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ABSTRACT OF THE THESIS 

 

Aggregation and Rheology 

of Concentrated Mineral Suspensions 

 

by 

Jason Tyler Timmons 

 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2019 

Professor Gaurav Sant, Chair 

 

Suspension rheology plays a significant role in a wide variety of industries and 

applications: mineral processing, construction materials, paints and coatings, and 

drug delivery, for example. Although advances in the science of suspension 

rheology have been made consistently for centuries, many systems exist for which 

their rheological behavior is inadequately described by existing generalized models. 

Two systems are considered which display unexpected rheological behavior: the 

first is a model system of glass spheres in a polymeric fluid, and the second is a 

real system of irregularly shaped portlandite particles in aqueous suspension with 

added polymer dispersants. A thorough examination of the aggregation behavior of 

both systems, through analysis of rheometric experiments and secondary 

techniques such as light scattering, reveals details of interparticle interactions and 

aggregation/dispersion mechanisms which may be overlooked by simplified models. 

These findings advance the ability to tailor suspensions with anomalous behavior to 

desired rheological properties. 
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Introduction 
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 Rheology is the study of flow and deformation of materials and is 

complementary to solid mechanics when describing the response of materials to 

applied forces. The most commonly discussed rheological properties include 

viscosity and yield stress. Suspension rheology specifically refers to solid particles, 

generally on the micrometer-scale or smaller, within a suspending (fluid) medium. 

Interparticle interactions, which account for the mutual attraction/repulsion 

between pairs of particles across the suspending medium, control the rheological 

properties of suspensions. Many properties of the particles will affect rheology, such 

as shape, size, and surface charge; these factors will determine if particles are 

dispersed and stable in suspensions or unstable and aggregate. Aggregates form 

when particles have insufficient repulsive interactions, resulting in increased 

viscosity, yield stress, and settling of particles. Control over these properties is 

important in the application of concentrated suspensions. 

 Studying model suspensions is often necessary to isolate how certain 

material properties affect rheology. Analysis of particle aggregates is simplest when 

the particles are spheres, removing any effects of ordered or preferential 

aggregation. The selection of suspending fluid is important, as it will control both 

electrostatic and van der Waals interactions between particles. Many parameters 

which affect aggregation and rheology are very difficult to quantify experimentally, 

and there are a variety of rheometric techniques to indirectly probe things like 

aggregate structure and interparticle interactions. 

 The rheology of generic mineral suspensions is important in a huge number 

of industries. For example, the mining industry produces a huge amount of mineral 

waste. These waste streams, known as tailings, are stored in tailings dams, which 
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take up huge tracts of land and are prone to catastrophic failure. Over the past 

century, thousands of people have been killed, millions of cubic meters of waste 

have been released into the environment, and billions of dollars in damages have 

been caused by tailings dam failures. A simple way to reduce the risk of failure is to 

simply reduce the volume of waste produced by lowering the water demand to 

produce a suspension which can be pumped to the waste site. But simply increasing 

the concentration of solids in the waste stream presents a host of new problems, 

stemming from increased yield stress, viscosity, and non-Newtonian behavior. 

Using polymeric additives which allow for flow of suspensions at higher solid particle 

loadings can combat these issues. Further examples of the importance of 

suspension rheology are discussed within the following chapters. 

 In Chapter 2, a model suspension of glass spheres in nonconductive polymer 

fluid is investigated. The fractal structure of the aggregates is shown to control the 

temperature dependence of the suspension viscosity, resulting in a viscous 

activation energy which deviates from predictions. In Chapter 3, a real suspension 

of portlandite (calcium hydroxide; Ca(OH)2) in aqueous suspensions is shown to 

aggregate despite commonly-held guidelines which predict the stability of 

suspensions. This resulted in a very high yield stress at relatively low particle 

concentrations, undesirable properties for a suspension to be used as a structural 

material. By addition of polymeric dispersants, these properties can be tuned by 

altering the interparticle interactions due to surface modification by adsorbed 

polymers. These two investigations discuss the importance of understanding the 

aggregation of particles, as it is often the aggregate structure which connects 

particle properties to the rheology of the suspension. 
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Anomalous variations in the viscous activation energy of suspensions 

induced by fractal structuring  
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(3), and Gaurav Sant (*,†,4) 

 

Abstract  

Hypothesis 

In suspensions, the activation energy of viscous flow is an important property that 

controls the temperature dependence of the viscosity. However, the differentiated 

roles of the properties of the liquid phase and the structure of the solid particles in 

controlling the activation energy remain unclear. We propose here that particle fractal 

structuring yields an anomalous behavior in the activation energy of viscous flow. 

Experiments 

The rheology of two series of suspensions consisting of glass beads suspended in 

poly(1-decene) was investigated over a wide range of solid volume fractions (0.00 ≤ 

φ ≤ 0.55). These suspensions were characterized by their viscosity (η, Pa∙s) via shear 

rate sweeps and by their yield stress (Pa) via oscillatory amplitude sweeps. 

Findings 

Interestingly, for suspensions consisting of nominally smaller particles (d50 ≈ 5 µm), 

we observe an anomalous decrease in the activation energy (Ea, kJ/mol) of viscous 

flow with increasing solid fraction. Based on oscillatory rheology analyses, it is 
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suggested that such anomalous behavior arises due to entropic effects that result 

from the formation of fractally-architected cooperatively rearranging regions (i.e., 

agglomerates) in the suspension. 

 

Keywords 

Suspension rheology; fractal structuring; activation energy; configurational entropy 

 

1. Introduction and background 

When solid particles are added to a liquid, a suspension is formed. The continued 

addition of solid particles results in a drastic alteration of the rheological behavior of 

the suspension vis-à-vis the pure liquid [1]. Increasing the solid volume of the 

suspension monotonically increases its viscosity, regardless of the viscosity of the 

pure liquid [1,2]. The viscosity is influenced by numerous factors, including, but not 

limited to: temperature, pressure, particle volume fraction, particle size, and 

composition, shear rate, et cetera [1–8]. Substantial work has been carried out to 

describe the viscosity of simple suspensions of monodisperse hard spheres in the 

colloidal size regime [1–3,9–13]. However, the insights offered by experiments and 

simulations performed on such ideal systems may not be fully applicable to more 

complex suspensions of industrial relevance. 

 

Like with pure liquids, the viscosity of a suspension decreases with increasing 

temperature [14]. In the ranges of temperatures that are distant from those that 

may cause a phase transition in the solid or liquid phases of the suspension, the 

influence of temperature on the suspension viscosity is broadly induced by changes 
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in the liquid phase viscosity [15]. But, for colloidal-sized particles, the thermal forces 

(kBT) acting on the particles can prevent their settling [16]. In commonality with 

many other properties, the influence of temperature on the viscosity of a suspension 

can be described by an Arrhenius equation involving an activation energy of flow EA 

(see Eq. 1) [17]. This activation energy has most often found to be independent of 

the solid volume fraction, which indicates that it is indeed the liquid phase that, to 

the first-order, controls the temperature-dependence of the suspension viscosity 

[13,18]. While other investigations have sought to relate the activation energy to 

particle volume, the mechanism(s) that may underpin such correlations remain 

unclear [19,20]. 

 

Besides the viscosity, the storage and loss moduli of a suspension, which capture the 

elastic and viscous character of the material, respectively, describe how the structure 

of a suspension breaks down and evolves with increasing shear strain [21]. At very 

low shear strain, the storage modulus of a structured, yielding suspension should 

plateau to a constant value, and this value is expected to scale with the solid volume 

fraction [21–23]. As more solid particles are added to the system, the system 

behaves more like an elastic solid, and up on its continued shearing, the storage 

modulus begins to decrease, which is known as yielding [21–23]. The strain and 

stress at which yielding occurs are defined as the critical yielding strain (𝛾𝑐) and yield 

stress (𝜏𝑐), respectively [22–24]. Beyond this point, the material undergoes viscous 

flow. Depending on the structuring of the particles in the suspension, the yield strain 

and yield stress scale differently with solid volume fraction [21,23,25,26]. 
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Despite the tremendous importance of the rheology of suspensions (e.g., for the food, 

cosmetic, pharmaceutical, or oil industries)[27–31], the many variables that may 

affect rheological properties are difficult to reconcile with a description of the 

suspension structure [32]. For example, common models, such as those of Einstein, 

Batchelor, and Krieger and Dougherty, depend solely on the solid volume fraction of 

the suspension [9–11,33], and do not explicitly account for the role of suspension 

structure—a significant issue, especially for concentrated suspensions (often, φ ≥ 

0.15 – 0.20) [34]—and therefore fail to describe the rheology of many suspensions 

[9–11]. In particular, the average size of the suspended particles and the structuring 

of the particles in the suspension have a first-order effect on the structure and 

rheology of suspensions and, hence, should be explicitly accounted for in a unifying 

model of suspension rheology. Using simulations, suspensions comprising 

polydisperse particles have been shown to weakly differ in terms of fractal structuring 

[35,36]. However, beyond the two prevailing models of diffusion- and reaction-

limited cluster aggregation, the effect of structuring on the rheological properties of 

suspensions remains difficult to predict [36,37]. 

 

Here, we investigate two sets of suspensions comprising two sizes of solid glass beads 

suspended in a poly(1-decene) solution over a range of temperatures and solid 

volume fractions. We observe an anomalous response in the temperature 

dependence of the viscosity for the suspension consisting of smaller beads, wherein 

the activation energy decreases with increasing solid volume fraction. Based on 

oscillatory rheology analyses, we find that this anomalous behavior originates from 

the fractal nature of the agglomerates (or cooperatively rearranging regions) that 



9 
 

form in the suspension. Using Adam-Gibbs theory [38], we show that the average 

size of the agglomerates affects the configurational entropy of the system, which, in 

turn, controls the activation energy of shear flow. This highlights the considerable 

role of entropic effects (i.e., besides enthalpic effects) in controlling and affecting the 

rheology of complex suspensions. 

 

2. Materials and methods 

2.1 Materials 

Two sets of soda-lime silicate (SLS) glass beads (SiLibeads Type S 0-20 and 0-50, 

Sigmund-Lindner GmbH) of different sizes were used as model spherical particles. 

The oxide composition of both sets of the SLS glass beads as determined by SEM-

EDS is 69.5 mol % SiO2, 14.7 mol % Na2O, 10.3 mol % CaO, 4.8 mol % MgO, 0.4 

mol % Al2O3, and 0.3 mol % K2O. Approximately 92.5% of particles are spherical, 

featuring an aspect ratio of: 1.00 ± 0.05, with the remaining 7.5% of particles having 

an irregular shape with aspect ratios ranging from 1.0-to-5.0, based on analysis of 

120 particles from SEM images, thereby fulfilling the condition of a spherical 

geometry (see Supplementary Information, SI)[2,3,11]. The median diameter (d50) 

of the smaller glass beads and the larger glass beads are 5.0 ± 0.3 μm and 28 ± 0.3 

μm, respectively, wherein the error represents one standard deviation based up on 

6 replicate measurements. These particle sizes were chosen to approach the particle 

size at which thermal forces become dominant in controlling particle motion. The 

particle size distributions (PSDs) of the glass beads were determined by static light 

scattering (SLS, LS13-320, Beckman Coulter). For the PSD measurements, Isopropyl 

alcohol (IPA) was used as the carrier fluid and the mixture of IPA and the SLS beads 
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was extensively ultrasonicated prior to the measurements to ensure dispersion to 

primary particles [39]. The density of the glass beads was measured by He-

pycnometry (AccuPyc II TEC, Micromeritics) to be 2450 kg/m3. To confirm that both 

sets of glass beads had similar surface properties, the zeta potential of each in 

deionized water was measured by electrophoretic mobility (ZetaPALS, Brookhaven 

Instruments Corporation) and both were found to be -43 ± 3 mV. 

 

A set of polyethylene beads (WPMS-1.25 10-45 μm, Cospheric LLC) were also used, 

to compare the results of similarly-sized and similarly-shaped particles with different 

material properties. The d50 of these particles are 30 ± 0.3 μm, closely matching that 

of the 28 μm glass beads. The density, as reported by the manufacturer, is 1239 

kg/m3, resulting in a much smaller density mismatch between the particles and the 

suspending fluid, described below. 

 

A NIST-certified viscosity standard (S600, Cannon Instruments) was used as the 

continuous phase of the suspension (i.e., suspending liquid which is poly(1-decene) 

with a unique molecular weight distribution). S600 was selected for its high viscosity 

(1.02 Pa∙s at 25 °C), which was necessary to prevent particle settling and 

sedimentation over the timescale of the experiments. This selection ensured very 

good repeatability of the rheological measurements (i.e., we observed a maximum 

2% deviation in viscosity between three repetitions on the pure fluid) and a 

suspending medium which would not react with or cause dissolution of the suspended 

solids. 
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Three sets of suspensions of the 5.0 µm and 28 µm glass beads and 30 μm 

polyethylene beads (discrete phase) and S600 liquid (continuous phase) were 

prepared over a range of solid volume fractions (0.00 ≤ φ ≤ 0.55) and studied over 

a range of temperatures (from T = 25-to-80 °C). Since the density of the fluid 

changes with temperature, these volume fractions slightly change (Δφ ≤ 0.01) for 

experiments conducted at the highest temperature considered herein (80 °C). In the 

following, this difference is assumed to be insignificant and, is hence neglected. 

Suitable quantities of solid and S600 liquid were measured using an analytical balance 

(0.1 mg precision) assuming nominal densities of 2450 kg/m3, 1239 kg/m3, and 

843.8 kg/m3 for the glass beads, polyethylene beads, and liquid, respectively. The 

suspensions were homogenized using a four-blade impeller type standing mixer (RW 

20 Digital, IKA) at 300 rpm for five minutes prior to further analyses. 

 

2.2 Experimental methods 

The rheology of the suspensions was characterized using a combined motor and 

transducer (CMT) rheometer (Discovery Hybrid Rheometer, DHR-2, TA Instruments). 

A Couette-type rotor with a convex conical end was used as the upper geometry in a 

concentric-cylinder setup. The shear viscosity was examined at three temperatures 

(T = 25 ± 0.1, 40 ± 0.1, and 80 ± 0.1 °C). The temperature was controlled via a 

Peltier concentric cylinder jacket that surrounds the geometry. This temperature 

range was selected to: (i) provide verification of the viscosity measured in the 

pressure cell with respect to the NIST reference values, (ii) remain below the 

flashpoint of the S600 liquid (i.e., < 224 °C), and (iii) prevent condensation that may 
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occur at sub-ambient temperatures, and which may introduce water in to the 

suspension.  

 

For each experiment, the sample geometry was first loaded with 22 ± 1.0 mL of the 

suspension. The sample was brought to 25 ± 0.1 °C and held for ten minutes prior 

to initiation of shearing—to minimize temperature gradients. Following sample 

loading and temperature equilibration, a shear strain rate (γ̇) sweep was conducted 

from γ̇ = 0.1 to 500 s-1 for five points per decade, without any pre-shear. At each of 

these five unique logarithmically-stepped shear strain rates within each decade, the 

shear strain rate was maintained for a period of 60 s, during which the torque was 

recorded every 10 s. Steady-state sensing was used so that an “equilibrated” reading 

was considered to have been obtained only if the torque varied by less than 5% over 

three consecutive measurements. If this criterion was not fulfilled, the data reported 

was derived from the average torque measured over the experimental duration. A 

single measurement could take a minimum of 30 s and a maximum of 60 s. This 

nature of rheological characterization was carried out at each different isothermal 

temperature of interest. Following the characterizations at each temperature, an 

additional test at 25 ± 0.1 °C was performed after 15 minutes (that is, the time 

needed to lower the temperature from 80 to 25 °C) to verify that neither the 

temperature variations nor the shear history imposed on the suspension did not result 

in irreversible modifications of its rheological response. The flow curves obtained from 

these measurements are reported in the SI.  
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A rheological method was used to determine the fractal dimension of the aggregates 

in suspension [21,23]. This method was chosen on account of its simplicity and to 

show that suspensions can be characterized very well through solely rheological 

methods. Additionally, this method presents some advantages over alternative 

methods, e.g., image analysis (which can only quantify fractal dimension of ≤ 2) or 

light scattering (which relies on a complex analysis of the results and is best applied 

to micron-size particles only) [36]. 

 

Oscillatory rheological measurements were conducted using the concentric cylinder 

setup to measure storage and loss moduli, yield strain (see SI), and yield stress of 

the suspensions. The suspension as loaded into the cell and the temperature 

equilibrated to 25 ± 0.1 °C. A preshearing step was carried out at a strain rate of 

100 s–1 for five minutes to simulate a shear history imparted by the lengthier shear 

sweep experiments described above, after which the sample was allowed to rest for 

60 seconds before the start of the oscillatory measurements. Oscillation amplitude 

sweeps were conducted such that the rheometer head oscillated at a frequency of 10 

rad/s to impose a given strain on the sample—the strain being logarithmically-spaced 

from 0.001% to 20%. Each strain step was measured in intervals of 6.5 ± 0.1 s. The 

storage modulus and loss modulus were then calculated from the measured phase 

angles. Such oscillatory characterization were also carried out at an isothermal 

temperature of 80 ± 0.1 °C. 

 

3. Results 
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The relative viscosity 𝜂𝑟 = 𝜂/𝜂𝑓 (i.e., normalized by the viscosity of the fluid 𝜂𝑓) of 

each of the two series of suspensions (i.e., of 5 µm and 28 µm glass beads) is shown 

in Fig. 1. Expectedly, we observe that the relative viscosity increases with solid 

volume fraction. In addition, we note that temperature has a significantly different 

effect on the two series of suspensions. For example, while the relative viscosity of 

the 28 µm particle series is only slightly affected by temperature at a given solid 

volume fraction (Fig. 1b), temperature strongly alters the relative viscosity of the 5 

µm glass bead series (Fig. 1a) at a given solid content [12]. This suggests that, in 

the latter case, the temperature dependence of the viscosity of the suspension is not 

only a function of the temperature-dependence of the viscosity of the liquid phase 

[15]. As shown in Fig. 2(a-b), we observe that, in general, the suspension viscosity 

decreases with increasing temperature, and the suspension viscosity, 𝜂 demonstrates 

Arrhenius-like behavior [17]: 

 

𝜂 = 𝜂0 exp (
𝐸𝑎

𝑅𝑇
) Equation (1) 

 

where, 𝜂0  is a prefactor (i.e., the viscosity at “infinite temperature”), Ea is the 

activation energy of viscous flow, and R is the universal gas constant. Across both 

series of suspensions, we observe that the prefactor 𝜂0 increases with increasing solid 

volume fraction. This observation contrasts with most conventional liquids, for which 

the “infinite temperature” viscosity 𝜂0  is often found to be a constant [40]. 

Interestingly, we note that, although the slope of the Arrhenius plots of the viscosity 

of the 28 µm particle system remains largely unaffected by the solid volume fraction 

(see Fig. 2b), the slope of the Arrhenius plots for the 5 µm particle system (Fig. 2a) 
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diminishes with increasing solid content. This suggests that, unexpectedly, and 

anomalously, the addition of 5 µm particles reduces the temperature dependence of 

viscous flow, and hence the activation energy 𝐸𝑎 of these suspensions. The contact 

angle of the liquid phase on a soda-lime glass slide, i.e., similar to the glass beads 

used herein, was measured to be 32°, ruling out the existence of a strongly 

unfavorable interface between the two phases. The contact angle on a polyethylene 

surface was found to be ~10°, indicating that the interface is even more energetically 

favorable. 

 

  

(a) (b) 

Figure 1: The relative viscosity (i.e., normalized by the viscosity of the liquid 

phase) of the two series of suspensions as a function of the solid volume fraction 

at 25 ± 0.1 °C and 80 ± 0.1 °C. The dashed lines are shown to guide the eye. 
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(a) (b) (c) 

Figure 2: (a-b) Arrhenius plots of the suspension viscosity for suspensions 

constituted using: (a) 5 µm, and, (b) 28 µm glass beads for selected solid 

volume fractions. The data are fitted by an Arrhenius expression (see Eq. 1). (c) 

The activation energy of viscous flow of the suspensions as a function of the solid 

volume fraction. The dashed lines show the general trend of the dataset.  

 

The evolution of the activation energy of viscous flow (Ea, i.e., as obtained by fitting 

the curves presented in Fig. 2(a-b) with Eq. 1) is shown in Fig. 2(c). First, we 

observe that the activation energy remains largely unaffected by solid volume 

fraction for the 28 µm particle suspensions—i.e., expected behavior when the 

viscosity of the suspension (and its temperature dependence) is controlled by the 

temperature-dependence of the viscosity of the liquid phase [15].  In contrast, the 5 

µm glass bead suspensions exhibit an anomalous response, namely, the activation 

energy of viscous flow decreases in a near-linearly with increasing solid content. The 

behavior of the 28 μm glass beads is closely matched by that of the 30 μm 

polyethylene beads, suggesting that the alternative behavior exhibited by the 5 μm 

glass beads is a result of the particle size, and not of the material itself. This is 
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highlighted to be on account of the suspension structure as noted in the text that 

follows.  

 

4. Discussion 

To explain the anomalous trends in the activation energy of viscous flow, we rely on 

the power-law scaling theory of Shih et al. [21]—following the procedure recently 

outlined by Liberto et al. [23]—to evaluate the structure of the suspension. This 

framework relies on a fractal description of the suspension and describes the 

relationship between its structure and yielding behavior. As such, within this 

framework, the suspension’s yield stress τc is assumed to scale with the solid volume 

fraction φ with a power law exponent C: 

 

𝜏𝑐  ∝ 𝜙𝐶 Equation (2) 

 

where, the scaling exponent C is a function of the fractal dimension df of the solid 

structure in the suspension: 

 

𝐶 =
2

3 − 𝑑𝑓
 Equation (3) 

 

Fig. 3(a) shows the yield stress τc of both suspension series as a function of the solid 

volume fraction. As expected, we observe that, in both cases, τc increases with 

increasing solid content. However, we note that, at low solid volume fractions, the 

yield stress of the 28 µm glass bead system is essentially equal to that of the pure 

liquid. This suggests that this regime (i.e., at low values of yield stress) cannot be 
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described by the power-law scaling theory of Shih et al. [21] Beyond this regime 

however, as the yield stress sharply increases, the yield stress values were fitted 

using Eq. 2 to determine the scaling coefficient (C), which, in turn, reveals the fractal 

dimension of the suspension (see Eq. 3). Following this approach, the fractal 

dimensions of each of the suspension series was found to be df, 5 µm = 2.54 and df, 28 

µm = 2.81, respectively. 

 

The fractal dimension is related to the packing efficiency of the particles within the 

agglomerates. Therefore, a value of df
  = 3 (i.e., the Euclidian dimension) indicates 

no fractal behavior wherein the particles either do not agglomerate (see Fig. 3b) or 

agglomerate into entirely close-packed assemblages—which would be here unlikely 

considering the size of the particles [25,26]. In contrast, values of df ≤ 3 denote that 

the fractal character of the agglomerates increases (see Fig. 3c). As such, our results 

indicate that the 5 μm exhibits a substantial fractal behavior (i.e., df ≈ 2.5), whereas 

the 28 μm glass bead system shows a relatively modest fractal behavior (df = 2.81), 

that is, much closer to the maximum value of df = 3.  It should be noted that df ≈ 3 

indicates a ballistic regime, wherein the particles move in straight-line paths before 

colliding due their high inertia [41]. On the other hand, df ≈ 2.5 suggests compliance 

with a thermal regime, wherein the particles exhibit a random-walk motion before 

forming agglomerations following their collision (i.e., diffusion-limited agglomeration) 

[42]. Overall, this suggests that the anomalous behavior of the 5 µm glass bead 

suspensions (i.e., of a reducing temperature dependence of viscous flow with 

increasing solid volume fraction) arises from the tendency of its particles to 

agglomerate in a fractal fashion. 
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(a) (b) (c) 

Figure 3: (a) The yield stress and the corresponding fractal dimension for the 

two different series of glass bead suspensions. For the 28 µm glass bead 

suspensions, power-law fits were only considered for φ ≥ 0.30, where the system 

is concentrated enough that the scaling theory applies and a yield stress superior 

to the liquid’s yield stress was measured. Representative schematics that 

illustrate the structure of a suspension exhibiting: (b) no agglomeration, and, (c) 

fractal agglomeration. The circle shows the characteristic length-scale of the 

fractal agglomerates. 

 

We propose that the anomalous activation energy behavior reported herein can be 

explained in terms of an entropic effect that results from the formation of 

“cooperatively rearranging regions” (CRRs). As illustrated in Fig. 3(c), 

agglomeration results in the formation of clusters of particles (i.e., agglomerates or 

flocs), which tend to move collectively rather than individually (i.e., they behave as 

CRRs). The impact of the formation of CRRs on the activation energy of shear flow 
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can then be understood within the framework of Adam–Gibbs theory [38], which is 

commonly used to describe the viscosity of glass-forming supercooled liquids as: 

 

𝜂 = 𝜂0 exp (
𝐴

𝑇𝑆𝑐
) Equation (4) 

 

where, A is proportional to the activation energy of shear flow Ea in the absence of 

any CCRs and Sc is the configurational entropy. Within this framework, CRRs are 

defined as the smallest volume elements that can collectively relax in their 

environment. This suggests that the formation of a large number of CRRs would result 

in a decrease in the entropy Sc since the number of accessible configurations 

decreases. In turn, at a fixed temperature, a lower configurational entropy would 

result in an increase in the effective activation energy of the system. In the context 

of glass-forming supercooled liquids, an increase in the size of CRRs as temperature 

decreases explains the non-Arrhenius nature of their viscosity, i.e., since the effective 

activation energy is inversely proportional to Sc [38].  

 

Contrastingly, in dispersed (i.e., non-agglomerated) suspensions, the size of the 

CRRs is constant and equivalent to the size of a single particle. Therefore, in such 

regimes, the activation energy of viscous flow is independent of the solid volume 

fraction. This is in line with the behavior of the 28 µm particle suspensions (see Fig. 

2c), which experience relatively limited agglomeration. However, in agglomerated 

suspensions, the average size of the CRRs depends on the solid volume fraction. In 

fractal agglomerated gels, the average size L of the colloidal agglomerates (i.e., the 

CRRs) was found to scale with the solid volume fraction as [43]:  
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𝐿 ∝ 𝜙−1 (3−𝑑𝑓)⁄  Equation (5) 

 

As such, for df ≈ 2.5 (i.e., for the 5 µm particle suspensions), the average size of the 

CRRs given by L is expected to scale as 𝜙−2. Following Adam-Gibbs theory, this 

scaling implies that that an increase in the solid volume fraction 𝜙 results in an 

increase in the entropy Sc (i.e., and a reduced number of accessible fractal 

configurations for the individual agglomerates, or CRRs, likely due to volumetric 

crowding) which results in a decrease in the effective activation energy of the system. 

This is in line with the observed behavior of the 5 µm particle suspensions, which 

exhibit a decrease in the activation energy with increasing 𝜙 (see Fig. 2c). Taken 

together, these results support the idea that the anomalous behavior in the activation 

energy of viscous flow observed herein results from an entropic effect due to the 

formation of CRRs following flocculation. 

 

5. Summary and conclusions 

By combining previously reported analysis methods to critically examine the rheology 

of two series of suspensions constituted of particles that feature different median 

particle sizes [17,21,23], we report that smaller particles (5 µm glass beads) trigger 

an anomalous response in the activation energy of viscous flow, which is found to 

decrease with increasing solid fraction. We show that this anomalous behavior is 

associated with the formation of fractal agglomerates in the suspension and suggest 

that that this behavior arises from the fact that the agglomerates act as cooperatively 

rearranging regions (CRRs), whose size depends on the solid volume fraction. The 
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formation of such CRRs affects the configurational entropy of the system, which, in 

turn, controls the activation energy of shear flow, i.e., following the Adam–Gibbs 

equation [38]. 

 

Overall, these results highlight the benefits of relying on thermodynamic analyses to 

describe the crucial role of entropic effects in controlling the rheological properties of 

suspensions, and the critical role of particle size therein. This approach allows us to 

uncover some new understanding regarding how particle size and suspension fractal 

structure can alter the viscous activation energy of suspensions. This type of 

knowledge can, in turn, pave the way toward the design of novel suspensions that 

exhibit tailored viscous activation energy—e.g., a lower temperature-dependence of 

their rheology. The generality of the present findings should now be further 

established by investigating a wider range of systems, i.e., including various 

combinations of fluids and particles types. Indeed, the viscous activation energy of 

various systems has been reported to change with the particle size [44–47]. A 

thermodynamic analysis, as presented herein, could be conducted to revisit these 

systems and elucidate the structural and thermodynamical origin of the trends 

observed in previous studies. Additional investigations focusing on a wider range of 

particle sizes should be conducted to confirm that the anomalous behavior reported 

herein expands beyond the conditions explored in the present investigation. Applying 

the analytic framework developed herein to a more diverse set of systems will help 

to elucidate how the constituent material properties impact the rheological properties 

of suspensions and further demonstrate the importance of considering entropic 

effects within particle interactions. 
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Dispersing nanosized portlandite particulates via electrosteric exclusion 
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Abstract 

In spite of their high surface charge (ζ = +34 mV), aqueous suspensions of 

portlandite (calcium hydroxide: Ca(OH)2) exhibit a strong tendency to aggregate, 

and thereby present unstable suspensions. While a variety of commercial 

dispersants seek to affect suspension stability, and rheology (e.g., yield stress, 

viscosity) it remains unclear whether electrostatically, and/or electrosterically based 

additives may be most effective additives. We show that the high native ionic 

strength (and pH ≈ 12.6, IEP: pH ≈ 13) of portlandite suspensions strongly screens 

electrostatic forces (Debye length: κ-1 = 1.2 nm); as a result of which simple 

Coulombic repulsion alone is insufficient to affect rheology. On the other hand, the 

longer-range geometrical particle-particle exclusion that arises from electrosteric 
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hindrance is far more effective at affecting rheological properties. We reveal this 

behavior to be on account of a generalized scaling between the thickness of the 

adsorbed polymer layer and the observed yield stress reduction. As a result, 

electrosterically-based dispersants reduce the suspension’s yield stress by nearly 

10x at similar dosage as compared to electrostatic action alone. This nature of 

electrosteric effects allow for the formulation of suspensions wherein the critical 

solid loading, i.e., at which jamming is observed, to increase from 33 % for a 

Coulombic repulsion additive to 50 % (volume basis) for an electrosterically-based 

additive. By identifying the properties which result in the most effective dispersant, 

new insights are gained for the design of dispersants tailored for concentrated 

suspensions presenting strong charge screening behavior.  

 

Keywords: suspension rheology, aggregation, adsorption, dispersion, polymeric 

dispersant 

 

1. Introduction 

The rheology of concentrated suspensions is of relevance to diverse industrial 

processes. Colloidal dispersions and gels exhibit a wide range of rheological 

properties such as aging, shear thickening/thinning, and yielding. In particular, the 

yield stress and viscosity of suspensions greatly affects the processing of materials 

for diverse applications including: cement and concrete pumping,1,2 gel casting of 

ceramics,3,4 drug delivery,5,6 as well as in emerging technologies such as particulate 

flow batteries,7,8 3D-printing of slurries,9,10 and more.11,12 However, on account of 

their tendency to aggregate, the particles in a suspension may often organize into 
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flocs, and settle, resulting in undesirable behavior including a reduction of the 

(achievable) maximum solid volume fraction (ϕmax = 0.35), and very high yield 

stress and viscosity that complicate slurry processing.13,14  

 

Suspensions of strongly charged particles agglomerate especially readily in aqueous 

environments that present either a high ionic strength and/or a pH close to the 

particle’s isoelectric point (IEP). In such suspensions, strong screening of 

electrostatic forces results in a sharp increase in yield stress with solid loading.15 As 

a result, the maximum achievable particle loadings, i.e., prior to the onset of 

jamming are rather limited (ϕmax). Polyelectrolytes (i.e., colloquially known as 

dispersants, or plasticizers) are often used to impart electrosteric barriers to 

particle aggregation, wherein formation of an adsorbed polymer layer limits the 

minimum distances of approach between particles, mitigating aggregation16 Thus, 

such dispersants act to reduce the yield stress, while simultaneously enhancing the 

maximum particle loadings of dense suspensions. Polyelectrolytes can impart 

electrostatic repulsion and/or steric hindrance. Electrostatic interactions stem from 

the surface charges on bare particles and are altered by the adsorption of 

polyelectrolytes17 Steric interactions are imparted by a physical barrier formed by 

the adsorbed polymers; this is often accomplished by grafting non-ionic side chains 

onto adsorbing polyelectrolytes to form ‘comb’ polyelectrolytes18,19 The aqueous 

medium provides a good solvent for the side chains and they extend into the 

solution, preventing close approach of other particles. While commercially available 

dispersants are often effective in affecting suspension stability and rheology, 

considerable challenges remain. For example, it is difficult to design dispersants for 
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suspensions that self-regulate their pH, and that present high ionic strengths.20 This 

is especially important in the event that the dispersant interacts with the solution 

resulting in aggregation mechanisms such as ion bridging interactions and/or 

complexation between polymers and multivalent counterions (e.g., Ca2+).21–23 

 

Portlandite (also known as slaked or hydrated lime or calcium hydroxide) is an 

example of a solid, which in suspension, self-regulates its pH (i.e., on account of its 

modest solubility; 20.3 mM at 25°C24, Im = 60.9 mM [molar ionic strength], and 

rapid dissolution behavior), and that presents a high-ionic strength and that is 

commonly used in applications including: water treatment25–27, dental fillings28–30, 

the food industry,31,32 and as a building material.33,34 On account of the relatively 

high-ionic strength resulting from its dissolution, portlandite presents weakly-

charged, unstable nanosized particulates in suspension. This is problematic in 

applications where concentrated suspensions and good flow properties are required; 

as its tendency to aggregate and the low maximum solid volume fraction (ϕmax) that 

is achievable make its processing difficult.13 Therefore, this work seeks to elucidate 

the: (a) underlying mechanisms which control the aggregation of portlandite 

suspensions, (b) the interactions between commercial polymeric dispersants that 

present varying stabilization mechanisms (e.g., electrostatic, electrosteric, and 

mixed behavior) and Ca(OH)2 suspensions. Special focus is paid to identify the 

characteristics of additives that would effectively improve the rheology of dense 

portlandite suspensions, and thereby offer guidelines for the design of new 

dispersants for new and established industrial applications. 
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2. Results and discussion 

 

2.1 Aggregation, jamming and yielding of portlandite suspensions 

Portlandite particles suspended in a self-saturated solution feature a zeta potential 

of +34 mV (Figure 1a). Typically, this magnitude of zeta potential would be large 

enough to impart electrostatic stability to a suspension.35 However, electrostatic 

repulsion alone, is unable to prevent particle aggregation and produce stable 

suspensions of portlandite. As the suspensions approach their relatively low value 

of maximum achievable particle loading (ϕmax = 0.35), yield stress sharply 

increases. Although this can occur in stable suspensions due to particle crowding 

from a heightened effective volume fraction because of long-range repulsive forces, 

the suspensions here have begun to visibly settle within 30 minutes of initial 

mixing. An examination of the interparticle interactions reveals the origin of this 

apparent inconsistency. The (symmetric) interparticle electric potential between 

portlandite particles as a function of distance from the particle surface x (Equation 

1) includes the contributions of electrostatic repulsion (𝑉𝑒𝑠) that can be modeled 

using the Hogg-Healy-Fuerstenau36 solution to the Poisson-Boltzmann equation, 

and van der Waals attraction (𝑉𝑣𝑑𝑊), calculated using nonretarded Hamaker pair 

potentials.37,38 

𝑉(𝑥) = 𝑉𝑒𝑠(𝑥) + 𝑉𝑣𝑑𝑊(𝑥) = 𝜋𝜀𝑟𝜀0𝜓2𝑅 ln(1 + exp −𝜅𝑥) −
𝐴𝑅

12𝑥
 Eq. (1) 

Here, εr and ε0 are the relative permittivity and permittivity of free space 

respectively, R is particle radius, κ is the inverse Debye length, x is distance from 

the particle surface. The surface potential ψ was estimated from the measured zeta 

potential (ζ) of the particles at the shear plane (xs~κ-1=1.1 nm)39 as 𝜓 = 𝜁 exp(𝜅𝑥𝑠). 
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The Hamaker constant A = 2.2 × 10-20 J for Ca(OH)2 was calculated following 

Lifshitz theory (see Section B, Equation S1 in SI).40 The characteristic electrostatic 

decay length, or Debye length 𝜅−1 is estimated as 𝜅−1 = √2𝜀𝑟𝜀0𝑘𝑇/𝑒2𝐼, with 𝑘, 𝑇 and 𝑒 

being the Boltzmann constant, temperature and the elementary charge, 

respectively, and 𝐼 being the ionic strength of the medium that is written as 

0.5 ∑ 𝑐𝑖𝑧𝑖
2 with 𝑐𝑖 and 𝑧𝑖 being the molar concentration and the valence of each ionic 

species present in the solution. For Ca(OH)2 suspensions at their natural pH = 12.6, 

the ionic strength is 60.9 mM, resulting in a Debye length 𝜅−1 = 1.2 nm.  

 

Figure 1(a) shows the total interparticle interaction potentials as well as the 

contributions from electrostatic and van der Waals interactions. Strong screening of 

electrostatic interactions resulting from electric double layer (EDL) compression that 

arises from the high ionic strengths translates into electrostatic repulsion being 

effective only up to distances ≤ 5 nm across a range of particles sizes. The 

maximum repulsion occurs at a surface-to-surface separation around 0.7 nm, 

independent of particle size. The minimum energy of the repulsive barrier to 

prevent particle aggregation over a timescale 𝜏 can be estimated as 𝐸𝑚𝑖𝑛 = 𝑘𝑇 ln(𝜏𝑓𝑐), 

with 𝑓𝑐 being the collision frequency of particles under the influence of thermal 

forces (see Section C, SI).40 The kinetic criterion to maintain suspension stability 

over 24 hours corresponds to 𝐸𝑚𝑖𝑛 = 25 ± 3 kT for particles with a size on the order 

of 50 nm, 100 nm and 200 nm particles, as indicated by the horizontal dashed line 

in Figure 1(a). In general, for portlandite particles smaller than 65 nm, the strength 

of the repulsive potential was found to be smaller than the kinetic barrier across all 

interparticle separations while for particles larger than 65 nm, interparticle 
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repulsion was found to mitigate interparticle approach only up to distances smaller 

than around 3 nm. Therefore, although the measured zeta potential value of +34 

mV at pH = 12.6 is relatively high, the high concentrations of counterions in the 

solution compress the EDL around the particles, thereby screening electrostatic 

repulsions very effectively. In consequence, the smaller primary portlandite 

particles are predicted to be unstable, and the larger particles are only stable at 

very small interparticle spacings. Therefore, the aggregation of portlandite particles 

for particle sizes < 200 nm is be expected. This results in an overall compromise in 

the suspension’s stability. 

 

   

(a) (b) (c) 

Figure 1: (a) The calculated interparticle potentials based on electrostatic and 

van der Waals interactions for Ca(OH)2 particles in saturated Ca(OH)2 solution 

(pH 12.6). (b) The yield stress as a function of solid volume fraction at varying 

pH in the absence of any dispersants. The data was fitted by a power-law function 

of the form 𝜎𝑦 = (𝜙𝑗 − 𝜙)𝑚. (c) The Zeta potential of Ca(OH)2 particles as a 

function of pH in saturated Ca(OH)2  solution with the pH adjusted using NaOH. 
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On account of their tendency to aggregate, and electrokinetic instability, portlandite 

suspensions display a sharp rise in their yield stress at moderate particle loadings 

(𝜙 = 0.2) (Figure 1b). Therefore, an abnormally low maximum solid volume fraction 

𝜙𝑚𝑎𝑥 = 0.35 (Figure 1c) is achievable; far inferior to the prediction for a 

monodisperse random close packing (𝜙𝑟𝑐𝑝 = 0.638) configuration. These 

observations are consistent with previous reports on yielding and jamming 

behaviors of suspensions of aggregated particles. The yield stress (𝜎𝑦) of the 

suspension follows a power law scaling with particle volume fraction (𝜎𝑦~𝜙𝑚), with 

𝑚 ≈ 5.75, consistent with yield stress behavior of aggregating suspensions of 

mineral particles.41 

 

Indeed, at their natural pH (12.6), portlandite suspensions are in the vicinity of 

their isoelectric point (IEP, pHIEP = 13) (see Figure 1c). At the IEP, electrostatic 

interactions between the particles are entirely screened and only (attractive) van 

der Waals interactions operate. Consequently, the yield stress increases as particle 

aggregation is maximized. However, given the small pH gap that separates the 

native pH condition from the IEP, for portlandite suspensions, a negligible change in 

yielding behavior is observed vis-à-vis for suspensions regulated to their IEP. This 

indicates that particle aggregation is essentially maximized at pH 12.6. 

Significantly, these observations confirm that zeta potentials cannot be used as an 

indicator of stability for suspensions composed using strongly-charged particles that 

generate high-concentrations of solubilized counterions. It should be pointed out 

that changing (reducing) the solution pH to alter the zeta potential of the particles 

is ineffective for Ca(OH)2 particulates; since on account of their solubility and 
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dissolution they self-regulate the pH of their local environment. It is especially for 

these reasons that dispersant-induced interactions are critical to control the 

rheology of portlandite (and other charged, soluble particle) suspensions. 

 

3.2 Influence of dispersants on stability and rheology of portlandite 

suspensions 

Polymeric dispersants are extensively used to reduce aggregation and promote 

particle dispersion for slurries composed of: ordinary portland cement,19,42,43 

titania,44,45 and silicon nitride.46 Such dispersants comprise linear polyelectrolyte 

backbones that carry ionizable groups that adsorb on the charged particle surfaces 

even in high ionic strength conditions. High charge density, low-entropy and large 

flexibility and conformability of the polyelectrolyte contribute towards lowering of 

the total free energy of the system upon adsorption, promoting the polyelectrolytes 

to form an adsorbed layer on the particle surfaces with sections of the chain 

adsorbed on the surfaces and other sections forming loops and tails that hang off 

the particle surfaces; thereby extending into solution. These loops and tails provide 

a strong steric repulsion and offer resistance to compression and thus provide an 

extra repulsive contribution to interparticle interactions.19,42 The length scale and 

strength of these electrosteric repulsions depends on the thickness of the adsorbed 

layer, which in turn is dictated by the length, charge density and stiffness of the 

polyelectrolyte chain as well as the strength of the attractive electrostatic 

interactions between the polyelectrolyte and the particles.17,43,46   
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Figure 2 elaborates the effects of three dispersants — a polyacrylic acid-based 

linear polyelectrolyte dispersant (PAA), a lignosulfonate dispersant (LS), and a 

polycarboxylate ether-based comb polyelectrolyte dispersant composed of a 

polyacrylic acid backbone and polyethylene glycol sidechains (PCE) — on the 

propensity for aggregation and yielding behavior of Ca(OH)2 suspensions.  In 

general, the PCE dispersant dramatically reduced both the since of aggregates 

formed, and the rate of their formation as compared to the other dispersants (see 

Figure 3a). The mean aggregate increased roughly linearly with the square root of 

time following the relationship, 𝑎𝑧 = 𝐴𝑡0.5, indicating the importance of diffusion-

controlled aggregation. The parameter A describes the rate of aggregation and the 

values of which (Anone = 1189, ALS = 857, APAA = 299, and APCE = 191) corresponded 

with the effectiveness of each dispersant in reducing aggregation in the 

suspensions. 

 

   

(a) (b) (c) 

Figure 2: (a) The “Z-average” size (determined by the method of cumulants as 

interpretation of DLS data) of Ca(OH)2 aggregates as determined by DLS in 

suspensions composed at 𝜙 = 0.002. These values are indicative of floc size - as 
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Ca(OH)2 particles aggregate, the z-average size increases. The lines indicate fits 

of the form 𝑎𝑧 = 𝐴𝑡0.5 to the data, where A and B were fitting parameters. The 

yield stress of Ca(OH)2 suspensions as a function of: (b) Dispersant dosage for 

the three types of dispersants at 𝜙 = 0.35. The dashed lines in (b) indicate 

exponential function fits to the data of the form 𝜎𝑦 = 𝐴𝑒𝑥𝑝𝐵𝑥. (c) Fractal 

dimension calculated from power-law scaling of yield stress vs. solid volume 

fraction for PCE dispersant. 

 

Expectedly, reduced aggregation and smaller aggregate sizes result in suspensions 

that show a smaller yield stress upon the addition of a dispersant. For example, at 

a constant solid volume fraction (𝜙 = 0.35), significant reductions in the yield stress 

were observed with increasing polymer dosages (Figure 2b). A remarkable 105-fold 

decrease in yield stress was achieved at a PCE dosage 1.5 mass % (polymer/solid). 

The reduction of the yield stress as a function of dispersant dosage follow an 

exponential dependence of the form 𝜎𝑦 = 𝐴𝑒𝑥𝑝𝐵𝑥  where A = 663 Pa (the yield stress 

of a suspension made without polymer) and B varies with the dispersant used (BPCE 

= -5.74 far exceeds BPAA = -2.06 and BLS = -1.13). On account of the superior 

dispersion action of the PCE, its effects on yielding behavior were examined over a 

wider range of volume fractions (see Figure S2, SI). Prominently, beyond a 

consistent reduction in the yield stress with dispersant dosage, at a fixed PCE 

dosage, e.g., 1.5 mass % of particles, the maximum achievable particle volume 

fraction increased by 1.5x from 0.33 to 0.50; i.e., corresponding to a significant 

increase in the particle density per unit volume. This is reflected in a significant 

increase in the fractal dimension of the suspensions made with higher dosages of 
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PCE. The fractal dimension Df, extracted from a power-law fit of yield stress vs. 

solid volume fraction of the form 𝜎𝑦~𝜙𝑠
𝑚 where 𝑚 =

𝑑′+𝑋

𝑑′−𝐷𝑓
, 𝑑′ being the number of 

spatial dimensions (3) and 𝑋 as the fractal dimension of the cluster backbones, 

taken as 1 (see Figure 2c).47 As the value of the fractal dimensions approaches 3, 

the individual flocs are packed in a more dense arrangement, allowing for increased 

maximum particle volume fraction. 

 

To gain further insights into actions of the different dispersants their adsorption on 

portlandite surfaces was examined. The amount adsorbed, Γ, was fit to a Langmuir 

isotherm (see Figure 3b) that is written as 
𝑐𝑓𝑟𝑒𝑒

Γ
=

𝑐𝑓𝑟𝑒𝑒

Γ𝑚𝑎𝑥
+

1

Γ𝑚𝑎𝑥𝐾
.48,49 This equation 

shows a plateau in the amount adsorbed (Γmax) as a function of the non-adsorbed 

(free) dispersant concentration (cfree) and features a fitting parameter K which 

describes the ease and tendency of polymer adsorption. It should be noted that 

adsorption behavior was only examined in a range that is expected to be relevant 

for typical applications, i.e., ≤ 5 mass % dispersant by mass of solid [N.B.: It is 

important to limit the dispersant dosages to restrict the abundance of free polymer 

in solution, which could induce attractive depletion forces]. An assumption of the 

Langmuir analysis suggests on-average monolayer adsorption; an assessment 

which is expected to be reasonable for the dosages considered herein although 

multilayer adsorption may occur at yet higher dispersant concentrations.17,19,50 

Analysis of the adsorption isotherms indicates that although LS dispersants may be 

expected to show greater adsorption than PAA or PCE, i.e., due to the higher 

affinity of the particle surfaces for sulfonate groups as compared to carboxylate 

groups, PAA adsorbs far more readily, especially at low dispersant dosages. This 
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behavior which is reflected by the binding affinity K of a given dispersant (Table 1) 

is thought to be on account of the aromatic rings within the LS dispersant’s 

structure which reduces the flexibility of polymer chains thereby entropically 

limiting adsorption due to the lack of favorable conformations that are accessible. 

On the other hand, the adsorption behavior of the PCE reflects its reduced 

volumetric charge density, and the physical interference caused by its dangling 

side-chains which hinder its adsorption. On the other hand, the lack of dense side-

chains for the PAA dispersant resulted in the adsorbed conformation of loops and 

tails, providing some steric exclusion to the particles while retaining high 

adsorption. 

 

When the yield stress data for each dispersant is plotted against the amount of 

adsorbed dispersant (Figure 3c) it provides an indication of the efficacy of each 

dispersant, i.e., in terms of their ability to induce yield stress reductions (see Figure 

3b). When normalized by adsorbed dispersant, it noted that the PCE is the most 

effective dispersant. In effect, while the PAA and LS dispersants show similar 

behavior at low levels of adsorption; LS shows a saturation in affecting yielding 

behavior while the PAA dispersant in fact improves its effectiveness above an 

adsorption level around 0.08 gpolymer/gsolid, Significantly, however, there is a marked 

difference in the effectiveness of the dispersants, with the PCE showing clearly 

superior performance.  
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(a) (b) 

Figure 3: (a) The amount of dispersant adsorbed to particles surfaces as a 

function of the free dispersant concentration in solution. The data is fit to a 

Langmuir expression for monolayer adsorption (dashed lines). (b) The yield 

stress of portlandite suspensions as a function of the amount of dispersant 

adsorbed on the particle surfaces. 

 

To assess the effects of the dispersants on altering interparticle separations, to a 

first approximation, the average surface-to-surface separation amongst the 

particles was assessed using information of the solid volume fraction in the 

suspension, and the particle size distribution (i.e., from the number density of 

particles per unit volume; see SI, Section C). Figure 4(a) shows a simplified trace of 

a neat portlandite suspension’s yield stress as a function of the interparticle spacing 

for a range of volume fractions; 0.10 ≤ φs ≤ 0.35. This relationship creates a basis, 

although greatly simplified, to establish how the change in the yield stress (Δσy) 

produced by addition of a dispersant is correlated with a change (increase) in the 

average interparticle spacing (Δx). The outcomes of this analysis which are shown 

in Figure 4(b) indicate that, in effect, the differing ability of the dispersants to 
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reduce the suspension’s yield stress are intrinsically related to their ability to induce 

controllable separations between particles as a function of their adsorption 

behavior. Since, in effect, such separation ability is a function of dominantly 

electrosteric behavior – in high ionic strength suspensions – a relevant indicative 

dispersant attribute for a given dispersant is its hydrodynamic radius (rH, see Table 

1). 

 

Table 1: Select data for each dispersant as determined by GPC (Mw), DLS (rH), 

and TOC (Γmax and K). 

Dispersant 

Type 

Mass-

average 

molecular 

weight, Mw 

(g/mol) 

Hydrodynamic 

radius, rH 

(nm) 

Adsorption 

capacity, 

Γmax 

(gpoly/gsolid) 

Binding 

affinity, K 

(~) 

PCE 39,467 11.34 0.0325 43.32 

PAA 6,092 4.45 0.0305 229.7 

LS 4,050 2.61 0.0520 21.75 

 

   

(a) (b) (c) 
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Figure 4: (a) The suspension’s yield stress as a function of interparticle (surface-

to-surface) separation for a neat portlandite suspension. By mapping the 

measured yield stress to the interparticle spacing – the effect of a given 

dispersant on reducing the yield stress at a specific dosage can be established. 

(b) Continuation of analysis in (a) showing the reduction in yield stress as the 

effective interparticle spacing increases; the yield stress can be reduced to a 

negligible value with approximately +10 nm of effective interparticle spacing. (c) 

The yield stress as a function of an effective dispersant layer thickness for all the 

polymers examined herein. The data collapses on a single curve that is expressed 

as: 𝜎𝑦 = 𝐴𝑒𝑥𝑝𝐵𝑥. In general, it is seen that the yield stress reduces by nearly 5 

orders of magnitude when the dispersant layer thickness exceeds the electrostatic 

screening length.  

 

The hydrodynamic radius describes the physical size of the polymer molecule in a 

suspension. Although rH does not perfectly describe the size of the conformation of 

the adsorbed polymer, it offers an estimate of the interaction distance for steric 

repulsion of each dispersant. Thus, the effectiveness of each dispersant, i.e., the 

dispersant layer thickness, can be described by the product of its fractional amount 

adsorbed (i.e., surface coverage, m = Γ/Γmax) and its hydrodynamic radius (see 

Figure 4c). Remarkably, for a monophasic solid, it is observed that the yielding 

behavior of its suspensions are generally correlated with the dispersant layer 

thickness – for dispersants which feature dominantly electrostatic and/or 

electrosteric attributes. In addition, it is noted that sharp reductions – nearly 

around 5 orders of magnitude – in the yield stress are indeed produced when the 
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dispersant layer thickness, exceeds the electrostatic screening length (i.e., Debye 

length, κ-1). This observation indicates that, in general, the most prominent 

attribute of a dispersant is to offer a sufficient adsorbed thickness that induces 

physical separation amongst particles over a length scale greater than that over 

which Coulombic forces would operate. Of course, the interparticle interactions 

produced by adsorbed polymers are controlled by their structure. As such, since the 

LS and PAA dispersants do not feature branched or grafted side chains; they are 

not expected to provide significant steric repulsion. The presence of the side chains 

reduces the influence of electrostatic repulsion, as the distribution of charge in the 

electric double layer decays strongly with distance. Taken together, since the PCE is 

the only dispersant examined herein that is capable of producing a substantial 

adsorbed layer thickness and thus steric repulsion, it is the dispersant that is, in 

turn, most effective at creating larger particle separations. 

 

4. Summary and conclusions 

Dispersants to be used in concentrated suspensions at high ionic strengths should 

be tailored to maximize the impact of steric repulsion. High ionic strengths disrupt 

electrostatic repulsion by screening charge and favor aggregating effects such as 

ion bridging. Steric repulsion is not affected by these issues, and provides stronger, 

more consistent effectiveness. PCE, a polymeric dispersant used in the cement 

industry, was found to provide strong steric repulsion for heavily aggregating 

suspensions of calcium hydroxide, reducing yield stress and viscosity and increasing 

maximum solid volume fraction. Simple guidelines for the engineering and 

improvement of polymeric dispersants were provided, including hypotheses for 
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targeted functionalization and polymer selection. Further research is required to 

test these insights and expand these investigations to suspensions containing other 

solids and solution chemistries. The information gained from this investigation can 

be used to produce dispersants which are designed with specific applications in 

mind, enabling greater control over rheology and higher process efficiencies. 

 

5. Materials and Methods 

 

5.1. Materials and sample preparation  

Commercially-available portlandite (Ca(OH)2; Standard Hydrated Lime, Mississippi 

Lime Company) was used. It featured a purity of 94 % ± 2 % (by mass) with the 

remainder being composed of CaCO3 as determined by thermogravimetric analysis 

(TGA; STA 6000, Perkin Elmer). The particle size distribution of the portlandite was 

measured using static light scattering (SLS; LS13-320, Beckman Coulter), using a 

refractive index of 1.574 + 0.000i.51 The particulates was dispersed using 

ultrasonication in isopropanol (IPA) which was used as the carrier fluid. The median 

particle diameter (d50) of the particulates was estimated as 3.8 μm ± 0.2 μm 

(Figure 5a). The density of the particulates was measured as 2235 kg/m3 using 

helium pycnometry (AccuPyc II 1340, Micromeritics).  

 

The morphology of the ulatesparticles was examined using a field emission-

scanning electron microscope using energy dispersive X-ray spectroscopy (SEM-

EDS; FEI NanoSEM 230). All SEM micrographs were acquired in secondary electron 

mode with a spot size of 4.0 nm, at an accelerating voltage of 10 kV, and a working 



48 
 

distance of ≈ 5.5 mm. As shown in Figure 5(b), the particles form aggregates which 

are of similar size as is measured by static light scattering. 

 

Since light scattering is known to be ineffective in determining the primary particle 

size of the aggregated portlandite particulates, 13,33 transmission electron 

microscopy (TEM; FEI T12 Quick CryoEM and CryoET) was used to examine the 

primary particle size. A dilute suspension of portlandite particulates dispersed in IPA 

was deposited on to a TEM grid; and the solvent was evaporated thereafter. 

Although large aggregates were still observed, the primary particle size was 

established as being on the order of 20-to-200 nm (Figure 5c), as suggested 

previously.13,33,34 However, it was not possible to meaningfully, from a statistical 

basis, resolve a sufficient number of unagglomerated particles to establish a 

particle size distribution from the TEM imaging. 

 

   

(a) (b) (c) 

Figure 5: (a) The particle size distribution of portlandite particulates as 

determined by static light scattering (SLS), revealing a volumetric median 

diameter, d50 = 3.8 μm. (b) A SEM micrograph displaying the morphology of 



49 
 

portlandite particle aggregates. (c) A TEM micrograph of portlandite particulates 

with primary particles indicated by the arrows. 

 

Three commercially available dispersants were used including: (1) a polyacrylic 

acid-based dispersant (PAA, Acumer 9000, Dow Chemical), (2) a lignosulfonate-

based dispersant (LS, MasterPolyheed 997, BASF Corporation), and (3) a poly 

carboxylate ether-based dispersant (PCE, MasterGlenium 7500, BASF Corporation). 

The functional groups present in each polymer were qualitatively determined (see 

Figure S1 in SI) using Fourier transform infrared spectroscopy (FTIR; PerkinElmer 

Spectrum Two). In brief, LS contains sulfonic acid groups,52 PAA presents carbonyl 

groups, and PCE presents carbonyl groups associated with its PAA backbone and 

ether groups corresponding to its polyethylene glycol (PEG) side chains [N.B.: the 

ratio between the abundance between carbonyl:ether groups is on the order of 

0.09:1 on a mass basis].46 The solids content of each additive was determined as 

44.9 mass %, 49.8 mass %, and 25.6 mass %, respectively, by gravimetric 

analysis. The dispersants were dosed at a level ranging between 0-to-1.5 mass % 

of the solid content in the suspension, considering the solids content of the polymer 

dispersant.  

 

In order to prevent any complications caused by the dissolution of portlandite, a 

previously saturated, filtered saturated Ca(OH)2 solution were used as the 

suspending fluid. The saturated Ca(OH)2 solution was prepared by adding excess 

portlandite to deionized (DI) water, allowing for the solids to settle, and then 

filtering the solution using a 0.20 μm syringe filter. To produce suspensions, 
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polymeric dispersants (when used) were added to the saturated Ca(OH)2 solution, 

and then solid portlandite particulates were added to the solution. The mixture was 

first mixed by hand, and then stirred for 120 s using a four-blade impeller-type 

high-shear mixer (RW 20 Digital, IKA) at 500 rpm to produce a well-dispersed, 

homogenous suspension. 

 

5.2. Experimental methods 

 

5.2.1. Characterization of polymers 

Molecular weight determination: The molecular weight of each dispersant was 

measured by gel permeation chromatography (GPC; Waters Alliance HPLC System, 

2695 Separation Module) with a two-column setup (Toso TSKgel G3000PWXL and 

TSKgel G5000PWXL), with two detectors, one to determine the differential 

refractive index (dRI; Waters 2414 Differential Refractometer) and an optical 

detector (Waters 2998 Photodiode Array Detector). The solvent used was deionized 

(MilliQ) water with 10 mM NaH2PO4 and 1.5 mM NaN3 present, to buffer the solution 

to pH 7. The flow rate of the instrument was set to 1 mL/min, with an injection 

volume of 100 μL. 

 

Dynamic light scattering: To assess the hydrodynamic radius (rh, nm) of the 

polymers present in each of the three dispersants, dynamic light scattering (DLS) 

analysis (Malvern, Zetasizer Nano) was carried out. Each sample was diluted by 

addition of deionized (MilliQ) water (0.05 gsolids/Lsolution) and the Z-average size of 
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particle aggregates was determined by cumulants analysis (Malvern, Zetasizer 

Software). 

 

5.2.2. Characterization of portlandite (Ca(OH)2) suspensions 

 

Zeta potential: To assess the electrokinetic interactions in the suspensions, the zeta 

potential (ζ, mV) was determined by measurement of electrophoretic mobilities 

using Phase Analysis Light Scattering (ZetaPALS, Brookhaven Instruments 

Corporation). The measurements were carried out on dilute portlandite suspensions 

(0.05 gsolids/Lsolution) for a variety of dispersant types and dosages. In addition, in 

select circumstances the pH of the suspensions was adjusted to 12.8 and 13.0 by 

the addition of sodium hydroxide (NaOH). 

 

Suspension rheology: The rheological behavior of portlandite suspensions was 

assessed for a range of particle volume fractions and dispersant dosages using a 

combined motor-transducer rheometer (DHR-2, TA Instruments). For all 

measurements, the suspensions were conditioned to a temperature of 25 ± 0.1 °C. 

Two types of analyses were carried out: 

• The yield stress (σy) and shear rate (γ̇)-dependent viscosity (η) were determined 

via a shear rate sweep. Before the sweep, a 60 s pre-shear at γ̇ = 100 s-1 was 

performed to remove any shear history effects. An ascending sweep was 

imposed in logarithmically spaced steps (5 points per decade) from γ̇ = 1 × 10-3 

s-1 to 200 s-1 with a 10 s data-averaging period. The ascending sweep was 

followed by a descending sweep over the same shear rate range.  
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• The viscoelastic behavior and strength (elasticity) of aggregates in the 

suspensions were characterized via small amplitude oscillatory (SAOS) 

rheometry. Following the shear flow experiment, a shear-strain amplitude (γA) 

sweep from γA = 0.001% to 400% was performed, at a fixed frequency of 1 Hz. 

 

Polymer adsorption: The extent of polymer adsorption onto portlandite surfaces 

was determined by use of a total organic carbon (TOC) analyzer (Shimadzu, TOC-

L). Here, suspensions of φ = 0.05 with varying dispersant contents up to 5 % by 

mass of solids (i.e., an upper bound on dosage for typical applications) were 

composed and allowed to equilibrate for 24 hours. Following such equilibration, the 

suspensions were then centrifuged for 15 minutes at 4696 rpm, and the 

supernatant was removed and filtered using a 0.20 μm syringe filter. With all solid 

particles removed, the amount of non-adsorbed polymer present therein was 

measured via TOC analysis. As the inorganic carbon content may be elevated due 

to the formation of calcium carbonate (CaCO3), a non-purgeable organic carbon 

(NPOC) analysis was performed. Since the carbon content of each of the 

dispersants was unknown, a calibration for each of the three dispersants was also 

established by testing a series of known dilutions of dispersant up to a maximum 

dosage equivalent to that found in the adsorption experiments. This allowed for a 

direct conversion to be made between the NPOC content and dispersant dosage, 

which was unique for each dispersant. The extent of polymer adsorption was then 

calculated using a mass balance with the original amount of polymer added. 
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Dynamic light scattering: To assess aggregation kinetics of suspensions for varying 

dispersant types and dosages, dynamic light scattering (DLS) analysis (Malvern, 

Zetasizer Nano) was carried out over time. Using highly diluted suspensions (0.05 

gsolids/Lsolution), the Z-average size of particle aggregates was determined by 

cumulants analysis (Malvern, Zetasizer Software). Each measurement was taken at 

approximately 5-minute intervals for up to 1 hour. Individual measurements took 

around 2 minutes each.  
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Supporting Information 
 

for 
 

Anomalous variations in the viscous activation energy of suspensions 
induced by fractal structuring 

 

  

(a) (b) 

Figure S1: (a-b) SEM images taken of the 5 μm glass beads and used to 

analyze the shape of the particles. (b) was used to count particles and determine 

their aspect ratio via analysis in ImageJ. 
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Figure S2: Example viscosity and shear stress data taken directly from the 

rheometer. Viscosities reported and used for data analysis were taken at a shear 

rate of 100 1/s. 
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Figure S3: Results for linear storage modulus and critical yield strain for glass 

bead suspensions at 25 °C and 80 °C. As the calculation of the fractal dimension 

df from these values relied on the use of an additional parameter α, they were not 

considered for the main body of this paper. All fit lines follow a power law scaling. 
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Supporting Information 

for 

Dispersing aggregated suspensions of nanosized calcium hydroxide 

particles via steric repulsion at high ionic strengths 

 

(A) Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR, PerkinElmer Spectrum Two) spectroscopy was 

performed on each of the three dispersants. From the spectra, shown in Figure S1, 

three relevant functional groups have been identified: the carbonyl group, present 

on the PAA backbone, the ether group, present on the side chains in PCE, and the 

sulfonic acid group, present in LS but also appearing slightly in PAA. 

 

Figure S1: Determination of select functional groups present on each dispersant. 

 

(B) Lifshitz Theory Calculation for Hamaker Constant  
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The following equation was used to calculate the Hamaker Constant A for the 

suspension of the calcium hydroxide particles (denoted by subscript p) and saturated 

Ca(OH)2 solution (denoted by subscript m). It includes terms for the Boltzmann 

constant (kb), permittivity (ε), refractive index (n), Planck constant (h), and electron 

frequency (νe).1 

𝐴 =
3

4
𝑘𝑇 (

𝜀𝑝 − 𝜀𝑚

𝜀𝑝 + 𝜀𝑚
)

2

+
3ℎ𝜈𝑒

16√2

(𝑛𝑝
2 − 𝑛𝑚

2 )
2

(𝑛𝑝
2 + 𝑛𝑚

2 )
3/2

 

 

Equation S1 

 

(C) Kinetic Stability Criterion 

This methodology follows that of Israelachvili.1 

A suspended particle (mass mp, diameter D, density ρp) have a velocity v due to 

thermal (Brownian) forces caused by random motion of the solvent, with kinetic 

energy on the order of the thermal energy, approximately the product of the 

Boltzmann constant k and the absolute temperature T:  

1

2
𝑚𝑝𝑣2 =

1

2
[
4

3
𝜋 (

𝐷

2
)

3

𝜌𝑝] 𝑣2 ≈ 𝑘𝑇  
Equation S2 

 

The average particle velocity can thus be determined: 

𝑣 ≈ √
12𝑘𝑇

𝜋𝑑3𝜌𝑝
 

Equation S3 

 

The number density of particles Np is given by the ratio of the total mass of particles 

mpT over the mass of a single particle mp. The total mass of particles can be 

determined from the particle concentration c and the medium density ρm.  
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𝑁𝑝 =
𝑚𝑝𝑇

𝑚𝑝
=

𝑐𝜌𝑚

4
3

𝜋 (
𝐷
2

)
3

𝜌𝑝

 Equation S4 

 

The cubic root of the number density gives the linear number density of particles, the 

inverse of which gives the distance between particles – the interparticle spacing d. 

𝑑 =
1

√𝑁𝑝
3

 
Equation S5 

Collision frequency fc is given by the inverse of the time it takes a particle to travel 

the interparticle distance: 

𝑓𝑐 =
𝑣

𝑑
 Equation S6 

 

The probability p of two particles having sufficient energy to overcome a repulsive 

barrier E:  

𝑝 = exp (
−𝐸

𝑘𝑇
) 

Equation S7 

 

For a given time t, can then determine the minimum barrier for which no collisions 

are energetic enough to overcome this barrier:  

(
𝐸

𝑘𝑇
)

𝑚𝑖𝑛
= ln(𝑡𝑓𝑐) 

Equation S8 

 

This value is dependent on particle size; for 24 hours of stability: 20 nm -> 28 kT, 

100 nm -> 25 kT, 200 nm -> 22 kT 

 

(D) Further Yield Stress Results for Suspensions with PCE 
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The following data in Figure S2 shows further yield stress results determined at a 

variety of solid volume fraction and PCE dispersant dosages, following the same 

procedure described in the main body of the paper. It illustrates that the impact of 

PCE is systematic across the range of yield stresses and solid volume fractions 

examined here, and that higher solid volume fractions are accessible due to 

increasing the dosage of PCE. 

 

Figure S2: Yield stress-particle volume fraction curves of Ca(OH)2 suspensions 

at varying PCE dosages. Data was fitted by a power-law function of the form 

𝜎𝑦,𝑠 = 𝑎(𝜙)𝑏. 

 

(E) Crossover Energy 

The crossover energy of some select suspensions at a fixed volume fraction (φs = 

0.25) was determined. The crossover energy is defined as the integral of the storage 

modulus (G’) from zero strain amplitude (γ) to the crossover point, where the loss 

modulus (G’’) first exceeds the storage modulus. Figure S3a illustrates the method 

of calculating the crossover energy, and Figure S3b shows the trends with dosage, 

which follow that of yield stress very closely. The crossover energy is another 

parameter which describes the strength of aggregates, as it is the energy required 
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to alter the suspension from a solid-like state (low strain amplitude, high storage 

modulus) to a liquid-like state (high strain amplitude, G’’ > G’). Suspensions 

containing PCE have the lowest crossover energy, signifying that any aggregates 

present are significantly weaker than those found in suspensions with other 

dispersants or no dispersant. 

 

  

Figure S3: (a) Illustration of the method of calculating crossover energy for two 

examples of suspensions. (b) The dependence of crossover energy of Ca(OH)2 

suspensions to dispersant type at varying dispersant dosages. 
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