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RHEOLOGICAL BEHAVIOR OF Na-MONTMORILLONITE
SUSPENSIONS AT LOW ELECTROLYTE CONCENTRATION

J. S. CHEN, J. H. CusHMAN, AND P. F. Low!
Department of Agronomy, Purdue University, West Lafayette, Indiana 47907

Abstract— The prevailing concept that positive-edge to negative-face attraction accounts for the rheological
behavior of montmorillonite suspensions at low electrolyte concentration was investigated. In one ex-
periment, Mg?* released from Na-montmorillonite was measured at several NaCl concentrations; in a
second experiment, the viscosity, 5, and the extrapolated shear stress, 8, were measured at several clay
concentrations, pHs, and NaCl concentrations; and in a third experiment, the absorbance, A, was measured
at two wavelengths (450 and 760 nm) at different clay and electrolyte concentrations. The released Mg?*
decreased with increasing NaCl concentration until it became zero at a NaCl concentration between 0.01
and 0.02 M, depending on pH. Thereafter, it increased with increasing NaCl concentration. Both 4 and
n were highly correlated with the amount of released Mg?*. Also, A remained constant until the NaCl
concentration corresponded to that at the minimum of 8. Thereafter, it increased and became linearly
related to 4. These results suggest: (1) positive-edge to negative-face interaction cannot solely account for
the rheological properties of montmorillonite at low electrolyte concentration, and (2) the release of
octahedral Mg?* from montmorillonite affects 8, because it reduces the negative charge on the particles

and, thereby, the repulsive force between them.
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INTRODUCTION

Montmorillonite-water mixtures exhibit unusual
rheological behavior at low electrolyte concentrations.
For example, extrapolated shear stress falls to a min-
imum with increasing electrolyte concentration and then
rises (van Olphen, 1956; Rand et al., 1980). van Olphen
(1956, 1977) ascribed this behavior to the opposite
effects of electrolyte concentration on two kinds of par-
ticle-particle interactions, namely, electrical attraction
between positively charged edges and negatively charged
surfaces, and electrical repulsion between edges and/
or surfaces of like charge. According to double-layer
theory (Verwey and Overbeck, 1948; van Olphen,
1977), both kinds of interaction decrease with increas-
ing electrolyte concentration. On the other hand, van
der Waals attraction remains constant. Below a certain
electrolyte concentration, the positive-edge negative-
surface attraction is supposed to predominate, but above
this concentration, van der Waals attraction is sup-
posed to predominate. The net result is that the overall
attractive force between particles decreases to a min-
imum with increasing electrolyte concentration and then
increases. The foregoing explanation is questionable,
however, because substantial evidence exists that sug-
gests that the edges of montmorillonite particles are
not positively charged at any pH (M’Ewen and Pratt,
1957; M’Ewen and Mould, 1957; Low, 1968; Rand et
al., 1980; Tessier and Pedro, 1982). Further, it is known
that H* displaces Al** and Mg?* from octahedral sites
in a montmorillonite layer (Low, 1955; Barshad, 1960;
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Eeckman and Laudelout, 1960; Coleman and Craig,
1961; Miller, 1965) and that, because of hydrolysis,
this displacement can occur when the electrolyte con-
centration is low, even if the montmorillonite is ini-
tially Na-saturated (Kamil and Shainberg, 1968; Shain-
berg, 1973; Shainberg et al., 1974; Frenkel and Suarez,
1977). The possibility exists, therefore, that changes in
rheological properties with electrolyte concentration at
low electrolyte concentrations are related to the dis-
placement of octahedral Al** and Mg?* from the mont-
morillonite crystal. To test this possibility, the present
investigation was conducted.

MATERIALS AND METHODS

Interparticle forces in clay suspensions can be stud-
ied in different ways. We chose to study them by ob-
serving how changes in electrolyte concentration and
pH affected the rheology of the suspensions and their
absorbance, i.c., scattering of light.

The clay used for the present experiments was Na-
saturated, <2-um montmorillonite from Upton, Wy-
oming. It was prepared as described by Low (1980).
For the rheological measurements, the clay was sus-
pended at a concentration of 2% w/w in solutions con-
taining different concentrations of NaCl. Each suspen-
sion was prepared by mixing 0.8 g of clay with 20 ml
of distilled water, allowing the suspension to stand
overnight, adding 20 ml of a NaCl solution at a given
concentration, and equilibrating for one day in a water
bath at 20°C. When prepared in this way, the pH of
the different suspensions decreased with increasing NaCl
concentration and ranged from 8.5 to 7.0. In some
experiments, we were interested in controlling the pH.

57


https://doi.org/10.1346/CCMN.1990.0380108

58

Here, HCl or NaOH was added in appropriate amounts
until the pH was stabilized at the desired value, a pro-
cess that required about two weeks. The added NaOH
or HCl was subsequently included in the calculation
of the final electrolyte concentration,

The relation between the shear stress, s, and the
shear rate, ¢, was determined for each suspension in a
Fann V-G (Model 35) viscometer. This viscometer was
described in detail by Savins and Roper (1954). It was
calibrated initially by using glycerin solutions of known
viscosity. During a measurement, the glycerin or clay
suspension was kept at 20°C by immersing the cup of
the viscometer in a water bath at that temperature.

After the rheological measurements were completed,
the suspensions were centrifuged at 30,000 rpm for 60
min, and the supernatant solutions were analyzed for
Mg?* by means of a Jarrell Ash Absorption Spectro-
photometer.

For absorbance measurements, suspensions contain-
ing the clay at concentrations 0of 0.2, 0.5, and 0.6% w/w
and NaCl at several different concentrations were pre-
pared essentially as described above. The absorbance,
A, was then determined at wavelengths of 450 and 760
nm by means of a Cary 17D spectrophotometer. Only
results for 450 nm are presented inasmuch as both
wavelengths produced similar curves. At these wave-
lengths, the clay particles do not absorb the radiation
(Banin, 1968).

Absorbance, A, is defined by means of the equation

2.303 log(Iy/T) = 7/ = 2.303 A, (1)

where I, and I are the intensities of the incident and
transmitted radiation, respectively, 7 is the turbidity,
and /is the path length. According to the Raleigh equa-
tion,

7= kNV?, o))

where N is the number of scattering units {discrete
particles or flocs) per cm?, V is the volume of the scat-
tering units, and k is an optical constant. Combination
of Egs. (1) and (2) gives

A = kNV2//2.303. 3)

Hence, A can be used as an indication of the degree of
flocculation.

THEORETICAL CONSIDERATIONS

Regardless of their mutual arrangement, clay parti-
cles are subject to attractive and repulsive forces that
fall off with interparticle distance at different rates. As
a result, the net energy of interaction between the par-
ticles rises (becomes more positive) as they approach
each other until a maximum is reached. Then it falls
rapidly to a negative minimum and rises again there-
after to relatively high positive values. Consequently,
the curve of interaction energy vs. interparticle distance
exhibits an energy barrier followed by an energy well.
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If the particles are beyond the energy barrier, they are
in the dispersed state; whereas, if they are in the energy
well, they are in the flocculated state. As the energy
well deepens, an increasingly larger fraction of the par-
ticles will be in the flocculated state. Moreover, as it
deepens, the energy required to separate or disperse
the particles will increase. This energy can be regarded
as the bond energy that holds the particles together.

If a clay suspension is undergoing shear at any given
shear rate, bonds between the flow units (individual
particles or flocs) are constantly being broken and re-
formed. At relatively high shear rates, the relation be-
tween the shear stress, s, and the shear rate, ¢, becomes
linear and is described by the equation

s=mno + 6, 4)

where 7 is the plastic viscosity and 6 is the Bingham
yield value or extrapolated sheer stress. Note that 5 is
the slope of the linear relation between s and ¢ and 6
is its intersection with the s-axis. Here, the resistance
of the suspension to flow can be considered as con-
sisting of two parts, a Newtonian part in which the
shear stress is proportional to the shear rate and a non-
Newtonian part in which the shear stress is constant
irrespective of the shear rate. The Newtonian part has
been ascribed to hydrodynamic effects produced by
flow of the fluid around the flow units, and the non-
Newtonian part has been ascribed to interaction be-
tween the flow units (e.g., Hunter and Nicol, 1968).
According to rheological theory (Goodeve, 1939, 1949;
Gillespie, 1960),

0 = E,K,N?%/2, )

where E, is the bond energy between the flow units,
K, is a constant, and N is the number of flow units per
cubic centimeter. If the flow units are assumed to be
spherical, as a floc may be, it can be shown (Gillespie,
1960) that Eq. (5) can be transformed to

§ = 3E,¢*/w%a3, (6)

where ¢ is the volume fraction of the flow units whose
radius is a.

RESULTS AND DISCUSSION

Typical curves of s vs. ¢ are shown in Figure 1 for
the Na-Upton montmorillonite suspensions at a pH of
7.0, a montmorillonite concentration, C_, of 2% w/w,
and different values of the NaCl concentration, Cn,ci-
Similar curves of s vs. ¢ were obtained at pH values
of 4.0 and 10.0.

Curves of § vs. Cy,ar and 4 vs Cy,q are shown in
Figures 2 and 3, respectively. Similar curves of § vs.
Cuac Were obtained by van Olphen (1956) and Rand
et al. (1980). Observe that the curves in Figures 2 and
3 closely resemble each other and that the minimum
in both occurs at Cy,q, = 5 X 1073 M. Evidently, § and
n are highly correlated. Because, in keeping with Eqgs.
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Figure 1. Relation between shear stress, s, and shear rate,

o, for 2% suspensions of Na-montmorillonite at three elec-
trolyte concentrations and a pH of 7.0

(5) and (6), 8 is supposed to depend on the strength of
the bonds between the flow units, this correlation sug-
gests that n also depends on the strength of these bonds
and that the first term in Eq. (4) is not entirely ascrib-
able to hydrodynamic effects. In view of the existing
correlation between § and #, the data for both of them
need not be discussed; only the data for 4 will be dis-
cussed hereafter.
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Figure 2. Relation between extrapolated shear stress, 8, and
NaCl concentration, Cy,c;, for a 2% suspension of Na-mont-
morillonite.
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Figure 3. Relation between plastic viscosity, n, and NaCl

concentration, Cy,q, for a 2% suspension of Na-montmoril-
lonite.

Figure 4 shows the relation between absorbance, A,
and NaCl concentration. QObserve from this illustration
that A (and, hence, the degree of dispersion) was con-
stant until the concentration of NaCl exceeded ~10-3
M. Thereafter, it began to increase. Norrish (1954) and
Foster et al. (1955) observed by means of X-ray powder
diffraction that the c-axis spacing of Na-saturated
montmorillonite in NaCl solutions decreased progres-
sively with the NaCl concentration until a concentra-
tion of 0.25 M was reached. It then decreased abruptly
from ~40 to 19 A. The c-axis spacing of montmoril-
lonite cannot be measured unless its layers are in a
periodic, parallel (i.e., face-to-face) arrangement.
Moreover, an abrupt decrease in c-axis spacing would
not have occurred unless the layers jumped into an
energy well. According to the theory of flocculation
(Reerink and Overbeek, 1954; Ottewill et al., 1960),
flocculation is the result of such a jump. Thus, Na-
montmorillonite does not begin to flocculate in the
face-to-face arrangement until the NaCl concentration
reaches ~0.25 M. This means that the flocculation that
began at ~107* M was not in the face-to-face arrange-
ment, and must have been in the edge-to-edge or edge-
to-face arrangement.

Comparison of Figures 2 and 4 shows that § changed
with NaCl concentration but, below a concentration of
1073 M, A (and, hence, N) did not. In view of Eq. (5),
these results suggest that the decrease in # with increas-
ing Cyac, was due to a corresponding decrease in E,.

The constancy of A in the range of NaCl concentra-
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Figure 4. Relation between absorbance, A, and NaCl con-
centration, Cy.q, at three different values of the concentration
of Na-montmorillonite, C.. Lowermost curve corresponds to
right-hand axis; upper curves correspond to left-hand axis.

tions between 0 and ~ 1073 M evokes another conclu-
sion, namely, that the montmorillonite layers were in
a highly dispersed state. Had they been arranged in
bulky flocs held together by the attraction between pos-
itive edges and negative surfaces, the addition of elec-
trolyte would have weakened this attraction, the flocs
would have dispersed to some degree, and A would
have decreased accordingly. Evidence for the high de-
gree of dispersion of montmorillonite in suspensions
of low electrolyte concentration was also presented by
Cebula and Ottewill (1981).

Figure 5 presents the relations between 6 and elec-
trolyte concentration (NaCl + added HCI or NaOH)
at three different pHs. Unlike the relation at pHs of 7
and 10, the relation at a pH of 4.0 showed no mini-
mum, or, if a minimum existed, it must have occurred
at a vanishingly small electrolyte concentration. This
observation is not consistent with the concept of a
positive edge-charge because, if such a charge existed,
it should have increased in magnitude with decreasing
pH (Schofield and Samson, 1953). Hence, more elec-
trolyte should have been required to repress its inter-
action with the negative charge of the neighboring face.
In other words, more electrolyte should have been re-
quired to reduce the energy of attraction between edges
and faces and, thereby, to reduce 6 to its minimum
value.

Another feature of Figure 5 that dictates against as-
cribing the initial decrease in 6 to the effect of the
electrolyte on positive edge-negative face attraction is
that this decrease was observed at a pH of 10. At such
a high pH, the edge charge should no longer have been
positive; however, the pH does indeed affect the mag-
nitude of @ at any electrolyte concentration, suggesting
that either uncharged or negatively charged edges were
involved in the prevailing particle-particle interac-
tions, because the charge on the planar surface is gov-

https://doi.org/10.1346/CCMN.1990.0380108 Published online by Cambridge University Press

Chen, Cushman, and Low

Clays and Clay Minerals

140
= 5.0
f 44.0
120 Lo ", 1>°
A . {z.0
d1.0
100 o ©.008 67010 5045
T
Q
80 b -
NS
o -
c
>
) 60
@
a0 b
20 | . «F"’f“r"’
o"/’
e
LV & L

1 A L -
[ 0.02 0.04 0.06 0.08 0.1

Electrolyte concentration(mole/liter)

Figure 5. Relation between extrapolated shear stress, 4, and
electrolyte concentration for a 2% suspension of Na-mont-
morillonite at three different pHs.

erned by cationic substitution and is not pH-depen-
dent. Evidently, an edge-to-edge arrangement is favored
by van der Waals forces (Vold, 1957).

Shown in Figure 6 are curves of § and Cy,, the con-
centration of Mg?* released from the montmorillonite,
as a function of NaCl concentration. The two curves
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Figure 6. Dependence of extrapolated shear stress, §, and
concentration of dissolved Mg?+, Cy,, on NaCl concentration,
Crac, in @ 2% suspension of Na-montmorillonite.
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Figure 7. Relation between extrapolated shear stress, 8, and

absorbance, A, for a 0.6% suspension of Na-montmorillonite
at different NaCl concentrations >5 x 102 M.

are strikingly similar, which suggests that the magni-
tude of # was controlled by the release of Mg?* from
the montmorillonite crystal. Although the released Mg?*
was only a small fraction of the octahedral Mg?* that
was present (<2%), its loss from crystal edges could
have had a profound effect on their character and,
thereby, on their mutual interaction. More will be said
of this below.

The fact that flocculation increases as the strength
of the interparticle bonds increases was noted above.
Flocculation enhances the magnitude of V in Eq. (3)
and, hence, the magnitude of A as well. Moreover, as
the strength of the interparticle bonds increases, E,
increases and, in keeping with Eq. (5), 6 increases ac-
cordingly. Therefore, it was of interest to determine
whether or not A and # were related after the onset of
flocculation at Cy,q = 5 X 1073 M. For this purpose,
Figure 7 was constructed. Note that § and A are linearly
related. A similar relation was observed by Neumann
and Sansom (1971), who also observed that this rela-
tion was not affected by the nature of the exchangeable
cation. Recall that # and 5 were highly correlated.
Therefore, A may possibly serve as a criterion of the
rheological behavior of clay suspensions.

On the basis of our results, we conclude that positive-
edge to negative-surface attraction cannot account for
the effect of electrolyte on the rheological behavior of
montmorillonite suspensions, as previously supposed.
The same conclusion was reached by Rand ez al. (1980).
Our results, however, may be explained by hypothe-
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sizing that Mg?* was released by two primary mecha-
nisms: (1) by the hydrolytic replacement of exchange-
able Na* by H* followed by the substitution of three
exchangeable H* for each Mg?* in octahedral sites orig-
inally occupied by Al**; and (2) by decomposition of
regions of the crystal, especially edges and corners that
have been destabilized by the substitution of Mg?* for
Al**. The first mechanism involves the reactions:

3Na*,, + 3H,0 = 3H",, + 3Na*, @)
+ 30H~,

3H o + 3[MeX[ o = Mg¥ e + 2[MgX] e (8)
+ [H3X]Oocl

Mg2+cx + 2Na+sol = 2Na+ex + Mg2+so]; (9)

whereas, the second mechanism involves the reactions

Na+ex + [nglioct = Na+sol + Mg2+sol + X3_50| (10)

Mg?*,, + 2Na*,, = Mg*",, + 2Na*y,. (11)
In these reactions, the subscript ex denotes an ion that
is adsorbed on the exchange complex, the subscript sol
denotes an ion that is dissolved in the solution, and
the square brackets with the subscript oct denotes the
complex formed by the octahedral cation and sur-
rounding structure, X, with which it is coordinated.
Release of Mg?+ by the first mechanism decreased
with increasing NaCl concentration because conver-
sion of the Na-montmorillonite to H-montmorillonite
by hydrolysis was inhibited, and, hence, fewer ex-
changeable H* were available to substitute for the oc-
tahedral Mg?* (Shainberg, 1973; Shainberg et al., 1974,
Frenkel and Suarez, 1977). Release of Mg2* by the
second mechanism increased with increasing NaCl
concentration because the solubility of the crystal, spe-
cially of its unstable regions, increased with increasing
ionic strength (Glasstone, 1946). The net result was
that the release of octahedral Mg?+ fell to a minimum
and rose thereafter with increasing NaCl concentration.
Note from Egs. (8) and (10) that both mechanisms
reduced the negative charge on the montmorillonite
layers. This is consistent with the observation of Fren-
kel and Suarez (1977) that Mg?* release is accompanied
by a decrease in cation-exchange capacity. Also note
that both mechanisms increased the exchangeable Mg2+.
A reduction in negative charge would increase the ten-
dency for flocculation. The same is true of an increase
in exchangeable Mg?*. Recall that the degree of floc-
culation and @ both depend on the strength of inter-
particle bonds. Thus, # was directly correlated with
Mg?* release. Of course, the final rise in § was also
promoted by the added electrolyte because it reduced
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the overlap of electrical double layers and/or hydration
shells.
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