
Article Not peer-reviewed version

Identification of the Critical Coagulation

Concentration of Sodium Bentonite

Mixes Used in the Oil and Gas Industry

Igor Haljasmaa † , Carlos A. Garcia † , Richard E. Spaulding , John C. Brigham , Eilis Rosenbaum *,†

Posted Date: 3 September 2025

doi: 10.20944/preprints202509.0354.v1

Keywords: bentonite clay gel; degree of dispersion; oil and gas industry; wellbore plugging materials; critical

coagulation concentration

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4737489
https://sciprofiles.com/profile/4623090
https://sciprofiles.com/profile/4734588
https://sciprofiles.com/profile/3103998
https://sciprofiles.com/profile/766946


Article

Identification of the Critical Coagulation
Concentration of Sodium Bentonite Mixes Used in the
Oil and Gas Industry
Igor Haljasmaa 1,2,†, Carlos A. Garcia 1,3,4,†, Richard Spaulding 1, John C. Brigham 4

and Eilis Rosenbaum 1,∗,†

1 National Energy Technology Laboratory, 626 Cochran Mill Road, Pittsburgh, PA 15236, USA
2 NETL Support Contractor, 626 Cochran Mill Road, Pittsburgh, PA 15236, USA
3 Oak Ridge Institute for Science and Education (ORISE), 626 Cochran Mill Road, Pittsburgh, PA 15236, USA
4 University of Pittsburgh, 3700 O’Hara Street, Pittsburgh, 15213, PA, USA
* Correspondence: eilis.rosenbaum@netl.doe.gov
† These authors contributed equally to this work.

Abstract

Sodium bentonite mixes commercially used in oil and gas well operations and plugging were evaluated
to identify the critical coagulation concentration (CCC) of electrolyte salts that may be present in the
wellbore environment or the well cement. Concentrations of the sodium bentonite mixes from 4% to
10% were prepared, mixed with small amounts of CaCl2 (from 2 g to 18 g) and NaCl (in amounts from
8 g to 90 g) and the degree of dispersion was recorded over time as agglomeration and eventually
sedimentation occurred in the samples. The CCC of the electrolyte salts of each sodium bentonite mix
concentration was identified. Relatively low levels of CaCl2, at levels commonly found in public water
sources, were identified as the CCC where significant flocculation occurs, highlighting the importance
to provide guidance on mix water testing.

Keywords: bentonite clay gel; degree of dispersion; oil and gas industry; wellbore plugging materials;
critical coagulation concentration

1. Introduction
In the energy sector, bentonite clays are used for their high sealing and self-healing properties,

including isolation of radioactive waste products [1–4] and by the oil and gas industry in isolating
oil and gas wells and boreholes. In the oil and gas industry, bentonite clays are used in various
applications due to their distinctive properties, such as high capillarity, rheological characteristics,
hardening, plasticity, thixotropy, and swelling capabilities [5–10]. They are used as cement additives to
prevent free water, to improve the viscosity of cement and drilling fluids, or as cement extenders to
reduce the weight of cement slurry [11–18]. Bentonite clay is also used in oil and gas well plugging
operations. Well plugging requires that potential flow zones, including hydrocarbon zones, shallow gas
or over-pressurized water zones, must be isolated with a suitable barrier, and cement is generally used
and required in these zones and a suitable "mud" is placed between the plugged zones [19–21]. In some
states, the mud is specified as bentonite gel or is primarily made up of bentonite or bentonite mixes
and is used between cement plugs to support the placement in the required zones of the formation
[22–24]. Bentonite clay mixtures are also used to clean out the well to ensure better cement placement
or are used as a spacer material to prevent cement contamination from drilling or other fluids [25].

The definition of clay can differ between disciplines. Generally speaking, clays and clay minerals
are hydrated aluminosilicates composed of infinite two-dimensional sheets and are classified as
phyllosilicates [26]. Bentonite clay is mainly composed of the mineral montmorillonite from the
smectite group of clays [17,27]. Bentonite is known to have thixotropic [17] and shear thinning
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properties. The latter facilitates the flow of bentonite during placement at high pumping rates and
allows it to form a highly viscous gel at appropriate concentrations. Sodium bentonite also has
predominantly Na+ cations occupying its interlayers, providing it with high water swelling capacity
[9,10,28] and the ability to form a gel at sufficiently high concentrations of bentonite solids in water.
The specific crystal lattice of smectite allows it to swell significantly, creating a stable dispersion with
low permeability, making it an almost ideal sealant. However, small amounts of salt when mixed with
sodium bentonite clay are known to cause destabilization of the gel, sedimentation, a reduction in
yield stress and viscosity [29,30], and decrease its effectiveness for use in the well. Salts can include
electrolytes that may be present in the mix water used to prepare bentonite-based gel materials, brine
and other fluids in the well, and common cement additives [15,18].

This study explores the amount of electrolyte salts that would cause the destabilization and
sedimentation of four different commercially available sodium bentonite clay mixtures used in oil
and gas operations at various concentrations to evaluate and provide guidance on their use in the
well. The next sections outline the theoretical aspects of the coagulation mechanism in dispersions
caused by the addition of electrolytes, followed by the experimental setup, sample preparation, and
assessment procedures. This is followed by a discussion of the experimental observations and results.
Finally, conclusions are presented.

2. Effect of Electrolytes and Coagulation Mechanism
In bentonite dispersions, the amount of electrolyte dissolved in the mixing water critically influ-

ences the dispersion stability [29,31]. An excessive electrolyte concentration can lead to dispersion
degradation through the process of coagulation. The concept of the double layer, originally introduced
in the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [32], provides a classical framework for
explaining the agglomeration behavior of colloidal systems. According to the DLVO theory, colloidal
particles are subject to both Van der Waals attraction and electrostatic repulsion, with the interplay of
these forces dictating the stability of colloidal systems.

The concept of the double layer is comprehensively visualized in Figure 1, which was adapted
from the figures in Ravina et al. [33]. The negatively charged surfaces of colloid particles attract
positive ions from the surrounding solution. This results in the formation of a firmly attached layer
around the particle surface, called the Stern layer [34,35]. Beyond the Stern layer, additional positive
ions from the solution continue to be attracted to the negative colloid but are also repelled by the
positive Stern layer, leading to a dynamic equilibrium that forms the diffuse layer. Outside the diffuse
layer, the concentration of positive ions is counterbalanced by negative ions resulting in a net zero
charge. The concentration of negative ions decreases from this balanced state to nearly zero within
the Stern layer [36]. This overall distribution creates a cloud of positive charge around the colloidal
particles, leading to their mutual electrostatic repulsion.

Figure 2 illustrates the coagulation mechanism and the balance between attractive and repulsive
energy. As colloidal particles in suspension come closer together, their diffuse double layer (DDL)
clouds create electrostatic repulsion. Attractive van der Waals forces are strong but short-range, so
the particles must possess a significant kinetic energy to overcome the energy barrier to reach a close
proximity, where attractive forces prevail [38,39]. However, the presence of a sufficient concentration of
electrolyte salt in the solution significantly decreases the thickness of the double layer by compressing
it as shown in Figure 1b. For example, DLVO theory predicts that the double layer thickness is
inversely proportional to the square root of the concentration of the symmetrical electrolyte [40,41].
This reduction in thickness can reduce or even eliminate the energy barrier, facilitating aggregation
and flocculation.

Coagulation causes aggregated particles to form flocs leading to gradual separation of the ben-
tonite mixture into sediment and the overlying supernatant. This process is commonly quantified
by the degree of dispersion, defined as "the volume of sediment divided by the total volume of the
mixture" [39]. A degree of dispersion of 100% indicates "no observable sedimentation". However, "no
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Figure 1. The double layer around a negative colloid is depicted with the charge density shown as rings around
the colloid particle. The right side of each image depicts the distribution of the ions around the particle. (a.) Lower
electrolyte concentration. (b.) Compressed double layer due to higher electrolyte concentration. (adapted from
[37]).

Figure 2. Particles interactions in bentonite dispersions: red - electrical repulsion (positive); blue - Van der Waals
attraction (negative); purple - net interaction (positive + negative). The solid red curve represents a suspension
with a negligible electrolyte salt concentration and high energy barrier. The net interaction curves demonstrate
the resulting impact of an electrolyte on the energy barrier, where initially (solid purple) there is an appreciable
energy barrier to overcome but the addition of the salt compresses the double layer and reduces the range of the
electrostatic repulsion (dashed red) and lowers (or eliminates) the energy barrier (dashed purple).
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observable sedimentation" does not necessarily imply that the physical properties of the dispersion
remain unchanged in comparison to a scenario without added electrolytes. It has been observed that
even in the absence of visible sedimentation, a small amount of added electrolyte can still impact
properties such as the rheological characteristics of the mixture [29,42–45]. To quantify the onset of
dispersion instability, the term Critical Coagulation Concentration (CCC) will be used. Van Olphen
loosely defined CCC as "the minimum electrolyte concentration that will cause a rapid flocculation of
a suspension within a defined period" [46]. Although this definition may appear somewhat subjective,
CCC serves as a valuable metric for assessing suspension stability. Formally, it can be derived from the
DLVO theory assuming a negligibly small energy barrier [47]. However, from a practical point of view,
it is not easy to reliably assess the magnitude of this barrier. Therefore, for the purposes of this paper,
the value of CCC will be assumed as the maximum electrolyte concentration that still provides 100%
degree of dispersion (i.e., no observable sedimentation; for example, see [39]). This study will focus on
four key factors that significantly influence the degree of dispersion and CCC, such as:

• Bentonite concentration;
• Electrolyte concentration;
• Type of electrolyte;
• Aggregation time.

Presumably, the brand of bentonite may also play a role, because of differences in grain size and
material composition. Therefore, results are compared for several different brands used in the North
American market and described in the following section.

3. Experimental Setup, Samples Preparation and Assessment Procedure
This study examines four brands of natural Wyoming sodium bentonite, each exhibiting slight

variations in physical appearance, particle size, chemical composition, and standard applications
(Table 1). The finely powdered bentonite is often used as a cement additive in oil and gas wells.
This powder from BPM Minerals, LLC was included in this study and identified as the Bentonite as
Cement Additive (BCA). BenSeal (BS), produced by Baroid Industrial Drilling Products, is a granular
Wyoming sodium bentonite with an 8-mesh particle size (sieve size of 2.36 mm) intended for sealing
and grouting well casings. Quik-Grout (QG), also from Baroid Industrial Drilling Products, is a sodium
bentonite-based grout that includes up to 5% ammonium sulfate and is not recommended for use as
a cement additive. Finally, VolClay (VC), from American Colloid Company, is a 200 sieve bentonite,
corresponding to particle sizes of approximately < 74 microns, effectively removing most sand and
iron impurities from the clay. Figure 3 illustrates a physical appearance comparison of all four brands,
arranged from coarsest (left) to finest (right).

Figure 3. Representative samples of four Wyoming sodium bentonite brands: BS, QG, BCA, and VC.
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Table 1. Wyoming Sodium Bentonite Mixes.

Name (Abbr.) Manufacturer Composition Particle Size

National Premium WT
(BCA) BPM Minerals LLC 1–5% Quartz 200-mesh (0.074 mm)

BenSeal (BS) Baroid Industrial
Drilling Products

60–100% Sodium
Bentonite,
0–1% Cristobalite, 8-mesh (2.38 mm)
0–1% Tridymite,
0–5% Quartz

Quik-Grout (QG) Baroid Industrial
Drilling Products

60–100% Sodium
Bentonite,
0–1% Cristobalite,
0–1% Tridymite, 200-mesh (0.074 mm)
0–5% Quartz,
0–5% ammonium
sulfate

VolClay (VC) American Colloid
Company <2% Cristobalite, 200-mesh (0.074 mm)

<6% Quartz

Four concentrations by mass of bentonite in water dispersions were used: 4%, 6%, 8%, and 10%.
The concentrations, C, of the bentonite dispersions were determined as follows:

C =
mass o f bentonite

total mass o f dispersion
× 100% (1)

The electrolytes considered are the cations Na+ and Ca2+, which are among the most prevalent
electrolytes in geological environments. Preliminary experiments with these electrolytes indicated a
noticeable sedimentation at concentrations of approximately < 1 g/1 L H2O for Ca2+ and < 10 g/1 L
H2O for Na+. Therefore, amounts in these ranges were added to the different bentonite concentration
solutions for the present study on the degree of dispersion in bentonites and identification of the CCC.

Sedimentation does not occur immediately after the mixing process is stopped. Thus, the timing of
sedimentation can be a critical factor. At higher electrolyte concentrations, the effects of sedimentation
become noticeable within minutes, whereas at lower electrolyte levels it can take days or even weeks
for the dispersion to attain a steady state. Over three weeks following preparation (and in some cases
longer), the sedimentation process for each sample was periodically evaluated and the corresponding
degree of dispersion was recorded.

Table 2 summarizes the approximate values and ranges of the four factors introduced above
for the experimental study. A Sterling Multi Products, Inc. multimixer, model 9B5CH1 (Figure 4),
featuring a single agitator built for mud mixing, was employed to create all the dispersions. This
device adheres to API 13A standards for mixing water-based drilling fluids. First, the specified amount
of electrolyte salt was added to distilled water through mixing until fully dissolved. The specified
amount of bentonite was gradually added to the electrolyte salt-water and mixed for approximately 1
hour. Special attention was given to prevent clumping and achieve a uniform dispersion, especially for
the granular BS. It is important to note that because the distilled water used was not freshly prepared, it
absorbed some carbon dioxide from the atmosphere, resulting in a slightly acidic pH of approximately
5.8 – 5.9. Each prepared dispersion was then transferred into a 50 mL vial, sealed to prevent fluid loss,
and sedimentation was observed over time. Figure 5 provides an example of five samples from the 10%
QG group, mixed with 2, 3, 4, 6, and 12 grams of CaCl2, respectively, per liter of distilled water. Each
sample was observed until a steady degree of dispersion was achieved, resulting in a stable sediment
layer with a clear liquid above. This asymptotic value can be considered as a degree of dispersion at the
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infinite time limit and that is how it will be referred to in the rest of this paper. Comparative samples
were prepared for all brands and concentrations of bentonite.

Table 2. Parameters affecting coagulation and their values used in this experimental study.

Bentonite brands: BCA, BS, QG, and VC

Bentonite concentration, C: 4%, 6%, 8%, and 10% by mass

Electrolyte types: NaCl and CaCl2
NaCl concentrations: 8–90 g/L dist.H2O

CaCl2 concentrations: 0.75–12 g/L dist.H2O

Aggregation (and sedimentation) time: Evolution for at least 3 weeks (≈500 hours)

Figure 4. Multimixer from Sterling Multi Products, Inc., model 9B5CH1 used to generate bentonite mixtures.

Figure 5. 10% QG dispersed in 2, 3, 4, 6, and 12 g CaCl2 per liter of distilled water. Picture was taken after a
constant degree of dispersion was achieved at the infinite time limit.
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4. Experimental Observations and Results
For each bentonite sample, the volume of sediment normalized by the total sample volume was

plotted over time to evaluate the impact of salts on the different concentrations of each bentonite
mixture. This detailed analysis of different bentonite brands and concentrations helps to provide
insight into the stability of the dispersions and sedimentation dynamics in the presence of electrolyte
salts. Figure 6 shows the change in sediment height with respect to time for the concentrations of BS
samples and the amounts of NaCl concentrations within the ranges listed in Table 1.

Figure 6. Sedimentation of BS (at concentrations of 4, 6, 8, and 10% by mass) dispersions. Parameters affecting
sedimentation are bentonite concentrations (% by mass) and NaCl concentration (grams per kg of H2O).

The sedimentation curves qualitatively confirm existing knowledge about the behavior of clay
dispersions in the presence of salts: higher concentrations of NaCl lead to faster sedimentation and
denser sediment formation. The addition of a sufficient concentration of NaCl (for example, > 30 g/L
of H2O) results in a rapid degradation of the bentonite dispersion. Within the first 24 hours, the
supernatant comprises 30 - 70% of the total volume, depending on the concentrations of both the
electrolyte and bentonite. Even at lower NaCl concentrations, sedimentation in the dispersion becomes
significant within the first few days.

Figure 7 presents the change in sediment height with respect to time for BS over the initial 500
hours and shows the effects of CaCl2 on the samples. As the CaCl2 concentration exceeds approximately
4 g/L H2O, there is a rapid degradation of the dispersion’s properties: within the first 24 hours, the
supernatant accounts for 30% to 70% of the total volume, depending on concentrations of both the
CaCl2 and bentonite. Even at lower CaCl2 levels, significant sedimentation occurs within the first
few days, indicating that electrolyte concentration quickly impacts the stability and behavior of the
dispersion.
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Figure 7. Sedimentation of BS (at concentrations of 4, 6, 8, and 10% by mass) dispersions. Parameters affecting
sedimentation are bentonite concentrations (% by mass) and CaCl2 concentration (grams per kg of H2O).

As the amount of clay material increases in each sample, a greater amount of salt is necessary
to achieve the same degree of sedimentation. This observation aligns with the expectation that salt
concentrations influence both the rate and extent of sedimentation in clay dispersions, reinforcing
the importance of adjusting salt levels based on clay content to effectively control dispersion stability.
Figures 6 & 7, depicting the sedimentation that occurs with BS, highlight an important difference
with respect to the amounts of NaCl and CaCl2 required for effective coagulation of BS dispersions.
Specifically, the amount of NaCl needed for sufficient coagulation is six to eight times greater than the
amount of CaCl2, which qualitatively aligns with similar studies [48,49]. As a result, the maximum
recommended concentration of NaCl in a water source can be considerably higher than that of CaCl2
before the critical amount of electrolyte to destabilize the dispersion would be reached.

Figures 8, 9, and 10 illustrate the sedimentation observed for QG, BCA, and VC bentonite,
respectively, with CaCl2 concentration during the first 500 hours.

Figure 8. Sedimentation of QG (at concentrations of 4, 6, 8, and 10% by mass) dispersions. Parameters affecting
sedimentation are bentonite concentrations (% by mass) and CaCl2 concentration (grams per kg of H2O)
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Figure 9. Sedimentation of BCA (at concentrations of 4, 6, 8, and 10% by mass) dispersions. Parameters affecting
sedimentation are bentonite concentrations (% by mass) and CaCl2 concentration (grams per kg of H2O).

Figure 10. Sedimentation of VC (at concentrations of 4, 6, 8, and 10% by mass) dispersions. Parameters affecting
sedimentation are bentonite concentrations (% by mass) and CaCl2 concentration (grams per kg of H2O).

The sedimentation curves for different sodium bentonite brands exhibit qualitatively similar
behavior (as shown in Figures 7, 8, 9, 10); however, due to the variation in the commercial bentonite
brands and mixes, there are notable quantitative differences among them. These distinctions are better
highlighted visually at the infinite time limit, when the degree of dispersion reaches its steady value.
Thus, the focus will be on the asymptotic limits of each curve shown in Figures 7 through 10. With
time no longer a variable, Figure 11, illustrates the degree of dispersion for BS as a function of NaCl
and CaCl2 at the infinite time limit. Similarly, Figure 12 summarizes the degree of dispersion at the
infinite time limit as a function of CaCl2 concentration for the four bentonite brands (from Figures 7, 8,
9, and 10), highlighting the effects on sedimentation by Ca2+. The data from Figures 11 and 12 was fit
to the following equation form, where D is the degree of dispersion, M is the electrolyte concentration,
and a, b, c are constants determined for each concentration and bentonite brand:

D =
a

Mb + c, (2)

The values of constants a, b, and c are summarized in Tables A1 and A2 of the Appendix. Table A1
provides the best fit values for Figure 11 (NaCl additives to BS dispersions), while Tables A2 shows the
best fit values for Figure 12 (CaCl2 additives to different bentonite brands).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 September 2025 doi:10.20944/preprints202509.0354.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.0354.v1
http://creativecommons.org/licenses/by/4.0/


10 of 16

Figure 11. Degree of dispersion for the BS brand of bentonite mixtures as a function of NaCl and CaCl2 concentra-
tion at steady state (infinite time limit).

Figure 12. Degree of dispersion for four bentonite brands (color coded) as a function of CaCl2 concentration at
steady state (infinite time limit).

The data in Figures 11 and 12 provides a viable approach to evaluate CCC. Specifically, a degree
of dispersion equal to unity indicates no visible coagulation in the dispersion. Therefore, the points
where each curve in Figures 11 and 12 reaches a " degree of dispersion equal to one" can be considered
as the CCC. Table 4 summarizes these CCC values determined from the data in Figures 11 and 12.

The CCC curves as functions of bentonite concentrations can establish a reasonable boundary
to achieve stable, uniform dispersions of bentonite mixtures. Alternatively, these curves can be
interpreted as indicators of the conditions for instability in bentonite dispersions. The data from the
four bentonite brands reveals a reliable trend that closely approximates linear dependence, as seen
in Figures 13 and 14. The areas above each of the curves represent the instability regions for that
brand since the CCC is the minimum concentration needed for observable sedimentation. Within the
range of tested bentonite concentrations (from 4% to 10%), the CCC for every bentonite brand can
be approximated with the following equation, where M represents the electrolyte concentration, C
represents the concentration of the bentonite sample, while p1 and p2 are the constants determined by
the best fit of the data:

M = p1 ∗ C + p2 (3)
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Figure 13. The CCC of CaCl2 as a function of the bentonite concentration (i.e., solid content) shown for all
bentonite mixtures tested. The markers indicate the CCC and fitted lines indicate the minimum amount of CaCl2
that would destabilize the bentonite mixtures. The areas above each of the fitted lines correspond to the unstable
dispersion for the respective bentonite brand.

To visualize the effect of the ion valency, Figure 14 compares the results for both electrolytes
of interest, NaCl and CaCl2, and the instability region is marked by shading. The purpose of this
paper was to test the mixes with relatively high bentonite content (>=4% by mass). Although for
lower concentrations a similar trend is expected, it may slightly deviate from the proposed linear
approximation. It is also worth noting that the 8 mesh granular product, BS, exhibits a slightly better
stability when mixed with water containing an electrolyte salt compared to the other three bentonite
brands, which display very similar results.

Figure 14. The CCC of electrolyte salt as a function of the bentonite concentration is shown for all bentonite
mixtures tested. The markers indicate the CCC. The instability region is the area above the fitted lines and
indicated with shading for the BS with NaCl, however, the areas above each of the fitted lines correspond to the
unstable dispersion for the respective bentonite brand.
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Table 3. Values of constants and SD for fitted curve from Figure 14.

Bentonite
Brand: BS(NaCl) BS(CaCl2) QG BCA VC

p1 ± SD: 2.13 ± 0.423 0.307 ± 0.017 0.193 ± 0.019 0.211 ± 0.0325 0.217 ± 0.009

p2 ± SD: -2.507 ± 3.111 -0.376 ±
0.1278

-0.087 ±
0.1389 -0.144 ± 0.239 -0.189 ± 0.069

A final observation is that the CCC curves only indicate a sufficient condition for the onset of
dispersion instability. The influence of electrolytes on the physical and rheological properties of
bentonite dispersions can manifest at electrolyte concentrations below the CCC. Consequently, it is
essential to examine the variations in physical properties, particularly rheological characteristics, at
electrolyte concentrations near the CCC.

5. Discussion
Although the DLVO theory provides good insight into the physics of the colloidal systems

and adequately reflects some phenomena, it cannot reliably quantify the CCC values for various
formulations of bentonite dispersions. Any light scattering method is also inapplicable due to the high
solid/liquid ratio (4% to 10%). Therefore, an experimental method was implemented that involved a
parametric analysis of the degree of dispersion in bentonite mixtures.

The valency of the cations plays a critical role in the flocculation process. DLVO theory suggests
a complicated dependence between the CCC and the valency of the counterions in the dispersion.
For the low potential of the colloidal particles (see for example, Doroszkowski), CCC is inversely
proportional to the second power of the electrolyte cation valency, CCC ∼ 1/Z2, while for very high
potential the inverse proportionality increases to the sixth power, CCC ∼ 1/Z6.

This implies that flocculation efficiency may increase from four times (for low particle charges) to
as much as 64 times (for very high charges) as we switch from a monovalent to a bivalent electrolyte.
That is, the effect of cation valency on highly charged particles is stronger. To properly compare
the flocculation effect of monovalent cations of Na+ versus bivalent cations Ca2+ in our bentonite
dispersions of high solid content, the corresponding CCC values in Table 4 were converted from g/kg
to mmol/L:

Table 4. CCC for the tested bentonite concentrations.

Bentonite
Concentration: 4% 6% 8% 10%

BS ( NaCl
kgH2O ): 5.575 g 10.479 g 15.43 g 18.123 g

BS ( CaCl2
kgH2O ): 0.829 g 1.5048 g 2.058 g 2.688 g

QG ( CaCl2
kgH2O ): 0.687 g 1.152 g 1.484 g 1.905 g

BCA ( CaCl2
kgH2O ): 0.678 g 1.187 g 1.484 g 1.987 g

VC ( CaCl2
kgH2O ): 0.674 g 1.13 g 1.527 g 1.988 g

Table 5 shows that the flocculation strength of bivalent cations is approximately 13–14 times
greater than that of monovalent cations. This value reasonably fits in the middle of the range [4,47],
considering that bentonite colloidal particles have a medium high surface charge. This demonstrates
that levels of bivalent cations in water sources are significantly more critical in altering the properties
of bentonite dispersions and indicates that water sources should be thoroughly tested before use. Since
relatively low levels of Ca2+ can significantly alter the properties of the bentonite, all bentonite brands
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were tested with and focused primarily on the most abundant bivalent cation found in geological
formations, Ca2+.

Table 5. CCC of monovalent versus bivalent cations in BS dispersions.

Bentonite
Concentration: 4% 6% 8% 10%

Na+ (mmol/L): 96 181 266 312

Ca2+ (mmol/L): 7.5 13.6 18.5 24.2

As summarized in Table 4, the CCC of dissolved CaCl2 for all tested bentonite brands ranges from
0.7 to 2.5 g CaCl2 per kg of H2O, depending on the brand and the mass concentration of bentonite.
Multiplying these values by the ratio of molar masses for Ca versus CaCl2:

Molar mass o f Ca
Molar mass o f CaCl2

=
40.1 g/mol
111 g/mol

= 0.361,

the CCC range for dissolved Ca cations will be approximately 0.25 to 0.90 g of Ca per kg of H2O. BS
has a significantly larger particle size compared to the other brands and its CCC is appreciably higher
for all the measured solid/liquid ratios.

Temporal evolution of the degree of dispersion provides an additional insight to the high
solid/liquid ratio systems. The equilibrium values of the degree of dispersions, that are smaller
than roughly 0.6, are reached relatively fast – in a couple of hours. On the other hand, larger values of
the degree of dispersion equilibrate rather slow – it may not even reach steady value after 500 hours.

6. Conclusions
It was found that, for the high solid/liquid ratios, the CCC is almost a linear function of the

bentonite concentration for both mono- and divalent electrolytes. The flocculation strength of bivalent
Ca2+ ions was found to be approximately 13–14 times higher than monovalent Na+ ions for all the
tested bentonite concentrations. The CCC values in Table 4 for Ca2+ are relatively low; it is not
uncommon for groundwater hardness to exceed 1 or even 2 grams of Ca+Mg per kg of H2O. This
raises potential concerns regarding water sources in terms of hardness when considering their use in
the well environment. If excessively hard water is utilized for mixing bentonite dispersions, irreversible
flocculation and gradual sedimentation of clay particles could undermine the intended benefits of the
bentonite mixes - normally characterized by higher viscosity, yield stress, and lower permeability -
within a well.
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Appendix A

Table A1. Values of constants for fitted curves in Figure 11 (NaCl additives to BS).

Bentonite
Concentration: 4% 6% 8% 10%

a ± SD: 2.688 ± 2.762 6.702 ± 14.948 25.44 ± 128.46 13.26 ± 31

b ± SD: 0.424 ± 1.605 0.848 ± 1.09 1.304 ± 1.841 1.049 ± 0.9

c ± SD: -0.297 ± 2.252 0.087 ± 0.497 0.282 ± 0.304 0.366 ± 0.238

Table A2. Values of constants for fitted curves in Figure 12. (CaCl2 additives to different bentonite brands)

Bentonite Concentration: 4% 6% 8% 10%

BS
a ± SD: 0.599 ± 0.16 1.478 ± 0.136 2.663 ± 0.379 5.036 ± 1.225
b ± SD: 1.517 ± 0.892 1.767 ± 0.217 2.031 ± 0.207 2.305 ± 0.255
c ± SD: 0.205 ± 0.119 0.282 ± 0.028 0.386 ± 0.018 0.485 ± 0.016

QG
a ± SD: 0.283 ± 0.137 0.892 ± 0.077 1.122 ± 0.076 1.284 ± 0.066
b ± SD: 2.584 ± 1.33 1.188 ± 0.481 1.601 ± 0.218 1.472 ± 0.104
c ± SD: 0.256 ± 0.06 0.317 ± 0.047 0.404 ± 0.028 0.503 ± 0.014

BCA
a ± SD: 0.262 ± 0.379 0.836 ± 0.108 0.905 ± 0.173 1.063 ± 0.583
b ± SD: 2.47 ± 1.495 1.94 ± 0.762 1.518 ± 0.721 1.34 ± 1.096
c ± SD: 0.315 ± 0.092 0.402 ± 0.068 0.504 ± 0.09 0.576 ± 0.15

VC
a ± SD: 0.198 ± 0.247 0.828 ± 0.093 1.07 ± 0.104 1.242 ± 1.503
b ± SD: 3.26 ± 3.323 2.339 ± 0.713 1.607 ± 0.327 1.695 ± 2.09
c ± SD: 0.287 ± 0.14 0.378 ± 0.045 0.459 ± 0.041 0.613 ± 0.177
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