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Abstract The rheological properties of aqueous suspensions of Black Hills bentonite were measured 

"by using a Couette-type viscometer. Three kinds of flow units in aqueous bentonite suspension were 

■postulated. Each has a different average relaxation time, one Newtonian and the other two non- 

INewtonian. One of the non-Newtonian types is thixotropic, and the other is non-thixotropic. 

The thixotropic non-Newtonian unit is transformed to a Newtonian unit by shear stress. If the 

•stress is relieved, the transformed unit returns to its original state. Two flow equations were 

•derived by introducing chemical kinetics consideration for such a transition into the generalized 

theory of viscous flow. One equation describes the Kupcurve,w a diagram of rate of shear versus 

«hear stress, obtained by increasing the rate of shear, and the other relates to the “downcurve'' 

—293 —
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obtained by decreasing the shear rate, The equations satisfactorily describe the experimental 

thixotropic hysteresis of bentonite suspensions. The equations also were successfully applied to the 

flow curves of the suspensions containing various amounts of monovalent electrolyte (KC1).

Introduction

It is well known that thixotropy preferentially 

occurs in sols or suspension containing plate - 

shaped or rod-shaped particles such as ferric 

oxide, vanadium pentoxide and many clay 

minerals. The montniorillonites to which the 

bentonite clay belongs have a layer structure 

composed of extremely small platelets,1-3 and 

their aqueous suspension exhibits pronounced 

thixotropic properties. Thus the thixotropy of 

bentonite suspension has been a frequent subject 

of experimental investigations：-】。These studies, 

however, are mostly phenomenological, the 

relationship between structure in suspension and 

flow behavior is not clearly understood. In the 

present study, an attempt has been made to 

illucidate thixotropy from the view point of 

chemical kinetics. Thixotropy here is defined as 

the phenomenon having the following charac

teristics: (1) It accompanies an isothermal struc

tural change which is brought about by dis- 

turbing a system mechanically; (2) When the 

disturbance is ceased, the system recovers its 

original structure; (3) The flow curve (shear 

rate versus shear stress) of the system has a 

hysteresis loop. The experimentally determined 

hysteresis loops were described by an equation 

which is a modified form of the theory of thixo- 

tropy advanced by Hahn, Ree and Eyring, na 

and Utsugi, Iwasawa and Ree.llfr

Experimental

The bentonite studied was Black Hills mont

morillonite furnished by the International Min

erals and Chemical Corporation through the 

Brumley Donaldson Company, Los Angeles, 

California. The chemical ccmpositicn was: 

silica, 64. 72 %; alumina, 20.82%; iron oxide, 

3.44%; titanium oxide, 0.14%; lime, 0. 49%; 

magnesia, 2.38%; and alkalis, 2. 92 이6.

Various methods of mixing the bentonite 

with distilled water were tested. In order to 

prepare suspensions yielding reproducible How 

data, a Cenco stirrer with a paddle constant 

shape was used throughout the experiment. 

Three hours of mixing at 635 rpm gave a 

satisfactorily uniform suspension.

The suspensions containing various amounts 

of salt were prepared by the following proce

dure: a desired amount of bentonite suspension 

was mixed with a measured amount of 0.1 N 

potassium chloride solution, and the final 

electrolyte concentration was adjusted by adding 

distilled water.

The apparatus used in measuring the How- 

curves was a Couette-type rotational viscometer 

which is similar to the Green-Weltman visco

meter. i%i3a The main features of the viscometer 

were reported elsewhere.13i> The number of 

revolutions of the cup per second was controlled 

by a variable speed transmission which gave a 

uniform variation of shear rate from zero up to- 

4500 sec^1 by a proper selection of gear and 

cylinder sets. All the measurements were done- 

with a cylinder set having a ratio QRb/RJ of 

0. 855, where R, and Rc are radii of the bobbin 

and the cup. A constant-temperature water

bath with a precision micro-set differential 

thermoregulator controlled temperature on the 

cup surface to within about 0. 2°C.

Experimental Results

Figure 1 represents a typical flow curve (shear

Journal of the Korea?! Chemical Society
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Fig. 1. Flow curves of 10 wt. % aqueous bentonite 

suspension.

rate s versus shear stress f ) of aqueous suspen

sion of bentonite. The sample contained in 

the viscometer cup was rested for 6 hours prior 

to the measurement. The upward arrow indicates 

the “upcurve" obtained by increasing the rate 

of shear from zero to the maximum shear rate 

and the downward arrow indicates the etdov/n- 

curve" obtained while the rate of shear was 

decreased from the maximum to zero. The smaller 

hysteresis loop appearing inside the larger one 

is a reproducible curve which was obtained by 

a repeated cyclic deformation. The size of the 

hysteresis loop obtained from the initial cyclic 

deformation was markedly dependent on the 

rest period of the sample, i. e., the longer the 

rest period, the larger was the hysteresis loop. 

The size of the reproducible loop, however, 

was independent of the resting time.

The full curve in Fig. 2 is a reproducible 

hysteresis loop of 10. 5 wt. % suspension. The 

following experiment was conducted with the 

sample: At a point labelled W on the down

curve, the shear rate was increased and the

Vol. 15, No. 6, 1971
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I'ig. 2. Scanning curves for the suspension of 10. 5, 

wt. % bentonite.
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Fig. 3. Hysteresis loops of 9.0 wt. % bentonite 

suspension containing various amounts of 

KC1.

upcurve was obtained. The upcurve thus obtained 

retracted the downcurve. After the upcurve 

reached the apex, the shear rate was imme

diately decreased to m섡ke the downcurve. 

This procedure produced the downcurve coin

ciding with the original downcurve, i. e., the 
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scanning up and down curve yielded no hyster

esis loop. Similar experiments were performed 

at points "矿 and "c", but no appreciable 

hysteresis was observed. Further scanning 

experiments made in order at points 由 e, and 

f, however, produced hysteresis loops. Further

more, the lower the point at which the scan

ning upcurve was made the larger was the loop. 

It is seen that the loop originated from the 

scanning point f, is significantly larger than 

that originated from point d (see Fig. 2). The 

scanning up and down curve from the point g 

almost reproduced the original loop (full curve). 

The scanning downcurve was independent of 

the scanning points from which the scanning 

upcurves were obtained. Each scanning curve 

was brought clear down to the zero shear rate, 

after which the upcruve was immediately deter

mined each time before reaching the ^scanning 

points55 a to g.

Fig, 3 represents the variation with electrolyte 

concentration of the reproducible hysteresis 

loop for 9. 0 wt. per cent bentonite suspension 

containing potassium chloride. The concentration 

of KC1 ranged from zero to 2. 0 meq. /100 ml. 

It is shown that the increase in electrolyte 

concentration shifts the flow curve to the 

higher stress region. Furthermore, the hysteresis 

loop became larger as the electrolyte concen

tration increased.

Analyses and Discussion

The Generalized Equation of Viscous Flow 

A non-Newtonian system is composed of flow 

units of different relaxation times in the 

generalized theory of viscous flow.14 The 

viscosity 7), defined as f/s Qf is the shear stress 

and s the rate of shear) is expressed by the 

following equation,

刃 =方二쓰&一 蔔사「园
…—養一 # 

where /3n is a quantity proportional to the relax

ation time of the nth type flow unit, Xn is the 

fraction of area occupied by the nth type flow 

units on a shear surface and an is a parameter, 

the reciprocal of which is proportional to the 

shear modulus of type n unit. The parameters 

and an have the following relations:

"次： ⑵
and 

where 人 and x3 are the molecular di

mensions, 14 and kf is the specific rate constant, 

k the B시tzman constant, and T the absolute 

temperature. For briefness, and l/an are 

called here the intrinsic relaxation time and the 

intrinsic shear modulus of type n unit (?z—I, 

2, 3…)，respectively.

Flow Eqnation for Bentonite Suspension It 

is reasonable to suggest four different particle 

arrangements in a suspension of platelike clay

particles. The arrangements are edge-to-edge, 

face-to-face, edge-to-face associations and one in 

which the particles are arranged in more or less 

parallel fashion without having any contact 

between the particles. Sodium bentonite swells 

in the presence of water, and the plate-like 

particles separate into individual layers or into 

stacks of several layers,3*15，16 This swelling and 

subsequent separation of platelets could form an 

extensive "card-house" structure through the 

arrangements of platelike particles mentioned 

above.

Bentonite particles have two crystallographical

ly different surfaces that carry different charges; 

the surfaces are ne응atively charged and the 

ed응es carry positive chaises.17 Thus, the 

edge-to-face interaction is a preferred form of 

interaction leading to the scaffolding of the 

Journal of the Korean Chemical Society
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card-house structure. Edge-to-edge interaction 

yields a much weaker structure than the edge- 

to-face interaction since the former involves the 

similar surface charges on the edges.

Bates3 observed that the sheets approa사lin용 a 
thickness of one or two unit layers (10 to 30A) 

are to be common for Wyoming bentonite dis

persed in water. The face area of bentonite 

flakes are estimated to be in the order of 10 to 

100 times the thickness of the flakes.2

二N二乙二Nj平二二平祥二三 

二N二N二n!/n二』丑力二三
<1> (2) (3)

Fig. 4. Flow units for bentonite suspension.

The following analysis assumes three types of 

flow units, illustrated in Fig, 4, in bentonite 

suspension. In the first type, flakes of bentonite 

flow past each other, lubricated by the suspend

ing fluid. In type 2 and 3, the two parallel 

flakes are bonded together by one and two 

flakes, respectively, through the face-to-edge 

interaction. The units of type 1 flow easily. 

The type 2 units, under the influence of shear 

stress, transform readily to type 1 units. The 

flow units of type 3 are not readily destroyed, 

but when they do, recover the original structure 

rapidly so that their concentration is unaffected 

by the rate of flow. In addition to the three 

types, many other types of units differing in 

shape as well as in the values of a and 糸 

from those represented in Fig. 4 are possible. 

These units, however, may be regarded as 

variations of the three types discussed. For 

example, a flow unit where the bentonite flakes 

are linked by edge-to-edge interactions may be 

classified to 놔le type 2 unit. As mentioned 

previously, all these types of flow units contrib

ute to the scaffolding structure of bentonite 

suspension.

Let f19 f2 and /3 be the stresses acting on 

type 1, 2, and 3 units, respectively. The quan

tities, Xni and l/an (w=l. 2, 3) have 

already been defined. As previously mentioned, 

even in a given type of flow units, there are 

several variations; thus, the values of an,偽 and 

Xn (n=l, 2, 3) may be considered as the aver- 

ages for each type of flow units. This kind of 

consideration is justified by the fact that ben

tonite suspensions are a polydispersed system. 18>19"

The following relations hold:

X]+X2+X3=l (4)

and

日 느&仏 (5)

where f is the total shear stress. By introducing 

Eqs. (4) and(5)into (1), one obtains the flow

equation for the bentonite suspension as follows:

h &髙 + X血 sinhf霸 + X3&3 药나「毕：值
<0 相 (X3 际

§ H一~소-s \霧 4- --^-sinh-携$

(6)

(7)

where type 1 is assumed to be Newtonian,14 According to the theory of rate processes,14,20 

the rate of transition from type 2 to type 1 

Transition Between Type 2 and 1 Units units is given by;

—츠^=X*  exp(国/2"1) - 茶扇exp( - 蚀/2M) (8)

Vol. 15, No. 6, 1971
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Reaction Coordinate

Fig. 5. Free energy diagram for the transition of 

type 2 flow unit to type 1 unit.

can be expressed as

(9)

where s is the shear, and G is the elasticity 

constant. Since shear continues until one flake 

of type 2 unit breaks away from its counter

part in the neighboring layer, the upper limit 

of the integration will be s=s/kf.11 Thus,

The rate constants kf and kb are for the forward 

and backward reactions, of type 2 二 type 1, 

when no stress acts on the system; w is the 

work done by the stress on type 2 unit, the 

activation free energy for forward reaction■产 

decreases by w while UFj후 for the reverse 

reaction increases by the same amount of work 

(Fig. 5). The work w stored as elastic energy Eq. (12)can be rewritten as;

w~Gs2/2kf2—2cs^

where

(10)

c—G/4^y2

Substituting Eq. (10) into (8) yields

(11)

—쓰「=乂2知 exp(c$2/% T)

—X& exp(—c§2/%T) C12)

Since the total sum of and X2 is 

i. e.,

X1+X2=C‘

constant,

(13)

皂읏 =京如 exN削kTA*  expC-cU/W^expC—c^T) (14)

where

Using the experimental relation between s and 

time t,

*=pt、 (15)

(where p is a constant) the solution of Eq. 14 

is found:

X2=exp[—

(16)

(17a)

(17b)J： exp(-；y호)d.

y^(cs2/kTy=s/To=t/T (17c)

7=(“"应 (17d)

and X2(S) is the quantity of X2 at 5—0.

Equation(14) also applies to the downcurve. 

But in this case, the following relations should 

hold:

歸n—*=pt  (18a)

踞一 (18b)

where sm is the shear rate at the apex, ym is 

the corresponding quantity of y at the apex of 

the cyclic curve, and t is measured starting 

from the apex. The solution of Eq. (14) for the 

Journal of the Korean Chemical Society
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downcurve is then 흥iven by

X2=exp [ — QkfTJ+知？J')] 

and X2<m) is the X2 at 齐=* ” When relation

(13) is introduced into Eq. (7) and rearranged, 

an expression for f is obtained

the upcurve

J y
(19)

y=_C\Si_i+_X3_sinh-i^

where
+ X2 ( C'sinhT,32$ C'^s \

J=j exp(>/2)jy
(20a)

By introducing Eq. (16) into (21)

exp(— (20b) expression is derived:

(20c)

으gj ]exp[一幻M+扇77)]

(21)

exp(—y2)exp(屈扇，了T)d：y +

X⑴ 
2 (22)

Similarly, the equation for the downcurve is obtained by combing Eqs. (21) and (16), i. e., 

c/=-^-i+^sinh-W+(—sinh-1^--^J-i)exp[-(W+W,)]

«3 \ Q'2 ' /Q'2

["f：exp(-yQexp(為了 J + 虹了 ---帯-] (23)

Determination of the Parameters Scanning 

experiments have shown that appreciable recov

ery of the bentonite suspension does not occur 

until the shear rate decreases below 200 sec-1 

in downcurves (Fig. 2). In accord with this 

observation, the followin용 equation is applied 

to the downcurves above §=200 sec. -1,

/*=~£8 」§+二?1点사「¥弑 (24)

where it is assumed that all type 2 units are 

transformed to type 1 units. The values of 

C^i/ai, X3/a3 and % are thus obtained from 

downcurves above 5=200 sec-1. Because of the 

above-mentioned observed fact, the recovery 

term (the reverse reaction) in Eq. (12) is 

neglected above 5=200 sec-1, L e.,

Vol. 15, No. 6, 1971

—아/exp(c§2/矿厂) (25)

The solution of this equation is:

X2=X2^ exp(-W) (26)

Substituting Eq.(26) into Eq. (21) provides 

the following equation for the upcurve above 

j—200 cm-1:

了=$ Pt §+_圣丄 sinhT&*---。그- .

ai ci'3 C

exp(-W)(음-sinh% i―읏？니 <27)

The constant X'；〉/C，was estimated from Eq.

(14) by assuming that X2 is about constant, 
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i. e,, —dX』허；*)  when s is very small. It 

may also be assumed that 加二1아、 The latter 

assumption is made since the recovery reaction 

is very rapid as s approaches zero. Thus, the 

following relation is obtained from Eq. (14):

b/(응+1)

12 (28)

or XC；7CZ~O.5 (29)

Of course, this value is not exact because of 

the assumptions involved in its evaluation, but 

it serves in obtaining a better value of 

which will be mentioned shortly.

The values of Cf /a2 and 伉 were obtained by 

applying Eq. (21) to the region of s(0 to 100 

sec-1) of upcurve assuming X2IC"次？[CJ板 5.

Rearranging Eq. (27) gives

y玉 sinh-椅展 

夢흐折M흐厂四 潔)

Cf \ a2 1 / (30)

The left-hand side of Eq. (30) is calculated at 

a point (f, 5) by using parametric values thus 

far obtained, hence 顷I is calculable. Let 

the values of kffl at point 1 (fi, 击)and point 

2 S,舌2) be (kfxDi and (幻江)2, respectively. 

Then one obtains the following relation: 

(W)i h
(kfyf)2 & (31)

which is a function of (糸/弱).

On the one hand, the numerical values of I 

for different values of of 夕(=§/;/>) were calcu

lated, and tabulated by using a computer. From 

the Table, the two values of and I2 are found 

whose ratio satisfies Eq. (31). Consequently, 

the values of yY and y2 corresponding to the 

two given values of 我 and s2 are found from 

the table. Since 力=击/了卩 and p—36 in our 

experiment, 了 can be calculated.

The value of kf can also be determined from 

the known values of (純〃/)】，and (奶〃)2, since 

the values of I2 and 7 are known. The 

value of kb was obtained by adjusting the values 

of kb in Eq. (22) so that the best fit of the 

upcurve was obtained. When the value of kf 

thus determined was introduced into Eq. (27) 

to deduce the value of X’；/C‘，it was found 

to be 0. 45, which was a little smaller than the 

previously estimated value 0. 5 [Eq. (29)丄

By repeating the above procedure, the best 

values of all the parameters entering into Eqs. 

(22) and (23) will be obtained. We, however, 

did not repeat more than twice since our purpose 

was not to reporduce the flow curves exactly. 

The parametric values are tabulated in Tables 

I and IL

Application of the Flow Equations Eqs. 

(22) and (23) were applied to the upcurve and 

the downcurve, respective!}7, o£ the 10. 5 wt % 

of bentonite suspension. The values for I, Ir,

Fig. 6. Comparison of observed and calculated flow 

curves for 10. 5 wt. % bentonite suspension.

Journal of the Korean Chemical Society
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Table I Parametric values of the thixotropic curve for

10. 5 wt. % bentonite suspension

§3 #2 X3/CX3 C7«2 y kf h

dyne cm-2 sec. sec. sec. dyne cm-2 dyne cm-2 sec. sec. -1 sec. -1

0.23 2.0 0.2 112.5 92.5 10.5 0.120 0. 097

Table II Parametric values of the thixotropic curve for

9. 0 wt. % bentonite suspension containing KC1

KC1 added 

meq/lOOml

C%/g 

dyne cm-2 sec.

X/«3

dyne cm-2

魚

sec. sec.

C7a2 

dyne cm-

T 
~2 sec.

kf
sec. -1

h 

sec. t

0.0 0. 02 58.0 0. 075 0. 01 43.0 17 0.107 0.0865

0.2 0.19 74.0 1.50 0.12 65.0 11.9 0. 084 0. 067

J, J1 as well as for the integrals,

(—：")exp(農〃‘/+知厂

and

J exp( 一：y'2)exp(為n/+扇尸

were found from the Tables prepared.21 In Fig, 

6, the results calculated by using the parametric 

values of Table I are compared with experi

ment; the calculated curves are shown by full 

and dash curves, the latter being the scanning 

tipcurve. One sees reasonable agreement between 

theory and experiment.

Equations (22) and (23) were also applied 

to the flow curves obtained for the electrolyte- 

treated bentonite suspensions. In Fig. 7 are shown 

two cases: one is the electrolyte-free system 

of 9.0 wt % bentonite suspension, and the 

other is the bentonite suspension including 

KC1 (2. 0 meq/100 ml). By using the the para

metric values for the two systems QTable II), the 

calculated curves were obtained, and are shown 

by full-curves in Fig, 7. Reasonable agreement 

between theory and experiment is also seen 

here.

Fig. 7. Comparison of observed and calculated flow 

curves for 9. 0 wt. % bentonite suspensions. 

One system is electrolyte free and the other 

contains electrolyte (2. 0 meq/100 ml KC1).

The Effects of Electr이yte on the Flow 

Parameters When the parametric values {Table 

II) are compared, one finds that all the values, 

except the last three, it e., 7, kf and kb, are

Vol. 15, No. 6, 1971



302 Kisson Park and Taikyue Ree

greater for the electr시yte-treated 

for the original electrolyte free 

larger values of X3/a3 and Cf /a2 

trolyte-treated system 

ing facts: (a) The 

3 units is increased 

suspension due to the 

system 

system, 

for the

than 

The 

elec

may lead to the follow- 

fractional area of type 

in the electrolyte-treated 

flocculation effect of the

electrolyte which yields an increased degree of 

structural formation. Here the intrinsic shear 

modulus of type 3 unit (l/a3) may be consider

ed as constant independent of electrolyte, (b) 

An effect similar to (a) may be considered to 

explain the increase in C for the electrolyte- 

treated system where Cf—Xi+X2. Here it is 

also considered that l/a2 is about independent 

of electrolyte.

The larger values of 金 and 位 for the elec

trolyte-added system indicate that type 3 unit as 

well as type 2 unit flow more readily in the 

original electrolyte free suspension than in the 

electrolyte treated suspension. The increase in 

/33 and 位 in the electolyte-treated system is 

natural, since the attractive forces (van der Waals 

type) acting on these units increase because of the 

effect of electrolyte. The decrease of kf and kb 

for the electrolyte-added system is similarly 

explained.

Next, the values of 了 will be compared; the 

value is smaller for the electrolyte-added system 

than for the original electrolyte free system. 

We obtain

L0 씀 (32)

by introducing Eq. (11) into Eq. (17d). If G 

is considered as constant irrespective of the 

electrolyte, the decrease in 了 will be explained 

by the decrease in kf for the electrolyte added 

system [see Eq. (32)1. In fact the ratio 

17/11.9 is approximately equal to the ratio

107/0. 084 (see Table II) where 

the subscripts o and a indicate the electrolyte- 

free and the electrolyte-added systems. Here we 

have assumed that G (shear modulus) is constant 

independent of electrolyte; based on this fact, 

we previously assumed that the intrinsic shear 

moduli l/a3 and l/a2 are assumed to be constant 

irrespective of the presence of electrolyte.
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Abstract Dependence of the flow behavior of aqueous suspension of Black Hills bentonite on 

the concentration and the type of electrolytes was studied. The flow properties were measured with 

a Couette-type rotation시 viscometer. On addition of monovalent cations, the apparent viscosity 

determined from the reproducible flow curves (shear rate vs. shear stress) decreased followed by a rise 

as the ionic concentration further increased. Addition of multivalent cations (di- and tri-) resulted in 

the viscosity which increased to a maximum then decreased to a constant value. Anions of different 

아larges produced essentially the same relationship between viscosity and electrolyte concentration. 

The flow behavior of the electrolyte-containing suspensions was rationalized in terms of the Derjaguin- 

Landau-Verwey-Overbeek theory of colloidal stability and the generalized theory of viscosity.
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