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Studies on Thixotropy. II.*1) On the Thixotropic Gel Structure 

of Bentonite 
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 There are two kinds of structure which are 

currently taken as a model for thixotropic gel 

of bentonite. One of them is the structure in 

which dispersed plate-like particles are linked 

together at a short distance to build up a network. 

The other 2'3 is the structure in which particles 

are regularly oriented to each other at a consider-

able distance. According to the latter structure, 

however, it was difficult to explain the process 

of thixotropic gel formation which proceeds in 

two steps as described in the previous papery.

By making light-scattering, birefringence and 

viscoelastic studies on mono-disperse sol of 

Wyoming Bentonite, M'Ewen et al.4) have 

suggested that particles are oriented edge-to-

edge in the form of flat ribbons. Olphens) has 

also concluded from the results obtained by 

the study of the surface conductance of bentonite 

suspension that particles are linked with each 

other at a short distance. These results show 

that the former structure, e. g. " house of cards," 

structure") in which the particles are linked at

TABLE 1. RELATIONS BETWEEN RHEOLOGICAL PROPERTIES AND CONCENTRATION

J1∞:max. yield value;τB:Bingham yield stress;μ:modulus of elasticity;s∞:max.

gel strngth:/11∞ and A2∞:max. yield valuo for the first and thc second step of gel for-

mation, respectively;C:concentration;Cm:aconstant.
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a short distance, is favored. Therefore, in this 

report, discussions will be carried out on this 

structure on the basis of the rheological data. 

Discussion and Proposal of Gel Structure 

 In Table I are collected the relations between 

the rheological properties and the concentra-

tion of thixotropic gel of bentonite presented 

by different investigators, and those derived by 

the present author using the data obtained by 

other authors. Furthermore, from the experi-

mental data provided by Peter et al.8 the rela-

Lions between shearing stress (τ) and concen-

tration (C) at a fixed rate of shear (q) are

derived and given in Table II. 'The relation

between τ and C is also dependent on C.

Referring to the study of Enneking11), in which

he discussed experimental conditions similar to

Peter's, in the range where the values of r in

Table II are proportional to C6, the flow may 
be induced not in the whole but in a localized 
part of the gel. Therefore, it may be said that 
in the flowing part, the actual value of q is 
higher than those listed. Consequently, this 
high q is to be suddenly induced to the set 
gel. It may further be reasonable to assume 
that the experimental conditions, under which 
some of the measurements for Table I were 
carried out, must be essentially similar to those
above stated.Therefore, μ and S,。。 can be

proportional to C6.

TABLE II. RELATIONS BETWEEN 7[ SHEARING

STRESS AND C (CONCENTRATION) AT FIXED 

q (RATE OF SHEAR) VALUES, DERIVED FROM 
 THE DATA OF PETER ET AL.e)

Geisenheim Bentonite in Water

Algeria Bentonite in water

 Tables I and II show that the relations 
between rheological properties (in the following, 
represented by "strength") and concentration 
are dependent on the condition of measure-
ment, so that it may be expected that the par-
ticles constituting the gel do not orientate so 
regularly as ions in crystal lattice but link 
with each other at random to build up the gel 
structure. This leads to the conclusion that, in 
the gel, several kinds of agglomerated particle 
groups can coexist. It may also be expected 
that under a certain experimental condition, 
the gel strength is determined by a particular 
particle group in the gel. Namely, if the 
observed gel strength is proportional to C' 
where p is a positive integer, there exists a 
particular particle group which performs the 
role of structural unit. And in this case, 
provided that the contribution to the gel 
strength is equal in each particle group of the 
same kind, it may be concluded that the num-
ber of the particle group per unit volume of 
the gel varies as Cp. In other words, the pro-
bability of the existence of this particle group 
is proportional to Cp. In the following dis-
cussion, a particle group such as stated above 
will be named structural unit-Cp (abbr. S. U: 
Cp). If many kinds of particle groups which 
act as S. U: Cp, exist in the system, the gel 
strength may be determined by one of them, 
or by a set of particle groups which make 
equal contribution to the gel strength in co-
operation with each other. 
 Since the form of bentonite particle is plate-

like, the association between particles may be 
classified into three types based on the steric 
condition of the junction point as described in 
the previous papery. In the first type, two 
particles are linked with each other at one 
point (P-1 association); while, in the second, 
particles are linked at two or more points 
belonging to one straight line (P-2 association) 
and, in the third, particles are linked at three 
or more points belonging to one plane (P-3 
association). Also the number of junction 
points in unit volume in which two adjacent 
particles are linked with P-1, P-2 or P-3 associ-
ation is proportional to C, C2 or C3, respectively. 

 In the first place, it is assumed that, in the 
gel structure, all particles are linked to each 
other with P-1 association. In this case, con-
sideration is made based on the experimental 
results with Yamagata Bentonite reported in the 
previous papery. This sample shows the maxi-
mum yield value proportional to C2, or C 
according to the first or the second gelation 
process, respectively. Therefore, it is concluded 
that S. U. C2 contributes to the gel strength in 
the first step and S. U.-C in the second. Fur-
thermore, from the results discussed in the11) H. Enneking, Rheologica Acta, 1, 234 (1958).
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previous paper1), it has been ascertained that 
the particle group which acts as a structural 
unit in the first step does not disappear, but 
its contribution to the yield value diminishes 
in the second step under the experimental 
method employed. Considering the process of 
gel formation, the structure developed in the 
second step is doubtless more rigid than that 
of the first. S. U.-CZ in the first step, is the 
cross-linkage in which two linear ribbons are 
linked to the hypothetical fixed particle which 
behaves as if it were restricted at a fixed 
position when the cross-linkage acts as struc-
tural unit. Therefore, in the second step, the 
existence of cross-linkage may be expected, of 
which more than two linear ribbons are linked 
to the fixed particle. Namely, there exists the 
S. U.-Cp where P>2 in the second step. Con-
sequently, the structure which satisfies all the 
relations listed in Tables I and II, may be as 
follows. The structure is formed by cross-
linking of the linear ribbons which are formed 
of the aligned particles linked by P-1 associa-
tion. For the cross-linkage, there must coexist 
at least five kinds of cross-linkage in which 
two to six linear ribbons, respectively, are 
linked to the fixed particle. 
 Based on the above consideration on the 

structure, in the case of Yamagata Bentonite, 
the structural unit is S. U.-C, namely, the linear 
ribbons; since the maximum yield value 
developed in the second step (A2-) varies as 
C. The result obtained with Volclay' where
A2∞C2 and also with Braune,s results,A∞∞C2,

may be explained as follows. The structural 
unit is S. U: C2, that is, the cross-linkage formed 
by two linear ribbons linking to the fixed 

particle. 
 Next, it is assumed that all particles in 
structure are linked by P-2 association. In this 
case, the consideration must be made based on 
the results obtained with Volclay in the previous 

paper1). By treatment similar to that described 
above in completely set gel, there must exist 
S. U: C6 besides S. U.-C2 and S. U: C4. S. U: C2 
is the linear ribbons which are formed by the 
aligned particles linked by P-2 association. 
S. U: C4 or S. U: C6 is the cross-linkage in

which two or three linear ribbons, respectively, 
link to the fixed particle. Using this model of 
structure, it is possible to explain all the ex-
perimental results listed in Tables I and II 
except that of Yamagata Bentonite. However, 
as to the S. U. C6 it is not enough to consider 
such a simple model as that mentioned above, 
it must satisfy the following requirements. 

(1) Among the strengths of bentonite get, 
measured by various methods, the one propor-
tional to C6 has the largest value of p. There-
fore, the particle group which acts as S.U.-C6-
must be the one which plays the part of con-
stituting a rigid gel structure. 

 (2) Packter103 has suggested that the rate: 
of gel formation varies as C6 in the case where
the maximum gel strength S∞ is proportional to

C6 as shown in Table I. To satisfy this fact, 
S. U.-C6 must be the cross-linkage formed in 
the process where six adjacent particles which 
participate in the formation of separate linear 
ribbons, orientate to the fixed particle. 

Considering the above requirements, the cross-
linkage which acts as S. U.-C6 will be as follows-
 The fixed particle is linked to three linear 

ribbons composed of a certain number of par-
ticles, of which each one nearest to the fixed 
particle must be further linked to another 
different linear ribbon. The particle group 
formed in such a way as stated above is an 
overlapping assembly of the four particle groups, 
each of which is expected to act as S. U: C6. 
 Considering such a particle group, it is safely 

assumed that such a cross-linkage plays an 
important role in the rigid gel structure which 
satisfies requirement 1, and the rate of forma-
tion of the cross-linkage varies as C6 and 
requirement 2 is also fulfiled. 

 In the above consideration, only the case of 
P-2 association is treated. However, provided 
that similar structural conditions exist in the 
case of P-1 association, it may be expected that 
a rigid gel structure is built up from the three 
kinds of particle groups which will be able to 
act as S. U: C, S. U: CZ and S. U: C3, respectively.. 
 Now, it is assumed that four states of particle: 
agglomerate will appear in the course of 
thixotropic gel-sol-gel transformation. Possible

TABLE III. STRUCTURAL UNITS WHICH EXIST IN FOUR RHEOLOGICAL STATES OF 

 THIXOTROPIC GEL-SOL-GEL TRANSFORMATION
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S. U.-Cp which may contribute to the strength 
at eeach state is collected in Table III. In the 
state where two or more structural units exist, 
the strength is determined by one of them, 
depending on the experimental condition. S. U: 
C in type I structure and S. U. C2 in type II 
are listed on both gel and sol states. These 
are the linear ribbons which participate in the 
structure in the gel state and are free in the 
sol state. 

As described in the previous paper'), during 
the first step of the thixotropic gel formation, 
-the increase of the yield value of the gel in 

the loose gel state with setting time was 
measured and during the second step that of the 

gel in the rigid gel state was measured. In the 
case of the second step, experiments have been 
made to measure the yield value corresponding 
to the stress necessary to induce a fixed elastic 
deformation to the gel in which linear ribbons 
act as the structural unit. This deformation 
may be classified as a complete, recoverable, 
non-ideal one"). Therefore, the gel at this step 
shows retarded elasticity. Accordingly, if the 
deformation within the elastic limit has been 
induced gradually to the gel in rigid gel state 
of type II, its strength varies as C2 since the 
linear ribbons act as the structural unit. On 
the contrary, when the deformation has been 
induced to the gel under the condition where 
the stress is suddenly applied to the system 
accompanying a fairly high rate of shear, the 
linear ribbons may not respond to this defor-
mation, and as a result they come to play no 
role as the structural unit. The cross-linkage 
then comes to act as the structural unit so 
that the strength of the gel varies as C6. 

When experiments are carried out to obtain a 
flow curve, the rate of shear induced to the 
system is gradually increased and the stress cor-
responding to a given rate of shear is estimated. 
In this case, the observations are made on the 
variation of the state, starting from the rigid 

gel state and ending at the sol state II, listed in 
Table III. In the course of this experiment, a 
breakdown of the cross-linkage will occur at 
the initial stage and will be followed by the 
disintegration of the linear ribbons into individual 
particles at a later stage. Therefore, the results 
derived from the curve reported by Peter et al. 
or Olphen as shown in Tables I and II are 
explained as follows. 

In these experiments, it may be expected that 
these systems take a structure of type II shown 
in Table III. From the results given in Table 
II, the relations between the stress and the con-
centration at a fixed rate of shear are dependent

on the concentration of the system. Similar 

dependence on the above is also observed with 

the relation between the Bingham yield stress 

and the concentration as shown in Table I. It 

was observed in the previous experiment') that

both the ratio of/12。 。 to/11凶and the difference

between the values of Azm and A,m are larger

in the case of the lower concentration. There-
fore, it may be expected that in the gel which 
is in the rigid gel state, the ratio of the number 
of S. U.-C2 to that of S. U.-C4 or S. U.-C6 of 
low concentration is larger than that of high 
concentration. Hence, at low concentrations, 
even the gel standing for a long period has a 
structure of either a loose gel state or a state 
not strictly distinguishable from sol state I. 
According to the above consideration, the 
relations listed in Table II may be elucidated 
with the concept given in Table III. The Bin-
gham yield stress (rB) is obtained from the 
intersection of the extraporated straight line 
with the stress axis so that the relation between 
rB and concentration is determined by the kind 
of structural unit in the range in which a linear 
relationship between the rates of shear and 
stress is obtained. 
 There has been no information regarding the 

condition under which the particles take either 
the structure of type I or II. However, it may 
be assumed that if the dispersed bentonite 
particles are in the form of unit layer, they 
will constitute a structure of type I, and if the 
dispersed particles are composed of stacking of 
several unit layers, a structure of type II will 
be formed. 
 P-1 association may be represented typically 

by the edge-to-edge linkage and P-2 association 
by the edge-to-surface linkage. 
 Packter10) has reported that the maximum 

gel strength is proportional to C3 in non-hetero-
coagulated system where polyanion is added 
to the bentonite suspension. The results can 
be clearly explained by the assumption that 
the particles in the structure are linked by P-3 
association. However, the gel structure which 
is formed by the particles linked by P-3 as-
sociation is a very compact one compared with 
those listed in Table III and it is inadequate 
to accept this structure as that of thixotropic 
gel.

Summary 

(1) Discussions are carried out on the 
structure of the thixotropic gel of bentonite on 
the basis of the relation between the gel strength 
and the concentration, and the steric conditions 
of the junction point between two particles 
participating in structure. 

 (2) The gel strength is determined by the

12) J. M. Burgers and G. W. Scott Blair, "Report on 
the Principles of Rheological Nomenclature", North-
Holland Publishing Co., Amsterdam (1949), p. 49.
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particular group of particles in the structure 
which acts as the structural unit. 

(3) The particle group which plays the part of 
the structural unit is not limited to one kind but 
more than one may coexist in a system. The 
gel strength is determined by one kind of the 
particle groups according to the experimental 
method used. 

(4) The structure of the thixotropic gel of "bentonite is classified into two types according 
to the mode of association between particles. 
One of them is the structure in which linear 
ribbons, which act as structural units, are formed

by the aligned particles linking each other at 
one point. The other is the structure in which 
linear ribbons are formed by the particles linking 
at two or-more points on one straight line. 
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