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Chapter 3 Effects of electrolyte concentration and pH on the 

sedimentation rate of coagulated suspension of sodium 

montmorillonite 

	

3.1 Introduction 
 
  Aqueous suspensions of montmorillonite display unique flow characteristics that 

are useful for technological and agricultural applications such as paints, drilling fluids, 

ceramics, and soil conditioners [1a, 2]. The macroscopic properties of the 

montmorillonite suspensions used in these applications are related to the microscopic 

particle interactions in the suspensions, which are controlled by many factors 

including chemical ones like pH, and electrolyte type and concentration [3]. 

Numerous studies have focused on microscopic particle interactions by investigating 

the rheological behavior of montmorillonite suspensions [4]. There are two classical 

descriptions of these microscopic structures [5]. One is van Olphenʼs “card-house” 

structure that forms through the electrostatic attraction between the negatively 

charged basal surface and positively charged edges of the structures [1a]. The other is 

the swelling model proposed by Norrish, who ascribed the formation of microscopic 

structures to the electric double layer repulsive interaction accompanying hydration 

forces [6]. However, the applicability of these concepts to the flow characteristics of 

aqueous montmorillonite suspensions has not yet been adequately verified. 

  A montmorillonite layer is composed of an octahedral sheet that is sandwiched by 

two tetrahedral sheets to form a 2:1 structure. Montmorillonite particles are very thin, 

only 1 nm thick, and have a large basal surface with an average diameter of 500 nm 

[7]. The basal surfaces carry permanent negative charges with heterogeneous 

distribution because of random isomorphous substitution (Fig. 3.1). The edges with 

broken bonds are influenced by pH; i.e., they are able to adsorb protons and hydroxyl 

ions in keeping with the pH of the medium. Under certain chemical conditions, the  
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                       a                          b 
 

Fig. 3.1 Graphical representation of electronic and morphological properties of 

montmorillonite particles. (Redrawn from Ref. [25]). a Front view of a sodium 

montmorillonite particle with different length scales for the edge because of the 

irregular shape and heterogeneous distribution of charge on the basal surface. b Side 

view of a sodium montmorillonite particle with negatively and positively charged 

edges under alkaline and acidic conditions, respectively. IEP is abbreviation of 

isoelectric point of edge surface. 
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expected ideal pure configurations of particle association are edge–face (EF), edge–

edge (EE), and face–face (FF). These models have not been observed purely in 

practical slurries, but can be formed predominantly [1a, 2]. The configuration formed 

is expected to be primarily ascribed to the particular sedimentation behavior of a 

flocculated suspension. 

  The edge of a montmorillonite particle is irregular rather than the theoretical 

hexagon [8] (Fig. 3.1). The particles can remain individual or form thin packets when 

the salt concentration is lower than 0.2 M, and the exchangeable cations in the 

interlayer are replaced with alkali ones [9, 10a]. Compared with kaolin, 

montmorillonite can easily produce big flocs (Table 3.1). The physical properties of 

montmorillonite flocs are sensitive to external factors. For operability, it is convenient 

to control the interaction of montmorillonite particles by modifying their surface 

chemistry through control of the physicochemical conditions of the medium including 

pH, and salt type and concentration. Such modification of the surface chemistry of 

montmorillonite particles changes the force balance between vicinal platelets. The 

forces between vicinal platelets can be classified as: 1) repulsive forces, like 

electrostatic repulsive forces caused by contacting surfaces (edge or basal surfaces) 

with charges of same sign, and short-range hydration forces originating from the 

hydrated clay surfaces and exchangeable counter cations; and 2) attractive forces, 

including universal van der Waals forces that induce FF and EE particle association, 

and electrostatic attractive forces, which result in EF interactions between positively 

charged edges and negatively charged faces of montmorillonite particles. 

  These changes on the microscale affect the macroscale behavior of montmorillonite 

suspensions. Numerous studies have been performed on the rheology of 

montmorillonite, resulting in two pictures. van Olphen[14] suggested that for 

concentrated montmorillonite suspensions, at very dilute salt concentrations (3–5 × 

10−5 M NaCl), the effective charge determining the electrostatic attraction between 

the edge and face lowers. This lowers the Bingham yield stress because the links 

between the particles decrease, which is termed “internal mutual flocculation”; i.e.,  
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Table 3.1 Increment ratio of effective volume fraction (α) and diameter of equivalent 

hydrodynamic floc (df) of sodium montmorillonite and kaolin, obtained by Michaels–

Bolger (M-B) method [13].  
 

Clay α df (mm) Reference 

Na-montmorillonite 3363-3991(NaCl 0.5-1.5M, pH10) 0.69-1.80 [11]  

Kaolin 
65-117(NaCl 0.03-0.5M, pH10) 0.12-0.62 [12]  

35-65(NaCl free-0.06M, pH4-9) 0.099-0.26 [13]  
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the repulsive potential originating from the electric double layer (EDL) of a face is 

greater than that of EF interactions. Upon addition of a small amount of NaCl, the 

Bingham yield stress increases; that is, the EDL of faces is compressed. As a result, 

the EF attraction is greater than the FF interaction, and the EF association is 

strengthened. Very high ionic strength causes the Bingham yield stress to decrease 

again because the FF association of particles dominates, inducing the layered-packing 

of particles. This decreases the number of links within the matrix, even causing 

sedimentation (aggregation) in dilute suspensions. Other studies examining the effects 

of pH and salt concentration on the rheological properties of sodium montmorillonite 

suspensions support van Olphen’s picture [5], [15], [16] and [17]. 

  Callaghan and Ottewill [18] showed the variation of pressure between parallel 

platelets (FF interaction) over the NaCl range from10−5 to 10−1 M arose from the 

inter-force between particles, and concluded that long-range electrostatic interactions 

are responsible for the gel properties of montmorillonite dispersions first suggested by 

Norrish [6]. Later, Rand and Pekenć [19] found no evidence that rheological behavior 

was affected by pH (4–11) or salt concentration (0–1 M), supporting the existence of 

EF contact rather than EE and FF associations in montmorillonite dispersions. A 

study at low salt concentration (< 1 mM) described the spatial and orientational 

correlations between platelets in an attempt to explain the time-dependent gelation 

and thixotropic behavior of montmorillonite suspensions [20]. This degree of chaos 

was semi-theoretically expressed as a function of salt concentration to 10 mM at pH 

10, where the EDL developed well [21]. Abend and Lagaly [22] mapped out a sol–gel 

transient diagram for sodium montmorillonite and defined sol, repulsive gel, attractive 

gel and floc as fluid states by exposing the sodium montmorillonite to water 

(unspecified pH; probably ~7) at NaCl concentrations ranging from 10−5 to 1 M, 

where the edge was negatively charged. The formation of a repulsive gel is attributed 

to the electroviscous effect at low ionic strength caused by the well-developed EDL 

promoting the immobilization of particles. Adding salt induced the E(−)F(−) and 

E(−)E(−) interactions because of compression of EDL and FF association eventually 
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dominated flocculation. Tombácz and Szekeres [23] adopted the concept of the 

spillover effect [24] and summarized the data obtained from X-ray diffraction patterns 

of montmorillonite films in terms of net proton consumption as a function of pH at 

different salt concentrations. From the rheological behavior of the films, they 

concluded that EF heterocoagulation occurs above 25 mM at pH 4, where the 

screening EDL of positively charged edges emerged. Around the point of zero charge 

of the edge (pH ~6.5), a higher concentration of salt (~50 mM NaCl) will induce the 

EF interaction between poorly charged edges and negatively charged faces. Adding 

0.1 M or more NaCl at around pH 8 resulted in transient coagulation of FF homo-type 

interactions. 

  On the other side of flow behavior of suspensions is sedimentation in the static 

state. Keren et al. [25] examined the sedimentation behavior of “concentrated” 

sodium montmorillonite suspensions at pH 5.0, 7.5 and 9.8 near the critical 

coagulation concentration (CCC), and suggested that EF and EE associations are 

predominant at pH 5.0 and 7.5, respectively. The high gel volume at pH 9.8 results 

from an open structure consisting of FF interactions, which forms because the layers 

are flexible and the permanent charge on faces has a heterogeneous distribution. 

Miyahara et al. [11] examined the maximum sedimentation rate as a function of 

volume fraction of solids using the Michaels–Bolger (M-B) method [13] combined 

with the Richardson–Zaki (R-Z) equation [26] to calculate the equivalent 

hydrodynamic diameter of floc (df) within the sediment and increment ratio of 

effective volume fraction of the particles (α) caused by the formation of floc at pH 10 

with NaCl concentration ranging from 0.5 to 1.5 M. The values of df and α increased 

with salt concentration, and α qualitatively agreed with the values obtained from 

rheological data [27] evaluated by the Batchelor equation [28]. The increasing trends 

of df and α are ascribed to FF association. With increasing salt concentration, the 

vicinal platelets approach more closely and form flocs with more irregular shapes. 

  The effects of both pH and salt concentration on the sedimentation behavior of 

sodium montmorillonite suspensions are still poorly understood. In this investigation, 

the range of ionic strength covered extends from near the CCC to very high. The pH 
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is set to give charged edges with a high charge density. In this case, the 

physicochemical conditions that affect the surface chemistry and sedimentation 

behavior of sodium montmorillonite suspensions are expected to change the 

microstructure of particle association resulting from the different force balance. The 

present study also attempts to find some evidence for the existence of EF contact 

between neighboring particles. According to different CCC values from previous 

studies [10b] at diverse conditions of pH and solid contents, 50 mM NaCl was 

considered as the onset of salt concentration of the suspension in present study. The 

protonation and deprotonation reactions only take place on the edge surface, where 

the pH-dependent sites are located. When the pH 6.5 is regarded as the IEP for the 

edge surfaces [23], the pH of suspension was set at 4 ± 0.3 and 9.5 ± 0.3 was 

considered that the edges were highly charged positively and negatively, respectively. 

At these pHs, the probability of EE contact is very low as well as the edge-face 

heterocoagulation (EF interaction) and face-face homocoagulation (FF interaction) 

are expected respectively. 

 

3.2 Experimental 

 

3.2.1 Materials 

 

  High-purity Kunipia-F montmorillonite powder was obtained from Kunimine Co. 

Ltd., Tokyo. The detailed sodium-saturation method for the stock suspension 

followed the procedure adopted in previous studies [7], [11] and [27]. As describing 

in section 2.2.2, the preparing steps for the saturating procedures respectively 

proceeded: dispersing the powder into distilled water, sedimentation for 5.3 days, 

exchanging the layer cations in high NaCl solution, dialyzing the extra NaCl, and 

storing at 4 °C in refrigerator. 
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3.2.2 Sample preparation 

 

  With the similarity of section 2.2.3, the all samples in this chapter were made as: 

The initial height of the suspension was 15.8 cm and diameter of cylinder was 5.0 cm, 

which were consistence with the previous study [11]. pH 4±0.3 and 9.5±0.3 denote 

the edge charged positively and negatively, respectively [23]. NaCl was varied from 

50mM initially denotes closing to the critical coagulation concentration (CCC) [10b]. 

The mixtures are rotated end-over-end at 5 times with a frequency 2 s/rotation, 

followed 1 min ultrasonication with intensity of 100kHz, which of time was included 

in settling process. The suspension was immersed into water with a part of 85 mm 

from the bottom of cylinder. The location of the clear boundary was visually recorded 

at the elapsed time. The relation between these boundary location and elapsed time 

plotted the sedimentation curves at each chemical condition (pH and ionic strength). 

 

3.2.3 Determination of maximum sedimentation rate 
 
  As classified in section 1.3 [29], under certain external conditions of primary 

particles, with increasing solid concentration, a visible boundary between slurry and 

supernatant is formed and maintains its shape throughout the whole sedimentation 

process. This can be regarded as a zone settling sedimentation pattern, and begins at 

semi-dilute particle concentration. The maximum velocity of the boundary in the 

acceleration period almost reflects the elimination rate of the homogeneous zone. 

  We assumed that the dispersed particles form a rigid, spherical floc in the 

physicochemical environment. The value of α can be calculated from the volume 

fraction of floc to that of primary particles (Eq. 3.1) by postulating that the 

homogeneous zone consists of these flocs under compression-free conditions 

compared with the consolidation zone, where the sediment experiences the 

self-weight of the sediment. Then, the sedimentation of the homogeneous zone can be 
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regarded as hindered settling. The maximum sediment rate, which is calculated as the 

maximum slope of the relatively linear portion of the settling curve, obeys the R-Z 

method (Eq. 3.2). Using the M-B method, α is obtained from the slope of the 

maximum velocity as a function of solid concentration (Eq. 3.3). 

𝛼 =
𝜙!
𝜙!

                                                                          (3.1) 

𝑄 = 𝑉! 1− 𝜙!
!.!"                                                    (3.2) 

𝑄! !.!" = 𝑉!
!
!.!"(1− 𝛼𝜙!)                                      (3.3) 

where ϕf and ϕp denote the volume fraction of floc and primary particles, respectively, 

Q is the velocity of the boundary, and VS is the terminal velocity of floc. 
 

3.2.4 Measurement of ultimate sediment height 
 
  Because the diameter of the cylinder does not influence the sediment height, 

measurement of ultimate sediment height was performed under the same chemical 

conditions using the same pretreatment procedure with volume fractions of solids of 

1.155 × 10−4 and 2.31 × 10−4 under a gravitational field. The initial height of the 

slurry was 200 mm. Normally, after a sedimentation time of 31 days, the height of a 

sediment is considered constant [27]. 

 

3.3 Results 
 

3.3.1 Effects of pH and NaCl concentration on maximum velocity of 

the boundary 
 
  The maximum velocity of the boundary (Q) for the homogeneous zone as a 

function of salt concentration at pH 4 and 9.5, and the relative difference in 

percentage (RDP) of Q as a function of pH at different NaCl concentration are 

presented in Fig. 3.2. At different pH and the same ionic strength, the RDP values  
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Fig. 3.2  Maximum velocity of boundary (Q, mm/min) for the zone settling stage as a 

function of NaCl concentration at different pH (referencing to left vertical axis). 

Relative difference in percentage (RDP) of Q as a function of pH at different NaCl 

concentration(referencing to right vertical axis). H0=15.8 cm, D0=5.0 cm, volume 

fraction of primary particles: ϕ=1.097×10−4. 
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were calculated as the percentage of the absolute value of the difference between one 

of the maximum velocities and their average value to the average value [30]. The 

results demonstrate that the maximum velocities increase with NaCl concentration. 

Although the difference of the velocities as a function of pH at fixed NaCl 

concentration is small, the RDP values depended strongly on NaCl concentration, but 

were below 5% at 0.75 M NaCl. That is, the influence of pH on Q is greater at low 

NaCl concentrations but is almost negligible at high ones. 
 

3.3.2. Effects of pH and NaCl concentration on ultimate sediment 

height 
 
  The ultimate sediment height of suspensions at different pH as a function of salt 

concentration is plotted in Fig. 3.3. Except the height at pH 9.5 and 50 mM NaCl, the 

other plots show similar tendencies because chemical factors strongly influence the 

sediment height; that is, the trends induced by the chemical factors followed two 

different models when we set 0.25–0.5 M NaCl as an inflection range. For NaCl 

concentrations less than 0.25 M, with increasing NaCl concentration, the sediment 

height decreases under acidic conditions and increases under alkaline conditions at 

ϕ1=1.155 × 10−4, and the former is of greater magnitude than the latter. In contrast, 

when the NaCl concentration exceeded 0.5 M, the sediment height increased with 

NaCl concentration. The sediment heights were slightly higher for alkaline samples 

than acidic ones. Additionally, the turning point of the properties of sodium 

montmorillonite particles at 0.3 M NaCl observed by Norrish is located in the present 

inflection range. The trend observed under acidic conditions as a function of ionic 

strength is similar to that found by van Olphen [1b], even though the samples were 

probably treated under neutral conditions, and the sedimentation time was 2 months. 
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Fig. 3.3 The height of ultimate sediment (sedimentation time: 31 days) as function of 

NaCl concentration at different pH. H0=200 mm, D0=50 mm, ϕ1=1.155×10-4, 

ϕ2=2.31×10-4. △pH4 ϕ1, □pH9.5 ϕ1;▲pH4 ϕ2, ▇ pH9.5 ϕ2. 
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3.4 Discussion 
 

3.4.1 Relation between maximum sedimentation rate and 

characteristic of equivalent hydrodynamic floc in homo-zone 
 
  Normally, the sedimentation behavior of dispersions reflects some characteristics 

of the components within the aqueous media; for instance, bigger and denser 

particulates can accelerate the settling velocity, and a low volume fraction of particles 

can decrease the interference degree in hindered settling. It was assumed that samples 

in this study were all in the laminar flow regime, and obeyed the Stokes formula. 

Based on Eq. 3.2, we plotted Q1/4.65 against ϕp (Fig. 3.4) to obtain α and df values as a 

function of NaCl concentration at different pH, as illustrated in Figs. 3.5 and 3.6, 

respectively. The α values ranged from 1748 to 4905 in this study and thus are greater 

than that of kaolin by at least one order of magnitude, as summarized in Table 3.1. 

The df values are located in the range of 0.52–1.04 mm and are also larger than those 

of kaolin. These observations can be attributed to the unique shape parameters of 

montmorillonite particles, such as higher aspect ratio, and thinner edge thickness than 

the corresponding values of kaolin. Because α is inversely related to floc density, the 

trends exhibited in Figs. 3.5 and 3.6 can be used to determine the size and density of 

flocs induced under different pH and salt concentration conditions. When the NaCl 

concentration exceeds 0.5 M, the size and density of flocs qualitatively agree with 

those at maximum sedimentation rate, as shown in Fig. 3.2. That is, as salt 

concentration increases, the size and density of flocs also increases, which leads to a 

higher maximum sedimentation rate. From Figs. 3.5 and 3.6, these two parameters in 

this ionic strength region are not affected by pH. However, different behavior is 

observed in the region of low salt concentration (below 0.5 M NaCl), where the slight 

decrease and increase of the maximum sedimentation rate with increasing in salt 

concentration takes places at pH 4 and 9.5 respectively. In the meanwhile, the 

downtrend of df with salt concentration (Fig. 3.6) was similarly observed by Chang  
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Fig. 3.4 Plots of Q1/4.65 against ϕp 
used to calculate α as a function of NaCl 

concentration under acidic (pH 4) and alkaline (pH 9.5) conditions. The NaCl 

concentrations are denoted as: ＋:0.05M, □:0.25M, △:0.5M,◇:0.75M, ○:1.0M, 

×:1.5M. H0=158 mm, D0=50 mm. 
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Fig. 3.5 Variation of the increment ratio of effective volume fraction (α) in 

homogeneous zone using the M-B method as a function of NaCl concentration at 

different pH. H0=158 mm, D0=50 mm. The symbol, Miyahara’s “�”, denotes the data 

after Ref. [11] with similar size of cylinder, pH10 and the NaCl varied at 0.5, 1.0, 

1.5M. 
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Fig. 3.6 Variation of the diameter of equivalent hydrodynamic floc (df) in 

homogeneous zone using the Stokes’ formula as a function of NaCl concentration at 

different pH. H0=158 mm, D0=50 mm.  
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and Leong [31], but the variations of df and α with ionic strength at both pHs cannot 

be consistent with that of maximum sedimentation rate in this range of salt 

concentration. Therefore, the validity of M-B method on semi-dilute sodium 

montmorillonite suspension in the low salt concentration region is doubtful and the 

applicability of M-B method beyond the two ionic strength regimes should be further 

investigated. 
 

3.4.2 Applicability of Michaels-Bolger method 
 
  Viewing Fig. 3.6 again reveals that the df values of 0.89 mm (pH 9.5) and 0.95 mm 

(pH 4) at an ionic strength of 0.25 M are similar to those of 0.96 mm (pH 9.5) and 

0.92 mm (pH 4) at 1.5 M NaCl. Unfortunately, in the zone settling stage, the sediment 

morphology strongly depended on ionic strength, as indicated in Fig. 3.7. In Fig. 3.7, 

the sediment observed at lower salt concentration is more homogeneous compared 

with those at higher salt concentration. That is, at lower ionic strength, the equivalent 

flocs within the sediment in the zone settling stage are obviously smaller than those at 

higher ionic strength. Additionally, Fig. 3.5 indicates that at pH 9.5, α decreases from 

3111 (0.5 M) to 1748 (1.5 M). The opposite trend, i.e., an increase of α with salt 

concentration, was observed by Miyahara [11] under similar conditions (pH 10, 

diameter of cylinder 5.0 cm, initial height of suspension 15.8 cm). However, the 

ultrasonication intensity was different from that used on our samples. These factors 

are primitive, however, the strict control is not easy. 

  In the range of ionic strength higher than 0.5 M NaCl, an upward trend of floc 

diameter was demonstrated. This trend confirms the result of our previous research 

[11], however, it opposes to the data reported Chang and Leong’s [31], i.e., the mean 

particle size decreases from a maximum at 0.1 M NaCl to a minimum at 0.5 M NaCl. 

This difference can be ascribed to the difference in volume fraction of particles. The 

volume fraction of our system (~× 10−4) is less by two orders of magnitude than that 

of Chang and Leong (~× 10−2). In such high volume fraction, the growth of aggregate  
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Fig. 3.7 Photos of upper part of suspension taken under various chemical conditions 

when the boundary experienced maximum settling velocity. H0=158 mm, D0=50 mm, 

and ϕ=1.097×10-4. t denotes the time from starting the measurement to the photo 

taken. The “white top” in each sample scales as 5.0 cm and denotes the boundary 

between the supernatant and air. 
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will be interfered by the presence of neighbors resulting more compact structure than 

the system of dilute suspension. If we define this factor as a structure factor in the 

sediment mass, the size of floc in the sediment can be regarded to be determined 

reflecting the factor of cohesive force and the factor of structure. Even within the 

region of the dilute suspension, the presence of such two factors can be referred [32]. 

We think that the condition of maximum size reported by Chang and Leong (0.1 M 

NaCl) corresponds to the optimum condition of the product of the two factors, while 

our result obtained much lower concentration is reflected just by cohesive forces. 

Further investigation to reveal the quantitative explanation should be done in future. 
 

3.4.3 Extent of deformation of floc influenced by ionic strength 
 
  The ultimate sediment is formed after almost finishing the consolidation process in 

the gravitational field; the height of this sediment is determined by self-weight. Under 

conditions of pH 9.5 and NaCl 50 mM, the suspension is near the CCC [10b]. In this 

case, the Debye length of a particle is approximately 1.36 nm, which is comparable 

with the edge thickness of 1 nm; that is, the influence of the EDL on the effective 

volume of the particles cannot be neglected. The suspension turns into an “attractive 

gel” [22], in which the degree of particle orientation and localization is limited by the 

primary volume fraction of solids because of the high aspect ratio and very thin edge 

of particles. That is, at low solid concentrations, because of the higher degree of 

freedom in the settling process, the particles are able to arrange more parallel, so the 

ultimate sediment height is lower than that at higher solid concentration, as shown for 

a solid concentration of ϕ1 = 1.155 × 10−4 in Fig. 3.3. Conversely, the lower degree of 

freedom for the particles at “high” solid concentration of ϕ2 = 2.31 × 10−4 arising from 

the resistance between neighboring particles produces a higher ultimate sediment 

height. 

  With rising salt concentration, the EDL changes from shielding to completely 

removal, allowing the vicinal platelets to approach each other more closely. In this 
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sense, the increase of ultimate sediment height should reflect the strength of the 

network composed of the weakly contacting particles. If we assume that the network 

consisted of equivalent hydrodynamic flocs, the ultimate sediment height reflects the 

extent of deformation of the flocs for the transition from the homogeneous zone to the 

consolidation zone under the condition that the suspension possesses the same amount 

of solids. In the present study, the samples prepared under alkaline conditions possess 

negatively charged edges, the extent of which decreases as salt concentration 

increases, consistent with Miyahara’s findings [27]. That is, at low ionic strength, 

which is defined as less than the inflection range in this study, the long-range 

electrostatic repulsion is larger than the universal attraction, causing the vicinal 

particles to separate. This separation gives rise to a large α and loose floc. Conversely, 

the degree of freedom of particles is also large enough to allow particles to rotate and 

localize easily, so the deposit forms a more parallel array than that at high ionic 

strength. The ultimate sediment height is low, and the deformation of the floc between 

the homogeneous zone (denoted as α in Fig. 6, ϕ1 = 1.155 × 10−4) and consolidation 

zone (denoted as ultimate sediment height in Fig. 3.3) is large when the solid content 

in the suspension is low. This repulsion weakened as ionic strength increased, so the 

particles approach each other more closely. As a result, the degree of freedom of 

particles decreased and the flocs strengthened. Therefore, less deformation leads to 

increased ultimate sediment height. At very high NaCl concentration, such as over 0.5 

M in this study, the approach of neighboring particles should be explained in another 

way; i.e., according to the Norrish transition point (0.3 M NaCl) of the swelling of 

sodium montmorillonite layers, the repulsive forces controlling the separation 

between platelets are predominantly long-range electrostatic repulsion and 

short-range hydration repulsion originating from exchangeable cations. Further 

increasing the ionic strength caused the amount of bulk solvent around the cations to 

decrease [33], and the hydration number of water molecules around the cations also 

diminished [34] and [35]. This allows the platelets to get closer, so the structure 

becomes more stable. The ultimate sediment height increased with NaCl 

concentration. 
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3.4.4 Extent of deformation of floc influenced by pH 
 
  The trend of ultimate sediment height under acidic conditions is different from that 

under alkaline conditions. Particle association is more complicated to form the 

“card-house” structure when the pH of suspension is below the isoelectric point of 

edge surface than when the pH is above. In this study, the edges were considered 

positively charged at pH 4. Also, a NaCl concentration of 50 mM exceeded the 

CCC[10b]; i.e., an EDL originating from positively charged edges emerged. In such a 

case, EF association is probable. Under acidic conditions (pH 4), the dependence of 

ultimate sediment height on salt concentration was similar to that observed by van 

Olphen, even though the pH value in their study was ~7. Because the sedimentation 

time was 2 months in van Olphen’s study, the edges may be weakly positively 

charged because of adsorption of the released silica and alumina from the particles 

[36]. 

  Fig. 3.3 shows that a transition of ultimate sediment height occurs in the salt 

concentration range of 0.25–0.5 M at pH 4. At low salt concentrations, the height 

decreased with increasing ionic strength. This phenomenon can probably be explained 

as follows. The irregular shape of particles combined with the heterogeneous 

distribution of charge density on the particle face can strengthen the E(+)F(−) bonds. 

Under critical conditions, the weak EF bond involves short edges and 

low-charge-density areas; the strong EF one includes long edges and 

high-charge-density areas. As discussed above, under alkaline conditions, with 

increasing salt concentration at low ionic strength, the EDL of particles diminished, 

allowing the particles to approach more closely and strengthening the structure. In the 

ultimate sediment, the particle association endures the particle self-weight as well as 

the additional resultant force arising from the approaching faces, which disrupts the 

weak EF bonds within “card-house” structure of particle association. Therefore, the 

sediment height lowered with addition of salt. Also, at the same ionic strength, the 

height under acidic conditions is higher than that under alkaline conditions. This may 
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be attributed to the more stable EF bonds in “card-house” structure under acidic 

condition than FF configuration at alkaline condition restricting the mobility of the 

particles and increasing their resistance to deformation caused by their self-weight. 

Alternatively, at high salt concentration (≥0.5 M NaCl), the increase of sediment 

height with ionic strength under acidic conditions is similar to that found under 

alkaline ones, which may be explained by the reasoning described above. However, 

the stepwise increase of the difference of the height with pH at the same ionic strength 

probably indicates the existence of strong EF bonds even at very high salt 

concentration. Additionally, because of the doubt regarding the applicability of the 

M-B method at low salt concentration, a reasonable explanation for the remarkable 

RDP values in this range should be determined. 
 

3.5 Conclusion 
 
  The work presented here shows the effects of pH and ionic strength on 

sedimentation behavior, including maximum sedimentation rate and ultimate 

sediment height, for semi-dilute suspensions of sodium montmorillonite. NaCl 

concentration extending to near the CCC (50 mM) and pH of 4 and 9.5 were 

investigated. The volume fraction of solids was lowered to minus four orders of 

magnitude, and α caused by the formation of equivalent hydrodynamic flocs was 

estimated using the M-B method with the R-Z equation using maximum 

sedimentation rate in zone settling stage. The influences of pH and salt concentration 

on ultimate sediment height and α were used to examine the relation between the 

macroscopic sedimentation behavior and microscopic structure of particle association. 

The results indicated that the effect of pH on the ultimate sediment height was 

considerable at low ionic strength and almost negligible at high ionic strength with 

0.25–0.5 M NaCl as an inflection range. Increasing salt concentration accelerated the 

maximum sedimentation rate. This can be explained by increasing salt concentration 

decreasing the repulsive electrostatic effect, breaking of weak EF bonds and residual 

strong EF bonds. However, the applicability of the M-B method to semi-dilute 
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suspensions of sodium montmorillonite should be further confirmed. This issue 

should be studied in the future. 
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