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Abstract: The substitution of petroleum-based synthetic polymers in latex formulations with
sustainable and/or bio-based sources has increasingly been a focus of both academic and industrial
research. Emulsion polymerization already provides a more sustainable way to produce polymers for
coatings and adhesives, because it is a water-based process. It can be made even more attractive as a
green alternative with the addition of starch, a renewable material that has proven to be extremely
useful as a filler, stabilizer, property modifier and macromer. This work provides a critical review
of attempts to modify and incorporate various types of starch in emulsion polymerizations. This
review focusses on the method of initiation, grafting mechanisms, starch feeding strategies and
the characterization methods. It provides a needed guide for those looking to modify starch in an
emulsion polymerization to achieve a target grafting performance or to incorporate starch in latex
formulations for the replacement of synthetic polymers.
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1. Introduction

To achieve a sustainable society, we must intensify responsible agriculture and industry and reduce
our greenhouse gas (predominantly CO2) emissions and use of non-biodegradable and single-use
materials. The polymer industry has a major role to play in this shift in practice [1]. A bio-based
economy focusses on extracting useful organic materials from renewable sources such as starch and
other saccharides. It is expected that the proportion of plastic products that are bio-based in the market
will increase each year and that up to 20% of all chemicals will be bio-based by 2020 [2]. The bioplastics
market had an annual growth rate of 40% worldwide and 50% in Europe from 2003 to 2007 and is
currently growing at 20–30% per year [3]. Starch-based polymers accounted for 70% of the bio-based
market in 2003 (equivalent to 25,000 tons), increasing to 114,000 tons in 2007 and is projected to increase
to 810,000 tons in 2020 [4]. In 2009, 75% of the starch-based plastics market was located in Europe [3].
There is a wide range of technologies used for the production of starch-based products, including
polymerization reactions, blending and thermoforming and that range from those at the research and
development stage to fully commercialized processes. Growth has been slower than that of biofuels,
however, due to a lack of government incentives [2].

Emulsion polymerization, as opposed to bulk and solution polymerization, is a method that
provides enhanced heat transfer by using water as a dispersion medium, allows for high molecular
weight products at simultaneously high reaction rates, enhanced control over polymer morphology
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and structure, as well as resulting in a final latex with a viscosity independent of molecular weight [5,6].
Paints and coatings are the largest uses of latexes, with 60% being for decorative uses and 10% for
industrial applications. Other films are applied for laminates, as construction adhesives or pressure
sensitive adhesives. Perhaps most famously, the first large volume commercial product from an
emulsion polymerization was styrene butadiene latex rubber as a replacement for natural rubber
during World War II [7]. Latexes have also been used to improve the strength and durability of asphalt
and concrete, as coatings for textiles, films for packaging, pellets or gels for moulding, as additives for
printing inks, as templates for nanostructured optoelectronic materials and as the key ingredient in
toner, waxes, polymer alloys, caulks, sealants, engine fluids, pigments and carpet backing [8–11]. Niche
applications include drug delivery, whereby the active molecule is embedded into or immobilized
onto the latex polymer particle, calibration material for analytical equipment, as coatings for magnetic
recording media and for purification of biological formulations [7,12]

From a green chemistry perspective, it would be ideal to have the entire polymer formulation
sustainably sourced and produced. One strategy is to ensure that monomers (feedstock for
polymerizations) are synthesized from non-petroleum-based feedstock. Fillers and property modifiers
should also be sourced from natural and sustainable feedstock where possible. Biopolymers such as
polysaccharides offer naturally occurring and sustainably grown materials to act as fillers or macromers
as a substitute for synthetic, petroleum-based monomers in polymer formulations. Polysaccharides
have been extensively studied and are among the most abundant, versatile, inexpensive and
commercially utilized biopolymers [5,13–32].

Starch is a polysaccharide material consisting of amylose and amylopectin arranged in a granular
structure with both amorphous and crystalline domains. Starches have found widespread application
in many industries for use as food additives, pigment binders in paper production and rheology
modifiers for pharmaceutical and textile industries [17,33,34]. Starch can be suspended or, after
its granular structure is removed, dissolved in water and its properties are tuneable by physical
or chemical modification. When combined with other materials, modified starches impart a wide
range of properties to a polymer composite depending on the starch type, its pre-treatment and
functionalization [15,28,34–43]. As a filler or reactive co-polymer, starch can be used to displace
reasonable amounts of synthetic material, reducing the products’ dependence on petroleum based
feedstock, making the overall process more sustainable. Overcoming certain undesirable properties of
starch (i.e., tensile strength, hardness, hygroscopicity), as well as compatibility issues between raw
or modified starch and synthetic polymers, is essential for the effective use of starch in industrial
latex formulations.

While starch is used extensively as a substrate for graft polymerizations, its use in polymer
latexes is an emerging field of interest [44,45]. Because of the many challenges inherent in using starch
in water-based formulations in combination with hydrophobic materials, innovative strategies are
required. This work focuses on the use of starch as a filler, colloidal stabilizer and reactive polymer in
emulsion polymerizations, as well as the feeding strategies that have been employed to incorporate
various modified starches into the latex, the effect of reaction variables on grafting performance and
final latex properties and finally, on the analysis and characterization methods used to determine
grafting performance and other properties. In this review we highlight instances where elevated rates
of incorporation of starch and especially of encapsulation, have been reported.

2. Polymer Latex

2.1. Emulsion Polymerization

Emulsion polymerization is a form of heterogeneous free radical chain polymerization, where
hydrophobic polymer particles are formed in an aqueous dispersion medium [46]. It satisfies, to a high
degree, the 12 principles of green chemistry: as in solution polymerization, the use of small amounts
of free radical initiator overcomes the need for excess stoichiometric reagents (principle 9); greater
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control over molecular weight and final polymer properties at high conversion, relative to solution
polymerization, reduces the amount of off-spec and waste materials (principle 1); the use of water as
the reaction medium removes the need for solvent use and subsequent evaporation, thus enhancing
process safety and reducing energy costs (principles 3, 4 and 5); and lower viscosity profiles lead to
enhanced heat transfer and therefore, lower energy requirements (principle 11) [1,12]. The addition
of sustainably produced and sourced monomers and fillers (principles 4, 7 and 10) further enhances
the “greenness” of the process by displacing typically petroleum-based monomers, giving the overall
formulation a smaller environmental footprint.

The mechanism of emulsion polymerization typically begins with the formation of micelles
(aggregates of surfactant with their hydrophobic tails oriented inwards) in the aqueous reaction
media, which occurs when the surfactant molecules reach their critical micelle concentration (CMC).
A significant amount of surfactant remains dissolved in the water phase. When a hydrophobic
monomer is added, the monomer partitions into three loci: (1) large monomer droplets that are
stabilized by the excess surfactant, (2) micelles and (3) dissolved in the aqueous phase (as a small
percentage). Water-soluble initiator is added to the water phase where it slowly dissociates into
free radicals during the polymerization. The free radicals react with the monomer dissolved in the
aqueous phase to form water-soluble oligomeric radicals. When the oligomeric radicals reach a critical
chain length to render them sufficiently hydrophobic, they enter the monomer-swollen micelles, thus
nucleating a polymer particle. Due to the large surface area occupied by the micelles compared to
the monomer droplets, the nucleation of micelles is the dominant particle nucleation mechanism.
The entry of oligomeric radicals into the micelles is called heterogeneous or micellar nucleation and
is dominant when surfactant is present above its CMC. Homogeneous particle nucleation can also
occur (especially when the surfactant concentration is below its CMC) where the low molecular weight
oligomers reach their insolubility limit and precipitate. They are then stabilized by surfactant and
become polymer particles. Other ingredients such as buffer, chain transfer agent and crosslinker can
be used to modify the reaction kinetics and latex properties. Final latexes can be used as produced or
with the addition of post-polymerization additives.

The polymerization can be further described by three reaction intervals (I, II, III) (Figure 1).
Interval I comprises nucleation of polymer particles and sees an increase particle number (and
consequently the polymerization rate) over time. By the end of this interval (5–15 wt.% monomer
conversion), monomer-swollen micelles are no longer present, having been nucleated or the
surfactant distributed and absorbed onto the growing polymer particles; the number of particles (and
consequently polymerization rate) becomes constant. During interval II, a thermodynamic equilibrium
is maintained that keeps the monomer concentration in the polymer particles constant by the
continuous transport of monomer from the monomer droplets to the particles. Thus, the polymerization
rate remains constant (and no new particles are nucleated), while the polymer particles increase in
size and the monomer droplets are depleted. The end of interval II is signalled by the disappearance
of the monomer droplets. Interval III begins anywhere between 40–80 wt.% monomer conversion.
With the particle number remaining constant and a lack of new monomer added to the system,
the polymer concentration in each particle increases and the polymerization rate decreases until
full conversion is reached. Final latex polymer particles are typically 50–300 nm in diameter, with
a latex viscosity ranging from 30–1000 cp and solids content from 30–70 wt.%. Several particle
morphologies are possible such as core-shell, occluded and moon-like. The morphology is dependent
on the hydrophobicity and reactivity of the monomers, the glass transition temperature (Tg) of the
resultant polymers, the presence of fillers and macromers, the distribution of free radicals within the
composite polymer particle and the degree of polymerization between components. Polymerization
conditions such as formulation, semi-batch feed strategy, initiation method and temperature are also
factors that affect morphology [7,47–50].
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2.2. Film Formation

The mechanism of film formation is generally understood to consist of three stages: drying,
deformation and coalescence (Figure 2) [47,51–53]. Drying begins once the latex is evenly spread upon
a substrate, after which water evaporates at a constant rate until a polymer volume fraction of 0.6–0.75
is reached. During this stage, the particles form a coordinated array, the specific orientation of which
depends on ionic strength, viscosity and other factors. Deformation occurs as the evaporation rate
slows and particles become closely packed; this occurs above the minimum film formation temperature
(MFFT). A thin film may first form at the surface, causing further evaporation to occur by diffusion of
water through this polymer “skin.” Particles then contact each other and start to deform to polyhedral
structures through air-water, water-polymer and polymer-air interfacial tensions, osmotic forces and
surface adhesive forces. Finally, polymer chains diffuse across particle boundaries to reduce surface
energy and the spheres coalesce into a continuous film. The type of surfactant used to stabilize the
particles can affect their mobility and the subsequent film’s uniformity. The use of additives that
modify the density and surface properties of the particles, as well as fillers that alter the zeta-potential
with hairy layers or introduce layers of polymer with varying glass transition temperatures, will most
likely have an effect not only on the deformation and coalescence of the particles but also on the
homogeneity of the final film, as well as its sensitivity to environmental factors.
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3. Starch Properties and Modification

3.1. Structure and Properties

Starch is considered a low cost feedstock that offers an economically viable alternative to
petroleum sourced materials (e.g., synthetic monomers) [4]. The two largest producers of maize
starch worldwide are the United States of America and China. The use of starch as a source of non-food
products such as ethanol has increased prices and raised concerns over whether or not to divert food
resources to fuels and materials [54].

Two types of polysaccharides make up starch, amylose and amylopectin. Amylose is linear with
anhydroglucose repeat units connected by α-1,4-D-glucoside bonds, while amylopectin is branched and
contains α-1,4-D-glucoside bonded glucose repeat units with short branches of α-1,4-D-glucopyranose
bonded polysaccharide chains at α-1,6 branch points (every ~22 repeat units) (Figure 3) [55].
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The molecular weights of amylose and amylopectin are dependent on the botanical source but are
generally in the range of ~105–106 g/mol and ~107–108 g/mol, respectively [56]. These polymers are
naturally occurring and are principally extracted from corn (maize), potato, wheat and rice feedstock.
Starch is nontoxic and biocompatible, making it safe for human contact and food applications, while
its biodegradable properties make it appealing for sustainable materials [18,57]. The granule and
particle size of starch depends on its source (e.g., maize, wheat, potato), number of contaminants
(e.g., protein) and morphology (e.g., crystallinity). Starch is first extracted from its source in the form
of microscopic granules (2–100 µm) with rings (120–500 nm) of “blocklets” (20–50 nm), each containing
alternating layered lamella (9 nm) of crystalline and amorphous regions [5,58,59]. The granules are
often colloidally stable in solution, as are other physically modified forms of starch, so long as this
stability is not affected by complexing of associable amylose and amylopectin [60]. The crystallinity of
extracted starch ranges from 19% in high amylose starch and 39% in waxy maize (low amylose), to
51% in rice starch [59]. Native starch granules have low cold water solubility, are sensitive/responsive
to changes in pH, moisture, temperature and mechanical stress [61,62]. Typically, at temperatures
above 60 ◦C, native starch undergoes irreversible gelatinization which begins with swelling of the
granules (30 and 100 times by volume for maize and potato, respectively) followed by dissolution into
the continuous aqueous phase, forming a viscous solution [17,60]. Once these solutions cool, the linear
amylose chains orient themselves into double-helices, while amylopectin crystallizes by attraction
of the short branch chains, all of which forms a network that separates from the continuous phase
in a process called retrogradation [60,63]. Amylose and amylopectin carry no charge and contain
an abundance of hydroxyl functional groups, making them a prime candidate for the addition of
customized moieties or for grafting reactions [59].

Starches (particularly native and cooked) suffer from limited solubility, high hydrophilicity, high
viscosity, moisture sensitivity and brittleness and thus require some form of physical and chemical
modification to make them applicable in polymer composite formulations. At the same time, starch
can be viewed as a useful additive to synthetic polymer formulations as a property modifier [26]
(e.g., increase oxygen and toluene and decrease water barrier resistance [64]) or to increase the
biodegradability [29] and/or sustainability of the final product.

3.2. Physical and Chemical Treatment

Native starch granules (2–100 µm) can be used in polymerizations but are typically first swollen
and gelatinized through cooking, which removes the granular structure [5,65,66]. “Native” starch is
defined herein as starch that is in the granular form and has not undergone a change in molecular
weight, crystallinity, composition or functionality (modification of moieties). Distinction will be made
between granules, which are not cooked and gelatinized starch, which has been swollen and become
soluble in water. Several mechanical and chemical treatment methods exist that modify the properties
of starch but do not introduce functionality to the starch structure. These methods, summarized in
Table 1, are often used to extract a specific type or molecular weight of amylose or amylopectin from the
granules, to affect granule particle size, degree of crystallinity or overall morphology. Many of these
methods are combined for multiple effects. Often treatment is followed by or coupled with, chemical
functionalization that introduces reactive or functional moieties, which compatibilizes the starch for a
particular polymer formulation or application. A popular and effective strategy for achieving high
loadings of starch into polymer latexes at acceptable viscosities has been to severely reduce the amylose
and amylopectin molecular weights.

The use of crystalline and amorphous nanoparticles has recently garnered significant
attention [5,24,26]. SNCs (Starch nano-crystals) are produced by the removal (usually through
hydrolysis) of the amorphous regions of native starch, thus exposing the crystalline platelets (>40%
crystallinity). These nano-crystals are typically <100 nm in size, degrade at 251 ◦C and have a
broad distribution of viscosity in solution. SNPs (Starch nano-particles), on the other hand, are more
amorphous particles where the crystalline regions have been destroyed (<40% crystallinity), typically
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by mechanical treatment. Regenerated starch nanoparticles (RSNPs) are near completely amorphous
(96–98%) due to treatment via extrusion [5]. These amorphous nano-particles range between
100–500 nm, degrade at 285–294 ◦C and produce a lower viscosity in solution than native starch.

Table 1. Summary of some starch physical and chemical modification pathways.

Method Pathways Primary Modificationa Product

Physical

Mechanical extrusion [67] Heat treatment and
mechanical work Molecular weight Amorphous pre-gelatinized starch

Microfluidization [68] / / SNPb

Electric field [69] / Crystallinity Amorphous pre-gelatinized starch

High pressure [70,71]

Hydrostatic processing

Crystallinity Amorphous gelatinized starchSupercritical medium
Homogenization
Microfluidization

Irradiation [14,69]

UV

Molecular weight Lower molecular weight starchλ

γ

Microwave

Ball milling [72] / Crystallinity
Particle size

Amorphous partially gelatinized
starch granules

Ultrasonication [73] 24kHz treatment of
starch aqueous solution Crystallinity Partially amorphous starch granules

Microwave [74] Treatment of starch paste Crystallinity Partially amorphous starch granules
Thermal degradation [75] Treatment of dried starch Molecular weight Lower molecular weight starch

Re-crystallization [76] Hydrothermal Crystallinity Crystalline “resistant” starch
Heat-moisture treatment SNCc

Chemical

Acid Hydrolysis [77] Acid Crystallinity
Branching

SNC
Debranched starch

Emulsion precipitation
Butanol complexing

co-crystallization [78] Crystallinity SNC

Non-solvent
precipitation

crosslinking [79]
Degree of crosslinking SNP

Reactive extrusion [80] Water-phase crosslinking
Crystallinity

Molecular weight
Crosslink density

SNP

Alkaline Treatment [72] NaOH Molecular weight Low amylose content, lower
molecular weight starch

Enzymatic

Hydrolysis [81] Enzymatic Crystallinity
Branching

SNC
Debranched starch

Re-crystallization [76] Enzymatic/melt/crystallization Crystallinity SNC
a Particle size is reduced in all methods. b Starch nano-particle (SNP): mostly amorphous, in some cases completely
so. c Starch nano-crystal (SNC): mostly crystalline, with the amorphous regions degraded and removed to
differing degrees.

3.3. Functionalization

Modification of starch has been performed through functionalization by small molecule chemistry
(addition of moieties) or by “grafting from” or “grafting to” approaches. The abundance of hydroxyl
groups, the reactivity of which is C-6 > C-2 > C-3 [82], provide sites for addition (the likelihood
of each hydroxyl to be functionalized also depends on the specific reaction mechanism). However,
certain mechanisms allow for the formation of a bond directly to one of the carbons on the starch
backbone. Because of its hydrophilicity, starch typically requires hydrophobization or functionalization
to become compatible or reactive with hydrophobic synthetic polymers [59]. The literature provides
examples of starch modified by small molecule chemistry with a wide variety of moieties (Figures 4–6),
including anhydrides [13,16,61,83–85], esters [16,61,82,83], ethers [16,61,82] and other cationic and
anionic functional groups [59,61,82,83,86,87].
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4. Measuring Grafting Performance

To determine the extent of grafting and the effect of varying formulations and procedures in
achieving the desired particle morphology and composition, there are five types of results that are
typically sought (Table 2). After graft polymerization has finished, most analytical methods use solvent
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extraction to separate homopolymer and/or unreacted starch from the graft polymer prior to analysis.
Grafting performance can be expressed by grafting efficiency (Equation (1)), percent grafting through
add-on (Equation (2)) or ratio (Equation (3)) or the molecular weight of the grafts (Equation (4)).
In cases where the incorporation (embedding) of starch in the synthetic polymer matrix is desired,
performance may be reported as the wt.% of starch that cannot be removed from the graft polymer
by washing with polar solvent. Incorporation wt.% does not imply grafting but rather the success
of the polymerization in removing starch from the continuous water phase and into the synthetic
polymer solids. Encapsulation describes a near completely covered starch particle, where a core-shell
morphology exists with the starch in the core.

Table 2. Summary of measurements for grafting performance.

Variable/Characteristic Results Extraction Methods Analysis Methods

Grafting efficiency wt.% of grafted polymer in total
formulation

Soxhlet extraction

Centrifugal solvent
extraction

Hydrolysis

FTIR
13C-NMR
1H-NMR

Gravimetry

Percent Grafting
(Ratio)

wt.% ratio of synthetic grafts to the
starch to which they are bonded

Percent Grafting
(Add-on)

wt.% of synthetic polymer in total
grafted polymer

Homopolymerization
ratio

wt.% of synthetic monomer that
resulted only in homopolymer

Molecular weight of
grafts

Weight or number average g/mol of
the grafted synthetic polymer chains

Enzyme or acid hydrolysis
of starch within extracted
graft polymer will release

the grafted synthetic chains

GPC

Grafting ratio (GR) = (weight of synthetic polymer / weight of starch) × 100 (1)

Add-on (AO) = (weight of synthetic polymer grafted / total weight of grafted polymer) × 100 (2)

Grafting efficiency (GE) = weight of grafted polymer / (weight of grafted polymer +

weight of homopolymer) × 100
(3)

AGU/graft = Mn of grafted polymer × (wt.% of starch in graft copolymer / wt.% of

grafted polymer) × (MW of repeat unit)−1 (4)

Depending on the desired measure of performance for including starch in an emulsion
polymerization, either the unreacted starch or ungrafted synthetic polymer will need to be separated
for analysis of the remaining graft polymer. In some instances, both will need to be removed. Either
can be achieved by solvent extraction, assuming that an appropriate solvent or non-solvent can be
identified. Centrifugation is often used to improve separation and is combined with washing of
the dried centrifugation precipitate with the same solvent or with a final separation step with a
starch non-solvent such as methanol. A Soxhlet extractor is commonly used to separate a mixture of
hydrophobically opposite components. In all procedures used to isolate the grafted polymers, there
will always be a portion of the grafts that are removed in the separation stage. Some grafts contain
mostly starch and are not sufficiently modified (hydrophobic) to separate out with the bulk of the
synthetic polymer. Additionally, the presence of hydrophilic polymer (dependent on the formulation)
in the decanted solvent can affect gravimetric calculations. In all cases however, the percentage of
starch in the final extracted graft polymer compared to the solvent will be underestimated, meaning
final results can be considered as a minimum level of performance.

NMR can be used to determine the presence of synthetic grafts or functionality on starch by
identifying either the decrease in starch hydroxyl or backbone hydrogen atoms or the presence of
synthetic hydrogen or carbon atoms. Solid state 13C-NMR and 1H-NMR do not typically reveal high
resolution spectra and it is recommended using cross polarized magic angle spinning (CP-MAS).
The use of IR to determine grafting in an unpurified latex has limitations as homopolymer and
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unreacted starch will appear on the resulting spectra [88]. In-line IR analysis to track the change in
starch hydroxyl or backbone hydrogens in an emulsion polymerization can yield extremely useful
information relating to the rate of grafting and reaction kinetics. Gravimetric methods such as
centrifugation, precipitation and solvent extraction can be used to separate the starch graft polymer
from either the unreacted starch or the synthetic homopolymer, providing quantitative results on
grafting performance.

4.1. Characterization of Polymer Products

Once the synthetic homopolymer or unreacted starch is separated from the graft polymer, any of
the three samples can be characterized (Table 3).

Table 3. Common characterization methods for each component of a starch graft polymer.

Sample Type Characteristic Method Typical Goal of Study

Graft polymer

Composition Gravimetry
IR/NMR Achieve target grafting performance

or create a new hybrid
starch-synthetic particle.

Morphology (cryo)TEM/SEM
Crystallinity XRD

Degree of substitution
(max of 3.0)

Titration
Elemental analysis

1H-NMR
TGA-IR

MW of grafted chains GPC

Homopolymer Molecular weight
Degree of branching

GPC
HPLC

Effect of reaction variables,
formulation or procedure on

kinetics of homopolymerization in
the presence of starch.

Unreacted starch

Morphology
Crystallinity

Particle size/density
Molecular weight

TEM/SEM
XRD

Flow fractionation DLS
GPC

Effect of reaction variables,
formulation or procedure on

structure of starch in the presence of
initiator and vinyl monomer.

XPS and elemental analysis are alternative methods to NMR and IR to identify and quantify
the concentration of chemical bonds and specific functional groups, respectively. Although strongly
affected by the properties of the reaction medium (e.g., turbidity), Raman spectroscopy can be used
in-line to monitor the signal of a particular bond, similar to in-line FTIR. The location of particles
within an emulsion can be observed in-line by confocal laser scanning microscopy (CLSM). Care must
be taken in the preparation of starch based samples for TEM/SEM as the water soluble starches can
settle on the latex particles during evaporation and create misleading artefacts [89]. The changes in
crystallinity of starch towards that of the synthetic polymer or vice versa, provides strong evidence
of grafting [43,90–93]. The molecular weight of the synthetic polymer grafts can inform us about the
effect of reaction conditions and monomer composition on grafting kinetics and can be determined by
GPC. The branching of grafted polymer chains decreases the mobility of the grafted polymer, imparts
inhibition of the movement of small molecules towards the backbone of the starch and affects the
organization of the polymer molecules (e.g., retrogradation). Various methods including 1H-NMR
and 13C-NMR [94–96], HPLC [97] and GPC [98] techniques have been used to quantify the degree
or extent of branching of polymers. Asymmetric flow field-flow fractionation, coupled with a DLS
device, can quantifiably detect both synthetic latex particles and more swollen and transparent starch
particles by first separating them by size prior to sending them to a detector. Other methods used to
determine the particle size of grafted polymers include hydrodynamic chromatography (HDC) using
a PSD analyser [99], dynamic image analysis (particles in the micron range) and disc centrifugation
(>75 nm). The use of DLS exclusively is not recommended due to the high degree of swelling of some
starch particles, giving them a refractive index similar to water. Differential centrifugal sedimentation
can be applied to measure the density of nanoparticles when the particle size is known from one of
these methods.
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4.2. Implicit Proof of Grafting

The characterization methods described previously allow for explicit analysis of grafting
performance. To explain the effect of a grafting performance on a particular final property, additional
characterization is often undertaken on the latexes or dried films/resin (Tables 4 and 5). Unless
otherwise stated, information in this section is taken from the thesis by Cummings [89].

Table 4. Summary of characterization methods for determination of latex properties.

Characteristic Analysis Method

Viscosity Viscometry
Particle size Asymmetric flow field-flow fractionation coupled with DLS

Birefringence Angle dependent optical reflectometry
pH Electrical potential

Conductivity
Zeta Potential Electrophoretic light-scattering

Film formation Minimum film formation temperature (MFFT)
Visual

Shelf life Visual
Grit Gravimetry

Table 5. Summary of characterization methods for determination of film properties.

Characteristic Analysis Method

Hydrophobicity Contact angle
Adhesive Properties Tack, peel and shear

Opacity Spectrophotometry
Water whitening Spectrophotometry

Gel content Solvent swelling, extraction, gravimetry
Solubility Solvent swelling, extraction, gravimetry

Tensile strength Instron tensile strength
Elasticity

Water/oxygen barrier Water and oxygen permeation
Glass transition temperature

DSCMelting temperature
Thermal stability TGA
Biodegradability Enzyme, culture, composting

4.2.1. Latex Properties

Viscosity is typically increased by the presence of starch in the aqueous phase of polymer latex and
in some cases can cause coagulation. Even in cases where the starch is not completely encapsulated by
the synthetic polymer, latex viscosity (100–1000 cp) can be similar to standard formulations. Molecular
weight reduction methods have served to decrease the viscosity of starch dispersions [100–102].
Although high viscosity can persist after functionalization and grafting, it is possible to reduce the
viscosity by reducing the likelihood of retrogradation, hydrogen bonding and persistent water soluble
starches. Crystalline regions of starch contribute to its birefringence properties, which could be
weakened or eliminated by deformation and modification [103–105]. Starch loaded latex can still
exhibit birefringence in the form of blue or green hues upon cooling to room temperature. Due to the
abundance of hydroxyl groups on starch molecules, the pH of the water phase can cause or prevent
deprotonation, as well as alter the speed at which granules gelatinize or particles disperse. Although
modified starches can exhibit strong zeta potential, a much smaller value is seen with starch-synthetic
hybrid latexes. Although this should cause instability, the superior steric stabilization properties of
starch prevent this [99,106,107]. The homogeneity of films formed from polymer latex containing starch
is a key indicator for the presence of water phase compounds and the compatibility of the latex with
the substrate. The increased viscosity and hydrogen bonding potential of starch loaded latexes can
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improve film formation (depending on the substrate), while any exposed starch once the film is dried
can alter the composites sensitivity to humidity and temperature. The long term stability of latexes,
also known as the shelf life, is affected both by the electrostatic or steric stability of the individual
latex particles, as well as the presence of destabilizing or phase separation inducing molecules in the
water phase. Starch loaded latex carry the risk of destabilization and phase separation in the cases of
retrogradation or persistent non-grafted (hydrophilic) water soluble starch. The presence of grit (large
impurities in the final latex) can indicate poor dispersion of the added starch particles/molecules,
the burning of the starch due to accumulation on reactor walls or the general coagulation of ungrafted
and unreacted starch material.

4.2.2. Film Properties

Even at high levels of incorporation, the presence of small amounts of non-grafted starch on the
surface of a polymer film will make it more hydrophilic and increase the contact angle with water
droplets. Generally, starch will reduce the adhesive properties of polymer films, especially in dry
environments, however shear strength typically increases due to the rigidity, hydrogen bonding and
potential crosslinking effect of starch particles. Since the degree of water whitening is dependent
on the polarity of the polymer and the diffusivity of water through the matrix, this characteristic
can be affected by the presence of starch [108]. The hydrophilicity of starch and the hydrophobicity
of the synthetic polymer, combined with crosslinking that may occur during polymerization and
intermolecular interactions (hydrogen bonding), all affect the gel and soluble content of the final graft
polymer [109]. Starch content increases the polymer film’s sensitivity to humidity and polar plasticizers,
all of which reduce the tensile strength. In dry environments, the loading of starch in synthetic polymer
formulations tends to increase the tensile strength [41,76,110,111]. Starch is hygroscopic and therefore
SNPs do not naturally have good moisture barrier properties. SNCs however, due to their crystalline
structure, impart much better moisture and gas barrier properties to polymer composites, as long
as deformation of gelatinization of the crystalline regions does not occur. In general, starch has
extremely good oxygen barrier properties under low moisture conditions [5,64,76]. The precise
functionalization, synthetic graft polymer formulation and final composite particle morphology all
have a large effect on final film barrier properties. Starch grafted polymers exhibit a change in
Tg towards that of native starch, except in cases where the synthetic polymer can plasticize and
disrupt the structural hydrogen bonding of the starch chains [15,88]. In some cases, the Tg remains
unaffected by synthetic grafts and in others (where grafting is low) two transitions are observed
(synthetic polymer and starch). Typically, starch grafted polymers exhibit thermal stability up to
200–400 ◦C, with the properties of both starch and the synthetic polymer influencing the decomposition
temperature [5,15,75,112,113]. Degradation of a polymer can be photoinduced, thermal, chemical
or biological, while usually beginning with a reduction in molecular weight followed by digestion
by microorganisms. The presence of biodegradable starch in polymer formulations warrants testing
of the final product’s biodegradation potential. Testing typically begins with enzyme and culture
experiments, followed by composting conditions in a reactor [29,31]. Starch is readily biodegradable
and typically serves to increase the biodegradation of synthetic formulations, so long as there is
a mechanism for radiation, water, enzymes and microorganisms to make contact with the starch
chains [114–116].

5. Grafting Mechanisms

Most polymerizations involving starch have been initiated through radical chain mechanisms.
Both native and functionalized starch have been “grafted from” or “grafted to” using polymerization
techniques (Figures 7 and 8) [15]. A “grafting from” approach involves generating a radical on the
starch backbone or hydroxyl groups through a covalently bound initiating group, which subsequently
reacts with a monomer to initiate the growth of a polymer chain. Alternatively, the chain-end of a
pre-formed polymeric/oligomeric radical can react with the starch backbone, hydroxyl groups or other
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added functionality, “grafting to” the starch molecule. Various initiators, monomers and semi-batch
feed strategies have been used to include starch into synthetic polymer latexes [117,118].
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Figure 7. Visualization of the “grafting to” and “grafting from” mechanisms. “Grafting to” occurs
when propagating or fully reacted polymer chains bond to the starch chains. “Grafting from” describes
initiator complexing or radical deprotonation of the anhydroglucose repeat unit, which creates a radical
from which monomer can polymerize.
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Figure 8. Initiation, propagation, chain transfer and termination mechanisms from the grafting of vinyl
monomer to the starch backbone. Adapted from [119].

Attempts to graft or otherwise incorporate starch into synthetic polymers can be categorized
based on their mechanism of grafting, which is governed by the initiator system employed. Free
radical, controlled/living radical, ring opening and condensation polymerizations have been used
to graft synthetic monomer from a starch [45,66,117]. Various “grafting to” formulations are
prepared via coupling agents, radical coupling, activated esters or acids, acyl halides and reversible
addition-fragmentation chain transfer (RAFT) click chemistry [66].

There are several examples where grafting of starch has been conducted by atom-transfer
radical polymerization (ATRP) and RAFT [117]. ATRP has been used to graft starch to MMA, AA,
2-hydroxyethyl acrylate (HEA) and other monomers mostly in heterogeneous polymerizations in
organic solvents. In some cases, extremely high graft percentages were reported (up to 1800%,
18x more synthetic mass than starch mass in the graft polymer). RAFT has been used to graft VAc
to acid-functionalized, esterified and other starches. Both ATRP and RAFT have the advantages of
producing very low amounts of homopolymer while offering control of the molecular weights of the
synthetic graft chains [117].

Starch hydroxyl groups can initiate ROP of cyclic esters such as lactones and lactides in the
presence of a catalyst (metal, anionic, basic organocatalysis, ionic liquid) [45,66]. Polycondensation
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polymerizations are stepwise reactions between bifunctional or polyfunctional monomers with
liberation of small molecules such as water and have been used to graft starch [66,120,121].

Grafting via free radical polymerization occurs by hydrogen abstraction from starch to
an initiator-derived radical, propagation of the starch macroinitiator with vinyl monomers
and termination of the graft chains by either an initiator-derived radical, starch coupling or
disproportionation. Hydrogen abstraction can either occur with the C-H on the starch backbone
or from the hydroxyl groups. Unless initiation is taking place through complexation of starch with the
initiating species, it is possible that both types of hydrogen abstraction could occur. Initiator-derived
radicals can also directly initiate polymerization, resulting in the production of homopolymer in
addition to graft polymer. In the case of persulfates, the grafting efficiency (GE) with starch is often
low [66]. Examples of exceptions to this low efficiency are styrene and acrylic acid grafting, where the
hydrophilicity of acrylic acid gives higher compatibility with starch and the slower polymerization
reaction rate of styrene favours grafting. Ferric initiators gives slightly better grafting efficiencies but is
generally lower then cerium ion initiators [66]. Ceric and persulfate initiators are the most widely used
for starch grafting and while persulfates typically result in large proportions of homopolymer, ceric
initiation produces the best GE, capable of reaching 85–100% with acrylonitrile, acrylamide, methyl
methacrylate and styrene [32,45,66]. The molecular weight of graft chains from all methods are found
to be in the range of 1–13.5 × 105 g/mol [66]. A common trend with grafting performance (GE and GP)
has been a parabolic dependence on polymerization parameters leading to a maximum or optimum
condition. An observed decrease in GE beyond a maximum temperature is most likely caused by chain
transfer and increased termination of graft chains and with reaction time because of increased local
viscosity and polymer concentration around the starch molecules.

The most common types of free radical initiators used to graft synthetic material from starch in
emulsion polymerizations can be categorized into how decomposition to produce radicals is induced;
thermal decomposition (persulfate, azo), redox (ferrous/peroxide, thiosulfate/persulfate, ceric
ion/acid, manganese/acid) or irradiation. The species resulting from the decomposition of persulfate,
ferrous and photo initiators typically produce radicals by abstraction of the C2 or C3 hydrogen or a
hydroxyl hydrogen, while those deriving from manganese and cerium initiators produce a radical
typically by forming a complex with the anhydroglucose unit (Figure 9). A summary of grafting
results from starch with each initiator is presented below (Table 6). Preference is given to emulsion
polymerization mechanisms, unless studies are limited, in which case applicable cases from solution
polymerizations are presented. For emulsion polymerizations, a variety of synthetic surfactants have
been employed, including those that are non-ionic, cationic and anionic. Unless otherwise reported,
GE is similar between studies when comparing other grafting performance variables.Processes 2019, 7, x FOR PEER REVIEW 16 of 42 
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Table 6. Summary of grafting results for different initiation methods in starch graft polymerization.

Initiator Maximum Grafting
Efficiency (%)

Maximum Percentage
Graftinga (%) Monomers

Persulfate

Solution
64 30 Acrylic acid (AA) [122]
9 GR = 17 Vinyl acetate (VAc) [123]
84 AO = 60 GR = 150 Acrylamide (AM)/itaconic acid (IA) [124]
69 - Methyl methacrylate (MMA) [125]
65 - Ethyl methacrylate (EMA) [125]
60 - Butyl methacrylate (BMA) [125]
79 84 Butyl acrylate (BA)/VAc [126]

Emulsion
37–74 104–301 BA/St [88,100,127]

- - 2-ethylhexyl acrylate (EHA) [101,128]
- - Methacrylic acid (MAA) [101]

68 49 BA [102,128]
- - AA [101,128]
- - BMA [129–131]

59–60 PG = 60, GR = 57 Styrene (St) [43,132,133]
- - MMA [134,135]
- 350 BA/MMA/diacetone acrylamide (DAAM) [136]
- - BA/MMA/AA/ethyl acrylate (EA) [90]

52 - VAc [137]
- - EA [135]

AIBN
(Azobisisobutyronitrile)

Solution
- - Acrylonitrile (AN) [138]
5 24 VAc [139]
8 73 MMA [140]
57 27 AA [122]

Emulsion
- - St [141]

Thiosulfate + persulfate

Solution
99 - N-Methylol acrylamide (NMA) [142]
- - BA [143]

86 - Methyl acrylate (MA)/NMA [142]
68 - MA [142]
- GR = 30 MAA [144,145]

41 - VAc [137]
Emulsion

- - -

Ceric

Solution
- GR = 42 AN [146–148]

99 50 Glycidyl methacrylate (GMA) [149]
69 10 BA [150]

65–95 75–110 MMA [151–153]
- - MA [154]
- - EA [154]
- - MAA [154]

33 - N-tert-butyl acrylamide (BAM) [155]
81 GR = 162 AM [156,157]
37 20 VAc [123]

Emulsion
- - AN/isoprene [158]
- AO = 45 MA [159]

65 - MMA [160]

Manganese

Solution
96 AO = 45−49 AN [21,22,161,162]

8.5−100 GR = 120 AO = 36−253 MMA [23,93,99,163–165]
59 AO = 19 AM [165]
<9 AO = 38 VAc [166]
- - AA [111]

Emulsion
30−50 - St/AN [167]
30−50 - St/EA [167]

77 52 St/MMA [168]
90 200 St [167,169]
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Table 6. Cont.

Initiator Maximum Grafting
Efficiency (%)

Maximum Percentage
Graftinga (%) Monomers

Ferrous

Solution
96 - AN [138]
98 AO = 54 MMA [138]
85 - MA [170]
85 AO = 20 MAA [171]
53 AO = 18 DMAEMA/AM [172]
44 17 AA [173]
49 35 St/BA [34]
44 20 St/MMA [34]

Emulsion
36 59 St/BA [91]

Photoinitiator

Solution
- 260 MMA [174]
- 190 AN [174]
- 30 St [174]

72 91−907 AM [174–176]
- ~350 AA [174]
- 420 MAA [174]

Emulsion
13 - Styrene [177]
81 - BA [177]
30 - MMA [178]

Irradiation

Solution
- 135 MA [179]

>99 158−243 AA [180,181]
~85 200 AM [182]

Emulsion
- - -

a If not specified as add-on (AO) or grafting ratio (GR), values were reported in the article as “percent grafting (PG),”
which usually represents the grafting ratio.

5.1. Persulfates

Sulphate radicals generated from ammonium persulfate (APS), potassium persulfate (KPS) or
a thiosulfate/persulfate redox pair, have been used for the grafting of starch with vinyl monomers
according to a “grafting from” mechanism through abstraction of the CH or OH hydrogen of the
anhydroglucose unit (Figure 10). The hydrogen is abstracted either by a sulphate or hydroxyl radical
and the formed starch radical provides a site for vinyl monomer addition and propagation. Grafting
efficiency is limited with persulfate initiation relative to other more selective methods due to the
favourability of homopolymerization of the synthetic monomer over radical formation on the starch
anhydroglucose repeat unit.Processes 2019, 7, x FOR PEER REVIEW 19 of 42 
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Figure 10. Mechanism of vinyl monomer “grafting from” starch by persulfate initiation. Adapted
from [15].
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Graft polymerizations of acrylic acid onto hydrolysed starch in solution produced higher PG and
GE than identical reactions with AIBN and benzoyl peroxide, presumably due to lower overall reaction
rate and thus less homopolymerization [122]. An induction time for grafting was generally observed
in grafting polymerizations with KPS, while overall conversion induction time increased with higher
starch content. Grafting of VAc onto granular and gelatinized starch exhibited a larger induction time
than ceric ammonium nitrate (CAN) due to lack of selectivity of KPS towards hydrogen abstraction
from starch. KPS served to add stability when using granular starch due to the addition of charged
sulphate groups on the starch surface, since non-gelatinized native starch does not exhibit colloidal
stability. A mechanism was proposed for KPS initiation where homopolymerization dominated
the beginning of the reaction, at which point chain transfer from polymer radicals initiated graft
polymerization on the starch molecules. The VAc polymer would eventually embed itself into the core
of the graft polymer while the starch provided stabilization. Increase in starch:monomer ratio served
to decrease all grafting performance as well as overall conversion [123,124,136].

Increased homopolymerization, termination of grafted polymeric chains or chain transfer to
monomer above 60 ◦C decreased GE significantly in emulsion polymerizations. An increase in large
moieties that cause steric hindrance also decreased GE [125]. Generally GE followed a parabolic trend
with time caused by generation and then depletion of starch radicals [126]. A parabolic trend was also
seen between GE and initiator concentration [126].

Several methods can be employed to enhance the grafting performance of emulsion polymerization
with KPS. Pre-treatment (mixing of starch and KPS in solution prior to polymerization) increased GP
and GE due to the increased formation of radicals on the starch molecules as well as a decrease in
molecular weight [100,127]. The induction time often seen with persulfate initiators can be reduced
with a pre-treatment [102]. A reduction in viscosity was also observed when starch molecular weight
was reduced, either via pre-polymerization or in situ. This at times meant the difference between
stability and coagulation [101,106]. Alternatively, hydrophobization of starch at any molecular weight
increased GE [137]. Gelatinized starch, whether functionalized or not, exhibited stabilization properties
and was able to be grafted with several monomers in the absence of surfactant [127,128]. Native and
hydrophobized SNPs and SNCs also exhibited excellent stabilization properties in batch emulsion
polymerizations [43,129–132]. In the presence or absence of synthetic surfactant, starch overwhelmingly
resided on the surface of the final latex particles, thermodynamically favouring the polar water
molecules. It is believed that starch provided stabilization as well as radical grafting sites [135].
Styrene/BA was grafted to gelatinized oxidized cassava starch where it was found that the impact of
variables on GE in ascending order was initiator < monomer < temperature < starch, with a maximum
efficiency of 42% and on PG was starch < initiator < temperature < monomer, with a maximum
value of 301% [88]. More recently, a seeded semi-batch emulsion polymerization was conducted
to prepare pressure sensitive adhesives using BA, MMA and AA. SNPs were first crosslinked with
sodium trimetaphosphate (STMP), then functionalized with a sugar-based monomer (vinyl group)
and finally reacted with butyl vinyl ether (BVE) to add hydrophobization. After in situ modification,
the SNP hybrid particles were grafted with the primary monomer feed and KPS initiator, resulting in a
core-shell latex particle with the starch completely encapsulated [183].

Enhancement by ultrasound irradiation served to increase the diffusion and collisions between
starch, initiator and monomer during polymerization, increasing grafting [102]. Persulfates can
also be combined with thiosulfate in a redox pair initiating system to produce generally high GE
(>40%) [137,142–145]. Alternatively, a potassium persulfate/amine redox system or a dual initiator
system such as with benzoyl peroxide or acetone sodium bisulphate can be conducted at comparable
grafting efficiencies to KPS alone [184–186]. Persulfates are commonly used to graft synthetic
monomers to starches in emulsion polymerization. While selectivity towards starch continues to
limit GE and reaction rate, the above mentioned strategies have worked around this issue to produce
useful latexes with starch content.
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5.2. Ceric ions

Ceric ions (Ce (IV)) produced from ceric ammonium nitrate and ceric ammonium sulphate can
be used to produce starch grafted latexes with high GE relative to other free radical methods [15].
The mechanism of ceric ion initiation is such that the ions form a complex with either the C6 carbon,
C6 oxygen, C2-C3 glycol or the C1 hemiacetal at the reducing end of the starch chains (Figure 11) [15].
The most probable grafting site is the C2-C3 glycol [187,188]. The complex then decomposes by
abstracting a hydrogen or through the ring opening of the anhydroglucose unit, resulting in a Ce (III)
ion and a radical on the starch backbone. Less likely is the chain cleaving mechanism, where the Ce (IV)
ion forms a radical on the C1 carbon or the adjacent oxygen from the ether group on a non-reducing
end anhydroglucose unit (Figure 12) [32]. Alternatively, a reducing agent other than starch can be used
to initiate vinyl monomer polymerization, such as a thiol, glycol, aldehyde or alcohol. Latex formed by
the use of heavy metal initiators such as cerium may have a coloured hue.
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The advantage of using Ce (IV) ions is that they do not react directly with vinyl groups on
monomers, avoiding or greatly limiting the amount of homopolymer produced and, consequently,
achieving high GE. Homopolymer can still be formed, however, for example through chain transfer
to monomer or polymer. A disadvantage of this type of initiator in aqueous media is that an acid is
often required to avoid hydrolysis of cerium ammonium nitrate to [Ce-O-Ce]6+, which has little to no
reactivity [15].

When using ceric initiator to graft AN to granular wheat starch, gelatinization had no effect on
grafting performance. This is contrary to the effect of gelatinization in KPS systems, most likely due
to the greater need for diffusion of monomer and initiator into the starch matrix for an initiator with
low selectivity [147,148]. A “depleted initiator” method was employed with an MMA system where
Ce4+ that was not adsorbed to starch was removed. This led to higher grafting efficiencies than the
usual continuous method [153]. When AM and N,N’-methylene-bisacrylamide (MBA) were grafted
to gelatinized starches of varying amylose content, GE, AO and PG were highest with 50% amylose
content and lowest with waxy starch (very low amylose %). It was thought that this occurred due
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to the more complete gelatinization of starches with higher amylose content compared to those with
less, which require a higher cooking temperature. Additionally, the branched nature of the higher
molecular weight amylopectin reduced the diffusivity and mobility of the polymer chains, resulting in
higher viscosity and resistant chain growth [156].

In emulsion polymerizations, if a monomer is desired that does not react with starch
(e.g., isoprene) it can be combined with a monomer that does readily graft in order to incorporate the
unreactive monomer into the graft polymer. Gugliemelli et al. used this approach to prepare poly
(isoprene-co-acrylonitrile) starch grafts for vulcanized rubber, while studying the effect of monomer
ratio and other reaction variables on grafting performance. A disadvantage of this approach is that the
unreactive monomer may retard the grafting rate and subsequently the overall polymerization rate
(depending on the initiator system employed) [158].

A seeded emulsion polymerization strategy was used with a PMMA latex seed that was
subsequently swelled with MMA and semi-batch fed CAN with DTAB surfactant in the presence
of oligosaccharides (low molecular weight polysaccharides from enzymatically degraded starch).
BA and styrene were sufficiently hydrophobic to make the oligosaccharides amphiphilic with only
a few monomer units. Due to this hydrophobicity, there was not a high enough concentration of
BA or styrene in the aqueous phase to give a high rate of propagation with the hydrophilic initiator.
Coagulum was far lower when MMA was used (1.5%) compared to BA and styrene (20%). The reason
given was that the oligosaccharides were grafted with MMA until they became sufficiently surface
active to adsorb onto the monomer swollen latex particles, after which the PMMA portion of the
graft polymer continued to polymerize inside the particle [99]. Debranched cationic starch was
grafted to: (1) pre-synthesized and monomer swollen poly (MMA) particles (GE = 8.5%); (2) MMA
monomer in an emulsion polymerization (GE = 24%), and; (3) MMA monomer in the presence of poly
(N-isopropylacrylamide). The second feed strategy led to slow particle nucleation and hence a broad
particle distribution and low GE [160].

Ozonolyzed amylopectin was grafted with cerium and persulfate/glucose for enhanced activity.
Seeded polymer particles were stabilized by the amylopectin and the polymerization continued,
where growing latex particles formed within the amylopectin scaffold, which underwent controlled
coalescence. The adsorbed amylopectin remained partly exposed, leaving stabilizing chains on the
particle surface. A unique use of energy-dispersive spectroscopy (EDS) showed the presence of starch
throughout the latex particle, essentially confirming near complete encapsulation [189,190]. Another
effective dual initiation system with ceric ions and KPS was used to graft semi-batch fed AM to a
DADMAC and gelatinized starch batch charge. GE was 89% while PG was 173%. Higher monomer
concentration increased PG to a limit, beyond which radical transfer from starch macroradicals to
monomer may have increased, causing a decreased grafting rate. The coupled initiator system was
more effective than either initiator alone due to the KPS regenerating depleted Ce3+ ions back into
Ce4+ ions that could further initiate radicals on starch [65].

Due to its preference for starch radical formation over monomer initiation, high GE can be
achieved with ceric initiators through relatively straightforward strategies [32,149,151–153]. Since
homopolymerization is not a great concern, focus can be given to optimizing the interaction of starch,
monomer and surfactant. Ceric initiators are optimal for attempting to encapsulate starch within
latex particles due to the isolation of polymerization to the starch backbone rather than the grafting
reaction competing with water phase or micellar polymerization. Starch can be grafted in the aqueous
phase until hydrophobic enough to adsorb onto nucleating polymer particles, increasing the chances
of incorporation [99].

5.3. Manganic ions

Manganese initiation using manganic (Mn4+) pyrophosphate or potassium permanganate (Mn3+)
most likely proceeds either by reaction with an acid (e.g., oxalic, sulphuric) to form a radical species,
which abstracts a hydrogen from the starch hydroxyl groups (Figure 13) or by the formation of a
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complex with the starch similar to that of ceric initiators, followed by hydrogen abstraction and radical
formation on the starch backbone (Figure 14) [15,32,187].

Processes 2019, 7, x FOR PEER REVIEW 22 of 42 

 

Due to its preference for starch radical formation over monomer initiation, high GE can be 

achieved with ceric initiators through relatively straightforward strategies [32,149,151–153]. Since 

homopolymerization is not a great concern, focus can be given to optimizing the interaction of starch, 

monomer and surfactant. Ceric initiators are optimal for attempting to encapsulate starch within latex 

particles due to the isolation of polymerization to the starch backbone rather than the grafting 

reaction competing with water phase or micellar polymerization. Starch can be grafted in the aqueous 

phase until hydrophobic enough to adsorb onto nucleating polymer particles, increasing the chances 

of incorporation [99]. 

5.3. Manganic ions 

Manganese initiation using manganic (Mn4+) pyrophosphate or potassium permanganate (Mn3+) 

most likely proceeds either by reaction with an acid (e.g., oxalic, sulphuric) to form a radical species, 

which abstracts a hydrogen from the starch hydroxyl groups (Figure 13) or by the formation of a 

complex with the starch similar to that of ceric initiators, followed by hydrogen abstraction and 

radical formation on the starch backbone (Figure 14) [15,32,187]. 

 

Figure 13. Radical generation in a potassium permanganate and sulphuric acid system. Adapted 

from [15]. 

 

Figure 14. Direct radical formation of manganese initiators and starch. Adapted from [15]. 

The rate determining step of manganic grafting of monomer to starch was found to be the 

cleaving of the glycol group of the anhydroglucose repeat unit, which was dependent on the 

pyrophosphate and Mn3+ concentration, acidity and glycol (crosslinker) concentration [21]. An 

increase in either acid concentration or Mn3+ concentration caused a decrease in molecular weight of 

the grafts, while AO was parabolically dependent on Mn3+ concentration. The increased number of 

grafts caused an increase in monomer conversion [21]. When AN was grafted from gelatinized potato 

starch, a higher agitation rate was necessary compared to granular starch due to the higher viscosity 

of the gel phase and thus lower GE from diffusion limitations of the monomer and initiator. Monomer 

conversion (77-84%), AO (48-49%) and the molecular weight of grafts (33,000-430,000) all increased 

as the starch pre-treatment temperature was increased from 30-85°C [22]. Grafting efficiencies were 

generally higher with AN than MMA due to increased rates of termination with MMA [23]. When a 

methanol:water mixture was used as the solvent, the GE linearly increased to 100% as methanol:water 

ratio increased to 50:1 (v:v). This behaviour was attributed to the increased solubility of MMA in 

methanol [163]. 

Manganese initiators have been used with styrene binary systems including AN [167], EA [167] 

and MMA [168], where the highest performance was observed for pure styrene (GE=90, PG=200) 

[167,169]. 

5.4. Iron ions 

With a ferrous salt and hydrogen peroxide redox system, a hydroxyl radical is first produced by 

the decomposition of hydrogen peroxide by Fe2+ and then a radical is subsequently formed on the 

starch backbone by hydrogen abstraction (Figure 15). This initiation system, unlike that of ceric and 

manganese initiators, is able to polymerize vinyl monomers using hydroxyl free radicals 

[15,34,91,123,137,191]. 

Figure 13. Radical generation in a potassium permanganate and sulphuric acid system. Adapted
from [15].

Processes 2019, 7, x FOR PEER REVIEW 22 of 42 

 

Due to its preference for starch radical formation over monomer initiation, high GE can be 

achieved with ceric initiators through relatively straightforward strategies [32,149,151–153]. Since 

homopolymerization is not a great concern, focus can be given to optimizing the interaction of starch, 

monomer and surfactant. Ceric initiators are optimal for attempting to encapsulate starch within latex 

particles due to the isolation of polymerization to the starch backbone rather than the grafting 

reaction competing with water phase or micellar polymerization. Starch can be grafted in the aqueous 

phase until hydrophobic enough to adsorb onto nucleating polymer particles, increasing the chances 

of incorporation [99]. 

5.3. Manganic ions 

Manganese initiation using manganic (Mn4+) pyrophosphate or potassium permanganate (Mn3+) 

most likely proceeds either by reaction with an acid (e.g., oxalic, sulphuric) to form a radical species, 

which abstracts a hydrogen from the starch hydroxyl groups (Figure 13) or by the formation of a 

complex with the starch similar to that of ceric initiators, followed by hydrogen abstraction and 

radical formation on the starch backbone (Figure 14) [15,32,187]. 

 

Figure 13. Radical generation in a potassium permanganate and sulphuric acid system. Adapted 

from [15]. 

 

Figure 14. Direct radical formation of manganese initiators and starch. Adapted from [15]. 

The rate determining step of manganic grafting of monomer to starch was found to be the 

cleaving of the glycol group of the anhydroglucose repeat unit, which was dependent on the 

pyrophosphate and Mn3+ concentration, acidity and glycol (crosslinker) concentration [21]. An 

increase in either acid concentration or Mn3+ concentration caused a decrease in molecular weight of 

the grafts, while AO was parabolically dependent on Mn3+ concentration. The increased number of 

grafts caused an increase in monomer conversion [21]. When AN was grafted from gelatinized potato 

starch, a higher agitation rate was necessary compared to granular starch due to the higher viscosity 

of the gel phase and thus lower GE from diffusion limitations of the monomer and initiator. Monomer 

conversion (77-84%), AO (48-49%) and the molecular weight of grafts (33,000-430,000) all increased 

as the starch pre-treatment temperature was increased from 30-85°C [22]. Grafting efficiencies were 

generally higher with AN than MMA due to increased rates of termination with MMA [23]. When a 

methanol:water mixture was used as the solvent, the GE linearly increased to 100% as methanol:water 

ratio increased to 50:1 (v:v). This behaviour was attributed to the increased solubility of MMA in 

methanol [163]. 

Manganese initiators have been used with styrene binary systems including AN [167], EA [167] 

and MMA [168], where the highest performance was observed for pure styrene (GE=90, PG=200) 

[167,169]. 

5.4. Iron ions 

With a ferrous salt and hydrogen peroxide redox system, a hydroxyl radical is first produced by 

the decomposition of hydrogen peroxide by Fe2+ and then a radical is subsequently formed on the 

starch backbone by hydrogen abstraction (Figure 15). This initiation system, unlike that of ceric and 

manganese initiators, is able to polymerize vinyl monomers using hydroxyl free radicals 

[15,34,91,123,137,191]. 

Figure 14. Direct radical formation of manganese initiators and starch. Adapted from [15].

The rate determining step of manganic grafting of monomer to starch was found to be the cleaving
of the glycol group of the anhydroglucose repeat unit, which was dependent on the pyrophosphate
and Mn3+ concentration, acidity and glycol (crosslinker) concentration [21]. An increase in either acid
concentration or Mn3+ concentration caused a decrease in molecular weight of the grafts, while AO was
parabolically dependent on Mn3+ concentration. The increased number of grafts caused an increase in
monomer conversion [21]. When AN was grafted from gelatinized potato starch, a higher agitation
rate was necessary compared to granular starch due to the higher viscosity of the gel phase and thus
lower GE from diffusion limitations of the monomer and initiator. Monomer conversion (77–84%), AO
(48–49%) and the molecular weight of grafts (33,000–430,000) all increased as the starch pre-treatment
temperature was increased from 30–85 ◦C [22]. Grafting efficiencies were generally higher with AN
than MMA due to increased rates of termination with MMA [23]. When a methanol:water mixture was
used as the solvent, the GE linearly increased to 100% as methanol:water ratio increased to 50:1 (v:v).
This behaviour was attributed to the increased solubility of MMA in methanol [163].

Manganese initiators have been used with styrene binary systems including AN [167], EA [167]
and MMA [168], where the highest performance was observed for pure styrene (GE = 90,
PG = 200) [167,169].

5.4. Iron ions

With a ferrous salt and hydrogen peroxide redox system, a hydroxyl radical is first produced
by the decomposition of hydrogen peroxide by Fe2+ and then a radical is subsequently formed
on the starch backbone by hydrogen abstraction (Figure 15). This initiation system, unlike that
of ceric and manganese initiators, is able to polymerize vinyl monomers using hydroxyl free
radicals [15,34,91,123,137,191].Processes 2019, 7, x FOR PEER REVIEW 23 of 42 
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AN was grafted more readily to native starch granules than MMA due to its increased
hydrophilicity [138]. Grafting efficiency increased as peroxide concentration increased, however
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degradation of starch began to occur. Oxidized starch was generally more susceptible to grafting
than native starch [138]. MAA was grafted to granular starch and it was found that at the
termination of the polymerization, the rate of grafting (>85% conversion) was much faster than that
of homopolymerization (~10% conversion). Pre-gelatinized starch achieved only half the conversion
of granular starch. Explanations for this were given as increased intrinsic reactivity of the starch
macroradical, the stability of the propagating free radical species and high local monomer concentration
within the starch granule due to association of MAA with the starch hydroxyls [171]. There was a
negligible effect of increasing Fe2+ concentration above a minimum, with a brownish hue detected
at excess amounts. Longer reaction times are more effective due to added time to homogenize the
polymerization as the grafting reaction happens quickly with ferrous initiator pairs and sometimes
generates regions of heterogeneity [173].

Semi-batch (monomer and hydrogen peroxide feed) surfactant free emulsion polymerization was
used to graft styrene and BA to gelatinized cationic acetylated starch. It was found that conversion
increased with H2O2 concentration as well as increased to a maximum with monomer concentration.
Grafting efficiency and PG had parabolic dependency on H2O2 concentration and while both variables
increased with monomer concentration, GE decreased after a maximum. Grafting efficiency and PG
were 35% and 59% respectively [91].

5.5. AIBN

Azobisisobutyronitrile (AIBN) is a hydrophobic initiator that dissociates into two
2-cyanoprop-2-yl radicals capable of initiating polymerization of vinyl monomers (Figure 16). These
radicals are capable of abstracting hydrogen from a hydroxyl group on the anhydroglucose units, thus
creating a radical on the starch backbone [11,15,122,141,192].
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The grafting of AA onto hydrolysed potato starch was conducted using AIBN as initiator in
aqueous solution. Monomer conversion approached 100% as expected but GE and PG were limited to
57% and 27% respectively, due to the high amount of homopolymer produced and lack of grafting
sites produced on the starch molecules [122]. MMA was grafted to gelatinized starch to achieve
PG = 73% and GE = 8% and it was concluded that AIBN radicals were not reactive enough to abstract
a hydrogen from starch. Any grafting that occurred came from “grafting to” of polymeric radicals,
which were available dependent on the concentration of relatively hydrophobic monomer present,
which the radicals were reactive enough to polymerize [140]. Similar observations were made when
grafting VAc at PG = 24% and GE = 5% [139]. A starch-based bromide chain transfer agent was grafted
with AIBN to vinyl acetate via RAFT polymerization for use in biomedical and other applications.
The structure, composition and molecular weight of the grafted polymer was successfully controlled
and well defined [193].

Due to the hydrophobicity of AIBN, it is more suited to mini emulsion or suspension
polymerization than emulsion polymerization [192,194]. A notable exception was the use of OSA-acetic
anhydride (AC) modified SNPs in a seeded emulsion polymerization with styrene. The SNPs were
found to first act as Pickering stabilizers of the styrene but then to transition under higher temperature
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to a core-shell seed with styrene in the core of the starch particle. The polymerization proceeded at the
interphase of the swollen SNP seed, with the AIBN hydrophobic initiator initiating creating oligomer
radicals that would propagate inward to the core of the particles. The results were an apparent
core-shell morphology with most of the starch in the core of the particle [141].

5.6. Other Initiators

Other initiators suitable for grafting from starch include anionic polymerization by
alkoxides, metal complexes such as cobalt or chromium (similar to manganese mechanism),
copper acetylacetonate-trichloroacetic acid, potassium peroxyvanadate, hydrogen peroxide/iron
sulphate/thiourea dioxide, potassium bromate/thiourea dioxide, alkyl hydroperoxide/amino group,
vanadium mercaptosuccinic acid, horseradish peroxidase/hydrogen peroxide/2,4 pentane dione,
ozone and enzymes [15,32,45,66].

The enzyme horseradish peroxidase (HRP), an oxidoreductase catalyst extracted from the roots
of horseradish, has been used on several occasions to perform grafting reactions with starch. BA
(GE = 19%) [195], MA (GE = 45%) [196], AM (GE = 66%) [197] and DMDAAC (GE = 99%) [198],
have all been grafted from starch in solution polymerization in the presence of hydrogen peroxide
as the oxidant and a reductant (e.g., 2,4-pentanedione). Although HRP has been used in emulsion
polymerizations, there is no reported work grafting starch using such an approach [199]. This presents
a worthwhile avenue to be pursued due to the moderate reaction temperatures and high grafting
efficiency associated with HRP, in addition to the fact that it is a bio-catalyst that is renewable.

Benzoyl peroxide was used as the sole initiator for the emulsion polymerization of styrene/maleic
anhydride with crosslinked SNPs and hydroxyethyl cellulose as stabilizers. An inverse emulsion was
first prepared where SNPs were mixed with water in an organic phase consisting of maleic anhydride,
styrene and benzoyl peroxide pre-polymerized to 25% conversion. The SNPs were shown to act as
Pickering stabilizers of the water droplets. Subsequently, the inverse emulsion was transferred to an
aqueous dispersion of hydroxyethyl cellulose, where the cellulose stabilized a region of the organic
media around several smaller SNP stabilized water droplets and the polymerization was continued
to completion. Although grafting performance was not reported, FTIR of the purified starch grafted
polymer was shown as evidence of esterification between hydroxyl groups and maleic anhydride [107].

5.7. Irradiation

Microwave, UV and high energy (gamma and electron) irradiation have become increasingly
popular for grafting synthetic monomer to polysaccharides without the need for additional reagents.
High energy ionizing initiation can occur through: (1) a direct method where monomer and
polysaccharide are simultaneously initiated; (2) a peroxidation method where hydroperoxide or
peroxide functional groups are formed by reaction of the polysaccharide and air, which later form free
radical groups under heat; or (3) a pre-irradiation method where the radiation forms free radicals on the
polysaccharide in an inert atmosphere, prior to being mixed with monomer [200]. It has been found that
high irradiation doses or reaction times can lead to starch degradation [174]. Exposing a photoinitiator
(e.g., dimethoxy-2-phenylacetophenone (DMPA), benzoin methyl ether (BME), benzophenone (BP))
to a certain wavelength of radiation causes generation of a radical that can attack vinyl monomer
or starch [201]. Irradiation methods can also be used to enhance other initiation methods [202,203].
The precise grafting performance and kinetics of each monomer/initiator pair has to be evaluated
separately as their behaviour cannot necessarily be assumed to apply universally [174].

Emulsion polymerization was used to graft styrene, BA and MMA to amylopectin with sodium
dodecylbenzene sulfonate as surfactant [177,178]. Using the direct irradiation method, surfactant,
water, monomer, starch and initiator were mixed and lightly stirred, purged with N2 and subsequently
illuminated. A pre-illumination method was applied where monomer, surfactant and water were
added to an addition funnel and purged to form a pre-emulsion, while the starch dispersion
was illuminated. Subsequently the pre-emulsion was then added to the reaction vessel with the
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pre-illuminated starch dispersion. For the direct method, styrene and BA resulted in 50% and 87.8%
conversion at ~0% and 11.5% GE respectively. Using pre-illumination, styrene and BA yielded
37.5% and 89.1% conversion and 12.5% and 81.4% GE respectively, a significant improvement over
simultaneous illumination. For BA, which has a faster polymerization rate, pre-illumination has a
greater effect on GE due to the higher chance of grafting over homopolymerization when the radicals
are formed only on the starch backbone.

Irradiative initiation methods present clear benefits over other initiators due to good control over
polymerization rate and the potential for radical formation on the starch backbone without the need
for addition of potentially harmful chemicals such as initiator, heavy metal salts and acids. So long as
degradation is avoided, irradiation can be combined with other initiation methods to enhance GE.

6. Strategies for Starch Incorporation in Emulsion Polymerization

From the numerous studies described above, certain conclusions can be drawn regarding
latex formulations and strategies as well as the dependence of grafting performance variables on
various reaction parameters. These strategies are summarized below as a guide for using starches in
emulsion polymerization.

6.1. Initiator

The appropriate choice of initiator depends on the constraints of a particular system with regard
to industrial scalability and final product specifications (mostly GE and PG). Persulfates are the most
widely used initiators in industry and there is abundant experience in handling and using these
initiators in emulsion polymerizations. If homopolymer formation is not of concern, this is the clear
direction to pursue [45]. Ceric initiators can be active at room temperature, do not polymerize vinyl
monomers directly and are nearly completely selective towards starch initiation [66]. The need for
acid in the polymerization and the presence of heavy metals and colour in the final product may be
deterrents for its use [15]. Synergistic effects of multiple initiator systems can be attractive and some
creativity in feed strategy can limit the need for a high concentration of heavy metal initiators while
achieving improved grafting performance over persulfates alone [65,202,204,205]. The combination of
irradiation with persulfate or ceric initiators can more than double the GE [203]. In the case where
an initiator can initiate homopolymerization, a pre-treatment step where initiator and starch mix is
able to generate starch macroradicals prior to the addition of monomer, as well as reduce the starch
molecular weight, which can assist in increasing GE [100,102]. An alternative strategy is to modify the
starch through small molecule chemistry to add covalently bonded vinyl groups that can participate in
initiation [183,206,207]. These vinyl groups must be incapable of reacting with each other (e.g., maleic
anhydrides) or else microgel networks of starch particles will form, while they must readily react with
the monomer formulation chosen [89,189].

Although degradation can be caused by prolonged reaction times or irradiation strength,
radiation initiation provides a simple method for graft polymerization, provided one has access
to the appropriate equipment at scale [174,179]. The degradation of starch by any initiating method
can result in lower molecular weight starch radicals, which may improve grafting and lower viscosity.
This degradation could also increase the amount of soluble starch that migrates to the water phase,
which may derail attempts at achieving a particular final latex particle morphology or stability (such
as the degradation of initially well-defined SNPs or SNCs).

The type of initiator used can be expected to have an effect on the properties of the final latex
(e.g., viscosity) due to differences in initiation and subsequently, on nucleation mechanisms, amount of
homopolymer and water phase polymer, degradation of starch and grafting performance. Generally,
the effect of temperature on GE is universally parabolic with the efficiency increasing with temperature
due to increased radicals being created on the starch molecules, with subsequent decreases due to
higher rates of termination and chain transfer reactions. A similar trend can be expected with reaction
time due to consumption of monomer and initiator as well as diffusion limits from longer grafted
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chains, preventing reaction components from contacting the starch. The temperature of a reaction
should be high enough to initiate radical formation but not so high as to produce excess homopolymer
formation [125]. Several kinetic models have been prepared for specific systems [32]. One should recall
that if the initiator, monomer or starch type change, model parameters will need to be recalculated.

6.2. Monomer

Choice of monomer is made by matching the resulting polymer to the properties of the desired
product. The glass transition temperature, mechanical and surface properties and functionality
of moieties of the final product are among determining factors when selecting the appropriate
monomer (s). In cases of starch grafted polymers, additional attention must be paid to the interaction of
the monomer (and resulting polymer) and starch molecules, perhaps the most important compatibility
issue when targeting a particular particle morphology or level of grafting performance. Monomer
hydrophilicity and reactivity are the primary factors defining this interaction. If a monomer is too
hydrophilic it may cause excess water phase homopolymer formation, while extreme hydrophobicity
may reduce contact between the monomer and hydrophilic starch. A way around this issue is to
functionalize the starch with hydrophobic groups prior to polymerization, although this could add
undesired steps to an industrial process and reduce the overall mass of bio-sourced material in the
starch pre-cursor material [129,130].

If monomers are required that do not readily graft with starch, they can be coupled with initiating
monomers, although this tends to increase the induction time common with certain initiators (such
as persulfates), as well as decrease the overall reaction rate [158]. Monomers with sterically hindered
vinyl groups can affect reactivity with starch and subsequently the GE [125]. The GE of the same
monomers used with persulfates, cerium and manganese initiators vary greatly, suggesting further
that such observations cannot be applied universally.

The application of mixed monomer/starch batch seed generation, as well as the use of high
shear mixing narrowed the particle size distribution (PSD) and improved the GE [137,160,189,190,208].
Semi-batch feeding of monomer or a pre-emulsion to achieve monomer starved conditions
could be favourable for starch incorporation into latex particles, especially in the case where
homopolymerization is a concern.

6.3. Surfactant/Stabilizer

Emulsion polymerizations usually use a stabilizer or surfactant to produce well-defined polymer
latex particles. These surfactants are low molecular weight synthetic molecules with a hydrophobic
tail and charged hydrophilic head. Alternatively, non-charged steric stabilizers can be used, as well as
solid spherical particles (Pickering emulsions) or a combination of all three types.

The vast majority of starch types (except uncooked granules) exhibit stabilization properties in
emulsion polymerizations. Carbohydrate based surfactants are obviously tailored to be effective stabilizers
as direct replacements for typical surfactants such as SDS [209]. SNPs and SNCs are particularly effective
at stabilizing latex particles without the need for synthetic surfactants [107,129–131,192,210]. Although
starch particle sizes are often >1 µm, exceptions exist where they are more appropriately sized at
<500 nm [106,131,207,211]. Starch particle stabilizers should be smaller than the latex particles they are
stabilizing, which typically range from 50–300 nm. The composition of the continuous phase as well as
the hydrophobicity of the monomer and polymer affect the particle size and distribution due to the
hydrophilicity and strong hydrogen bonding potential of the starch.

Some strategies for improving stabilization could include crosslinking the starch once it has
stabilized the particles, functionalizing the starch with cationic/anionic charged groups and including
synthetic surfactants to be cooperating stabilizers or to induce a lower starch CMC [207,212,213].
The electric charge of the latex particles, surfactant, monomer and starch should be considered.
Surface tension measurements can shed light on the behaviour of surfactants and stabilizers and their
interaction with other molecules. Different forms of starch have been adsorbed onto polymer particles
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once sufficiently grafted with hydrophobic monomer, after which the particles grow and incorporate
the starch into its structure, leaving strands of starch chains on the particle surface for stabilization [99].

The use of synthetic surfactant in starch graft polymerizations can improve GE, reduce viscosity,
increase storage stability by reducing retrogradation and prevent amylose aggregation in the water
phase [214,215]. Adverse effects of excess surface active molecules can arise from their migration
to the surface of the subsequently formed polymer films, thus affecting adhesive and barrier
properties [47,215]. Reports of successful grafting in surfactant free systems are regularly reported,
while cases of no grafting in such systems also exist [128].

Octenyl succinic anhydride (OSA) functionalized starch has been proven to be an extremely
effective stabilizer (low CMC and good particle size control) at particle diameters from 280 nm to
100 µm and concentrations of 1–45 wt.% [199]. Non-functionalized waxy SNPs have stabilized BMA
latex particles as small as 135 nm at 10 wt.% concentration, while SNCs have stabilized particles as
small as 121 nm at 12 wt.% concentration [129,131]. SNPs have been shown to preferentially stabilize
smaller polymer latex particles rather than monomer droplets [129]. The higher molecular weight
SNPs are superior at stabilizing oily particles compared to other starches and may have better long
term stability that synthetic surfactants [216,217]. In contrast, free amylose derives its stabilization
properties from the formation of 3D networks between particles, contributing steric stabilization to
resist coagulation [217,218]. The hydroxyl groups of starch have a pKa > 12, indicating a reasonably
strong resistance to alkalinity, however one can expect more deprotonation as the pH increases to this
point. The presence of salts and buffer can also influence the stability of latex, with or without starch,
although latex with low concentrations of water soluble starch are highly salt resistant [38,217,219,220].
Although zeta potential provides an established method to test the stability of latex particles, most
starch stabilized latexes exhibit weak zeta potentials (0 to −5 mV) while maintaining good long term
stability due to steric hindrance.

6.4. Starch Type

As previously explained, there are several types of starch that can be used to either modify
polymer latex properties or for the reduction of synthetic polymer mass. These include granular and
gelatinized non-modified starch, as well as non-functionalized and functionalized gelatinized starch,
amylose-rich and amylopectin-rich starch, ultra-low molecular weight (ULMW) polysaccharides, SNPs
and SNCs. Gelatinization is typically achieved for any starch type by pre-treating in water at 70–95 ◦C.
The temperature of gelatinization influences grafting performance [22,161,162,172].

It is common to degrade starch either by peroxides, acid, persulfates or by enzymatic treatment in
order to increase the likelihood of high encapsulation within the latex particles. In fact, apart from vinyl
and hydrophobic functionalization, this strategy is the only one to result in significant encapsulation.
This may be due to decreased negative effects on viscosity and reaction kinetics, reduced termination of
growing graft chains and the speed at which the molecule can become amphiphilic through grafting of
the hydrophobic monomer. As with any polar polymer, a decrease in its molecular weight will increase
its solubility in non-polar solvents. SNPs with a DS of 0.07 of OSA and 0.158 of AC are sufficient for
a very hydrophobic monomer like styrene to swell the core of the SNPs and polymerize, forming
varying final morphologies (as observed by SEM). So long as the monomer feed ratio was kept low,
the synthetic polymer remained bound to the SNP at full conversion (the synthetic monomer/polymer
migrated during the polymerization in all cases) [208].

Contrary to hydrophobically modified SNPs, grafting onto SNCs was restricted to the surface
of the particles only, due to the high degree of crystallinity preventing diffusion of the hydrophobic
monomer into the core of the SNC [221–223].

6.5. Encapsulation

As mentioned earlier, it could be desirable to encapsulate all or most of the starch material into
the latex particles, to maintain the properties of the synthetic standard. Apart from degradation
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or hydrophobization, vinyl functionalization can transform the starch into a reactive polymer
(or macromer) capable of participating in free radical polymerization. This strategy has been
pursued with bifunctional groups as well as with glucose surfmer (reactive surfactant) functionalized
SNPs [183,206,207,224].

Enzymatically degraded starch was reported to be encapsulated within pMMA latex particles
either by early adsorption of the amphiphilic graft polymers onto the nucleated latex particles and
subsequent particle growth or by the crosslinking of grafted starches and subsequent monomer
swelling and polymerization [160]. The authors demonstrated this by analysing the starch and graft
polymer by newly developed and apparent error-free solution 1H-NMR and solid 13C CP-MAS
quantification methods, as well as TEM.

OSA-AC modified SNPs were found to first form Pickering emulsions with styrene but then
transitioned under higher temperature to a core-shell emulsion with styrene in the core of the starch
particle. Upon addition of hydrophobic initiator an apparent core-shell latex particle morphology was
formed containing the majority of the starch in the core of the particle, with small amounts of starch
chains extending into the shell [141].

Another approach reported by Cummings et al., consisted of RSNPs functionalized with vinyl
functionalized glucose-based surfmer. When used in an emulsion polymerization of BA/MMA, these
functionalized RSNPs produced 10–40 wt.% incorporation of starch in the polymer latex [206,207].
Subsequently, this functionalization was combined with an additional internal crosslinking of the RSNP
with sodium meta triphosphate (SMTP) to reduce the amount of water soluble starch and increase the
crosslink density of the RSNPs prior to polymerization. This modification improved incorporation
greatly, where the starch was reported to be fully encapsulated in the latex particle [183]. Furthermore,
the use of a tie-layer monomer (e.g., butyl vinyl ether) with low reactivity to preferentially graft to the
starch vinyl groups, served to hydrophobize the RSNPs prior to the primary monomer feed. The result
was successful encapsulation and core-shell morphology of the SNPs within the final latex particles.
Although the maximum starch content reported to date was 17 wt.%, this work is significant in that it
follows a relatively simple emulsion polymerization procedure with a very common initiator (KPS) to
produce completely encapsulated particles [183].

Latexes with low encapsulation can still appear white at low conversion, while those with high
encapsulation can still undergo significant increases in viscosity during the polymerization (even when
only small amounts of water phase starch is present).

6.6. Starch Loading and Solids Content

Challenges persist in regard to the preparation of latexes with high starch loading and solids
content and manageable viscosity and grafting (ideally encapsulation). Achievement of such an
industrially relevant formulation that could impart some beneficial property modification while
displacing a large amount of synthetic (petroleum sourced) material represents a large step forward in
applying the 12 principles of green chemistry to the production of synthetic-starch graft polymers.

Solids content limitations typically arise from an increase in viscosity caused by persistent water
phase starches. These starches additionally interfere with the diffusion of initiator and monomer
to the polymer particles (causing a decrease in reaction rate, potential monomer droplet initiation
and subsequent coagulation) and reduce the stability of the latex particles at high or complete
conversion [183,206,207].

Starch loading is limited by similar effects but mostly by the decrease in polymerization rate of
initiator-starch initiation compared to that of the initiator-monomer, the persistence of water phase starches
affecting viscosity and poor GE leading to a product with limited usefulness [183,206,207]. The slower
initiator-starch initiation is caused by the higher dissociation energy of the starch hydroxyl hydrogen
compared to the π-bond of the monomer's vinyl group, resulting in the faster homopolymerization
reaction being preferred when both monomer and starch are present. Achieving a particular loading
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is usually not of concern in cases where starch is being used as a surfactant/stabilizer, in contrast to
when it is used as a filler or synthetic polymer replacement.

Surveying the achieved solids contents and starch loadings in the literature, the highest solids
content achieved was ~60 wt.% when using VAc to graft onto waxy maize dextrin (ULMW starch) at
a starch loading of 25 wt.% [137]. Also using dextrin, the highest loading of 93 wt.% was achieved
at 5 wt.% solids [225]. A degraded amylose was loaded at 70 wt.% with VAc at 45 wt.% solids [214].
Beyond low molecular weight starches, 50 wt.% loading and solids was achieved with native starch
being used as a filler and stabilizer with styrene and BA with KPS [226]. For modified starches, high
solids and loadings are rarer, with cationic acetylated starch being loaded at 20 wt.% with styrene and
BA at 52 wt.% solids with ferrous initiator [91] and SNCs being loaded up to 50 wt.% with styrene
at low 6 wt.% solids with KPS [92]. OSA-AC modified SNPs that achieved excellent encapsulation
were performed at only 9 wt.% loading at 6 wt.% solids with AIBN [141]. Further, other OSA modified
SNPs were used at 2 wt% loading and 53 wt.% solids with KPS [130]. It is increasingly difficult to
apply efficient encapsulation strategies at high loadings and solids contents. Brune and Eben-Worlée
achieved 30–50 wt.% loading at 30–70 wt.% solids and although copolymerization was assumed,
no grafting performance was reported [224]. Our group has achieved partial incorporation of waxy
(20 wt.%) and dent (40 wt.%) RSNPs modified with a vinyl functional glucose surfmer. Waxy RSNPs
were included at 40 wt.% (20 wt% incorporation) and 50 wt.% (10 wt.% incorporation) loadings
and 40 wt.% solids, while dent RSNPs had a limit of 25 wt.% loading at 40 wt.% solids (40 wt.%
incorporation) [206,207]. A positive achievement of these latexes is their low viscosity (<250 cp),
reasonable particle size (<300 nm), good film formation and good long-term stability.

7. Starch-Based Latex Applications

7.1. Starch

With its abundance, biodegradability and potential for modification and functionalization, starch
has been widely used in industry and for academic study. In fact, a third of the biodegradable polymers
being commercially produced are starch based [114]. Despite this, starch is readily plasticized by
water, has poor barrier resistance to water vapor and is overly rigid, making it difficult for use in
many coating and film applications. Researchers have used starch in composites to impart unique
properties and have shown it is applicable for the food, cosmetics, pharmaceuticals, paper making and
tire industries [76,227].

Two of the most popular commercialized starch products are Mater-BiTM (carbon black
replacement for tires) and Eco-SphereTM (bio-based latex for coatings and paper binder) [59]. Due
to its stabilizing properties, starch can be used in emulsions for cosmetics, pharmaceuticals, paper
products, textiles, packaging and industrial latexes for paints and coatings [228,229]. While the most
common use of starch products are for packaging applications, it holds promise for drug delivery and
other niche applications [3]. In the food industry, starch can replace fats while maintaining similar
rheological properties [14,227,230]. SNPs have been used to reinforce packaging for foodstuffs. In the
pharmaceutical industry, starch has been extensively investigated as a drug carrier, although further
work must be done to determine the dangers of starch based particles in the blood stream [15,227,231].
These particles are a low cost alternative as an adsorbent for wastewater treatment. In comparison to
native starch, SNPs have exhibited improved properties as a paper binder [14,227,230]. Metal implants
can conceivably be replaced by starch based biodegradable material. SNC have good reinforcing
properties for composites and latexes such as natural rubber and various synthetics [26].

Commercialized starch blends include Bioplast®, NovonTM, Biopar®, Baialene®, Solanyl®,
Ecobras, Biolice, Cornpole, Pentafood, Pentaform, Plantic and products Trellis Earth among
others [110,232]. Due to the requirements for vegetable packaging, this provides a new area to
be explored. Current starch based products include thermoformed trays and cups, injection moulded
cutlery, plates and bottles, as fibres for agricultural products and clothing, as thickeners and as
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additives in adhesives [4,233]. Some commercial leaders in the field include Novamont, Rodenburg,
Biotec, Biop, Limagrain, Livan, EcoSynthetix, Cereplast and Plantic, with the bulk of the industry
existing in Europe [114]. The future of commercialized starch products is sure to include a high growth
rate in innovation and commercialization, especially in the field of starch graft polymer composites
for a wide array of previously unexplored applications, including for uses as consumer plastic bags,
straws, tapes, films, wraps and paints [114].

7.2. Starch-g-synthetic Latex

As mentioned previously, although starch is a useful material in and of itself, its performance can
be greatly enhanced by customizing its functional moieties and adding grafted polymer chains. This
will allow previously unexplored applications to be tested, as well as open the possibility of replacing
purely synthetic formulations with increasing amounts of renewable starch material. Starch material
modified with synthetic polymers have shown potential to be used in biomedical and pharmaceutical
fields, as an adsorbent for wastewater treatment and in polymer composites as a property modifier.

Other applications for starch graft polymer latexes are as flocculants [15,66], resins in ion
exchange filtration [15], superabsorbent/hydrogel for aqueous solutions (water treatment) [15,32],
sizing agents for textiles [32,66,117] and in various papermaking applications [15,32,45,66]. Biomedical
applications include drug delivery, enzyme immobilization, biosensing and catalysis [15,45,66,117,234].
Biodegradable plastics (including for tissue engineering and implants) can contain a significant amount
of starch and continue to have desired properties [15,45,234]. Additionally, there are several oilfield
applications where starch graft polymers have been used [15].

8. Conclusions and Future Perspectives

The grafting of vinyl monomers from granular, native and functionalized amylose, amylopectin,
SNCs and SNPs has been extensively explored in the literature. Initiation methods investigated
include persulfates, irradiation, azo and ferrous, ceric and manganese redox initiators. Undesired
homopolymer formation during the grafting polymerization is often a challenge, as is proper
encapsulation of the starch material. Controlled radical polymerization strategies such as ATRP,
RAFT and more recently nitroxide-mediated radical polymerization (NMP), have been investigated
for polysaccharide modification and grafting and have the advantage of avoiding homopolymer
formation. The bio-catalyst HRP has also garnered recent attention for the grafting of starch and shows
promise as a “green” pathway for the production of starch grafted polymers. The use of emulsion
polymerizations to produce starch incorporated latexes for coatings and other applications of polymer
films shows promise for the enhancement of properties, the reduction of synthetic (petroleum-based)
monomers and the further improvement of overall process sustainability. Challenges persist due to
the difficulty in maintaining latex stability in the presence of high molecular weight starches and the
persistence of water phase starches in the final latex. Although some strategies exist in the literature as
proofs of concepts, more work must be done to develop procedures for full encapsulation of starch
within the latex particles (thermodynamically unfavourable) for a range of monomers. The resulting
core-shell particles would be expected to exhibit the properties of the vinyl monomer rather than
that of the encapsulated starch. This may also increase the starch loading limit before undesired
effects begin to exhibit themselves during the polymerization. Some of these strategies have included
hydrophobization or vinyl functionalization of starches (of mainly SNPs and SNCs) to make them more
compatible with vinyl monomer and initiator or the use of sequential polymerization stages to first
create an amphiphilic grafted starch seed that can then be encapsulated with semi-batch fed monomer
or a pre-emulsion. Another recent approach has been to include carbohydrate-based monomer in
polymerizations to increase the bio-content of the final product [235]. Starch is generally cheaper
than petroleum by-products and has the potential to be sustainably sourced and biodegradable,
making it extremely attractive in an industry looking to reduce its environmental footprint. Even so,
the commercialization of starch loaded latexes must also accelerate to increase public acceptance and



Processes 2019, 7, 140 29 of 40

support of starch-based products, government funding of academic research and industrial start-ups
and more comprehensive analysis of the effectiveness of these products and the environmental impact
of their full life cycle. We have presented in this work a survey of the attempts to include starch in
polymerizations, specifically those carried out through the more sustainable emulsion polymerization
process, including those based on granular, native, functionalized and nano-sized starch materials.
Strategies for future works were presented and a comprehensive analysis of characterization methods
and applications of starch grafted latexes and films was provided.

Author Contributions: Conceptualization, S.C., M.D. and N.S.; methodology, S.C., M.D. and N.S.; software, S.C.;
validation, M.D., N.S., M.C. and Y.Z.; formal analysis, S.C.; investigation, S.C.; resources, M.D. and S.C.; data
curation, S.C.; writing—original draft preparation, S.C.; writing—review and editing, S.C., M.D., N.S. and M.C.;
visualization, S.C., M.D., M.C., N.S. and Y.Z.; supervision, M.D., M.C. and N.S.; project administration, M.D.;
funding acquisition, M.D. and M.C.

Funding: This research was funded by the Natural Sciences and Engineering Research Council (NSERC) of
Canada, grant number CRDPJ 476580-14.

Acknowledgments: EcoSynthetix, Inc. (Burlington, ON) is acknowledged for their financial support of the research.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

1H-NMR proton nuclear magnetic resonance
13C-NMR carbon 13 nuclear magnetic resonance
AA acrylic acid
AC acetic anhydride
AIBN azobisisobutyronitrile
AGU anhydroglucose units
AM acrylamide
AN acrylonitrile
AO add-on
APS ammonium persulfate
ATRP atom-transfer radical polymerization
BA butyl acrylate
BAM N-tert-butyl acrylamide
BMA butyl methacrylate
BME benzoin methyl ether
BP benzophenone
CAN ceric ammonium nitrate
CLSM confocal laser scanning microscopy
CMC critical micelle concentration
CP-MAS cross polarized magic angle spinning
DADMAC/DMDAAC diallyl dimethyl ammonium chloride
DAAM diacetone acrylamide
DLS dynamic light scattering
DMA dynamic mechanical analysis
DMAEMA 2-(dimethylamino)ethyl methacrylate
DMPA dimethoxy-2-phenylacetophenone
DTAB dodecyltrimethylammonium bromide
EA ethyl acrylate
EMA ethyl methacrylate
FTIR Fourier-transform infrared
GE grafting efficiency
GMA glycidyl methacrylate
GPC gel permeation chromatography
GR grafting ratio
HDC hydrodynamic chromatography
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HPLC high performance liquid chromatography
IA itaconic acid
KPS potassium persulfate
MA methyl acrylate
MAA methacrylic acid
MBA N,N’-methylene-bisacrylamide
MFFT minimum film formation temperature
MMA methyl methacrylate
MW molecular weight
NMA N-methylol acrylamide
OSA octenyl succinic anhydride
PG percent grafting
PSD particle size distribution
RAFT reversible addition fragmentation chain transfer
RSNP regenerated starch nano-particle
SEM scanning electron microscopy
SMTP sodium meta triphosphate
SNC starch nano-crystal
SNP starch nano-particle
St styrene
TEM transmission electron microscopy
TGA thermogravimetric analysis
VAc vinyl acetate
ULMW ultra-low molecular weight
XRD x-ray diffraction
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