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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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Introduction

As is true with most clay minerals, the particle 
shapes of montmorillonites to which bentonite 
clay belongs are marke키y asymmetrical. Ben
tonite is drastically different from the other clay 
minerals in that it consists of thin submicro- 
scopic flakes with high area-to-thickness ratio (as 
large as 100) and that it swells extensively in 
the presence of water.京 Consequently, the 
relationship between its colloidal stability and 
flow properties is far more complex than that of 
any other clay suspensions.

Due to the technological importance of ben
tonite, particularly in drilling-fluid applications, 
the peptization and flocculation in relation with 
■rheol。용ical properties of bentonite suspension 
have been extensively investigated. 3»4 However, 
the mechanism in which the electrolytes of 
various ionic charges influence the flow behavior 
of bentonite suspension is not clearly understood.

In the present work, flow properties of the 
moderately concentrated suspension(8-10 wt. %) 
containing electrolytes of various charge types 
were measured. The results are rationalized 
in terms of the repulsive function in the DLVO 
(Derjaguin-Landau-Verwey-Overbeek) theory of 
colloidal stability5 as well as of the generalized 

theory of viscosity. 6

Experiment

Preparation of the Sample The sample 
studied was Black Hills (Wyoming, U. S. A.) 
bentonite provided by the International Minerals 
and Chemical Corporation, Skokie, Illinois, 
through the Brumley-Donaldson Company, Los 
Angeles, California. The chemical composition 
was silica, 64.72%； alumina, 20.82%: iron 
oxide, 3.44%; titanium oxide, 0.14%; lime, 
0.49%； magnesia, 2. 38%; alkalis, 2. 92%.

In order to prepare suspensions yielding re

producible flow data, a Cenco stirrer with a 
paddle of constant shape was used throughout 
the experiment. Three - hours of mixing at 635 
rpm gave a satisfactory suspension.

The suspensions containing various amounts 
of salt were prepared by the following proce
dure: a measured amount of salt solution (0. IN 
KCI, KI and K2SO4) was added to the 
bentonite suspension while it was stirred, then 
the final electrolyte concentration was adjusted 
by adding distilled water.

Apparatus and Procedures The apparatus 
used in measuring flow properties was a Couette 
type rotational viscometer, the details of which 
were given elsewhere.7 A cylinder set having a 
ratio (Rb/Rc) of 0・ 885(R and Rc are the radii 
of the bobbin and the cup) was used. The 
viscometer recorded a continuous flow curve 
(shear rate s vs. shear stress /) in 37 seconds 
with the peak shear rate of 682 sec-1. A Leeds 
and Northrup Speedomax Type G X-Y recorder 
plotted the flow curves by recording the instan
taneous torque from a Statham Model G-l trans
ducer and the instantaneous rotational speed 
from a tachometer.

Experimental Results

Figure 1 represents typical flow curves of 
aqueous bentonite suspensions. The upward 
arrow indicates the e<upcurves,obtained by increas
ing the rate of shear from zero to the maximum 
shear rate*,  and the downward arrow indicates 
a "downcurve" obtained while the shear rate 
was decreased from the maximum to zero. By 
repeating the cyclic d산ormation, the thixotropic 
loop became smaller but soon reached a constant 
reproducible shape (the smaller loop). The re
producible loop became smaller as the concen
tration of the suspension decreased. Thus, below

"Shear rate on the bobbin surface.
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Fig. 1. Typical flow curve of 10 wt. % bentonite 

aqueous suspension.
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Fig. 2. Variation of apparent viscosity with elec
trolyte concentration for 9. 0 wt. % bentonite 
suspension containing chloride salts of dif
ferent cationic charges. All the apparent 
viscosities were obtained at §=682 sec-1, the 
apex s of each reproducible cyclic flow 
curve.
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o 0.5 |.o ao
Cone, electrolyte (mg/ioo끼)

Fig. 3. Variation of apparent viscosity with electro
lyte concentration for 9. 0 wt. % bentonite 
suspension containing potassium salts of var
ious anionic charges. All the apparent viscos
ities were obtained at 5=682 sec-1, the apex 

s of each reproducible cyclic flow curve.

about 8 wt. %, the up and down curves almost 
coincided after repeated cyclic deformation. The 
apparent viscosity rj was expressed by 7)=f/s, 
and obtained by using the reproducible cyclic 
flow curves.

Shown in Fig. 2 are the variations of ap
parent viscosity with electrolyte concentration 
(plotted in a semilogarithmic scale) for the 
9. 0 wt. % suspension. All the apparent viscos - 
ities in Fig 2 were obtained at the apices o£ 
reproducible cyclic flow curves where the apex 
s for each curve was 682 sec-1. Initially the 
apparent viscosity decreased on addition of a 
small amount of sodium chloride, followed by 
a rise when more salt was added; the viscosity 
value appeared to level off as the salt concen
tration was further increased. In contrast with 
the above case the suspension containing multi
valent cations showed the viscosity which in
creased to a maximum, then decreased to a 
limiting value.

Fig. 3 represents the variation of apparent
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viscosity of 9. 0 wt. % suspension with the 
concentrations of the salts containing different 
anionic charges. Here the experimental data 
were obtained by the same procedure as that 
used for obtaining the data in Fig. 2. It is 
seen that KC1, KI and K2SO4 gave essentially 
the same relationship between the apparent 
viscosity and the electrolyte concentration. The 
dotted line is the best averaged curve for the 
KCl-system.

Discussion

DLVO theory A quantitative discussion on 
the interparticle forces of lyophobic colloids is 
offered by the well-known DLVO theory. 5 The 
basic concept of their theory is the existence of 
a repulsion due to the interaction of two electric 
double layers and of the attraction by the Lon- 
don-van der Waals forces. The stability of a 
colloid is explained as arising from the interac
tions of these two forces. Based on the classical 
double layer theory, they deduced the following 
equation for the repulsive potential VR\

T7 8*2 丁电 f e 只、 r、
卩矿=成讴)2 ,萍 exp(-2/r^) (1)

absolute temperature and n ionic concentration 
(n0- of ions/cm3). The reciprocal of 心 or § 
is inversely proportional to the ionic valence and

arbitrary scale.

Fig. 4 is a plot of the repulsive potential VR 
versus 花 on an arbitrary scale〔Eq (1)). One 
sees that VR has a maximum at a certain value 
of k. The attraction potential Va is given by 
the equation,

_즈枣_「丄 + __1____________ 2 [
48 I d?十(0+。)2 (d+〃2)2 J

(3)

in which k and 7 are expressed as follows:

i嘴*球  (2)

and

expOo/2)-l
?-exp(W2)Tl； ya=~kT

Here, 世。surface potential,:丿 valence of ions, 
e electronic charge, € dielectric constant of the 
medium, d half-distance between two plates of 
colloidal particles, k the Boltzman constant, T 

where d is the half-distance between two paral
lel plates; a, the thickness of the plate； q, the 
number of atoms per 1 cm3 of the plate and X 
is a factor involved in the London formula, 
卩=".

The effect of electrolyte on the flow behavior 
of bentonite suspension will be explained later 
in terms of the DLVO theory.

Flow Equation for Bentonite Suspension 
The electric double layer of sodium bentonite, 
e. g., Black Hills type which exhibits a high 
cation exchange capacity, is due to the well 
developed negative surface charge produced by 
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an isomorphous substitution of tetravalent Si+4 
by trivalent Al+3 in the crystalline structure. In 
the stack of unit layers which form a platelike 
particle, the exchangeable cations are located 
on each side of the unit layer; hence, they are 
present not only on the external surfaces of the 
particle but also in between the unit layers. In 
the presence of water, the compensating cations 
on the layer surfaces can be exchanged by other 
cations, and some of the adsorbed compensating 
ions act as the counter ions in the diffuse layer. 
Consequently, the bentonite in contact with 
water swells spontaneously and the volume in
creases to as much as several hundred percent.3 
As it swells, the platelike particles separate into 
individual layers to a large extent making the 
“card-house" structure. The cardhouse structure 
is visualized as a system of parallel plates held 
to응ether by cross-linking faces to edges leading 
to a voluminous scaffolding structure. Crosslink
ing forces associated with the edge-to-face 
bonding are electrostatic attraction between the 
oppositely charged edges and faces as well as van 
der Waals5 attractive force. Though the edge-to- 
edge interaction also contributes to the formation 
of card-house structure, the interaction of this type 
is much weaker than the edge-to-face interaction 
which arises mainly from the dissimilar charges 
on the ed용es and the surfaces.

Lb

(I) (2) (키

Fig. 5. Schematic representation of flow units in 
bentonite suspension.

In a paper8, we assumed that there are three 
kinds of flow units in a shear surface of ben
tonite suspension as depicted in Fig. 5. In 
type 1, two flakes of bentonite flow past each 
other lubricated by the fluid in between. In 

types 2 and 3, the two parallel flakes are 
physically bonded together by one and two 
flakes of bentonite. Furthermore, units of type 
2 break easily forming type 1 units by the 
shear stress. Type 3 units rarely break, and 
when they do, recover quickly so that their 
concentration is unaffected by the rate of flow. 
The scaffolding structure is assumed to be an 
assembly of these three kinds of units.

A non-Newtonian system is considered to be 
composed of flow units of different relaxation 
times in the generalized theory of flow.6 The 
viscosity 〃 defined as f/s is expressed by the fol
lowing equation;

育= ± -S이소 顶놔「1飯 (4)

where /3n is a quantity proportional to the re
laxation time of the nth type flow unit, Xn the 
fraction of the area occupied by the 程th type 

units on a shear surface, and an is a parameter, 
the reciprocal of which is proportional to the 
shear modulus. Here the quantities and l/an 
are defined as the intrinsic relaxation time and 
the intrinsic shear modulus of type n unit, 
respectively.

For the reproducible downcurve, two types of 
flow units of bentonite particles, a Newtonian 
type and a non-Newtonian type, were intro
duced8 to describe the variation of t? with s along 
the downcurves. The equation for bentonite 
suspension is then written as;

t = Xi3 + X3,& si시「甲麗 ()

where, the Newtonian unit corresponds to type 
1 while the non-Newtonian unit is represented 
by type 3. Park and Ree8 described the thixo
tropic hysteresis loop of bentonite suspension by 
considering the transition between type 2 units 
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and type 1 units, and it was assumed that type 
2 units completely transform to type 1 at the 
apices of upcurves under experimental conditions 
which were similar to the present work.

Equation (5) is not accurately applicable to 
the whole range of downcugs, since it was 
found8 that the recovery of the broken type 2 
units occurs appreciably when s <C 200 sec-1. 
Thus, the application of Eq. (5) was limited to 
the downcurve above 5=200 sec'1 treating the 
quantities X(a、and XMcg as constants.*

*The quantity XJ in Eq. (5) is cons너ered to be 
the sum of X】and X? defined previously, and it 
defines the area occupied by all type 1 units including 
the one transformed from type 2 units.

The procedure for finding the parametric val
ues in Eq. (5) was as follows: For a downcurve, 
a plot of r) versus s (>200 sec-1) was first made, 
then the 〃 values were extrapolated to 5=0. 
Since (sinh-1/33s)/^ approaches unity at 5=0, 
the extrapolated value of “ becomes

汉5=0) = 쓰国느 + 苴過一 (6)

250

200

IModu

50

0 I 2 3 4 5 6

Rote of shear, 9x1。"허 (swi디)

Fig. 6. Comparison of observed and calculated ap
parent viscosities for 8. 0 wt. % bentonite 
suspension. The experimental data were 
obtained from the downcurve above §=200 
sec-1 of the reproducible cyclic flow curve.

Table I*  Typical values of flow parameters of 9. 5 wt. 
% bentonite suspension containing various 
amounts of sodium chloride.

*A11 the parametric values were obtained from the- 
downcurves above C=200 sec'1 of the reproducible- 
cyclic flow curves.

Cone. NaCl 
(meq. /100 ml)

(x《")X102
(poise)

X3/a3 _ 
(dyne cm-2)

爲
(sec.)

0. 00 4.0 44. 38 0. 265-
0. 10 3.0 44. 05 0.148
0. 25 4.0 49. 90 0. 304
0. 50 7.0 64.10 0. 466
1.00 8.0 70.79 0. 856
2. 00 10.0 78. 76 1. 50
3. 00 10.0 80. 00 1. 46

The values of 爲 were selected so that the 
plot of 7)versus (sinh"1^ 5)//33 s gave a straight 
line. The value of was found from the
intercept and the value of XJg from the slope 
by using the value of 爲 found.

Fig. 7. Dependence of parametric values of p3 and' 
X3/<x3 on NaCl concentration for 9. 5 wt. % 
bentonite suspension. The parametric values- 
were obtained by analyzing the downcurve 
above §=200 sec'1 of each reproducible cyclic 
flow curve.
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Fig. 8. Dependence of parametric values of 岛 and 
X3/a3 on A1C13 concentration for 9. 0 wt. % 
bentonite suspension. The parametric values 
were obtained by analyzing the downcurve 
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Fig. 9. Ln S3 vs. sodium chloride concentration for 
9. 5 wt. % bentonite suspension.

Fig. 6 represents an example of the plot of 7) 
vs. s for an 8 wt. % suspension where the ex
perimental and calculated data are compared.

Fig. 10. Ln X3/a3 vs. sodium chloride concentration 
for 9- 5 wt. % bentonite suspension.

Cone. N«a ml)

The parametric values appear on the diagram. 
Table I summarizes typical parametric values for 
the 9. 5 wt. 必 suspensions containing various 
amounts of sodium cmoride. The dependence 
of X3/CY3 and 秘 on the electrolyte concentration 
is graphically represented in Figs. 7 and 8. 
The logarithmic values of 倒 and &[(典 are 
plotted against the electrolyte concentration 
in Figs, 9 and 10. Approximately linear rela
tionships between In 岛 and the electrolyte 
concentration appear to exist at the sodium 
chloride concentration from 0.1 up to 1.0 
meq. /100 ml indicating that §3 increases roughly 
in exponential manner with the electrolyte con
centration (Fig. 9). The quantity ln(X3/a3) 
increases first, though not as fast as 紐 then 
seems to attain a constant value (Fig. 10).

Effect of Electroytes on the Rheological 
Behavior The following relation holds at th문 

maximum of a VR vs. k curve5 (Fig. 4):

K = 느 ⑺
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Introducing J=100A into Eq.(7) gives 占=5 乂 

10b cm-1. Here the d value (100 A) represents 

-a shorter range of the typical lengths (100-1000 
A) of a side of a bentonite platelet. 2>2 Notably, 

the minimum for the NaCl containing suspen- 
-sion (Fig. 2) occurs at 0.1 meq. /100 ml(하= 
6. 02 x 1017 ions/cc. ). The minimum appears 
when the VR is a maximum or the net interaction 
■energy is minimum. Using the above value of n、k 

was calculated from Eq. (2) for T=300°X, s= 
80 and v—1, and was found to be 1 x 106 cm-1. 
It is interesting to note that the k value thus 
calculated agrees reasonably well with that esti
mated from Eq. (7). This seems to suggest 
that the point of minimuni viscosity is indeed 
where the repulsive potential is maximum. 
On addition of a small amount of electrolyte, 
Vr increases as one sees from Fig. 4 until 应, 

which is proportional to 静[Eq. (2)丄 reaches 
the value of 니2d at which the maximum of VR 
appears [see Eq. (7)1 Thus, in this region of 
k (0 to 1/2Q), the addition of electrolyte intro
duces the decrease in the net interaction poten- 
tial This should lead to a decrease
in the intrinsic relaxation time & (Fig. 7). 
Similarly, the subsequent increase in 离 is the 
results of decrease in VR or the increase in the 
net interaction potential with further addition of 
the electrolyte.

The quantity % is defined as;

where a and 為 are the molecular dimensions 
entering into the theory of viscosity,6 紀 is the 
rate of jumping of a flow unit, and 力F*  is the 
Gibbs activation free energy for the jumping. 
Let KF。* be the activation free energy when no 
electrolyte is added. The activation free energy 
for an electrolyte-containing system, zJF*  can 

be expressed by

或产=』矽土c Ceiect (9)

where Celect is the electrolyte concentration, and 
cf a constant. Combining Eqs. (8) and (9) gives

/33=^3°exp (土c Ceiect/RT) (10)

where 髙。is the intrinsic relaxation time when 
no electrolyte is added, and the minus sign is 
used in the concentration range lower than 0.1 
meq. /100 ml. At concentrations higher than the 
latter, the plus sign is used. Equation (10) seems 
to describe the approximately linear relationship 
between In 禹 and Ceiect over the high concen
tration range (珂g. 9). Because of insufficient 
amount of data over the low concentration 
range, a definite relationship between In p3 ver
sus Cgt has not been established in this work.

It is seen in Fig. 7 that changes simi
larly with the electrolyte concentration as 毒 It 
seems unlikely that the intrinsic shear modulus 
(1/^3)of type 3 units resulting from the dissim
ilar charges on the faces and edges will be 
strongly dependent on the electrolyte concen
tration. 8 So it is suggested that the variation of 
X3/a3 is controlled largely by the fractional 
area of type 3 units (X3).

Since Eq. (7) holds at the maximum of VR, 
d can be considered independent of the elect
rolyte concentration at a given suspension con
centration. If zfi is the value of k, for a mono
valent cation and that for an ?n-valent cation 

at the maximum of Vj?. The following 
relation can be deduced from Eq. (2) at the 
maximum VR:

31' C1D

where 就 1 is the number of monovalent cations 
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and nm the number of ym-valent cations 
For bivalent and trivalent cations,

龙 2=〃l/4 
内=列/9

Thus, one expects that for divalent cations the 
minimum on the “ vs. electrolyte-concentration 
curve will occur at im/4 or 0. 05 meq. /100 ml 
whereas it appears at 0.03 meq. /100 ml for 
trivalent cations. The limited amount of data 
on multivalent cations and the experimental 
errors inherent to the low-range of electrolyte 
concentration, however, did not assert a possi비e 
occurrence of the minimum QFig. 2).

Let us consider the maximum in the 〃 vs. 
Cei€ct curve (Fig. 2). In this work, it was 
uncertain whether the maximum would appear 
in the bentonite suspension containing NaCl 
(.Fig. 2). According to a recent research on 
the e仟ect of electrolyte for Veegum suspen
sion, 9 however, the maximum appeared also in 
the system containing NaCl when the latter 
concentration was su伍cie미:ly larger than that 
for multivalent cations which also produced the 
maximum 77. Thus, the appearance of maximum 
in the 77 vs, Ce[ect curve seems to be a general 
nature. It is explained by the DLVO theory 
for colloidal stability as follows:

The increase in “ before the maximum (Fig. 
2) is due to the increase in interaction (i. e., 
decrease in between two particles with in
creasing C机* We shall call this phenomenon 
the DLVO effect. It may be assumed that when 
the interaction reached an optimum value, 
flocculation will occur to make platelet particles 
detached from the cardhouse. This would ex
plain the maximum and the subsequent decrease 
in -q at higher Celect, We call this effect the 
coagulation effect. According to the DLVO 
theory of colloidal stability, the amounts of Na+, 
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Ca++ and Al사*  required to coagulate a lyopho
bic suspension are approximately in the ratios 
1 : (1/2)6 : (1/3)6 or 100 : L 6 ： 0.13, in agree
ment with the order predicted by Schulze-Hardy 
rule. This explains why we could not find a 
maximum in our experiment with Na*.

In our experiment {Fig. 2), Ca++ and Al+++ 
behaved similarly in a curve of 7)vs. Ceiect. 
This is explained as follows:

Concerning the coagulation effect, A1'F++ will 
be more effective than Ca너. Thus the decrease 
in 7)will be larger with Al+++ than with Ca++. If 
we consider the DLVO effect, however, the in
crease in with Al+++ is larger than with Ca++- 
Thus the two effects should cancel with each 
other. This seems to explain why Al+++ and 
Ca++, despite their charge difference, displayed a 
similar viscosity-electrolyte relationship (Fig. 2).

The observation that the charge type of re 
gative ions showed little effect on r； vs. elec
trolyte-concentration curve (Fig. 3)is not sur
prising because the surface charge on bentonite 
particle is dominantly nagative. The colloidal 
stability of such a system will be largely deter
mined by the positive counter ions as predicted 
by the theory.5
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요 약 아닐린, 5 톨루이딘, 5에틸아닐린,클로로아닐린등과 L 사이의 상호작용을 자외선 분 

광광도법 으로 조사한 결과 CCL 용액내 에서 아닐린 또는 상기 小치 환 아닐린과【2 사이 에 1 : 1 착물이 

형성됨을 알았다. 이들 착물의 실온에서의 형성상수를 구한 결과 다음과 같은 값을 얻었다. C6H5- 
NH2 * 板 12. 8 I mole-1; 0-CH3C6H4NH2 - I*  9.31 I mole-1; 0-C2H5C6H4NH2 , 坛 3.15 I mole"1; 
o-C1C6H4NH2 - L, 0. 576 I mole"1. 본실 험 결 과를 전 실 험 의 결 과와 비 교하면 12 • 아민 착물의 안정 

도가 다음 순으로 감소함을 알 수 있다

CgHsNCCzHQ 2〉C6H5N(CH3)2〉C6H5NH2〉0-CH3C6H4NH2〉O-C2H5C6H4NH2〉O-C1C&H4NH2 

이들 착물의 상대적 안정도는 치환기의 유발효과와 입체효과에 의하여 설명될 수 있다.

Abstract The interactions of aniline, o-toluidine, o-ethylaniline and o-chloroaniline with iodine 
in carbon tetrachloride solution have been examined through spectrophotometric measurements. The 
results indicate that both aniline and the o-substituted anilines examined form one-to-one complexes 
with I2 in solution, The formation constants of the complexes measured at room temperature are 
12.8, 9.31, 3.15 and 0.576 I mole-1, respectively. Comparison of these results with previous 
experimental results indicates that the relative stabilities of the I2-amine complexes decrease in the
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