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Abstract

As material requinments for particular applications become more speaifid strict using a
targeedapproach to design polymeric materials becomes a necessity. Following a general design
framework prevents researchers from using-araderror approaches or shoehorningterials

into applications for which they are noptimal. To obtain polymer products witfesirable
properties (both fundamental characteristicsfand specifiapplication), one must always begin

with an awareness of existing materials and methods Background knowledge informs
preliminary design of experiments, which in turn providesght for additional experiments to
synthesize (and characterize) optimally designed materials.

A generalframeworkfor the design of polymeric materidias beemeveloped in this thesis, and
thespecific aspects are grounded in two independent case studies. These two distinct (yet related)
case studies have been selected to demonstrate that the framework is not limited to a particular
industry or application, naio a specific type of polymeric material. In Case Study #1, water
soluble terpolymers (and relatgablymerizationkinetics) are investigated for use in polymer
flooding during enhanced oil recovery (EOR). In contrast, Case Study #2 examines a variety of
polymeric materialsthat have the potential to be used for acetone gas sefismdiabetic
applications)Both case studies use the same general design framework in a sequential, iterative
manner tanovetowards optimally designed materials for each taagetication.

Polymes are already used in EOR; the most comsytheticmaterial used for polymer flooding

is partially hydrolyzed polyacrylamide (HPAM). In many cases, polymers for EOR are exposed to
high temperatures, high shear rates, and high ctrateems of salt in the reservoifhe
shortcomings of HPAM include poor thermal stability, poor shear stability, and poor brine
compatibility. As a result, HPAMan degrade during=OR, thus lowering molecular weight
averges and reducing oil recovery efftncy Therefore the target for Case Study #1 is to build

on existing knowledge to improve acrylamibdased polymers for enhanced oil recovery.

Importantcharacteristics of polymeric materials fBOR include good viscosity modification
(achieved througlwater solubility, high molecular weightaverage and theincorporationof
carboxylate ions)reasonablehemicalstability (achieved by incorporating high levels of amide
groupsinto the polymey, and a good distribution of ions alongetpolymer backbone (that is, a
targeted sequence length distributidt? AM (a copolymer of acrylamide (AAm) and acrylic acid
(AAc)) meets these requirements, but the thermal and shear stability concerns described above
have not beenonsideredThereforea third comonomer,-Acrylamide2-methylpropane sulfonic

acid (AMPS) can be added to the polymer formulation, as the bulky sulfonic acid gu@ups
expected tamprove thermal stability and protect the main cHeam shear degradatiohen a
multi-compament polymer like AMPS/AAM/AAc isbeing considered foany application



understanding and manipulating ternary reactivity ratios (which are related tindotimulative
terpolymer compositioand the sequence length distribution) is essential.

Therefore, once the AMPS/AAM/AAc terpolymer is selected for enhanced oil recovery,
relationships between (experimental) synthesis conditions gadymer propertiescan be
researchd verified and exploied First, a comprehensive study (involving both aamination

of the literature and a series of designed screening experiments) is performed to establish the effect
of synthesis conditions (like pH, ionic strength, monomer concentration and feed composition) on
the terpolymerization kinetics and produatpt@ymer properties. Deliberate design of screening
experiments (desi groetdh ucnmobnds ifdcerr i ngr ntahrey Orreud cet i
makes it possible to establish that the key factotisin the experimental range studied are ionic
strength(which affects cumulative terpolymer composition and sequence length distribution),
monomer concentration (which affects molecular weight averages) and feed composition (which,
of course, impacts the cumulative composition of the terpolymer product).

Given the results of the screening experiments,dptonal terpolymers of AMPS/AAm/AAare
designed, synthesized, characterized and testbd. designed terpolymers have polymer
properties that agree with model predictions, but (more importantly) show eaxcEIDR
performance. In a series of sapalck flooding experiments (simulating enhanced oil recovery in

a reservoir), the designed terpolymers perform much better than reference materials. The newly
synthesized terpolymers achieve an overall oil recovery ohyenage) 78.0% for one optimal
material and 88.7% for the second optimal material. In contrast, the commercially available
reference material allows for an overall oil recovery of 59.8berefore, the design framework

has allowed us to converge upon ogirerpolymer formulations with excellent EOR application
performance.

The same general framewoikapplied to inform the design, synthesis and characterizafion
polymeric sensing materials for acetone detection. Highly concentrated breath acetone
measirements are correlated with high levels of blood glucose, so detecting acetone gas could be
useful in a nonnvasive breath sensor for diabetic applications. In this case, key design
considerations (to inform potential backbone selection) include opeahtEmperature (and the

glass transition temperature of candidate polymeric materials), surface morphology, and the
chemical behaviour of the target analyBnlubility parameters, for example, can be used to
provide insight about the compatibility of tharget analyte (acetone) and potential sensing
materials. For polymeric sensing materials, the most important characteristics are sensitivity and
selectivity. Sensitivity studies provide information about how well the target analyte sorbs onto
the polymeic material (that is, whether there is a strong affinity towards acetone), and selectivity
measures how well the target analyte sorbs in the presence of other interferent gases.

Vi



After preliminary screening (based on a detailed literature review), thipmgrobackbones and

three metal oxide dopants are selected as promising candidates for acetone sensing. Polyaniline,
polypyrrole and poly(methyl methacrylate) are doped with varying quantities of 8@ and

ZnO nanoparticles. In a series of screeningeexnents, 30 materials are synthesized and
evaluated in terms of acetone sorption (using a uniquely designed gas sersmgrsga highly
specialized gas chromatograph). The most promising materials are evaluated further, both in terms
of surface morpblogy and in terms of selectivity (measurement of acetone sorption in the presence
of acetaldehyde, ethanol and benzene). In general, pure polyaniline and pure polypyrrole show the
most promise of the materials studied; poly(methyl methacrylate) doesrh@tcetone at all, and

metal oxide doping (using these dopants and up to 20 wt% doping) does not improve application
performance.

In the customized experiments, adjustments are made to polymer systepsis an attempt to
improve the propertiesf the polymericsensing material@specially in terms of selectivitypne
customization option that is investigated is the @wging of polyaniline (synthesis in an aqueous
oxalic acid solutionjo change the backbone chartieereby taking advantage ofetipolarity of
acetone Another customization option involves the synthesis of copolymers of polyaniline and
polypyrrole (both in water and in oxalic acid solution) by combining the two monomasingle
formulation. Product ltaracterization shows sommprovement over the original (screening)
materials, but further improvement is still possible. Therefore, this target application can continue
to benefit from sequential, iterative steps towards optimality.

Ultimately, both case studies overlap when tlemegal design framework is considered. An
awareness of existing materials and methods can inform statistically designed preliminary
experiments, which eventually lead to optimally designed materials for specific (targeted)
applications.The contents of ik thesis (especially the two major case studiad)several related
publicationsdemonstrate that this framework is useful and relevant for design of polymeric
materials. The effectiveness is visible throughout the research process, but it is espadeity

in the application performance of the final (optimal) prodaddng with the flexibility of the

design approach with respect to expanding into new areas, at the same time by minimizing time
and effort
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Chapter 1. Introduction

1.1 Problem Statement

The wide variety (and subsequent versatility) avkilable polymeric materials is extremely
attractive from a design standpoint. Polymers are typically inexpensive (in terms of both materials
cost and processing cost), lightweight, and have tailoegigicationproperties. As a result, they

are employed as foamfgbres, films, and bulk molded materials.

The range of polymeric materials available for engineering applications can be overwhelming.
Technical dataretypically available once a material is selected, but how is that initial selection
made? How can #t material be tailored for a specific application? Many scientists and engineers
use trialand-error approaches; often the synthesis is the priority, and finding a suitable application
is an afterthought. In other cases, researchers may have an appiicatiod, and they try various
recipes until they are satisfied with the result. However, both of these approaches are ineffective.
Not only are valuable experimental resources wasted during thard&rror stage, but there is

also no guarantee thdet polymer products have been optimized for the specific application.

The overarching motivation for this work is tnake full use ofavailable resources and to
efficiently work towards the identification, synthesis, characterizagioa eventuahpplicationof
polymerproducts with optimal propertiegherefore, the design of materialsrbughexploring
structureproperty relationships and making use of established design frameworks) is eSa@ntial.
demonstrate the importance (and the potefdraduccess) of using systematidesign(plan)for

the synthesis of polymeric materials, two related (yet distinct) case studies are con€idseed.
Study #1 uses design principles to improve on existing materials for enhanced oil recovery (EOR),
while Case Study #2 employs design prescriptions to select optimal polymeric sensing materials
for gaseouscetone detection.

For the enhanced oil recovery investigat{@ase Study #1), the challenge is to design a water
soluble polymer that performs bettérah the materials that are currently availabigpically,
primary oil recovery, which forcethe crude oil to the surface as a result of the natural reservoir
energy, only extracts up to 10% of the total oil in the reservoir. The secondary oil recooesspr

in which an additional 25% to 30% of the oil is extracted, typically uses fi@beingto displace

the oil[1]. In some cases, up to 75% of the oil remains in the reservoir, even after primary and
secondary oil recovery has occurfgfl Thus, thee is significant motivation to advance to tertiary

oil recovery. While tertiary oil recovery is more expensive than the previous stages, it has the
potential to extract an additional 20% to 30% of the oil. Tertiary oil recovery processes include
thermal ecovery, gas injection, and chemical injection.



The chemicals injected during tertiary oil recovery are often polymeric materials; adding small
guantities of polymeric material to the flood water improves mobility control and ultimately
improves the eftiiency of the oil recovery process. In generag most widely used synthetic
polymers for EOR are polyacrylami@ad polyacrylamidédased materials (such as hygesd
polyacrylamide, HPAM) Polyacrylamidebased materials areelatively inexpensive, edgi
obtained, and perform fairly well in EOR applicatio&pecifically, HPAM is widely used in
polymer floodingbecause it provides goambntrol over viscosityand effective permeability
However there is room for improvement when tmechanicabnd thermastability of HPAM are
consideredlIt would be extremely beneficial (in terms of applicatparformance) taninimize

shear degradatioof the polymer backbone, especially at the high temperatures and high salinities
characteristic of oil reseowrs.

In Case Study #2heaim is to detect gaseous acetddeeath @etone concentratias correlated

with blood glucose levelswhich is especially important for people living with diabetes. If this
relationshipcan be exploitedthe physiological chage could be detected through a simghel
norrinvasivebreath test. Thereforthe goal ig0 design polymeric sensing materials that have the
properties necessary to detect acetdre versatility of polymeric materialnd the range of
available optios (in terms of polymer backbonespke them aery attractive optioffior sensing
applications. Compared to the metals and metal oxides that are typically used as sensing materials,
polymers are more cost effective, can operate at room temperature, fretteteselectivity3],

and can easily be customizdthereforean opportunity exists here to improve on what is currently
available for the application, especially using prior knowledge and a framework for designing
polymeric material$§4, 5].

1.2 ResearchHypotheses

This research aims to pursue several hypotheses, which range from generanssatermore
specific concepts. However, all hypotheses eventually converge to the common focal point of a
more rational and systematic design of polymeric maserial

(1) Design of polymeric materia{sising a targeted approach and exploiting existing knowledge)
is necessary for theynthesis of polymeric materials with optimized and desirable properties for
specific applications.

(2) A general design frameworkdlid for any number of applicationshouldexist to guide
researchers in their pursuit of optimal polymeric materials.

(3) Design principles (and, specifically, accurate reactivity ratios for toaitiponent polymers)
can be employed to understand anchipalate the properties of synthetic wasetuble polymers
for enhanced oil recovery.



(4) Design prescriptions can be advantageous idekelopment of polymeric sensing materials,
especially when prior knowledge exists to inform new investigations.

1.3 Research Objectives

The goal of thighesisis to use statistical design principles to optimize polymeric materials for
specific applications. There are known connections between polymerization kinetics and polymer
properties, and between those propertiesapplication requirements/performance. If these links
are wellunderstood, it becomes possible to essentiglyerseengineedthe polymeric material;

the researcher can start wkhown application requiremendésid synthesize polymers with taHor
madeproperties using an optimized recipe (according tgtigmerizatiorkinetics).

Since the number of applications for polymeric materials is essentially limitless, the current work
will feature two specific case studies. The first examines veateible polymers for viscosity
modification in enhanced oil recovery (EOR), while the second investigates polymeric sensing
materials for acetone detectidn.the specific research objectives outlined belibems 1 through

4 relate to Case Study #1 (materials éohancedil recovery) and items #hrough 7relate to

Case Study #2 (polymeriessing materials).ltem 8 is more general, as it relates to design
principles applied to polymeric materials andingedto bothcase studies

(1) Identify importantattributes of synthetic polymeric materials for improved enhanced oil
recovery performance.

(2) Research, characterize and exploit relationships between (experimental) synthesis conditions
andproperties of theéerpolymerproducts

(3) Design, synthesizeharacterize and test optimal terpolymers for the enhanced oil recovery
application.

(4) Demonstrate the importance of statistically correct experimental techniques and subsequent
analyses, especially as they relate to copolymers and terpolymers.

(5) Identify important attributes of synthetic polymeric materialgéssensing applicationgyith
specific emphasis on acetone sensing for diabetic applications.

(6) Research andharacterize relationships betwegamlymeric sensing materials and dopants as
they relate to analyte sensitivity and selectivity.

(7) Design, synthesize, characterize and test oppoigimersfor detection of acetone gas.



(8) Demonstrate thadvantages of a design framework (considering physicochemical behaviour,
statistical deign principles, and product requirements) for polymer synthesis and application
performance.

1.4 ThesisOrganization

Based on thavork conducted throughout thissearch perigdhe thesis includeOXhapters. The
nature of the project (with two related yetiependent case studies) necessitates that the thesis be
divided into two major (parallel) sections. Chapters 2 through 5 are specific to the enhanced oil
recovery project (Case Bty #1), wherea€hapters 6 through #cus on the polymeric sensing
materal project (Case Study #2Both case studies follow the same genetdling as shown in
Tablel.1. The two majorsections are bookended by chapters that are relevant teioptots;
Chapter 1, Chapter 9 and Chapterat8 intended to draw links between the two case studies
throughmore general tips otine design of polymeric materials.

Tablel.1: Parallel Case Studies for Thesis Organization

Case Study #1: Case Study #2:

Enhanced Oil Recovery Polymeric Sensing Materials
Introduction Chapter 1
Literature Background Chapter 2 Chapter 6
Experimental Methodology Chapter 3 Chapter 7
Results and Discussion Chapter 4 Chapter 8
GAn Asided Chapter 5 --
Commonalities between
Case Studies Chapter 9
Overall Conclusions,
Main Contributions & Chapter 10
Recommendations

Chapter 1 is the introductory chapter. It provides a problem statement (which isfibiceand

related to design of materials, polymers for enhanced oil recovery, and polymeric sensing materials
for acetone detection), the research hypothesis and associated objé&ti@pter 1 also provides

a brief outline of subsequent chapters.

In Chapter 2, background information from the literature is provided for the enhanced oil recovery
(EOR)project (Case Study #1). The chapter begins with a review of existing EOR méiioidls,
alsotakes a critical look ahe literaturan orderto identify application requirements (both in terms

of polymer properties and applicatispecific performancg establish potential polymer
backbones, and investigate techniques for producbrruisation (note here the parallelism with
Chapter 6to be discussed shortly). Part of the design process is to build on existing knowledge,
so Sectior?.1 provides a comprehensive overview. Because this case study ultimately employs
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multi-component polymers for the application, Sectidrisand2.3 provide detailand examples
related tamulti-component polymerization kinetics (copolymerization andoigmerization) and
reactivity ratio estimation (for both binary and ternary systems). Finally, S&tddooks more
specifically at how properties of timeaterialselected for EOR (the terpolymer cB2rylamide
2-methylpropane sulfonic acid, acrylamide and acrylic acid)bsamanipulated. A preliminary
understanding dbrmulationeffects on the polymerization kineticsavailable from the literature
and is expldged herein.

The experimental methodology (from synthesis to characterization) for the EOR project (Case
Study #1) is presented @hapter 3. Two related investigations were performed: a screening study
and an optimally designed study (based on knowledge acquired from the screening experiments).
The synthesis procedure was similar for both investigations, and relevant details are provided in
Section 3.2 In general, polymer properties (characterized as described in S8cBowere
evaluated for the screening experiments and the optimally designed experiments. However, since
evaluating the applicatiespecific properties involves morgorousprocedures, they were only
performed for the optimally designed experingefhe techniquesemployedare explainedin
Section3.4.

Chapter 4 contains results and related discussion from the enhanced oil recovery project (Case
Study #1) The chapter is divided into two major sections: Sectidrprovides all of the results

that are related to the screening experiments, while Sedtibrs focused on the optimally
designed experiments. Since the purpose of the screening experiments was primarily to determine
the effects ofpotentially influentialfactorson the product terpolymer, the effects of pH, ionic
strength, monomer concentration, and high salt (NaCl) content on the terpolymerization kinetics
and terpolymer propertieare critically evaluatedThese results inform the synthesis of custom
AMPS/AAmM/AAc terpolymers, obtained from optimally designed experiments. The selected
polymerization conditions are justified in Sectir2.1, and the characteristic$ the tempolymer

producs are expounded in the following sectiods.2and4.2.3.

While this thesis is composed of two parallel case stufieapter 5actsasai nt er mi ssi o
chapter The terpolymerization research associated with the enhanced oil recovery project required
additional investigation, specifically relatedo tternary reactivity ratio estimation.
Terpolymerization systemsre intrinsically linked to their analogous copolymeasd some
researchers suggest that binary reactivity ratios (from copolymerization systems) can be used to
describe ternary systems. Téfore, to elucidate the importance of ternary reactivity ratio
estimation (and to justify this portion tife research), a direct comparison of binary and ternary
reactivity ratios became necessary. Our findings are presented in the first half of Gli@pteion

5.1). The second half of the chapter (SecttoB) is dedicated to a series of terpolymerization
troubleshooting tips (agamelated taernary reactivity ratio estimation) and describes many of the
lessons learned over the course of thiggmtdhrougha series of smaller case studies.



Chapter 6 marks the bginning of the acetone sensing project (Case Study #2) and has parallel
features to Chapter 2. Here, background information is provided about existing matedials
methods for aceton@ssing.and application requirements are deduced from the literature. As for
the first case study, polymer properties and applicapecific requirementsare considered,
potential polymer backbones are reviewed, and some common techniques for product
cudomization are considered. This chapter @lsmonstratekow to extend the design process to
additional volatile organic compounds (here, formaldehyde) and provides a brief introduction to
sensomrrays.

In Chapter 7, the experimental methodology for @&tudy #2 is presented. As before (in Chapter

3 for Case Study #1), the process involved two phases: a design of experiments for introductory
tests and a customization phase. The detailed synthesis procedure for each polymer backbone is
provided in Sectio 7.2and characterization techniques are described in Se¢ti®daad7.4.

Like Chapter 4, the results and discussion show@hapter 8 are divided into two related
sections. In SectioB.1, the preliminary (screening) experiments are evaluated in terms of
sensitivity andselectivity towards acetone, and selaatymerproperties are considered to justify
the results. The conclimmsbased ornhese experiments inform the study described in Se8tibn

To better appreciate the custom materials, the polymer samples are again characterizscboiin t
polymer properties (namely crystallinity and surface morphology) and application performance.

The purpose o€hapter 9is to further highlight the parallels between the two main case studies,
and to bring the focus back to the overarching conoéjpiesign of polymeric material3he
chapteroutlinesthe design framework that was used for both case studies (based on best practices
and describe the process for creating links between polymer properties and application
performance Ultimately, thegoal is to use foundational knowledge (polymerization kinetics,
application chemistry, and so on) to manipulate the properties of the product polymer and provide
desirable properts&gand design tipspr a specific application.

Finally, Chapter 10 contains concluding remarks, identifies the main contributions of this work,
and presents recommendations for future work.

Appendices have also been included in this thesis to provide additional (supplemental)
information. The four appendicesiclude degils regarding terpolymerization kinetics and the
Alfrey-Goldfinger model Appendix A), a computational package developed to simplify reactivity
ratio estimation (desoped during this PhD projeeind described in Scott and Penlidi,
Appendix B, relevant data and sample calculations for Case Studypgie(dix Q and the same

for Case Study #2Appendix D.



Chapter 2. Literature Background for Case Study #1 i
Enhanced Oil Recovery

2.1 Enhanced Oil Recovery

Typically, oil is extractedfrom reservoirsghrough a sequence of recovery methods. Although
specific methods are largely dependent on the properties of the reservoir, the same general
proceduresare generally followed. Primary oil recovery exploits the natural energy of an oil
reservoir Oil expansion, expansion of gases within the reservoir, migration of naturally
pressurized water, or gravitational effects (for high elevation reservoirs) maybotatto the

natural explsive forces that promote primary recovery. Primary oil recovery can continue until
the natural reservoir pressure has been depleted and may be supplemented with pumping.
However, this primary stage will onbe pursued while it isconomicallyreasonableeventually,

the primary recovery will not be sufficient to justify the resources being used.

During primary oil recovery, there igsssof most natural reservoir energy. Howewvesubstantial
volume of crude oil remains in thesexvoir (often more than 90% of the original oil in place,
especially for conventional crude ofij]. Thus, wherfeasible, scondary recovery methods are
employed immediately after the natural reservoir energy hasaséaistedThe objective at this

stagge is toinject a fluid (like water, brine, or natural gag)to the reservei Fluid injection
repressurizethe systenfwhich6 r e v theverpslgive forces that are characteristic of primary oil
recovery) and the fluid injected will sweep through thgereoir (transporting more crude oil
towards the production well). The combinationiridreasingpressure angromotingfluid flow

allows for furtheroil recovery. Wateflooding is the most commonly used secondary oil recovery
method,but the efficiencys dependent on the reservoir characteristics and oil viscosity. Water
flooding essentially forces water through the
if there is a clear path of least resistance (thaesgrvoir segments withetterpermeability), the

water will not sweep the whole reservoir. As a result, large volumesaretiypassd and remain

in the reservoir. Similar behaviour is observed when the oil is much more viscous than the water;
the water will simply flow around thel@hat it is meant to displace. When water begins channeling
through the reservoir (rather than sweeping the full reservoir volume), the production efficiency is
much reduced. When this occurs (or when secondary methods become uneconomical), tertiary oil
recovery methods are considered.

Tertiary oil recovery methods are alsalled enhanced oil recoverfEOR) techniques, and
supplement the oil recovery achieved in the first $tagesMany differentEORapproaches exist

but can be divided into threeain categorieshermalmethodsmiscible methods (where whatever

is injected is miscible with the oil) and chemical flood methods (where the chemicals injected
promote oil flow towards the production wellfhe most efficient approach for a particular



situation will depend on several factors including reservoir characteristicade olil
characteristics, and economic considerations.

Thermal methodare designed to assist with the removal of heavy and viscous crude oils, as the
viscosity of oil can deceese significantly when temperature is increased. This allows residual oll
to flow more easily towards a production well, which improves the recovery efficiency of the
process. Typically, thermal methods involve the injection of steam or hot water, which
simultaneously reduces the viscosity and increases the pretssiaets as a driving force for oll
production. Alternatively, thermal methods can involve the generatitimeahal energy within

the reservoir via oil combustion. In this case, injectedlws for thegnition of the residual oil,
which in turn generates heat and produces combustion gesesnal methods arthe most
commonly usedeOR methodsvorldwide (producing ~2 million barrels of oil per dajg], but
presentmajor challengescluding poor sweep efficiency, loss of thermal energy underground,
poor injectivity of steamnegative environmental impactmd poor control of in situ combustion
reactiond7, 9].

Miscible methodsin which the injected fluid dissolves in the crude oihtodify viscosity,are

also commonly used EBOR Many fluids including alcohols, carbon dioxide, and petroleum gases
(containing ethane, propane, butane and/or pentane) have been erfifjlolyetiCQ injection is

by far the most commof8]. The advantagef using CQ is two-fold: the viscosity of the crude

oil is reduced (therefore oil recovery can occur more easily) and greenhouse gases are consumed.
To ensure that the GOs miscible with oil, the reservois usuallyrepressurized (with water)

before the C®injection. Typically, complete miscibility of the G@nd the oil is only achievable

when the reservoir temperature and pressaoseire the presenoé supercritical CQ Therefore,
reservoirs deeper than 2,00@tfare preferable for CGG@looding[10]. An additional advantage of

using CQ for EOR s the fluid behaviour upon exiting the production wells. As the supercritical
COoreturnstoitsgas state,t provi des a oO0gas | i ft daswauld enhan
occur during the primary oil recovery stage). That said, the main disadvantage iofgc@on is

the viscosity of CQunder reservoir conditions (0.03 cP to 0.10 cP) compared to viscous crude oil
(up to 50 cP]7]. This can result in significachanneling (and reduced recovery) in the reservoir,
similar to what was described previously as a limitation of water flooding.

The final tertiary recovery method (or EOR method) disediseerein is bemical flooding.
ChemicalEOR uses additives like pahers, alkalis, or surfactants to improve the mobility control

of the injected wateand/or to reduce the interfacial tension between the oil and the reservoir pores.
Polymer flooding is arguably the most commonm of chemical EOR8] and has been used
effectively in Chinese oilfieldg11, 12]. In Daqing for example, up to 10% incremental oil
recovery (and up to 53% overall oil recovery) was achieved using high molecular weigllypartia
hydrolyzed polyacrylamid¢l2]. However, one of the main shortcomgs of polymer flooding is
theinstability of materialsat high temperature and high salinity conditions that are characteristic



of oil reservoird13-15]. In spite of thixhallenge polymer flooding is still more widely used than

alkali or surfactant thoding Alkalis tend to be problematic as they introduce scaling and plugging
[8], and both alkalis and surfactants become less efficient as they flow through porous media due
to adsorptim effects15].

Polymer flooding is of particular interest becauss a developing field that still has significant

room for improvement. As natural resources are being consumed, it is more important than ever
to focus on overalléng-term) oil recovery rather thad e a(snynédiate) oil recovery. Therefore,

it is worth investing in materials (such as optimally designed polymers) that will promote
maximum oil recoveryln order to design new polymeric materials for enhanced oil recovery, a
good understanding of the technique and the application requirements is ks3akiizgy
advantage of prior knowledge will assist with identifying potential polymer backbones and can
influence product customization. This will be described in what follows.

2.1.1 Existing Materials and Methods

During polymer flooding, a dilute aqueous polymer solution is slowly injected into the reservoir,
which forces residual oil out of the reservoir and into a produatielh (seeFigure 2.1). The
viscosity increase (compared to regular water flooding) and the properties of the polymeric
material ensure that channeling (that is, finding the path of least resistammeg)t the reservoir

is minimal. Thusmore of the reservoir sxposed to the displacing flughd less oil is left behind.

Figure2.1: Simplified Schematic of Polymer Flooding Process for Enhanced Oil Recovery

Two main classes of polymeric materials are used in EOR: synthetic polymers and biopolymers.
The most widely used synthetic polymer for polymer flooding partially hydrolyzed
polyacrylamide (HPAM) which is alinear watersoluble polymer. It can eitherebsynthesized
through the copolymerization of acrylamide and acrylic acid (or sodium acrylate) or by partially
hydrolyzing polyacrylamide (that is, converting amide groups to carboxyl groups). HPAM is
inexpensive, readily soluble in water, and provigasd mobility control Also, the anions on the
carboxyl groups promote polyelectrolyte behavionhich increasesviscosity and decreases



adsorption within the reservoifhe oil recovery efficiency of a particular polymer is typically
dependent on the degrethydrolysis (which typically ranges from 15% to 3%%]) as well as
the molecular weight (which can be varied up to aboufl@0g/mol, as reported bi6]).

However, as mentioned alreaitlyChapter 1(Sectionl.1), HPAM is known to be shear sensitive
at high temperatures and high salinities. If the polymeric material begdegrade, the viscosity
modification effects are deiced, as is the EOR efficiends a result, other synthetic polymers,
many of which are derivatives pblyacrylamide, have also been considered for polymer flooding
[17]. These include branched polyacrylamjii®, 19] and N,Ndimethyl acrylamidg20], as well

as acrylamidéased copolymers containinga2rylamide2-methylpropane sulfonic ac[@0-23],
n-vinyl pyrrolidone[21], and othersThese types of materials have betudied in great detail, so
only an overviewof polyacrylamidebased materials fguolymer flooding is presentelkrein
Many investigationssynthesize new materglthat show desirable propertiesor the EOR
application, but EOR testing not pursuedSimilarly, many largescale projects use proprietary
materials with unknowharacteristicsPolymer properties and resulting performance (including
incremental oil recoverygvailable from recent studiegedistedin Table2.1. Also, an informative
figure showing the incremental oil recoverykofown polymerflooding projects (both pilot and
largescale applicationd)as been compiled t§heng et al24]; this is povided inFigure2.2.
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Figure2.2: Incremental Oil Recovery vs. Amount of Polynhejected
(where PV represents Pore Volunfrem [24])
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Table2.1: PdyacrylamideBased Materialfor Polymer Flooding EOR

Ref. | Polymeric Material Polymer Properties Polymer Performance
[20, | AAm copolymers O or0O ~ 0.60: 1 NNDAM/AMPS had superior
23] | andNNDAM O or'0 ~0.40 brine compatibility, shear
copolymers with stability, andthermal stability
AAc or AMPS 1 Flooding with NNDAM/AMPS
allowed for incremental oil
recovery up to ~11%using
2000 ppm polymer solution)
[25] | AAM/AMPS/VN O x0.89;0 x 0.10 (low 1 Experimental evidence of
terpolymer concentrations of VN); low MW temperaturehickening,
pseudoplastic behavig antk
shearing behaviour and brine
compatibility
[21] | AAm copolymes AAM/AAC copolymer: 1 Higher molecular weight
with AAc, AMPS or | "O x 0.72; polymers were more shear
NVP MW = 18.5¢<1¢° g/mol sensitive
O X 0.67: 1 AAmM/AMPS had highest shear
MW = 12x10° g/mol stability (larger AMPS
proportion improved shear
AAM/AMPS copolymes: stability)
O x 0.95: MW = &1C° g/mol T AAmM/NVP and AAm/AAc had
O x 0.75; MW = &10° g/mol similar shear stability (not as
good as AAM/AMPS, but bette
AAM/NVP copolymer: than PAAM)
O x 0.50;
MW = 6-8x1CP g/mol
[26] | AAM/AMPS MW = 12x10° g/mol 1 0.2 wt% polymer solution in
copolymer (AN125) seawater exhibited RRF values
up to 2.2; no plugging observe
[27] | HPAM and HPAM: Incremental oil recovery from 1 g/
AAM/AAC/NAE MW = 5x10° g/mol polymer solution (in brine at 65°C
terpolymer 1 HPAM: 4%
AAM/AAC/NAE terpolymer 1 Terpolymer: 7.6%
synthesis conditiong: A A m]
16wt%, [AAC] wt%,4
[ NAE] = 0. 3wt ®
[18] | PAAmM with Linear, star, and comb structure{J Molecular architecture impacts

controlled molecular
architectures

MW rangingfrom 2.8<10* g/mol
to 5.9<10° g/mol

polymer solution viscosity
Comblike structures have
higher viscosity and more
elasticity than linear or stdike
equivalents
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[28] | AAM/SAM/NABI AAM/NABI copolymer 1 Incremental oil recovery up to

terpolymer sulfonatedvith HCHO and 10.6% in brine at 60°C (using
NaHSQ; 'O 0.95 g/L polymer solution)

[29, | Crosslinked MW = 1.2x10° g/mol 1 Incremental oil recovery up to

30] | AAm/DBSV 20.8% (using 2 g/L polymer
copolymer solution)

[19] | Saltresistant Combshaped, branched, star | Modified polymers have better
HPAM derivatives | shapedand hydrphobic salttolerance (viscosifying
with modified associating polymers ability, long term stability, flow
molecular propertiesthan linear HPAM
architecture Degree of hyblysis ~25%; f Some materials have been use

MW ranging from 1&10° g/mol in EOR, but results are not
to 25x10° g/mol reported

[14] | HPAM and HPAM: 1 Improved performance for
proprietary Degree of hydrolysis §% proprietary copolymer over
hydrophobically MW = 8x10° g/mol HPAM (more elastic properties
modified AAm reformability, high mobility
based copolymer | Proprietary copolymer: control)

MW = 6x10° g/mol 9 Significant polymer retention in
sandpack tests (RRF = 165)

[31] | PAAm and PAAM: 1 Incremental oil recovery up to
AAM/AH MW = 5.0x10° g/mol 20.0% with 2000 ppm
copolymer copolymer solution in water (at

AAmM/AH copolymer: 30°C); achieved 18.7% in brine

"O x 0.66; (at 80°C)

MW = 5.6x10° g/mol 1 Incremental oil recoverypto
18.8% with 2000 ppm PAAmM
solution in water (at 30°C); onl
11.8% in brine (at 80°C)

[32] | AAM/AAC Polymer 170 0.67; Incremental recovery from 1wt%
copolymer (HPAM) | MW = 6.0x10° g/mol polymer solution:

1 Polymer 1: 20.11%

Polymer 270 0.93; 1 Polymer 2: 29.68%

MW = 4.5x10° g/mol 1 Commercial HPAM: 15.07%

Commercial HPAM:

O 0.92;

MW = 4.0x10° g/mol

[33] | Hydrophobically AAm-rich multi-component 1 Experimental evidence of heat

associating HPAM
based watesoluble
polymer

polymer containing functional
monomergACMO, HDDE,
AMPS, IBOMA)

resistance, salt tolerance, and
good antimicrobial degradation
performance
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AAc = acrylic acid; AAm =acrylamide ACMO = N-acryloyl morpholine; AH = acryldyhydrazide;
AMPS = 2acrylamide2-methylprgane sulfonic acid; DBSV =-dodecytbenzenesulfonate-
vinylimidazol3-ium-d i vi ny |l s ul f o(@dydroxy-DBdEnethyl biinzekd®, 3-diyl)
dimethanediyl) bisprof2-enamide; IBOMA = isobornyl methacrylate; NABI =zNlylbenzamide;
NAE = Nallyloctadec®zZ&namide; NNDAM = N,Ndimethyl acrylamide; NVP =-inyl pyrrolidone;
PAAm = polyacrylamide; SAM = sodium (acrylamido) methanesulfonate; VN/mynaphthalene

Many researchersave als@onsidereadtombining polymer flooding with other chemicaldiding
techniques (for examplalkalinesurfactanipolymer (ASP) flooding), but those processes are
beyond the scope of this workletailed reviews have beearonductedrecently [34, 35].
Nevertheless, many of the polyacrylamiokessed materials describedTliable2.1 could in theory,
be used in combination with alkaind/or surfactaisto further increase incremental oéicovery.

Alternatively, the most common (natural) biopolymer for enhanced oil recovery is xanthan gum.
Xanthan gum is less shear sensitive and more brine compatible than HPAM, but does not increase
the viscosity tahe same extent (and is therefore less efficient than HPAB)eral reviewsf
biopolymers that have been investigated for EOR applicati@ve been compiled recently
(including[15, 36]), and key points areummarized imable2.2.

Table2.2: Potential Biopolymers for Polymer Flooding EOR (adaptech [15])

Biopolymer Advantages Disadvantages
Carboxymethylcellulose 1 Environmentally friendly 1 Oxidative decomposition
I Watersoluble 1 Thermal degradation
Cellulose 1 Thermal stability 1 Not watersoluble
9 Shear stability 1 Heterogerous swelling
Guar Gum 1 Environmentally friendly 1 Potential for plugging
9 Good salt compatibility 1 Thermal degradation
1 Weak elasticity
Hydroxyethylcellulose 1 Watersoluble 1 Biodegradation
1 Thermal stability
9 Shear stability
1 Good viscosity modification
Lignin 1 Environmentally friendly 1 Not watersoluble
1 Low cost 1 Biodegradation
1 Oxidative decomposition
Schizophyllan 1 Thermal stability 9 Biodegralation
9 Good salt compatibility
1 Good viscosity modification
1 Non-toxic
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Scleroglucan 1 Thermal stability 1 Biodegradation
9 Shear stability i Oxidativedecomposition
9 Good viscosity modification 1 Poor filterability of material
in porous media
Welan Gum 1 Long-term stability 1 Affected by inorganic
1 Good viscoelastic properties cations in reservoir
Xanthan Gum 1 Thermal stability 1 Biodegradation
1 Shear stability 1 Oxidative decomposition
9 Good salt compatibility 1 Potential for plugging
1 Longterm stability

2.1.2 Application Requirements

Since enhanced oil recovery has been studied in great detail, there is already a lot of information
in the literature about current best practices. However, therescane general application
requirements that must still be considered as part of the design process. It may seem evident, but
one of the most important requirements for polymer flooding materials is that the polymerdis water
soluble. As mentioned previouslthe two most widely used polymers for enhanced oil recovery

are HPAM and xanthan gum, both of which meet this requirement.

While watersoluble polymers come from a variety of sources, the current work focuses on
synthetic polymers. This makepissible to examine the design process from the initial synthesis
(and recipe optimization) to applications, rather than modifying sexisting polymer. Free
radicd polymerizationis the primary synthesis technique, mainly due to its simplicity and
veratility.

The application requirements for polymer flooding materials can be divided into two subsections:
polymer properties and applicatigpecific properties. Ultimately, to achieve desirable
applicationspecific properties,one must first be able to nderstand and control the
(microstructural and bulk) polym@roperties. Therefore, they will be discussed separately.

2.1.2.1Polymer Properties

A pol ymer 6s ability t o i ncrease t he agueous
hydrodynamic volume of saigolymer. The hydrodynamic volume, in turn, is influenced by the

pol ymer 6s c onf anditeaoldcudanveeigh87]. iTherefdre, theykey properties for
designing polymers for EOR are chemical composition (especially for -cmrtponent

polymers) sequence length distributioand molecular weights

One must first establish the reactivity oatifor the system to predigblymer @mposition and the
resulting polymer microstructure. Reactivity ratios provide information about the degree of
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incorporation of each comonomer into the resulting polymer and can be estimated by applying the
errorin-variables method to experimental data (namely, conversion, initial compoaitithn
cumulative cpolymer composition). The importance of using appropriaienabon techniques

has been strongly emphasized in previous work; specific details about reactivity ratio estimation
for binary and ternarpolymerizationsystemscan be found in recent work by Scott and Penlidis
[38], and are also discussed in Sec&ddiof this thesis

A significant advantage of usingulti-component polymers (that is, copolymers or terpolymers)

in EOR is the ability to tailor the product fone application requirements. @olymers can
incorporate the desirable properties of several components simultaneously, which ultimately
improves the overall performance of the polyrf&9]. The proportions of comonomers to be
included in the recipe can be setied based on the expected degree of incorporation (that is,
reactivity ratio estimates) and the known properties of their specific end groups. For example, high
levels of amidd CONH.) groups are known to increase stability, while high levels of carbhtxyl
ions(COQO) will increase viscosity and decreas#sorption in the reservd?2]. These behaviours

are related not only to the functional groups, but also to their charges; this will be discussed further
during the@ackbone Selectidistep in Sectior2.1.3

Knowledge of the terpolymerization reactivity ratios also provides information about the
terpolymer microstructure, namely sequence lengfiillution and triad fractions. In some cases,
two copolymers may have the same cumulative composition, but the distribution of the
comonomers (and therefore functional groups) along the polymer backbone may differ. The
structure of the copolymer (blocklternating, random, etc.) affects its viscoelastic properties
(consider chain flexibility, for example), and will also affect the charge density in polyelectrolytes.
For enhanced oil recovery, the microstructure can significantly affect the confornfagimgroer

chains in solution (that is, coiling or uncoiling). Since conformation affects the solution viscosity
and EOR sweep efficiency, the distribution of the acidic comonomers is an important design
consideration.

Sequence length distribution can baleated using probability functions, given the reactivity

ratios and the composition of the polymerizing mixt[#@]. For the copolymer case, the mole

fraction (\i) of monomei sequences of lengtltan be calculated according to Equatiah
I 21

Wherepj represents the probabilitigat a growing radicanding withuniti addsmonomerj (and

is presented in Equatie.2 and2.3).
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Q 2.3

The threecomponentcase is presented in Equatiohd through 2.6, but the concept can be
extended to any number of comonomers.
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Alternatively, polymermicrostructure can be quantified using instantaneous triad fracAgns,
These values are also statistically based and can be calculatéthasaam of feed composition,
given the associated reactivity ratios (see Equsfafthrough2.9). Note that only the-centered
triads are presented in the equations, but that the expressions can easily be exjeretedrtx
triads (thus, there are 6 possible triad fractions for the copolymer system).
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As expected, mti-component polymerare more complex, but the triad fractions can still be
estimated from reactivity ratios. As an example, there are 18 possible triad fractions for the
terpolymer ase. The probability functions defined in Equasi@ri0 through2.15 must be used

to ensure that all three comonomers are taken into account. Again, oigethiered triads are
presented herein, with obvious extensions tg-thedk-centeredriads.
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The cumulative triad fractiong)l , are perhaps more useful, as they characterize the final
polymer product as a function of conversi®n(given the initial feed composition and reactivity
ratios); the relevant equation is shown in Equafd®.
Q ool . 2.16
T

While these calculations are theoretical in nature, previous research has shown promising
agreement between predicted triad fractions and experimental resulfSGroivIR [41].

High molecular weight polymers increaee solution viscosity and the permeability reduction
factor (that is, the ability for EOR polymers to adsorb onto the porous well walls, reducing
channeling effects and increasing sweep efficiency). This means that high molecular weight
polymers allow maeg of the reservoir to be exposed to the displacing fluid and less oil is left behind
[22]. The increased viscosity and permeability reduction factor both increase the oil recovery
factor (compared to the same amount of a lower molecular weight polymgch means that a

high molecular weight polymer solution requires less polymeric material to achieve a designated
recovery factor. The advantage of using less polymeric material in the EOR process is evident,
both in terms of environmental and economiplications.

If the molecular weights are too high, there will be additional complications associated with the
EOR application. One of the major issues is the potential degradation of the polymer, as high
molecular weight chains tend to be more shear semgespecially in typical EOR conditions).
Another concern is that the viscosity of the polymer flooding solution may end up being too high;
this could lead to problems with reduced injectivity (where injectivity is the ratio between injection
rate and pessure drop) and slower fluid throughput in the reservoir (largely due to plugthg)

Therefore, molecular weight control is important during the design and synthesis of EOR
polymers. In free radical polymerization, the molecular weight can be dedttbrough careful
selection of monomer concentration and feed composition (in the-coutfponent casejhese
techniques will be discussed further in Sect2ofh Most researchers studying acrylamiaksed
polymers for enhanced oil recovery agree that a target molecular weight on the ordey/wial0

is appropriatg¢21, 32, 43].
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2.1.2.2ApplicationSpecific Properties

Good control over the polymer properties is essential, especially since they are expected to have a
significant effect on the application performance. Quantitative struptogerty relationships will

be pursuedthroughout this studybut the specific apigation requirements must first be
understood. For the sake of discussion, these requirements will be presented in terms of flow
behaviour, polymer stability and EOR performance.

The flow behaviour in enhanced oil recovery is characterized using aitymahtlo, M (see
Equation 2.17). Ideally, the mobility ratio, which compares the displaced fluid (oil) to the
displacing fluid (water), should be less than unity.

Qj° 2.17

_ TQJ ‘

Wherearepresents mobilityk represents effective permeability, antepresents viscosity fav,
water and, oil.

O

Typically, lower mobility ratios lead to better EQ#ficiency. Adding polymeric material to the
flood water has significant potential to decrease the mobility ratio, as the polymer will increase the
flood water viscosity gw) and reduce the effective permeabiliky)( Effective permeability is
reduced a£OR polymers tend to adsorb onto the porous well walls, which ultimately reduces
channeling effects and increases sweep efficiency. Thabig of the reservoir is exposed to the
displacing fluid, and less oil is left behind, as demonstrat&igure2.3.

(a) (b)
Figure2.3: Comparison of Sweep Efficiency in (a) Water Flooding and (b) Pol¥ieeding[22]

Depending on the polymer being used, the flow behaviour can be significantly influenced by the
application conditions. For example, the effects of polymer concentration, salinity, pH, and
temperature on polyacrylamide flow behaviour have been reporteatlyeptt]. As expected,
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increased polymer concentratidacreases the mobility ratio (and therefore increases efficiency),
as it alters the viscosity and the permeability of the polymer flood water. Salinity also has a
significant impact on the flow behaur, for two main reasons: first, some EOR polymers
precipitate in high salinity reservoirs, and second, the dissolved salts affect the polymer chain
conformation (due to charge effecid}l]. Thus, brine compatibility must be considered when the
EOR polyrer is being designed.

Polymer stability (mechanical, chemical, etc.) is also an important consideration in EOR, as the
polymercontaining flood water is often subjected to hostile conditions. One of the biggest
mechanical concerns, especially for acrylderbased polymers, is the shear stability of the
material; the polymer is typically exposed to high flow rates (and therefore high shear stresses),
which is known to cause backbone degradation. This ultimately reduces the molecular weight of
the polymerwhich in turn reduces the viscosity (and efficiency) of the polymer flood water.

The chemical stability of the application polymer should also be considered, as there may be short
term (contaminant) and lortgrm (hydrolysis) concerns. In the shtetm, polymers may be
susceptible to redox reactions in the presence of contaminants, like oxygen or iron, which lead to
viscosity loss[22]. These issues are typically addressed during the polymer flooding stage.
However, the longerm concerns should be camsied as the material is being designed. The oll
reservoir may be at a high temperature level, which is known to lead to hydrolysis. A study
performed by Ryle§l13] showed that high temperatures leadaster and more severe polymer
degradation (in bothysithetic and bidbased EOR polymershs shown inFigure2.4, the majority

of oil fields are below 120°C, but polymer materials for enhanced oil recahenyld be stable

until at least 200°q45].

Percent of Oil Fields
30

90% <120°C | 10%>120°C
25 '

20
15
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Temperature Degrees C
Figure2.4: Temperature Distribution of Global Oil Fields (as of 193%)
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Finally, perhaps the most important application requirement is the EOR perforniaecain

goal for an EOR polymer is to maximize the amount of heavy oil recovery, while also taking
environmental and financial considerations into account. This requires some level of optimization;
injecting more polymer into the well (that is, incregsthe polymer concentration in the flood
water) will increase operating costs, but will likely increase the heavy oil recovery.

The tailormade polymer should manipulate polymer properties to ensure good flow behaviour
and satisfactory stability, so thtte oil recovery process can be as efficient as possible. The
original oil in place (OOIP) recovered during polymer flooding can be determined usingaaad
flooding experiments (to be discussed in Secftofh?, and is defined as the ratio between the
volume of oil that has been recovered over the original amount of oil in thgpaakdreservoir
equivalent).

2.1.3 Backbone Selection

According to Ashbyand Johnsoifd6], design materials may be selected by analysis, synthesis,
similarity and/or inspiration. In the case of selecting a backbone for an optimized EOR polymer,
the first three selection methods are relevant. However, the key here is sédgcionlarity. As
mentioned previously, there are already many synthetic polymers employed in enhanced oil
recovery, so these can act as a starting point for the design process.

The most widely used synthetic polymer for EOR is polyacrylamide (and athyaraidebased
polymers). Polyacrylamide and its derivatives are widely available, relatively inexpensive, and
perform fairly well in EOR applications. However, polyacrylamide has a positive charge in acidic
conditions, so partially hydrolyzed polyacrylata (HPAM) is often preferred. Since HPAM loses
some of the amide groups during hydrolysis, partially hydrolyzed polyacrylamide is essentially a
copolymer of acrylamide and acrylic acid. Not only does the incorporation of the acrylic acid
comonomer improvihe electrostatic properties of the polymer, but the addition of the carboxylate
groups also increases the solution viscosity.

As outlined in Sectio.1.2 the EDR polymer should be designed with certain properties in mind;
this is where Ashbydéds selection by analysis
should have good flow behaviour (consider viscosity and effective permeability) and reasonable
stability, which lead to excellent oil recovery properties. These requirements are linked to the
polymer properties ifrigure2.5.
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FromFigure2.5, it is clear that good control over viscosity, effective permeability, and chemical
stability can be obtainedith a tailormade copolymer of acrylamide and acrylic acid. However,
the missingcomponent is the mechanical stability; it is important to minimize shear degradation
by increasing the chain rigidity. Thus, a third component must be considered for the backbone:
one that is compatible with the other application requirements, but tHaalsa protect the
polymer backbone from shear degradation.

Two comonomers have been considere@cB/lamide2-methylpropane sulfonic acid (AMPS)

and n-vinyl-pyrrolidone (NVP). However, since NVP has very poor additivity with acrylamide
and acrylic acidAMPS seems to be the better choice. Previously, it has been suggested that the
bulky sulfonic acid group will protect the main chain (due to steric hindrance) and increase
viscosity[20,21]; al so, strong hydrogen bonding wil/|
Recent studies have also shown that copolymers containing AMPS are more stable in conditions
of high temperature and high salinjg0, 47].

Several groups have recently bewo interested in the terpolymer of AMPS with acrylamide
(AAm) and acrylic acid AAc) [21, 48-51]. However, the polymerization kinetics are often
ignored; the primary foustends to be osynthesis, characterization, and potential applications for
this terplymer. As mentioned previouslyhé characteristiog@nd application requirementsi)the
EORpolymercan bdlirectly related to its microstructure. Therefore, it is important to have a clear
understanding of the terpolymerization kinetics. Since thigrmétion is not available in the
literature, reliable reactivity ratios for this AMPS/AAM/AAc system will be determined
experimentallyas part othis research
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2.1.4 Product Customization

The key application requirements, both in terms of polymer propemiésapplicatiorspecific
properties have been outlined in the previous sections. Now, it becomes necessary to understand
how experimental conditions (that is, the -pdymerization recipe) can be used to control the
polymer product. The polymer propertig®lymer compositionsequence length distributi@amd
molecular weight can all be optimized by selecting optimal reaction conditions. The most
influential variables, herein called th&esign variablegs are pH, ionic strength, monomer
concentration anteed compositiod1]. The first three design variables are known to affect the
reactivity ratios (which in turn affect polymer composition and sequence length distribution).
Additionally, molecular weight can typically be controlled with monomer conatotr and feed
composition.

Once these relationships are established, there is significant potential to tailor kinetics (and,
subsequently, to achieve the required polymer properties) by selecting optimal reaction conditions.
A good understanding of thierpolymerization kinetics of AMPS/AAM/AAcC is essential to
designing optimal materials for enhanced oil recovery, so a more detailed review of the literature
(especially in terms of how these design variables affect the product terpolymer) is presented in
Section2.4. Then, gquantitative relationshipsan be developed through chemical understanding,
statistical design of experimentndrelevant analysisf results. Tlese wil be discussed iwhat

follows.

2.2 Kinetics of Free Radical Polymerization

Many polymersincluding some of the polymeric systems investigated hesegnproduced via
free radical polymerization (FRP). FRP is a type of chain polymerization which involves four main
steps: initiation, propagation, chain transdad termination.

The kinetics of free radical polymerizatiare well understogand standa equations areeadily

available to provide information abouybolymerization rate[52]. The overall rate of
polymerization Ry, describes the rate of consumption of monomefNl]/dt), with the majority
of the monomer molecules consumed in the propagation step (long chain approximation).

. v vy oT ¢QQo 7 2.18
Y Q0 Q0 = Q0 =
Q Q
Where f = initiator efficiency, ks = initiator decomposition rate constant (very sensitive to
temperature), = propagation rate constaatgo sensitive to temperaturk)s overall termination
rate constanf{M] = monomer concentratiofiY’ ] = total free radical concentratipR = rate of

initiation, R, = rate of polymerization, andl][= initiator concentration.
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A good understanding ofde radical polymerizatiokinetics has the potential to be used to control
synthesis reactions for spic applications. Kinetics can be directly linked to design, especially
for copolymerizationgSection2.2.1) and terpolymerizationgSection2.2.2.

2.2.1 Free Radical Copolymerization

2.2.1.1Terminal Model

When twocomonomes are included within a single recipe, tkimeticsbecome more complex.
The typically usedterminal model assumes that the reactivity of the propagating radical only
depends on therminal monomer unifthat is,theradical at the reactive end of the propagating

chain) [53].

The terminal model assumes that thee four possible propagatiosactions:

xx 0 X x 0 o
xx " 0 X x 0 o
xx " 0 xx 0 o
xx " 0 xx 0 o

Figure2.6: TerminalModel for FreeRadical Copolymeration

In this series of reaction8,” represents a radical species with mononaithe chain end € 1,
2). Similarly, Mj represents monomethat is being added to the chain epd @, 2). Each of the
four reactions has a rate const&ptradicali adding monomey).

Two parameters, monomer reactivity ratiosgndr.), can be used tdescribe the potential for
homopropagation relative to the potential for crpsspagation.

Q Q 2.19
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Reactivity ratios can be #&wated using experimental dadad a copolymerization moded,the
unreacted monomer composition in the polymerizing mixture and the copolymer composition are
known.Techniques used for reactivity ratio estimation will be discussed in S&c8on

The MayolLewis equationalso called the instantaneous copolymer composition eqeithe
most widelyusedcopolymerizatiormodel. Two forms of thislassical equatioare shown below.
Equation2.20 is the differential form of the model, which written in terms of monomer
concentration in the polymerizing mixture (M This assumes constant volume, which may not
always be an accurate assumption.
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Equation2.21can be used to determitiee instantaneousole fractiorof monomer 1 incorporated
into the copolyme(F1) given thecomonomeicomposition in thgolymerizing mixturgas mole
fractions, fi). It is important to note that the May@wis equation provides the instantaneous
copolymer composition, which means that the model is only applicable for low conversion data
(typically <5%, where composition diris minimal).

1"Q "QQ 221
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In order to analyze polymerization data for medium or high conversion levels, a cumulative form
of the copolymer composition model becomeseassary. Two cumulative composition models
(one derived using numerical integration and one derived using analytical integration) are
available.

Direct numerical integration (DNIlyequires solving an instantaneous mole balaacd a
cumulative mole balarc(after reaching a certain conversion leXg),simultaneously54]. The
instantaneous mole balance (EquadP), is an ordinary differential equation, for whitltan
be found at any conversion level if reactor volume is con§iatial conditionsf; = f10 at Xn= 0).
The cumulative mole balance 4t gives the welknown Skeist equation, which is shown in

Equation2.23.
Q O 2.22

Q. Qp O 2.23
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. 0
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DNI employs a direct approach and does not rely on model transformations or other potentially
restrictive assumptions. This is a significant advantage otlesr copolymerization models,
including the analytical integration technique discussed next.

Analytical integration of the Maybewis model (Equatior2.21) results n the MeyesLowry
model (Equatior2.24), which is applicable for low to medium conversion levels (up td@%)
[55]. However, siceX, cannot be measured directly dgiexperimentation, a rearranged version
of the Skeist equatiofEquation 2.23) is usedto express conversion as a function of feed
composition {1) and cumulative copolymer compositio®).

N 0 0 Q9 0 Q 224
p a o o 0 0
Where | ! ] 1 —
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It is important to note that molar conversiof)(is used in Equatioria22 through?2.24, but that
mass conversionX() is typically measured experimentally. Molar conversion andssma
conversion can be related using monomer molecular weights, as shown in Eg2&tion

V0w QG .. 00Q lw p G 2.25
(60 060 060 0mp O

WhereMW; andMW- are the molecular weights of monomer 1 and monomer 2, respectively.

An additional point of interest in copolymerization kinetics is establishing the azeotropic
composition (if it exists) for the system. At the azeotropic point, the feed composifiand the
instantaneous copolymer compositidi)(are equivalent. If the reactivity ratios are known, the
instantaneous copolymerization equation (Equalidf) can be usetb examing-; as a function

of fy and to establish the azeotropic point. By setkng f1, EqQuation2.21 can be simplified, as
shownin Equation2.26.

p 1 2.26

0 0 U
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2.2.2 FreeRadical Terpolymerization

Terpolymerization systems (andutii-componentpolymerizations in generare part of an
interesting and growing area of reseamince there are countless combinations of monomers to
be discovered. However, because of theewidnge of possibilities, terpolymerization systems
have not been studied as thoroughly as copolymerization systems.

2.2.2.1Traditional Alfrey-Goldfinger Model

The kinetics of terpolymerization systems were first described by Alfrey and Goldfbjer
Giventhat there are three different possibilities for the terminal monomer (on the growing radical),
and three options for the added monomer, nine different propagation steps are possiblieg

to the terminal model

Xx O Xx 0
xx 0 XX 0 0*°
xx )" 0 XX 0 o
xx 0 XX 0 0*
xx 0 XX 0 0*°
xx " O Xx { 0"
xx 0 XX 0 0"
xx 0 XX 0 0*°
xx " 0 XX 0 0"
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Based on thespropagation steps, EquatioB27, 2.28 and2.29 can be written in a form that is
equivalent to the Mayhewis equation (Equatio®.20), modified for a thre&eomponent system.
The derivation is provided iAppendix A SectionA.1.

. . T 7 T T T 227
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As before, Mi] represents the concentration of monomngr= 1, 2, 3) in the system, and the
values represent (kany) monomer reactivity ratiogn this case (given nine propagation steps),
there are 6 unique reactivity ratieghich can be estimated simultaneously given sufficient
terpolymerization datalrhe estimation of these ternary reactiviatios will be discussed further
in Section2.3.

. Q . Q . Q . Q ‘ Q ‘ Q 2.30
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Again, these equations can be rearranged to form expressionsmdtantaneous terpolymer
composition i) as a function otinreacted monomanole fractions in the feedi)( (in a way
analogous to Equatiah21 for copolymerization). Typically, this form of the Alfrégoldfinger
model uses ratios of mole fractions (ifeé/Fj) as responses (se&ppendix A). However
measurements taken from experimental work are typically single mole fractoamatios which
means that evaluatirfg/F; results in lostnformation and a distorted error structure

2.2.2.2Recast AlfreyGoldfinger Model

To avoid the limitations associated with the traditional AH&gidfinger model (described
above), the terpolymerization equatiomere re-derived from basic polymerization kinetics for

this study, so thagach terpolymer mole fraction is presented as a single response (see Equations
2.31 to 2.33; the derivation is presented Appendix A SectionA.3). This formulation is an
improvement over theriginal Alfrey-Goldfinger model, as it eliminates symmetry issaesl

error structures are not distortdtlalso agrees withecent work published by Kazemi et @7],

in which thedecasbversion of the AlfreyGoldfinger model was developed using the raidsed
equatias as a starting point (presentad\ppendix A SectionA.2 for reference).
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In spite of the advantages associatgith these newly derived equations, they are malyd for

the instantaneous case. Using low conversion data makes it possible to assume tpatythmeter
composition driftis negligible (that is, at low conversions, theasurable cumulative copolymer
composition is approximatelyequal to its instantaneous valuellowever, his restrictive
assumption introduces additional sources of error, including significant experimental difficulties.

As an alternative, a cumulative ternary composition modelbeused to analyze data ove

full conversion trajectory. The cumulative model (essentially the Skeist equation applied to
terpolymerization), shown in Equatiord34 through 2.36, relates the cumulative terpolymer
composition for each monomé0j to the mole fraction of monomer in the initial fedih)( the

mole fraction ofunreacted monomefiX and the molar conversiorX{). Note that these are
analogous to Equatidh23for the copolymer case.

= QG Qp © 2.34
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If onecannot assume constazdmposition (that is, composition drift is no longer negligibie),

must be evaluated over conversi¥y) according to the model in ordinary differential eguat

form (shown in Equatios2.37 through2.39). Given the initial conditiondi = fip at Xn = 0, a
numerical solution can be used to evaluate terpolymer compositions along the full conversion
trajectory.Here, the analogous equation foe copolymer case is Equatidi22.
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2.3 Reactivity Ratio Estimation

As mentioned earlier, reaety ratios are important parameters formulti-component
polymerization since they provide information about the degree of incorporation of each
comonomer into the resulting polymer produBeactivity ratioscan be dsmated using
experimental datand a polymerization modef, the free (unreactell monomer composition in
the polymerizing mixtureand thebound (incorporated) monomer composition in the polymer
chains (i.e.copolymer compositionareknown.

Two important considerations for reactivity ratio estimation are careful (statisticallynier
design of experiments aisélection ofappropriate parameter estimation techniqieégrefore, in
this thesis section, design of experiments (Se@iBtl) andreactivity ratio estimation (Section
2.3.2 are describetbr both copolymer and terpolymer systems.

2.3.1 Designof Experiments for Reactivity Ratio Estimation

A common source of error in reactivity ratio estimation is poorly designed (or undesigned)
experiments. When too few (usually unreplicated) data points are chosen at random, it can be
difficult to draw accurate information from experimental results. THesign of experiments

an important consideration in reactivity ratio estimation stud\ésen aseries of experimenis
designed in an optimal way, it becomes possible to minimize the number of experiments while
increasing the information content frorhose experimentOptimally designed experiments
typically have much smaller joint confidence regions (JCRs), which is indicative of higher
precisionreactivity ratioestimate$58].

The errofin-variablesmodel (EVM) can be used for modehsed designfexperiments, which
increass the precision of parameter estimatbsoughoptimally designed experiments. EVM
considers error in all termso using a design of experiments technique within the EVM context
helps to account for the error in both the inglegent variables (feed compositions) and the
dependent variablesdpolymer oterpolymer compositionsiEVM can also take into account any
experimental limitations, which ensures that the mathematical results of the design of experiments
are physically \able.Details have ben presented previou$sg, 60], but the key points are briefly
revisited belowThe following is applicable to any multbomponent system, but details specific

to binary and ternary systems are outlined in Secdhd.1land2.3.1.2 respectively.

The EVM design criterion aims to maximize the determioditte information matrix@), which
is the inverse of the variancevariance matrix of the parameters.
2.40
O iTdeiwd W
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Here, ri is the number of replicates at tfi& trial (out of n trials), Z is the vector of partial
derivatives of the model function with respect to the parameters (in this case, the partial derivatives
of the copolymerization/terpolymerization model with respect to the reactivity r&idsecbr

of partial derivatives of the model function with respect to the variables (in this case, the partial
derivatives of the copolymerization/terpolymerization model with respect to the fleadd
copolymer/terpolymerK) compositions), and/ is variancecovariance matrix of the variables
(which provides information about measurement error and possible correlation of the variables
involved).

During experimentatiorgither initial orsequential design schenmaay be usedrlhe initial design

is employedwhen no prior information is known about the system; the design is based solely on a
certain number of trials (usually chosen arbitrarily or at random, so they may or may not be
optimal), and is a function of the number of parameters in the model. Aletgawhen some

prior information is available for the system,sequential design is employels the name
suggests, the sequential design is an iterative process, and is repeated until the desired level of
precision is obtained for the @aneter estinas being studiefb9]. Sequential design schemes
typically provide smaller JCRs, which indicates thatrtreetivity ratio estimategre more reliable
thanthose obtained fronmitial designs(a case study demonstrating this concept is shown in
Section2.3.11). Thus, to the extent possible, the sequential technique will be used to design
experiments.

2.3.1.1Design of Experiments for Binary Reactivity Ratio Estimation

Two common design of experiments technigtescopolymer systems atke Tidwell-Mortimer
[61] and EVM (described above and elsewhdB9]) methodologies Both use preliminary
reactivity ratio estimates to suggest the initial feed compositwrsibsequemuns[62].

Tidwell and Mortimerpresented one of the earliest (mechanistic mbeeéd) techniques for
designing reactivity ratio estimation experimef@l]. The TidweltMortimer methodology
applies an approximate -@ptimality criterion to the Maydewis copolymerization equation
(Equation 2.21) to determined o p t ifeedh dodpositions at which to run reactivity ratio
estimation experiments. The Tidwdlortimer design gives the following experimental
conditions as optimal suggest&n
. ! . q 241
I S T
Wheref,p is presented twice toetiote the feed composition of monomer 2 two distinct
experiments Preliminaryreactivity ratio estimate§r: andry) are typicallyobtained from the

literature or from somgype ofpreliminary experimertion.
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The TidweltMortimer (T-M) equations are recognized as practical tools for the design of optimal
experiments in reactivity ratio estimation. However, the method does haedlisutations. The

T-M design cannot take composition constraints into accauntt,is only applicable to binary
systems. In a recent comparison eMTand EVM design techniquebpth techniqueyielded
similar parameter estimates. However, those obtaifrech the EVMdesigned data gave
parameter estimates with a higher degree of confidé&2e

To demonstrate thienportanceof sequential design of experiments for reactivity ratio estimation,
we will briefly review a case stugyesented bcott and Peidis [6]. This wagoublishedas part

of a Feature Paper in Processes, which demonstrated-fieseély computational package for
reactivity ratio estimation using EVM. Details about the computational package are shown in
Appendix B(SectionB.1), but the case study below provides an excedgatmple of the benefit

of sequential design of experiments

This case studyemploys experimental data for the copolymerization of butyl acrylate (BA;
monomer 1) and methyl methacrylate (MMA; monomer 2). The original investigation by Dubé
and Penlidi§63] was a detailed, muistep analysisbut only data from the first step are used in
the current exhibit.

In investigating the effect of experimental design on the confidence in our estimation results, there
are two important pieces of information to safer. If the preliminary estimates afare smaller
thanr, then (1) uncertainty im will seem much lower than uncertaintyrn(the same relative

error will have a larger absolute valuersgrcompared ta1) and (2) the TidwelMortimer design

will suggest recipes rich in monomer 1. As showkigure2.7 (black JCR; 2 feed compositions),
r1<rofor the BA/IMMA system and there is more uncertaintsgithatis, in the vertical direction).
Generally speaking, the JCRda&retchedalong the gis of the larger reactivity ratio estimate,
which is due to both the absolute error and the selected feed compositions.

Since the absolute error is experimdapendent, it is a fact of life that one has to live with. Thus,

this case study focuses onnitg2) described above: how do the feed compositions (selected
randomly or via design of experiments) affect the reactivity ratio estimates and associated JCRs?
In the case of BA/IMMA copolymerization (given preliminary estimates 0.51 and,> = 2.38

from Grassie et a[64]), the TidweltMortimer criterion suggests the following feed compositions:
fi,0=0.543 andi,0= 0.798, where monomer 1 is butyl acrylg8]. Based on this criterion, all of

the experimental data collected are rich in monomer lichvprovides more certainty in (see
againFigure2.7; blackJCR; 2 feed compositions).

At the next step, EVMased sequential design of experimeiais be employe[b9]. This allows

for further refinement of the reactivity ratio estimatesjghnér degree of certainty and therefore
smaller JCRs. The procedure is described below:
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(2) EVM is applied to instantaneous (low conversion) data (ff@8h) to estimate reactivity
ratios. Feed compositions are selected according to Tidaetimer design anébur runs
are done at each levél;,p = 0.543 and,0= 0.798.

(2) Parameter estimation results from EVM are recordepecifically, reactivity ratio
estimatesrqg andrz) and theG matrix @s defined in Equatiof.40) are required for
sequential design of experiments.

(3) The EVM-based sequential design of experiments program (using data from step (2), as
well as the preliminary feed compositions from step (1)) is employed. Details on the design
have been reported by Kazemi et[a8].

From the sequential design of experiments, the deedbfeed composition for analysis of the
BA/MMA copolymerization isfi0 = 0.100. This indication that more monomeri¢h data is
required is very reasonable, since all data collected to this pairitdem rich in monomer 1. By
introducing experimental data rich in monomer 2, the uncertaintysinould decrease.

In the absence of experimental datafir= 0.100, data were simulated using the instantaneous
copolymerization model and random errgas added (based on the varianceorega in the

original study. As was the case for the other feed compositions, four data pofats=a0.100

were added to the analysis. These new data points, along with the original data were then used to
re-estimae the reactivity ratios with EVM. The results are shown alongside the original analysis

in Figure2.7 (redJCR; 3 feed compositions).
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Figure2.7: Effect of Sequentially Designedxdperiments fothe Copolymerization of BA/MMA
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The inclusion of data rich in monomer 2 drastically improves the degree of certaititg in
reactivity ratio estimates. Whkithe point estimates are unaffected, the erros is significantly
reduced. This is as expected: when data rich in monomer 2 are avaitabéan have greater
confidence irr>.

This result demonstrates the importance of design of experimentafbivity ratio estimation.

Design of experiments makes it possiblentaximize the information content from a minimal
number of runs and to decrease the degree of uncertainty in parameter estimates. Sequential
designs are extremely useful and revealarg minimize the overall experimental effort.

2.3.1.2Design of Experiments for Ternary Reactivity Ratio Estimation

As explained in previous work by Kazemi et [&l0], three optimal experiments are sufficient to
estimate terpolymerization reactivity ratios.the terpolymerization problem, the EVM model
consists of three equations (see again Equafi@i to 2.33) and five variablesfy, 2, F1, F2, F3);

only 2 of the 3 feed compositions are independent { - f; - f2) and the terpolymer compositions
are measured independently. Therefore, for the terpolymerization, there are two dedé¢pen
variables (5 variableis 3 equations = 2) and s{®) parameters (reactivity ratios). The number of
optimal experimentseededan be calculated by dividing the number of parameters by the number
of independent variabldsee Bard65] and Duever et a[66]), hence6 + 2 = 3.

Of particular note is a practical heuristic for designing experiments for ternary reactivity ratio
estimation, which suggests that (statistically speaking) the optimal feed compositions always fall
into the sameange[60]. When a multiplicative error structure is assumed and there are no other
process constraints, the optimal feed compositions are as shown (in the shaded &igas)

2.8. Three terpolymerization formulations, each rich in one comonomer, are sufficient to estimate
ternary reactivityratios[60]. In a recenstudy(also presented in Sectidnl.2of this thesi¥ this

was further confirmed while investigating the terpolymerization kinetics-atrglamide2-
methylpropane sulfonic acid, acrylamide and acrylic §g&].

32



80 W 20
0
0 20 40 60 80

Monomer 1

Figure2.8: Optimally DesignedExperiments fofTernaryReactivity Ratio Estimation (as p€i60])

2.3.2 Reactivity Ratio Estimation using the EniorVariables Model

Linear regression technigyeascluding the MayeLewis method (method of intersemts), the
FinemanRoss methodnd the KelerTudos methodhavetraditionally been used for reactivity

ratio estimation[52]. However, by examining the instantaneous copolymer composition models
shown in EquatiorR.21 (for the 2component system) artelquations2.31 to 2.33 (for the 3
component system), one can see that the kinetic models are cleafiye@onn the parameters!

While linearization provides computational simplicity (which, incidentadiyio longer necessary
thanks to technological advancements), it also requires making imprecise and invalid assumptions.
The problems associated with linear methods for parameter estimation have been thoroughly
discussed in the literatuf®4, 67], and anadditional relevant case study is provided in the
following section (see Sectich3.2.)).

Therefore, nn-linear reactivity ratio estimation techniques should abvMag employed67-70].
While some researchers choose to use ainear least squares approatine errofin-variables
model (EVM) method is the most statistically corréethnique EVM forces the experimenter to
consider all sources of error, includitite error associated with independent variables (such as
feed composition)

To obtain estimates of thigruedvalues of both the independefatriables and the parametdes/M

uses a nesteterative approaclithis is represented schematicallyRigure 2.9, with variables
defined in the discussion belpy69]. The inner loop searches féruebvalues of the independent
variables, since there isnevitably some error associated with the measured values.
Mathematically,one can relate the vector &hown measurementsxj to the vector of their
unknowndruedvalues ) and an error ternk{)), according to EquatioR42. In the error termk
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is a constant that represents the magnitude of the errdd(@nabr) is a random variable that is
typically uniformly distributed on the interba [ T 1, 1] (an additional
Appendix B SectionB.2 for the interested reader). At the same time, the outer loop uses a
copolymerization model (such as the instantaneous copolymer compasuiitah, Equatior?.21)
to relate thetruebvariables and the parameter (reactivity ratio) estimates, as shown in Equation
243

® , p Q wherei=1,2,..n 242

Q, = mwherei=1,2,..n 2.43

In both Equation®2.42and2.43, i represents the trial number (outdfials), and underlined terms
are either vectors or matrices.

" EVM Driver: Minimize ®

Inner Loop: Find ¢

| s-fdtke)

Figre2.9: Nestedlterative Algorithm for the Errofin-VariablesModel (VM)

From a statistical perspective, the program uses this Rigstative approach to minimize the sum
of squares between the observed and predicted values, both in terms of the error in the independent
varialles and in terms of the parameter estimates. When the objective function (EQuetjios
minimized, the program has found the best estimates fortbetindependent variables and the
parameters (reactivity ratios).
[ ‘ . 244

B - 1o , @& o,
Wheren is the number of experimental trials (runs)s the number of replicates for ti&trial,
w is the average of the measurementsy),, is an estimate of the true values of the variables

(, ) andV is the varianceovariance matrix of the variables (which provides information about

meaurement error of the variables involved). gain a better understanding of the magnitude of
the error, the error distribution, the relationship between variables and errors (additive versus
multiplicative), and potential correlation, independent repbcabecomes necessary; again, see
Appendix B(SectionB.2) for more information.
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Alternatively, minimizing the objective function can be considered graphically,FAgune2.10.

Given a model and some measured (independent) data, the inner loop minimizes the horizontal
distances between the data points and the model (curve). At the same time, the outer loop
minimizesthe vertical distances between the data points and the model (that is, the outer loop
attempts to reconcile model predictions and measurements).

Observed value
of the variable

f (x)

Estimated value
of the variable

o=
O

>
X
Figure2.10: Graphical Representation of EVM (inspired[BY])

After estimates are obtained by EVM for both model parameters and model variables, it is
important to evaluate the estimation results. This is primarily done by determining the precision
of the parameter estimates. In the case of reactivity ratio estimaéveral parameters are being
estimated simultaneously. Thus, joint confidence regions (JCRs) are invaluable. JCRs are typically
elliptical contours that quantify the level of uncertainty in the parameter estinagtestiown
previously (in Sectio.3.1.1andFigure2.7), smaller JCRs indicatagher precision and therefore

more confidence in the estimation results.

To approximate the mar with an ellipse (Equatio2.45) requires that the error be normally
distributed and that the variance be known. Here, it is important to notertaesents the vector

of parameter estimates that minimize the dbjedunction (Equatior2.44).

— —O0— — ..} 2.45

Where... ;  represents the clsiquared distribution fop parameters and a confidence level of

(1-0.
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An additional advantage of EVM is that it can be used to analyze copolymerization data up to
mediumhigh conversion levels, since either the instantaneous or the curauiabidelcan be
employed(recall Sectior?.2). The instantaneous model described previously (Equatiinfor
copolymerization and Equatior’s31 to 2.33 for terpolymerization)is only applicable to low
conversion data, as it&smes that composition drift in the free monomer fraction is negligible
(which may be true below% or10% conversion)Assuming that no composition drift occurs
(that is the cumulative and instantaneous mole fractions in the copolymer are about thes same
corsidereddest practicg and is used throughout the reactivity ratio estimation literature (see, for
example[71-76]).

However, limiting kinetic investigations to low conversion levels presents some fundamental
challenges. In spite @lur best efforts to validate thdack of composition drifiassumption, there

is almost inevitably some change in feed composition with increasing conversion. From a more
practical perspective, collecting low conversion data presents experimental challedges a
collected data are extremely prone to error.

Researchers should be aware of these limitations and should act accordingly. One might choose to
include conversion data in the analysis (using a cumulative model and DNI, as per &&gtmn
account for composition drift. Alternatively (rather, in addition), researchers might use design of
experiments and experimental replication to address the inevitableassariated with the data
collected. If nothing else, parameter estimation using EVM considers the error present in all
variables, which can account for some of the experimental error. Ultimately, though, even the most
statistically correct technique canremmpensate for bad data collecti@dse studies examining

the limitations of low conversion data (Sect@8.2.9 and the advantages of using a cumulative
model for analysis of mediuramigh conversion data (Sectidh3.2.3 are presented in what
follows.

Although all three case studies presented in what follows are for copolymeriggstems, the

same observations (regarding shortcomings of linear parameter estimation, limitations of low
conversion (instantaneous) data analysis, and advantages ofnfuglrsion (cumulative) models

can be extended to the terpolymer case. Ternary reactivity ratios (that is, reactivity ratios estimated
directly from ternary data) are described further in the following chapters, and two studies
highlighting the importance afsing appropriate estimation procedures are provid&hapter 5
(Sectionb.1).

2.3.2.1MDO/VAc Case Studyppemonstrating the Shortcomingslaofear Parameter Estimation
This case study was part of the teatpaper by Scott and Penligisblished in Processgg], and

presents an overview of recent literatyid-73, 77] regarding the copolymerization of 2
methylenel,3-dioxepane (MDO; monomer 1) and vinyl acetate (VAc; monomer 2) (se€aiié®
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2.3; RR stands for reactivity ratio). This copolymer has gained considerable attention in the past
decade, largely due to its degradable properties. Researchers are especially interested in the
reactivity ratios for the systemas reactivity ratios provide information about the copolymer
microstructure. However, the reactivity ratio estimation (RRE) techniques used in this field are
often incorrect. This case study will focus primarily on the issue of linear parameter estimatio
techniques, but invalid low conversion assumptions (that is, inappropriate use of the instantaneous
copolymerization model) and errprone data cannot be overlooked. Therefore, to demonstrate
the advantages of EVM, select data from the literature wellrdevaluated (properly) and
comparisons will be conducted.

Table2.3: Summary of Reactivity Ratio Estimation (RRE) Studies fonethylenel,3-dioxepane
(MDO; monomer 1)/Vinyl Acetate (VAc; monomer €ppolymerization
RRE Results

Ref. RRE Technique ; ; Comments
1 2

1 Linear RRE technique used

1 Inappropriate low conversion assumption
(reactivity ratios arédifferent enougbthat
composition drift is possible)

T Low conversion (<20%) data not presented;
cannot be revaluated with EVM

1 Nor-linear RRE technique used (good!)
; 9 Controlled radical polymerization (RAFT) dat:

[72] '\é?qt;'rgia(ﬁ\heés)t 1.03 1.22 used for RRE, therefore parameter estimates

Gpparentreactivity ratis (as per Feldermann
et al.[74])

Linear RRE technique used

Inappropriate low conversion assumption (as

with [71], reactivity ratios arédifferent enough

that composition drift is possible)

1 Suggest that low MDO reactivity (compared t
other MDO/VAc RRE results in the literature)
result of low temperature; however, effect of
temperature on RRs is usually weak

1 Linear RRE technigue used

1 Unequal weighting oéxperimental data

1 Instantaneous model applied to high convers

[77] | FinemanRoss (FR) 0.93 1.71 data (5878% conversion reported)

1 F-R plot axes unintentionally flipped in origing
work (which changes RR estimates)

9 More comments in what follows

[71] | KelenTudés (KT) | 0.47 | 1.56

=a =

[73] | FinemanRoss (FR) 0.14 1.89

In a recent study by Undin et @r.7], experimental data from six distinct feed compositions were
used to estimate reactivity ratios for the MDO/VAc copolymerization. These six (batch) runs were
allowed to continue until conversion did not change and the final conversion and composition
measurerants were reported. Finally, the reactivity ratiostfa system were calculated using the
FinemanRoss (FR) method. However, as mentioned brieflylimble2.3, the datan the x and y
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axes were unintentionally flipped in the analysis; thus, the reactivity ratio estimates originally
reported are not representative of the experimental data collected.

Besides this unintended error, there are sewthar problems with the analysis, including (1) the

use of undesigned data (that is, no design of experiments used for the selection of feed
compositions); (2) the lack of composition drift considerations (RRE experiments should be
performed at low conveia, or a cumulative model should be used); (3) the use of an outdated
(and linear!) RRE technique. For the purposes of this discussion, we will focus on the use of the
F-R method for RRE but the other important points should also be noted and kept.in mind

As discussed by Hagioppi8], the FR method is often justified by its simplicity. However, it has
many shortcomings, including unequal weighting of experimental data and symmetry issues (i.e.
calculation results depend on which monomer is selectbti)ag he data set presented 7] is
especially vulnerable to these shortcomings, largely due to the undesigned initial feed
compositions (collection and use of undesigned data for parameter estimation also induce
considerable correlation between thegmaeters, which is highly undesirable). As showmable

2.4, some of the data are obtained under fairly lonchmonomer feed fraction; these conditions
tend to have the greatest influence on the slope of a line, which ultimately affects reactivity ratio
estimates diained using thedR method78].

Table2.4: RRE Data for the Copolymerization of MD®lonomer 1)/VAc Monomer 2)[77]

Sample | Monomer Feeq Copolymer Compositior
fio f20 3 3

MDO70| 0.70 | 0.30 0.66 0.34
MDO50| 0.50 | 0.50 0.42 0.58
MDO30| 0.30 | 0.70 0.23 0.77
MDO10| 0.10 | 0.90 0.06 0.94
MDO5 | 0.05 | 0.95 0.03 0.97
MDO1 | 0.01 | 0.99 0.005 0.995

The more pressing concern with thé&kFmethod (also described by HagiopB)) is the lack of
symmetry. Thus, values of andr, depend on which monomer is selected as ¥ demonstrate
this point, the data collected by Undin et [a7] are evluated with M = MDO (which was
performed incorrectly in the original work; s€gure 2.11a) and with M = VAc (performed
herein for the demonstratioseeFigure2.11b).
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Figure2.11: FinemanRoss Plots for the Copolymerization of MDO/VACc with
(a) M:; = MDO (rMDO =1.06;rvac = 1.83 and (b) M= VAc (rMDo =1.96;rvac = 203)

It is clear fromFigure 2.11 that the reactivity ratio estimates depend on which comonomer is
selected as M the fad¢ that two reactivity ratio pairs can be obtained from a single estimation
technique is problematic. It is also interesting to note that both analyses givieandr, > 1.

While this is physically impossible, it is a sidffect of experimental (and @siation) error. In

reality, these results suggest that both reactivity ratios should be close to unity (which agrees with
the findings of Undin et a[77] and Hedir et al[72]) but that at least one reactivity ratio is <1.

The issue of symmetry (combuhewith the statistical inaccuracy of using linear parameter
estimation to evaluate ndmear models) highlights the need for a Aimear parameter estimation
technique like EVM. When using EVM for reactivity ratio estimation, the influence of which
comoromer is defined as Mhas no impact on the parameter estimates. (If RR estimates are
slightly different based on the choice of Nhis is due to experimental error in the data). As shown
in Figure 2.12, reactivity ratio estimates are within the JCR, regardless of which monomer is
identified as M. That is, slight discrepancies between Edbtained reactivity ratio estimates are
well within the expected error (1% errorfip and 10% error ifiO; more on tpical error levels in
Appendix B SectiorB.2). As expected, using measured/reported values as program inputs (in this
casefuoooand™© ) provides a greater degree of confidencth@results; note that the JCR in
Figure 2.12a is smaller than that iRigure 2.12b. There is also significantly more parameter
correldion visible inFigure2.12b, as evidenced by the diagonal nature of the (more elongated)
JCR. This, again, is as expected; the VAc data set was c¢attdlam the measured MDO
composition data, so correlation is inevitable here.
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Figure2.12 EVM-obtained RR Estimates and JCRs for the Copolymerization of MDO/VAc with
(a) M. = MDO (rMDO = 1.19; Kac = 187) and (b) M= VAc (rMDO = 1.01; bac = 172)

In using EVM to reanalyze the data; > 1 andr2> > 1 is still observed (see agdtigure2.12).

This outcome is likely a result of using cumulative composition data in an instantaneous model,
since composition drift was not taken into account for this data set and conversion levels up to
80% are reported. Even the most statisticallyremir technique cannot reconcile cumulative
experimental data with an instantaneous model (and, in this case, appropriate conversion data are
unavailable for reanalysis with the cumulative EVM program).

The final step is twisually evaluate the predictigrerformance of the reactivity ratio estimates,
which involves comparing the experimental \eduto those predicted by the instantaneous
copolymer composition equation (Equati221). As shown inFigure2.13, the symmetry issues
associated with the Finemd#toss (FR) technique have a significant impamt the prediction
performance (red curveBjgure2.13a). In contrast, both of the predictions using Edbtained

RR estimates (blue curve§jgure 2.13b) are in agreement with each other and with the
experimental data. This is compelling evidence to chooselimesr parameter estimation
techniques lik&eVM over the statistically incorrect linear parameter estimation techniques.
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Figure2.13: Comparison of Prediction Performance for RR Estimates Obtained byR@nl (b) EVM

2.3.2.2HEA/DCP Case StudyConsidering the Limitations of Low Conversion Data Analysis
This case study was part of the same feature paper by Scott and Penlidis describ¢@l] earlier

Since the virtues of EVM over linear parameter estimation techniques haaslyalbeen
established, the goal of tinextcase study is to emphasize the limitations of low conversion data
and demonstrate how they can be addressed using EVM. The data set comes from recent work by
Suresh et al[75], whose work describes thgynthesis and reactivity ratio estimation of
photosensitive copolymers based 6(842,4-dichlorophenyl)3-oxopropl-enyl) phenylacrylate

(DCP; monomer 2). In the study, DCP was copolymerized with hydroxyethyl acrylate (HEA;
monomer 1) and with styrene carreactivity ratios were determined to better understand
copolymerization behavis. However, as established in the MDO/VAc Case Study (Section
2.3.2.1, researchers often revert back to linear parameter estimation techniques and the authors
(incorrectly) used the Finemd®oss (FR) and KelerATudos (KT) methods for parameter
estimation (se@able2.5).

Table2.5: Summary of RRE Results for Hydroxyethyl Acrylate (HEA; Monomer-{342,4-
dichlorophenyl)3-oxopropl-enyl) Phenylacrylate (DCP; Monomer @ppolymerization

Ref. RRE Technique o RRE Results 0

[75] FinemanRoss (FR) 1.53+£0.10 0.76 £0.16

[75] KelenTudos (KT) 1.67 +£0.13 0.58 + 0.05

[75] Extended KT 1.65+0.13 0.60 = 0.08
Current Work[6] Instantaneous EVM 1.28* 0.56 *
Current Work[6] Cumulative EVM 1.32* 0.55*

* Note: For EVMaobtained reactivity ratio estimates, statistically correct JCRs are presented instead of
approximate confidence intervals (derived on a linear hypothesidyige®2.15.
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All experimental data that Suresh et[@b] used for reactivity ratio estimation were kept below
15% conversion, so that the instantaneous copolymerizajiatien could be used for parameter
estimation. But, ishelow 15% conversidnenough? As mentioned previously, this is largely
consideredbest practic@ but does not account for composition df@ven at low conversiohs

nor for experimental error. Ahown inFigure2.14, only five (seemingly unreplicated) data points
were collected for reactivity ratio estimation, with obvious discrepancies between the experimental
data and the model predictions.
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Figure2.14: Prediction Performance of RR Estimates for HEA/DCP Copolymerization
(Obtained by Linear RRE Techniques)

It is likely that these discrepancies are due to experimental error; this type of besawherved

very often, especially for low conversion data. In order to address this, researchers should review
potential sources of error; they are likely (1) unidentified compaosition drift and/or (2) experimental
difficulties. This case study will demonstrdieth of these sources of error (and how to handle
them). This is another very important, yet implicit, contribution of EVM. EVM, if nothing else,
forces one to think about the possible sources of variation (and quantify them).

To account for compositiodrift (even at low conversions), the cumulative copolymerization
model (Equation2.22 and2.23) should be used. Using direct numerical integration to solve this
system of equations ensures that the feed compodifjosm¢onsidered as a function of conversion,
thus taking any composin drift into account mathematically. To establish whether unidentified
composition drift is the culprit in the current experimental dataosetan evaluate the data using
both the instantaneous and cumulative modets ampare the result&ifure 2.15, discussed
below). In reality, using the cumulative model would also increase the amount of data available
for analysis, as the copolymerization wobklallowed to go to higher conversion levels (and data
would continue to be collected); in addition, the experimental information is enhanced, anyway,
since both conversion and copolymer composition data are included; see also &8ckch
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Ultimately, this would increase the degree of confidence in the reactivity ratio estimates and
decrease the size of the JCR.
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Figure2.15. EVM-obtained RR Etimates and JCRs for t@®polymerization of HEA/DCP using the
Instantaneoustodel ¢Hea = 1.28;rpcp = 0.56) and th€umulativeModel §rea = 1.32;rpcp = 0.55)

Figure2.15indicates that the two EVMbtained reactivity ratio estimates are in good agreement
and the JCR sizes and orientations are similar. Thus, in this case, the effect of compdsiigon dri
likely minimal. Therefore, we will continue our troubleshooting by investigating the second source
of error: experimental difficulties. Since no replicate data are availdbig,not possible to
calculate the error associated with the compositieasurements shown kigure2.14. However,

as discussepreviously EVM considers the error present in all variables throughout the parameter
estimation process. The program default values of 1% error (associateid gvahd 5% error

(associated withO) were therefore used in the analysis (demendix B SectionB.2 for
additional information).

The reactivity ratios calculated using the EVM program are as descriffedhl®2.5 andFigure
2.15. The converged program also provides the beatlableestimates oftrued values of the
variables (recall Equatiord42 and 2.43). Thus, inFigure 2.16, it is possible tocompare the
experimental (measured) values to dineedexperimental values and the EVM model predictions
(both instantaneous and cumulative).
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Figure2.16: PredictionPerformance of RR Estimates Obtained using EVM

Figure 2.16 indicates that the experimental data points were subject to some degree of error,
especiallyfor f10= 0.3 and1,0=0.7. Thus, experimental difficulties are likely the culprit here. The
best way to mitigate this type of problem is to design experiments, replicate copolymerization runs
and use EVM for parameter estimation. Additionally, usinoj €onversion data with the
cumulative model gives a more complete picture of copolymerization kinetics; researchers do not
have to struggle with the experimental challenges of collecting low conversio distavill be
discussed in the next case study.

2.3.2.3BMA/BA Case Stud¥xploiting Information Content through Meditifigh Conversion
Data Analysis

This case study was part of the same feature paper by Scott and Penlidis describ¢@l] earlier

Sincemediumhigh conversion level data are used for parameter estimatibis case,gactivity

ratios are estimated by applying the cumulative composition model (using direct numerical
integration) to the data through EVM (sagain Equatior2.23). Also, becaus&onversion X)

varies with time as the polymerization proceedse cannot expect the compositi@f the
polymerizing mixture to remain constantherefore the instantaneous composition of the
unreacted (unbound) monoméj ¢an be evaluated using the differential copolymer composition
equation(Equation2.22). Solving these equations simultaneously makes it possible to minimize

the sum of squares between the measured and the predicted values (for both the independent
variables and the parameter estimates), which is the main objective of EVM.

The data used for this case study were taken from Ren[éDhlwho recently investigated the
copolymerization kinetics af-butyl methacrylate (BMA; monomer 1) anebutyl acrylate (BA;

monomer 2). Originally, the group collected copolymerization d@htéow conversion levels
(<10%) so that the instantaneous model (Equafi@i) could be used for analysis. After
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estimating preliminary reactivity rasousing the original RREVM prograifr0], additional
(replicated) designed experiments were completed to improve the quality of the data. This low
conversion data set was-aealyzed using the new MATLABased EVM progran6]. As with

the original investiggon, analysis was first performed with the preliminary data only (9
equidistant feed compositions). Then, the analysis was repeated with preliminary data
supplemented by the designed replicates (feed compositions selected using theMattarakkr
criterion [61]). A comparison of reactivity ratio estimates (from the original and current studies)
is shown inTable2.6.

Table2.6: Summary of RREResults fom-Butyl Methacrylate (BMA; Monomer 1) ana-Butyl Acrylate
(BA; Monomer 2)Copolymerization

Ref. RRE Technigue rRRE Result?

1 2
[79] Preliminary Estimates (RREVMYO] 2.100 0.489
[79] Estimates from TidwelMortimer Designed 2 008 0.460

Experiments (RREVM)67, 70]

Current Work[6] Instantaneous EVM (preliminary data) 2.109 0.492
Instantaneous EVM

Current Work[6] (preliminary data & designed replicates) 2.012 0.462

Current Work[6] Cumulative EVM 2.114 0.500

Good agreement is observed between reactivity ratio estimates, no matter what the amount (or
type) of data used. This indicates wadhaved data; the low conversion analysis was done in a
methodical and statistically correct manner. The cumulative EVMItse§presented in the final

row of Table2.6) are discussed in what follows.

Although lbw conversion analysis (as performed by Ren €78]) wassuficient for reactivity

ratio estimationespecially since design of experiments was included in the investigatien
interesting to consider the followingvhat if one had also included additional (medihigh
conversion) experimental data? Ren e{&)] chose to run three feed compositions up to high
conversion values; the full conversion experimental eaee used to evaluate the prediction
performance of the reactivity ratio estimates. The analysis showed good agreement between model
predictionsand experimental data, thus confirming the reactivity ratio estimates.

We can take thienestep further for illustration purposddsingthe cumulative model and direct
numerical integratioprovides us with the opportunitp depurposéthis cumulative (medium

high conversion) data for improved reactivity ratio estimation. With a cumulative model, there is
potential to obtain significantly more information (that is, more data points) from each experiment.
Also, dnce researchers are rihited to low conversion, less experimental tedium is required to
obtain the same degree of accuracy, as long as the experiments alesigeled.

A direct comparison of thgreliminary analysis (9 feed compositions) and the cumulative analysis
(3 feedcompositions) results is provided kigure2.17. The samenitial estimates were used in
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both cases to ensure that both of the RRE techniques hadrtigestarting point. It is interesting

to note that both the reactivity ratio estimates and the JCR areas are almost identical for the two
data sets. Thigeads totwo main conclusions: that the parameter estimation results using the
instantaneous and cutative models are in agreement and that the degree of confidetioe in
results is approximately the same (regardless of which data set and/or model is being used).
Therefore, in this case, 3 full conversion runs have approximately the same informattgom asn

9 runs that are limited to low conversion levels.

This result should motivate researchers to think carefully about their preliminary experimental
work. By strategically selecting feed compositions (using design of experiments texshhieg
Tidwell-Mortimer[61, 62] or EVM [59, 80]) and collecting copolymerization data up to medium

or high conversion levels, it is possible to obtain sufficient information about a new system. The
results shown herein suggest that preliminary expeteh&mork can almost be reduced to 1/3 of

the original load, without any loss of information content. Therefore, researchers should be
encouraged to make use of all copolymerization data by employing the cumulative
copolymerization model.

1 T T T T T T T T T

% Initial Estimates: r,, = 1.84 &r_, =0.32
e Instantaneous Model: rp =211 &r,, =0.49

=+=Instantaneous Model JCR (Preliminary; 9 Feed Compositions)
0.8 = Cumulative Model: ry, =211 &r,, =0.50 g

= Cumulative Model JCR (3 Feed Compositions)

0.6 B

r> ('ga)

0.4+ B

0.2+ B

L L L L L L L L L
9 17 18 18 2 21 22 23 24 25 26
rl (rBMA)

Figure2.17: Comparisorof Results for theCopolymerization of BMA/BA using the Instantaneousdl
(rema = 2.11;rga = 0.49) and th€umulative Model (sma = 2.11;rsa = 0.50)

2.4  Terpolymerization Kinetics of AMPS/AAmM/AAC

Most of the literature review outlined in this section has been recently published by Scott, Duever
and Penlidis[81]; the work examines the effect of varioggperimental condition®n the
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terpolymerization kinetics of-acrylamido-2-methylpropanesulfonic acid (AMPS), acrylamide
(AAm) and acrylic acid (AAc)

As explained in Sectior2.1.3 AMPS/AAmM/AAc terpolymers are a promising candidate for
enhanced oil raavery(EOR), given the application requirements and the anticipated properties of
the terpolymer. AMPS/AAmM/AAdas only recently appeared in the literature, with applications
ranging from enhanced oil recovgB1] to controlled drug delivery82]. Typicaly, existing
studies focus on the final properties of the material (swelling belratieermal and mechanical
stability, etc.)[21, 48, 50], but investigating the terpolymerization kinetics is equally important
[80]. The bulk polymer properties (and, bytension, properties relevant to the final application)
depend on the terpolymer microstructure, therefore a clear understanding of the terpationer
kinetics is invaluable.

The kinetics of an associated copolymer, acrylamide/acrylic acid, have belestudied.
Riahinezhad et a[83], among others, have shown that experimental conditions (that is, the pre
polymerization solution properties) can significantly impact polymerization kinetics and the
resulting copolymer. Since the AAm/AAc copolymer ipayelectrolyte, pH, ionic strength and
monomer concentration are all influential variables during syntf@%87]. AMPS also exhibits
polyelectrolyte behavir, so one might expect that solution properties will also affect
AMPS/AAM/AAC terpolymerizatio.

In looking at extensions from the AAm/AAc copolymer to the AMPS/AAM/AAC terpolymer, it is
important to note that binary observations do not alvagydy to the ternary systejd8]; this will

be discussed further i€hapter 5(Section5.1). In the past, many researchers have used
copolymerization results to predict terpolyiaation behaviar. Although this may work for some
cases, it is an approximation, as it effectively ignores the presence of the third comonomer. A third
comonomer will inevitably change the reaction conditions and, by extension, the polymerization
kinetics Therefore, althougltone mightlook to the AAmM/AAc system for guidance, new
terpolymerspecific investigations are needed.

This section descrils&known effects of various reaction conditions on the polymerization kinetics

of AMPS/AAM/AAc and (more often) the effects of those conditions on related homopolymers
and copolymers. This background knowledge can help inform decisions about experimental
corditions and can provide confirmation that the observed experimental results are reasonable.
Therefore, a brief overview about the effects of pH, ionic strength, monomer concentration and

feed composition on the polymerization of AMPS/AAM/AAc (and assatiagstems) is
presented herein.
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2.4.1 Effect of pH

The terpolymer of AMPS/AAM/AAC is a polyelectrolyte. That is, the macromolecule can contain
covalently bound anionic or cationic groups (as a result of dissociation), which ultimately results
in a charged ggmer. These charges are extremely influential in terms of polymerization kinetics
and should therefore be understood for customization purposes.

The comonomers AMPS and AAc are both acidic in nature, which means that dissociation (loss
of the H ion from the carboxylic or sulfonic acid group) occurs as pH increases. The amount of
di ssociation that occurs is often repaedt ed a:s
according to Equatiod.46.
p T 2.46

| pm P
Where pks is the acid dissociation constant, which varies by compound. Atta [88hhave
reported that AMPS and AAc hap&a values of 2.3 and 4.2, respectively.

The rate of polymerization is a strong function of the degree of ionization. As the monomers (and
resulting polymer chains) dissociate, they will contain like charges. These charges repel one
another, which causéwo significant changes in the system. First, the chain is forced to stretch
out to separate the charges as much as possible (which eliminates the typical coil conformation of
polymer chains). Second, the monomers and the radical chain contain like clveingsds
decreases the reactivity ratio of said monomers.

The effect of pH on the homopolymerization of AAm and the homopolymerization of AAc have
been studied extensively, as have the copolymerization kinetics of AAm/AAd¢sexample,
[89-92] for AAm, [93-96] for AAc, and[85, 97-99] for AAm/AAc. To the best of our knowledge,

a limited number of homopolymerization studies have been performed for AMBJit is more
frequently used as a comonomer with AAm or AAc (see, for exarjtiel01-105])).

A brief overview of pH effects is presented herein, as this research can help inform the current
study. However, it is important to recognize that binary reactivity ratios (and, in general,
copolymerization behavim) do not necessarily extend to terpolymsystem[38]. So, by
extension, the homopolymerization kinetics reported in literature may not always align with what
is observd in terpolymer systems.

A recent study by Beuermann et |IOO] investigated the homopolymerization kinetics for the
solution polymerization of AMPS using nemfrared spectroscopy and pulsed laser
polymerization. The study included pH effects dadk, values were compared over conversion
for both the acid (AMPS) and salt (NaAMPS) forms of the monomer (WiieQés a mean
termination rate coefficient ang is the propagation rate constant). Kinetic behaeas similar
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for both the acid form (where pH was very low) and the salt form (where pH = 7), suggesting that
pH had no significant effe¢100].

The effet of pH on the homopolymerization of poly(acrylamide) has been widely studied for
many years (see, for examp|89-92]). The majority of these reports suggest that pH has little
effect on acrylamide homopolymerization kinetics, at least over the ramgeieds Some
exceptions are an increase at pH 1 (compared to higher pH levels) reported by Currie et al.
[89] and an increased rate of polymerization between pH 6 and [l96] &s reported b}90]).
However, in general, other solution effects aadction conditions are more influential than the
solution pH.

Many poly(acrylic acid) kinetic stuels (including these referenci@3-96]) have experimentally
confirmed that the rate of polymerization of acrylic acid is significantly affected byApHe

solution is neutralized (that is, as pH increases to approximately pH 7 and the degree of ionization,
U, increases to 1), repul sion occurs between
reducing the rate of polymerization for poly(acrylic acA.the pH is increased beyond pH 7, an
increased rate of polymerization is observed, likely due to charge screening[68e86.

The general pH effects on the AAm/AAc copolymerization have also been well sfQ@die@]

and are summarized ifable 2.7. Copolymerization behawo at pH 2 (that is, where the
acrylamide radical is protonated) has been studied by Cabanes§9&] ahd Paril et al[98];
although pH effects are minimal in acrylamide homopolymerization studies, both
copolymerization studies showed a reduction in AAm incorporation (and, subsequently, increased
AAc incorporation) at low pH. Riahinezhad et[86] recently confirmed pkéffects for the range

of pH 3 to pH 7; experimental observations showed that the charged (AAc) monomer (at higher
pH values) has lower additivity (that is, a lower reactivity ratio) due to charge repulsion.
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Table2.7: Effect of pH on AAm/AAc Polymerization Kinetics

Y Monomer Forms Present Effect on Reactivity Ratios
P Acrylic Acid (AAc) \ Acrylamide (AAm) (riorrj)
pH <2 H OH | Increaseddnc, decreasedhim
Hp4¢\m/o Hﬁé?\ﬂ/
0] NH,+
2<pH<6 OH o | Complex kinetics, since it ca
o . .
HZCA( HZC/\f technically be considered
O NH, | terpolymerization; both akc

and pam are similar and clos
O to 1[99]

N
)
pH > 6 - ) Decreasedaic, increasedan
H CNO H2C4\( ¢ "
)

For simplicity, the acidic monomessereferred to a&\MPS and AAc throughout thimesis the
change in structuris acknowledged in terms ekperimental conditionsafid not reflected in the
monomer nameBased on the above discussion (and on the use of NaOH and NacCl for pH and
ionic strengthadjustment, respectively), the monomers become sodium salts as the acids
dissociate. This will be disissed in more detail in what follows. However, the presence of
NaAMPS (2acrylamide2-methylpropane sulfonic acid sodium salt) and NaAAc (acrylic acid
sodium salt or sodium acrylate) is implied as pH increases.

2.4.2 Effect of lonic Strength

The polyelectrolte nature of this terpolymer means that the ionic strength (IS) of the polymerizing
mixture must also be considered. To minimize the repulsion between charges (both within the
polymer chains and between the monomers and the chains), emnstaran be addl to the
system in the form of salt. These counters shield (and effectively neutralize) the charged
molecules, which limits repulsion and increases reactivity. The IS of a given solution can be
calculated according to Equati@mi?.

P 247

ov? G
C

Whereg; is the molar concentration of iarfmol/L) andz is the charge of ioh

Not only does the ion charge number play a role in the ion shielding, but the type of cation does
as well; this affects the electrostatic attraction between anions and emnstdt has been shown
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that the reactivities of both AAm and AAc in copolymatipn can be affected by the type of
cation[107, 108]. These studies indicate that the counber type affects the reactivity ratios,
which are also related the copolymer composition and the sequence length. In the current work,
sodium is the countaon of choice (largely due to availability and eadaise), but other options

can be considered to customize the polymer product.

lonic strength effects have been evaluated for both acrylamide and acrylic acid
homopolymerization kinetics, and have ofteren studied alongside pH effects (see, for example,
[92, 93, 95]). As mentioned in the discussion surrounding pH, a smaller amount of information is
available for the AMPS comonomer, since it is less widely used. However, since it is a strong
acid, it s expected that the terpolymerization of AMPS/AAmM/AAc will also be influenced by the
IS of the prepolymerization mixture.

The effect of NaCl on polyacrylamide synthesis was studied by Lacik [@2&lalongside their

pH investigation. For aqueous polgneation with 5 wt% acrylamide, no change inkas
observed over the range of 0.001 M to 0.1 M NaCl. Further increasing the NaCl concentration to
1 M resulted in a slight increase of Khe effect of NaCl (or other salt) addition on poly(acrylic
acid) g/nthesis is much more pronounced, as the cations from the salt act as-mms{groviding

charge screening and increased reactivity as described previously. The impact of salt addition on
poly(acrylic acid) kinetics was first described by Kabanov €08, who described aGon pair
mechanisra that significantly increased the propagation rate and the molecular weights of the
product polymers. Since then, similar ionic strength effects have been reported by many other
groups for homopolymerization ddcrylic acid and copolymerization of acrylic acid with
acrylamide[84, 86, 95, 98, 99, 109].

Specifically, copolymerization studies for acrylamide/acrylic acid have shown that ionic strength
affects the rate of polymerization and monomer reactivity réies, for example, the reat study

by Riahinezhad et a[84]). When the acrylic acid monomer is partially or fully ionized, the
reactivity ratio associated with AAc is low (due to charge repulsion). Experimental results have
shown that adding s&ltypically NaCl) to the prgolymerization formulation can provide charge
screening, thus increasing the incorporation of AAc (ané {84, 86, 99].

2.4.3 Effect of Monomer Concentration

In aqueous polymerization, the total monomer concentration ([M]) can drastically affect the
kinetics. This is especially true for polyelectrolytes, as the monomer concentration can also affect
the ionic strength of the polymerizing mixture. The kinetidgtior AMPS homopolymerization
discussed earligl 00] compared rate constants énd k) for aqueous solution polymerization (at
40°C) with 20 wt% AMPS (1.04 M) and 50 wt% AMPS (2.79 M). The analysis indicatedgthat k
was higher at a lower [M]; at thedtier [M], a fourfold decrease indwas reported. In this case,
Beuermann et a[100] suggested that the reduction inrkay be due to reduced chain mobility
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and repulsion between charged monomers and charges along the macroradical. Similairbehavio
has been observed for the homopropagation of acrylarfi@e 110], acrylic acid[111], and
methacrylic acid112-114].

The relationship between monomer concentration, ionic strength and polymerization kinetics
studied for poly(methacrylic acidl13] can povide insight about the poly(acrylic acid) case.
Pulsedlaser polymerization results showed thatdecreased with increasing [M] (as for the

AMPS study) forthenon oni zed case ( Ufel®decreade sethe eoncerarationa f o L
changed from5wt% 0. 59 M) to 40 wt % (4.72 M). Conver s
kp increased with increasing monomer concentration (tfolegkeincrease over the same range),

which may be due to charge screening. In all cases (that is, at all monomer canodetrals),

the ks was higher for the neionized monomer than the ionized mononiet3]. This is as

expected, since the ionized monomer will repel other monomers and charged macroradicals due

to the like charges. Interestingly, polymerizations at lowenomer concentrations exhibited a

more drastic change in las the degree of ionization increased. That is, ionization effects were

more pronounced at low monomer concentration. This may indicate that a higher monomer
concentration (and, therefore, a highenic strength for the fully ionized case) stabilizes the

system via charge screening.

As mentioned in the discussion of other recipe factor effects, extensions from homopolymerization
to mult-component systems (copolymerization or terpolymerizatgmuld be made with
caution. The influence of monomer concentration on the copolymerization kinetics of AAm/AAc
has been studied recenf{l§5, 86, 99]. In general, copolymerization studies have shown that
increased [M] does not have an isolated effect; it is influenced by other factors including pH and
ionic strength (as one might expect given the complexity of the system). Riahinezhd@4t al.
repored that the effect of [M] becomes more pronounced at higher pH levels (that is, partially or
fully ionized conditions); changing [M] at pH 3 had almost no effect on the reactivity ratios, but
had significant effects at pH 7. At higher pH levels, increa@itjgesults in a decreasegam and

an increasedakc. These results agreed with those reported previously by Rintoul and Wandrey
[99]. Riahinezhad et a[85] also observed that an increase in monomer concentration made
reactivity ratios leséscattered(that is, more consistent over different pH levels). This observation
aligns with the stability observed in the poly(methacrylic acid) study described preibi3]y

higher monomer concentration seems to provide additional charge screening, thusragtitea
effect of monomer ionization on polymerization kinetics.

It is well-known, but worth acknowledging nonetheless, that adjusting monomer concentration can
also have a significant impact on the molecular weight of the polymer product. Moleculat weig

is directly proportional to [M], which provides researchers with a convenient way to achieve the
desired molecular weight for a custom terpolymer.
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2.4.4 Effect of Feed Composition

In addition to the overall monomer concentration, the feed compositionigttiae fraction of

each comonomer in the recipe) can also influence the polymerization kinetics and product
properties. The design of experiments relies on EVM criteria to select optimal feed compositions
(see Sectior2.3.7), but the feed composition can be varied once relationships are known.
Theoretically, the fraction of each comonomer in the recipe affects the cumulative copolymer
composition and the sequence d#n distribution; these relationships are visible in several
equations presented previously (see, for example, Equati®hto 2.39 and2.10t0 2.16).

During AAm/AAc copolymer design work by Riahinezhad et[a2], high levels of acrylamide
showed the best performance for the EOR application. When the fraction of acrylamide was
between 65% and 95%, the product exhibited high molecular weights gimghear viscosity

(with maximum shear viscosity observed at 70% AADIb], both characteristics being desirable

in EOR. The same study found that small amounts of acrylic acid improved the polyelectrolyte
nature of the copolymer, but too much AAc resdiite brine sensitivity.

These considerations can be extended to the case of the AMPS/AAM/AAc terpdlyiser.
expecedthat high levels of acrylamide will still be necessary, therefore preference should be given
to solution conditions that promote higi\m incorporation into the product terpolymer. Ideally,

we are also looking for conditions where the terpolymerization exhibits very little composition
drift, so that the cumulative terpolymer composition remains approximately constant at any level
of convesion.
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Chapter 3. Experimental Methodology for Case Study #1i
Enhanced Oil Recovery

The experimental methodology has been presented (at least in part) in segaralublications
These publications provide information about preliminary investigat|80$ and screening
experiment resultf81]. Also, sveral of theexperimental proceduretescribed in what follows
will inform anadditional papefrecently submitted] in which the optimally designed terpolymers
for enhanced oil recovery are evaluaitetermsof application performance

3.1 Materials

Monomers Zacrylamide2-methylpropane sulfonic acid (AMPS; 99%), acrylamide (AAm;
electrophoresis grade, 99%), and acrylic acid (AAc; 99%) were purchased from-Auyich

(Oakville, ON, Canada). AAc was purifieth vacuum distillation at 30°C, while AAm and AMPS

wer e used as r e c-azohisd4dcyanovhleric tacidy t ACVA), (nHibitdr Nj
(hydroquinone) and sodium hydroxide were also purchased from Sigiriah. Sodium chloride

from EMD Millipore (Etobroke, ON, Canada) was used as received. In terms of solvents, water
was Millipore quality (18 MqAcm); acetone (99
Nitrogen gas (4.8 grade) used for degassing solutions was purchased from Praxair (Mississauga,
ON, Canada)Finally, the reference polymerthat were used as baseline for comparison of
propertiesnvere part of thé\lcoflood series (254S, 935X, argb5), purchased from BASF, USA.

3.2 Polymer Synthesis
3.2.1 Screening Experiments

The screening experiment sjugiasthe first step in examining the effectsrefiction conditions

on the terpolymerization of AMPS/AAmM/AAc. Specifically, optimally designed experiments
(using the errom-variables model (EVM) desig[60] as described irBection2.31.2 and a
definitive screening desigmade it possibléo select prgolymerization recipes with high
information content so that the entire systwmould be understoad just a few experimentalns.

The experimental dataeresubsequentlysed to estimate ternary reactivity ratios, which provide
valuable information about the resulting terpolymer properties. A good understanding of how the
solution properties affect terpolymer reactivity ratic@nposition, microstructure and molecular
weight paves the way for the synthesis of custoatle polymers for specific applications.

In general, the experimental techniques described by Riahinezha@8}akre adopted for these
terpolymer systems.#¥per the EVM design of experiments procedure for terpolymeriz466hs
each prepolymerization recipavas rich in one comonometfAups,dfaam,o/faaco = 0.8/0.1/0.1,
0.1/0.8/0.1, 0.1/0.2/0.7). Prior work has shown poor polymerization when the AAorrectoo

54



high [62], thereforethe constrained design (relative to the general heuristic shoRigune2.8)
shown inFigure3.1 wasused forthis experimental work. Additional experimental conalits (at
each of these feed compositions) are described in what follows.

¥ Optimal Design
® Constrained Design

0 20 40 60 80
AMPS
Figure3.1: Optimally Designed Experiments for Terndgactivity Ratio Estimation

(Constrained Design f&kMPS/AAM/AAc Terpolymeriation)

Solutions to be polymerized were prepared with target monomer concentrations (according to the
experimental design dfable3.1) and the initiator (ACVA) concentration was adjusted to maintain

a constant [M]/[1}? ratio (=15.8). Prior to polymerization, solutions were titrated with sodium
hydroxide to adjust the solah to the desired pH (x0.5), and sodium chloride was added to adjust
ionic strength among the experiments.

All solutions were purged for two hours under 200 mL/min nitrogen. After degassing, aliquots of
~20 mL of solution were transferred to sealedsvialing the cannula transfer method. Fastcal
solution (aqueous phase) polymerizations were run in a tempecattrelled shakebath
(OLS200; Grant Instruments, Cambridge, UK) at 40°C and 100 rpm. Vials were removed at
selected time intervals, platen ice and further injected with approximately 1 mL of 0.2 M
hydroquinone solution to stop the polymerization. Polymer samples were isolated by precipitating
the products in acetone, filtered (paper filter grade number 41, Whatman:Sigrnach, Oakville,

ON, Canada) and vacuum dried for 1 week at 50°C.

pH, ionic strength and monomer concentration are expected to affect the polymerization kinetics
and resulting terpolymer propertiégherefore, in preliminary worf80], all variables were kept
constantand cotrolled to the extent possiblen contrast, the current work employs a definitive
screening design (using Design Expert software) to adjust four variables (in 3 levels each)
simultaneously and glean general information about the system. Lewdl@elgas informed by

prior work (for the AAm/AAc copolymef84, 85] and the AMPS/AAmM/AAc terpolymgB0]) and
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influenced by considering desirable properties for enhancedoaVery application performance
[32]. The definitive screening design is presentedlable 3.1 (Runs S1 throughS9). The
conditionsfor two additional runs (RunS10 andS11) were informd by preliminary results and
kept screening variables constant to the extent possible, for comparison pufpesesll be
discussed further in Sectid@nl.2

Table3.1: Definitive Screening Design for Terpolymerization of AMPS/AAM/AAc

Run # pH IS [M] Feed Composition (fmes,o/f aam.o/faac0)
S1 7 15M 1.0M 0.1/0.2/0.7
S2 5 1.2 M 1.0M 0.8/0.1/0.1
S3 7 1.8 M 15M 0.8/0.1/0.1
A 7 1.2M 05M 0.1/0.8/0.1
S5 9 1.2 M 15M 0.1/0.2/0.7
S6 5 1.8 M 0.5M 0.1/0.2/0.7
S7 9 1.8 M 1.0M 0.1/0.8/0.1
S8 5 15M 15M 0.1/0.8/0.1
9 9 1.5M 0.5 M 0.8/0.1/0.1
S10 7 15M 1.0M 0.8/0.1/0.1
S11 7 15M 1.0M 0.1/0.8/0.1

By combining the definitive screening design with optimal feed compositions (as per the EVM
design of experiments for ternary reactivity ratio estimation), different subsets of data for
parameter estimatiazan be analyzednder speci€ conditions. For example, frofirable3.1, one

could use RunS1, S3 and$4 to estimate (approximate) reactivity ratiostfee AMPS/AAM/AAC
terpolymer apH 7. Although [M] and IS are varying, the associated feed compositions for these

3 runs make up an optimal design. Therefore, full conversion data from 3 runs can be used for
parameter estimation. It is important to notet thase parameter estimates are general; reactivity
ratios from these experiments should not be used to predict cumulative terpolymer composition or
terpolymer microstructure. Rather, these screening runs can be used to examine how changes in
pH, ionic stength and monomer concentration affect general trends (i.e. incorporation of various
comonomers, rate of polymerization, molecular weight averages, and so on). These trends inform
subsequent runs, with the intent to manipulatepmigmerization recipes anterpolymerization
kinetics to create custemade materials.

3.2.2 Optimally Designed Experiments
In theoptimal design phase of thssudy, terpolymers were synthesiagtler consisterdgolution
propertiesat the levels determined from the definitive scregniesign result§81]. Sodium

chloride was added to adjusnic strengtito 0.9 M and all monomer solutions were titrated with
sodium hydroxide to adjust the pH to approximately 7 (x0.8)alflmonomer concentration was
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1.5 M for each synthesis, with009 M initiator (ACVA). Two optimal feed compositions (both

rich in acrylamide) were selected to allow for the most desirable terpolymeysinucture (see

Table 3.2). These feed compositions were based on predictions made using newly estimated
reactivity ratios (from definitive screening design data). A more detailed justification of these
Gptimabexperimental conditions is provided@hapter 4Sectiorn4.2.1).

Table3.2: Optimally Designed Experiments for Terpolymerization of AMPS/AAM/AAC

Run # pH IS [M] Feed Composition (fmes,o/f aam.o/faac0)
Optl 7 09 M 1.5M 0.21/0.69/0.10
Opt2 7 0.9 M 15M 0.10/0.75/0.15

As with the screening experimentd| solutions werelegasseavith 200 mL/min nitrogen for 2h

prior to polymerizationAfter degassing, aliquots of ~20 mL of solution were transferred to sealed
vials using the cannula transfer method. Feedical solution (aqueous phase) polymerizations
were run in a temperature controlled shabath (OLS200; Grant Instruments, Cambed UK)

at 40°C and 100 rpm. Vials were removed at selected time intervals, placed in ice and further
injected with approximately 1 mL of 0.2 M hydroquinone solution to stop the polymerization.
Polymer samples were isolated by precipitating the produetsatone, filtered (paper filter grade
number 41, Whatman; Sigr#ddrich, Oakville, ON, Canada) and vacuum dried for 1 week at
50°C.Both polymerizations were independently replicated.

3.3 Characterization of Polymer Properties
3.3.1 Conversion

Conversion of allpolymer samples was determined using gravimetry. Due to the high ionic
strength (and necessarily high salt contényasobserved that sodium chloride remained present

in the polymer samples at an approximate 1:1 ratio with acrylamide. This wagdyinigdlced

from elemental analysis results and uncharacteristically high converalicmations and then
independently confirmed for select samples via inductively coupled plasma mass spectrometry
(ICP).This is discusseflrther in Sectior.1.4 As per the recommendation of Riahinezhad et al.
[84], the mass of the sodium ions (attracted todissociated acids along the polymer chain) was
considered in conversion calculatioample calculationareavailablein Appendix C(Section

C.1).

3.3.2 Composition

Polymer composition was measured using elemental analysis (CHNS, Vario Micro Cube,
Elementar) The machine was calibrated daipn@afterevery 60 samples) using alf@nilamide
standarcand samples were combusted at 1150%& content of elemental C, H, N and S in the
samples was determinedhich allowed for the subsequent calculation of cumulative terpolymer
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composition.Composition alculatiors did not include Hmeasurements, as residual water has
been known to affect the determined H cont&aimple calculationare provided ilAppendix C
(SectionC.2).

One of the challenges in performing elemental analysis for these terpolymer sampleshigis the
sulfur concentration (especially for the AM#ASh samples). Initially, sulfur entrapmewithin

the elemental analysis system (and, potentially, poor combustion) resulted in poor repeatability of
elemental analysis results. In collaboration with the technical team at Elementar, the following
alterations to standard procedusesre found to ignificantly improvethe repeatability of the
results:

1 WOs powder was added to each polymer sample (in a 1:1 mass ratio) during the sample
preparation stage. This provitleddtional oxygen during combustioand ensure
complete combustion of the polymensple. Additionally, the presence of Wi the
combustion tube requidghat a ceramic ash crucible (with 5 mm W®the bottom) be
used instead of standard glass. The ceramic crucible is better able to collect sample
combustion residue, whereas the Y@ay leach out of the standard glass tube (which
could make the ash crucible stick to the inside of the combustion tube).

1 At least fourconditioning runs were completed before daily calibration. Occasionally,
additional conditioning runs were added, esplgcif the sulfur content seemenhstable.

1 Terpolymer samples were run in triplicate to ensure consistent results. Essentially, the first
sample acted as a 6conditioning6é sampl e fc«
especially important if the sulf content in the terpolymer was significantly different than
the previous sample (or standard).

1 Over time, he quartz bridge (linking the combustion tube and the reduction taoe)
develop a blue tint, which indicates that wolframic acids have prdeigita this case, the
guartz bridge should be replaced with a clean one, and the contaminated bridge should be
thoroughly cleaned and dried.

T The cotton O6plugs6é i n the -dontgining gompoundlse ar e
(mainly SQ). An alternative fug to improve gas flow rates (which Elementar calls their
poly filter) can minimize the entrapment.

1 If sulfur content becomes especially high (noticeable during blank runs, conditioning runs,
and/or calibration runs), the adsorption column can be baked olean out any debris.

These adjustments significantly improved the repeatability of the elemental measurements (and
simultaneously increased confidence in the results).

3.3.3 Molecular Weight

Molecular weight averages were determined using gel permedtiomatography (RIGPC 50,
Agilent, with two columns, type PL aquag®H MIXED-H 8 & m, ). TA gnalyze the
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AMPS/AAmM/AAc terpolymers four detectors were employed: refractive index,-bowle and
right-angle light scattering (LALLS/RALLS), and diffemgal pressure. To minimize the charge
interactions between the column and the polymer samples, a buffer solution of pH 7 was used as
the mobile phase (flowing at a rate of 1.0 mL/min). The buffer was prepared using sodium nitrate
(0.2 M) and sodium phospte (monobasic and dibasic, 0.1 M)Millipore quality water The
synthesized polymers were dissolved in the mobile phase (pH 7 buffer) to obtain concentrations
of ~1 mg/mL The solution preparation step required fine grinding prior to dissolving polymers
buffer, and allowing theolutionsto sit under ambient conditions (with occasiamainuaimixing)

until thepolymer waglissolved. This sometimésok several days, since the matedal dissolve

easily. Pior to injection, polymer solutions weretfle r ed t hrough a 0.2 em fi
T sodium salt calibration standards were obtained from Agilent Technologies and their peak

average molecular weighb ¢) values ranged from 4.67x1® 2.25x16 g/mol.

Calibration was also confirmed usiagvellcharacterized copolymer (poly(acrylamide-acrylic
acid) partial sodium salt from Aldrich-80% acrylamide; Mw = 520,000 and Mn = 150,900
measurements were in good agreement with the expected results (coefficient of variation <10%

for bothD w and D ). For a dn/dc of 0.171, Mw = 456,400 and Mn = 160,3iitional details
are provided irAppendix G SectionC.3.

For all unknown samples, a dn/dc of 0.175 was used (based on the dn/dc of thl&#tAndards

and verified by laser refractometry). The range of dn/dc values for both polyacrylamide and
polyacrylic acid (insalt water) are similar; changing the dn/dc value during analysis had no effect
on the reported molecular weight averages. Note, however, that dn/dc values come from a variety
of sources, meaning that the mobile phase is not necessarily consistentdoremesats reported

by different groups. A more complete analysis (like the one donedwyen et al[116]) would

be necessary to understand the full intricacies of the system.

3.3.4 Sequence Length Distribution

13C-NMR (nuclear magnetic resonance) was conducted on a Bruker AVANCE 500 Ultrashield
NMR spectrometer (Nuclear Magnetic Resonance Facility, Department of Chemistry, University
of Waterloo). The NMR was rufor 12 hours per sample at 68 (around 6,000 scaphand
employed inverse gated proton decoupling (30 degree pulse) with a pulse dela§pdf66 s)

To prepare the samples for analysis, each terpolymedmsssved in H 7 DO/buffer solution
(prepared using.2 M sodium nitrateand 0.1 Msodiumphosphate (monobasic and dibasis for

GPC, but with DO as the mobile phase). Polymer samples were finely ground and slowly added
to the buffer to achieve a concentratior6oit% (~0.1332g of polymer in2 ml of DO/buffer).
Solutions were injected io NMR tubes using a lorgpped needle and a syringe, and tubes were
heated in a 60°C water bath to ensure all bubiidelsescapegrior to analysis.
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3.3.5 ThermalStability

Select samples were analyzed using thermal gravimetric an@igAg on a Q500 TGArom TA
Instrumentqanalytical instrumentation lab, Department of Chemical Engineering, University of
Waterloo) Small sample quanitgs (<5 mg) were placed in platinum pans for analysis, and
samples were run from 30°C to 600°C with a heatingafat®@°C/min under nitrogen atmosphere.

It was especially important to use snaathiounts of sample (< 5 mgjince entrapped water could
result in sample expansion during analyseeAppendix G SectionC.4).

3.3.6 Additional Characterization

To evaluate whether residusbdium chloride was present in tA&IPS/AAM/AAc terpolymer,
sodium concentration was measured for select samples using inductively coupled @@Bjna
mass spectrometryThe instrument used was a Prodigy radial-[@ES by Teledyndeeman
(analytical instrumentation lab, Department of Chemical Engineering, Universityabérloo)
Samples outside the calibration rai@€.00 mg/L)were dilutedo fall within the calibratiomange
and dilution factorsvereapplied to the resultéll working standard solutions were prepared using
Millipore qualitywater( 1 8 M gadidified)wjth reagent grade nitric acid to a concentration of
0.3%.

3.4 Characterization of Application-Specific Properties
3.4.1 Rheology

Solutions for rheological analysis were prepared by dissolving finely ground terpolymer samples

in Millipore quality water or pH 7 buffer (prepared as descriioedsPC; Sectior3.3.3; solutions

were made to have a concentration of 0.01 g/mL. A stessolled cone and plate rheometer
(AR2000, TA Instruments) was used to measure the viscoelastic properties of the polymer
solutions. Arenvironmental test chambétTC) steel cone with 40 mm diameter and 1° angis

used for all tests, and all measurements were taken at 25°C. Select independent replicates were
performed andadditional details aravailable inAppendix G SectionC.5.

3.4.2 Enhanced Oil Recovery

The optimal terpolymers designed for enhanced oil recoweng evaluated using specialized
equipment (capable of simulating oil reservoir flooding on a lab scale) at the University of New
Brunswick Department of Chemical Engineeringxperimental proceduse reported by
Riahinezhad et a[117] wereused as a guidele, and details specific to the current investigation
are presented in what follow$senerally speaking, the EOR application performance was
evaluated in two phases. Phase | (described in Se@&i2.) measured polymer flow
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performance in unconsolidated porous media (that is, thepakdsimulating an oil reservoir)
and Phase Il (described in Secti®d.2.9 determined oirecovery efficiency through polymer
flooding experiments.

3.4.2.1Phase l:PolymerFlow Performance Testing
Phase Iprovides information aboutow eachpolymeric material behavesn solutionasit is

injected into the reservoifrhe labscale experimental sep used to simulate an oil reservoir is
called a sangback system, anal schematic ishown inFigure3.2.

Displacement Test
Experimental Set-Up

Sand-Pack System

" Outlet
Oil-Water
Separator

Pressure Gauges I

Low High
O O B %

.

|
|

Polymer
or brine solution
Crude Oil

l
|
‘_

T

Figure3.2: Experimental Set)p for Sandpack Flooding Tests

Pump

The sanepack system makes it possible to examine polymer flow behaviour through porous media
(representative of oil reservoirs). The sgatk used for this series of investigations contains
Quikrete sandandthe particle size distributioof the sands provided in Figure3.3.
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Figure3.3: Partide Size Dstributionof Sandfor SandpackFlooding Tests

Thesandpack geometry is also an important consideration in this experimental stage and is shown
(along with additional experimental conditions)Tiable3.3. Thesystemgeometry is relevant to
determine the required flow rate aisthecessary fatetermining thgorosity ancpermeability of

the sanepack. The njecion flow ratewas selectedo simulate an average linear velocity of 1
ft/day (similar toreal conditiondn oil fields); the linear velocity of 1 ft/days equivalento the
volumetric flow rate of A8 ml/min (giventhe crosssectional area of theandpackcylinder)

Table3.3: SandpackCharatteristicsand Experimental Conditions

Property Value
Length 1530cm
Diameter 3.30cm
Cross sectional area 8.55 cnd
Pump flow rate 0.18 ml/min

The procedure for a typical polymer flow performance testescribed belowEstimates of
volume requirements are providedAppendix G SectionC.6.

1. Sandpack preparatiomand characterizatiom herigid cylinder (sanepack system shown
in Figure 3.2) was packed with sand. Thetme characteristics of the sapdck (pore
volume porosity angermeability weremeasuredBrinewas injected into the sarmhck
until the porous medium was fully saturated. The pore volifw@was established as the
total volume of brine that could be injected into the systid@ porosity was calculated
from the total volume of theylinder,and the permeability was experimentally determined
using Darcyods Law.
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Brineinjection#1: 1 pore volume (PV) + 1 dead volume (Ddf)brinewereinjected into
the sanepack systemThe synthetic brine that was usedtins test (and subsequent
polymer flooding testshada compositioninspired byreal conditions in oifeservoirs in
Alberta, CanadéseeTable3.4).

Table3.4: Compositionof Synthetic Brine

Salt wt %

NacCl 1.72

MgCl; 0.04

CaCb 0.33

NaSQ 0.01

Total Dissolved 9lids 2.10

Polymersolutioninjection: A 1 wt% polymer solution was prepared for polymer flooding.
During the preparation of the polymer solution, it was essential that the polymer be ground
into a fine powder. Also, adding the polymer gradually ensured that a homogeneous

polymer sdution was obtained. The required volufoe this stagevas equivalent to 2 PV
+ DV, with an additional 10 mL included for expected sample losses.

4. Brine injection #2: After polymeflooding, the sangbackwas further injected with brine.

In this case4 PV + DV was required to remove the majority of the polymeric material

from the sangback.

The full procedure was completatileast twicdor eachof the polymeric materials (Opt Opt2
and a reference polymer). The reference polymer used wasbination of two commercially
available material@oth in the Alcoflood family)thismade it possibléo usea reference material
with a molecular weight averaggmilar to the designedterpolymes. Characteristics of the
reference polymer are providedTiable3.5.

Table3.5: Compositiorof ReferencéPolymer for EOR Testing

Polymer MW (g/mol) | MassFraction
HPAM Alcoflood 254S 500000 0.81
HPAM Alcoflood 935X 5,000000 0.19
Average MW
(based on terpolymer propertieq 1,370000

The purpose of Phase | testing was primarily to establish the resistance facemdRi# residual
resistance factor (RRHpr each polymeric materiallThe RF provides information about the
effective viscositymobility control capability of the polymer solution in porous media relative
to water. Therefore, higher RF values typically indicate tpatymer flooding will bemore
successfulThedefinition of RF is provided irEquation3.1.
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YO = 31

Wherneangarpe the mobility of the waterywcanbed pol y
repl ac e@hemib ts bringsincethe flood watemused in these experiments wabrine

solution.k represents the permeability of the porous mediacargpresentshe viscosity of the

water or the polymer solutioiihe permeabilityk,isc al cul at ed from B3r cyodos

Q pm T[gT[ V) o 3.2
Where Q is theolumetric flow rate (ml/s), #£and R are the outlet and inlet fluid pressures (atm),
¢ is the fluid dynamic viscosity (centipoise, cP), L is the length oktrepack (cm),and A is
the crosssectional area of theandpack(cn?).

By combining Equation8.1 and3.2 (assuming a fixed flow rate and knowing that the geometry

is invarian), the measurement of the R&n be simplifiecas shown in Equatiod.3.
o Y0
YC —= - 3.3

WherepP i s t he pr essur e-patkat steady gatecenditmresr oss t he s

In contrast the RRF provides information about polymer retention and adsorption onto solid
surfaces within the reservoir (adsorption is usually physical in nature; chemisorption is less
common). Any retention can lead to permeability reduction within the-gackl (o, more
broadly, the reservoir), and can cause potential injectivity issues. Therefore, lower RRF values are
more desirable for EOR.

As shown in EquatioB.4, theRRFis definedas the ratio of the mobility of water (or brine) before

polymer injection(that is, brine injection #1) tthe mobility of water (or brine) after polymer

flooding (that is,brine injection #2). However, tan also be rewritten in terms of the pressure

difference across the sapdck before and after polymer solution injection (Equa3iéh
YUY =Gh Q1 "0QETQQ dBipQé ¢

=Gh i "00:d00Q dig Q¢ ¢ 34

Y0 ¢ oeidan dik ot ¢
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3.4.2.2Phase Il:Polymer Floodingrests

Polymer floodingtiests were carried out using the samperimentaketup shown inFigure 3.2
and at reservoir conditions similar to real conditioiise major difference in the experimental
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procesgcompared to the tests in Secti®d.2.) was theaddition of an oil injection step (st&p
below).

During eachnjection step, injection time, flow rate, pressure readiaggd volume of oil produced
were recorded. Also, at thecknf each stage, the oil and brine saturation in the-paokl and the

oil recovery were calculated. The general procedure for a typical heavy oil displacement test
described in steps 1 through 6 beldygain, experimental detailare provided iMAppendix G
SectionC.6.

1. Sandpack preparatiomand characterizatiorasper step 1 irthe Phase lest;seeSection
3.4.2.1
2. Heavyoll injection: 2 pore volumefV) + 1 dead voluméDV) of oil wereinjected into

the sanepack systemThe oilused in these testgrpvided by Husky Energy, Cangdeas
diluted withnaturalcondensate (provided by Corridor Resources Inc., Cataddtain a
viscosity of 3.93 P& at 25°C.

3. Brine injection #1: Thdirst brine injection is essentially a wafsoding stage4 PV + 1
DV brine (with the composition shown rable 3.4) wereinjected into the sanpack at
constant flev rate (0.18 mL/min

4, Polymer solution injectionin this step, al wit% polymer solution was prepared for
polymer flooding. As mentioneid Phase,lusing a fine powder and gradually adding it to
the solution helped with solution preparation. The total volunpected duringthis
polymer flooding step was 1 PV + Di#low rate = 0.18 mL/min)with an additional 10
mL included for sample loss.

5. Brine injection #2: This is the pepblymer wateflooding stage. Here dalitional brine
PV + DV) was injected into theandpack at 0.18 mL/minThis ensured that as much oil
as possible would be produced from the reservoir.

6. Determination of oil productionin order to measure the volume of oil produced, the output
fluid was collected from the sasmhck in aseparation funnel (of known mass). After
several days (usually 4 to 7 days)pst of the oil and brine mixture had segiad.
However, in some cases (if the separation of water was difficult), a known amount of
toluene wasadded to the output fluid to force the rapid removal of residual wateenW
only oil remained in the funnahe mass of the egontaining funnel was easured, which
made it possible to calculate the mass and the volume of the oil produced.
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The primary objectiveat this stages to determine the overall percentage of oil recovery that can
be obtaired from polymer flooding.This is essentially the sum tte oil recovery after water
flooding (step3 above), polymer flooding (stepabove) and pogtolymer wateflooding (stepb
above). 1 can also be informative to look at the incremental oil recovery. This provides a measure
of O6how much mezaverddl frami pblymerdlonding eompared to simple water
flooding. Thereforethisis a combination of the recovery contributions from the polymer flooding
stage(step4 above)and the pospolymer wateflooding staggstep5 above)
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Chapter 4. Results and Discussion for Case Study #1Enhanced
Oil Recovery

4.1 Screening Experiments

The results and discussion provided in this section have largely been published iwoek &yt
Scott, Duever and Penlidi81].

The screening experiments described in Se@i@rl make it possible to examirtbe effects of
important factors (namely, pH, ionic strength and monomer concemfraton the
terpolymerization of Zacrylamide2-methylpropane sulfonic acid (AMPS), acrylamide (AAm)
and acrylic acid (AAc). A good understanding of how these factor levels affect terpolymerization
reactivity ratios, and terpolymer composition, microstreeeand molecular weight paves the way

for the synthesis of custemade polymers for specific applications.

4.1.1 Effect of pH

As mentioned in Sectiof.4.1, changes irsolution pH affect the degree of dissociation (and
therefore the charge) of acidic monomers and the resulting polymer. By grouping the screening
experiments according to pH level (that is, pH level constant with varying ionic strength and
monomer concenttian), it is possible teestimate ternary reactivity ratios at each pH level. The
screening run§from Table3.1) usedfor each analysis and the resulting reactivity ratio estimates
(obtained using full conversion data and cumulative terpolymer composition to obtain ternary
reactivity ratios) areshown n Table4.1. Again note that at each pH, there is apodymerization

recipe rich in each of the three comonomers. For all estimation steps, preligstienates were

taken from recent worf80]; in all cases, monomer 1 isaZrylamide2-methylpropane sulfonic

acid (AMPS), monomer 2 is acrylamide (AAm) and monomer 3 is acrylic acid (AAc).

Table4.1: pH Efectson Ternary Reactivity Ratio Estimates for AMPS/AAM/AAC{M2/M5)

pH Data from Run # r2 r1 ris ra1 re3 r32
5 S2,S6, S8 0.96 0.53 0.25 1.22 1.55 0.51
7 S1,S3,4 1.14 0.66 0.45 0.99 1.48 0.42
9 S5,57,89 1.12 0.53 0.32 1.56 2.07 0.55

The estimation results at varying pH levels do not show any clear correlation between pH and
reactivity ratio estimates; most values for a given parameter{sagrticalbcomparison within
Table4.1) are close together. However, the point estimates only provide part of th& b®jgint
confidence regions (JCRs, or error ellipses) for the parameter estshatdd also be examingd

as they provide additional information about possible parameter correlation and degree of
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confidence for each estimate. JCRs for all three pH levels and all ternary reactivity ratio pairs are
presented ifrigure4.1.

—pH 5: AMPS/AAmM
® (0.96, 0.53)
—pH 5: AMPS/AAc
25| ® (0.25,1.22)
—pH 5: AAm/AAc
e (1.55,0.51)
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Figure4.1: Comparison of Reactivity Ratio Estimates for AMPS/AAM/AAc at pH 5, 7 and 9

Figure4.1 provides significantly more information than the numerical estimat€atié4.1. First

we can evaluate the area of the JCRs associated with each pH level. At pH 5 and pH 7, the JCRs
are small, which indicates a high degree of confidence in the estimates. At pH 9, the JCRs are
larger, which suggests more uncertainty. This may be relatéldetdact that other variables
(namely ionic strength and monomer concentration) are not held constant, which affects the
precision of the parameter estimates. Alternatively, fewer plaints are available for R@89 as

it had an unusually long inductioimte, so the parameters are being estimated from a smaller (and
therefore less informative) data set.

A second observation frorRigure 4.1 is related @ the overlap in JCRs, especially for the
AMPS/AAmM and AAm/AAc comonomer pairs. This agrees with the numerical results shown in
Table4.1, which indicaé that most parameter estimates are close together. Accordingute

4.1, there is no statistically significant difference between parameter estifoatee AMPS/AAM

and AAm/AAc comonomer pairs at pH 5 and pH 9. Distinct JCRs (that is, without overlap) are
visible for the AMPS/AAc copolymer pair, which suggests that the acidic comonomers may be
more affected by changes in pH. This agrees with pheisernical expectations, as the degree of
acid dissociation is likely to be influential in the pH range being studied.
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Given prior investigations of pH effects (especially for the AAm/AAc copolyB&r97-99]), one

might expect bigger differences in the reactivity ratios at different pH levels. However, it is
important to keep in mind that these results are under specific conditions, where several variables
are being manipulated simultaneously. pH effectdaagely due to acid dissociation and charge
effects. Therefore, adding sodium chloride to the recipe (to adjust ionic strength) increases charge
screening, reducing acrylic acid repulsion and moderating the effect that a pH increase would have
in isolation

The final takeaway frontigure 4.1 is the shape and orientation of the JCRs. All JCRs are
somewhatstretchedin one direction, which indicates mouacertainty associated with one of

the parameters. This phenomenon has been described in recef@]vankis likely related to the
absolute value of the parameter estimate; a larger absolute value results in more uncertainty. It is
also important to rte that the JCRs are either horizontal or vertical (not on a diagonal). This
indicates that parameter correlation is minimal, thanks todesligned experimental runs based

on the errofin-variables model.

In refering again to the numerical estimatdsT@ble4.1, it is interesting to note that at each pH
level, the relationship between reactivity ratios for a given comonomer pair remains consistent.
That is, for any subset of screening ruas>rrzy, ris < rs1and g3 > rsz. Therefore, regardless of

pH, the degree of incorporation of each comonomer remains relatively constant. This is confirmed
by using the reactivity ratio estimates frohable 4.1 to predict the cumulative terpolymer
composition at pH 5, pH 7 and pH 9 given the A&ioh recipe (fvps of aam,o/faac,0 = 0.1/0.8/0.1);
seeFigure4.2.
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808 —.—._pH 5: FAAc
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Figure4.2: PredictedCumulative Composition from Screening Experiments for
AAm-rich Terpolymer at pH 5, 7 and 9
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The relationship betweeractivity ratios for comonomer pairs becomes even more interesting
when the experimealt resultsare comparedo the (previously determinef80]) preliminary
estimates. Scott et gB0] estimated ternary reactivity ratios for AMPS/AAM/AAc using data
collected at pH 7, with constant ionic strength (IS = 0.9 M) and monomer concentration ([M] =
1.0 M). Thereforeit is straightforward t@ompare two sets of reactivity ratios from data obtained
at pH 7: the current estimates (with varying IS and [M]) veesuBer estimates (with constant IS
and [M]).

Table4.2: ReactivityRatio Estimates at pH 7 with Varying and Constant IS and [M]
Experimental ri2 r1 ris ra1 r23 r32
Conditions
Current study81]: pH7| 1.14 > 0.66 045 < 099 | 148 > 042
12M<IS<18M
05M<[M]<15M
Scott et al[80]: pH 7 066 < 0.82 082 > 061|161 > 0.25
IS=09M
[M]=1.0M

The key takeaway froriable4.2 is the shift in relationship for two of the comonomer pairs. As
discussedlready the current experimental results indicate thatm: and iz < ra1 in all cases
(recall Table4.1). In contrast, the reactivity ratio estimates determined by Scott [80&khow

the opposite:1p < r1 and 3> r31. Since the pH is theame for these two data setss possible

to conclude that thigcrossovetd behaviar is not a result of pH effects. The most significant
difference (aside from varying IS and [M] vs. constant IS and [M]) is the increased ionic strength
used in the cuient experimentsLhis provides further motivatioio investigate the effects of ionic
strength on ternary reactivity ratios of AMPS/AAM/AAc (see Secdlidn). Specifically, if we

can learn more about how ionic strength creates a-ok@soint (at whichjra ji)rwe can target
specific reaction conditions to create custorade materials with desirable properties.

In summarizing the effect of pldn the terpolymerization of AMPS/AAm/AAdhe following

remarks can be made:

1. No clear correlation exists between pH and reactivity ratio estimates for the range of 5 to 9.

2. The largest JCRs (and therefore the most uncertainty) were observed for resativity
estimation at pH 9.

3. Acidic comonomers (AMPS and AAc) seem to be more affected by changes in pH.

pH effects are likely masked by salt addition in this type of screening design.

5. Well-designed experiments (using the eiirervariables model) minimizeparameter
correlation.

6. Crossover behaviar was observed for AMPS/AAm and AMPS/AAc comonomer pairs
(current designg31] vs. Scott et al[80]); both data sets are at pH 7, therefore conves
behaviar is due to some other factor effect.

>
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4.1.2 Effect of lonicStrength

lonic strength is an important factor to consider during the synthesis of polyelectrolytes. As
discussed in Sectiof.4.2 adding counteions (in the form of salt) to a polymerization
solution can reduce repulsion between charged monomers and polymer chains. This effectively
neutralizes the charged molecules (dissociated AMPS and/or acrylic acid, in this case), which
minimizes repulsiomnd increases the rate of polymerization.

The design of experiments used requires thafitwed (-1) level for ionic strength be 1.2 M. This

is the result of high monomer concentration and a high proportion of acidic monoméowda

ionic strength n. Specifically, in Rurg5 (from Table3.1), a total monomer concentration of 1.5

M and full dissociation of AMPS and AAc comonomers result in an stinéngth of 1.2 M before

any NaCl is added to the recipe. Therefore dine6(-1) ionic strength level is necessarily 1.2 M.

This imposes a relatively high range for the ionic strength investigation, but this is a consequence
of using the specific expianental design for such a complex polymeriaat

The data from the experiments were grouped according to ionic strength for reactivity ratio
estimation. As explained previously, ternary reactivity ratios were estimated for the
AMPS/AAM/AAcC terpolymer ateach ionic strength level (with varying pH and monomer
concentration). The trials used for each analysis and the resulting reactivity ratio estimates
(obtained as described in Sectibi.]) are shown imable4.3.

Table4.3: lonic Strength (IS) Effects on Ternary Reactivity Ratio Estimates for
AMPS/AAM/AAC (M1/M2/M3)

IS Data from Run # ri2 r21 ris rsi r23 rs2
1.2M S2,$4,S5 0.90 0.65 0.24 1.08 1.87 0.52
15M S1, S8, S9 13.19 0.68 0.48 27.02 7.47 0.70
1.8 M S3, 56, S7 1.11 0.54 0.46 1.35 1.65 0.55

Given the reactivity ratios estimated at all three ionic strength levels, there is an obvious difference
at IS = 1.5 M. For each reactivity ratio pair at IS = 1.5 M, the larger parameter estimates (namely
riz, 131 and p3) are much larger than under the other conditions. These values have likely been
overestimated (due to moumcertainty associated with these parameters), and the JCRs will be
examined to troubleshoot this aspect (Begure 4.3). Inaccurateestimation may be due to the
effects of norconstant pH and monomer concentration, or (as suggested for the pH 9 analysis, see
Section4.1.]) noninformative experimental data.
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Figure4.3: Comparisorof Reactivity Ratio Estimates for AMPS/AAM/AAC
atlIS=1.2M,I1S=1.5M and 1.8 {{g) All Data and (b) Without the IS = 1.5 M Data)

Examining the point estimates and joint confidence regions for these reactivity ratios confirms that
there is substantial uncertainty for the IS = 1.5 M data. These long and narrow JCRs emphasize
the uncertainty associated withz, r1 and gs; since the error is associated with all three
comonomers, parameter estimates can likely be improved by eliminating the confounding
variables (that is, keeping pH and [M] constant during synthesis). If thetaintgmwere related
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to noninformative data or poor experimental desigme mightexpect the error to be more clearly
associated with one specific comonomer.

4.1.2.1Ternary Reactivity Ratios for Constant pH and [M]

The most likely cause for the error assteiawith IS = 1.5 M is the influence of changing pH and

[M]. Consideration of noftonstant variables is a necessary part of screening design analysis, but
it seems that some combinations of runs are more prone to error (that is, more influenced by non
congant variables) than others. Therefore, for improved reactivity ratio estimates at IS = 1.5 M,
two supplemental runs were added to the experimental docket:J20rendS11 (recallTable

3.1). Both runs are informed by the EVM design of experiments for ternary reactivity ratio
estimation and vary only in feed composition. The data from these runs camb@ed with the

data fromRun S1 for accurate ternary reactivity ratio estimation at IS = 1.5 M, pH 7 and [M] =
1.0 M. As an additional bonus, these runs are under similar conditions to previous work; Scott et
al. [80] have reported ternary reactivity ratios for AMPS/AAmM/AAc frolata collected at IS =

0.9 M, pH 7 and [M] = 1.0 M. Therefore, comparison of reactivity ratios can be performed for IS
=0.9Mand IS =1.5 M, all else being equal.

First, the data from Rurdl, S10 andS11 are revisitedo estimate reactivity ratios & E 1.5 M.

As before, full conversion data can be analyzed using the cumulative composition model. The
point estimates here are much more reasonable (compared to the IS = 1.5 M r@slitsb8)

and the JCR areas have decreased significantly~(geee4.4). This confirms that controlling IS,

pH ard [M] gives more reliable parameter estimates.

- - -Varying pH and [M]: AMPS/AAm
% (13.19,0.68)

- - -Varying pH and [M]: AMPS/AAc
x (0.48, 27.02)

- - -Varying pH and [M]: AAm/AAc
% (7.47,0.70)

——Constant pH and [M]: AMPS/AAm
® (2.66,0.39)

——Constant pH and [M]: AMPS/AAc
® (0.27, 1.54)

——Constant pH and [M]: AAm/AAc
® (1.27,0.39)

2.5

ri/j
Figure4.4: ReactivityRatio Estimates for AMPS/AAmM/AAc at IS =8LM;
Comparison of Results at Constant/VVarying pH and [M]
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Table4.4: lonic Strength (IS) Effects on TernaReactivityRatio Estimates
Varying and Constant pH and [M]

Experimental Conditions r2 r1 rs rs1 ros rs2
IS=15M 13.19 > 0.68 | 0.48 < 27.02| 7.47 > 0.70
5<pH<9

05M<[M]<15M
Data from Run #S1, S8, S9

IS=15M 266 > 039 | 027 < 154 | 1.27 > 0.39
pH=7
[M]=1.0M
Data from Run #S1, S10,S11
IS=09M 066 < 082|082 > 061 | 161 > 0.25
pH=7
[M]=1.0 M

Data from Scott et a]80]

Aside from the improved degree of confidence associated with the parameter estinsasso
possibleto compare ternary reactivity ratios at IS = 1.5 M (current S8l to IS = 0.9 M (Scott

et al.[80]), with constant pH and monomer concentratidms comparison, shown in the last two
rows of Table4.4, provides an interesting result: we see the same change in relationship for the
AMPS/AAmM and the AMPS/AAc comonomer pairs that was observed during the pH analysis
(recall the comparison between screening experiments and preliminary estimates irdSkedtion

The crossover behaviar observed for AMPS/AAmM and for AMPS/AAc between IS = 0.9 M and

IS = 1.5 M must be a result of changing ionic strendthgther variables are controlled. To find

the true crossver point (that is, the ionic strength at whigh * r21 and 3 = rs1), additional
experiments would need to be performed for 0.9 M < IS < 1.5 M at pH 7 and [M] = 1.0 M.
However, this result pr@s that ionic strength in this range can be manipulated to adjust these
reactivity ratios, thus improving control over the degree of incorporation of each comonomer in
the product terpolymer. Interestingly, only the comonomer pairs containing AMPS exb#st

over behaviar in this range. Therefore, it is only possible to manipulate relationships between
AMPS/AAmM and AMPS/AAc by adjusting ionic strength. Cras®r behaviar for the AAm/AAc
comonomer pair has not been observed under current conditidrisabeen observed for the
analogous AAm/AAc copolymer by Riahinezhad e{@&], Cabaness et §P7] and Rintoul and
Wandrey[99]. The crossover point varies slightly from study to study, but ranges from pH 3.77 to
pH 5. In all casesakm > raac abovethe crossover point, butam < raac in more acidic solutions.

It is unwise to make extensions directly from the copolymer case to the terpolymgg8jabet
terpolymer synthesis below pH 5 might reveal the AAmM/AAc css point. One could
conceivally manipulate both solution pH and IS to exploit this crogsr behaviar, in order to
influence reactivity ratio ranges for AMPS/AAmM/AACc terpolymerization.
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4.1.2.2Cumulative Terpolymer Composition

The change in reactivity ratio estimates (as ionic strength increases) can directly influence
cumulative terpolymer composition. As an example, refer to the final two rowabdé4.4; as

ionic strength increases, both mnd b3 decrease (from 0.82 to 0.39 and from 1.61 to 1.27,
respectively). Physically, this suggests that the likelihood of acrylamide incorporation decreases
as ionic strength increases; higher ionic strength (that is, more NaCl added) results in more charge
scresning, improving incorporation of the charged (acidic) monomers and reducing the
incorporation of the acrylamide monomer.

This observationcan be confirmeddy predicting cumulative terpolymer composition under
different experimental conditions. Given tarp reactivity ratio estimates and initial feed
compositions, the rast AlfreyGoldfinger model[57] can be usedo predict cumulative
terpolymer composition as a function of conversion. As seéfngure 4.5 andFigure 4.6, it is
possible tocompare the cumulative composition of different terpolyméraMPS/AAmM/AAC,

given reactivity ratios estimated at IS = 0.9 M and IS = 1.5 M. Experimentally speaking, pH and
[M] were controlled at 7 and 1.0 M, respectively. Therefore, any changes in composition are
primarily due to changes in ionic strength.

0.9 |
Sos. oo —IS=09M:F,\ oo
= B2 4o e —————— -5 & | |—IS=09MF,,
8 ° o ___--o-"" °o ¢ IS =09 M:F
2-0,7— _________ - T T T AAe
3 - -IS=15M:F,
<]_)0.6 o - -IS=15M:F,,
£ - -IS=15M:F,,
>
='0.5 - .
8 ® IS=09M:F, . (Exp)
S04l || = 18=09M:F,, (Exp)
Q o ¢ I1S=09M:F,, (Exp)
® 0.3 < o IS=15M:F, . (Exp)
E _____ o IS=15M:F,, (Exp)
=1 e 4
00'2 o o i il S o 6 0 0 o I8=15M:F,, (Exp)

e 0o n n el R
0.1 4 __’-L..._éi_.g____:_u__._u: _______ p.'_____u_n-g—‘
0_ L 1 1 L L -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Conversion

Figure 4.5: CumulativeComposition for AMPS&ich Terpolymer at IS=0.9Mand 1.5M

The predicted cumulative composition profiles (confirmed with experimental dafgure 4.5
reveal an important result. As ionic strength changes, the composition of the resulting terpolymer

changes substantially. For IS = 0.9 10, "O , but for IS = 1.5 M]O "O . This
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agrees with whawvasobserved when evaluating the reactivity ratios: higher ionic strength creates
charge screening, reducing repulsion of the charged acrylic acid monomers. Therefore, an
increased acrylic acid incorporation andexreased acrylamide incorporation is visible. This is
especially obvious for the AMR&ch polymer, as the EVMbased design of experiments dictates

an initial feed composition dhwvps,ofaam,offaac,o = 0.8/0.1/0.1. An equimolar concentration for
AAmM andAAc (at least initially) emphasizes the fact that solution properties affect the degree of
incorporation of each comonomer.

To confirm that the increased ionic strength is reducing the acrylamide content in the product
terpolymer,it is also possible t@xamine the acrylamidach terpolymer recipe. As shown in
Figure4.6, the cumulative mole fraction of AAm in the product terpolymer is significantlycestiu

at IS = 1.5 M, especially at low conversion. Since high acrylamide content and minimal
composition drift are both desirable properties for the EOR application, solutions with lower ionic
strength (IS = 0.9 M) seem like the more promising candida®yfahesizing AMPS/AAM/AAC
terpolymers specifically for EOR.
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Figure4.6: Cunulative Composition for AAmrich Terpolymer at IS=0.9Mand 1.5 M

Before concluthg the discussion about the effect of ionic strength on cumulative terpolymer
composition,a brief comment omazeotropyis in order In this case, the ternary reactivity ratios
estimated for IS = 0.9 M do not exhibit an azeotrope. However, those estimat8d=fd..5 M
exhibit azeotropic behavimb at famps, ofaam.offaac,o0 = 0.26/0.35/0.39. This further emphasizes the
customization potential for AMPS/AAM/AAc as mdrdormation is obtainedbout the solution
effects on polymerization kinetics.
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4.1.2.3Terpolymer Micostructure

Terpolymer microstructure, an important property for customization of materials (as explained in
Section2.1.2.9), is only discussed adanction of ionic strength hereiiventwo data sets where

all solution conditions (pH, IS and [M]) atke samé€prior work from Scott et a[80] and Runs

S1, S10, S11 from the current studyl]), it is possible taconsider terpolymer microstructure at

IS =0.9 M and 1.5 M more consistently.

The instantaneous triad fractioase calculatedor demonstration and in order to get a general
understanding about the system. This involves using all possible initiatdegabsitions (0 €0
<1;B "Q p)and relevant reactivity ratios to calculate 18 possible triad fractions (recall
Equation2.4 to 2.6 and2.10to 2.15). As explained previously, 6 triads are centered around each
monomer; the full list of triads is shown Trable4.5.

Since AMPS/AAmM/AAc terpolymerare being investigatddr enhanced oil recovery, the material
should be acrylamiddch with an equal distribution of anionic charges, as per referdB2es

118]. Therefore, given the triad fractions shownTiable 4.5, the goal is to minimizéblockyd
homopolymer sections (highlighted in red) and to simultaneously maximize alternating behaviour
for acidic (charged) comonomers. For the analysisan ke assumd that AMPS and AAc are

both fully dissociated (which is true for any pH > 5), so they both contribute to the desired charge
density. Therefore, any triad fraction for which AMPS or AAc alternates with AAm is desirable;
these fractions (the sum which is to be maximized) are highlighted in greefatle4.5.

Table4.5: PossibleTriad Fractions for the AMPS/AAM/AAC Terpolymer

AMPS (1) centered | AAm (2)-centered AAc (3)-centered
Ainn A2z Asz3
A212 A121 A1z
Aszis Aszs A232
A112+211 A221+122 As31+133
A113+311 A223+322 Asz32+233
A213+312 A123+321 A132+231

To better visualize the instantaneous triad fractions, the likelihodoladkybsections occurring

in the polymer chairan be plotte@s a function of initial feed composition. This is achieved by
summing theA111, Ax2andAasszs triad fractions at all feed compositions. Since the triad fractions
can bepredicted using reactivity ratios, the same analysis was completed using reactivity ratios
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estimated from data at IS =0.9 M and at IS = 1.5 M (r@eddle4.4). The results for both analyses
are presented iRigure4.7.

As expected, the mosgblockyd behaviaur is exhibited for homopolymer$a(ips,ofaam,offaac,o =
1.0/0.0/0.0, 0.0/1.0/0.0, 0.0/0.0/1.0). The minimum changes somewthat iasiic strengtishifts
from IS = 0.9 M to IS = 1.5 M, but the general trends are the same. In thighemdesire to
synthesize a terpolymer arttie desire to minimizedlockyd behaviar align: the dlockyd
behaviar decreases as we move towards the center of the composition diagram.
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Design-Expert® Software
Component Coding: Actual
HOMO

1
0.191134

(b)

Design-Expert® Software
Component Coding: Actual
HOMO

1
0.14951

B: AAm C: AAc

Figure4.7: Prediction of InstantaneodBlockydTriad Fractions at IS = (a) 0.9 M and (b) 1.5 M
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The charge distribution along the polymer backb@neonsidered nextUsing Design Expert
software,it is possible taninimize thedlockybtriad fractions and maximize the desirable triad
fractions (thatis, those with alternating behaviour of charged comonomers) simultaneously.
Additional composition constraints were addedfal® 0. 1) t o ensure that
were, in fact, terpolymers. For both IS = 0.9 M and IS = 1.5 M, several si@iost. Some feed
compositions predict fewéblockybfractions, others predict more alternating ion behaviBoth
requirements are equally weighted for the curséundy, but more tailoring is possible. The results

of both optimizations are presentedlable4.6 andFigure4.8.

Table4.6: OptimizedTriad Fractions for Enhanced Oil Recovery
(a) Given Reactivity Ratios Estimated at IS=0.9M,pH 7 and [M]=1.0 M

Solution # | fampso | faamo faac,0 (Blpgkyo Chargg D.ISt' Desirability
(to minimize) | (to maximize)
1 0.209 0.691 0.100 0.487 1.420 0.569
2 0.100 0.750 0.150 0.603 1.508 0.536
3 0.400 0.500 0.100 0.323 1.154 0.490
4 0.500 0.400 0.100 0.305 1.039 0.403
5 0.539 0.100 0.361 0.286 0.890 0.238
6 0.100 0.100 0.800 0.386 0.854 0.159
(b) Given Reactivity Ratios Estimated at IS=1.5M, pH 7 and [M]=1.0 M
Solution # | fampso faam,o faac0 CBIP(?kYO Chargg D.ISt' Desirability
(to minimize) | (to maximize)
1 0.412 0.459 0.129 0.255 1.100 0.521
2 0.400 0.500 0.100 0.301 1.125 0.520
3 0.500 0.400 0.100 0.330 1.121 0.507
4 0.637 0.100 0.263 0.217 0.980 0.448
5 0.100 0.800 0.100 0.521 1.139 0.437

According to the low ionic strength resultsTiable4.6a (S = 0.9 M, pH 7 and [M] = 1.0 M), the
desirability function is maximized fdamps,ofaam,o/faaco = 0.209/0.691/0.100. This result also
aligns withthe desireto use an AAnrich terpolymer; AAmrich copolymers (with AAc) have

been successfully employed for enhanced oil recojkty]. Alternatively, Solutions 2 and 3
(again fromTable4.6a) also show promise. The exercise predicts that Solution 2 will have more
blocky behaviar, but improved charge distribution over Solution 1. In contrast, Solution 3 has
less blocky triad fractions, but the negative aspectsh@déower AAm content and the poorer
charge distribution. Solutions 4 through 6 are not considered further, as the AAm content is likely
too low for the EOR application.
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The high ionic strength results irable4.6b (IS = 1.5 M, pH 7 and [M] = 1.0 M) show lower
desirability values for the top two solutions (compared to the IS = 0.9 M results). In general, the
reactivity ratios estimated at higher IS potdess dlockyod triad fractions, but the charge
distribution is not as good. This is likely due to the lower acrylamide content, both from a feed
composition and an incorporation perspective (as shown in Sdcticghd. Along the same line,

most optimal feed compositions irable 4.6b have lowfaam,0, Which is not ideal for the EOR
application. Given the optimized recipes, Solution 5 has the highest (therefore most desirable)
AAm fraction, but the overall desirability is lower than for the optimal terpolymerizations at IS =
0.9 M.
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Figure4.8: Optimizedinstantaneous Triad Fractions for Enhanced Oil Recovery at (a) IS=0.9 M a
IS =1.5 M (A =famps,a B =faama C =faac9
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As mentioned earlier, these instantaneous triadtifnas were used to demonstrate the basic
principles. Now, the cumulative terpolymer compositiazan be predictecs a function of
conversion, given the most desirable feed compositions frabie 4.6. The most promising
optimal recipes are examined for both IS = 0.9 M (Solutions 1, 2 andiébtd4.6a) and IS = 1.5

M (Solutions 1, 2 and 5 dfable4.6b); corresponding cumulative terpolymer composition profiles
are shown irFigure4.9.

In Figure4.9a, all three feed compositions exhibit minimal composition drift. Therefore, along
with composition, terpolymer triad fractions should remain relatively constant throughout
conversion. As per previous EOR studies (for AAmM/AAc copolymers), preferenceeis v
materials with higher acrylamide contg¢8®2, 117]. Therefore, Solution 1 or Solution 2 B&ble

4.6a seem the most promising for future EOR tegstin

In Figure 4.9b, the three optimal feed compositions exhibit more composition drift. This is in
agreement with earlier results (redaijure 4.5 andFigure4.6) but is not a desirable property for

this application. Solutions 1 and ogm Table 4.6b) give similar results, but both end up being

rich in AMPS. The most viable option at high ionic strength is Solutidavedo/faam.o/faac,o =
0.100/0.800/0.100), since AAm is present in the highest proportion. However, as evidenced in
Section4.1.2.2 the high ionic strength limitAAm incorporation, and therefore the low ionic
strengthformulationis the better option.
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Figure4.9: CumulativeTerpolymer Composition Predictions fra@ptimized Triad Fractions
at(@)IS=0.9Mand (b)IS=15M

In the next step of thignhanced oil recovery stydthe most promising materialsill be
synthesized from acrylamietich recipes at IS = 0.9 Maups,ofaam,o/faac,o = 0.209/0.691/0.100
and 0.100/0.750/0.150)These areinvestigated drther in what follows; the experimental
methodology has been described in Secdi@?2and the results are discussed in Secti@n

4.1.3 Effect of Monomer Concentration

In Section2.4.3 the effect of monomer concentration on terpolymerization kinetics was discussed.
For related copolymer systems, monomer concentration has an impact on reactivi{f3a86s

99]. This islikely due to the change in monomer concentration influencing the ionic strength;
higher monomer concentration results in a higher concentration of charged monomers, thereby
influencing the ionic strength and associated charge effects described previously.

Again, in this case, reactivity raiareestimaté (for the sake of completenesajd properties
thatareexpecedto be more affected by [Mjhamely molecular weight averageare evaluated

Table4.7: [M] Effects on Ternary Reactivity Ratio Estimates for AMPS/AAM/AAG/ML/M3)

M] Data from Run # ri2 ro1 ris ra1 r23 r32
05M A, S6, SO 1.05 0.65 0.30 1.14 1.81 0.54
1.0M S1,S2,S7 1.26 0.56 0.27 1.82 2.45 0.50
15M S3,S5,S8 1.06 0.56 0.44 0.94 1.19 0.47
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In Table4.7 andFigure4.10, there areo obvious trends visible; the reactivity ratios do not tend

in a particular direction as monomer concentration increases. Many of the reactivity ratio estimates
are similar at different [M] levels (at least for the range and conditions considered), especially the
AMPS/AAmM comonomer pair {¢ and b1 estimates). Agliscussed in Sectiod.1.], reactivity

ratios associated with acrylic acid seem to have more variability. Again, this may be because the
incorporation of acidic commmmers (especially AAc) is more affected by changes in the pre
polymerization solution.
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Figure4.10: Comparisorof Reactivity Ratio Estimates for AMPS/AAM/AAC
at[M]=0.5M, 1.0 Mand 1.5 M

As shown inFigure4.10, some overlap exists among JCRs for each comonomer pair. In the same
way as for the pH effect estimatésdqure4.1) and the IS effect estimatdsigure4.3), one set of

JCRs is much larger than the otlwo. In this case, the reactivity ratio estimates obtained from
data at [M] = 1.0 M show the most uncertainty, especiallyifors1 and ps. Interestingly, the rum

used for estimation are Rufd, S2, andS7 (seeTable4.7, and refer torable 3.1 for detailed
experimental conditions). Therefore, moommon denominatérexists between the three
estimations that exhibited higher error. Uncertainty is most likely related to the confaifedxsl

of pH, ionic strength and monomer concentration.
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4.1.3.1Terpolymer Molecular Weights

Finally, the peak average molecular weights)(of all trials are examinedSamples at similar
conversion levels (~30%) were selected for analysis, which ensures that any variation in molecular
weight is a result of synthesis conditions. Again, the polymer samples are influenced by varying
pH, ionic strength and monomer concetton. The results are categorized by feed composition
and are presented igure4.11.
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Figure4.11: Effect of Monomer Composition on Peak Average Molecular Weights for
fAMPSdeAm,O/fAAc,O = (a)0.8/0.1/0.1, (b) 0.1/0.2/0.7 and (C) 0.1/0.8/0.1

As mentioned in Sectiof.2.1 the initiator concentration was adjusted alongside the monomer

concentration to ensure thatconstant [M]/[I}"? ratio was maintained. This made it possible to
targetmolecular weight averag that are desirable for enhanced oil recovery (on the ordef of 10
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g/mol). The effect of [M] orD is so significant that it is visible despite other confounding

variables; even as pH and IS vathere is still alear increase il p as [M] increases for all three
feed compositiongHjgure4.11).

It is also interesting to observe the effect of feed compositian o he acrylamid-rich system
(Figure 4.11c) exhibits the highest molecular weight averages of the three optimal terpolymer
recipes, at least for the experimental canda and conversion levels studied. As discussed earlier,
high molecular weights are desirable for the enhanced oil recovery application; once again, the
acrylamiderich material is a promising candidate for EOR.

4.1.4 Effect of High NaCl Content

Due to théhigh ionic strength (and necessarily high salt content), we observed that sodium chloride
remained present in the polymer samples at an approximate 1:1 ratio with acrylamide. This was
initially deduced from elemental analysis results and uncharactehsticiglh conversion
measurements, anslbsequentlyndependently confirmed for select samples via inductively
coupled plasmamissionspectrometry (ICP).

4.1.4.1Conversion as an Indicator

For the AMPS/AAM/AAc screening experiments, tthewo level of ionic strength (IS) was
necessarily 1.2 M. In run S5, a total monomer concentration of 1.5 M and full dissociation of the
acidic comonomers give an ionic strength of 1.2 M before any NaCl is added to the recipe. This
imposes a relatively high rga of ionic strength levels, and in some cases a large amount of NaCl
was added to the pylymerization solution to adjust the ionic strength. The mass of NaCl added
to each screening experiment is showiable4.8.

Table4.8: NaCl Addition for the AMPS/AAmM/AAc Terpolymerization Screening Design

Run # pH IS [M] Feed Composition NaCl Added (g)
(famps,off aam,o/f aac,0)
S1 7 15M 1.0M 0.1/0.2/0.7 8.20
S2 5 1.2M 1.0M 0.8/0.1/0.1 3.69
S3 7 1.8M 15M 0.8/0.1/0.1 5.23
S4 7 1.2M 05M 0.1/0.8/0.1 12.85
S5 9 1.2M 15M 0.1/0.2/0.7 0.00
S6 5 1.8M 05M 0.1/0.2/0.7 16.92
S7 9 1.8M 1.0M 0.1/0.8/0.1 18.70
S8 5 15M 15M 0.1/0.8/0.1 14.26
S9 9 15M 05M 0.8/0.1/0.1 12.27
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The mass of NaCl required is not only influenced by the desired ionic strength, but also by the
ionic contributions of acidic comonomers in the monomer feed. Since both AMPS and AAc
dissociate, they both contribute to the ionic strength of goplemerizdion solution. Therefore,

in general, less salt needs to be added to increase the IS to a target value. In Aémntrast)

recipes rely more on NaCl addition to increase the IS to the desired value. This is evidenced in
Table4.8: the average NaCl added for AM#PiSh and AAcrich recipes are 7.06 g and 8.37 ¢
respectively, whereas the average NaCl added to-fAéimrecipes is 15.27 g.

A sideeffect of this high salt content (especially for the A#ich recipes) became cleahenthe
conversiorevelsof polymer sampleseremeasureas a function of time; conversion levels were
consistently higher than 100%. Run S7, for example, whashtine highest mass of NaCl added,
plateaued at a conversion level of 150% (B&pire4.12). This conversion vs. time profile is
contrasted with an equalent run from Scott et aJ80]; both had an initial feed composition of
famps,dfaam,offaac,o = 0.1/0.8/0.1 and a total monomer concentration of 1.0okic strengthrand

pH varied from run to run, but these factors generally have a minor effect orattheof
polymerization.
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Figure4.12 Effect of High NaCl Content on the Conversion Level of AMPS/AAM/AAc
(famps.dfaamoffaaco = 0.1/0.8/0.1 and [M] = 1.0 M); with data from Scettal.[80]

This behaviour, which was also observed for S8 and S11, was the first indication that the mass of
NaCl was affecting the final mass (and subsequently, the measured conversion) of acinytamide
polymers.

To selectively troubleshoot this unusually higimeersion, several additional runs were performed

for polyacrylamide homopolymers (PAAm). The experimental conditions were selected such that
the NaOH and NaCl addition varied accordind@ &ble4.9, and the monomer concentration was
consistently 1.0 M. pH control proved to be much more challenging for the PAAm homopolymer
than for the terpolymers. Despite the fact that no acidic monomegespresent, the initiatod (, - 4 Nj
azobis-(4-cyanovaleric acid), ACVAreduced the prpolymerization solution to pH 3. With and
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without the addition oNaCl, a pH acreasavas observethroughout thesolution preparatioh
stage for each recipe. Alsonee little or no sodium hydroxide was included in the recipe,
dissolution of ACVA took much longer than it did in standard terpolymerization syntheses.
Therefore, in some casesiime Msample was analyzed to check for premature polymerization.

Table4.9: PAAm Salt Study Experiments

Run# | NaOH | NaCl pH IS
PAAM1 3 0.0M
PAAM?2 n 0.0M
PAAM3 n n 1.8 M
PAAMA4 n n 11 1.8M
PAAmM5 n 3 1.8M

Finally, it is important to note that PAAnguld not be fully evaluated he addition of ACVA
brought the solution to pH 3, but after three hours of miximgsiblids had not dissolved (see
Figure4.13; these solutions are normally transparent and colourless). Therefore, this combination
of pH and ionic strength was not suitable for the terpolymerization of PAAmM.

~100==1

—

No. 1000 1 f:“ :

Figure4.13: Poor Dissolutiorof Solids in PAAM5

A comparison of conversion vs. time profiles for PAAm with and without NaOH and/or NacCl
confirms whawasobserved during the screening experiments (réaglire4.12). In Figure4.14,

both experiments that were performed without NaCl (PAAmM1 and PAAmM?2) plateaued at 100%.
The two profiles are similar, which suggests that the NaOH addition (and, by extension, the
solution pH)doesnot affect the rate of polymerization or the mass of the product polymer. This is
as expedd as the screening experiments indicated that the incorporation of AAm was less
affected by pH (compared to AMPS and AAc).
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In contrast, both experiments that had NaCl added to the recipe showed almost 200% conversion.
The change in pH (between PAAM3 and PAAmM4) may have had a slight effect on the rate of
polymerization, but themportant observatiohereis the extraordinarilyhigh conversion values.

This validates the high conversitgvels calculate@arlier;thisis in fact due to the combination

of acrylamide and high NaCl. Since conversion levels are almost etaictythe expected values

(and NaCl and AAm have similar fezular weights), the most likely explanation is that NaCl is
incorporating at a 1:1 molar ratio with acrylamide through a weak physical bond.
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z 100 O
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(@) APAAm4 (NaOH and NaCl; pH 11)
e
0 ©
0 50 100 150 200
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Figure4.14: Effect of High NaCl Content on the Conversicvel of PAAm at [M] =1.0 M
If the mass of each sampkenumerically adjustetb include NaCl mass (on a 1:1 molar basis),

45.1wt% of each sample is NaCl and the remainder is PAAmM. This effectively reduces the
conversion values by a half, providing muabre reasonable results as showRigure4.15.
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Figure4.15: Conversion Level Adjustment (NaClonsideration) for PAAm at [M] = 1.0 M

For now, this i©only a numerical adjustment, but the implications are promising. In what follows,
the salt retention assumptisrasconfirmedby looking at the polymer composition. However, as
a preliminary check,hie S7 profile shown irFFigure 4.12 can be revisitedUsing the feed
composition (80 mol% AAm in this case) as a rough approximaitias possible tadivide the
total sample mass into polymer and NaCl contributi@asnpleconversiorcalculations for rurs7

are shown irAppendix G SectionC.1

As shown in Equatiof.6, the NaCl adjustment gives a calculated conversion of 98.9%/fb0

(Sample 10 from Run S77Jhis result is much more reasonablethane fical cul ati on
153.5% conversion, whichag shown irFigure4.12. Therefore, taking salt incorporation into
account seems reasonable based on these results. The final step, which is typital of
AMPS/AAmM/AAcC terpolymerization analyses, is to consider the additionahiNas that is bound

to dissociated AMPS and AAc comonomers (where theidt#s are present from titration with
NaOH; the NaAMPS and NaAAc comonomers are incorporated into tbagir@rpolymer)84].

The detailed calculations for Naontent are presented Appendix C(specifically Equation

C.14). For now, sufficeit to say that the presence of ‘Narther (slightly) decreases the total
polymer mass, thus decreasing the calculated conversion. The updated conversion vs. time profile
for RunS7 is provided irFigure4.16, and similar behavio was seen once the same numerical
adjustments were made for other screening runs.
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Figure4.16. High NaCl MassAdjustment for the Conversion of AMPSAM/AAC (fawes,dfaam.offaaco =
0.1/0.8/0.1 and [M] = 1.0 M); with data from Scott et[@0]

4.1.4.2Composition as an Indicator

Next, the sample compositiavas investigate@measured through elemental analyd\trogen,

carbon, hydrogen and sulfur can be measured, which means that the fraction of any additional
expected elements (like oxygen, sodium, etc.) must be inferred. Typically, if the contslmftion
additional elementsare estimatedusing stoichiometry, the elemental contributions of all
components sum to ~100%. Take, for examlen S5, where no NaCl was added to the recipe
results and sample calculations are showiyppendix G SectionC.2

As shown inTableC.1, thesum of elements is almost exactly 10@80all S5 samplesHowever,

for the acrylamideich copolymers with high NaCl addition, this was not the cAsaliscussed
previously, Run S7 had 18.70 g NaCl added to the recipe prior to polymerization. In following the
same calculations describ&m Run S5 (in Appendix G SectionC.2), the results offable4.10

were obtained.
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Table4.10: Analysis of Elemental Contributions fRunS7

wit% N wit% C wt% H wit% S wt% O wt% O wt% Na | Total

(polymer) (H20) wt%
ST7-2 8.00 26.27 4.02 2.51 14.61 3.36 3.03| 61.80
S7-3 7.37 24.66 3.74 2.75 13.94 2.80 298| 58.24
S74 7.16 23.58 3.55 2.36 13.15 2.50 2.73| 55.03
S7-5 5.83 19.73 2.92 2.11 11.21 1.75 251 46.07
S7-6 5.04 17.08 2.51 1.95 9.74 1.36 2.16| 39.84
ST-7 571 19.26 2.83 2.18 10.95 1.50 2.40| 44.83
S7-8 5.90 19.60 2.91 2.09 11.01 1.74 2.32| 4557
S7-9 5.72 19.15 2.94 2.06 10.81 2.52 2.34| 4554
S7-10 7.99 26.09 3.95 2.45 14.45 2.99 2.95| 60.86

Looking at the elemental contributions for samgtesn RunS?7, it is only possibleto account for

between 40% and 62% of the total mass of each sample. This confirms (as suspected) that there is

something else present in the sample, namely residual NaCl. As described ieademmsthat
NacCl is incorporating at a 1:1 molar ratio wibrylamide through a weak physical bomdking

this into accountncreases the total elemental contributions to more reasonable values (that is,

closer to 100%, as was the caseRanS5 inTableC.1). The evidence is provided irable4.11.

Table4.11: AdjustedAnalysis of Elemental Contributions for S7

wit% g polymer in g NaCl total g wt% NaCl Total (adjusted)
polymer sample in sample sample wt%

S7-2 61.80 0.2054 0.1132 0.3186 35.54 97.35
S7-3 58.24 0.4788 0.2640 0.7428 35.54 93.78
S7-4 55.03 0.7575 0.4176 1.1751 35.54 90.57
S7-5 46.07 1.0808 0.5960 1.6768 35.54 81.61
S7-6 39.84 1.4317 0.7894 2.2211 35.54 75.38
S7-7 44.83 1.7025 0.9388 2.6413 35.54 80.37
S7-8 45.57 1.5520 0.8558 2.4078 35.54 81.11
S7-9 45.54 1.6694 0.9205 2.5899 35.54 81.08
S7-10 60.86 1.8502 1.0201 2.8703 35.54 96.40

Finally, the residual NaCl content was confirmed with select samples using inductivplgdtou
plasma emission spectrome{Prodigy radial ICPFOES by Teledyndeeman). Samples were run

in triplicate, and the results from 8D analysis are shown Trable4.12.
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Table4.12: Analysis of ICP Results for SI0

prepared measured wt% wt% Na+ ions | wt% Na wt% ClI wit%
sample Na conc. total Na (calculated,; in from NacCl
conc. (ppm) (ppm) bound to acidic | residual | residual
comonomers) NacCl NacCl
1 9694.51 1,715.87 17.70 2.95 14.75 22.74 37.49
2 9694.51 1,686.32 17.39 2.95 14.44 22.27 36.72
3 9694.51 1,686.67 17.40 2.95 14.45 22.28 36.73

In Table4.12, the wt% total Na is the ratio between the measured Na concentration and the
prepared (calculated) sample concentration. This total Na measurement includes the Na+ ions
bound to acidic comonomers (calculated using elemental analysis and stoichiometcy ssed
previously;seeEquationC.14). Since any additional Na mass is assumed to be from residual NaCl

in the sampleit is straightforward t@alculate the total wt%laCl in sample S10. The results of
Table4.12 are in good agreement with each other and are reasonably close to the estimated 35.54
wt% shown inTable4.11. This further confirms that NaCl incorporates with acrylamide at a 1:1
molar ratio.

4.1.5 Concluding Remarks on Terpolymerization Screening Experiments

A series of nineterpolymerization experiments (from a definitive screening design) and two
complementary experimentsTdble 3.1) has provideda wealth of information about the
terpolymerization kinetics of-acrylamide2-methylpropane sulfonic acid (AMPS), acrylamide
(AAm) and acrylic acid (AAc). Solution pH, ionic strength and monomer concentration can all be
used to influence the properties of theutésg terpolymer, which ultimately assists with the
design of custom materials for enhanced oil recovery and other applications.

Al t hough no cl ear correlation was observed be
o 9), p ar a messuksrsuggest that the indorponation of acidic comonomers (AMPS
and AAc) is affected by pH. More importantly, comparing these parameter estimates to prior work
by Scott et al[80] revealed crossver behaviar for both AMPS/AAm and AMPS/AAc
comonomer pas. Since all estimates compared were from experiments at pH 7, other solution
effects were explored in more detail.

lonic strength(1S) proved to have the greatest influence on reactivity ratios for the range studied.
The two complementary runs confirmitht crossover behaviar exists between IS = 0.9 M and

IS = 1.5 M for AMPSbased reactivity ratios:gand p1; rizand 1) at pH 7 and [M] = 1.0 M. This

shift in reactivity ratios has significant potential for tailoring AMPS/AAM/AAc terpolymer
propertes. With the enhanced oil recovery application in mind, synthesis at the lower ionic
strength (0.9 M) is more desirable, as it allows for increased AAm incorporation and a more
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desirable microstructure. Analysis of terpolymer microstructure suggesth¢hailowing feed
compositions may be of interest for EGRips,ofaam,o/faac,0 = 0.220.69/0.10 and @0/0.730.15.

Finally, monomer concentration had a minor influence on reactivity ratio estimates but had a
visible impact on molecular weight averagesen when other factors were varied). All samples
had peak average molecular weights on the order ©§/hol, but average molecular weights
increased with increasing [M] for all feed compositions. This is as expecteg&lymerization
theory, but thee trends provide good experimental confirmation nonetheless.

4.2 Optimally Designed Experiments
4.2.1 Justification of Experimental Conditions

It has beemstablished that the polymerization kinetics of AMPS/AAmM/AAc are largely dependent
on feed/recipe operatingonditions (environment solution propertieR)is therefore dtical to
monitor and/or controthe ionic strength, pH, monomer concentration and feed composition of
each terpolymer formulatiof81]. These variablesanimpact the rate of polymerizatiothe
degree of incorporation of each comonomer into thgolymer product the polymer
microstructureand the molecular weight distribution

Therefore,at this stage of the investigatioryery effort was made so that tterpolymersbe
synthesized witltonsistent formulationdn an attempt to synthesize materials that would have
desirable properties for the enhanced oil recovery application, the experimental conditions selected
were informed by the results of Sectibi.

The selected pH (at which synthesis occurred) for the optimally designed experiments was pH 7.
As described in the screening experiments study (Settiofy, no clear correlation between pH

and reactivity ratio estimates was observed for the range of pH 5 to pH 9. However, since acidic
comonomers seem to bffected by changes in pH, it is still important to select a pH for synthesis
and adjust the prpolymerization solution accordingly. A solution pH of 7 was selebie
because the condition is moderate (neutral) and because it allows for a diresipaxséprior

work (especially the ionic strength study in Secdoh.2.). In Sectiord.1, reactivity ratios were
generally estimated in a relative way, since experimental conditions were varied (as mentioned
earlier, this is the nature of a screening design of experiments). Therefore, treaotilyty ratio
estimates that came used witlconfiderce (for prediction purposes) are from experimental data
with constant (and carefully controlled) experimental conditions; this is the case for the reactivity
ratios inTable4.4. In both cases where reactivity ratare availablédor AMPS/AAM/AAc under
constant experimental conditions, the formulatiomith pH 7.Thus the predictions that aleing

usedto informthese optimally designed experimecds only be guarantedéar new formulations
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that are alsat pH 7, sodium hydroxide solutions were used to adjust the pH of eptimal
formulation to approximately 7 (£0.5)

The optimal ionic strength (for the rangieconditions studied thus far) wésind to bed.9 M. As
observed irthe previous section (specificalfygure 4.5 andFigure4.6), lower ionic strength (IS)
promotes the increased incorporation of acrylamide. Gikreknowledge that high acrylamide
content is desirable for the application, the lowel&l (0.9 M) is more suitable for the synthesis
of AMPS/AAM/AAc terpolymersfor EOR Therefore, sodium chloride was added to each
formulation to achieve IS = 0.9 Mince the required NaCl mass (added to each formulation) was
more than 5 g, adjustments tagh NaCl content were taken into account (as per Settiod).

In Section4.1.3 monomer concentrationald a limited impact on the reactivity ratios. By
association, the terpolymer composition and microstructure were also minimally affected.
However, as expected from polynzationkinetics, ncreasing the monomer concentration led to
increased molecular weight averages. As discussed previously (S&cti@), polymeric
materials with fgh molecular weights (on the order of®1§mol) are desirable for the EOR
application, so a total monomer concentration of 1.5 M was used for each formulation. As before,
the [MJ/[]¥? ratio was maintained, so 0.009 M initiattkCVA) was used for the mimally
designed experimen{see agairsection3.2). The [M] = 1.5 M conditiorwas selected because it

was the highest level thdtad beenused inour preliminary studies, but higher monomer
concentrations may be possible. That said, it imgbymportant to take experimental limitations

into account; even at [M] = 1.5 M, some of the screening runs exhibited premature polymerization,
as the titration of a strong acid like AMPS releases considerable heat and catakidtke
polymerization.Viscosity effects may also play a role at higher monomer concentration, but this
has not been considered in great detalil.

Finally, wo optimal feed compositions (both rich in acrylamide) were selected to allow for the

most desirable terpolymer microstructure, as predicted by the recently determined reactivity ratios

[81]. The results ofSection4.1.2.3established thabptimal terpolymers for EOR would have

mi ni mal O0bl ockyé sections and that the- charg
distributed along the backbone. Givesactivity ratio estimates for the terpolymerization of
AMPS/AAM/AAc at pH 7, 1S =0.9 M and [M] = 1.0 M (nearly the same as the current conditions,

with the exceptio of the monomer concentration), the triad fraction mqadetliction,and the

cumulative terpolymer composition predictiorihe optimal feed compositions (from Design

Expert software) arbwps,ofaam,o/faac,o = 0.21/0.69/0.10 and 0.10/0.75/0.15.

Thus, optimally designed terpolymers of AMPS/AAmM/AAc were synthesized as described in
Section3.2.2 The product terpolymers were fully characterized (so thapdymer properties

and the applicatiospecificbehaviourare well understood),na the results are presented in the
following sections.
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4.2.2 Investigation of Polymer Properties

Severalproperties investigated hémeare the same characteristics thesefor the screening
experiments: namely conversion, composition and molecular weggdll Sectiord.1). In this

case, consistency gblymerproperties (that igyjoodexperimentateproducibility) is extremely
important, since several samples must be combined for the applispgaific chareterization

for EOR. As described in Sectidh4.2 and Appendix C (Section C.6at least 5 grams of
polymeric material are needed for a single testthe polymer product from several vials (or,
potentially, from several independent syntheses) must be amalgamated. Therefore, uniform
properties are essential for the application.

For both optimal formulations described irable 3.2, genuine replication was carefully
incorporated into the synthesis and subsequent characterization. At the synthesis stage, Optl and
Opt1R (bothof the same formulation) we synthesized from two unique (independently prepared)
monomer stock solutions. Similarly, Opt2 and Opt2R were from independently preparecher

stock solutionsand Opt2RB was synthesized from the same stock solution as Opt2R. Thus,
reproducibilitybetveen stock solutions (with the same target formulation) and repeatability within

a given stock solution (using the same concentrated solution for two separate synthesis procedures)
have been considerelth addition, characterization replicategre performed for theevaluation

of terpolymerproperties described in what follows.merarchical design study (related to these

two optimal terpolymers and molecular weight analysis) is currently in progiepart of training

a senior undergraduate studenttf@ir individual research project

4.2.2.1Gravimetry

As shown inFigure4.17, both optimally designed experiments (shown in part (a) and (b) of the
figure) exhibit similar polymerization rates. This is as expected, since influential reaction
conditions are similar bewen the two formulations. lonic strength and monomer concentration,
known to affect the rate of polymerizati{84], are the same between the two formulations. Also,
although the feed composition varies for these two formulations, both terpolymers aire rich
acrylamide. Therefore, the similarity of the two conversion profiles confirms that the syntheses are
behaving as anticipated.

In both casessamples have reached full conversion aft8® minutesof reaction time. As
described previously, conversioalues were adjusted to take the high salt corfeard residual

salt in the product polymemto accountHowever, in this case, assuming that NaCl incorporated

at a 1:1 molar ratio with acrylamide was unfounded, since there was not enough salt added to the
system in the prpolymerization step. Data analysis and evaluation of conversion and composition
(elerrental contributions) indicate that NaCl does still incorporate, butthieatatio at which it
incorporates is approximately 0.4 mol NaCl to 1.0 mol AARmOptl and 0.5 mol NaCl to 1.0
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mol AAm for Opt2 It seems that incorporation at a 1:1 ratio occuresmdnough salt is present in

the systenfthat is, when the moles of NaCl outhumber the moles of acrylanwdegn NaCl is
limited, it incorporates to the extent possible. Therefore, numerical adjustment (or additional
sample purification) is required totalin reasonable conversion levels (below 100%) and to ensure
that all sample mass is accounted for (in terms of elemental contribublmts)that in this case,

not all samples were characterized using elemental analysis (which is required to adyast for
content as it relates to the acidic comonomers; see S&8drand Appendix C (Section C)?)

so only the NaCl correction is applied herdfrthe adjustmentveremade for the Na content, all
conversion valuegould fall below 100%.
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Figure4.17: Repeatability of Gravimetric Results for Optimal Terpolymé&s;s,ofaam,offaac,o =
(a) 0.21/0.69/0.10 and (b) 0.10/0.75/0.15

Most samples for both formulations were taken after 90 minutes. This was primarily so that there
would be sufficient polymeric material (with nearly identical properties) for subsequent testing.
The enhanced oil recovetgsts, especially, require large quantities of polymer samples. Having

several sampletakenat the same tim@terval also provides additional data for repeatability
analysis.

Samples werealso collected at lower and higher sampling times (that is, foam higher
conversiorevelg to obtainan improved understanding of the conversion effects on other material
properties (namelycomposition drift and changes in molecular weight averages). For both
formulations, the replicate runs were consistent wiéhoriginal runs in terms of conversion, and
the trajectories were as expectdthese gravimetry results indicate that the terpolymerization

process is consistent through several independgnthesisreplicates,and that additional
characterizatiostepscan be pursued
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4.2.2.2Cumulative Terpolymer Composition

The cumulative terpolymer compositions for both optimal formulations were predicted from
previously estimateternaryreactivity ratios (recalFigure4.9a) [80, 81]. Given these predictions,

the terpolymersare expected tbe rich in acrylamide antb exhibit minimal composition drift
throughout conversion. To confirm the cumulatteepolymercomposition (and to evaluate the
prediction performance of the reactivity ratio estimates), samples throughout the conversion
trajectory were analyzed. The results (and comparisons to model pres)iati@ishown irFigure

4.18 andFigure4.19.
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Figure4.18: Cumulative Terpolymer Composition for Terpolymer Offtdips ofaamo/faaco =
0.21/0.69/0.10)
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It is immediatelyevidentthat experimental data collected froboth formulations are in good
agreement with the model predictio®@verall,the composition values are close to the predicted
values, and composition drift is minimal. As &iped previously, the majority of samples were
taken after 90 minutes, which means that the data satich morecomprehensivat higher
conversion levelsAll composition measurements taken at high conversion levels seem to be in
agreement wit each othr and with the model.

Some specific points &w conversion (at 18% conversion, which was sampled from Opt2RB)
are worth examining furthednterestingly, the (repeatable) elemental analysis measurement
indicates that the AAc fraction exceeds the AMIP&tion, which conflicts with the model
prediction. This could be due to small amounts of experimental error (tikehagating fronthe
synthesis step, since the elemental analysis measurements were replicated). It is also possible that
the behaviour afhe terpolymerizationariesat low conversion levels&nd that some composition

drift exists early in the polymerization process (below 20% conversion). As outlined earlier
(Section2.3.2.3, this type of behaviour can make instamibus parameter estimation (solely from

low conversion data) unreliable. In this case, though, this discrepancy at 18% conversion is not a
major concern. For the application, large quéatiof material are desirable, so the polymerization
process will typically be taken to higher conversion levels. The main conclusion here is that
overall,the model predictions (from ternary reactivity ratios estimated earlier) accurately predict
the cumiative terpolymer composition.
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4.2.2.3Molecular Weight Averages

Given the results of the screening experiment study (SeétiioB.1in particular), the expected

range for the peak average molecular weights) of these samples was betweenx1@ g/mol
and 5.610° g/mol.

AqueousGPC analysis is notoriously difficult fanulti-component polymers with polyelectrolyte
behaviour (like the AMPS/AAM/AAc terpolymerDuring this investigation, samples were
carefully prepareds described in Sectidh3.3 crushed into a fine powder and given ample time

to dissolve in the buffer solution. However,
pol ymer solutions (calcul ated dur i regtratisna mp | e
(obtained during GPC analysig)was observethat more than 50% (by weight) of each polymer

sample wadeingremoved during the filtration step (prior &PC injection. The comparison of
Oexpectedd and O6measur eAdppendixaGrBecekonCt3r at i ons 1 s a

Usingthe GPGmeasured concentratiofts analysigrovides more redible and repeatable results

For exampleanalysis of two replicate GPC measurements for Qp&ith both samplegaken

from the same polymer/buffer solution but filtered into unique GPC vials) demonstrates a
significant improvement in repeatabilitih Table4.13, percenterror calculationgcoefficient of

variation, CV)ar e compared for Mp replicates and Mw
concet ati on (from GPC analysis) and the Od6dexpect
determine the molecular weight averages.

Table4.13: Comparisorof Molecular Weight Averages for OpfRusingd Measur edd and 6 EXnp
Sample Concentrations
Concentration measured during sample prep = 1.02 mg/ml
GPC-Measured Mp (using Mp (using Mw (using Mw (using
Concentration Measured Conc) | Expected Conc) | Measured Conc) | Expected Conc)
Opt2-1 0.21 mg/ml 1.53E+06 7.47TE+06 1.37E+06 6.69E+06
Opt2-1 (GPC 0.26 mg/ml 1.57E+06 6.14E+06 1.45E+06 5.65E+06
Replicate)
% Error (CV) 2.13 13.87 4.05 11.96
For both samples, the Omeasuredd concentratio

only 20% to 25% of the sample remained in solution for GPC analysis. If this large difference
not takeninto account, it can significantly impact the molesulveight averages. Firstpnsider

the peak average molecular weight of Gpt2Vhen the correct concentration of polymer solution
(as measured by the GPC) is used, the measured Mp L0f5Bmol (and the replicatealue is
reasonably closat Mp = 1.57x1(° g/mol). However, assuimg that the sample concentration is
still 1.02 mg/ml (and that nothing has been filtered @esults inthe recorded peak average
molecular weight jumipng up to 7.4%10° g/mol. In this case, significantly poorer agreement
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between the original sample and the replicate analysisservedcompare 2.13% error when the
measured concentration is used to 13.87% error when the expected concentration is used). Given
these resultst seemdrrationalto assume thadll of the AMP3AAmM/AAc terpolymer that was
dissolved into the buffer solution during sample preparaisostill present during the GPC
injection (that is, after filtration)Similar comparisons exist for the weiggnterage molecular

weight measurements (also shownTiable 4.13) and for other samle replicates (not shown

hereir).

There are two main takeaways from this result. First, it is important thatn@RSured
concentrations are used when analyzing these types of samples (specificaligomplinent
polyelectrolytes, often with high acrylamide content and high molecular weights; these have the
potential to significantly increase the solution viscosity andtlipplymer dissolution and
subsequent filtration). Second, thmlecular weight averages (though more consistent) may be
underestimated. Siné®% (or more) of the sample is being removed during the filtration phase,

it is very possible that the largpolymer chains (higher molecular weights) are being filtered out
during sample preparation, thus creating a low bias in the measured molecular weight averages.
With that in mind, the molecular weight averages for both optimal formulatidinse examined

both the repeatability of the measurements andntkasurements themselves (compared to
expected values)rhe main focus here will be on the full conversion samples (taken after 90
minutes of polymerization), since this characterization is valuable fditi@thl (application
specific) experimental work. However, the effect of conversion on the molecular weight averages
will also (briefly) be investigated

For both formulations, excellent repeatability was observed. This is true for a variety of
comparisons: between two independently synthesized polymers with the same formulation (for
example, Optl samples vs. OptlR samples), between samples independkidy during a
common synthesis (for example, Optlvs. Opti7; both taken after 90 minutes of
polymerization), and between characterization tests (two @plitates of OptH, completed

over several monthslRelevant datareshown inTable4.14 andTable4.15; in Table4.14 and

Table 4.15 Mp represents pealiverage molecular weight, Mn represents numdesrage
molecular weight, Mw represents weighterage molecular weight, and IV represents intrinsic
viscosity ANOVA Tables comparing synthesesamples and characterization (one for each
formulation) are available idppendix G SectionC.3. No statistically significant differences were
observed for any of the comparisonEherefore, the synthesis replicates and the sampling
replicates do natontributesignificantlyto overall variabiliy.

100



Table4.14: ReproducibilityRepeatability of Molecular Weight Averages for Optl

Sample Mp Mn Mw Bulk IV
Original synthesis, sample & Optl-4 | 154E+06 | 1.33E+06 | 1.36E+06 | 7.76
characterization
Original synthesis & sample, i
characterization (GPC) replicate Optl-4 1.57E+06 | 1.43E+06 | 1.44E+06 8.09
Original synthesis, sample replicate] Optl-7 1.56E+06 | 1.27E+06 1.32E+06 7.77
Replicate synthesis OptlR-3 1.56E+06 | 1.37E+06 1.39E+06 8.23
Replicate synthesis Sample, OptlR3 | 1.61E+06 | 1.36E+06 | 1.40E+06 | 8.04
characterization replicate
Replicate synthesis, sample replicaj OptlR8 1.55E+06 | 1.37E+06 1.39E+06 8.06
Average | 1.57E+06 | 1.36E+06 1.38E+06 7.99
StDev 2.31E+04 5.26E+04 4.16E+04 0.19
% error 1.47 3.88 3.00 2.33

Table4.15: ReproducibilityRepeatability of Molecular Weight Averages for Opt2

Sample Mp Mn Mw Bulk IV
Original synthesis, sample & Op-4 | 1.44E+06 | 1.30E+06 | 1.32E+06 | 7.69
characterization
Original synthesis & sample, .
characterization (GPC) replicate Opt2-4 1.56E+06 | 1.38E+06 | 1.40E+06 8.24
Original synthesis, sample replicate] Opt2-10 1.54E+06 | 1.32E+06 1.35E+06 7.21
Replicate synthesis Opt2R-5 1.52E+06 | 1.36E+06 1.37E+06 7.53
Replicatesynthesis & sample, Opt2R9 | 1.49E+06 | 1.32E+06 | 1.34E+06 | 7.64
characterization replicate
Replicate synthesi& sample Y
characterization (GPGpplicate Opt2R9 1.49E+06 | 1.36E+06 | 1.37E+06 7.88
Average | 1.51E+06 | 1.34E+06 | 1.36E+06 7.70
StDev 4.49E+04 2.93E+04 2.99E+04 0.3
% error 2.98 2.19 2.20 4.50

Aside from thegoodrepeatabilityestablishedh Table4.14 andTable4.15, the average molecular
weights of each samplean also be evaluateGiven the number of replicates available, the
average for each formulation is considered. For formulation Of#les(o/faamofaaco =
0.21/0.69/0.1}) the (mean) peak average molecular weight53x10° g/mol. Formulation Opt2
(famps,ofaam offaac0 = 0.10/0.75/0.15)s about the samavith a mean Mp o1.51x10° g/mol. The
similarity allows for straightforward comparison ofher (applicatiorspecific) properties; any
differences in performance will be due to other factors (such as cumulative terpolymer composition
or terpolymer microstructure).

The molecular weight averages reported here are notably on the low ethé afticipated
characteristicsbut are still within the desired range. As mentioned previously, the molecular
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weight averages may be underestimated somewhat, since a considerable portion of each polymer
sample was filtered out of the buffer solution priomatwalysis.However, these results are well
aligned with a reference polymer that is currently used in EOR applica#tdosfi¢od 955,
purchased from BASF, USAThe reference polymer is an acrylamide/acrylic acid copolymer

(which hac® 8o Eand O T8t § and the peak average molecular weight wasxiLg?
g/mol (characterized using the same technigasgor the optimally designederpolymers.
Therefore,it is anticipatel that the application performance will be as good as (or better than)
currently available materials.

For interestthe effect of conversion amolecular weight averagegas also examinedlthough

most datacollectedwerefor high conversion samples, teamples taken at low conversion levels
indicate that the peak average molecular we{giure 4.20a), the weight average molecular
weight (Figure4.20b), and the bulk intrinsic viscosit{fV; Figure4.20c) arerelatively constant

over the conversion range analyzed (approximately 15% to 10M8ig).conflicts with results
observed previously for the acrylamide/acrylic acid copolyfddi, but the consistency in
molecular weight averages over conversion may be related to the high proportion of each sample
removed during the filtration step of thealysis.

All three plots related to the molecularveight analysis Within Figure 4.20) also include the
properties of the reference polymer (Alcoflood 955), which was characterized alotigside
designederpolymers. Since the conversion of the reference sample is unkbaiikely very

high), the measured value for each property is presented as a hor{dastedd)ine. Both of the

newly synthesized (optimal) terpolymers have similar molecular weight characteristics to the
reference material, which suggests thatustomized (designedpproach led to th#evelopment

of materials with appropriate and desirable molecular weight characteristics. Also, the molecular
weight averages (Mp and Mw) of the new materials are slightly higher than those of the reference
materia) which could improve the enhanced oil recovery performance.

102



(@) 2.0E+06

-
= 1.8E+06
=
g
S 1.6E+06
ié Al 2 ¢ A A® Af ‘t
A
= A _Af A
R S e e ==
5
z ® Opt |
-
g 1.2E+06 A Opt2
Ay
- - Reference Polymer
1.0E+06
0 20 40 60 80 100
Conversion (%)
(b) 2.0E+06
B 18E+06
=
5 1.6E+06
3 2
Z 1 4E+06 L o aat }&
= A
o I S | T e
5
Z 1.0E+06
= ¢ Opt |
58.0E+05 A Opt2
- - - Reference Polymer
6.0E+05
0 20 40 60 80 100
Conversion (%)
(c) 10
9
8 Tt
—————— %——-A---’----------i_‘_____
7 A A
= 6
=
2y
3
) ¢ Opt |
A Opt2
- - Reference Polymer
0
0 20 40 60 80 100

Conversion (%)
Figure4.20: Effect of Conversioron (a) Peak Average Molecular Weight, (b) Weight Avera
Molecular Weight and (c) Bulk Inhsic Viscosity (and Comparison to Reference Polymer
Alcoflood 955) for Optimal Terpolymers

103



4.2.2.4Sequence Length Distribution

13C-NMR spectra were measured and analyedOptl andOpt2 terpolymers, as described in
Section 3.3.4 The purpose of these testg|s to compare the measured sequence length
distributions to those predicted by ternary reactivity ratios in Seaidr2.3 (using analysis
techniques similar t®kandall[119] and Brar and Sunitfl20]). However, given the 18 unique
monomer triads, the chemical similarity of the comonomers, and the noisy spectra (duegb the hi
viscosity of the samples), sequence length distribution could not be daetgtynined. What we

were able to do was to confirm terpolymer composition from yet another independent source
(described shortly belowJor referencet*C-NMR spectra of terplymer #1 and terpolymer #2

are presented iRigure4.21 andFigure4.22, respectively.

19.94

—183.13
— 180,60
=

— n N o =i o - ~ -~
o ; 2 ® 88w ==~
@ g g ~ © o <+ Mol WO W w0
) | L)
Iy | I RN A |
y ||
| ! ' r |
N A | M |
| ""“1 ;o AT i ‘ “
A [ i I 1 WA N
At et Wl P WP A N.w% *w mv»w w\w,w Mm : '\wm\NJ me\*
[ T T T 1
185 180 175 LA AR i
pem 65 60 55 50 45 40 35 30 ppm

|
«W«WWW dwwmwwwwmwwmwwm ‘m WW«W ity

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40

Figure4.21: *C-NMR Specta of Terpolymer #1 in Buffer/BO at 68°C

20 10 0 ppm

98
40
54

——_ 8
6.87

0.01>=

1

1.33

2

3

3.
13.91
15.09

104



A

——183.42
——180.57
T~—173.85
—17

.013

37.282
—36.331

e

35.425
34.780

—183.420
180.573

——179.947
—58.636
—52.788

—176
—26.789

I \ \ J‘ '

Wl il
M ';\""1 "W.ﬂ ‘f\' ’U‘“\J (e |F|' ﬂl"]f'\ﬂl."‘\”nj ‘\A‘lﬁ"{f\‘n’ﬁ&ﬂ NAI. et ’ Lw
185 180 175 ppmI HM\M\WW‘ W”"’ﬂj 'LL\\W \W *J “MN [ NWWN

63 6() 53 50 45 40 35 30 ppm

[
| n
i WMWWMWMWMWWMMMMWW# W MWWWMW

T T T T T T T T T P T T T [ T T T T T T [T T T T T T T T T T I T I T T I [T I T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

e EN

Figure4.22: 13C-NMR Specta of Terpolymer #2 in Buffer/BO at 68°C

0.00
195
1.18
1.18
2

15.68

Although the spectra are not sufficient for teterminatiorof sequence length distribution, they

can still be used to calculate the cumulative terpolymer composition. Using the carbonyl carbon
responses associated with AMAB3(176 ppm), AAm {i & 180) and AAc { & 183 ppm),it is
possible tocalculate the mole fraction of each comonomer in the terpolymer sample. These are
compared to the (averaged) elemental ana(iZAg results from Sectiod.2.2.2in Table4.16.

Table4.16: Comparison of Cumulative Terpolymer Composition fré@&NMR and EA

Cumulative Composition from Cumulative Composition from
BC-NMR Elemental Analysis
A=}y q==0 ——4 =4}y | F==0 —=4
Terpolymer #1 0.19 0.74 0.07 0.21 0.68 0.11
Terpolymer #2 0.13 0.80 0.07 0.11 0.75 0.13

Composition measurements are in relatively good agreement betdi@BiMR and elemental
analysis, especially considering the challenges associated with analyzing viscous polymer samples
using nucleamagnetic resonance. NMR results provide adequate confirmation of the elemental
analysis results, but the EA results are more trustworthy.
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4.2.2.5Thermal Stability

Thermal gravimetric analys{§ GA) was performedas described in Sectid3.5 for Optl and

Opt2 and included synthesis replicate analysis and characterization replicate analysis. The
reference material (Alcofloo855 and an AAm/AAc copolsner (from Riahinezhadt al.[32])

were also evaluatedr comparison. The motivation here was #fed. First, it was important to
ensure that the thermal properties were consistent across synthesis replicates (and to ensure that
TGA measurements were consistent for sampécates). Second, thermal analysis provides an
opportunity to confirm that thermal stability is improved (compared to the typically used
AAM/AAc copolymer) when AMPS is incorporated into the polymer backbdse shown
previously Figure2.4), the majority ofoil reservoirsare below 200°C, but behaviour at higher
temperatures was evaluategreinas a O wo r s t. TGA apste Fighes teneparatess (ato

least 400°Cjnade it possible to compare the point at which significant mass loss occurred for each
sample; materials that showed degradation at higingperatures are more thermally stable (and
may, therefore, be promising candidates fmhancedoil recovery). Results from synthesis
replicates (Ot vs. OptR and Opt2 vs. Opt2R), the reference material (Alcofl®sy and the
AAmM/AAc copolymer are shown ifigure4.23. Characterization replicatésr Optl and curve
derivatives for all samples are availablédimpendix G SectionC.4.
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Examining all six curves on a single plot allows for the direct comparison of all materials.
Immediately, excellent agreemeist observedbetween the originalerpolymerruns and the
synthesis replicates. Bolilue curves (for Ot and OptR) are directly on top of each other, and
exhibit two main points of interest. Aside from the gradual decrease in weight initially (which is
likely water loss), there are two more obvid@sition points. The first trant occurs at 225°C

and the secon@more significant transitionoccurs at 284°C. Thus, any substantial mass loss
(degradation) is beyond 200°GSimilarly, excellent repeatability was observed from the
independent replication of OptBoth red curves exhibit similar behaviour, and the transition
points (easily identifiable from the derivatives; see Sedighn Appendix Q are identical.

Another important conclusion frorfrigure 4.23 is the improved thermal behaviowf the
terpolymers compared to the reference material and to the AAm/AAc copolymer. Both of these
materials show a sudden decrease in sample ntasseference materiat 217°C and the
AAmM/AAc copolymer at 257°CThe mass reductiofor these materials much more suddehan

for the terpolymes; thiscould haveadverseeffects in the EOR application.

Table4.17 provides some kefyndings from the TGA experimental work. A minor transition (with

small mass loss) was only observed for the terpolymer samples, and may be related to water
entrapment in the polymer samples. The major transition is the point at which significant mass loss
occurs, and is likely related to sample degradation. It is reassuring to ndbethajor transition

occurs at the lowest temperature for the reference material; the (designed) AAm/AAc copolymer
cantoleratean additional 40°C before the major tramsitioccurs. Even more improvement is
observed when AMPS is added to thetenial formulation, as both Optl and Q@pgexhibt
(relatively low)weight loss at 284°C and 281°C, respectively.

It is also enlightening to examine tlremaining weight proportion ageveral (meaningful)
temperaturedn Table4.17, the remainingweight % of each material is listed at 80°C (median
reservoir temperature as gegure2.4), 120°C (maximun® e n ¢ 0 u reserair ¢ech@erature
for ~90% of reservoirs worldwide, again as gegure 2.4), 200°C (maximumreservoir

temperatur e) and 300AC (for interest and to
samples, average values ah®wn
Table4.17: Points of Interest from Thermal Gravimetric Analysis Results
Material Minor Major Weight % | Weight % | Weight % | Weight %
Transition | Transition at 80°C at 120°C at 200°C at 300°C
Optl 225°C 284°C 95.4% 92.8% 88.2% 80.8%
Opt2 199°C 281°C 95.6% 93.3% 88.7% 79.1%
Reference N/A 217°C 96.2% 94.0% 87.1% 57.7%
AAmM/AAc N/A 257°C 93.5% 90.0% 84.5% 66.1%
Copolymer
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All materials exhibit similar thermal behaviour up to 200°C, but the difference in material
propertes becomes evideat 300C. In reality, thermal stability up to 300°C is much higher than
what the EOR applicatioaurrentlydemands, but the contrast in matergt®ws the improved
thermal stability when a terpolymer of AMPS/AAmM/AAC is used. Thus, this dtadyconfirmed
thatthe addition of AMPSlJoes in fact, improve the thermal stability of the polymeric material,
as hypothesized in Secti@nl.3

4.2.3 Investigation of ApplicatiorSpecific Properties

In evaluating applicatiospecific properties, larger sample volumes are often required (that is,
several samples (from one or more synthesplicate) may be combined for testing purppses
Given that good consistency pblymerpropertieshas been establish@dthe previous sectioit,

is now possible t@ombinepolymer samples (that were synthesized with the same formulation
and under thesame conditions) and have confidence thatfih@ sample has homogeneous
properties. Therefore, some ofthe following sectionspo distinction is madéetween synthesis
replicatesFor exampleOptl and OptlRire simplyidentified asoptimal terpolyner #1.

4.2.3.1Rheological Properties

Therheological properties are critical to the enhanced oil recovery performance. If the materials
are not viscous enough, they will not provide the sweep efficiency required (that is, much of the
residual oil will remain in the reservoir, even after polymerdiag). In contrast, if they are too
viscous, they may cause pressure bupdand plugging in the reservoir. There is potential to adjust
the viscosity of a solution by changing the concentration of the polymeric material within the
solution[115], but ushg smaller quantities of the polymer is preferred (for environmental and
economiaeasons). Therefore, the goal is to create materials with similar properties to the reference
material (here Alcoflood 955, described previously). Rheological propertiesobf @ptimal
terpolymer and the reference polymer (in water and in a saline (pH 7 buffer) solution) were
measured as described in SecBof 1, and key findings arpresented herein.

Frequency sweep tests, performed using a cone and plate rheometer, give information about the
viscoelastic properties of the polymer solution. Among the relevant variables are |n*| (complex
viscosity), Go (el ast odulusmtheber measuyementsh dnd Bar ( | ¢
interpretation are discussed further in what follows. However, prior to completing each frequency
sweep test, the linear viscoelastic regibR) must be established via a strain sweep test. Strain

sweep tests were conducted at a fixed frequency of 10 Hz, ranging from 0.1% to 20%; a
representative result for an Optl terpolymer sampleater is shown irFigure 4.24. This is
representativef most solutions in the present study, and 1% strain was chosen for subsequent
frequency sweep testing. As an additional check, for select samples, freqweepytests were

performed at both 1% strain and 10% strain (both within the linear viscoelastic region), and results
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showed excellent agreemdseeFigureC.10in Appendix G SectionC.5). Therefore, as long as
the strain level selected is Wih the lirear viscoelastic region, the % strain selected for analysis
should not affect results.
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Figure4.24: SampleResults (from Terpolymer #1) f@train SweepTest at 10 Hz
(solution concentration ¢f.01 g/mLin watej

Representative plots (including replicates) from frequency sweep tests are shoguréd.25.

The shear thinning behavio of the AMPS/AAmM/AAc terpolymer solutions is immediately
obvious samples show a decrease in viscosityaagular frequency increases. This makes
physicochemical sensainceat higher frequencies (or by analogy, at higher shear rates), the
polymers transitionfrom flowing in a coil conformation to flowing in a linear (aligned)
arrangement. This decreases the viscosity of the solution, which in turn would decrease the
efficiency of the EOR process.

It is also interesting t@xaminethe repeatability of thexperimental results (both in terms of
synthesis and characterizatioRpr terpolymer #1,He synthesis replicates seem to exhibit more
inconsistencies than the characterization replicates (especialgrpotymer #1 in wateiFigure
4.25a), but this isoften expected. Foterpolymer #2, excellent agreement is observed between
synthesigeplicates.

For the rheological testode in waterthe complex viscosies of both optimal terpolymers were
higher than the reference samgt low angular frequencies, and over most of the angular
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frequency range studied. However, this distinction became less pronounced at higher angular
frequencies (especially féerpolymer #1RKEigure4.25a) and forterpolymer #2 Figure4.25b)).

The change in behaviour between aqueous polymer solutions and polymers in buffer seagions
also examinedFor the reference polymer and the newly synthesized (optimal) terpolymers,

the complex viscosity is lower in buffer solutions than in wadaysicochemically, these results

are as expected he terpolymer of AMPS/AAmM/AAcC is a polyelectrolyte and is therefore very
sensitive to ions in salion. When charged molecules (salts, in this case) are added to the
environment, charge screening occurs. As a result, previously elongated polymer chains (stretched
due to charge repulsion along the macromolecule) reposition themselves into a coihatoh.

Of course, this change in polymer conformation impacts the solution viscosity; a smaller radius of
gyration will lower the shear viscosity of a given polymer solution.

Interestingly, the designed terpolymers exhibited a larger reduction in compisgosity
(compared to the reference material) when the buffer solution was used rather thafhisatsr.
likely due to the addition of AMPS; incorporating a second acidic comonomer into the polymeric
material amplifies the charge effects. However, dnsicipated that the presence of AMPS will
have additional benefits, including mechanical and chemical staailify\23] and as per earlier
discussion (recall Sectiod.2.2.5. Also, the rheological behaviour of terpolymer #1 and
terpolymer #2 is still comparable to the reference material, which nitagegood candidatefor

the enhanced oil recovery application.
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Figure4.25: ComplexViscosity Profiles for AMPS/AAmM/AAc Terpolymers in Water and Buffer fc
(a) Terpolymer #1 and (b) Terpolymer #2
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It has been reported that the polymer flood water solutions used in EOR are exposed to a range of
shear rates froraboutl s to 7 s*[32]. The CoxMerz rulemakes it possibléo assume that the

rel at.i
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Vi scosity

bet ween

| d~ |

and

¥ is

anal

( d)) Therafode, shearesiacosities fot ks, /(=5 s'tand 7 & (specific

shear rates of interest for the EOR application) are provideakile4.18. Average values for each
terpolymer (taken from synthesis and/or characterization replicates, as available) are presented
herein, but the full data set is availablédippendix G SectionC.5. This direct comparison shows
that the viscosity behaviour of the new terpolymers is generally comparable to the reference
copolymer, andhencethedesignedAMPS/AAM/AAC terpolymes remain vidle.

Table4.18: Summary ofShear Viscosities for Terpolymer Solutions

In WATER Shear Viscosity (Pas)

A=1st A=5¢t A=7st
Terpolymer #1 Average 10.10 3.22 2.49
Terpolymer #2 Average 8.12 2.52 1.98
Alcoflood (ReferenceMaterial) 5.84 2.04 1.61
In BUFFER Shear Viscosity (Pas)

A=1st A=5st A=7st
Terpolymer #1 Average 2.79 1.10 0.89
Terpolymer #2 Average 241 0.93 0.74
Alcoflood (Reference Materigl 3.47 1.33 1.08
AAM/AAc copolymer with best EOR 3.41 _ 0.89
performance (as report@a[115, 117]) ' '

Viscoelastic properties were also measured during frequency sweefstésts. t h e
provides i
represents the irreversible energy loss. In general, polymer solutions for enhanced oil recovery
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viscoelasticity. This is relevant for EOR, since the viscoelastic behaviour improves the sweep

efficiency of the EOR proces§he crossover poirfthat is, the frequency at which the behaviour

shifts frompredominantly viscous to predominantly elasti@s generally observed at very low
frequencies and was occasionally not obse(eegecially for aqueous solutitnals). Thisvalue
though commonly used as a measure of viscoelasticity, was not repedtafdse very low
frequencies (especially since it was very early in the experimentabnoh)s therefore only used

in a relative way as an indicator of potential E@#formance. Masurements f

Go

both the water and buffer solutions an@wn inFigure4.26 andFigure4.27.
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Figure4.27. Elasticand Loss Modulus for AMPS/AAmM/AAc Terpolymers in Buffer for
(a) Terpolymer #1 and (b) Terpolymer #2
As demonstrated iRigure4.26, G6 i s generally | arger than GO

This indicates that the loss modulus dominates at very low frequencies, but that under normal
operating conditions (that is, frequencies characteristic of the EOR application), thenscnéio
predominantly elastic in nature. A clear crossover point was observed for the reference sample,
but the crossover behaviour occurred at very low frequencies (or not at alljefoptimal
terpolymers. This predominantly elastic behaviour is ddsir@p enhanced oil recovery; studies
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have show that polymer solutions with higher elasticity also provide higher oil recovery
efficiency [121]. In comparing the newly synthesized (optimal) terpolymers to the reference
sample,terpolymer #1 Figure 4.26a) seems to be somewhat more elastic than the reference
material (the moduli are higher, and the crossover point occurs at a lower frequency). However,
terpolymer #2 FFigure4.26b) has characteristics that are very similar to the reference material.

Figure4.27 shows theviscoelastic behaviour of the same polymeric materials in buffer solution.
The properties of the newly synthesized terpolymers are comparable to the reference polymer, but
the modulus values are slightly higher for the reference polymer than they are for the optimal
terpolymers. For all three materials (terpolymer #1, terpolyeand the reference material) in
buffer, the elastic behaviour still dominates, but to a lesser extent than in aqueous polymer
solutions. The crossover frequency in buffer is consistently higher than the crossover frequency in
water, which suggests thaefpolymer solution behaviw is more viscous (less elastic) for a wider
range of low frequencies.

Information abouthe storage and loss modwan be combinedby looking at the dynamic
mechanical | oss tangent (t anni)t,anwhi(cd 6i/sGoét)h e s
el astic behaviour dominates. Low values of t a
behaviour in an oil reservoir, which assists with the removal of residual oil and increases the
displacement efficiency in@R [22].
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Figure4.28: Dynamic Mechanical Loss Tangent (t@rfor DesignedTerpolymersand Reference Polymer
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As shown inFigure4.28, terpolymer #1 and terpolymer #2 have similatitprofiles. In aqueous

solutions, both of the optimally designed terpolymers have a lan@(therefore higher elasticity

and potentially impved EOR performance) compared to the reference polymer. For the reference
polymeritani val ues are closer to the buffer behavi
the reference polymer is less affected by salts in solution, which agreebenattmiplex viscosity
resultsobservedoreviously Figure4.25) . I n any <case, al | tanui val
presented herein) are below unityhich adds to the increasing list of desirable properties that

these terpolymers possess for the enhanced oil recovery application.

4.2.3.2EOR Phase IPolymer Flow Performance in Sapéick Flooding Tests

As described in SectioB.4.2.1 displacement testgn a sanepack flooding systejnhave been
performed for three polymers (terpolymer #1, terpolymer #2 and a reference matas#las
beenpursued in collaboration witArofessor Laura Romeizeron in the Department of Chemical
Engineeringat the University of New BrunswicK he purpose of these testshich have a duration

of about two months per material testisdp compare the flow bet@ur of the newly synthesized
(optimal) terpolymers to commercially available materi@tse process involves flooding a pre
characterized sanglck system with brine, themith a 1wt% polymer solution, and thewith
additional brine. Since the system wapacked with sand between each trial (to eliminate any
confounding variables that could be introduced during a cleaning step), characteristics of-the sand
packwere measurefbr each rurandare reported ifable4.19.

Table4.19: SandpackPropertiesfor Sandpack Flooding Tests

Sample PV (cm®) Porosity k (mD)
Terpolymer #1, Trial #1 26.97 0.2010 78,118
Terpolymer #1Trial #2 25.47 0.1898 85,186
Terpolymer #1, Trial #3 23.47 0.1749 99,383
Terpolymer #2, Trial #1 25.47 0.1898 75,481
Terpolymer #2, Trial #2 16.47 0.1227 98,291
Terpolymer #2, Trial #3 25.47 0.1898 99,383
Reference Material, Trial #1 25.97 0.1935 98,291
Reference Material, Trial #2 25.47 0.1898 85,180

In considering the flowbehaviour of polymer solutions in an oil reservdire two factors of

interest are the resistance factor (RF) and the residual resistance factor (RRF). These have been
described irSection3.4.2.1(seeEquations3.3 and3.5). Ideally, polymer solutions should hawae

high RF (indicative o§ood mobility control and high sweep efficieney)d a low RRFi{idicative

of polymer entrapmerdand reservoir plugging).

Since hesandpack characteristigpermeability angborosity) varied between runs (as evidenced
in Table4.19), differences between runs were normalized by uaingpdified capillary bundle
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parameter (units of volume of fluid injected expressed as a fraction;airi®g ofmD?® which
is defined by Equatiod.1[117, 122].

w s s s v o P Q0 P %o O
0 Wn "QadoocE W2 O a QO-H———Fm+—
d T % Q80 @ 4.1
Where F is flux (cm/min), tis injection ten(min),n is porosity (dimensionless), k is permeability
(millidarcy, mD), A isthecrosssectional areaf the sanepack(cm?), and PV is sangack pore

volume (cnd).

Figure4.29 provides a comparison of RF values for all three polymeric materials as a function of
volume of polymeiinjected (expressed as a fraction of pore volume normalized for permeability
(i.e., capllary bundle parameter)). Since the polymer flow performance test was perfarieadt

twice for each material, average values are shown hereirbdforoptimal terpolymers, the RF
value increases gradually (as a function of volume of polymer injebtédventually plateaus.
When the RF value stabilizes, it indicates that the polymeric material has propagated throughout
the sanepack, which is aign of good flow performance. Also, since the tarmade materials

have a higher RF than the referenceeamal, the terpolymers provide better mobility control than

the commercially available polymer. This a promising result, since polymer solutions with
higher RF values are typically moeffective in recovering oil.
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Figure4.29: Resistance Factor (REpm Polymer Flow Performance Testing
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In Figure4.30, polymer retention in theeservoir (sangback)is evaluatedy plotting the residual
resistance factor for each material as a function of volume of fluid injected (again normalized for
permedility and porosity using the capillary bundle paramet&s)before sinceat leastwo runs

were performed for each material, average values are presented. All three metariatsthe

same general behaviour, as RRF valiexgease with increased keimjection. This is as expected
whenthe definition of RRFs consideredrecall Equation3.5). qPbrine injection #2S in the numerator

for RRF, and isa measure of the pressure difference along the-gackl column after polymer
flooding. Initially (immediately after polymer flooding), there will likely be significant pressure
differences, as polymeric material remains entrained in the column. Hovasvergre brine is
injected into the system (and, subsequently, more of the polymeric material is recovered), the
pressure difference along the sgratk column will decrease. Therefore, G@Borine injection #2
decreases, RRF also decreases. The fact tisati¢creasés observedconfirms that entrapped
polymeric material is, in fact, being recovered from the system (wheclpiemising resujt
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Figure4.30: ResiduaResistance FactoRRF from PolymerFlow Performance Testing

Of the three polymeric materials evaluated, terpolymer #2 had the highest RRF values (therefore,
it exhibited the most polymer retention). Terpolymer #1 had moderate RRF values, which
(initially) decreased more quickly as the dipy bundle parameter increased (compared to
terpolymer #2 or the reference material). The initial drop in RRF indicates that the polymer is more
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easily recovered as brine is injected after polymer flooding. Since the molecular weight averages
of terpolyrrer #1 and terpolymer #2 are similar, electrostatic effects due to composition differences
are the most likely explanation for these different RRF profiles. Terpolymer #1 has a higher

proportion of acidic (anionic) monomers along the polymer backbéne ( O

terpolymer #1 andD

RRF, it had the worst mobility control behaviour (from RF measuremehigline4.29). Finding

T® cfor

O & Uor terpolymer #2), and laigher negative charge density
would increase the repulsion between the polymer and the negatively charged sand particles. This,
in turn, would decrease polymersaxption on the sand surface (therefore, a steeper initial drop in
RRFoccurs which indicates that the polymer is easily recovered as brine is injected after polymer
flooding). Finally, the reference materidiescribed infable3.5) had the lowest RRF. The lower

initial value suggests that polymer entrapment was minimal to begin with, so the RRF plateaued
fairly quickly. Although this reference materiekhibited thebest performance in terms of the

a material with optimal EOR properties is a balancing act, since both RF and RRF need to be taken

into account.

A summary of reservoir flow properties for the three polymeric materials studied is presented in
Table4.20. Here,RF and RRF values are taken from the end of the corresponding experimental
runs and the equivalent percentage of permeability reduction (relative to the original petyneabil

of the corresponding safmhcks) is provided.

Table4.20: Summaryof Reservoir Flow Propertider Terpolymer Solutions

Polymeric Material Resistance Factor Residual Resistance Permeability
(RF) Factor (RRF) Reduction (%)
Terpolymer #1 47.3 8.6 88.3%
Terpolymer #2 66.9 18.3 94.5%
Reference Material 9.8 6.9 85.%%6

Given the RF and RRF values showmable4.20, terpolymer #Zeems like the most promising

candidateof the materials being evaluated herdihe fact that the RF values werigh suggests
that a polymer solution containing terpolymer Wil exhibit good mobility control and, by
extension, superior oil recovery efficiency. It is also important to note that the RF vakigsria
6beavél (hgwards a

429wer e

pl ateau),

whi ch

material through the safhck systemvas achievedand reservoir plugging did not occuf)so,

the RRF for terpolyrar #2 plateaued around RRF = 18which indicates that the saipack
experiencd a permeability reduction of 94&compared to the original permeabiligy.recent
study by Riahinezhad et 4lL17] reported successful oil recovery behavidor a material with
88% permeability reduction, so the properties of terpolymer #2 are reasdklableghere would

sugge:

be potential to inject postolymer flooding brine for a longer period of time, which would remove

additional residual polymer from tip®rous media. Therefqareeservoir pluggings not expected
to bea concern for this polymer solution.
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Terpolymer #1 is also an excellent candidate for further EOR testing, sinceaitvieay good RF
value andslightly betterpermeability reduction. Baise it contains a higher proportion of AMPS
(recall Sectiom.2.2.2), it has improved properties in terms of thermal and mechanical stability.
Also, asobservecdeatier, a higher proportion of anionic monomers along the backbesheced
thepolymer retention within the reservoir. Therefore, both optimally designed terpolymers will be
evaluated further (along with the reference material) in the following section.

4.2.3.3EORPhase Il:Heavy Oil Displacemenh Sandpack Flooding Tests

Heaw oil displacement tests were performed for the two optimally designed terpolymers and the
reference material, as per the experimental procedure descriBedtion3.4.2.2 As described
previously, heavy oitlisplacement tests use four consecutive injection stages: oil injection, water
flooding (brine injection #1), polymer flaing (polymer solution injection), and chase water
flooding (brine injection #2)Table4.21 summarizes the safmhck characteristicand initial test
conditions for each experimental run; terpolymer #1 was characterized in triplicate, and the other
materials were evaluated twice. Also, the initial oil saturatias) €hd the irreducible water
saturation (&) were determined after the oil injection stagel are provided in the tablEhese

alow for an initial undersanding of the sangack saturation composition (that is, the fraction of
pore space occupied by oil and by water). Also, knowing the initial oil saturation makes it possible
to monitor theoil saturation in the sardack as moreil is incrementally recovered.

Table4.21: SandpackProperties andnitial Conditionsfor Heavy Oil Displacement Tests
Sample PV (cm® | Porosity k (mD) F (cm/min) | S (%) Sui (%)
Terpolymer #1, Trial #1| 26.19 0.1952 110,426 0.0208 79.20 20.80
Terpolymer #1, Trial #2| 22.19 0.1654 98,834 0.0203 89.47 10.53
Terpolymer #1, Trial #3| 22.19 0.1466 116,922 0.0205 89.47 10.53
Terpolymer #2, Trial #1| 20.19 0.1560 129,631 0.0193 98.00 2.00
Terpolymer #2, Trial #2| 20.94 0.1560 102,223 0.0198 91.82 8.18

Reference Material, 20.69 0.1542 104,006 0.0207 88.71 11.29
Trial #1
Reference Material, 20.19 0.1505 117,691 0.0206 90.23 9.77
Trial #2

Properties were generally similar from one trial to the nlext,any discrepancies have been
normalized by using the capillary bundle parameter described earlier (Eqidjion

Once the initial conditions (or baseline values) were established for eacth&iiboding steps

for oil recovery were performed consecutively. Throughout the oil recovery stepsesisengrin

the sanepack was recorded as a function of injection volume (again, reported as a fraction of PV
and normalized using the capillary bundle parameter). Representative pressure graphs are shown
in Figure4.31.
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The plots shown ifrigure4.31 provide us with a more detailed understanding of how polymer
solutions affect flow through the sapdck. Initially, during the water flooding stage (that is, as
brine is injected into the system), the fluid finds the path of least resistance and #iyheaugh

the reservoir. However, at the polymer flooding stage, the polymer solution sweeps through the
entire reservoirWhile this improves theil recovery efficiencyit canalso significantly increase

the pressure in the system. Therefore, ikiseenely important to continue monitoring the pressure

in the sandpackto ensure that plugging does not occur. As expected, injeatisgjution of
terpolymer #2results in the largest pressure increase (the highest recorded value during polymer
flooding is nearly 10 psi), whereas terpolymer #1 only reaches 7 psi and the reference material
remains below 4 psi. However, in all cases, the pressure measurements return to the baseline during
the final injection stage (pogblymer flooding, or brine injectio#2). This is an excellent result;
given the results of the displacement tests (Sedtidr3.9, some polymeric materigd expected

to remain in the sangack. Howe&er, these pressure profiles confirm that no plugging has
occurred, and any residual polymer present in the-pankl doesiot affect the system pressure.

Finally, perhaps the most important results from these tests are the oil recovery éfGcdeah

stage and for each materild Table4.22, the oil recovery efficiency (that is, the proportion of oil
removed from the sanglck relative to the ainal oil in place) is provided for each recovery
stage. Also, since at least two trials were performed for each material, the average results are
presented for each polymer.

Table4.22: Oil Recovery Efficiency Results froeavy Oil Displacement Tests

Water Polymer | PostPolymer | Incremental | Overall Qil
Flooding | Flooding Water Oil Recovery | Recovery
Sample & Trial (%) (%) Flooding (%) (%) (%)
Terpolymer #1, Trial #1 24.7 37.3 16.3 53.6 78.3
Terpolymer #1, Trial #2 22.8 35.8 17.6 534 76.2
Terpolymer #1, Trial #3 28.6 35.3 15.9 51.2 79.8
Average Terpolymer #1 254 36.1 16.6 52.7 780
Terpolymer #2, Trial #1 24.8 47.5 15.2 62.7 87.5
Terpolymer #2, Trial #2 25.9 49.3 14.7 64.0 89.9
Average Terpolymer #2 25.4 48.4 14.9 63.3 88.7
Reference Material, Trial #1 24.2 23.0 10.8 33.9 58.1
Reference Material, Trial #2 23.6 26.0 12.1 38.0 61.6
Average Reference
Material 23.9 24.5 114 35.9 59.8

As described previously (Secti@m.2.3, water flooding (brine injection #1) was performed first.

As expected, the oil recovery from water flooding was similar for all materials (since the polymeri
material is not a factor at this stage). The slight variation in water flooding performance would
likely be due to subtle changes in sgratk characteristics between trials.
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Clearer differences are observed at the polymer flooding,stage the nate of the polymeric
material can significantly affect the enhanced oil recovery performance. Here, we have confirmed
that the designed terpolymers of AMPS/AAM/AAc show a significant improvement over the
commercial referencélerpolymer #2 has the best E@Brformance, and 48.4% (nearly half of

the original oil volume) is recovered during the polymer flooding stageig arsexcellent result,
andis aligned with what was expectbdsed orthe displacement test results (recall the high RF
values inFigure4.29). Also, the % oil recovery from the polymer flooding is approximately twice
as much for terpolymer #2 as it is for the reference matertadrefore, it is a significant
improvement over currently availablsommercially standaranaterias. Terpolymer #1 also
performs very well at this stage, recovering (on average) 36.1% of the original oil in place. This,
too, is much higher than the recovachieved by theommercially availableeference material.

The final experimental stage during heavy oil displacement experiments {pgbgsier water
flooding (or brine injection #2). Here, more brine is added to the-gackl system so that any
resicdual oil or polymeric material can be flushed from the reservoir. At the beginning of this stage,
it can be advantageous to have some polymeric material entrained in thgasknas it is
removed from the system, it will sweep residual oil with it andnate further oil recovery. Trials

for all three polymer solutions exhibited some oil recovery duringpalgmer water flooding,

but the terpolymers allowed for better recovery at this stage compared to the reference material.
This further confirmed thdioth designed terpolymers are excellent materials for the enhanced ol
recovery application.

The recovery data from each stage be summarizedaly calculating the incremental oil recovery

and the overall oil recovery. Incremental oil recovery measueesatitributions of the polymeric
material compared to standard water (or brine) flooding. Therefore, incremental oil recovery is the
sum of the recovery values fropolymer flooding and pogtolymer water floodingThe overall

oil recovery, as one might p&ct, is the sum of the % oil recovered throughout the three recovery
stages. As shown in the last two columndable4.22, the incremental oil recoemvasmuch

higher for both terpolymerselative to the reference material. By using terpolymer #1, an
additional 52.7% of the original oil in place was recovered,; this valuable oil would have remained
in the reservoir if only water flooding had been usduus,polymer flooding with terpolymer #1

led to a total oil recovery of 78.0%. An even more impressive result was observed when terpolymer
#2 was injected. An additional 63.3% of the original oil in place was recovered during the polymer
flooding and pospolymer flooding stages, which ultimately made it possible to achieve an overall
recovery of 88.7%. This excellent result was achieved through careful design of materials, a good
understanding of product requirements, and careful manipulation of polyraulétions
(informed by kinetic understanding) to achieve the desired material properties.
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4.2.4 Concluding Remarks on Optimally Designed Terpolymers for EOR

Two optimally designed terpolymers were selected based on the results of the screening
experiments bSectiord.1 The formulations were selected so that the resulting AMPS/AAM/AAC
terpolymers would have high molecular weight averages (on the orde? gfimidl), high AAm
content, and a desirable microstructure (with anions-asitibuted along the backbone). Given
animproved understanding pblymerization recipgand operating factoien thepolymerization
kinetics and resulting terpolymer charactiiess the two optimally designed terpolymers were
synthesized at pH 7, ionic strength = 0.9 &hd monomer concentration = 1.5.Mhe feed
compositions selected weligps, ofaam,o/faac,0 = 0.21/0.69/0.10 and 0.10/0.75/0.15

Thorough characterization carmhed that the terpolymer properties were as expected and were
well aligned with the progrties of acommercially availablereference material Several
independent experiments confiechthat synthesis replicates and characterization replicates
showed excébnt repeatabilityThis is hardly ever done in the polymerization literatiive. also

found that the cumulative terpolymer compositions were as predicted from ternary reactivity ratio
estimates, molecular weight averages wef¢he expectedorder of magitude, and thermal
stability was improvedvith the addition oAMPS. Thus, investigation of several unique polymer
properties confirmed the validity tfie designed formulations.

Given theseonfirmatory results, applicatiespecific properties were evalied. The rheological
properties of the newly designed terpolymers were evaluated in aqueous solution and in buffer,
and behaviours were similar to the reference matéiied.terpolymer solutions had higher shear
viscosities in water (compared to the refece material), but the reference material was less
affected by the presence of salt. Also, both terpolymers had loweptaiiles than the reference
material, indicating higher elasticity (which often translates to improved EOR performance).

Finally, two phases of sangiack floodingexperiments wereonductedo mimic the performance

of each polymeric material in an oil reservoir. Here, both terpolymers were evaluated, and a new
reference material (akescribedn Table3.5) was used for comparison purposes. In the first phase

of testing, polymer flow performance was established with displacement tests. Terpolymer #2 had
thehighest resistance factiherefore highest potential for mobility control), but also the ésgh
residual resistance factawhich indicates that residual polymeric material could cause injectivity
issues within the reservoir. Terpolymer #1 also exhibited good flow performarmteyauld be

an improvement over the reference material.

In the second phase of testing, oil was injected into the-gackl system to evaluate the oil
recovery efficiency (especially in the polymer flooding stage). For all three materials, the pressure
within the sangback system waat reasonable levels awcdntrollable throughout testing, so no
plugging occurred. Terpolymer #2 was an excellent polymer for EOR; the incremental oil recovery
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(that is, the percentage of original oil in place that was remaftedwater flooding) was 63.3%,

and the total oil recovery was 88.7%. Terpolymer #1 also performed exceptionally well, averaging
a total oil recovery of 78.0%. Both optimally designed terpolymers performed much better than
the reference material, whichaw able to recover 59.8% of the original oil in place.

Thus, the design approach was successfully employed to synthesize, characterize and test optimal
materials for enhanced oil recovery. We have acquired a wealth of information about the
AMPS/AAmM/AAc terpolymer, our model predictions were accurate, and our hypottee$egher
performancevere valid. Therefore, we can be confident in the application performance of these
optimally designed terpolymers and the excellent oil recovery results.
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Chapter 5. An Aside: Comparison of Binary and Ternary
Reactivity Ratio Estimates

5.1 UsingAppropriate Estimation Procedures

Section5.1has been recently published in European Polymer Jd@8jathe distinction between
binary and ternary reactivity ratio estimates is an important part of this research, and is described
in what follows.

A big issue associated with ternary systems is a widely accepted analogy between
copolymerization and terpolymerization mechanisms. Many researf#3<34] have used

binary reactivity ratios (obtained from copolymerization experimentshaaels dealing with
terpolymerizations. Although this approximation has been successfully used in some instances
(see, for examplgl27-129,134)), it is not always accuraf@23-125 131]. Using binary reactivity

ratios to describe ternary systems difegy ignores the presence of the third comonomer, which

will inevitably change the reaction conditions (and may ultimately affect the polymerization
kinetics). The effect of the third comonomer ultimately depends on its chemical identity and the
overalpol ymeri zation Oreciped to which it IS
concentration may vary, potentially affecting rate of polymerization and molecular weight
averages. For recipes similar to thBIPS/AAM/AAc terpolymer (described previously amd
Section5.1.2, there can also be a significant electrostatic effect (consider how an additional
charged monomer can change the ionic strength of the systeprpdration (propagation) of a
particular monomer may have occurred quickly and easily in an associated copolymer system, but
the introduction of a third monomer may result in competitive monomer addition. Thus, using this
type of binary analogy for ternasystems calls into question the accuracy of the reactivity ratios,
which in turn affects model prediction performance of terpolypneduct characteristics.

Previously, it has been suggested that ternary reactivity ratios should be estimated diractly fro
terpolymer composition data, as opposed to using the related binary copolymer reactivity ratios
[57]. However, direct comparison between binary and ternary systems has never been possible;
differences in reactivity ratios may have been due to humetbes factors including reaction
conditions and parameter estimation methddsw, experimental binary and ternary data are
directly compared for the -@crylamide2-methylpropane sulfonic acid (AMPS)/acrylamide
(AAm)/acrylic acid (AAc) system, based on rateopolymerization studies by Riahinezhad et al.

[84] and Scott et a[62], and an associated terpolymerization sti8f)]. To our knowledge, this

is the first time that binary and ternary reactivity ratios have been compared directly, for the same
system, with all other variables kept constant; to the extent possible, only the number of
comonomers (two or three) and the feedposition were varied. Therefore, a direct comparison

of binary and ternary reactivity ratios is finally possible.
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5.1.1 Case StudyTerpolymerizatiorof AN/Sty/MA

Estimating accurate reactivity ratios for mdomponent systems is an important aspect of
polymer reaction engineering, as the reactivity ratios are used to predict composition and sequence
length properties of the polymer product. Hence, it is important to check the reliability of the model
by evaluating, for instance, agreement between aexpetally determined composition data and
predicted terpolymer compositions. Many of the research groups who have used binary reactivity
ratios to describe ternary systems have observed serious deviations between their experimental
data and model predictisnwhich has led them to question the credibility of the AlfBmjdfinger
terpolymerization model (see, for examdt&23, 125 131], with a more detailed discussion in

[57]). In reality, it is the accuracy of the reactivity ratios (as parameter estiosgdsvithin the

model) that should be questioned.

As an example (first exhibited by Kazeii35] and reevaluated for the current work), the
terpolymerization of acrylonitrile (AN, N, styrene (Sty, M and maleic anhydride (MA, M

was studied by Kreder et al.[125]. In the original investigation, the corresponding binary
reactivity ratios (for each of the possible copolymer systems) alegned from the literature
(seeTableb5.1), and were used to predict terpolymerization composition. As shokigumne5.1a,

there was a significant disagreement between the experimental data and the model predictions
when binary reactivity ratios were used.

By applying the EVM methodology to their (instantangdespolymerization data, it is possible
to estimate ternary reactivity ratios for the system (see agdite5.1). Figure5.1b shows that
using these ternary reactivity ratios significantly improves the prediction performance ofZhe A
model. These excellent results can be attributed to (1) choosmgjude the third comonomer in
the estimation process and (2) using the EVM methodology for reactivity ratio estimation.

Table5.1: Comparisorof Binary and Ternary Reactivity Ratio EstimsfeN(M 1)/Sty(M2)/MA(M 3)

Reactivity Ratios r2 ro1 ris rai ros rs2
Binary 0.04 0.41 6.00 10* 0.04 10
Ternary 0.14 0.58 0.40 2.40 0.05 0.07
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Figure5.1: Experimenta[125] andPredictedTerpolymerComposition for the AN/Sty/MAT erpolymer
using (a) Bnary and (b)TernaryReactivity Ratio Etimates foPrediction(Inspired by[135])

These results confirm the hypothesis that binary and ternary reactivity ratios can differ
significantly for a given syem, and therefore should not be used interchangeably. However, since
the binary reactivity ratios used for the original analysis were taken from literature (and would
have been estimated using various techniques), the accuracy of the binary valuehevas rat
guestionable. For a direct and fair comparison of binary and ternary reactivity ratio estimates, it is
necessary to collect dependable experimental data from both terpolymerization experiments and
(the secalled analogous) copolymerization experimeifitds ensures experimental consistency

as well as statistically sound parameter estimation (using EVM) for both the binary and ternary
systems. Thus, in what follows, the terpolymer @fc2ylamide2-methylpropane sulfonic acid/
acrylamide/acrylic acid wibe compared to the associated copolymers, based on recent studies by
Riahinezhad et a]84] and Scott et a[62].

5.1.2 Direct Comparison of Binary and Terna@ystemgAMPS/AAM/AAC)

In what follows, the errem-variablesmodel (EVM) is used to estimateactivity ratios for the
copolymerizations and the terpolymerization associated with the AMPS/AAM/AAc system. Data
sets containing monomer feed composition, conversion and cumulative copolymer composition
are fed to a MATLABbased EVM program to obtainghbest possible reactivity ratio estimates
(and associated joint confidence regions, J§®%)67]. However, the goal here is to investigate
more than just the reactivity ratios themselves. For the first time (to our knowlgdg@pssible

to do a diect comparison of binary and ternary systems, all else (polymerization conditions,
reactivity ratio estimation techniques, etc.) being equal.
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Thus, in Sectio®.1.2.] there will be a comparison of point estimates and the estimated degree of
precision associated with the reactivity ratio estimates (JCRs) for binary and ternary systems. To
complement these results, Secttoh.2.2will provide an inrdepth look at composition prediction
performance (using binary and ternary reactivity ratio estimates to predict cumulative terpolymer
composition).

5.1.2.1Comparison of Reaielity Ratios

Experimental information and data used for reactivity ratio estimation have been presented
previously by Riahinezhad et 4] and Scott et a[62, 80]. Now, it is finally possibleto show

a direct comparison of the binary reactivity ratios (for three distinct copolymerizations) and the
ternary reactivity ratios (for the AMPS/AAM/AAc terpolymer). A numerical comparison is
provided inTable5.2, and joint confidence regions for each comonomer pair are presented in
Figure5.2 through Figure5.4.

It is importantto note that three distinct data sets were used to estimate the binary reactivity ratios
(one for each comonomer paim. dontrast, all six ternary reactivity ratio estimates were obtained
from a single data set (experimental terpolymerization data). However, the JCRs have been split
into comonomer pairsrn Figureb.2 throughFigureb.4) for straightforward comparison. The main
focus of this investigatiors to compare copolymerization and terpolymerization data for ternary
reactivity ratio estimation, but a second (more practical) observation cannot be ignored: using
copolymerization data to describe a ternary system requires double the experimenta work (
optimal copolymer feed compositions x 3 comonomer combinations (6 polymerizations in total)
vs. 3 optimal terpolymer feed compositions (3 polymerizations in total)). This advantage becomes
even more significantin consideing replication and/or evaluatio of model prediction
performance: the binary reactivity ratios would need a minimum of four additional runs (each of
the 3 comonomer pairs plus 1 terpolymerization). Conversely, 1 terpolymerization run would
provide enough data to confirm the ternary tiwég ratio estimates and demonstrate the accuracy

of the terpolymerization model prediction.

Table5.2: Comparisorof Binary and Ternary Reactivity Ratio Estimates AMPS/AAM/AAcC

Reactivity Ratios | ravpsiaam | FAAm/AMPS | TAMPS/AAC | TAAC/AMPS | T AAM/AAC I AAC/AAM
Binary 0.18 0.85 0.19 0.86 1.06 0.22
Ternary 0.66 0.82 0.82 0.61 1.61 0.25
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Figure5.3: Comparisorof Reactivity Ratio Estimates for Comonomers AMPS/AAc using
Copolymeization Data (Binary Estimates) and Terpolymerization Data (Ternary Estimates)
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Figure5.4: Comparisorof Reactivity Ratio Estimates for Comonomers AAm/AAc using
Copolymerization Data (Binary Estimates) and Terpolymerization Data (Ternary Estimates)

The most important observation frdagure5.2 throughFigure5.4 is the following: binary and
ternary reactivity ratios for a given comonomer pair digmificantly, even under the same
reaction conditions. For all three comonomer pairs, no overlap of JCRs is observed. Although
individual reactivity ratio estimate values are similar (between binary and ternary systems) for
raamamps and kacaam, they slould not be evaluated without their corresponding counterparts (that
is, onecannot make statements aboptvithout also considering;i). Thus, point estimates are
statistically different when the binary and ternary estimatesompared

In Figure5.2 andFigure 5.3, the size and orientation of the binary and ternary JCRs are similar,
which represents similar degree of confidence in both the binary reactivity ratio estimates and
ternary reactivity ratio estimatealso, the fact that thdCRs are fairly round (anabt inclined)
indicatesthat there is little correlation between the parameter estimates. This is largely due to the
fact that EVMbased design of experiments was used to select feed compositions for both the
copolymerization and terpolymerization studigsFigure5.4, the uncertaintyn raamaac seems

to be much larger than the uncertainty A&.iam (notice how the JCR is somewl@tretched
horizontlly). However, this is partially due to the relative valuesagfiihac and kaciaam. Since
raamaac IS almost 6 times larger thamakaam, the absolute error is necessarily larger in the
horizontal direction; this phenomenon has also been addressetbttya®d Penlidig6]. This
behaviar is visible for the copolymer because the analysis is evaluating the AAmM/AAc
relationship in isolation. When the full terpolymerization data set is used for analysis, additional
information content helps to improve tpeecision of all reactivity ratio estimates.
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The datacan also be evaluatéy looking at the three comonomer pairs herein, as they are divided
into Figure5.2 throughFigure5.4. One might expect that if P rji for the binary system, the same
would be true for the ternary system. However, this isaiveays the case! As shown in the case
study of Sectiorb.1.1(with data from Kressler et gl125]), relationships between comonomers
may change between the binary and ternary sysseesagaii able5.1.

In the current study, only two of the three comonomer pairs have consistent trends between the
binary and ternary reactivity ratio estimates (againTable5.2). In lookingat the combination

of AMPS and AAm, kam/amps > rfampsiaam for both ce and terpolymerization. The trend is also
consistent for AAmM/AAc. Thus, it is reasonable to conclude that acrylamide is more reactive than
the other comonomers (under these experimental conditions), regardless of whether a copolymer
or a terptymer is being synthesized.

In examiningthe AMPS/AAc comonomer pair, the relationship between reactivity ratios is not so
predictable. While Aac/amps > ramps/aac for the binary system, the opposite is true for the ternary
system. The reactivity ratio estimates are also (numerically) closer together for the
terpolymerization than they are for the copolymerization. We would postulate that this is due to
the presencef acrylamide in the recipe; a némnized monomer in the presence of two ionized
monomers would influence electrochemical interactions (and reduce repulsion) between AMPS
and AAc.

More generally, it is also important to recognize the increase in AM#Stivity for the
terpolymerizationTable5.2 indicates thatawpsi is noticeably larger for the ternary system than

for the binary system, wherecan be either AAm or AAc. This would suggest that the low
reactivity of AMPS in the binary systems is not due to steric hindrance, but rather due to charge
effects.

Direct comparison of binary and ternary reactivity ratios for the AMPS/AAM/AAc system has
shavn significant numerical differences, as well as some shifts in balraowever, point
estimates are only one part of the story. It is equally important to evaluate the prediction
performance when binary and ternary reactivity ratio estimates arerugeg terpolymerization
model.

5.1.2.2Comparison of Composition Predictions

As mentioned previously, binary reactivity ratios are often used to predict terpolymer composition
using the AlfreyGoldfinger (AG) model. However, for more accurate results, rdeast AG

model (Equatios 2.31 to 2.33) can be used in combination with recgntletermined ternary
reactivity ratios[57]. In what follows, the recast-& model is used to predict terpolymer
composition using both the binary and ternary reactivity ratio estimate3able 5.2.
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Experimentally determined composition measurements (obtained using elemental analysis; see
Section3.3.2 are also inalded for evaluation of the model.

Ternary composition diagrams for the AMPS/AAM/AACc terpolyraier shown irFigure5.5. The

three optimal feedompositions used for reactivity ratio estimation (established using EVM design

of experiments) are close to the corners of the triangle, since each is rich in one comonomer. The
initial feed compositions, along with the measured and predicted terpolymmgositions, are

shown inFigure5.5 for both the binary and ternary reactivity ratio estimates. One should note that
these compositions have been meeduover the full conversion range, so scatter is due to
composition changes (as a function of conversion) and should not be taken as poor reproducibility.

(a) (b)

X Feed Composition
@ Experimental Data
[J Model Predictions

0 040 60 80
AMPS AMPS

Figureb.5: Experimenta[80] and PedictedTerpolymer @mposition for the AMPS/AAM/AAC
Terpolymer using (aBinary and (b)lernaryReactivity Ratio Estimates folPrediction

The ternary composition diagrams show fairly good agreement between the predicted and
measured cumulative teslymer compositions. Howevecjoser examination of thprediction
performance of the binary reactivity ratio estimateseals thatthe AMPSrich terpolymer
composition is not well predicted (especially compared to the prediction performance of the
ternay reactivity ratio estimates for the same recipe).

This motivates closer examination of tBéMPS-rich system In Figure 5.6, the cumulative

terpolymercompositions for all three comonomers (AMPS, AAm and AAc) are plotted against
conversion, and the stark contrast between binary and ternary predictions is clearly visible. The
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experimental data are in much better agreement with the tdsaaeg model. Tk is to be
expected (as per previous discussion) and confirms the importance of using ternary reactivity ratios
to describe/model terpolymer systems.
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Figure5.6: Experimenta[80] and Predicted drpolymerComposition for the AMPSich Terpolymer
(fAMPS,deAm,O/fAAc,O = 08/01/01)

It is always good to confirm that model predictions (after parameter estimation) agree with
experimental data. However, mosl@rre typically evaluatagsing the samexperimental data that

were used for parameter estimatj80]. It is important, then, to confirm that the model still holds
when the behavior of new recipes (that is, feed compositions not included in the design data) is
being predicted. As mentioned piausly, three optimal recipes were chosen for reactivity ratio
estimation using EVM design of experiments; these described in Sectiof.3.1.2and in
previous wok by Scott et al[80]. Due to the nature of the design, all three points are near the
corners of the composition triangle; they are rich in one comonomer and have low quantities of
the other two comonomers. It is interesting to evaluate whether the model obtained from these
three points still holds when the operating conditions are closer émttidledof the triangle. That

is, do the reactivity ratio estimates discussed in Se&ibr2.1apply to the entire composition
range?

To establish whether the reactivity ratio estimates (and subsequent terpolymer composition
predictions) hold for all compositions, three saggimal terpolymerization recipes were evaluated.
The same synthesis and characterization procedures were usedcabed previously (see
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Section3.2 and previous work by Scott et §0]; synthesis conditions were pHQ.5, IS = 0.9

M; [M] = 1.0 M), but the results were nosed for reactivity ratio estimation. Therefore, the
reactivity ratio estimates are entirely independent of thisogdilnal region of experimental data.
Figure 5.7 compares the experimentally measured terpolymer compositions and associated
predicted (cumulative) terpolymer compositions for three additional redipes §faam,o/faac,o =
0.5/0.1/0.4; 0.2/0.4/0.4; 0.3/0.5/0.2).
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Figure5.7: Experimentabnd RedictedTerpolymer @mposition forSub-Optimal AMPS/AAM/AAc
Terpolymerizations, using (a)ifgary and (b)lTernaryReactivity Ratio Estimates foiPrediction

For comparison (and to retuto the main goal of the current study), we can again look at the
prediction performance of both the binary and ternary reactivity ratio estimates. The binary
estimates were lacking for tloptimally designed experiments (recklbure5.5), but they are

even worse for the sufptimal experiments. IRigureb.7a, the biggegprediction discrepancy is

for famps,dfaam,offanco = 0.5/0.1/0.4 (which is graphically the lowest feed composition in the
triangle). The other two predictions (both containing more AAm) are in the right general region,
but the direction of the predictidthat is, the slope of the predicted composition) does not agree
with the experimental data.

These resultsan be contrastedith the model prediction using ternary reactivity ratio estimates,
as shown inFigure 5.7b. The ternary prediction performance is much better than the binary
prediction performance, which again highlights the importance of using ternary reactivity ratio
estimates to describe/mabbeedict terpolymerization behawio From these resultst is also
possible toconfirm/conclude that ternary reactivity ratios obtained from optimally designed
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experiment$60] apply to the whole composition range; the reca& model holds for any itial
feed composition.

Though the ternary model has excellent prediction performance for all three feed compositions,
the trend is not entirely correct fiiups, ofaam,offaac,o0 = 0.5/0.1/0.4. The experimental data points
seem to vary horizontally (physically, this indicates fat shows very little drift). However,

the model shows a different trend, suggesting@at is the comonomer fraction that remains
approximatelyconstant. For the sake of completeness, we can also look back to the binary
prediction; because it varies in the opposite direction, it is predicting@hatwill exhibit the

least drift. Obviously, any one of these comonomer fractions are relateg dthtr two B 'O
p), but the model predictions and the experimental data seem to be in disagreement. Thus, the
cumulative terpolymer compositiaran be examineds a function o€onversion Figure5.8).
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Figureb.8: Experimental andPredictedTerpolymerComposition for thesub-Optimal Terpolymer
(fAMPS,deAm,O/fAAc,O = 05/01/04)

As mentioned earlier (in the discussismroundingFigure 5.7b), the ternary plot indicated that

there may be some discrepancies between the experimentally observed trends and trends predicted
by the model (specifically fdamps,ofaam,o/faac,0 = 0.5/0.1/0.4). One might think that this variation

is a result of compoon drift changing with conversion, but it is actually due to slight differences
between rungrigure5.8 confirms that any concerns about predictiorfgrenance are unfounded;

the experimentally determined cumulative terpolymer composition and the ternary model
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prediction are in very good agreement. The inconsistency obserkeglne5.7b was not a result

of bad prediction performance. Rather, a replicate run dsased higb (in terms of'O
measurements) and created a false impression. This variability between runs is not a cause for
concern; theeplicate run was performed entirely independently (from stock solution preparation

to synthesis to characterization), so some experimental error is perfectly normal.

Another important takaway fromFigure5.8 is the terrible prediction performance when binary
reactivity ratios are used in the model. It has already been noted that the incorporation of AMPS
changes considerably when the system chafrgen a copolymerization totarpolymerization.

This has been observed both in the change of reactivity ratio estimates Tedualb.2) and
predicton performance for the optimally designed feed compositioespecially
famps, o faam,offaac,0 = 0.8/0.1/0.1seeFigure5.6). Previously in Figure5.6, using binary reactivity

ratios in the recast Alfre@oldfinger model severely underestimai®d , which in turn
affected the prediction performance for the other comonomer frachiong, for a suboptimal
recipe, this problem is amplified.

The initial feed composition, again, figups o/faam,o/faaco = 0.5/0.1/0.4. It is important to restate
this here, because the fractions of AMPS and AAc in the recipe are clo$eudat> faac,o. In
the product terpolymer, the cumulative fraction of AMPS remains greater than that of AAc;

O "0 is measured throughout the polymerization (at least up to ~50% conversion). When
the ternary reactivity ratio estimates are used in the rec&tndodé, the model prediction
supports these experimental observations, as it should. In contrast, when binary reactivity ratio

estimates are used in the modd) O for up to about 85% conversion. This
inconsistency is a major disadvantage of usingtyirreactivity ratio estimates to describe a
ternary system. Imagine trying to synthesize an A8k terpolymer (given inappropriate binary
data), and finding that the end product is actually AMB! This would only result in frustration

and wasted remirces. It is therefore preferable, when possible, to use ternary reactivity ratios to
obtain information about terpolymerization systems.

5.1.3 Concluding Remarksn Appropriate Estimation Procedures

Terpolymerization kinetics are complex. Historically, binagactivity ratios have been used to
predict terpolymerization behavio (with some success), butighwork shows that this binary
ternary analogy is not always applicable. These results suggest that terpolymerization kinetics
should not be oversimplifiethy applying binary reactivity ratios to ternary systems. When
researchers use copolymerization data to describe a terpolymerization, they are essentially
ignoring the presence of the third comonomer (and any possible interactions with the other two
comonaners) and doubling the amount of experimental work required for reactivity ratio
estimation.
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In directly comparing the binary and ternary reactivity ratios for the AMPS/AAM/AAC system,
significant differences in reactivity ratio estimates (humericallakmpg) and in related trends
were observedThis ultimately affects model prediction performance; binary reactivity ratios
applied to the (recast-&) terpolymerization model did not agree with experimentally measured
composition data. In contrast, ternary reactivity ratios gave very good poedicti

Through this study, it has beshown that three optimally designed feed compositions (selected
using EVMbased design of experiments) provide enough information to accurately estimate
ternary reactivity ratios. Not only do these three experin@otade better ternary reactivity ratio
estimates (and subsequent prediction performance) than themllsd analogous binary
estimates, but they also give equally good prediction performance for independeptisud

feed compositions.

Thus, whenevempossible, researchers should be motivated to use terpolymerization data to
estimate ternary reactivity ratios. Design of experiments and theieiwvariablesmodel make

data collection and parameter estimation straightforward and (perhaps more imhportant
kinetically and statistically accurate.

5.2 Terpolymer Troubleshooting Tips

Section5.2 has been recently published in a Special Issue of Progesseas a r Gbinpuiagional
Methods for Polymers [136]; the article includes a series of case studies highlighting the
advantages and challenges of estimating ternary reactivity ratios directly from terpolymerization
data. A portion of the original article is presented hmawfollows.

When terpolymerization experiments are selected with parameter estimation in mind (that is, using
an errofin-variables model (EVMpased design of experiments for ternary syst@®p, it can

be straightforward to estimate ternary reacfiviitios using the informatiench data set.
However, in using historical data (which may not be designed for parameter estimation),
experimental terpolymerization data may not be sufficient for analysis. Common limitations in
terpolymerization studies @lude composition restrictions arack of experimental information
content (minimal replication, formulations selected targeting final properties rather than
information collection, etc.). Since working with historical (previously collected) data has som
challenges, the case studies presented herein address those challenges and aim to improve ternary
reactivity ratio prediction to the extemthich is possible. For example, additional targeted
experiments i(e., the sequential selection of experiments dwhson an existing dataet),
experimental replication, and fedbnversion (cumulative) analysis can supplement &ypisting
terpolymerization dataet. While additional targeted experiments and replication may require
revisiting the lab (or simulatingdditional data), fullconversion datareoften already available
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from earlier runs. Cumulative analysis can provide greater information content from fewer
experimental rungb4].

Despite the fact that binary reactivity ratios are only a numerical appati®n for ternary
systems, several cases have reported that model predictions using binary reactivity ratios seem to
be in good agreement with terpolymerization data (most reddi&h}). In these cases, although
binary reactivity ratios provide good plietion performance, there are still benefits associated
with using ternary reactivity ratios direc{l§8]. First,this ensures that no unfounded assumptions
are made about the nature of the terpolymerizatidrerethe addition of the third comonomer

(and any interactions it might have with the other two comonomers) is carefully evaluated. Second,
it reduces the experimental load required to characterize the systgm t(vo designed
formulationsof threecopolymes require sixexperiments for binary reactivity ratiosompared to

three designed formulationper single terpolymer requiring threeexperiments for ternary
reactivity ratios) This is especially important if a new (unknown) combination of comonomers is
being investigated. Third, and perhaps most importantly, the kinetic and statistical accuracy of
using ternary reactivity ratio estimation in terpolymerization studies ensures accurate model
predictions for the system being studied.

Several case studiesearevisitedhereinto explore the advantages (and challengesjirefctly
estimatingternary reactivity ratie from terpolymerization data. In the first two case studies
(Section5.2.1), common challenges in parameter estimation are addressed asprocess
constraints (experimental/composition limitations) and numerical estimation constramts (ill
conditioned systems). Additional case studies (Seé&tidid are then presented to provide a direct
comparison between binary and ternary reactivity ratio estim#éfeen the abovwenentioned
challenges are not a factor, the advaesagf estimatingernary reactivity ratios are evident.

5.2.1 Addressing Composition Restrictions &@londitioned Systems

In some cases, system limitations and/or product requirements do not necessarily allow for
statistically designed experimepgsichasthosedescribed in SectioR.3.1.2(each rich in a single
comonomer). This paucity of data presents a challenge for researchers, especially when they hope
to estimateeactivity ratios for subsequent microstructural predictions. The question is: Vdsat do
onedo when a terpolymer system has composition restrictions? How can a ldatteset be
analyzedn such a way thaksearcherare confident itheirparameteestimates? In what follows,

we take a closer look at the challenges associated with two such systems and provide some
suggestions for overcoming the experimental limitations.
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5.2.1.1Case Study: HOST/EAMA/PAG

In a recent study, Pujari et dll38] synthesized derpolymer of 4hydroxystyrene (HOST,;

monomer 1), Zthyl2-adamantyl methacrylate (EAMA; monomer @hd a photoacid generator
(PAG; monomer 3) to use in chemically amplified resists. Specifically, the PAG used for

terpolymerization was triphenylsulfomu salt 4(methacryloxyj2,3,5,6tetrafluorobenzene

sulfonate (F4 PAG).

Pujari et al.[138] provided an interesting contrast betwe#me copolymerization and

terpolymerization behaviw for the same comonomers. The authors reported that of the three
comonomers, only HOST would homopolymeriZée HOST/EAMA copolymers were easily
synthesized and HOST/PAG copolymers were achievable when the feed composition of PAG was
below 10 mol%. Howesr, their attempts to synthesize an EAMA/PAG copolymer were entirely
unsuccessful (at a variety of distinct feed compositions). Finally,
HOST/EAMA/PAG terpolymers from several different feed compositions, in spite of their
inability to syrthesize some of the analogous copolymers. This is an example of a system where
binary (copolymerization) data would not be suitable for predicting terpolymerization bahavio

Since Pujari et a[138] had a specific application in mind, all terpolymemfailations had similar
compositions.
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current investigation is theery low mole fraction of PAG. At most, the PAG content in the feed
was only 10 mol%. These experiments are not designed with reactivity ratio estimation ,in mind

rather, application

requirements

take precedence.

However,

these (low conversion)

terpolymerkation data were still used to estimate reactivity ratios and predict terpolymer

properties.

Pujari et al[138] were able to estimaternary reactivity ratios using Procop 2139]. However,

becausethis dataset has minimal information content, the results exhibit a multiplicity of

solutions.Table 5.3 compares the reactivity ratio estimates reported byrPejaal. [138] with
three successive estimations (labelled A through C) using the instantaneous muaukeEVi

(with the preliminary estimat¢hatr; = 0.500 for all parameters).

Tableb.3: ReactivityRatio Estimates for HOST(1)/EAMA(2)/PAG(3D@ata from[138))

o M1 s 31 23 32
Reported by Pujari et 0.05 0.12 0.81 0.12 0.05 0.79
al. [138]
Current Study (EVM Estimation)
Inst. Estimation (A) 0.1063 0.2155 0.6754 0.0001 0.0877 0.0307
Inst. Estimation (B) 0.17¢7 0.2394 | 99.9721 | 0.0002 0.0897 0.7035
Inst. Estimation (C) 0.0003 0.1753 2.5329 0.0001 0.0728 | 99.9997
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Clearly, the estimation stage and results using the instantaneous model with EVM are numerically
unstable (and therefonenreliable). There are multiple solutions for this estimatifims is a

limitation of using a dataet that only contains limited process information arising from {pA&
formulations. Although common sense suggests that a reactivity ratio pai; oflf = (99.9721,
0.0002)seems unlikelyas seen in estimation (B) is numerically possible. This is a numerical
artefact, as reactivi t(yB) of the pamraeter estimatibn ptogran 06 u p p
(UB = 100 for all parameter values during estimation).

All reactivity ratiospresented iTable5.3 give almost iéntical prediction performance when the

PAG fraction is low. As shown ifigure5.9, allmo d e | predictions oO0fitéo
(reported at oneonversion level) equally well. The model predictions using the original reactivity
ratio estimates reported by Pujari et HI38] ar e no't shown here, but
experimental data well and fall within the range&igure5.9.
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Figure5.9: HOST/EAMA/PAG Terpolymer @mpositionPrediction forf; off2 ofz.0= 0.4/0.5/0.1
(Experimentally Measure@omposition for TPF10 from Pujari et §.38])

In contrast, if terpolymerization behauiois predictedbeyond the available experimental data
(e.g., a PAGich formulationfi o/f2,0/f3,0=0.1/0.1/0.8), these considerably different reactivity ratio
edimates give distinctly differermesults (seéigure5.10). This isan extreme case, selected for
demonstration purposes, and may not be achievable experimentally. However, this inconsistent
prediction performance is observed for any PAch recipe(with fzoas low as 0.4).
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The predictionsshown inFigure 5.10 highlight the importance of statistically welesigned
experiments. In spite of the experimental limdas in this case (limiting the PAG content to 10
mol%), introducing a run with as muéhAG as possible would likely eliminate the numerical
instabilities (and therefore improve the reliability of these estimation results).

5.2.1.2Case Study: BA/BMA/limonene

Another terpolymerization case that is subject to composition restrictions (as well as il
conditioning) is the terpolymerization oflbnutyl acrylate (BA; monomer 1), butyl methacrylate
(BMA; monomer 2) and Dlimonene (lim; monomer 3), recently studied by Ren €tld4]. D-
limonene, a renewable monoterpene, is advantageous in temsypatymer sustainability. When

used as a comonomer it redutiespolymerization rate and molecular weight averages. Therefore,
no more than 40 mol% lim was used in any feed composition for the study. The feed compositions
used in the original investigatigt34] areshown inFigure5.11.
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Figure5.11: FeedCompositions for the BA/BMA/lim €rpolymer, afkeported by Ren et gl134]

Given that most experimental data are collected undegpdiar conditionspnemight expect more

error in the reactivity ratio estimates associated with the limonene comonomer. For both the
instantaneous model (using low corsien data) and the cumulative model (using all available
data), ternary reactivity ratio estimation was performed three times (always wittBM, M, =

BMA and Mz = lim). The results of each estimation al®wn inTable5.4. Inthis case, the binary
reactivity ratio estimates (as reported by Ren €tL84], collected from previous work by Dubé

and colleaguefr9, 140, 141]) were used as the preliminary estinsate

Table5.4: ReactivityRatio Estimates fofTerpolymerization of BA(1)/BMA(2)/lim(3) witfExperimental
Data from Ren et a]134]

M2 M1 s 31 I23 32
Reported by Ren et| 0.46 2.008 6.08 0.007 6.096 0.046
al. [134]
Current Study (EVM Estimation with Low Conversion Data)
Inst. Estimation (A) 0.3729 1.4350 5.0098 <103 35.5943 | 13.0409
Inst. Estimation (B) 0.4986 1.4982 5.2291 | 27.9826 | 52.3811 <103
Inst. Estimation (C) 0.3729 1.4350 5.0098 <1038 35.5924 | 36.9594
Current Study (EVM Estimation with Full Conversion Data)
Cum. Estimation (A) | 0.2787 0.9949 4.9888 0.0001 | 29.6738 | 12.2200
Cum. Estimation (B) | 0.2733 0.9214 5.0104 0.0039 | 27.1517 | 10.0072
Cum. Estimation (C) | 0.4081 0.9987 5.4698 2.4651 | 30.0914 | 0.0001
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As observedor the HOST/EAMA/PAG system, the estimation is numerically unstable. However,
in general, the cumulative estimation results seem lesenlitioned tharn the instantaneous
analysis. This is likely due to the increased information content provided when analyzing
composition data over the full conversion range with a cumulative ri@gjdel

Looking closer at the instantaneous estimation results, relatively ggeeements obtained
between instantaneous estimations A and C. However, in both cases athdr 3> estimates are

both much greater than 1. Such a case has not been observedraditakcopolymerization.

There are some reports in the literatilva have shown both estimates >1, but this is likely due to
experimental error or a different copolymerization model being active. In this case, it is likely due
to error, but the degradative chain transfer mechanism (due to the presence of limonetis) may
contribue here The uncertainty in this system is confirmed by comparing instantaneous
estimations A and C to instantaneous estimation B. The fact that estimation results based on the
samedatasethave considerable convergence issues (likely dlee&b optima) suggests that there

is not sufficient information for reactivity ratio estimation directly fritmaterpolymerization data.

Similar behaviar is observed for the cumulative case. Here, cumulative estimations A and B are
similar, whereas ththird estimationestimation (C)shows more variation. Again, the estimation
results indicate that two reactivity ratios (for a given comonomer pair) are both greater than 1. The
same comonomer pairs are of concern h&he BMA/lim comonomer pairrfz and g2) in
cunulativeestimations A and B, and the BA/lim paitsand g1) in cunmulativeestimation C. This
behaviarr can be examined further by plotting the joint confidence regions (JCRs, or error ellipses)
for each of the point estimates obtaineshgsumulativeanalysis Figure5.12).
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Figure5.12 Ternary Reactivity Ratio Estimates for th@ erpolymerization of
BA(1)/BMA(2)/lim(3), with Data from Ren et aJ134]

As shownin Figure 5.12a, the JCRs associated withs rand g2 are very large. The largest
uncertainty was for estimation A, but subsequent estimations showed similar results. In
comparison, the JCRs for the othergraeters look like point estimates! This indicates substantial
and disproportionate uncertainty in the estimates, especially for the BMA/lim comonomer pair.

As we focus in on the other parameter estimates (for the BA/BMA pair and the BA/lim pair), the
JCRs become much smaller (note the change in scale betigeare5.12a andFigure 5.12b).
Comparing BA/BMA to BA/lim, the most uncertainty is clearly for the BA/lim comonomer pair
(especially for estimation (C)). In comparison, the JCRs for BA/BMA are very small, which gives
a much higher degree of certainty compared to the other estimat&sgiseb.12c).
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The more precise estimation a@f and b1 (that is, for the BA/BM\ pair) is not coincidental. As
mentioned earlier, the experimental deddlected Figure5.11) only includedformulations with

low mole fractions ofilnonene. Therefore, we would suggest that a lack ofritimn data has
contributed to poor estimation performance for the BA/BMA/lim terpolymer. This agrees with
previous copolymerization observations reported by SecwttPenlidig6].

To demonstrate thenportance of using welllesigned data for ternary reactivity ratio estimation,
supplemental dathave been simulatefbr the BA/BMA/lim system. Experimental data were
simulated using the binary reactivity ratio estimates (which, as per the originalgatiest give
acceptable predictions of terpolymer behaviap to full conversion level§l34]). Two feed
compositionsfy,o/f2,o/fs,0= 0.1/0.8/0.1 anéh o/f2,0/f3,0= 0.1/0.1/0.8 (that is, BMAich and limrich
formulations) were selected to supplement the original data set. In both cases, the total conversion
range was divided into 19 points (between 0 and 0.99 in steps of 0.052) and the corresponding
monomer compagon mole fractions were calculated via direct numerical integration. Then, the
cumulative terpolymer compositions were calculated using the Skeist eqiadidlas peif54]).

Random error was added to all data to mimic real experimental observa#tidfs: error was

added to conversion and feed compositigy) (lata, whilea2% error was added to the cumulative

terpolymer composition @) data. (Note that typically 5% error is standard@data, but using
those levels for this system would odocaglly make the simulated limonene content negative,
given the low incorporation of limonene).

For the instantaneous case, three low conversion data points from each (simulated) feed
composition were added to the data set.sAswn inTable 5.5, the addition of these data
Gstabilizedthe estimation, and reactivity ratio estimates obtained were now almodieheNed.
However, the newly estimated pareters still pose a concefffor the s and g2 pair (BMA/lim
comonomers), both reactivity ratiosere much greater than 1 for the low conversion case
(instantaneous). In factzrwas estimated at 100.00 from three consecutive assessments. As
explained previously (in Sectidn2.1.], this is a numerical artefacivherethe parameter has
reachedthe dipper bound of the estimation program. However, the consistency of this result
invites further investigation.

It is our understanding that the> = 100.00 result is due to the-dbnditioned nature of the
terpolymer system. Physically, we can eiplit as follows:The limonene incorporation is very

low at low conversion levels, such that Khe rate constant for terminal limonene radicals adding

BMA monomer units) is tending to 0. Given the reactivity ratio definitigs ksz'kso, and as

Y 0xY rb. With this | ogic, we sisaontinuall pittingithe t he
upper bound of the estimation program.
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Tableb.5: ReactivityRatio Estimates foiT erpolymerizaton of BA(1)/BMA(2)/lim(3) with Supplemental
Data ExperimentaData from[134] and SimulatedData fromCurrent Wbrk)

M2

21

M3

31

23

32

Reported by Ren et al.
[134]

0.46

2.008

6.08

0.007

6.096

0.046

Current Study (EVM Estimation with Experimental and Simulated Low Conversion Data)

Inst. Estimation (A) 0.3663 1.4317 7.5324 0.1003 | 10.1289 | 100.00
Inst. Estimation (B) 0.3662 1.4317 7.5293 | 0.1004 | 10.1307 | 100.00
Inst. Estimation (C) 0.3663 1.4317 7.5324 | 0.1003 | 10.1289 | 100.00

Current Study (EVM Estimation with Experimental and Simulated Full Conversion Data)

Cum. Estimation (A) 0.3009 2.4961 6.5236 0.0009 8.1873 0.0106
Cum. Estimation (B) 0.3167 1.9085 5.7962 0.0017 5.9647 0.0087
Cum. Estimation (C) 0.2876 1.5613 8.5751 0.0315 7.7202 0.1240

In contrast, thecumulative analysis (which uses the composition ,datdh experimental and
simulated over the full conversion range) gives more stable results. Specifically, the estimation
results show thats < 1. Clearly, supplementing the terpolymerization dsgawith optimal
formulations (as per the EVM framework) significantly improves the stability and trustworthiness
of ternary parameter estimates. Ideally, even more experimental data would be collected for the
lim-rich system to offset the error associatethwow limonene incorporation.

5.2.2 Improved Performance with Ternary Data

The above examples present a variety of challenges: data sets with low information content or ill
conditioned systems (with reactivity ratios of different orders of magnitude) can make estimation
difficult. If the estimation steps are unstable, then onesdwt have confidence in the final
estimates. Unfortunately, even with many data poirsearchersio not always have all the
required information. Therefore, design of experiments for reactivity ratio estimation is key!

In the cases that follow, wegsent some case studies that highlight the advantages of analyzing
terpolymerization data directly using ternary reactivity ratio estimation. All three case studies were
originally modelled using analogous binary reactivity ratibeterpolymerization dta have been
revisited and reanalyzed.

5.2.2.1Case Study: BA/IMMA/EHA

A recent study by Gabriel and Dup¥37] investigated the terpolymer diutyl acrylate BA;
monomer 1)methyl methacrylateMMA ; monomer 2) and2thylhexyl acrylate (EHA; monomer

3), which is a material of interest for pressure sensitive adhesives. First, the authors determined
the reactivity ratio pairs for two of the associated copolymers (BA/EHA and MMA/EHA), and
subsequently used these binaegactivity ratios, along with literature values for the BA/MMA
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reactivity ratios, to predict terpolymer composition. The terpolymer model prediction (using binary
reactivity ratios) showed good agreement with the collected data, as described in theveoiginal
[137].

In spite of the good results achieved using binary reactivity ratios, ternary reactivity ratio
estimation directly from terpolymerization data presents some additional advantages. First,
consider the experimental load: rather than nine exyeial runs described by Gabriel and Dubé
[137] (and additional prior work for estimating the BA/MMA reactivity rat{68]), only three
different feed compositions are required. Since Gabriel and DiLB¥ selected ternary feed
compositions according tine EVM ¢Gule-of-thumkd for ternary reactivity ratio estimatide0],

their datacan be usetb reestimate reactivity ratios directly from terpolymerization data.

First, only the low conversion data were used for an instantaneous analysis. Now, bexseise t
data points were collected for model validation (not necessarily parameter estimation), only 7 data
points are available below 20% conversion. These data were used for ternary reactivity ratio
estimation using the recast Alfr&goldfinger equation (@ll Equation2.31to 2.33) and EVM
(Equations2.42 to 2.44). There are two observations of note here: (1) the estimation is stable,
much more so than the castudies presented in Sectidn2.l, and (2) the estimation is
symmetrical. That is, regardless of which monomer is defined as monomer 1, monomer 2 or
monomer 3, the estimated parameters are the same. As an example, two variations are shown below
and compared to the original (binary) estiimat Here, reactivity ratios are labelled according to

the monomer name (rathéran monomer number) for further clarity. Also, the colors shown in
Table5.6 are associated with the colors of the JCRSigure5.13.

Table5.6: Reactivity Ratio Estimates ér Terpolymerization of BA/IMMA/EHA fronLow Conversion
Data ExperimentaData from[137])

IBA/IMMA ' MvaBA ' BA/EHA I EHA/BA FMMA/EHA | TEHAMMA

Reported by Gabriel and 0.34 2.02 0.99 1.62 1.50 0.32
Dubé [137] (binary reactivity

ratio estimates)

Inst. Estimation 0.41 1.49 1.21 8.52 0.81 0.36
(M1/M /M3 = BAIMMA/EHA)

Inst. Estimation 0.41 1.49 1.20 8.45 0.81 0.36
(M1/M /M3 = MMA/EHA/BA)
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Figure5.13: TernaryReactivity Ratio Estimates fathe Terpolymerization of BA/MMA/EHA
for (a) Mi/M2/M3s = BA/IMMA/EHA and (b) Mi/M2/M3s = MMA/EHA/BA, with Instantaneous
Data from[137]

In general, the ternary reactivity ratios follow the same trends as the original (binary) reactivity
ratio estimates (thas, if rj > r; for the binary case, the same relationship holds for the ternary
case). Howevermiuaena falls below 1.00 when estimated directly from terpolymerization data.
This suggests thatvkiamma > kumaena in the binary case (homopropagation MMA is
preferable to crospropagation of MMA and EHA), but thatikamma < kumaena in the ternary

case (homopropagation becomes dominated by-proggmgation of MMA/EHA).
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Another notable difference is the significant error present for the BA/EHA system. This is shown
in bothplots (of Figure5.13), as the JCR for BA/EHA imuch larger than the other JCRs. This

may be related to the absolute value of the parameter estimates. As shown in a recdit, study
uncertainty becomes much greater for larger parameter values. Sineg Is larger than the

other reactivity ratio ésnates (by as much as 20 times, in some cases), the same relative error
(assumed to be 5% for this system) will have a much larger absolute vaiugdn compared to

the other parameter estimates. This behavias been described for the copolymeeg¢él but

the difference in parameter estimates was observed within a single JCR (that is, the elliptical JCR
was stretched in the direction of the larger parameter estimate). In this, a terpolymer case, the JCR
associated with the comonomer pair containlarger parameter estimates is greater in both
directions. The absolute value of the error seems magnified, likely because most other reactivity
ratio estimates for the system are around or below 1.00. Another item of note is that both reactivity
ratiosfor the BA/EHA pair are again >1; this may be for the same reasons discussed earlier for the
BA/BMA/Iim system. An additional reason may be related to the fact that the copolymerization of
BA and EHA may lead to branched molecule formation and even mi¢oogetion, which would
complicate analysis further.

Next, the full conversion data gstconsideregternary reactivity ratios can be estimated usig

EVM and the cumulative terpolymerization model. All terpolymerization data from the original
study[137] were used herein, and results ah®wn inTable5.7 (and Figure5.14). Again, the
estimation is stable and symmetrical, which can be attributed to carefully designed data. As an
aside, the estimation program also convengeich more quickly; parameters wereirastted in
under an hour ( on86Ggpnocessor} cernpard)to (Ghoavem@e) S50 hours of
computation for the #tonditioned system described earlier.

Tableb.7: Reactivity RaticEstimates for €rpolymerization of BA/IMMA/EHA fromAll
Terpolymerization Data (gperimentalData from[137])

'BA/MMA ' vma/BA I BA/EHA lEHABA F'MMA/EHA | TEHA/MMA

Reported by Gabriel and 0.34 2.02 0.99 1.62 1.50 0.32
Dubé[137] (binary reactivity

ratio estimates)

Cum. Estimation 0.41 1.60 2.01 7.59 0.74 0.35
(M1/M /M3 = BAIMMA/EHA)

Cum. Estimation 0.41 1.60 2.06 7.66 0.74 0.35
(M1/M /M3 = MMA/EHA/BA)
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Figure5.14: Ternary Reactivity Ratio Estimates for th& erpolymerization of BA/IMMA/EHA for
(a) Mi/M2/M3 = BAIMMA/EHA and (b) Mi/M2/M3; = MMA/EHA/BA, with CumulativeData
from [137]

The values estimated using all terpolymerization data (full conversion) are similar to the results of
the instartaneous parameter estimation (compéable 5.6 to Table 5.7). Also, in comparing
Figure5.13to Figureb.14, the JCRareas are reduced when the full conversion data set is used for
analysis (note that scales are the same for easy comparisoguoé5.13a toFigure5.14a and of
Figure5.13b toFigure5.14b). This is in agreement with previous studi&$ 57] and makes sense
physically. Since more experimental datee available for analysis (18 data points over all
conversion levels instead @flow conversion data points), the uncertainty associated with the

151
































































































































































































































































































































































































































































































