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Abstract

This study explores the rheological characteristics of suspensions containing solid particles
dispersed in aqueous matrix phase thickened with starch nanoparticles (SNP). The SNP
concentration ranged from 5 to 35 wt% relative to the aqueous matrix phase, while the solids
concentration of the suspensions varied from 0 to 57 vol%. Two different size solid particles were
used in the experiments. Observations revealed that suspensions at constant SNP concentrations
exhibited Newtonian behavior at low solids concentrations but transitioned to non-Newtonian shear-
thinning behavior at higher solids concentrations. Notably, an increase in SNP concentration led to
an earlier onset of non-Newtonian behavior at lower solids concentrations. The rheological
properties of non-Newtonian suspensions were effectively characterized using a power-law model,
with the consistency index showing a positive correlation with suspension solids concentration at
any given SNP level. Furthermore, the flow behavior index, indicative of shear-thinning behavior,
decreased with increasing solids concentration, suggesting an amplification of shear-thinning
tendencies in the suspensions. The effect of particle size on the rheological behavior of suspensions
was found to be insignificant. Experimental viscosity and consistency data for both Newtonian and

non-Newtonian suspensions aligned well with predictions from the Pal model.
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1. Introduction

Colloidal dispersions consist of particles, droplets, or bubbles dispersed within a different phase, with
typical dimensions ranging from 1 to 1000 nanometers. Although colloidal species are conventionally
characterized as having sizes between one nanometer and one micrometer, practical applications often
extend this upper limit to accommodate diverse requirements, sometimes reaching tens or even hundreds
of micrometers. These dispersions encompass phases that may exist in gas, liquid, solid, or supercritical
states [1]. Suspensions, a subtype of colloidal dispersions, are complex mixtures distinguished by the
presence of two distinct phases. The continuous phase, referred to as the dispersion medium, commonly
appears as a liquid or semisolid substance, while the dispersed phase comprises particulate matter that
remains largely insoluble in the external medium. Suspensions, encompassing dispersions of rigid
particles within liquids, represent a diverse category of materials with significant industrial significance
[2], [3]- Suspensions find extensive application across various industries and everyday settings. Within
the food industry, they are present in products such as jellies, chocolate drinks, and ice cream. Industrial
sectors utilize suspensions in ink, gel, and paint formulations. In biological and medical contexts, they are
employed in liniments, protein solutions, polymer-encapsulated drugs, and cough syrups. Additionally,
suspensions are integral to cosmetics and personal care products, including exfoliating scrubs and facial
masks. Furthermore, they play crucial roles in petroleum production and mineral processing, notably in

drilling fluids and industrial process tailings [1], [4], [5].

Despite the multitude of applications for suspensions, they commonly encounter challenges arising from
their inherent instability, notably creaming and sedimentation. These instabilities directly affect the shelf
life of numerous products [5]. Although sedimentation in suspensions can be beneficial for processes such
as purification and settling, the inherent instability of suspensions presents a notable drawback in
industries including food, pharmaceuticals, cosmetics, and paints and coatings [6]. The underlying cause
of these instabilities lies in gravitational effects, where the differences in density between the suspending
medium and particles play a fundamental role. Sedimentation arises when particles are denser than the
suspending medium, while creaming occurs when the opposite is true. These instabilities in particle

suspensions carry considerable implications for various industries, driving extensive research into



stabilization methods. To address these challenges and extend shelf life, rheological modifiers like

thickeners are utilized to bolster stability and minimize sedimentation or creaming phenomena [7], [8].

Following Stokes' law, the settling speed of particles inversely correlates with the viscosity of the
suspending fluid. Consequently, increasing the medium's viscosity reduces the particles' settling speed,
leading to suspension stabilization. This viscosity enhancement can be accomplished by incorporating
additives like polymers or surfactants. Within the context of this study, starch nanoparticles are employed
to achieve the desired viscosity increase. The Stokes velocity, represented as V, frequently acts as a scaling
parameter in sedimentation rate calculations, deriving from Stokes' law, which balances buoyancy and

frictional drag forces for individual particles of any shape. Stokes' law is introduced as follows:

v =90 |Gy —p)| (1)
181,

V represents the terminal velocity, also referred to as the sedimentation rate as explained earlier. p denotes

the fluid density, whereas p,, indicates the particle density. The symbol g represents the acceleration due

to gravity, and D stands for the particle diameter. n,, signifies the viscosity of the matrix phase [8], [9].
The growing interest in nanoparticles stems from their reputation as sustainable materials derived from
renewable sources. Nano-sized starch has emerged prominently in various industrial sectors, including
medicine, pharmaceuticals, food, and packaging, owing to its favorable characteristics such as
biocompatibility, biodegradability, cost-effectiveness, renewable sourcing, and non-toxicity. Despite their
potential, nanoparticles, particularly starch nanoparticles, have not received extensive research attention

in this context.

This thesis research seeks to investigate the role of starch nanoparticles (SNP) as potential rheology
modifiers and thickeners for solids-in-liquid suspensions, addressing a gap in current scientific research
[10-14]. Since there has been limited research on the rheology of suspensions comprising solid particles
stabilized and thickened by SNP, our study aims to investigate the rheological properties of suspensions

containing two different type and size solid particles, both thickened by SNP.



2. Background

2.1. Starch

Starch, a natural and renewable polymer synthesized by various plant species, plays a crucial role as a
primary source of stored energy for humans worldwide. Within plants, starch synthesis primarily occurs
in specialized organelles called amyloplasts, which are found in tissues such as roots, tubers, and seeds.
These amyloplasts produce storage starch, forming discrete granules with diverse shapes including round,
oval, ogival, elongated, flat, lenticular, or polyhedral and sizes ranging from sub-microns to over 100 pym
in diameter [12-14]. Figure 1 illustrates the varied shapes of starch granules originating from different
plant sources. Starch, a natural polymer abundant in multiple renewable plant sources, is produced in
quantities that often exceed market demands. As the most economically viable biopolymer and fully
biodegradable, it sparks increasing interest in the non-food utilization of starch-based products. This trend
is particularly notable in industries where synthetic polymers have historically held sway as the preferred
materials [15]. Starch can be found in plant roots, stalks, crop seeds, and staple crops such as rice, corn,
wheat, tapioca, and potato. Globally, maize constitutes the primary source, contributing 82% of starch
production, followed by wheat (8%), potatoes (5%), and cassava (5%). The starch industry, crucial for
extracting and refining starches through methods such as wet grinding, sieving, and drying, produces
starch in various forms. Native starch, directly obtained from plants and comprised of smaller units known
as granules, maintains its natural properties. The process of obtaining native starch involves cleaning,
crushing, and separating plant material to isolate starch granules, which are then dried to form a fine white
powder. In contrast, modified starch undergoes chemical modifications aimed at enhancing specific
characteristics such as viscosity, stability, or gelatinization. These modifications cater to diverse industrial

applications, including food processing, papermaking, textiles, and pharmaceuticals [16], [17].
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Figure 1 SEM and OM images illustrate starch granules sourced from different plants [18].

2.1.1 Chemical Content of Starch

Starches, classified as polysaccharides, are formed by linking together multiple Monosaccharide (glucose)
molecules through glycosidic bonds. Monosaccharides, the simplest form of carbohydrates with the
general formula C,,H,, 0, act as fundamental building blocks for more complex carbohydrate structures.

Starch granules possess a semi-crystalline arrangement, typically exhibiting a crystallinity ranging from

15% to 45% [19].



Starch consists of two distinct types of glucose molecules, referred to as amylose and amylopectin [20].
Both amylose and amylopectin consist of lengthy chains of glucose molecules connected by a-1,4-
glycosidic bonds. While amylose forms a linear chain, amylopectin features branching structures [20].

Figure 2 depicts the chemical structures of amylose and amylopectin.

CH,OH CH,OH CH,0H CH,OH
o o-lL4-lnk o o
4 OH OH
\0 ~o” o~ ~0 O/
OH OH OH OH
Amylose
CH,OH
0]
OH
G
\O/
! o-1,6-link
OH i
CH,0H CH,0H
o o 1.4-link o
OH
\o/ . O/
OH OH
Amyvlopectin

Figure 2 Chemical structures of amylose (linear) and amylopectin (branched), representing the main
structural components of starch [21].

Amylose constitutes approximately one-quarter of starch and forms long, linear chains consisting of

thousands of glucose units with a-1,4 glycosidic linkages. Upon cooling, amylose molecules associate to



form a three-dimensional network, contributing to the gelation of cooked starch pastes. Starches with high
amylose content are capable of gelation, retaining their shape when molded. In contrast, starches lacking

amylose primarily function as thickeners without forming gels.

Amylopectin, comprising approximately three-quarters of starch polymers, features a-1,4 linkages in its
glucose chain, similar to amylose, but with a-1,6 branching occurring every 15-30 glucose units. Unlike
amylose, amylopectin molecules do not form chemical linkages upon association, thus unable to create
gels. Starches with higher amylopectin content result in more viscous paste formations, while those with

greater amylose content exhibit stronger gel properties [20].

2.1.2 Structure of Starch

Starch exhibits a hierarchical structure that varies depending on the botanical origin, encompassing
multiple levels of organization. At the macroscopic level, starch granules range from 2 to 100 micrometers
in size and display variations in shape and size based on the plant source [17]. These granules consist of
concentric growth rings composed of blocklets, further divided into amorphous and crystalline lamellae.
Treatment with acid or degrading enzymes can render the concentric rings of starch granules visible, which
can be observed using microscopy techniques such as light microscopy, atomic force microscopy, and

scanning and transmission electron microscopy (SEM and TEM) [22], [23].

The arrangement of starch granules is complex and subject to extensive research, particularly concerning
the crystalline structure. Despite this research, unanswered questions persist, including the specific roles
of amylose and amylopectin in determining crystallinity. Amylopectin, a major constituent of starch, is
presumed to underpin the crystalline regions within the granule, while the role of amylose in crystallinity
remains uncertain. Both amylopectin and amylose potentially contribute to the formation of crystalline
structures within starch granules, with amylopectin likely exerting greater influence due to its branching

pattern and molecular configuration [12].

Within the solid growth rings of starch granules, a densely packed and orderly amylopectin configuration
is observed, derived from the tight alignment of double helices formed between a-1,4 chains. The creation
of these double helices serves as a physical mechanism to stabilize adjacent chains, occurring

independently of enzyme activity and requiring chains with a minimum of 9 glucose residues. This process



is pivotal in defining the crystalline structure of growth rings, with resulting double helices exhibiting
behavior akin to biopolymer liquid crystals, arranging into more or less compact configurations known as

A-type or B-type structures [24]. Figure 3 depicts the structure of starch.
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Figure 3 Composition and Structure of Starch Granules [24].

2.2 Nano Starch

Most starch utilized in food or industrial applications undergoes modification before use due to its elevated
viscosity, propensity for retrogradation, variable digestibility, and solubility limitations. Therefore, in
response to the challenges presented by starch, various modifications are pursued. It is worth discussing
one particular type of modification: reducing particle size to the nanoscale, which will be explored in the

following [25], [26].

The properties of materials are heavily influenced by the size and internal structure of their components.

Nanomaterials, characterized by particle sizes in the nanometer range, display distinct and qualitatively



different properties compared to larger particles. Biomaterials, characterized by their internal
nanostructures, biocompatibility, and biodegradability, are favored over synthetic polymer-based
materials. Given its widespread availability, starch presents a promising option for nanoparticle synthesis

[27], [28].

As discussed in previous section, starch granules exhibit a unique structure, comprising concentric layers
of alternating amorphous and semi-crystalline growth rings that develop from the granule's hilum [29].
Starch nanocrystals (SNC) form as crystalline platelets when the semi-crystalline structure of starch
granules is disrupted. While, the production of starch nanoparticles (SNP) often involves the precipitation

of amorphous starch, resulting in modified starch with amorphous properties.

Different methodologies are employed to produce Starch Nanocrystals (SNC), including hydrolysis
techniques like acid [16], [30] or enzymatic methods [31], [32], and regeneration through co-
crystallization [33]. In contrast, techniques such as cross-linking regeneration [34], [35], mechanical
treatments like extrusion [36], or the utilization of microfluidizers [37], are employed to generate starch
nanoparticles (SNP), as illustrated in Figure 4 [38]. Approaches involving methods such as acid or enzyme
hydrolysis, along with physical treatments, are classified as top-down, while bottom-up methods

encompass processes like self-assembly and nanoprecipitation [39].

Starch
I T 1
: ) Mechanical
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Acidic Enzymatic o e Microfluidizer Extrusion
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Figure 4 Different Techniques for Fabricating Crystalline and Amorphous Starch Nanoparticles.



2.2.1 Crystalline Nano Starch

Hydrolysis, a chemical process involving the addition of water molecules to a substance, has long been
utilized for starch modification and enhancement of its properties. There are two primary methods of
hydrolysis employed for producing SNC: acid and enzymatic. Acid hydrolysis is the more widely adopted
approach and has been the subject of extensive research in this field. Unlike the crystalline region, the
amorphous portion of starch is more susceptible to hydrogen ion action. Thus, through mild acid
hydrolysis, the amorphous component is selectively removed from starch granules, yielding nano-scale
particles with increased crystallinity, known as starch nanocrystals (SNCs) [40]. The resulting products,
including starch crystallites, starch nanocrystals, microcrystalline starch, and hydrolyzed starches, all
represent varying degrees of hydrolysis. While these entities share similarities, they differ in the extent of

hydrolysis they undergo [38].

Hao et al. conducted research with the objective of improving the preparation efficiency and dispersion of
starch nanocrystals (SNCs). Their study revealed a reduction in the duration of acid hydrolysis as a result
of enzymatic pretreatment [41]. In recent years, there has been a notable shift towards the exclusive
adoption of this method. For instance, Dukare et al. recently conducted research specifically targeting the

synthesis of starch nanocrystals through enzyme hydrolysis [39].

Kim and Lim, describe the production of nanocrystals through the co-crystallization method, where
crystalline starch nanoparticles were created via complex formation with n-butanol followed by enzymatic
hydrolysis. The formation of the amylose-butanol complex, which included substantial amorphous
matrices, necessitated the targeted removal of these for isolating the nanoparticles. This process was

facilitated by enzymatic hydrolysis, specifically designed to preserve the crystalline particles [33].

2.2.2. Amorphous Nano Starch

Gelatinization is a crucial method for modifying native starch and producing starch nanoparticles. This
process significantly affects the functional properties of starch through hydrothermal treatment involving
heat and moisture. When raw starch granules are heated in water, their semi-crystalline structure is either
reduced or eliminated, resulting in their breakdown and the formation of a dense, viscous solution. The

viscosity of this solution is dependent on the source and concentration of the starch. Gelatinization, defined



as the breakdown of starch granules in water under heat, plays a pivotal role in starch modification

processes [42].

In recent times, mechanical modification methods have gained popularity to fulfill the growing demand
for functionally enhanced starches across various industries. These techniques are favored for their
environmentally friendly and sustainable characteristics [43]. In the realm of mechanical treatment for
native starch, extrusion emerges as a notable method. It is characterized as an energy-efficient technique
engineered to break down the structure of starch granules through the application of elevated shear,
temperature, and pressure, ultimately promoting starch melting. Giezen et al. patented a method for
preparing starch nanoparticles through reaction extrusion. involving the use of a twin-screw extruder and
reversible crosslinkers like glyoxal. The findings suggest that by adding appropriate crosslinkers, starch

particles with an average size of approximately 160 nm can be obtained [19].

Microfluidization, a process of high-pressure homogenization, utilizes brief yet intense pressure
application to reduce particle size. This method induces cavitation, shear, and turbulence simultaneously,
as described by Koh et al. making it a dynamic process [44]. In the process of microfluidization, shear
forces disrupt the covalent bonds of polymer chains, resulting in what is referred to as the
mechanochemical action of homogenization [45]. Liu et al. aimed to produce starch nanoparticles through
fluidization. In their study, an upgraded apparatus called the "industry-scale microfluidizer (ISM)" was
employed to process potato starch. The ISM treatment significantly altered the structure of potato starch,

resulting in changes to its thermal, pasting, and rheological properties [46].

2.3. Applications of Starch nanoparticles

Starch nanoparticles have garnered significant interest in both academic and industrial sectors due to their
renewable nature and various advantageous properties. These nanoparticles find applications in diverse
fields such as food, pharmaceuticals, cosmetics, and materials science. Starch's increasing popularity
stems from its abundance in nature, biocompatibility, and biodegradability, making it an environmentally
friendly alternative to conventional materials. Additionally, starch nanoparticles offer unique
characteristics such as low density, non-toxicity, ease of surface modification, and functionalization,

further contributing to their growing appeal and exploration in various industries.
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2.3.1. Pickering Emulsions

Emulsions consist of two immiscible liquids, where one liquid forms a droplet dispersed in the other
liquid. The stability of emulsions is often achieved by adding a surfactant, which reduces the tension
between the two liquids [47]. Pickering emulsions rely on solid particles, rather than surfactants, to
stabilize the interface between the two phases [48]. In fact, in Pickering emulsions, the deposition of solid
particles at the interface of liquids is intended to create a barrier that impedes the merging, or coalescence,
of droplets. Pickering emulsions are recognized for their compatibility with biological systems,
environmental sustainability, and non-toxic nature [49]. They are increasingly valued across diverse
sectors such as cosmetics, food, biomedicine, and chemicals [50-53].To be effective, the solid particles in
Pickering emulsions need to meet three criteria: they should infiltrate both the continuous and dispersed
phases without dissolving in either, their absorption efficiency at the interface must be high, and their size

should be smaller than that of the emulsion droplets they stabilize [54], [55].

Starch is considered a viable option as a stabilizer for Pickering emulsions due to its biodegradability and
non-toxic properties, making starch granules highly suitable for this purpose. However, employing food-
grade starch particles to stabilize Pickering emulsions encounters several challenges. Specifically, native
starch granules prove unsuitable due to their pronounced affinity for the water phase and larger particle
size. Nano starch emerges as a favorable candidate for stabilizing Pickering emulsions due to its reduced
particle size and modifiable hydrophilicity through modifications. Starch-based nanoparticles possess

versatile characteristics such as amphipathicity, manageable size, and adaptable surface properties [55].

2.3.2. Suspensions

Suspensions, comprising solid particles dispersed in a liquid, are prevalent in everyday life and industrial
applications. They find extensive use across various industries such as food, cosmetics, paints, ceramics,
pulp and paper, petroleum, construction, pharmaceuticals, mineral processing, polymers, biotechnology,
biomedicine, and more. Suspensions can experience instabilities, like creaming and sedimentation, caused
by gravitational forces arising from differences in particle and suspending medium densities. The rheology
of suspensions can be adjusted to minimize instabilities by increasing the viscosity of the suspending fluid
or matrix phase. This is commonly accomplished through the addition of polymers, surfactants, and clays.

Additionally, nanoparticles are being investigated as potential rheological modifiers for suspension matrix
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fluids. Starch nanoparticles (SNP) are attracting significant interest across multiple scientific and
technological domains owing to their distinctive characteristics at the nanoscale. Moreover, SNP are
economical, renewable, biocompatible, and biodegradable nanomaterials, aligning with the principles of

sustainable development [8].

2.3.3. Pharmaceutical industry

The utilization of nanotechnology in addressing degenerative diseases, encompassing their diagnosis,
monitoring, and management, has gained significant traction in recent times. Particularly, nanomedicine
is spearheading research endeavors towards precise targeting and delivery of diagnostic, therapeutic, and
pharmaceutical agents. Collaborative efforts between scientists, engineers, and physicians are directed
toward meeting diverse requirements, spanning from laboratory development to practical pharmaceutical
applications. Presently, drug delivery systems are being engineered to modify both the pharmacokinetic
and pharmacodynamic profiles of medications, while also serving as reservoirs for the drugs they
transport. Recent investigations into biodegradable starch-based polymers have unveiled their potential
for a variety of biomedical applications. These materials possess a diverse range of properties that make
them suitable for use in fields such as bone implants, drug delivery systems, and tissue engineering
scaffolds. Additionally, starch nanoparticles (SNPs) have garnered significant interest in pharmaceutical

applications due to their biocompatibility, biodegradability, and potential for controlled drug release [56].
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3. Literature review

3.1 Fundamentals of Rheology

Rheology is the branch of science that investigates how materials respond to applied forces, particularly
focusing on their deformation and flow properties. It encompasses the study of various substances,
including liquids, solids, and viscoelastic materials, to understand their behavior under different conditions
such as temperature, pressure, and shear rate [57]. In general, the assessment of rheological behavior
involves subjecting a material to controlled and precisely defined deformation or strain over a specific
duration. Concurrently, the resulting force response is measured (or vice versa). This method yields
valuable insights into material parameters such as stiftness, modulus, viscosity, hardness, strength, or
toughness [58]. This field is crucial in numerous industries, including manufacturing, food processing,
cosmetics, and medicine, where understanding material flow and deformation is essential for product

development and quality control [59].

In Figure 5, we illustrate a configuration comprising two large parallel plates, each possessing an area

denoted as A and separated by a distance labeled as Y.

v, =0 v, >0
T e T —

Y;nyjm

Figure 5 Graphical illustration of one directional shear flow.

Positioned between these plates is a fluid, which could be either gas or liquid. Initially, the system is
stationary, but at time t = 0, the lower plate is initiated into motion in the positive x direction at a constant
velocity V. As time progresses, the fluid gradually acquires momentum, resulting in the establishment of
a linear steady-state velocity profile, as depicted in the figure. It is crucial for the flow regime to remain

laminar, characterized by a regular, organized motion akin to the pouring of syrup, as opposed to turbulent
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flow observed in high-speed mixers. Once the state of steady motion is attained, a constant force denoted
as F becomes necessary to sustain the motion of the lower plate. It is logical to express this force in the

following manner:

F Vv
Shear Stress = — X — (2)
A Y
F_ v
4~ Hy

This implies that the force should be directly proportional to the area and the velocity, and inversely
proportional to the distance between the plates. The constant of proportionality, denoted as p, is a

characteristic property of the fluid, known as viscosity.

As a consequence of the linear velocity profile, Equation 2 can be reformulated to apply to an infinitesimal

segment of fluid, representing the differential form of this equation:

Shear Stress =1, = —yd—V (3)
rx dy
av
Shear rate =y = G

Shear stress is denoted by the symbol 1, which represents a force exerted in the negative direction on a
unit area perpendicular to the y-axis. The negative sign indicates that the shear stress opposes the direction
of motion of a faster-moving fluid. Equation 3, also recognized as Newton’s Law of Viscosity, asserts that
the shear force per unit area (shear stress) is directly proportional to the negative velocity gradient [60],

[61].

3.2 Flow Behaviour of Suspensions

One of the most ubiquitous rheological parameters encountered is viscosity, particularly in the context of

suspensions, where it holds vital significance in describing their flow behavior. Fluids can be categorized
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into two main groups based on their flow behavior: Newtonian and non-Newtonian. Understanding these

behaviors is crucial for optimizing processes in various industries.

3.2.1. Newtonian Fluids

For a Newtonian fluid, the plot depicting shear stress versus shear rate, known as the flow curve, forms a
straight line with a slope represented by p. The constant p, also known as the Newtonian viscosity,
represents the ratio of shear stress to shear rate. As per its definition, this viscosity remains unaffected by
changes in shear rate or shear stress, being solely determined by the material's properties, as well as its
temperature and pressure. Newtonian fluids exhibit behavior consistent with Equation 3, known as
Newton’s Law of Viscosity, wherein the relationship between shear stress and shear rate remains linear

[62].

3.2.2 Non-Newtonian Fluids

A non-Newtonian fluid is identified by its flow curve, where the relationship between shear stress and
shear rate deviates from linearity. An example of flow curves for Newtonian and non-Newtonian fluids is
illustrated in Figure 6. In non-Newtonian fluids, the apparent viscosity, does not remain constant under
fixed temperature and pressure conditions. Rather, it is contingent upon various flow conditions such as
flow geometry and shear rate [62]. Non-Newtonian fluids can be further classified into categories such as
shear-thinning, shear-thickening, viscoelastic, and plastic fluids, depending on how their viscosity changes

under different conditions [63-65].
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Figure 6 Flow behavior diagrams of Newtonian and non-Newtonian materials [66].

When suspensions are subjected to shear rate, they can exhibit two distinct types of non-Newtonian
behavior: shear thinning, Shear thinning, commonly encountered in engineering applications, is the
prevailing type of time-independent non-Newtonian fluid behavior. It is characterized by a gradual
decrease in apparent viscosity (1) with increasing shear rate, and shear thickening, marked by an increase
in viscosity with shear rate. This non-Newtonian behavior is believed to originate from the arrangement
of suspended particles and their mutual interactions within the suspension. Specifically, in non-Newtonian
suspensions displaying shear thinning or shear thickening behavior, the deviation from Newton's Law of
Viscosity is often described using models such as the power law model. This model allows for a
quantitative understanding of how viscosity varies with shear rate in these complex systems, providing
valuable insights into the underlying mechanisms governing their flow behavior. This model will be

further discussed in the following section [67].

3.3. Power Law Model

The power law model, also known as the Ostwald-de Waele model, is a fundamental mathematical

framework extensively employed in rheological studies to elucidate the relationship between viscosity (1)
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and shear rate (y) in non-Newtonian fluids, particularly those exhibiting shear-thinning behavior. This

Relationship is formulated as:

T=Ky" (4)

Where 7 represents the shear stress, K denotes the consistency index, y signifies the shear rate, and n

denotes the flow behavior index.

In this model, the consistency index (K) reflects the fluid's resistance to flow, while the flow behavior
index (n) quantifies the extent of shear thinning. By utilizing a log-log plot depicting viscosity against
shear rate, we can generate a linear representation that facilitates the determination of both the flow
behavior index (n) and the consistency index (K). These indices can be ascertained from the slope and

intercept of the plot, respectively.

A value of n less than 1 indicates significant shear thinning behavior, wherein viscosity diminishes as
shear rate increases. Conversely, a value of n greater than 1 denotes shear thickening behavior, with
viscosity increasing as shear rate rises. When n equals 1, the fluid behaves as a Newtonian fluid,
maintaining constant viscosity irrespective of shear rate. Table 1 illustrates various values for the power-

law index and the corresponding fluid behavior they indicate [62].

Table 1 Power Law index values for different fluid behaviour

Power-Law Index (n) | Corresponding Fluid Behavior
n<l Shear Thinning Fluid
n=1 Newtonian Fluid
n>1 Shear Thickening Fluid

Thus, the apparent viscosity for a power law fluid can be expressed as:

n — ]z/ — Kyn—l (5)
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3.4 Stability of Suspensions Thickened by Starch Nanoparticles

Sedimentation and creaming are typical occurrences in suspensions and emulsions, representing the
natural tendency of particles or droplets to either settle to the bottom or rise to the top of a fluid under the
influence of gravitational forces. This process occurs due to the density disparity between the dispersed
phase and the surrounding medium, leading to the separation of components based on their respective
densities. Sedimentation often results in the formation of a sediment layer at the bottom of the container,
while creaming leads to the accumulation of a concentrated phase at the top. Sedimentation and creaming
are typically considered undesirable phenomena in various products, as they can significantly impact the
shelf-life and overall quality. According to some estimates, sedimentation and creaming can lead to
product instability, compromising its appearance, texture, and functionality. This instability may result in
product separation, uneven distribution of ingredients, and altered sensory characteristics, ultimately
reducing consumer satisfaction and market appeal. Moreover, these phenomena can also impact product
performance and efficacy, leading to potential issues such as reduced effectiveness of active ingredients
or compromised functionality in formulations such as emulsions and suspensions. As a result,
manufacturers often invest considerable efforts in formulating products to minimize sedimentation and
creaming, employing strategies such as particle size optimization, stabilizer incorporation, and proper

storage conditions to ensure product stability and quality over time [68], [69].

As per Stokes' Law, the settling velocity of particles decreases as the viscosity of the surrounding fluid
increases. This phenomenon results in the stabilization of suspensions. Stokes' Law pertains to the
movement of solid particles within a fluid medium under conditions of low Reynolds numbers,

specifically describing the behavior of small particles in such systems.
The forces acting on the particle are gravity force (F;;), drag force (Fp), and buoyancy force (Fg).

The net force acting on the particle is given by:

du 6
Fuer = m = Fo = Fp = Fy (6)
du mgp CpAppU* (7)
m——=mg — -
dt Pp 2
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In the equation 7, C, denotes the drag coefficient, and Ap represents the projected area of the particle
measured in a plane perpendicular to its motion, where p,, is the particle density. By setting the net force
to zero (F,.; = 0) we establish the condition for the terminal velocity, as the particle ceases to accelerate
when the net force acting upon it reaches equilibrium. When substituting the particle mass (m), the
projected area (Ap ), and the drag coefficient (Cp) into the equation 7, particularly when Reynolds number

(Re) is less than 1, the terminal velocity of particles can be derived.

For spherical particles:

D3 nD} 8
m= —gpp and Ap = —4p &)

In the regime of creeping flow around a spherical particle where the Reynolds number (Rep) is less than
0.1, the drag coefficient (Cp) is determined by Stokes' Law as:

24 (9)

Cr =
b Rep

Therefore, utilizing the expression, the terminal settling velocity of spherical rigid particles can be derived:

_ 9D#(pr — p) (10)

U
t 18u

Hence, as demonstrated in the equation 10, this increase in viscosity can be achieved by introducing
additives such as polymers or surfactants. In the scope of this investigation, starch nanoparticles are

utilized to attain the targeted enhancement in viscosity [9].
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4. Materials and Methods

4.1. Materials

Two sets of experiments were conducted, each utilizing a suspension made with a distinct solid particle.
Firstly, SG hollow spheres, also referred to as extendospheres, supplied by Sphere One, Inc. of
Chattanooga, Tennessee, were employed. These commercially available hollow ceramic particles are
known for their low density, high strength, and widespread use as lightweight additives across various
resin systems. They effectively replace heavier and more expensive additives, thereby reducing material
costs and overall density. SG hollow spheres find application in specialty cements, cementitious coatings,
grouts, insulating roofing materials, high strength anchoring compounds, adhesives, mastics, industrial

coatings, and thermoset coatings.

Secondly, commercially available S-32 solospheres, also supplied by Sphere One, Inc., were utilized.
These microsphere ceramic particles possess a semi-solid texture, offering exceptional properties such as
durability, heat resistance, and corrosion protection. They are easily dispersible in high intensity mixing
setups, making them valuable for a variety of applications including flame-resistant materials, refractory

castings, coatings, self-leveling cements, and more.

The liquid matrix was thickened using starch biopolymer nanoparticles obtained from EcoSynthetix Inc.
in Burlington, Ontario, Canada. These nanoparticles are created via reactive extrusion, a method that alters
native starch through a combination of mechanical and chemical processes. This customized approach

yields starch biopolymer nanoparticles suitable for diverse applications.

In experiments, a non-ionic surfactant, Triton X-100, supplied by the Dow Chemical Company, was

utilized.

To prevent bacterial growth in the dispersion, a biocide was incorporated. Specifically, Thor Acticide GA
from Thor Specialties, Inc., Shelton, CT, USA, was utilized. Additionally, deionized water served as the

solvent in all experiments.

4.2. Preparation of SNP Dispersions

To prepare SNP dispersions, we initially mixed 1wt% surfactant, 0.15 wt% biocide, and 98.85 wt%

deionized water to form a solution, with the biocide serving as protection against bacterial growth.
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Subsequently, SNP powder was added at concentrations ranging from 5 to 35 wt%. This dispersion process
occurred at room temperature, around 22°C, and involved agitating the mixture in a homogenizer (Gifford-
Wood, model 1L, NOV process and flow technologies, Dayton, OH, USA) for 40-45 minutes to ensure
thorough mixing. After homogenization and the removal of any entrapped air, the dispersion was left to
settle overnight. It's important to note that "dispersion" refers to the blend of SNP and the aqueous phase
before the addition of solid particles, while "suspension" describes the mixture of SNP dispersion and

solid particles.

4.3. Preparation of Suspensions of SG solid particles in SNP dispersions

At room temperature (approximately 22°C), suspensions consisting of solid particles (SG hollow spheres)
in SNP dispersion were meticulously prepared. This involved the gradual addition of a specified quantity
of solid particles to a known amount of SNP dispersion, while ensuring gentle mixing using a
homogenizer. Following the addition of the required solid particles, the mixture underwent high-speed
shearing in the homogenizer for a minimum of 30 minutes. The process of suspension preparation is
depicted in Figure 7. Subsequently, the prepared suspension was left overnight to facilitate the removal of
any trapped air during the homogenization process. For the preparation of suspensions with higher solids
concentration, a similar procedure was followed, with the gradual addition of solid particles to an existing
suspension of lower concentration, followed by high-speed shearing in the homogenizer for approximately

30 minutes.

SNP dispersion Addition of solid particles Final suspension
to SNP dispersion of solid particles

Figure 7 Creating a suspension of solid particles (specifically SG hollow spheres) within an SNP dispersion.
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Table 2 provides comprehensive information regarding the compositions of Suspensions of SG Particles

in Starch Nanoparticle (SNP) Dispersion, as investigated in this study.

Table 2 Compositions of Suspensions of SG Particles in SNP Dispersion.

SNP Concentration in the
Dispersion Medium (wt%)

SG Particle Concentration in
Suspension (wt%)

SG Particle Concentration in
Suspension (vol%)

9.89

Fourteen concentrations: 5,
10, 15, 20, 25, 28, 31, 34, 37,
39,41, 43, 45, 47

Fourteen concentrations: 6.78, 13.32,
19.62, 25.69, 31.55, 34.97, 38.32,
41.60, 44.82, 46.93, 49.01, 51.06,

53.08, 55.08

14.83

Thirteen concentrations: 5,
10, 15, 20, 25, 28, 31, 34, 37,
40,42, 44, 46

Thirteen concentrations: 6.90, 13.53,
19.91, 26.04, 31.95, 35.39, 38.76,
42.05,45.27, 48.43,50.49, 52.53,

54.54

19.75

Eleven concentrations: 5, 10,
15, 20, 25, 30, 35, 38, 41, 44,
47

Eleven concentrations: 7.02, 13.75,
20.21, 26.40, 32.36, 38.08, 43.59,
46.79, 49.93, 53.00, 56.00

24.71

Twelve concentrations: 5,
10, 15, 20, 25, 28, 31, 34, 37,
40,42, 44

Twelve concentrations: 7.15, 13.98,
20.46, 26.73, 32.73, 36.22, 39.62,
42.94, 46.18,49.34,51.41,53.44

29.67

Eleven concentrations: 5, 10,
15, 20, 25, 28, 31, 34, 37, 40,
42

Eleven concentrations: 7.28, 14.22,
20.84, 27.16, 33.21, 36.71, 40.12,
43.45, 46.70, 49.86, 51.93

34.60

Ten concentrations: 5, 10,
15, 20, 25, 28, 31, 34, 37,
40.01

Ten concentrations: 7.41, 14.46,
21.17, 27.56, 33.65, 37.17, 40.60,
43,94, 47.19, 50.36

4.4. Preparation of Suspensions of S-32 solid particles in SNP dispersions

Following the preparation of SNP dispersions, we gradually introduced known concentrations of solid
particles, specifically S-32 solospheres, to form well-mixed suspensions. This process entailed slowly
adding solid particles while continuously agitating the mixture using a homogenizer. Once all solid
particles were added, the homogenization process continued for an additional 40 minutes. Subsequently,

the suspensions were left undisturbed for at least 3 hours to allow any trapped air to escape.
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To account for the temperature increase resulting from mixing, the suspensions were initially prepared at
22°C (room temperature). The 3-hour resting period ensured that the suspensions returned to room

temperature, ensuring stability for subsequent measurements.

To achieve higher concentrations, we incrementally added more solid particles to existing suspensions
with lower concentrations. This gradual addition continued until reaching a concentration where the
mixture transitioned from a suspension to a more solid-like paste, making further homogenization

impractical.

Table 3 provides comprehensive information regarding the compositions of Suspensions of S-32 Particles

in Starch Nanoparticle (SNP) Dispersion, as investigated in this study.

Table 3 Compositions of Suspensions of S-32 Particles in SNP Dispersion.

SNP Concentration in $-32 Particle . L
the Dispersion Concentration in 5-32 Particle c,oncentratlon n
K R Suspension (vol%)
Medium (wt%) Suspension (wt%)
Nineteen concentrations: Nineteen concentrations: 2.30,
5, 10, 474,
5 15, 20, 25, 30, 35, 40, 45, 7.32,10.07, 12.99, 16.10, 19.43,
50, 22.99, 26.81, 30.93, 35.37, 40.18,
55, 60, 62, 64, 66, 68, 71, 42.22,44.32,46.50, 48.76, 52.30,
73,75 54.76,57.32
Twenty-six concentrations: | Twenty-six concentrations: 2.23,
5, 10, 4,57,
15, 20, 25, 28, 31, 34, 37, 7.04,9.65, 12.41, 14.15, 15.94,
10 40, 42, 17.81, 19.74, 21.74, 23.12, 24.53,
44, 46, 48, 50, 52, 54, 56, 25.98,27.47, 28.99, 30.57, 32.18,
58, 60, 63, 66, 69, 72, 75, 33.84, 35.55, 37.30, 40.03, 42.88,
77 45.87,48.99, 52.27, 54.55
Twenty concentrations: 2.14, 4.38,
Twenty concentrations: 5, 6.75,
10, 9.25,11.88, 14.66, 17.61, 20.74,
15 15, 20, 25, 30, 35, 40, 45, 24.07,
50, 55, 58, 61, 64, 67, 69, 27.61, 31.39, 33.78, 36.27, 38.87,
71,73,75,77 41.58,43.45, 45.39, 47.38, 49.43,
51.54
Seventeen concentrations: 2.68,
Seventeen concentrations: 5.49,
5, 10, 8.45,11.57,14.85, 18.32, 21.98,
20 15, 20, 25, 30, 35, 40, 45, 25.86,
50, 55, 29.98, 34.35, 39.01, 41.95, 45.01,
58, 61, 64, 66, 68, 70 48.19,
50.39, 52.65, 54.98
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. Seventeen concentrations: 2.74,
Seventeen concentrations:
5 10 5.62,
55 15,20, 25, 30, 35, 40, 45, 8.65,11.82, 1256;137£i 18.69, 22.41,
50, 55 =
' 30.49, 34.91, 39.59, 42.55, 45.62,
>8, 61, 64, 66,68, 70 48.81,51.01, 53.26
Thirteen conlc(t)entratlons: > Thirteen concentrations: 2.81,
30 15, 20, 25, 30, 35, 40, 45, 5.75, 8.84,12.07, 15.48, 19.06,
50 55 22.83, 26.80,
58, 61 31.01, 35.46,40.17, 43.14, 46.21
Nine concentrations: 2.87, 5.88,
35 Nine concentrations: 5, 10, 9.03,
15, 20, 25, 30, 35, 40, 45 12.33,15.78, 19.42, 23.24,
27.27,31.51

4.5. Measurements

4.5.1. Viscosity Measurements

Rheological assessments were carried out using Fann and Haake co-axial Couette viscometers. The Fann
Model 35 viscometers are available in both six-speed and twelve-speed variants, providing direct-reading
capabilities. With a rotational velocity range spanning from 0.9 to 600 revolutions per minute (rpm), these
instruments are well-suited for evaluating the rheological properties of fluids, irrespective of their
Newtonian or non-Newtonian nature. Operating as Couette rotational viscometers, they function by
encapsulating the test fluid within the shear gap formed between an outer cylinder and an inner cylinder
(bob), whereby viscosity measurements are derived from the viscous drag induced by the rotating outer

cylinder on the fluid. The shear rate can be adjusted by modifying the rotor speed and the rotor-bob

combination. Figure 8 depicts the configuration of the Fann Model 35 Viscometer setup.
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Figure 8 Fann Model 35 Viscometer setup.

The Haake Rotovisco RV 12 viscometer adopts a coaxial cylinder configuration for precise determination
of shear viscosity across various temperatures and shear rates. Featuring a stationary outer cylinder and a
rotating inner cylinder (bob), the rotational velocity can be adjusted from 0.01 to 512 rpm. The test fluid
is confined within the annular space between these cylinders. Controlled rotation of the bob at a specified
speed (rpm) imparts momentum to the adjacent fluid layer. The resistance to flow exhibited by the fluid,
directly proportional to its viscosity, is gauged by the torque experienced by the bob. Utilizing the
magnitude of this torque, in conjunction with the set rotational speed and the bob geometry, enables
computation of crucial rheological parameters such as viscosity, shear rate, and shear stress. The resulting
measurements are digitally displayed for streamlined data acquisition. Calibration of the viscometers was
performed using a viscosity standard with known viscosities. Figure 9 depicts the configuration of the
Haake Rotovisco RV 12 setup. All measurements and calibrations were executed at room temperature,
approximately 22°C. Detailed dimensions of the viscometers utilized in this study are provided in Table

4.
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Figure 9 Haake Rotovisco RV 12 setup.

Table 4 Relevant dimensions of viscometers used in this study.

. Fann 35 A/SR-12 Fann 35 A . .
Viscometer . . i Haake Roto-Visco | Haake Roto-Visco
(low torsion (high torsion . ]
model . . RV 12 with MV | RV 12 with MV II
spring constant) | spring constant)
Radius of the
N 1.72cm 1.72cm 2.00cm 1.84 cm
Inner Cylinder, R;
Radi f th
adis o. € 1.84cm 1.84cm 2.1cm 2.1cm
Outer Cylinder,R,,
Length of Inner
. 3.8cm 3.8cm 6.0cm 6.0cm
Cylinder
Gap Width 0.12cm 0.12cm 0.10cm 0.26 cm

4.5.2. Size Distribution and Mean Diameter Measurements

Size Distribution of Solid Particles: The size distribution and average diameter of the solid particles

were determined by analyzing photomicrographs obtained using a Zeiss optical microscope equipped with
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transmitted light. To capture the photomicrographs, dilute suspensions were prepared, and images were
taken using the Zeiss optical microscope. Subsequently, the size of the particles was measured from these

images.

Size distribution of starch nanoparticles: In this study, Dynamic Light Scattering (DLS) was employed
to determine the size of starch nanoparticles (SNP). The measurements were conducted using a Zetasizer
Nano zs90 instrument manufactured by Malvern Instruments Ltd. Specifically, the Zetasizer 6.20 software
was utilized for both data acquisition and analysis. The SNP samples, comprising a dilute concentration
of SNP in water, were tested in ZENO112 low-volume disposable sizing cuvettes, and analyzed at a
standard temperature of 25°C. Prior to analysis, a 120-second equilibration period was observed to ensure
optimal sample stability. This method enabled precise and reproducible determination of both the average

diameter of SNP particles and the particle size distribution.
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5. Results and Discussion

5.1. Analysis and Discussions on the Rheological Properties of SNP Dispersions

Utilizing Dynamic Light Scattering (DLS), data was collected from four different concentrations of Starch
Nanoparticle (SNP) dispersions: 0.05, 0.075, 0.085, and 0.09 wt% of SNP. Analysis revealed that the
starch nanoparticles within the dispersions exhibited an average diameter of 21.73 nanometers. Figure 10

visually illustrates the particle size distribution of these starch nanoparticles, as determined by the DLS

measurements.

Size Distribution by Number

35
30
25
20
15
10

Number %

0.1 1 10 100 1000 10000
Size(d.nm)

—0.05 wt% 0.075 wt% 0.085wt% =——0.095wt%

Figure 10 Size distribution of starch nanoparticles.

In this experimental setup, we meticulously prepared SNP dispersions across concentrations ranging from
5 to 35 wt%. As shown in Figure 11, these dispersions exhibit complete uniformity, attributable to

thorough agitation with the homogenizer.
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SNP 10 wt% SNP 15 wt?%

Figure 11 Samples of SNP dispersions in the order of increasing SNP concentration from approximately 5 to
35 wt%.

Throughout the analysis of SNP dispersions at various concentrations, consistent Newtonian fluid
behavior was observed in the examination of viscosity and shear rate. This indicates that viscosity remains
constant as shear rate increases. Newtonian fluids, such as these dispersions, display a linear correlation
between shear stress and shear rate, wherein viscosity remains consistent irrespective of the applied shear
force. However, it is noteworthy that the viscosity of the dispersion increases with rising SNP
concentration. Figure 12 depicts viscosity plotted against shear rate for all SNP dispersions investigated

in this study.

SNP dispersions

10000

2 La ot 0 L4 i 2a @5 wi% SNP

& 1000

= 4 0 00000 0000000000 9 © 10wt SNP

Z 100 L o—0——00000-0000—0-0s—— ® 15 wt% SNP

‘a

o 0,

S W ® *—0- 0 —@go—0— 20 wt% SNP

> L et .._._._"' @ 25 wt% SNP
1 @30 Wt% SNP

2 20 200 2000

@ 35 wt% SNP
Shear rate, st

Figure 12 Viscosity versus shear rate plots of SNP dispersions.
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5.2. Rheology of Suspensions of SG Particles in SNP Dispersions

Figure 13 displays the particle size distribution of the SG hollow spheres, spanning from 10 to 340 pm. A
comprehensive analysis of 500 particles was conducted to establish this distribution, resulting in a
calculated Sauter mean diameter of 138 um. Furthermore, Figure 14 showcases typical photomicrographs

depicting the particles within the suspension.

25

20

15

% Number

10

0 50 100 150 200 250 300 350

Diameter (um)

Figure 13 Size distribution of SG particles.
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Figure 14 Typical photomicrographs of the SG particles.

Figures 15 through 20 depict the flow curves, illustrating the relationship between viscosity and shear rate,
for suspensions comprising SG particles in SNP dispersions. Within each figure, the concentration of SNP

remains constant, while the concentration of SG particles varies.

In this manner, we can observe how altering the concentration of SG particles impacts the flow behavior

of the suspensions across various SNP concentrations.
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Figure 15 Viscous flow behavior of suspensions at various SG volume fractions (p) with a constant SNP
concentration of 9.89 wt%.
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Figure 16 Viscous flow behavior of suspensions at various SG volume fractions (p) with a constant SNP
concentration of 14.83 wt%.
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Figure 17 Viscous flow behavior of suspensions at various SG volume fractions () with a constant SNP
concentration of 19.75 wt%.
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Figure 18 Viscous flow behavior of suspensions at various SG volume fractions (p) with a constant SNP
concentration of 24.71 wt%.
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Figure 19 Viscous flow behavior of suspensions at various SG volume fractions (¢) with a constant SNP
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concentration of 29.67 wt%.
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5.3. Rheology of Suspensions of S-32 Particles in SNP Dispersions

Based on the analysis of approximately 1000 particles, the Sauter mean diameter of S-32 particles was
determined to be 14 micrometers. Additionally, the size distribution of S-32 particles was found to span
from 2 to 20 micrometers. Moreover, Figure 21 presents photomicrographs depicting S-32 particles,

acquired within our laboratory setting.

Figure 21 Typical photomicrographs of the S-32 particles.

The methodology employed for SG particles was replicated for S-32 particles. Figures 22 through
2showecase the results derived from these experiments. Each figure illustrates the relationship between
viscosity and shear rate for suspensions comprising S-32 particles in SNP dispersions. Across each figure,

the concentration of SNP remains constant, while the concentration of solid particles is varied.
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Figure 22 Viscous flow behavior of suspensions at various S-32 volume fractions (p) with a constant SNP
concentration of 5 wt%.
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Figure 23 Viscous flow behavior of suspensions at various S-32 volume fractions (p) with a constant SNP
concentration of 10 wt%.
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Figure 24 Viscous flow behavior of suspensions at various S-32 volume fractions () with a constant SNP
concentration of 15 wt%.
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Figure 25 Viscous flow behavior of suspensions at various S-32 volume fractions (p) with a constant SNP
concentration of 20 wt%.
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Figure 26 Viscous flow behavior of suspensions at various S-32 volume fractions (p) with a constant SNP
concentration of 25 wt%.
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Figure 27 Viscous flow behavior of suspensions at various S-32 volume fractions (p) with a constant SNP
concentration of 30 wt%.
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Figure 28 Viscous flow behavior of suspensions at various S-32 volume fractions (p) with a constant SNP
concentration of 35 wt%.
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5.4. Analysis and Discussions on the Rheological Properties of Suspensions of Solid

Particles in SNP Dispersion

The depicted behavior in the graphs aligns well with the predictions of a power law model, as expressed

by Equation 4.
Some of the key findings observed through the plots include:

e Within each SNP concentration, suspensions with lower solid concentrations exhibit Newtonian
behavior, where viscosity remains constant regardless of shear rate. However, an increase in solid
particle concentration leads to shear-thinning behavior, resulting in decreased viscosity with higher
shear rates. Notably, both the degree of shear thinning and viscosity at high shear rates increase

with higher SG and S-32 concentration.

e Across all plots with increasing SNP concentrations, distinct patterns emerge. At lower SNP
concentrations, most suspensions demonstrate Newtonian behavior, while non-Newtonian
behavior is observed in fewer cases, primarily at higher solid particle concentrations. However, as
SNP concentration rises, even suspensions with lower solid particle concentrations show shear-

thinning behavior.

e With increasing SG and S-32 concentration within each SNP concentration, the consistency index
(K) increases while the flow behavior index (n) decreases, indicating a shift towards shear-thinning

behavior.

Figure 29 and 30 illustrates the trend of the consistency index (K) and the behavior index (n) across all
suspension sets with varying SNP concentrations. With a constant solid particle concentration, an increase
in SNP concentration results in a noticeable rise in the consistency index. Moreover, there is a clear
transition towards non-Newtonian shear-thinning behavior in suspensions with lower solid particle
concentration as the SNP concentration increases. The increase in the consistency index as the particle
volume fraction rises is a foreseeable outcome, as particles serve as impediments to flow, resulting in
heightened flow resistance and consistency. Additionally, elevating the SNP concentration in a suspension
with a fixed particle volume fraction leads to an increase in the viscosity of the matrix fluid (as illustrated

in Figure 12). This relationship is widely acknowledged, with suspension viscosity being directly
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proportional to the viscosity of the matrix fluid. Hence, the viscosity, and consequently the consistency

index K, of the suspension correspondingly increase.

At lower shear rates, particles collide and aggregate, trapping the matrix fluid within these aggregates and
consequently increasing the viscosity of the suspension. With increasing shear rates, these aggregates
break up, resulting in a decrease in viscosity. The rise in volume fraction of particles likely contributes to
the observed enhancement of shear-thinning behavior and the reduction in the flow behavior index n of
the suspension, as it is probable that these changes are caused by the formation and subsequent breakup

of particle aggregates under shear flow conditions [70].
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Figure 29 Comparison of consistency index (K) and flow behavior index (n) of suspensions of SG particles in
SNP dispersions with different concentrations of SNP.
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Figure 30 Comparison of consistency index (K) and flow behavior index (n) of suspensions of S-32 particles in
SNP dispersions with different concentrations of SNP.
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5.5 Evaluating Experimental Results in Comparison to Modeled Predictions

The Mooney Model, expressed by Equation 11, and the Krieger-Dougherty model, represented by
Equation 12, are commonly employed in literature to correlate relative viscosity against particle volume

fraction data for concentrated suspensions of solid particles [71], [72].

(11)
n 2.50
Ny =— =
A P )
Dy,
—-2.50,, (12)

o L
N, =—= —_—
" Nm O,

The relative viscosity of the suspension, denoted as 7, is defined as the ratio of suspension viscosity (1)
to the viscosity of the matrix fluid (1,,). ¢ represents the volume fraction of particles, while ¢,,, stands
for the maximum packing volume fraction of particles. This maximum packing fraction, often assumed to

be 0.58, corresponds to the glass transition volume fraction of hard spheres.

Figure 31 illustrates our experimental findings for both Newtonian and non-Newtonian suspensions of SG
hollow spheres, in SNP dispersions compared to the predictions generated by the Mooney and Krieger-
Dougherty models. In the case of Newtonian suspensions, the plot depicts the relationship between relative
viscosity (17,-) and particle volume fraction (¢). Conversely, for non-Newtonian suspensions, the plot
shows how the relative consistency index (K,), defined as the ratio of the consistency index (K) to the

matrix fluid viscosity (1,,), varies with ¢.
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Figure 31 Comparison of experimental data for Newtonian and non-Newtonian suspensions of SG particles in
SNP dispersions with the predictions of Mooney and Krieger-Dougherty models.

Pal developed a novel viscosity model for asphaltene solutions, effectively addressing the challenge of
accurately describing their viscosity behavior by accounting for the clustering of asphaltene
nanoaggregates. This model was successfully applied to predict viscosity across various asphaltene

systems and experimental conditions [73]. The Pal model is formulated as follows:

-25 (13)

1-® o, -0
S PR PO PO L L
Dy

Figure 32 illustrates the comparison between the Pal model predictions and experimental data for both
Newtonian and non-Newtonian suspensions of SG hollow spheres, and Figure 33 presents a similar
comparison for suspensions of S-32 solospheres. In the case of non-Newtonian suspensions, the model
employs the relative consistency index (K, ) instead of relative viscosity (7,). Overall, the model provides
a reasonable description of the experimental data, with an average percent error of approximately 10

percent. However, it's worth noting that the model tends to overestimate relative viscosities.
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Figure 32 Comparison of experimental data for Newtonian and non-Newtonian suspensions of SG particles in
SNP dispersions with the predictions of Pal model.
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Figure 33 Comparison of experimental data for Newtonian and non-Newtonian suspensions of S-32 particles
in SNP dispersions with the predictions of Pal model.
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5.6 Stability of Suspensions
5.6.1 Stability of Suspensions of SG Particles in SNP Dispersion

Given the disparate densities between the suspended SG hollow sphere particles and the matrix phase,
characteristic phenomena such as creaming, and sedimentation were anticipated. The SG hollow spheres
exhibited an average density of 0.7486 g/ml, whereas the density of the matrix phase exhibited variability
corresponding to the SNP content. Specifically, the matrix phase displayed a density of 0.9988 g/ml in the
absence of SNP (0% content), which increased to 1.139 g/ml at 35 wt% SNP. Given the lighter nature of
the particles relative to the matrix phase, an upward creaming effect was expected, signifying their

tendency to rise within the suspension.

Figure 34 illustrates samples of suspensions left undisturbed for a duration exceeding two months. In these
samples, the matrix phase contains approximately 30 wt% SNP. The particle concentration, consisting of
SG hollow spheres, ranges from 0 wt% in the leftmost bottle to 37 wt% in the rightmost bottle. As
anticipated, the particles ascend to the surface of the sample, forming a highly concentrated suspension
layer at the top. Concurrently, with an increase in particle concentration, the top layer of highly
concentrated suspension expands. Intriguingly, certain particles also settle at the bottom of the bottles,
implying that some particles exhibit greater density than that of the matrix phase. This observation
suggests the possibility of non-hollow particles within the suspension, potentially comprising solid

particles characterized by elevated density.

Figure 34 Creaming/sedimentation in suspensions of particles (SG hollow spheres) in SNP dispersion when
left unstirred for more than two months. The SNP concentration of the matrix phase is approximately 30 wt%.
The particle concentration varies from 0 to 37 wt%.
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An experiment conducted in our laboratory aimed to observe changes in the top layer of a suspension over
time. As depicted in Figure 35, the formation and expansion of distinct layers are observed, with a top
layer composed of light particles and a bottom layer of heavier particles. At the initial time point (t = 0),
the suspension, comprising 25 wt% SG hollow particles in an aqueous phase without any SNP, exhibits a
uniform distribution. Over time, distinct layers form and grow, with a top layer of light particles and a
bottom layer of heavy particles becoming increasingly evident. The impact of SNP addition to the matrix
phase significantly alters the creaming and sedimentation dynamics. The inclusion of SNP results in an
increase in the viscosity of the matrix phase, leading to a reduction in the creaming and sedimentation
rates of the particles. This effect is clearly illustrated in Figure 36, which demonstrates the growth of the
top creamed particle layer over time. In cases where the SNP concentration is 0 wt%, the top layer
undergoes rapid growth. Conversely, as the SNP concentration in the matrix phase increases, the growth
rate of the top layer comprising light particles slows down considerably. This decrease in the upward
movement of light particles, indicating reduced creaming, corresponds to the elevated viscosity of the
matrix phase caused by the increased SNP concentration. Consistent with Stokes' law (Equation (1)), the

velocity of particles exhibits an inverse correlation with the viscosity of the matrix phase.

t=0min t=2min t=3min

Figure 35 Separation of particles (SG hollow spheres) in a suspension (25 wt% particles, 0 wt% SNP) with
time.
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Figure 36 Growth of top creamed layer of SG hollow spheres with time in a suspension (25 wt% particles) with
different SNP concentrations of the matrix phase.

5.6.2 Stability of Suspensions of S-32 Particles in SNP Dispersion

For S-32, a different form of instability, namely sedimentation, is observed. The S-32 particles
demonstrated an average density of 2.0968 g/mL, while the density of the matrix phase varied with the
SNP content. In particular, the matrix phase exhibited a density of 0.9988 g/mL when devoid of SNP (0%
content), which increased to 1.19172 g/mL at 35 wt% SNP. Consequently, sedimentation of particles was

anticipated and indeed occurred.

Figure 37 depicts suspensions that have been left undisturbed for over 5 months. These suspensions
contain approximately 30% by weight of SNP in the matrix phase. The particle concentration, composed
of S-32 solospheres, varies from 0% in the leftmost bottle to 61% in the rightmost bottle. As expected, the
particles create a densely packed suspension layer at the bottom. With increasing particle concentration,

the highly concentrated suspension layer at the bottom expands.
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Figure 37 sedimentation in suspensions of particles (S-32 solospheres) in SNP dispersion when left unstirred
for more than five months. The SNP concentration of the matrix phase is 30 wt%. The particle concentration
varies from 0 to 61 wt%.

In a laboratory experiment, we investigated the evolution of the sedimentation process in a suspension
over time. Figure 38 demonstrates the development and growth of the sediment layer as time progresses.
Initially, at t = 0, the suspension contained 25wt% S-32 solospheres in an aqueous solution without SNP,
showing a uniform distribution. With time, a distinct sediment layer formed and expanded. The
introduction of SNP into the matrix phase notably influenced the sedimentation dynamics by increasing
the viscosity of the solution, thereby slowing down the sedimentation rate of particles. This effect is
evident in Figure 39, which compares the sedimentation process of a suspension containing SNP 20 wt%
after 40 days that clearly indicates many particles have not yet settled, with the case of the S-32 suspension

without SNP, in which the majority of particles settled within an hour, with complete settlement occurring

after three days.
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Figure 38 Separation of particles (S-32 solospheres) in a suspension (25 wt% particles, 0 wt% SNP) with time.
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Figure 39 Comparison of sedimentation behavior between suspensions with 20 wt% SNP and those without
SNP.
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6. Conclusions

e The SNP dispersions maintain Newtonian characteristics throughout the entire concentration range
investigated in this study, spanning from 5 to 35 wt% SNP.

e At low particle concentrations, suspensions of SG hollow spheres and S-32 solospheres in SNP
dispersions generally exhibit Newtonian properties.

e At higher particle concentrations, the suspensions undergo a transition to non-Newtonian behavior
characterized by shear-thinning.

e The suspensions of SG particles exhibit non-Newtonian behavior at lower particle concentrations
when the SNP concentration of the matrix phase is increased. For instance, in suspensions with a
low SNP concentration of 9.89 wt%, the transition to non-Newtonian behavior occurs at a particle
volume fraction of approximately 0.45. Conversely, with a high SNP concentration of 34.6 wt%,
the suspension displays non-Newtonian characteristics at a considerably lower particle volume
fraction of 0.074. Similarly, this trend is observed in suspensions with S-32 particles. At 10 wt%
SNP, the suspension transitions to non-Newtonian behavior at a particle volume fraction of
approximately 0.37. Conversely, with a high SNP concentration of 35 wt%, the suspension exhibits
non-Newtonian characteristics at a considerably lower particle volume fraction of 0.158.

e The power-law model provides a suitable description for the rheological behavior of non-
Newtonian suspensions comprising particles in SNP dispersions.

e Asthe particle concentration rises at a constant SNP concentration, the consistency index increases
while the flow behavior index decreases.

e The experimental viscosity and consistency index data for both Newtonian and non-Newtonian
suspensions align with the predictions of the Pal model across the entire range of particle
concentrations examined.

e Comparing the consistency data for S-32 suspensions using the Pal model and relating it to the
results obtained for SG, it appears that the particle size of suspensions has a negligible effect on
rheology within the investigated range of particle sizes.

¢ (Creaming and sedimentation in particle suspensions are notably diminished when the liquid matrix

is thickened with starch nanoparticles, leading to more stable suspensions.
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