
–,Vol. 69, No. 6:787 796, 2021 

Vol.: (0123456789)
1 3

Clays Clay Miner. 
https://doi.org/10.1007/s42860-021-00170-5

ORIGINAL PAPER

Microstructure and Time-Dependent Behavior of STx-1b 
Calcium Montmorillonite Suspensions

Yee‑Kwong Leong   · Pengfei Liu · Pek‑Ing Au · 
Peta Clode · Jishan Liu

pH >6.5, the positively charged hydrolysis product 
Ca(OH)+ began to form and was adsorbed, partially 
neutralizing the permanent layer charge and weaken-
ing the repulsion. However, at 19.4 wt.% solids, the 
gel displayed pronounced time-dependent behavior 
despite the high natural pH of 8. The platelets were 
much closer together, allowing the EDL force to oper-
ate and effect structural reorganization. The micro-
structure of these CaMnt gels showed high platelet 
concentrations interacting to form a relatively open 
structure. The microstructure of a kaolin (KGa-2) 
suspension which showed no time-dependent behav-
ior even after 1 day of ageing revealed the importance 
of particle morphology and layer charge on time 
dependency. Its 3-D structure was formed by rela-
tively thick, layered platelets with a low layer charge.

Keywords  Hydrolysis Products · Kaolin · 
Montmorillonite · Time-dependent mechanisms · 
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Introduction

The time-dependent behavior of calcium montmoril-
lonite (CaMnt) gels characterized by an increasing 
yield stress with ageing time has not been researched 
thoroughly and so knowledge gaps exist. In con-
trast, the ageing or gelation behavior of bentonite 
and sodium montmorillonite (NaMnt) have been 
examined extensively (Broughton & Squires, 1936; 
Callaghan & Ottewill, 1974; Hauser & Reed, 1937; 
M’Ewen & Pratt, 1957; van Olphen, 1955), with this 
behavior being first reported almost 100 years ago. 
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Abstract  CaMnt is much less important than 
NaMnt due to its limited commercial applications. 
The time-dependent property of NaMnt gel has been 
studied extensively  as it is exploited in many appli-
cations such as drilling mud and viscosity-modifier 
applications. In contrast, the time-dependent prop-
erty of CaMnt suspension and the factors affecting it 
are largely unknown. The speciation of Ca2+ ions is 
one such factor to be evaluated. In the current study, 
pH and solids concentration were examined and then 
used to validate a recent theory on clay gel time 
dependency. The results supported the theory that a 
strong electrostatic double layer (EDL) repulsion in 
the 3-D network is needed to reorganize the structure 
and drive it toward the state of minimum free energy. 
The 12 wt.% CaMnt (STx-1b) gel displayed time-
dependent behavior at pH 5 but not at its natural pH 
of 8.4. At pH 5, the interlayer Ca2+ ions became fully 
hydrated and desorbed from the platelet surface. This 
enhanced the EDL repulsion between the platelets. At 
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These gels displayed pronounced thixotropic behavior 
at a very low concentration of a few percent solids. 
Surface chemistry factors, such as pH and salt con-
centration, are important gelation factors for benton-
ite or NaMnt (Abend & Lagaly, 2000; Brandenburg 
& Lagaly, 1988; Heller & Keren, 2001; Tombacz & 
Szekeres, 2004). CaMnt gels were reported to dis-
play time-independent behavior (Keren, 1988; Sueto 
& Nakaishi, 1992) and pH-independent rheologi-
cal behavior at a low concentration of a few percent 
solids (Keren, 1988). Sueto and Nakaishi (1992) 
also found that their CaMnt gel did not display time-
dependent behavior over a wide salt concentration of 
between 0.001 M and 1.0 M NaCl. They used the flow 
hysteresis loop method to determine the time-depend-
ent behavior. Abu-Jdayil (2011), however, reported 
a relatively weak time-dependent behavior for unpu-
rified CaMnt gel at 6 wt.% solids as reflected by an 
increasing yield stress with ageing time. The yield 
stress was derived from constitutive models used to 
fit the flow data. This CaMnt, used in drilling mud 
formulation, has a relatively high Na2O/CaO ratio 
of 0.8, suggesting the presence of NaMnt. The Na2O 
and CaO contents were 3.215 wt.% and 3.986 wt.%, 
respectively. The experimental protocol employed is 
not ideal for a study of ageing. The structural state 
of the aged gel will have suffered damage during: (1) 
its transfer to the rheometer; and (2) the preshearing 
step adopted prior to each flow characterization. This 
could be the reason for the very short ageing time of 
24 h reported to attain the fully recovered state. This 
is in contrast to an ageing time of months and years 
which was reported for three different thixotropic clay 
gels (Leong et al., 2021). Leong et al. (2021) also dis-
cussed in detail the various methods for characteriza-
tion of time-dependent behavior and why the results 
are usually not quantitatively comparable. One of the 
reasons is that the structural state of the gel at the 
start of the time-dependent experiment was not well 
defined. The sparse investigation of CaMnt gel rhe-
ology is due to its limited commercial applications 
(Choo et  al., 2020). One of the knowledge gaps in 
factors affecting the time-dependent rheology is the 
state or speciation of Ca2+ ions. At low pH, Ca2+ is 
fully hydrated as Ca(H2O)6

2+ and this ionic species 
appeared not to adsorb. At alkaline pH it formed the 
hydrolysis product Ca(OH)+ which was adsorbed 
readily onto the particle surface, affecting the zeta 
potential and rheology of the suspension (Zhu et al., 

2016). The strength of the platelet–platelet interac-
tions should, therefore, be affected by the nature of 
the Ca2+ ions. This postulate was examined in the cur-
rent study in which the time-dependent behavior of 
CaMnt (STx-1b) gels was evaluated as a function of 
pH and solids concentration. The pH chosen was such 
that the Ca2+ ions were in either the fully hydrated or 
the hydrolysis product form. The microstructures of 
these gels were also captured and their relationship 
with the time-dependent behavior discussed.

Leong et al. (2018) and Du et al (2018) identified 
the conditions required for time-dependent behav-
ior. These conditions are a 3-D network structure 
formed by heterogeneous charge attraction between 
negative faces and positive edges (plus contributions 
from van der Waals attractive force) and a strong 
face–face repulsion between platelets in the structure. 
The strong face–face electrostatic double layer (EDL) 
repulsion governs the development of the microstruc-
ture and is responsible for the time-dependent behav-
ior. The EDL repulsive force causes the platelets to 
break apart, orientate, move, and reform stronger 
bonds to produce a stronger network structure with 
time. The structure moves progressively towards 
a lower free energy state, the driving force for the 
time-dependent behavior. The platelet charge proper-
ties, therefore, have an important effect. The pH was 
shown to have a pronounced effect on the thixotropic 
and ageing behavior of NaMnt and bentonite gel (Lee 
et  al., 2012; Tombacz & Szekeres, 2004). Low pH 
tended to produce a stronger effect, as it gives rise to 
a stronger edge–face attraction as a result of a higher 
positive charge density of the edge. Face–face repul-
sion remained strong as the negative layer charge was 
permanent. A stronger network structure thus forms 
with time. The effect of layer charge density on the 
gel time-dependent property is, however, unclear. The 
use of CaMnt will help provide a better understand-
ing of this effect by exploiting the different adsorp-
tion capacity of Ca(H2O)6

2+ and its hydrolysis prod-
uct Ca(OH)+. The effects of these Ca2+ species on 
the time-dependent rheology of CaMnt gel should 
reveal definitive information on the effect of the layer 
charge.

Ice crystals were believed to have affected the 
microstructure of STx-1b CaMnt gels obtained by 
cryo-SEM imaging published by Au and Leong 
(2016). These hexagonal crystals fractured the 
clay gel microstructure, producing large pores and 
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channels (Au et  al., 2015a;  Au & Leong, 2016; Du 
et al., 2018; Leong et al., 2018). The purpose of the 
present study, therefore, was to obtain artefact-free 
microstructures of STx-1b CaMnt gels by prevent-
ing ice-crystal formation by means of subjecting the 
gel samples to very high pressure and ultra-fast cryo-
freezing (Du et  al., 2018; Leong et  al., 2018; Wyss 
et al., 2004).

The microstructure and time-dependent proper-
ties of high-defect KGa-2 kaolin suspensions will be 
examined also for comparison purposes. The mor-
phology and charge properties of kaolin particles are 
very different from CaMnt platelets. Yet, under cer-
tain conditions, both clay suspensions will be shown 
to display time-independent ageing behavior.

Materials and Methods

The STx-1b CaMnt was obtained from the Source 
Clays Repository of The Clay Minerals Society 
(CMS). The clay was sourced from the Manning 
Formation located in the county of Gonzales, Texas. 
The physical and chemical data of STx-1 are given 
in the CMS database for source clays. The physical 
and chemical properties of STx-1 and STx-1b are 
quite similar. The major exchangeable cation is Ca2+. 
STx-1 has a BET surface area of 83.8 m2/g and a CEC 
of 84.4 meq/100 g. It has a high octahedral charge of 
–0.68 e per formula unit. The tetrahedral sheet does 
not have a permanent charge. CaO and MgO contents 
are 1.59 and 3.69%, respectively. The isomorphic 
substitution of the Al3+ ion in the octahedral sheet by 
a divalent metal ion such as Mg2+ is responsible for 
the high permanent charge. It has a low Na2O/CaO 
ratio of 0.17. Impurities present are quartz, silica, and 
carbonate minerals. KGa-2 kaolin, also sourced from 
CMS, has a zero tetrahedral charge and a relatively 
low positive octahedral charge of 0.16 e. Isomorphic 
substitution of Al3+ by Ti4+ in the octahedral sheet is 
the likely cause. This kaolin has a BET surface area 
of 23.5 m2/g and a CEC of 3.3 meq/100 g.

The CaMnt was purified by sonication, sedimen-
tation, and decantation, collecting the supernatant. 
A very dilute suspension of 1 wt.% solids was used 
and the CaMnt was dispersed with a sonic probe. 
The impurities were left to settle to the bottom of the 
container and the supernatant containing the CaMnt 
platelets was collected and dried in an oven at 105oC.

The purified CaMnt was used in the gel prepara-
tion for this study. The suspensions prepared were 
relatively concentrated, 12–25 wt.% solids. Each sus-
pension, weighing ~40 g, was prepared in DI water 
by sonication with a sonic probe for ~2 min. The 
prepared suspensions were left to rest for at least a 
week before the experimentation. This was to ensure 
the particles or platelets have time to attain physico-
chemical equilibrium. The yield stress in the ageing 
study was measured directly with either a Brookfield 
RVDV-II + PRO or a LVDV-II + PRO vane viscom-
eter (AMETEK Brookfield, Middleboro, Massachu-
setts, USA). In this measurement, a four-blade vane 
(diameter 0.5 cm, height 1.0 cm) was immersed in 
the suspension and rotated slowly at 0.6 rpm. The 
maximum torque used in the yield stress calcula-
tion was recorded. In the ageing experiment, the gel 
was first mixed thoroughly for 2 min with a spatula 
and then allowed to rest undisturbed until the prede-
termined time for the yield stress measurement. The 
vane measurement was conducted in an area not dis-
turbed by a previous measurement. The zeta potential 
was measured with a ZetaProbe (Colloidal Dynam-
ics Inc., Ponte Vedra Beach, Florida, USA) operated 
in a potentiometric titration mode, as a function of 
decreasing or increasing pH. The step-down shear 
rate rheology was performed in a 1° cone-and-plate 
MCR72 control rate rheometer (Anton Paar GmbH, 
Graz, Austria) at an ambient temperature of 22°C. 
The gel was first sheared at a high constant shear 
rate of 1000 s–1 until equilibrium was reached as 
reflected by a constant shear stress response, and then 
abruptly stepped down to 10 s–1. The shear stress was 
monitored.

The gel microstructures were imaged at 5 kV with 
a Zeiss 55 field emission SEM fitted with a Leica EM 
VCT100 cryo and anti-contamination system (Carl 
Zeiss Microscopy GmbH, Jena, Germany). The gel 
samples for imaging were first subjected to high pres-
sure of 2000 bar and then frozen rapidly at a rate of 
25,000°C s–1. The samples were then sublimated and 
coated with a 7 nm thick film of Pt before imaging.

Results and Discussion

The ageing of 12.3 wt.% purified CaMnt gels at 
their natural pH of 8.4 and at   pH ~5 (4.5–5.3) dis-
played very dissimilar behaviors (Fig. 1). The gel at 
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its natural pH did not exhibit time-dependent behav-
ior; the yield stress remained essentially unchanged 
even after 4 days of ageing. The yield stress was 
close to 0 Pa. The lower pH gel, however, demon-
strated pronounced ageing behavior. The yield-stress 
increase was rapid at the start of ageing. The rate of 
increase slowed  considerably after the first day. The 
yield stress of 9 Pa after 1 min of ageing increased 
to 50 Pa after 18,787 min (13 days) of rest, a 5-fold 
increase. At pH 8.4, the Ca2+ ions existed as a posi-
tively charged hydrolysis product Ca(OH)+ (Baes & 
Mesmer, 1986), according to the zeta potential-pH 
results obtained for alumina suspension at various 
CaCl2 concentrations (Zhu et al., 2016). This hydroly-
sis product Ca(OH)+ adsorbed readily on the clay 
platelets, thus reducing the value of its negative face 
charge density, weakening the face–face repulsion. 
This condition was, thus, not conducive for the time-
dependent behavior to occur. At pH < 6, all the Ca2+ 
ions were in the hydrated form with 6 to 12 water 
molecules per cation (Rudolph & Irmer, 2013; Teich-
McGoldrick et  al., 2015; Zavitsas, 2005). These 
bulky hydrated ions were unable to adsorb strongly 
and would spend most of their time in the diffuse 
layer. The negative face–charge density increased, 
therefore, producing stronger face–face repulsion that 
could break bonds and move and orientate platelets to 
form a stronger structure.

The zeta potential provides information on the 
dominant charge determining the surface proper-
ties of a clay. It cannot be used as a measure of the 
strength of the particle–particle repulsive interaction 

because of the localized heterogeneous charge prop-
erties of the clay platelets. Both the layer or face and 
edge charges and their interactions with the diffuse 
layer ions contribute to the zeta potential. Adsorbed 
charged additives also affect this zeta potential.

The zeta potential data of 1 wt.% CaMnt suspension 
prepared from the 19.4 wt.% gel (Fig.  2) were all 
negative from pH 2.5 to 8 and showed a weak 
dependence on pH. The permanent negative charge in 
the octahedral sheet dominated the CaMnt net surface 
charge at all pH values. The magnitude of –25.9 mV 
at pH 7.6 and electrical conductivity of 0.4 mS/cm 
decreased to –25 mV at pH 2.6 and 1.24 mS/cm. The 
high proton mobility and concentration at pH 2.6 
contributed to the high conductivity.  The initial solution 
ionic strength was relatively low  as reflected by a 
conductivity of 0.4–0.45 mS/cm, which is equivalent 
to a KCl concentration of only  ~0.003 M . Addition 
of 0.1 g Ca2+/100 g CaMnt or 0.1 dwb% Ca2+ (dwb 
–dry weight basis) at pH 2.5 caused the pH to increase 
slightly to 2.6 and the negative zeta potential value to 
decrease to –22 mV, representing a 12% reduction. 
The corresponding conductivity was increased by  14% 
but this change was regarded as small for a ’normal’ 
ionic strength-effect study where orders of magnitude 
change in salt concentration are  normally  employed. 
The smaller zeta potential was due to the effect of 
solution-based Ca(H2O)6

2+ shielding the surface charge. 
Between pH 6 and 9 the zeta potential was essentially 
constant and so was the conductivity, 1.12–1.2 mS/cm. 
The positively charged hydrolysis product Ca(OH)+ 

Fig. 1   The ageing behavior of CaMnt gels at various pH and 
solids loading Fig. 2   The zeta potential-pH behavior of STx-1b CaMnt sus-

pensions with and without added CaCl2. The dosage of Ca2+ 
added was 1 dwb% (g Ca2+/100 g CaMnt solids)
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began to form at pH ~6.5 and increased with pH. 
The constant zeta potential suggested its increased 
formation and adsorption being compensated exactly 
by a corresponding increase in the concentration of the 
edge pH-dependent charge sites acquiring more negative 
charges or becoming neutral. The relatively small effect 
of 0.1 dwb% Ca2+ on the zeta potential was due to an 
already high   Ca2+ content existing as interlayer ions in 
the STx-1b. The Ca2+ content of STx-1 was 1.14 wt.%, 
or in terms of CaO, 1.59 wt.%, of the clay according 
to the source clay data. A 7 wt.% bentonite suspension 
in 1 M CaCl2 (112 mS/cm) was reported to display a 
negative zeta potential of –18 mV at pH 7.2 (Au et al., 
2015b), which is another example showing the dominant 
influence of the negative layer charge on the platelet 
surface property. For suspensions with negligible Ca2+ 
present, the effect of Ca2+ on zeta potential at pH above 
6.5 was quite pronounced such as in the case of alumina 
suspensions (Zhu et al., 2016). Ca2+ caused the trend of 
the zeta potential-pH behavior to deviate sharply at this 
pH.

The microstructure of the thixotropic 12.3 wt.% 
CaMnt gel at pH ~5 (Fig.  3) showed irregularly 
shaped, flexible, ~1 μm platelets with a curling fea-
ture, forming an open 3-D network structure. The 
platelets were well separated with most adopting an 
almost vertical orientation. The EDL repulsive force 
between these platelets in the face-face configuration 
was responsible for opening up the structure. Hetero-
geneous charge and van der Waals attraction between 
the face and edge formed the platelet–platelet bonds 
and network junctions. The structure showed pores 

being quite large in diameter and deep. The EDL 
repulsive force must be controlling the development 
of the 3-D structure and driving it towards a mini-
mum free energy state (Du et al., 2018; Leong et al., 
2018). This state was achieved by the platelets under-
going processes of bond breaking, orientating, mov-
ing, and establishing stronger bonds. The strength of 
the structure reflects the free energy state of the gel. 
The stronger the structure, the lower its free energy.

At the higher CaMnt concentration of 19.4 wt.%, 
the suspension also displayed time-dependent 
behavior (Fig.  1) despite its high pH of 8.0. The 

Fig. 3   The microstructure of thixotropic 12.3 wt.% STx-1b 
CaMnt at pH 5.32 and conductivity of 0.97 mS cm–1 aged for 3 
months. This conductivity is equivalent to 0.007 M KCl

Fig. 4   The microstructure of thixotropic 19.4% CaMnt gel at 
pH 8 with conductivity 0.77 mS/cm aged for 3 months imaged 
at different magnifications

791

https://doi.org/10.1007/s42860-021-00170-5 Published online by Cambridge University Press

https://doi.org/10.1007/s42860-021-00170-5


Clays Clay Miner.

1 3
Vol:. (1234567890)

yield stress increased from 5.4 Pa at 1 min ageing 
to 240 Pa after 13 days. This was  an enormous, 
44-fold increase. Its corresponding microstructure 
(Fig. 4a) captured at the same magnification of 12.3 
wt.% gel at pH ~5 showed an open structure with 
a much higher platelet density and smaller pores. 
Many of the platelets were interacting both attrac-
tively and repulsively in a near-vertical orientation 
forming the open structure (Fig.  4a, b). A sche-
matic of the platelet–platelet interactions forming 
the open structure, viewed  from the top is shown 
in Fig. 4c. The pore diameters were relatively small 
but appeared to be deep. The EDL repulsive force 
governed the development of the 3-D structure 
and drove it towards a minimum free energy state 
despite a lower negative charge density of the face, 
a result of partial neutralization by the positively 
charged Ca2+ hydrolysis products. The smaller 
face–face separation distance brought the platelets 
to within the operational range of the weakened 
EDL repulsive force.

The microstructure of an even more concentrated 
CaMnt suspension at 25 wt.% solids in Fig. 5a and at 
a higher magnification in Fig. 5b showed a relatively 
large concentration of interacting platelets adopting 
a flat-lying configuration. The solids volume fraction 
was only 0.12. Some of the pores or void spaces are 
highlighted by red crosses (Fig. 5b). Each platelet in 
the structure has more neighbors within the opera-
tional range of their repulsive and attractive forces. 
The configuration adopted is, thus, the result of the 
complex interactions of these forces with all their 
nearest neighbors. At high platelet concentration, 
adopting a vertical orientation was, thus, not pos-
sible for many platelets. This suspension displayed 
a yield stress of 56.3 Pa. Its pH and conductivity of 
8 and 0.87 mS/cm were similar to that obtained for 
the 19.4 wt.% suspension. A few compact agglomer-
ates can also be seen clearly in Fig.  5b. In contrast 
to the NaMnt platelets in Fig. 5c, the CaMnt platelets 
appeared to be thicker and more rigid. These CaMnt 
platelets were likely to be a few layers thick.

Despite the low solids volume fraction of 0.12, the 
high density of irregularly-shaped platelets, mostly ~1 
μm in size (Fig. 5 and b), was due to platelets inter-
acting at different depth levels being projected onto 
the 2-D image. The many flat-lying platelets inter-
acted with others in all configurations, lying in flat 
and upright vertical positions at all angles, to form 

the 3-D structure. Curly and irregularly shaped edges 
enhanced the opportunity to form bonds and network 
junctions. Most pores were obscured by platelets 
lying flat but some of the observable deep ones are 
highlighted by red crosses in Fig. 5b.

In contrast, the microstructure of 4 wt.% NaMnt 
gel (Fig. 5c) showed thinner and more flexible plate-
lets. These platelets were a single layer thick (Lagaly, 

Fig. 5   The microstructure of 25 wt.% STx-1b CaMnt suspen-
sion imaged at a magnification of a 20 kX and b 50 kX, and c 
the microstructure of 4 wt.% NaMnt (SWy-2) at 80 kX
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2006). The strong face–face EDL repulsion, edge-
face attraction, and high platelet concentration form-
ing the network structure were responsible for the 
high yield stress and the pronounced time-dependent 
behavior displayed by the gel at   a few weight per-
cent solids  (Leong et al., 2018). It is thus not possi-
ble to  produce a homogeneous, handleable NaMnt 
suspension at 25 wt.% solids as the yield stress will 
be infinite. In contrast, the layered CaMnt platelets 
with their reduced negative charge density caused by 
adsorbed Ca2+ hydrolysis products required a much 
higher concentration to   display appreciable yield 
stress and time-dependent behavior.

Kaolin particles in suspension also displayed weak 
face–face repulsion. The 38.5 wt.% KGa-2 kaolin sus-
pension at pH 5.2 with a conductivity of 2.03 mS/cm 
(Fig.  6) did not display any time-dependent behav-
ior after 1 day of ageing. The yield stress remained 
unchanged, 212 and 210 Pa at 3 min and 23 h of age-
ing. The microstructure and particle morphology of 
the KGa-2 suspension were very different from that 
found in the CaMnt gel. These differences in time-
dependent, particle and microstructure properties 
were used to validate the theory on the mechanism or 
cause of immediate or undelayed thixotropy (Leong 
et al., 2018, 2021).

The microstructure of a 26.5 wt.% or 12.2 vol.% 
kaolin suspension at pH 4.9 with a yield stress of 78 
Pa (Fig. 7a and b) was formed by bulky, multilayered, 
irregularly shaped clay particles. The edges were jag-
ged with platelets of various sizes bonded together 

in layers to form the particles. This increased the 
edge area relative to the face area compared to that 
of a single unattached platelet. The edge charge sites 
will also be high. For many of these particles, a few 
small bonded platelets formed the outermost face 
(red arrows in Fig. 7b). These particles with a small 
outer face area are not conducive to producing strong 
face–face repulsion. The kaolin has a small (positive) 
layer charge, 0.16 e per formula unit, located in the 
alumina octahedral sheet. The EDL repulsive interac-
tion for all kaolin particles in the network is unlikely 
to be strong. An essential condition for time-depend-
ent behavior is, therefore, not met.

Many studies  have examined the time-depend-
ent properties of clay gels between different   shear-
dependent equilibrium states. One study employed 
a stepdown constant-stress approach in which the 
gel was sheared at a high constant stress until a 
constant shear rate was attained and then stepped 
down abruptly to a lower stress and the shear rate was 
monitored continuously (Coussot et al., 2002, 2006). 

Fig. 6   Ageing behavior of high-defect KGa-2 kaolin suspen-
sion showing the absence of time-dependent behavior

Fig. 7   The microstructure of high-defect 26.5 wt.% KGa-2 
kaolinite suspension imaged at a 30 kX and b 20 kX
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After stepdown, the shear rate decreased as the struc-
ture recovered to the equilibrium state of the applied 
constant stress. Sometimes the flow stopped, i.e. the 
shear rate decreased to zero. This occurred when the 
recovered structure had a yield stress greater than the 
applied shear stress. A similar approach can be used 
to determine whether a suspension is time dependent. 
This was the stepdown constant shear rate approach 
with the shear stress being monitored as a function 
of time (Leong et  al., 2021). The gel was subjected 
to a high constant shear rate until the equilibrium 
state was reached which was reflected by a constant 
shear stress response. After that the shear rate stepped 
down abruptly to a lower value. The high shear equi-
librium structure will reorganize upon stepdown to 
produce a stronger equilibrium structure associated 
with the low shear rate. This process takes time and 
was reflected by an increasing shear stress commenc-
ing immediately upon stepdown. In the present study, 
the gel was sheared at a constant rate of 1000 s–1 to an 
equilibrium state and then stepped down   to a lower 
rate of 10 s–1. A 1° cone-plate viscometer was used so 
that everywhere in the gel in the gap experienced the 
same shear rate.

The stepdown shear-rate results for 19.4 wt.% 
CaMnt and 38.5 wt.% kaolin suspensions (Fig.  8) 
showed very different behaviors. The shear stress 
of the 19.4 wt% CaMnt gel displayed immedi-
ate increase upon stepdown to 10 s-1. It was still 
increasing after 3 min of shearing. This is a reflec-
tion of the slow kinetics of the structural reorgani-
zation process. At 1000 s–1, the equilibrium state 

comprised of many platelets aligned in the shear 
flow direction. The abrupt decrease in shear rate 
caused the structure to reorganize to the new equi-
librium state. Platelet–platelet repulsion drives this 
reorganization. The immediate and sustained shear 
stress increase after stepdown showed that the 
CaMnt gel is very time-dependent. In contrast, the 
38.5 wt.% kaolin suspension displayed no imme-
diate increase in the shear stress after stepdown. 
Attractive force between the kaolin particles gov-
erned the structure formed.

However, both CaMnt and kaolin suspensions dis-
played a decreasing shear stress or viscosity with time 
at 1000 s–1 . The decrease was pronounced for the 
CaMnt gel and small for the kaolin suspension. By 
definition, both of  these suspensions are thixotropic 
(Guven, 1992), but the kaolin suspension was so 
weakly thixotropic that the structural recovery mode 
was not observed over the time span of the experi-
ments. Upon stepdown to 10 s–1, the CaMnt gel dis-
played immediate rheopectic behavior, an increasing 
shear stress or viscosity with time. All thixotropic 
suspensions displayed rheopectic behavior upon step-
down in shear. The gel needed to develop a stronger 
structure at low shear rate so that it was able to dis-
play thixotropic behavior upon shearing at a higher 
rate. The kaolin suspension just needed a longer time 
for the stress to grow to a significant value at the low 
shear rate. The weak EDL repulsion is the cause.

Conclusions

At a concentration of ~12 wt.% solids, an STx-1b 
CaMnt suspension at its natural pH of ~8 and con-
ductivity did not display time-dependent behav-
ior for days. At pH 5, the suspension immediately 
became  time dependent. The face–face repulsion 
was enhanced as a result of an increase in the neg-
ative charge density of the face. The positively 
charged Ca2+ hydrolysis product  adsorbed was 
eliminated from the platelet face at pH 5. It became 
fully hydrated and displaced to the solution. At 
higher solids loadings, time-dependent behavior was 
observed at pH 8 despite the lower charge density 
of the face. The increased proximity of the interact-
ing platelets allowed strong face–face EDL repul-
sion to operate and reorganize the structure. The 

Fig. 8   A stepdown shear-rate method for determining whether 
a suspension or gel is time-dependent
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particle morphology, low permanent layer charge, and 
the microstructure explained the time-independent 
behavior of KGa-2 kaolin suspension. The need for a 
strong EDL face–face repulsion for immediate thixo-
tropic behavior of a 3-D gel network was further vali-
dated by the kaolin suspension results.
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