging aqueous Laponite suspensions Langmuir
28 15674-86

[23] Odriozola G, Romero-Bastida M and de Guevara-
Rodriguez F J 2004 Brownian dynamics simulations of
Laponite colloid suspensions Phys. Rev. E 70 021405

[24] Jonsson B, Labbez C and Cabane B 2008 Interaction of
nanometric clay platelets Langmuir 24 11406-13

[25] Delhorme M, Jonsson B and Labbez C 2012 Monte Carlo
simulations of a clay inspired model suspension: the role of
rim charge Soft Matter. 8 9691-704

[26] Ruzicka B, Zulian L, Angelini R, Sztucki M, Moussaid A and
Ruocco G 2008 Arrested state of clay-water suspensions:
gel or glass? Phys. Rev. E 77 020402

[27] Ruzicka B, Zaccarelli E, Zulian L, Angelini R, Sztucki M,
Moussaid A, Narayanan T and Sciortino F 2011
Observation of empty liquids and equilibrium gels in a
colloidal clay Nat Mater. 10 5660

[28] Nicolai T and Cocard S 2000 Light scattering study of the
dispersion of laponite Langmuir 16 8189-93

[29] Nicolai T and Cocard S 2001 Structure of gels and aggregates
of disk-like colloids Eur. Phys. J. E 5§ 221-7

[30] Sun K, Kumar R, Falvey D E and Raghavan S R 2009
Photogelling colloidal dispersions based on light-activated
assembly of nanoparticles J. Am. Chem. Soc. 131 7135-41

[31] Dijkstra M, Hansen J-P and Madden P A 1997 Statistical
model for the structure and gelation of smectite clay
suspensions Phys. Rev. E 55 3044-53

[32] Greene D G, Ferraro D V, Lenhoff A M and Wagner N J 2016
A critical examination of the decoupling approximation for
small-angle scattering from hard ellipsoids of revolution
J. Appl. Crystallogr. 49 1734-9

[33] Ruzicka B, Zulian L, Zaccarelli E, Angelini R, Sztucki M,
Moussaid A and Ruocco G 2010 Competing interactions
in arrested states of colloidal clays Phys. Rev. Lett.
104 085701

[34] Ali S and Bandyopadhyay R 2016 Effect of electrolytes on
the microstructure and yielding of aqueous dispersions of
colloidal clay Soft Matter. 12 414-21

[35] Ali S and Bandyopadhyay R 2016 Aggregation and stability of
anisotropic charged clay colloids in aqueous medium in the
presence of salt Faraday Discuss. 186 455-71

[36] Cipriano B H, Kashiwagi T, Zhang X and Raghavan S R 2009
A simple method to improve the clarity and rheological
properties of polymer/clay nanocomposites by using
fractionated clay particles ACS Appl. Mater. Interfaces 1 130-5

[37] Thrithamara Ranganathan V and Bandyopadhyay R 2017
Effects of aging on the yielding behaviour of acid and salt
induced Laponite gels Colloids Surf. A 522 304-9

[38] Shukla A and Joshi Y M 2009 Ageing under oscillatory stress:
Role of energy barrier distribution in thixotropic materials
Chem. Eng. Sci. 64 4668-74

[39] Mongondry P, Nicolai T and Tassin J-F 2004 Influence of
pyrophosphate or polyethylene oxide on the aggregation
and gelation of aqueous laponite dispersions J. Colloid
Interface Sci. 275 191-6

[40] Martin C, Pignon F, Piau J-M, Magnin A, Lindner P and
Cabane B 2002 Dissociation of thixotropic clay gels Phys.
Rev. E 66 021401

[41] Takeno H and Nakamura W 2015 Hydrogel-forming
composition and hydrogel produced from the same US
Patent No. 8,957,145 B2

[42] Atmuri A K, Peklaris G A, Kishore S and Bhatia S R 2012 A
re-entrant glass transition in colloidal disks with adsorbing
polymer Soft Matter 8 8965-71

[43] Atmuri A K and Bhatia S R 2013 Polymer-mediated clustering
of charged anisotropic colloids Langmuir 29 3179-87

13

[44] Zheng B and Bhatia S R 2017 Cluster formation during aging
of colloid-polymer dispersions Colloids Surf. A 520
729-35

[45] Baghdadi H A, Sardinha H and Bhatia S R 2005 Rheology
and gelation kinetics in laponite dispersions containing poly
(ethylene oxide) J. Polym. Sci. B 43 233—40

[46] Zulian L, Ruzicka B and Ruocco G 2008 Influence of an
adsorbing polymer on the aging dynamics of Laponite clay
suspensions Phil. Mag. 88 4213-21

[47] Lal J and Auvray L 2001 Interaction of polymer with discotic
clay particles Mol. Cryst. Liq. Cryst. Sci. Technol. A
356 503-15

[48] Nelson A and Cosgrove T 2004 A small-angle neutron
scattering study of adsorbed poly (ethylene oxide) on
laponite Langmuir 20 2298-304

[49] Sun W, Yang Y, Wang T, Huang H, Liu X and Tong Z 2012
Effect of adsorbed poly (ethylene glycol) on the gelation
evolution of Laponite suspensions: aging time-polymer
concentration superposition J. Colloid Interface Sci. 376
76-82

[50] Pek-Ing A and Yee-Kwong L 2015 Surface chemistry and
rheology of Laponite dispersions—zeta potential, yield
stress, ageing, fractal dimension and pyrophosphate Appl.
Clay Sci. 107 3645

[51] Cummins H Z 2007 Liquid, glass, gel: the phases of colloidal
Laponite J. Non-Cryst. Solids 353 3891-905

[52] Shahin A, Joshi Y M and Ramakrishna S A 2011 Interface-
induced anisotropy and the nematic glass/gel state
in jammed aqueous laponite suspensions Langmuir
27 14045-52

[53] BYK Additives & Instruments 2014 Technical Information
B-RI 21 LAPONITE Performance Additives 1-24

[54] Van Olphen H 1977 An Introduction to Clay Colloid
Chemistry (New York: Wiley)

[55] Stumm W 1992 Chemistry of the Solid-Liquid Interface (New
York: Wiley)

[56] Tawari S L, Koch D L and Cohen C 2001 Electrical double-
layer effects on the Brownian diffusivity and aggregation
rate of laponite clay particles J. Colloid Interface Sci.

240 54-66

[57] Morrison S 2011 Personal communication (Louisville, KY:
Southern Clay Products, Inc.)

[58] Wan J and Tokunaga T K 2002 Partitioning of clay colloids at
air—water interfaces J. Colloid Interface Sci. 247 54-61

[59] Ushikubo F Y, Enari M, Furukawa T, Nakagawa R, Makino Y,
Kawagoe Y and Oshita S 2010 Zeta-potential of micro-
and/or nano-bubbles in water produced by some kinds of
gases IFAC Proc. Volumes 43 283-8

[60] Flury M and Aramrak S 2017 Role of air-water interfaces in
colloid transport in porous media: a review Water Resour.
Res. 53 5247-75

[61] Graciaa A, Morel G, Saulner P, Lachaise J and Schechter R
1995 The (-potential of gas bubbles J. Colloid Interface Sci.
172 131-6

[62] Leroy P, Jougnot D, Revil A, Lassin A and Azaroual M 2012
A double layer model of the gas bubble/water interface
J. Colloid Interface Sci. 388 243-56

[63] Pujala R K and Bohidar H 2013 Kinetics of anisotropic
ordering in Laponite dispersions induced by a water-air
interface Phys. Rev. E 88 052310

[64] Shahin A and Joshi Y M 2012 Hyper-aging dynamics of
nanoclay suspension Langmuir 28 5826-33

[65] Angelini R, Zaccarelli E, Marques F A D M, Sztucki M,
Fluerasu A, Ruocco G and Ruzicka B 2014 Glass-glass
transition during aging of a colloidal clay Nat. Commun.
54049

[66] Suman K and Joshi Y M 2019 On the universality of the
critical scaling exponents during sol-gel transition
(unpublished) (arXiv:1911.07136)


https://doi.org/10.1122/1.5001382
https://doi.org/10.1122/1.5001382
https://doi.org/10.1122/1.5001382
https://doi.org/10.1021/la302544y
https://doi.org/10.1021/la302544y
https://doi.org/10.1021/la302544y
https://doi.org/10.1103/PhysRevE.70.021405
https://doi.org/10.1103/PhysRevE.70.021405
https://doi.org/10.1021/la801118v
https://doi.org/10.1021/la801118v
https://doi.org/10.1021/la801118v
https://doi.org/10.1039/c2sm25731a
https://doi.org/10.1039/c2sm25731a
https://doi.org/10.1039/c2sm25731a
https://doi.org/10.1103/PhysRevE.77.020402
https://doi.org/10.1103/PhysRevE.77.020402
https://doi.org/10.1038/nmat2921
https://doi.org/10.1038/nmat2921
https://doi.org/10.1038/nmat2921
https://doi.org/10.1021/la9915623
https://doi.org/10.1021/la9915623
https://doi.org/10.1021/la9915623
https://doi.org/10.1007/s101890170077
https://doi.org/10.1007/s101890170077
https://doi.org/10.1007/s101890170077
https://doi.org/10.1021/ja9008584
https://doi.org/10.1021/ja9008584
https://doi.org/10.1021/ja9008584
https://doi.org/10.1103/PhysRevE.55.3044
https://doi.org/10.1103/PhysRevE.55.3044
https://doi.org/10.1103/PhysRevE.55.3044
https://doi.org/10.1107/S1600576716012929
https://doi.org/10.1107/S1600576716012929
https://doi.org/10.1107/S1600576716012929
https://doi.org/10.1103/PhysRevLett.104.085701
https://doi.org/10.1103/PhysRevLett.104.085701
https://doi.org/10.1039/C5SM01700A
https://doi.org/10.1039/C5SM01700A
https://doi.org/10.1039/C5SM01700A
https://doi.org/10.1039/C5FD00124B
https://doi.org/10.1039/C5FD00124B
https://doi.org/10.1039/C5FD00124B
https://doi.org/10.1021/am8000693
https://doi.org/10.1021/am8000693
https://doi.org/10.1021/am8000693
https://doi.org/10.1016/j.colsurfa.2017.03.006
https://doi.org/10.1016/j.colsurfa.2017.03.006
https://doi.org/10.1016/j.colsurfa.2017.03.006
https://doi.org/10.1016/j.ces.2009.03.019
https://doi.org/10.1016/j.ces.2009.03.019
https://doi.org/10.1016/j.ces.2009.03.019
https://doi.org/10.1016/j.jcis.2004.01.037
https://doi.org/10.1016/j.jcis.2004.01.037
https://doi.org/10.1016/j.jcis.2004.01.037
https://doi.org/10.1103/PhysRevE.66.021401
https://doi.org/10.1103/PhysRevE.66.021401
https://doi.org/10.1039/c2sm25311a
https://doi.org/10.1039/c2sm25311a
https://doi.org/10.1039/c2sm25311a
https://doi.org/10.1021/la304062r
https://doi.org/10.1021/la304062r
https://doi.org/10.1021/la304062r
https://doi.org/10.1016/j.colsurfa.2017.02.027
https://doi.org/10.1016/j.colsurfa.2017.02.027
https://doi.org/10.1016/j.colsurfa.2017.02.027
https://doi.org/10.1002/polb.20317
https://doi.org/10.1002/polb.20317
https://doi.org/10.1002/polb.20317
https://doi.org/10.1080/14786430802581876
https://doi.org/10.1080/14786430802581876
https://doi.org/10.1080/14786430802581876
https://doi.org/10.1080/10587250108023729
https://doi.org/10.1080/10587250108023729
https://doi.org/10.1080/10587250108023729
https://doi.org/10.1021/la035268t
https://doi.org/10.1021/la035268t
https://doi.org/10.1021/la035268t
https://doi.org/10.1016/j.jcis.2012.01.064
https://doi.org/10.1016/j.clay.2015.01.033
https://doi.org/10.1016/j.clay.2015.01.033
https://doi.org/10.1016/j.clay.2015.01.033
https://doi.org/10.1016/j.jnoncrysol.2007.02.066
https://doi.org/10.1016/j.jnoncrysol.2007.02.066
https://doi.org/10.1016/j.jnoncrysol.2007.02.066
https://doi.org/10.1021/la202398v
https://doi.org/10.1021/la202398v
https://doi.org/10.1021/la202398v
https://doi.org/10.1006/jcis.2001.7646
https://doi.org/10.1006/jcis.2001.7646
https://doi.org/10.1006/jcis.2001.7646
https://doi.org/10.1006/jcis.2001.8132
https://doi.org/10.1006/jcis.2001.8132
https://doi.org/10.1006/jcis.2001.8132
https://doi.org/10.3182/20101206-3-JP-3009.00050
https://doi.org/10.3182/20101206-3-JP-3009.00050
https://doi.org/10.3182/20101206-3-JP-3009.00050
https://doi.org/10.1002/2017WR020597
https://doi.org/10.1002/2017WR020597
https://doi.org/10.1002/2017WR020597
https://doi.org/10.1006/jcis.1995.1234
https://doi.org/10.1006/jcis.1995.1234
https://doi.org/10.1006/jcis.1995.1234
https://doi.org/10.1016/j.jcis.2012.07.029
https://doi.org/10.1016/j.jcis.2012.07.029
https://doi.org/10.1016/j.jcis.2012.07.029
https://doi.org/10.1103/PhysRevE.88.052310
https://doi.org/10.1103/PhysRevE.88.052310
https://doi.org/10.1021/la205153b
https://doi.org/10.1021/la205153b
https://doi.org/10.1021/la205153b
https://doi.org/10.1038/ncomms5049
https://doi.org/10.1038/ncomms5049
http://arxiv.org/abs/191107136

J. Phys.: Condens. Matter 32 (2020) 224002

K Suman et al

[67] Winter H 1987 Can the gel point of a cross-linking polymer
be detected by the G’~G” crossover? Polym. Eng. Sci.
27 1698-702

[68] Winter H H and Chambon F 1986 Analysis of linear
viscoelasticity of a crosslinking polymer at the gel point
J. Rheol. 30 367-82

[69] Winter H H and Mours M 1997 Rheology of polymers near
liquid-solid transitions Neutron Spin Echo Spectroscopy
Viscoelasticity Rheology (Berlin: Springer) pp 165-234

[70] Muthukumar M 1989 Screening effect on viscoelasticity near
the gel point Macromolecules 22 4656-8

[71] Ponton A, Bee A, Talbot D and Perzynski R 2005
Regeneration of thixotropic magnetic gels studied by
mechanical spectroscopy: the effect of the pH J. Phys.:
Condens. Matter 17 821

14

[72] Hsu Sh and Yu T L 2000 Dynamic viscoelasticity study of
the phase transition of poly (N-isopropylacrylamide)
Macromol. Rapid Commun. 21 476-80

[73] Matsumoto T, Kawai M and Masuda T 1992 Viscoelastic and
SAXS investigation of fractal structure near the gel point
in alginate aqueous systems Macromolecules 25 5430-3

[74] Rich J P, McKinley G H and Doyle P S 2011 Size dependence
of microprobe dynamics during gelation of a discotic
colloidal clay J. Rheol. 55 273-99

[75] Suman K and Joshi Y M 2019 Analyzing onset of
nonlinearity of a colloidal gel at the critical point J. Rheol.
63 991-1001

[76] Gadige P and Bandyopadhyay R 2018 Electric field induced
gelation in aqueous nanoclay suspensions Soft Matter.
14 6974-82


https://doi.org/10.1002/pen.760272209
https://doi.org/10.1002/pen.760272209
https://doi.org/10.1002/pen.760272209
https://doi.org/10.1122/1.549853
https://doi.org/10.1122/1.549853
https://doi.org/10.1122/1.549853
https://doi.org/10.1007/3-540-68449-2_3
https://doi.org/10.1007/3-540-68449-2_3
https://doi.org/10.1021/ma00202a050
https://doi.org/10.1021/ma00202a050
https://doi.org/10.1021/ma00202a050
https://doi.org/10.1088/0953-8984/17/6/004
https://doi.org/10.1088/0953-8984/17/6/004
https://doi.org/10.1002/(SICI)1521-3927(20000501)21:8<476::AID-MARC476>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-3927(20000501)21:8<476::AID-MARC476>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-3927(20000501)21:8<476::AID-MARC476>3.0.CO;2-O
https://doi.org/10.1021/ma00046a047
https://doi.org/10.1021/ma00046a047
https://doi.org/10.1021/ma00046a047
https://doi.org/10.1122/1.3532979
https://doi.org/10.1122/1.3532979
https://doi.org/10.1122/1.3532979
https://doi.org/10.1122/1.5108611
https://doi.org/10.1122/1.5108611
https://doi.org/10.1122/1.5108611
https://doi.org/10.1039/C8SM00533H
https://doi.org/10.1039/C8SM00533H
https://doi.org/10.1039/C8SM00533H

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Effect of sodium pyrophosphate 
and understanding microstructure of aqueous LAPONITE﻿﻿®﻿﻿ dispersion using dissolution study﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿Materials and experimental methods
	﻿﻿2.1. ﻿﻿﻿Materials and sample preparation
	﻿﻿2.2. ﻿﻿﻿Dissolution studies
	﻿﻿2.3. ﻿﻿﻿Rheological measurements
	﻿﻿2.4. ﻿﻿﻿Cryo-TEM imaging

	﻿﻿3. ﻿﻿﻿Results and discussions
	﻿﻿3.1. ﻿﻿﻿Dissolution experiments:
	﻿﻿3.1.1. ﻿﻿﻿Comparison with previous dissolution study. 

	﻿﻿3.2. ﻿﻿﻿Rheological measurements

	﻿﻿4. ﻿﻿﻿Conclusion
	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Acknowledgment
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿﻿﻿﻿﻿References


