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Abstract

The behavior of polymers in solution under complex physicochemical and
hydrodynamic flow fields is of interest to a variety of industrial processes. Of particular
interest here are applications which involve polypellymer or polymeipariculate
interactons and assembly in flow, such as those found in polymer processing and water
treatment, among others. In this the$io main areasre presented which examine
polymer interactions under varioyghysicochemical and flow conditions in aaus
environments(1) sel-association of polymer chains in flow (Chapters 2 and 3), resulting
in the formation of fibrils and filaments and (2) association of polymer chains with
suspended particulate (Chapters 4, 5, anek8ting in the formation dfocs. More detd
on the types of processes where these flows occur and how the polymeric response and

assembly can be probed are introduced in Chapter 1.

In the first area, the extensional properties of polymethylcellulose (MC)
solutions were charggrized usingCapillary BreakupExtensionaRheometry (CaBER)gs
described in Chapter. Zhe addition of NaCl to MC solutions results in the formation of
MC fibrils, which impars elastic characteristics to the solutidime extensional relaxation
time ard extensional igcositydue to these fibrils were found to increagéh increasing
MC concentrationWhile the results presented in Chapter 2 represent the first sets of
characterization dNaClkinduced fibril formation for MC solutions, disadvantage ahe
CaBERappoachis that its resolution iBmited by solution viscosityTherefore, in Chapter

3, amicrofluidic filament stretching devicevas usedo further characterize extensional



properties folower molecular weight and lower viscosity MC sabuig where it vas
found that the extensional viscosity increased with increasing NaCl concentration.

In the second aredhe flocculation otharged polymers witbentonite claywvas
studiedin complex flow fieldsusingjar tests andaylor-Couette (TC¥flows. Thecusbm-
built TC cell usedin these studiess capable of radial injection of fluids into the gap
between two concentric cylindetlusallowing for introduction of the polymeric solutions
into the particldaden flow to investigatén-situ floc nucleation and growthChapter 4
discusses the effects of hydrodynamic flow states on flocculation in the TC cell, where
faster floc growth rateand decrease@-D perimetefbasedfractal dimensions were
observedor higher order flow statesdicating mproved mass transfer of the polymer
flocculant and shear rounding of the flocs, respectively. Chapterl@s on the work in
Chapter 4 byinvestgaing the effects of ionic strength and polyelectrolyte molecular
weight on flocculation in the TC celheein c rienagh ar ge scr eeqiimg fr c
i oni c str eaingtihn breetspueheipsei rathoni t e aggregate si
t hpeol yel ectrolyte to br i dlgeec rmewlstiingl e ea g rsdc
Fi nal Clya pvteesrt i6g aitnes t he effects of adding a
floccul ation system, humi c aci dpH urseisnugl tjsar

competitive flocculation between the bent ol

Overall, this thesis seeks to provide additional understanding of how polymers
assemble in solution under a variety of physicochemical conditiors flow.
Understanding the rheologichéhavior ofassociating polymer chains into fibrils due to
changing saltion conditions broadenkeir processing capabilitidsy understandinghain
and fibril dynamics in solutiorLikewise, consideration of physicochemical properties and
flow parameters in the flocculation of a particuttden suspension with polyelediries
could aid in the improvement of process predictive capabilirgs ultimately, process

performance in applications such as water treatment.
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by the maximum value dgy in the fitting range Ry/Rgmay. The solid lire indicates
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Figure 5.1 Steady shear viscosity (closed symbols) and torqueomesptraces (open
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was kept constant at 23°C. The experiment was performed using the cup and bob
geometry to mimic the Tayle€ouette cell geometry........ccccoeeveiiiiiiiiiiccc e, 84

Figure 5.2 Flow rate calibration curves for polyeledyte injection from the inner
cylinder of the TC cell at a drive pressure of 30 psi. The closed symbols represent the
(a) lower molecular weight cationic polyacrylamide flocculant (4190SH) while the
closed symbd represent the (b) higher molecular weigationic polyacrylamide
flocculant (4190SSH). The solid gray line represents a linear regression of the data
points while the dashed black lines represent upper and lower 95% confidence
intervals. The slope of énlinear regression is the flow rate irs§that was used to
calculate the drive time needed to inject the required mass of polyelectrolyte into the
annulus to obtain the required concentration showiahle 51. The linear fit
eqguations are (a) Injeot Mass = (1.115 + 0.089jection Time + 1.330 = 0.922),
R2=0.99 and (b) Injection Mass = (0.772 + 0.08ggction Time + (1.098 + 0.330),

Figure 5.3 Time lapse of binarized images of bentomi&tionic polyacrylamiddlocs
(here, the 4190SH flocculant was used) as a function of ionic strength. The first image
in each row is at 210 s, which is the onset of the ioylander speed change. The last
image in each row occurs where the floc size plateaus. The middle imesegeh row
occurs at the midpoint time between the times associated with the first and last images.

The white scale bar in the lower righ@ind corneof each image represents 5 mm.

Figure 5.4: Time lapse of binarized images of bentomwétionic polyacrylamide flocs
(here, the 490SSH flocculant was used) as a function of ionic strength. The first
image in each row is at 210 s, which is the onset of the inner cylinder speed change.
The lastimage in each row occurs where the floc size plateaus. The middle image in
each row occurat the midpoint time between the times associated with the first and
last images. The white scale bar in the lower rlygnid corner of each image
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Figure 5.5 All trials for the (a) floc sizes expressed as radius of gyraRgr(p) 2D floc
fractal dimension, and (c) number of flocs as a function of ionic strength with time for
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the lower molecular weight cationipolyacrylamide flocculant (4190SH). The
vertical gray line depicts the point where the inner cylinder speed transitiong from
= 0.5 S 0 Qi = 0.46 Sheinoeeceeeceee et Q0
Figure 5.6. All trials for the (a) floc sizes expressed as radius of gyraRgr(b) 2D floc
fractal dimension, and Jeumber of flocs as a function of ionic strength with time for
the lower molecular weight cationic polyacrylamide flocculant (4190SSH). The
vertical gray line depicts the point where the inner cylinder speed transitiong from
= 0.5 S 0 Qi = 0.46 Sheinoeeceeeceee et a1
Figure 5.7. Jar test results as a function of solution ionic strength using the (a) lower
molecular weight cationic polyacrylade flocculant (4190SH) and the&)(higher
molecular weight cationic polyacrylamide flocculant (4190SSH). The final turbidity
in terms of nephelometric turbidity units (NTU) is expressed as a function of the
polyelectrolyte dose, or concentration, in papesr million (ppm). The global
minimum in each curve denotes the optimal dose for a set of solution cond@?ns.
Figure 5.8 Floc sze expressed as radius of gyrati®y, as a function of ionic strength
with time for the (a)lower molecular weight cationic polyacrylamide flocculant
(4190SH) and the (b) higher molecular weight cationic polyacrylamide flocculant
(4190SSH). The verticaray line depicts the point where the inner cylinder speed
transitions fromgi = 0.5 ST t0 Qi = 0.46 Sh..eviiiiieiiieeceee e a5
Figure 5.9 Representive example of the logistic growth fit to floc size data over time
using the higher molecular weight polyelectrolyte (4190SSH) at a solution ionic
strengh of [I] = 1.3 mM. The open red circles represent Ryeexperimental data
points normalized by the amimum value ofRy in the fitting range at the floc size
plateau. The solid red line indicates the logistic growth fit. The open gray circles
represent theesiduals of the fit, which are calculated using the logistic growth model
and subtracted from theiginal data at each corresponding time point. The time was
adjusted so that the beginning of floc growth occurs at t = 0 s. Logistic growth fits for
all systems can be found Figure 5.10andFigure 5.11........ccccccoeiiiiiiiiiiniiceenn. 96
Figure 5.1Q Logistic growth fits to floc size data over time for (a) trial 1, (b) trial 2, and
(c) trial 3. The fits represent the solut® with the lower molecular weight
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polyelectrolyte (4190SH) at all solution ionic strengths tested in this study. For each
plot, the closed, colored circles represent Rgedata points collected during the
experiment, normalized by the maximum valueRgin the fitting range at the floc
sizeplateaus. The solid, colored line indicates the logistic growth fit. The closed gray
circles represent the residuals of the fit, which is the calculated data point, using the
logistic growth model subtracted from tbaginal data at each corresponding éim

point. The time was adjusted such that the beginning of floc growth occurs att =0 s.

Figure 5.1 Logistic growth fits to floc size data over timar f(a) trial 1, (b) trial 2, and
(c) trial 3. The fits represent the solutions containing the higher molecular weight
polyelectrolyte (4190SSH) at all tested solution ionic strengths. For each plot, the
open colored circles represent tHe, data collectedexperimental data points,
normalized by the maximum value [&f in the fitting range, at the floc size plateaus.
The solid colored line indicates the logistic growth fit. The open gray circles represent
theresiduals of the fit, which is the data pointocadited by the logistic growth model
subtracted from the original data at each corresponding time point. The time was
adjusted so that the beginning of floc growth occurs att .0.S.........ccennnnnn! 98

Figure 5.12 Floc morphology quantified as al2perimeterbased fractal dimensiobst,
as a function of ionic strength with time for the (a) lowerewalar weight cationic
polyacrylamide flocculant (4190SH) and the (b) higher molecular weight cationic
polyacryamide flocculant (4190SSH). The vertical gray line depicts the point where
the inner cylinder speed transitions frop= 0.5s't0qi =0.46 &' .....c.ocveeene 103

Figure 5.13 Number of flocs as a function of solution ionic strength with time for the (a)
lower molecular weight cationic p@crylamide flocculant (4190SHind the (b)
higher molecular weight cationic polyacrylamide flocculant (4190SSH). The vertical
gray line depicts where the inner cylinder speed transitions drom0.5 st to q; =

Figure 5.14 (a) Comparison of optimal dose (green diamonds) and overdose (purple
triangles) floc growth with time using the lower (4190SH, solid symbols) myiath
(4190SSH, open symbols) molecular weight polyelectrolyte flocculants at [I] = 100
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mM. To better compare the floc growth of the optimal dose to overdose conditions,
(b) shows the time adjusted such that all growth curves start at O s and the #oc size
normalized by the maximum floc sizBy(Rymay. There is no statistical difference in
floc size or growth rate between optimal dose and overdose conditions for both
flocculants StUAIEd.........ccoooeeiiiii e e 105

Figure 5.15 Graphical summary of findingfcreased charge screening from increased
ionic stength of a bentonitaden suspension for flocculation in a Tayl@ouette cell
capable of radial injection results in an interplay between increased bentonite
aggregate size and decreased ability for ploéyelectrolyte to bridge multiple
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coNfOrmMation iN SOIULION........uuuiiiiiiiiiiiiie et 106
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Figure 6.4 Turbidity curves expressed in nephelometric turbidity units (NTU) as a
function of solution pH and polyelectrolyte dose in parts per million (ppm) using the
coaktbased humic acid. Curve (a) depicts all the superimposed curves, while (b)
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of solution pH. The error bars represent the standard deviation of the m&aeeo
measurements at €aCh POINT.............uuuiiiiiiiiieeeiiiii e 118

Figure 6.6. Laser confocal 3D renders of a floc composed of bentonitebesaid humic
acid,and Cy5tagged polyelectrolyte at two turbidity minima. The turbidity curve is
data taken from jar tests performed at pH 11 at an sinéngth of [I] = 1.3 mM.
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Figure 6.7: Laser confocal 3D renders of a floc composed of béetoroatbased humic
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Figure 6.8 Laser cafocal 3D renders of a floc composed of bentonite,-baaked humic
acid, and Cy8agged polyelectrolyte at the turbidity global minima. The turbidity
curves are data taken from jar tests performed at pH 3 and 11 at an ionic strength of
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Figure 7.2 CaBER results fathe 1 wt% cationic (19A series, purple) and 1 wt% anionic
(184A series, cyan) polyelectrolytes. Normalized filament diameters with time are
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and (b) anionic polyelectiytes. The plate dianter was 6 mm and the initial height
between plates was 3 mm with a strike time of 50 ms for solutions with [I] = 10.25
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Chapter 1

Global Introduction

1.1. Motivation

The behavior of soft materials, such @dymers and colloial materials under
complexphysicochemical andydrodynamic flow conditions is of interest to a variety of
processes, such as extrusion, coatipgnting, spraying,flocculationof particulateladen
systems, and many moteé While there are many combinations of variables that can be
studied in a wide variety of systems, the focus on this thesis is on polymer Bssemb
solution at two different length scales. The first area examines thestéte extensional
rheological behavior of methylcellulose solutions, whose chains associate with themselves
to form structures known as fibrils in the presence of NaCl at reomperature. The
extensional behavior of this class of polymers is not asundirstood as its shear behavior
is. Therefore, these studies oagralready commercially relevant material to several other
processes and continue to make the case that autinorheological characterization is
necessary to predict and optimize proesssThe second area examines the mesoscale
flocculation behavior of polyelectrolytes, which are charged polymers, with suspended
particulates under a variety of solution condisaising TaylorCouette (TC) flows. The
wide range of flow states accessili@i TC cell vary in both turbulent intensity and kinetic
flow type (a measure of the degree of rotation, shear, and extension in the flow).

Consideration of physicochemical pesfies and flow type parameters in the flocculation



can potentially improve prcess predictive capabilitiegand ultimately, process

performance in drinking water treatment, which is a basic global need.

1.2. ExtensionalRheology of Polymer Solutions

1.2.1. Extensond Rheology Methods

The two basic flows used to study rheological properties of materials ardlshear
and extensioal flow. In shear flow, adjacent layers of the fluid move parallel to each other
at different speeds, resulting in a velocity gradiémextensional flowthe velocity profile
in a specific direction is independent of the other spatial dimensions in the system, and
polymer chains and particles will align in the direction of the fidwst as shear viscosity
can be measured for fluids, extensional viscosity can be measured as well. The Trouton
ratio, which is the ratio of extensional viscosity to the shear viscosity, can be used to
compare the extensiahbehavior to the shear behavior of a fluid. For Newtonian fluids,
the Trouton ratio is 3 for axisymmetric elongation and 4 for planar elongation, whereas for
nortNewtonian fluids, such as polymer melts and solutions, the Trouionganywhere
from ore to several orders of magnitude largj&

In theory, it is easy to imagine how one would apply an extensional flow to a
material, particularly a polymer melt, by
in a single direction. Innadice, there have lam many obstacles in developing methods to
accurately measure extensional viscosity, largely due to challenges with generating a
homogeneous extensional flow field. Even more challenging was method development for
solutionbased matéals, whichcannotbB gr abbed ont oo | i ke a poly
many advances have been made in developing both commercially available and laboratory
based methods that can reliably measure extensional properties of materials. The major
methods arehighlighted n Figure 1.1 and are classified by the accessible shear and
extensional viscosity ranges. Methods that can measure higher viscosity samples such as
the VersatileAccurateDeformationExtensionalRheomeer (VADER) or theExtensional
Viscosity Fixture (EVF) for the ARES52 rheometer will not be discussed here as these
methods work best for higher viscosity solutions (greater than 100 Pa-s) or polymer melts

whereas the focus of this work is on lower visgopblymer solutions.
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Figure 1.1: Extensional rheometry process window categorized by shear and extensional
viscosity (or relaxation time in some cases)e Thicrofluidic device featured here is an
exampleof a crossslot geometry. Th®ptically-DetectedElastocapillarySelf-Thinning
Dripping-onto-Substrate (ODE®OS) extensional rheonetwas developed by Sharma
and colleague$-'2The Rayeigh Ohnesorgdetting ExtensionaRheometer (ROJER) was
dewloped by McKinley and colleagué3!* The Capillary Breakup Extensional
Rheometer (CaBER) and the filament stretching extensional rheometer (FISERere
develod by the Cambridge Polymer Group (MA, USA) and commercialized b
ThermoFisher Scientific (MA, USA) and the Cambridge Polymer Group, respectively. The
Versatile Accurate Deformation ExtensionalRheometer (VADER) was developed by
Huang and colleagu®s® and commercialized by Rheo Filament (PA, USA and
Copenhagen, Denmark). The Rheotens was commercialized by Gottfert (Buchen,
Germany). TheExtensional Viscasity Fixture (EVF) was commercialized by TA
Instruments (DE, USA Adapted by permission from Springer Nature Customer Service
Centre GmBH: SpringeMicrofluidics and Nanofluidicsl4, Microdevices for extensional
rheometry of low viscosity elastic liqusda review, F. J. GalindBosales and M. A. Alves,
Copyright (D13).

One of the earlier methods developed to measure the extensional viscosity of
polymer solutions is thEilamentStretchingExtensionaRheomeer (FISER). The sample
fluid is placed between two plates, and the top plate moves up with an exponentially
increasing velocity with constant strain rate. This deformation forms a filament, and its
diameter and applied force can be measured as a functiomeofind positiot”*® The
FiISER is appropate to use for samples with shear viscosities betwdeb0DO Pa-s. For
3



samples with shear viscositibstween 0.01 10 Pa-s, theCapillary BreakupExtensional
Rheomete(CaBER) can be used to measure extensional properties. In this apparatus, a
step stain is imposed on a fluid sandwiched between two plates and the resulting filament
selfthins due to capillary forces. The filament thinning progresses with an extensional
strain rate dictated by the properties of the fluid. What is unique about CaBtaRuslike
FISER, it does not measure a force; rather, the information that is collectedhisl ploent
diameter of the thinning filament with tim&*°

While both FISER and CaBER are both relativelgsye methods to obtain
extensional properties, such as extensional viscosity and extensional relaxation time, there
are still some limitations to consider. It was already teed that FISER cannot
accurately measure fluids with viscosities below 1 Parg {ais is pushing the limitations
of the instrument). Even CaBER, which is capable of measuring fluids with lower
viscosities, can only reach a lower viscosity limit aro@@dnPa-s and a lower relaxation
time limit of 1 ms, although these values are €lts the limitations of the instrument,
hence there is some question on the reliability of the measurement at these viscosity limits.
Furthermore, these two techniques cdrauhieve high strain rates.g, greater than 1000
s, and there is some connehat chains fail to reach their full extensitil In addition
to these limitations, inertial effects become increasingly difficult to ignore as solution
viscosities decreaseh& addition of higkspeed cameras and the slowaetion method
developed by Claseet al?! have been shown to reliably push the limits of CaBER for
lower viscositysolutions to avoid inertial effects. Even with continued improvement to
CaBER to measure lower viscosity fluids, there are still concerns about distortion of the
thinning filament due to gravitational effeéts

An alternative technique that addresses restrictions associated with inertial effects
from CaBERIs the Rayleigh Ohnesorgletting ExtensionalRheometer (ROJER). This
device uses stroboscopimaging to measure thinning liquid bridges in a continuous jet
without the use of a higepeed camer&* A disadvantagef this techimque is that it is
prone to frequent blockages in the nozzles used to jet the fluid. One study by Greitiunas
al.? utilized disposable needles in the nozzle design sdlikeateedle can be replacsith

another onehould a blockage occuEven with this improvement in the ROJER design,
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the higher shear rates associated with fjgiting could potentially preshear the fluid, thus
altering the results. Taitigatethe potential pitfalls of inertialfeects by imposing a step
strain or preshear for lower viscosity solutions, a recent technique kno®@ptiaslly-
Detected Elastocapillary Self-Thinning Dripping-onto-Substrate  (ODESOS)
extensional rheometry was dewpeéd by Dinicet al'*'2 For DOS experiments, a pre
determined volume of fluid is slowly deposited onto a substrate. The unstable liquid bridge
that forms undergoes capilladyiven thinning recorded by a higipeed camera. This
technique is capabtd measuring extensional viscosit@dow viscosity (shear viscosities
< 20 mPa-s), low elasticity (relaxation times < 1 ms) fluids, which is nearly impossible to
achieve using CaBER, as the fluid tends to pioffhbefore the liquid bridge can be
propely stretched!22

Another method that can measure theeesional properties of low viscosity, low
relaxation fluids is microfluidics. One difference between DOS and microfluidics is that
the viscoelastic behavior can be enhanced and higher strain rates can be imposed on the
fluids due to the significantly deeased size of microfluidié$*2’. There are several
different geometries that can be used, such as-stosdevces, hyperbolic contractions,
and flow-focusing devices, which possess different ranges of accessible strains and strain
rates. Measurements can either be made with-$pgled cameras in twahase systems
(typically, a continuous, outer phase of oil offfeuis used, depending on the tdsid,
and this is seen in flosiocusing and crosslot devices) or by pressure drops across the
channel (which is the case for hyperbolic contraction devices). Another advantage to using
microfluidics is that theyavehigh throughputhat results inargedatasets from relatively
small sample volumes. In this thesis, CaBER was used to study the extensional behavior
of higher viscosity methylcellulose solutions containing fibrils, while a {flogusing
microfluidic devie was used to study their lower visity analogs?®
1.2.2. Methylcellulose Chemistrynal Properties

Methylcellulose (MC) isa methoxysubstituted cellulose ether derivative
commonly used as a rheolomodifier in a variety of food, pharmaceutical, and consumer
products. The structure of MC is shownHFigure 1.2. For the commercial gradof MC

used inthis thesis, each anhydroglucose unit is substituted with a degree of substitution of
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1.7 to 2.2 methoxy groups out of 3 hydroxyl groups. The partial substitution of the hydroxyl
groups with methoxy groups disrupts the intrad intermolealar hydrogen biads, which

renders MC soluble in water at temperatures below 59°C

ATU
OrR | |
OR
o O RO
RO O 0
OR
OR n/2
R=Hor CHj;

Figure 1.2: Chemical structure of methylcellulose (MC). The degree of substitudsn,
for each anydroglucose (AGU) unit is between 1272 for the commercial variant used in
this thesis.

Arguably the most unique property of MC is that it can reversibly transiian t
turbid hydrogel upon heating or upon the introduction of a satth as NaCinto solution
around room temperatu?& >3 There was much debate over the mechanism of gelation,
where everytimg from micelle formation to crosslinking and finally, to trapped phase
separation was propos&t’ It was not until cryetransmission elémon microscopy (cryo
TEM) was used to directly visualize the gelled MC in corabon with small angle Xay
and neutron scattering that the consensus for the cadlsermoreversible gelation was
established?3338The prevailing theory is that the MC chains associate into nanemeter
scale structures known as fibrils, and this fibrillatwork is thought to be responsible for
the observed gelation. The shear rheological behavior of MC has been extensively studied,
but the extensional rheological behavior was not reported prior to the studies discussed in
this thesis¥ 4!

This concludes the background information for the first area of thissthekere
the aim is to study the extensional rheological behavior of a polymer, such as MC, that

associates with itself, whehe NaCl content of the solution is changed. The next and final
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area of this thesis will look at studying the interactions of &mnper, such as a
polyelectrolyte, with suspended particulates as a function of physicochemical and

hydrodynamic properties.

1.3. Polymerparticle Flocculation in Flow

1.3.1. Polyelectrolytes and Their Role in Flocculation

Polyelectrolytes, which are watsoluble polyners with charged functional groups,
are used in a variety of applications such as drag reduction, enhanced oil recovery (EOR
paper manufacturing, and both drinkingind wastevater treatmerft? 4> While
flocculation is relevant in a variety of inslies, this thesis will primarily focus on how the
information developed from the studies impacts drinking water treatment ajoplsca
Polyelectrolytes are particularly useful for remowélnane and microscalesuspended
charged contaminants by combigiwith these @rticulatesto form mesoscale structures
known adlocs The resultant flocs can then be readily separated and eehfimm water
through filtration or sedimentation. Compared to desgensive mineral coagulants such
as alum, smaller doses polyelectrolyte are required to form both larger and breakage
resistant flocs, resulting in more efficient separation proceksasy water treatmerit-4°
Flocculation is critical in the water treatment process because potentially harmful
contaminants, such as heavetals, bacteria, and viruses, can adsorb to solid particulate
and be removed from potable water.

Rapid floc growth is enabled bythokinetic aggregation, where the particulates
with adsorbed polyelectrolyte collide and grow due to the shear gradiengstpireshe
flow.*"4% There areseveral different mechanisms for polyaparticle adsorption and
flocculation events, including charge neutralization, polymergimgl chargepatch
flocculation, and polymer depletiGf > A schematic of a generalized flocculation process
and two of the primary mechanisms for polyelect®iyediated flocculation is shown in
Figure 1.3. The aqueous environment impacts the underlying flocculation mechanism
through highly interrelated physicochemical properties including the suspension
composition (pHjonic strength, and saltalency)® coagulant tpe>>°¢ particle surface
properties’’ and the dosing and mixing conditioif&® These complex interdependencies

on the floc assembly kinetics and final floc microstructure are ndtweérstood and can
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resut in poorly optimized polymeric dosing, which is one of the major technical iSgues
watertreatment planbperationslUnderdosing results in insufficient particulate removal
and overdosing results in particulate-stabilizaton, which is undesirabkes it can beost
prohibitive in water treatment (for reference, cationic flocculants cost roughly $3000
dollars per metric ton, which is not an insignificant c65ff Fragmented flocs from shear

can be resuspended and are often more diffi¢altemove than the initigarticulae. For
optimal separation, large, hydrodynamically robust flocs are desired to readily settle out
under gravity, as well as withstand turbulent stresses in the flow with little to no

fragmentatior?*-62

(a)%@/ﬁ _}%@-i@ﬁ-p

T e

- Initial mixing Chain rearrangement Flocculation by
and adsorption on particle surface orthokinetic aggregation
(b) ggEHz Ei; (€)
Bridging flocculation Electrostatic patch flocculation

Figure 1.3: (a) A schematic of a generalizéidcculation process where the gray spheres
represent solid particulate and the blue chains represent free polyelectrolyte in gdlution

A schematic of bridging flocculation, where free end segments of polyeleetedigady
adsorbed to particulate candsor b t o ot her s, thusc @bridgi
schematic of electrostatic patch flocculation, where there are localized regions of opposing
charges on the surface that allow for the particles to attacckoather.

1.3.2. Particulate Systems
Surfa@ waters contain a variety of particulates such as clays, organic materials,
salts, heavy metals, and living organisms. Studying the interactions between all these



particulates is nontrivial, thereforeodel systems dflaCl, humc acid, and bentonite will

be used to isolat&ey solute interactionsBentonite is an anisotropic smectite clay
commonly found in surface waters with a high adsorption capacity for water and has been
used in other flocculation studié®®® The general chemical formula for bentonite is

NaAt Mg SE02( OWGnNHOa nd i n Hentenitedoarticles can be visizald as

thin sheetscomposed of an octahedral layafr aluminum, magnesiupor iron oxide
sandwiched between two tetrahedral layers of silicon oxidg@i)*@x s s h &Figure i n
14°5°Wi t hin a bedAtani sebshieweutt edftoet Sakedr al
can subsfinutbeforctAhedr al | ayer, creating

facescouwitbehrs i ntercal ated h°%% ween the bent

Q:0
O:Si
oAl
:OH
@ : Mg. Fe

Tetrahedral layer

Octahedral layer

Tetrahedral layer

)
- Interlayer

Tetrahedral layer

Octahedral layer

Tetrahedral layer

Figure 1.4: A schematic of the molecular structure of bentonite. Reprinted from
Microporous and Mesoporous Materia®3, O. Duman and S. Tung, Electrokinesiod
rheological properties of Nlaentonite in some electrolyte solutions, 388, Copyright
(2009), with pemission from Elsevier.

The edges of the bentonite sheets haveseikitive hydroxyl groups, which are
positively charged at lower solution pH (gt6) and negatively charged at higher solution
pH (pH > 8)%8%° As a result, bentonite sheets can be arranged in a porousfaedge
arangement, an edgslge arrangement, or ultimately a dense,-face structuré®’

Generally, all three of these interactions occur within a bentagiggegate. Scanning

9



electron microscopy studies have also shown that with increasing ionic strength, bentonite
structure changes from a more p@pedgeface arrangement to a much denser,-face
arrangement!-"2These variations in aggregate surface morphotogre than likely result

in different polyelectrolyte adsorption capacities and interaction potentials dine to

uneven charge distribution of the functional edge grdtips

In addition to inorganic particulates such as bentonite, orgamuc substances
(HS) such as humic acid from biodegradation of organic matter are widely present in
aguatic systems and may interact with thettweite particles to modify polyelectrolyte
adsorption to the cla$*"> Removing HS from source waters via flocculation is a-non
trivial process as the HS e to be converted from a soluble form to an insoluble form.
Adsorption of HS onto the clay is highly dependen solution conditions, and generally
proceeds via ion exchange and surface complexation mechddi§msldition of cationic
polyelectolytes only partially removes HS from surface waters, but the presence of
suspended solids such as bentonits shown increased removal from wéfeRemoval
of HS is critical to the health and safety of human populations because improper removal
prior to thechlorination step of the water treatment process could potentially result in the

reaction of HS with chlorinain chemicals to form toxic byproduct&™

1.3.3. Methods for Studyingloc Properties as a Function of Mixing Hydrodynamics

To further complicate matterthe effects of locahydradynamic conditions on
flocculation performanceflocculation mechanism, polyelectrolyparticle assembly
kinetics, and final floc microstructureemain largely uncertainThe velocity gradient
during the mixing process dependsthe nature of the fluiddw (i.e., constant in laminar
flow and spatially and temporally dependent in turbulent fil5if§ As the flocs are formed
and grow during the flocculation process, they caentally break due to fluid shear
forces®®®1 After some tine, the flocs will approach a steady state between floc growth and
breakageToo mut shear at the beginning thie mixing process, particularly in turbulent
conditions, can break the polymer chains and prevent initial floc fornm&tf8he local
hydrodynamics around a growg floc also affect the conformation of the polymer on the

surface. Extensional forces in particular can skréthe polymer from the surface to lengths
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greater than the radius of gyratiofthe free polymer in solign, increasing the bridging
capabiliyy of the polymef!

There have beesome studies otleterminingloc properties after a mixing process
by using small angle light scattering, bhese results only yielfihal floc size and fractal
dimensions®8284 Several computational fluid dynamics studies have besed to
simulate the effects of laman and turbulent shear on the flocculation process to potentially
achieve optimal flocculation conditions, e models remain largely limited due to the
complexities associated with turbulent fl6%#>8 Jar tests which typically use
flocculators featuring impeller bladesgplicate scaledlown industrialmixing tanks and
are arelatively rapid, easy technique to obtain a large amotimformation about the
flocculation processes using turbidity measurements, particle sizing, microscopy, and
image analysig®®187°1 Unfortunately, a major disadvantage of jar tests is thek of
homogeneous spatial and temporal flow features that are needed to precisely study floc
strength as a function of hydrodynamic fléWn addition totheir inabilty to precisely
generate a variety dfow states, the shear stresses within the finid jar testannot be
accurately controlletb determine where floc breakage occtfr®’

A potential solution to address the issues associated with jar tests is the use of
Taylor-Couette (TC) cellsTC cells consist of two concentric cylinders, where the outer
cylinder is typically made of a transparent matesath as glass, for observatiand for
image analysis. Precise laminar and turbulent hydrodynamic flow states defined by the
rotational speeds of either the inner cylinder or theacm counterotation of the outer
cylinder offer an experimental methaal $tudy flocculation with thability to precisely
control the hydrodynamics. Prior flocculation studies with TC cells were limited in that
flocs had to be préormed outside of the cel?®”%The Dutcher group has developed a
Taylor-Couette cel(Figure 1.5) that offers thauniqueability to directly inject fluids into
the annulus without disturbing éhflow itself®#% This unique ability is particularly
advanageous as it allows fstudies on hydrodynamic effeat$ floc formatian in well-
controlled flow fieldshroughout the entire mixing process.
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(2) ) (b)

[

Figure 1.5: (a) SolidWorks model of the TaylegCouette cellwhere the inner cylinder is
capable of radial fluid injection used in tflecculation studiesThe red circles arranged
axially andazimuthallyalong the inner cylinder are the injection port covdssinhage of
the Taylor-Couette cell during operationh@ fluid encased in the rectangular Plexiglass
container is paraffin oilvhose index of refraction matches that of the glass oyteder
to eliminate that curved surface while imaging.
1.4. Central Goal and Structure of Thesis

The central goal of this thesiis to provide additional understanding of how
polymers assemble in sdlon under a variety of physicochemical conditions and flow
The thesis is broadly divided into two sections, based on the assembly type and length
scale probed. Chapters 2 and 3 seelinderstand the extensional rheological behavior of
seltassociating rthylcellulose polymers in solution, which form fibrils asunction of
polymer concentration andaCl content. Both milliscale capillary thinning (Chapter 2)
and microscale filamerthinning (Chapter 3) were used to probe into the difficat
charactede low molecular weight, low viscosity regime. Knowledgettus behavior
potentially broadens its processing capabilities while further studying chain and fibril

dynamics in solutionin chapters 4, 5 and 6, polymgarticle assemblies are studied in
12



mixed macroscale flows, where each chapter deals with the asioge chemical
complexity of the solution, with the goal of describing the optimal process flocculation
performance in appations from drinking water treatment to paper manufacturing. In all
chagers, the role of solution ionic strength of the polymerficmation and assembly is
central. Chapter 7 provides a summary as well as commentary on potential future work

stemming fron the projects discussed in Chapte 2
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Chapter 2
Extensional Flow Behaior of Methylcellulose

Solutions Containing Fibrils®

APortions of this chapter are reprinted with permission from S. Morozova, P. W. Schmidit,
A. Metaxas, F. S. Bates, T. P. Lodgedd®. S. Dutcher, Extensional Flow Behavior of
Methylcellulose Solutions @ntaining Fibrils,ACS Macro Letters7, 347-352, Copyright
(2018) American Chemical Society.

2.1. Introduction

Cellulose ethers are a classchiemical compounds which the hydroxyl goups
on cellulose are partially substituted with alkoxy groups. Thesthsiic derivatives are
widely used in commercial products dseology modifiers. Methylcellulose (MC) is
substituted on average with 1.2.2 out of 3 hydroxl groups per anhydrogbose unif®
At this degree of substitution (DShhe methoxy substituents disrupt the intemd
intramolecular hydrogen bonadich makeellulose insoluble in water. As a result, MC
can dissolvan water at low temperatures and canreadily used in a variety of food,
pharmaceutical, construction, ancheamer applications.

In addition to aqueous solubility at low temperature, MC relrsiansitions to a
turbid hydrogel upon heating. The mechanism of this theewersible processas been
debated for decades; however, recent work has unequivatadlgnstratedthat the

gelation transition is concurrent with the formation of long fEbmvith a consistent
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diameter of ca. 15 nit:*3 Both linearand nonlinear shear viscoelastigtudieshave
demonstrated that the fibar network dictates the mechanical properties of the high
temperature gef

The MC fibril offers an enticing design component to expand the use of MC in
applications not previously considered. Extensional ilkp@ssential in a variety of polymer
solution processes, including fiber spinning, printing, porous media flows, @&xtrus
coating, molding, spraying, film blowing, and mgar&®8 °® Control over the extensional
behavor of MC promises to broaden the already impressive range of applications of MC,
while simultaneously iproving understanding of MC chain and fibril dynamics in
aqueous dations. While MC has been extensively studied using shear rheology, the
extensionaflow properties have only been reported for cellulose in ionic liquids, cellulose
ether, and other polgscharide solution-%9 10t

Recently there has been a renaissance in methods devidopedracterizing the
extensional properties of polymer melts, polynsefutions, and complex fluids®
1322,26,100104 Of particular interest to polymeolsitions is utilizing capillarydriven thinning
to extract a characteristic extensional relaxation time and apparent extensional
viscosity1%91%The Capillary Breakup Extensional Rheometry (CaBER) method provides
a rapid, facile methbto determine relevant extensional parameters of polymer solutions.
Understanding and controlling the viscous and elastic forces in a fluid is crucial for a
diverse range of applications that take advantage ofsfrface flow. In thischapter a
first gudy of the influence of fibrils on the extensional flow behavior of MC solutions is
presented. One strategy for creating such solutions at room temperature is the use of NaCl.
The addition of NaCl has been widely reported to impact the gel temperattiréhatit
decreases monotonically with increasing concentration of f£E#10%112 The results
from CaBER experiments demonstrate that the addition offibi@s into MC solutions
causes a transition from a sh#¢fainning powedaw fluid behavior to an elastidke fluid

deformation.
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2.2. Materials and Methods

2.2.1. Materialsand Solution Preparation

For rheological studies, aqueous MC solutions were made usingeadtisted
protocol®?33114 The methylcellulosewas graciously provided by the Dow Chemical
Company, and all other reagents were purchased from S\pniah and used without
further purification. MC (DS & 1.8, Mw = 530 kg-mot, B = 4.1) was first drid at 50°C
under vacuum (~100 mTorr) for 24 h. To prepde€lHree aqueous solutions, 0.750r 1 g
of MC were dissolved in 50 mL MiHQ deionized 60°C water and stirred for 10 min in a
100 mL jar. The remaining quantity of the rodemperature water wasdén addedo make
up atotal solution weighof 100 g. The solutions were stirred at room temperature for 10
min, followed by stirringon ice for 10 minWhen finished, the solutions vesstored ai
20°C for at least 24 h. To prepare MC solutions in 8 Wi#el, 8 g of NaCl was dissolved
along with MC in 50 mL MilltQ deionized 60°C water and stirred for 10 min in a 100
mL jar. The rest of the procedure was equivalent td\#&€lree soution protocol. MC
solutions in 8 wt% NaCl were annealed at room tewatipee for 24 h prior to rheological

studies.

2.2.2. Steady Shear and Oscillatory Shear Rheology

Shear and oscillatory rheology were measured on an TA InstrumentS2AR
rheometer using a 2°extl 40 mm cone and a Peltier plate geometry for steady state shear
flows and a DIN bob and cup geometry for oscillatory measurements. For steady state
shear, theshear \scosity was measured after torque values reached an equilibrium for each
shear rate 'm 0.17 1000 s'. Two oscillatory tests wengerformed a temperatureamp
of 1 °C-mint at 3% strain from 0°C to 80°C at 1 rad and afrequency sweep frof.11
10 rad-s" at 3% strain every 2 h for 24 h.

2.2.3. Capillary Breakup Extensional Rheology
For capillary breakup experimentthe HAAKE CaBER was used. For all
experiments, 4 mm diameter plates were used atia®Dms strike time. The sampheas

first loaded between the platat an initial separation distance of 2 mm. The plates then
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rapidly se@rated to a final height of 8 to 9 mm with an exponentially increastagxer

30 to 50 ms to impart a step strain on the fl@ther conditions€.g, longer strike times,

linear strike profilesand varied final separations) were found to resultlamfents that

broke up immediately after the power law decay or instaslisuch as the formation of

the beads on a string\fter the plates come to a stop, the fluid bridge flows due to a
resulting force balance between surface tension and cagltiswying forces. The
midpoint of the liquid filament diameter is recordedotime agaw data'® The caillary
thinning and breakup profile depend on the fluid type, and a constitutive model can be used

to extract relevant extensional parameters.

2.3. Results and Discussion

2.3.1. Effect ofMC Fibrils on Shear Properties

The solgel transition for aqueous MC solutiohas been studied extensively by
investigating the shear rheological properties as a function of tempér4tGor NaCF
free MCsdutions, the elastic modulus increases rapidly by several orders of magnitude at
~60°C, indicating formation of a fibrillar networkigure 2.1b, redcurve) This has been
previously confirmedby cryogenic transmissn electron microscopy and smalhgle
scattering®®3® The addition of NaCl decreases the temperature at which fibrils form and
dissolve and therefoecreases the temperature at which thgeband gekol transitons
takes place A cartoon representation of fibril formation from free MC chains in solution
upon heating or the addition of NaCl is showrrigure 2.1a.

To directly compare the sglel transition for agueous M&olutions with and
without NaCl, the complex modulus magnitudEs*|, was measured as a function of
temperatureas shown inFigure 2.1b. The addition of 8 wt% NaCl leads to an
approximately 30°C decrease in the-gel transition temperature, when the MC solutions
are heatedtd °C-min? (Figure 2.1b, blue curve). The gelol transition, which is believed
to be the lower limit in temperature at which fibril formation can ocalso decreased
below room temperaturé® When annealing 1 wt% MC in\8t% NaCl at 25°C for 24 h,
boththe storage modulu§,a  @he ldss modulusGg increase with time by an order of
magnitudeas shown inFigure 2.1c. Ga aGxd st i | | s hdependeaceond i st i n
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frequency after24 h, and the solution still flows asdicated by theshear viscosity
measurements iRigure 2.2. The increas in both moduli is consistent with the formation

of fibrils near the gelation transition.

(a) Methyilcellulose (b) 10* (C)
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Figure 2.1: Rheological evidence of fibril formatiofa) Heating, or the addition of NaCl

to MC solutions, leadw fibril formation. This study uses NaCl addition ¢oeate viscous
solutions of MC fibrils embedded within the entangled MC polymer chain solybyn.
Complex modulus magnitudgs*|, of 1 wt% MC530 as a function of temperature with
and without NaCl. Ta addition of 8 wt% NaCl depresses the gel temperature by ~30°C.
(c) GandG xas a function of frequency when annealing the 1 wt% MC in 8 wt% NacCl
solution at 25°C for 15 min to 24 h.

The steadyshear behavior of MC solutions @dso modified by the presee of
fibrils. Figure 2.2 shows aroverlayof the shearviscosity, — , as a function of shear rate
for MC solutions at 1 wt% without add@&hCland 0.5 1wt % MC solutions in 8 W86
NacCl. Although highly viscos, the solutions still flow at 25°C. The 1 wt% solution without
addedNaCl shows the expected shear thinning behavior previously observed for MC
solutions. At low shear rates, the viscosity asymptotes to theshesr viscosy value of
1.6 Pa-s. At higlshear rates, the viscosity starts to decrease as the sample shear thins. To

determine the flow behavior index, a power lavcan be fito thehigher shear rate values
- uf Q)

whereu is the flow consistency dex. WithoutNaCl, the power law index is = 0.33.
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Figure 2.2: Shear Vscosityin a cone and plate (40 mm) geometry as a function of shear

Shear Rate, 7 (s™")

rateat 25°C For solutions with n&NaCl (closed symbolspnly MC coils contribute to the

viscosity, which exhibits shear thinning behavior at larger shear rates. With the addition of
NaCl(opensymbolg, two shear thinning regions are present, one at high frequency due to
shear thinning effectsf MC coils and the other at long time scales due to shear thinning

effects of MC fibers.

For the MC solutions in 8 wt% NacCl, the flow behawigas modified. Instead of

observing

thinning regimavas observetbr all concentrations of MC in 8 wt% NaCl. At higher shear

a -scheemsrtoa nvti,s cfozsdrtoy r egi me

at

rates, the samples shear thin in a similar way to the cohtaglli{free MC). The two shear

thinning regimes are indicative of a mixture of high molecular weight agtgggwhich

are responsible for the low shear rate behavior, and free MC chains, which dictate the shear

thinning at high shear rates. This behavior aborates the oscillatory behavior from

Figure 2.1c. The addition of 8 wtNaCl leads to partial aggregation of free MC chains
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into fibrils after annealing at room temperature for 24 h. Fitkag. 2.1 to both shear
thinning regimes, the low shear rate behavior is consistent with the highest possible shear
thinning for all concentrationswheren approaches zero. At the highebear rates¢ =

0.33, 0.36, 0.48, 0.33, and 0.55, for 0.3 wt%, respectively. Overall, the presence of
fibrils increases the low shear rate (0.3 siscosity in a dramatic way, from 1.6 Pa-s to
approximately 100 Pa-s for the 1 wt% solution, consistéth largemolecular weight
anisotropic aggregates.

2.3.2. Effect ofMC Fibrils on Extensional Properties
The consequence of the presence of viscasitgifying fibrils on the extensional
flow behavior is dramatidzigure 2.3 showsthis comparisonthe light green curve is from
a 0.75 wt% MC solution without add&hCl, whereas the dark green curve is for an 0.75
wt% MC solution in 8 wt% NaCl. Fibrilsmodify the CaBER profile in two waysirstly,
the liquid bridge flows more slowlgnd breaks up at later timeSecondly and wre
significantly, after the initial shedhinning poweraw behavior, solutions with fibrils now
exhibit elastic fluid behavigras the powelaw thinning segues into exponential flament
thinning at later time when the polymers or fibrils disentangle and ori&pft105116.117
Figure 2.3 also shows CaBER profiles for 0.5, 0.625, 0.875, and 1 wt% MC solutions in 8
wt% NacCl after annealing at room temperature for 24 . Sdtutions first flow according
to a viscecapillary force balance, for which the nelender viscouspowerlaw
constitutive model for powdaw exponents T can be written as
oo . .
o 00 O c]
whereO 0 is the liquid brdge midpoindiameteyO is the platediameteyo is the critical
transition time between the powlew andexponential thinning regimesis time, ¢ is the
powerlaw exponent determined previously frdfigure 2.2, and0 is a numerical pre

factor 12,117,118
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Figure 2.3: CaBER liquid neck diameter normalized by the plate diameter as a function of
time and total MC concentration at 25°C for 0 wt% and 8 wt% NaCl so#utibime time

for liquid bridge breakup increases dreally as does the diametervhere elastic
extensional behavipcharacterized by an exponential thinning of the neck diamister
observed The black lines represent fits Emns. 2.2 and 2.3 for each cacentration. The
measurements were taken with a ptiiseneter of 4 mm, initial plate separation of 2 mm,
final strike height of 8 to 9 mm, and an exponential strike time of 30 to 50 ms.

With the presence of fibrils, the viscapillary balance power laviinning leads
into an elastacapillary force balancayith the liquid bridge thinning with a characteristic
extensional relaxation time

O o "O’O"AgD 0 &
(0] T o) S
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where'Ois the shear modulus,is the surface tension, and is the extensional relaxation

time° The term — s treated as a fitting constant. The formation of fibrils creates

conditions such that elastic and capillary stresses dominate the overall stress balance within
the flowing liquid bridge. Elastic forces oppose any capillary stresses and arise from

polyme or fibril stretching, orientation, and conformational changes.

Figure 2.4 shows details of the fits for all repeated trials. Thevalues from the
fits to Eqn. 2.2are plotted irFigure 2.4a. Thevariable 0 marks the critical timat which
the flow transitions from a visecapillary powedlaw balance to an elastapillary
balance®1%°119As the concentration of MC increases, so dogfrom 0.4 s for 0.5 wt%

to 26 s for 1 wt% MC solutions. The critical radius at this transition can be estimated as
Y x 1@ p ¢ For 0.5 wt% MC in 8wt% NaCl solutionsY 'Y is 0.03 and

increases to 0.18 for 1 wt% MC 8 wt% NaCl solutiassshown irFFigure 2.4b. Beyond

'Y , the neck diameteredays expoentially with time; this behavior is fedwith Eqn.

2.3. As shown inFigure 2.4c, the relaxation time, , for the decay increases with MC
concentration for solutions with NaCl, from 0.04 s for®Wt% MC t03.9 s for Iwt% MC.

At the highest MC concentrations, the samples are so viscous that the filament stabilized
at a finite diameterfFor these samples, a constant was adddefjto 2.3 for the fit to

accommodate thflow behavior.
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Figure 2.4: Summary of fit results. Error bars indicate the range. The errors are most likely
due to variations in sample loadin@) The breakup time from fits tBgn. 2.2. (b)
ObservedR:it/Ro the critical diametertawhich trere is an observed transition from the
visco-capillary to the elastoapillary balance(c) The relaxation times from fits teqn.

2.3, using an estimatect = 0.1 wt%. The solid line represents a fi0t001 + 1.7 10°
(C/C*)G.Bi 14

The elaxationtime scales are stronglyoncentration dependerdas shown by
Figure 2.4c. For MC of molecular weighs30 kg-mot, the overlap concentration is

estimated as

oL
™0 Y & G

where'Y is the radius of gyration that depends on the number of monpitngeirs the

polymer chainsand the length of each polymen, such thatY i 8 For the MC
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solutionsused in this study S, and therefore,the polymer chainsnterpenetrate
significantly. It is also expected that the MC chains, especially when hestnalped at the

end of the flowgntangle significantlyClaseret al,%® Sachsenheimaat al,'?° Arnoldset
al.,*?*and Liuet al'??> have previously detmined that for such cas@gptation dynanas
dominate the time scales and that the longest relaxation time depends on the correlation
length, a length scale beyond which hydrodynamic interactions are scr€emsdiering

the concentration dependence lo¢ ttorrelation length, the longest relagattime has a

power law dependence on concentration

8

@ ®
5 C

I LII

where_ is the Zimm dynamic relaxation time of a strand between entanglemeritssand

the Flory exponeni?? 125

The exponent from the power law fitkingure 2.4cis 6.3 = 1.4, which is consistent
with’” 1@ T The power law exponent is much larger than @tdch isthe power law
exponent reported previously for cellulose in ionic liquaddis consstent withh  1®.%°
This may be ascribed to at least two fact(i¥the lower Flory exponent is consistent with
the poor solvent quality of MC in 8 wt% NacCl solutipaad (2)the mixture of fibrils and
free MC chains is a complex solution and it is beyond the scopésstidyto determine
the exact composition.¢., fibril vs. chain) as a function of time and concentration. Despite
the complications, thesvident concentration dependence is consistent with polymer
reptation in a highly entangled solution.

In additionto the extensional relaxation time, thpparent extensional viscosity
can be calculated from the exponentially thinning region of the @féfil*® The

relationship used to calculdiee apparent extensional viscosiy;, |, is

) ¢.JOo
“h Qo700 ®

24



wherel is the surface tension ai@d- 0 7Q as the extensional strain rate, which is defined
as

Q-0 ¢ Q0o C
Q0 00 Q0 o_

X

The surface tesionof the 8 wt% NaCl MC solutions was estimated using a-senirical

model developed by Dutchet al'?’ At a temperature of 25°C, the surface tension was
calculated as 74.4 mN-mThis value for surface tension is most likely an overestimation,
however conventional pendant drop methods were unable to successfully measure a surface

tension forthe samples asfailed to equilibrat¢o a constant value

Using the determined value for and the calculated value for the surface tension
in the presence of 8 ¥ NaCl, the apparent extensional viscositiese determined for
all five MC concentations Thevalueswereplotted as a function of Hencky stradefined

as- ¢l T— ,inFigure 2.5a. The apparent extensional viscosity increases drastically

with concentration, from 40 Pafar 0.5 wt% MC to 1300 Pa:s for 1 wt% MC as shown in
Figure 25b at’Y . As the liquid bridge thins, the apparent extensional viscosity increases
linearly with the Hencky strain, indicatingreearly constat extension rate, as expected

from Eqgn. 2.7.

Figure 2.6 summarizes the important findings: whN&aCHree MC solutions at
room temperature asgrongly sheathinning, the addition of fibrils increases the vistos
drastically such that elastmpillary filament thinning is observed starting at 0.5 wt% MC.
This difference can be quantified by the elastpillary numbe

06 —= ST

which compares the time scales of elastically controlled thinning with the viscous time
scales, which drive the capillary fld®11°0O ¢is expected to be close to 1 at the transition
between viscaapillary powedlaw balance and elastmpillary balance. With increasing

MC concentration’Y  and_ increase such th&@ as 1, 4, 0.6, 0.6, 0.6 for 0.5 wt % to
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1 wt% MC solutions in 8 wt% NacCl, respectively. The value is order unity as expected,

with differences from unity withithe eror of the measurements.
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Figure 2.5: (a) The apparent extensional viscosity, calculated usgigs. 2.6and2.7, as

a function of Hencky strain for the exponentially thinning regiphThe averageiscosity

for all trials in 8 wt% NaCl&Y . The extensional viscosity at the critical strain increases
rapidly with concentration.

For MC solutions withoulNaCl, only shear thinning profiles are observed because
of the low Deborah numbedd the flows atyY . The Deborah nunds, O Qcompares the
elastic stress relaxation time scales to the Rayleigh time scale for-zegtlary breakup
of a fluid jet?>°®'0 ‘an be defined as

0Q =L &0
"y

where” is the MC solution densityror all 8 wt% NaCl MC solutionsOD'Q p, and is
equal to 26 for 0.5 wt% MC, 80 for 0.625 wt% MC, 121 for 0.75 wt% MC, 100 for 0.875
wt% MC, and 155 for 1 wt% MC in 8 wt% NaCl.
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(a) t=0s t=0.02s t=0.03s t=0.04s t=0.06s
j Free Methylcellulose

5%

Fibrillar and Free
Methylcellulose

Figure 2.6: Schematic and experimehtmapshots of 0.75 W MC behavior as a result

of applied extensional flow from the CaBE) In the case dilaCHree MC solutions,

the power law fluid profiles indicate only free MC chains were pregentn the case of

MC solutions with 8 wt% NacClelastic behavior wasbserved because MC fibrils are
present in addition to free MC chains. For these images, the initial height between the plates
was 2 mm, the final height was 13 mm, and the exponential strike time was 30 ms to capture
the disparate balvior between MC soligns with and withoutNaCl. The images were
extracted from videos recorded at 120 fps. The fluid between the top and bottom plates was
false colored with black tdepict the filament more clearly

Without NaCl, the largest possibletanatedO (Gor a 1 w% MC solution is ~7 and
decreases steadily for lower concentrations, usstignated/alues fothe Zimm relaxation
time, _ , andahypotheticalY . To estimate the latter valuég, is expected to be

at 0.1mm for 1 wt% MC solutbns without NaGlbased on the viscosity of the solution,

and the estimated Zimmelaxationtime, _ X L < omr d, where — is the

intrinsic viscosity,Q i s Bol t z ma,;amdd s sc cAnvsotgardtrr®¢ér IC nu mb e r
solutions in water,— is equal to 1100 mL-gfor MC of My = 530 kg-mot, and— is
0.001 Pa-$° For lower concentrationdf is higher due to a decrease in viscodigr
low ‘O Qcharacteristic flow times are much faster and genexhlNewtoniadike breakup

dynamics are observed@he 0.75 wt% MC solution with no Na(fFigure 2.6a showsa
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A c ulsipk e O fopthre duration ef the CaBER experiment, which is indicative of power
law behaviorThe 0.75 wt% MC solution with 8 wt% Na(Figure 2.6b initially has this
s ame -iiic ks @). phis profile eventually transitions tothlin filament at the end

of the flow, which is indicative of elastmapillary behavior.

2.4. Conclusion

o 10°
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Figure 2.7: Summary of the CaBER studies for MC with and without N&Gé& presnce
of fibrils in theMC solution containingNaCl results in a CaBER profile ariluid profile
(inset mages) indicative adlastoecapillary behavigrwhich theMC sdution without NaCl

does noexhibit.
Selfassociation of MC into fibrilgontrols the extensional flow properties of MC
solutions in several key ways. Without fibrils, the Deborah number of MC solutions is too
low and fluid flow times are much faster than polymer relaxatimes Consequently, 0.5
T 1 wt% MC solutionswith no NaCl show a powet aw #fdksm CaBER prof
shown inFigure 2.6a. The addition oNaCl to the MC solutions tform fibrils increases
the relaxation timesviscosity, andY  of the solution such that elastapillary regime

becomes accessible and experimentally tundible distinct thin filament shown Figure
28



2.6b is characteristic for elastapillary thinning behavioof elastic fluids. This difference
in behavior is summarized iRigure 2.7. Varying the MC andNaCl concentrations
accesses a regime of stable extensifioais, which have never befobeen characterized
for aqueos MC solutions. These flows open the already commercially relevant polymer

to a myriad of other processes, such as fiber spinning and extrusion.
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Chapter 3
Microfluidic Filament Thinning of Agq ueous,

Fibrillar Methylcellulose Solutions?

Aportions of thicchapter includework in A. E. Metaxas, M. L. Coughlin, C. K. Hansen,
F. S. Bates, T. P. Lodge, and C. S. Dutcher, Microfluidic filament thinning of aqueous,
fibrillar methylcellulose solutionghysical Review Fluid€020 Submitted

3.1. Introduction

Extensional flow fields obserd in nozzles and contracting channels are relevant
in many industrial applications, including printing, fiber spinning, extrusion, coatings,
spraying, and film blowing' +°"*®However, establishing the ndewtonian behavior of
fluids in extensional flow fieldsan be challenging, especially for laxscosity, weakly
elastic solutions. The informatiabtainedfrom the thinmng and progressive breakup of
an initially stable fluid filament with time is a key method to studying complex flows for
dropletst?®12® emulsiong®¥ 132 and polymer solution§-13141%4For example, a typad
macraescale method for determining extensional properties of polymer solutions is
Capillary BreakupExtensionaRheology (CaBER), where a stgprain is applied to a fluid
or semisolid between two parallel plates and the fluidnfient flows and thinslue to a
balance between viscous and/or elastic stresses and capillary action. The diameter of the
thinning filament is measured as a function of time by a laser housed in the device or by

image analysis with a higspeed camera, whepeoperties such axensional relaxation
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time and extensional viscosity can be inferred. Although convenient, CaBER only reliably
determines these properties of solutions with shear viscosities above 100 mPa-s, as lower
viscosity solutions tend to breakp before relevant @untitative information can be

collected!08.119.126

Microfluidic flow-focusing devices, such as the device used by Areath!>3134
and shown irFigure 3.1, are muclsmaller in scale than tgaBER. Combined with high
speed imaging, floviocusing devices offer a potential solution to the drawbacks associated
with CaBER. Because the ratio of elastic to inertial forces, defined as stieiglaaumber
Oa _—] " a,where_is the relaxatin time,— is the solution (shear) viscosity, ahd
is the fluid density, scales with the inverse square of the characteristic length scale of a
device,g the viscoelastic behaviof a polymer solution can baleanced in a microfluidic
device?’ The range of measurable extensionaiistrates in a microfluidic device is also
extended by several orders of magnitude from those accessible by EA8ER 3137 |n
addition, the presence of an oil phase surrounding the thinning filament can help regulate
temperature and suppress evaporation, as those can also be conaenethod such as
CaBER.Finally, the microfluidic device setps require very small volumes of solution
and are high throughput, providing large datasets from small sample amounts.

The extensional behavior of methylcellulose (MEpf interest due tprocessing
that involves extensional deformation. Methylcellulose is used as a rheology modifier in a
variety of food, pharmaceutical, and consumer product industries because of its unique
properties. MC is cellulose partially substituted with methoxypsdon average 1172.2
out of 3 hydroxyl groups per anhydroglucose unit), which renders it soluble in water at
temperatures below about &% In addition to its solubility in water at lower
temperatures, MC can reversibly transittora turbid hydrogel upon heating or with the
introduction of NaCl into solution around room temperatiféThe current consensus for
the thermoreversible gelation mechanism involves the formation of MC fibrils. Extensive
work using cryogenic transmission electron microscopy (GigM), rheological

measurements, and small angleay and neutron scattng (SAXS and SANS) support
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the hypothesis that the fibrillar network is responsible for the mechanical response of this

material32:3339,11415

Silicone Oil

N

?_\ 7

b |
»

Methylcellulose Solution [y
~~~~~ 5 = 100 um

Figure 3.1: Filament thinning of aqueous methylcellulose (MC) solutiorikim-focusing
microfluidic devices ca generate transient changes in filament diameter, which can be
used to calculate thextensional viscosity of each solution.

Prior studies have successfully vitrified MC solutions after annealing above the gel
point in solutions that did not contain salt. GffeM images obtained from these glassy
thin films showed fibrils with an averageacheter ofca. 15 nm, which wadurther
corroborated by SAXS and SANS on these solutiéds*115Recent simulations support
the proposal that the fibrils are composed of a core of axiaéipted chains with polymers
wrapped around the core to form twisted bundles, which are formed by chain bending and
watermediated intechain interactioa®® 14! A recent experimental study using SAXS,

medium and wideangle Xray scatteng (MAXS and WAXS) on orientedel samples
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confirm that the average chain axis is oriented along the fibril axis, and that the fibrils

include crystallingegions!*?

The study by Morozovat al?®, which was discussed in ChaptereRamined the
extensional behavior of methylcellulose solutions using CaBER as a function of MC
concentration and NaCl concentratiohhe study found that the presence of NaCl resulted
in an elastecapillary regime, from which the extensional relaxationet and apparent
extensional viscosity were calculated from Hencky strains ranging from 1.5 to 5. The
emergence of this elastapillary regime was attributed to the formation of fibrils in
solution at room temperature. Unfortunately, CaBER can only hglisdgsolve MC
solutions with molecular weights of 250-kgol* and higher, as shown Figure 3.2, as
lower molecular weight samples have viscosities and relaxation times that render the

CaBER technique ineffective.
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Figure 3.2: CaBER traces for 1 wt% MC530 and 1 w150 solutions in both 0 wt%

and 8 wt% NaCl. While CaBER is readily able to resolve the extensional behavior of the
higher molecular weight MC530 solatis, it cannot be used resolve theextensional
features of the MC150 solutions. The filament dignetas normalized to the initial
diameter atime = 0 s. An exponential strike time of 30 ms was used with 4 mm diameter
plates and an initial height tdgbe diameter ratio of 0.5.

Recently Micklavzinaet al'*®used hyperbolic microfluidic contractions to extend
the range of extensional rheology measurements of MC solutions to lowesitiescand
resolved extensional viscosities between €L.(R43S using pressure drop measurements.
However, a drawback of the single phase contraction channel is the dominant contribution
of viscous losses in the contracti®dri** The present studgouples the advantage of MC
solution filament thinning by the surrounding ouflrid extensional flow with the
advantage of the improved strarate range accessible in microfluidic devic&be
extensional properties of MC solutions were examonest a range of NaCl concentrations

by using microfluidic flowfocusing devices to gerate dynamically thinning filaments.
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The work discussed here gsents a relatively straightforward method to obtaining
extensional properties that were previously unattaintbéxpand the understanding of

MC behavior under extensional flow fields.

3.2. Materials and Methods

3.2.1. Methylcellulose Solution Preparation

Methylcelulose My = 150 kgmol?, B = 3.6, degree of methyl substitution, BS
1.8) was provided by The Dow Chemical Company. NaCl is ACS grade from Fisher
Scientific and used as received. MC was dried under vacuum (~100 mTorr) at 50°C for 24
h to eliminate any excess water. The concentration of MC for all solutions in this study
was 1 wt%, which for MC150 in water is approximately five times the overlap
concentratiorc* of 0.21 wt%!'1414°To prepare the solutions, 0.5 g of MC was dissolved
in 25 g of HPLC grade chromatography water (Fisher Scientific) at 60°C and stirred for 10
min in a 50 mL glasgar. For solutionsvith NaCl, samples containinfy g (2 wt%), 2.5 g
(5 wt%), or 4 g (8 wt%pf the saltwere dissolved with the MC in water at 60°C. The
remaining quantity of water at room temperature (~23°C) was added to yield a total
solution weight o0 g, and stirred for an additional 10 min. The solutions were placed
into an ice bath, stirred for 10 min, and then stored in a refrigerator at 2°C for at least 24 h.
These samples can be used for up to a month after preparéggosolutions were annedl
at room temperature for 24 higr to any measurements using ¢iyBM, steady shear and

oscillatory rheology or microfluidic filament thinning

3.2.2. Steady Shear and Oscillatory Shear Rheology

Shear and oscillatory rheology experiments were conducted onlastidments
AR-G2 rheometer. For steady shear experimer2$,steel 40 mm cone and Peltier plate
geometry were used. The shear viscosity for each 1 wi% MC solution (with 0, 2, 5, or 8
wt% NaCl) was measured after the torque signal reached an equiliatenfor shear
rates ranging from 0.1 to 5000'sThe temperature was kept constant at 23°C for all
experiments. Oscillatory experiments were taken using a cup and bob geometry (rotor o.d.

14 mm, rotor height 42 mm, cup i.d. 15 mm, and gap height 5fpom)0°C to 80°C and
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80°C to 0°C at a temperature ramp rate of-ffi@? at 1% strain amplitude with an angular
frequency of 1 rad™.

3.2.3. Cryogenic Transmission Electron Microscopy (GiyeM)

NaCHree and 8 v NaCl solutions of 0.1 wt% MC were preparaediascribed in
Section3.2.1 To vitrify the samples, an FEI Vitrobot Mark IV vitrification system was
used with the climate control chamber set 26°C and 100% humidity. Lacy
carbon/Formvar grids (Ted PelldD0 mesh) were cleaned and hydrophilized using
PELCO easiGlow discharge cleaning system. Riveof each sample were pipetted onto
separate grids, and the grids were annealed in the Vitrobot chamber for 1 s before the grid
was blotted for 1 s with a bléorce set td 1, equilibrated for 1 s, and plged into liquid
ethane cooled by liquid nitrogemhe vitrified grids were stored in liquid nitrogen prior to
imaging. The sample grids were transferred to a G@2énsingle tilt cryeholder and
imaged usingn FEI Tecnai G2 Spirit BioTWIN microscope ogtad at 120 kV coupled
with an FEI Eagle chargeoupled device camera (20482048 pixels). Images were
obtained from multiple areas of the grid to determine if fibrils were formed in the MC

solutions.

3.2.4. Extensional Filament Thinning in Microfluidic Devise

The microfluidic device for extensional filant thinning measurements was
fabricated using standard stdifhography techniques described extensively in the
literature'#d 148 A photolithography mask of tHeow-focusingdevice was drawusing 2D
CAD software (Draftsight) and printezh a 20,000 dpi highesolution printer (CAD/Ar
Services, Inc.), as shown Kigure 3.3a. In the clean room, a blank silicon wafer was
cleaned using a piranha solution and smated with a negative photoresiStx8 2050,
Microchem). After a prexposure bakea mask aligner (&rl Siiss) was used to expose the
photoresist to UV light and developed to form an&bhold of theflow-focusingdevice.
Prior to pouring poly(dimethylsiloxane) (PDMS, SYLGARD 184 siliceteestomer, 10:1
elastomer to crosslinker rati®@ow Corning Corporidgon), the surface of the mold was
rinsed with isopropanol, dried with compressed air tegated with silanetridecafluore

1,1,2,2tetrahydrootcyl)trichlorosilane, Gelest) to allow feasy removal of the PDMS
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device from the surfacof the silicon wier. Approximately 20mL of the silaneswere
pipetted into a watchglass and placed with the cleaned wafer into a desiccator and held for

20 min under vacuum.

QOil '™

MC

o —
e 100 ym |-

Figure 3.3: (a) Schematic of the microfluiditow-focusingdevice. heMC solution flows
through the leftmost entrance port and is surrounded by a continuous phase of 50 cSt
silicone oil. (b) A movie at 20,000 fps is recorded to capture the filament thinning behavior
as shown. Edge detection is then applied to obtairildmeent diameter with time.

After treating the wafer surface, the PDMS was poured onto the mold and baked
overnight at 70C to allow the PDMS to harden. To seal the bottom of the PDMS device
and mitgate wetting effects, a glass coverslip was-spiated vith PDMS and allowed to
bake overnight. The device was then cut out from the mold and holes were punched into
the three inlets (two side arms for the continuous silicone oil phase and one centoal arm
the MC solution, as shown iRigure 3.3a and one outlet) using a 0.75 mm OD biopsy
punch (World Precision Instruments). The PDMS device and PDd&ged glass coverslip
were rinsed with methanol, isopropanol, distilled water, and dried with compressed air.
The deviceand coverslip were plasnteeated (Harrick Plasma), sealed, and baked for a
minimum of 2 h in an oven at 70 to render the channel walls hydrophobic and prevent
the aqueous MC solutions from adhering to
while the device channel heightis2 0 e m, whi ch was confirmed

and ImageJ.

The device was then mounted the stage of an inverted microscope (Olympus
IX73) for bright field imaging using a 2@bjective lens. Pressutkiven flow is geneated
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using syringe pumps (ieard Apparatus) with gasght glass syringes connected to
perfluoroalkoxy tubing (PFA, i.d. 0.02 in, o.d. 0.0625 in, IDEX Corporation) and curved
needles hermetically sealed to the device inlets and outlet. The continusasopba cSt
silicone oil (Fsher Scientific) was pumped in at a specified volumetric flow ratelale

3-1) and allowed to flow through the device for several minutes prior to pumping in the
MC solution. The sitone oilwasNewtonian, as confirmed by steady shear measurements.
The dispersed phase flow rate was held constant at 0.008ier for all MC solutons.

The field of view was adjusted near the cross junction to record movies at 20,000 frames
per secondfps) on a Photron FASTCAM Mini UX100 higépeed camera. A frame from

a sample movie is shown kgure 3.3b.

Once the movies were recorded, they were processed in MATLAB using an in
house code to apply an intetydihreshold to the interface between the continuous, silicone
oil phase and the dispersed, aqueous MC150 solution phase. Sample movie frames with
applied thresholding for the solution containing 0 wt% NaZwt% NaCl, 5 wt% NacCl,
and 8 wt% NaChre showrin Figure 3.4b, Figure 3.5b, Figure 3.6b, andFigure 3.7b,
respectively The filament diamter,’O 0, can be calculated in terms of pixels for each
frame of the movi e a-scdlesincernhe ehanne widthtiscknoan. € m
The filament diameter measurements were collected at fivede§eed locations in an
Eulerian frame, as repsented byhe vertical white lines irrigure 3.4b. The transient
regionoccurs at times less thd® ms as the drop passesnd this is not used in the
calculaton. In contrast, for timesver 10 ms, the thinnig behavior is nearly identical
across the region of interest, regardless of where the image analysis is performed within
the thinning region shown. The orange, dashed bdxgare 3.4a shows the portion of
the tra@ that is used for extensional viscosity calculatiassthe filament diameters are
below the channel height and therefore not in a confined state. Multipteefitabreakup
events were further analyzed to calculate extensional strain rate andirilen
extensional viscosity, to be discussed later. Repeat runs for each solution can be found in
Figure 3.8.
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Figure 3.4: (a) Filament diameter of the fluid front for 1t% MC150 in 0 wt% NaCl

passing through all five white, vertical lines in the snapshotssafrgple movie shown in

(b). The raw movie frame is on the Ksfand side of each columwhile the frame with

applied thresholding is shown on the rigisind side okach column in (b). The vertical

white lines indicate where the filament diameBt), can be measured. The channel width

is 250 em in all frames shown here. The a
indicates the region where the data were andlyaescribed in the Results and Discussion.
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Figure 3.5: (a) Filament diameter of the fluid front for 1 wt% MC150 in 2 wt% NacCl
passing through all five white, vertical lines in the snapshots of a sample shmwn in

(b). The raw movie frame is on the Kafand side of each columwhile the frane with

applied thresholding is shown on the rigfsind side of each column in (b). The vertical
white lines indicate where the filament diameBt), can be measad. The channel width

is 250 em in all frames shown dashedelines The
indicates the region where the data were analyzed.
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Figure 3.6: (a) Filament diameter of the fluiddint for 1 wt% MC150 in 5 wt% NaCl
passing through all five white, vertical lines in gr&apshots of a sample movie shown in

(b). The raw movie frame is on the ksfand side of each columwhile the frame with
applied thresholding is shown on the rigfaind side of each column in (b). The vertical
white lines indicate where the filamentaiater,D(t), can be measured. The channel width

is 250 em in all frames shown here. The
indicates the region where the datarevanalyzed.
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Figure 3.7: (a) Filamentdiameter 6 the fluid front for 1 wt% MC150 in 8 wt% NaCl
passing through all five white, vertical lines in the snapshots of a sample movie shown in
(b). The raw movie frame is on the Ksfand side of each columwhile the frame with
applied thresholdip is shownon the righthand side of each column in (b). The vertical
white lines indicate where the filament diamelt), can be measured. The channel width

is 250 em in all frames shown here. The
indicates tle region where the data were analyzed.
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Figure 3.8: All transient filamentliameter traces for (a) 0 wt% NacCl, (b) 2 wt% NaCl, (c)
5 wt% NacCl, and (d) 8 wt% NacCl.

3.3. Results and Discussion

3.3.1. Shear Rheology of Agaus Methylcellulose Solutions

The viscoelastic properties of MC150 solutions as a function of temperature and
NaCl concentation were measured using srrathplitude oscillatory shear. Solutions of 1
wt% MC150 at concentrations of NaCl ranging from 0 wi#8twt% were heated from
0°C to 8C°C and back at a temperature ramp rate°@-min™. Figure 3.9 shows that all
MC150 solutions at varying NaCl concentrations undergo-geddransition upon heating,
as signified by the large increase in magnitude of the complex modatjis;This is
followed by a gebol transition upon cooling, asflected in the large decrease in
magnitude ofG*|. These drastic changes in the complex modulus are attributed to the
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formation of MC fibrils upon heating and their dissolution upon cooling, indicatiaig th

the process is thermoreversible, albeit withstantial hysteresfs- 14
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Figure 3.9: Complex moduli for 1 wt% MC150 solutions in 0, 2, 5, and 8 wt% NaCl at 1%

strain, 1 raes?, and heating and cooling rates of@min™. The filled and open symbols

refer to heating and cooling traces, respectively. The purple, dalshedienotes the

operating temperature of all microfluidic filament thinning experiments (23°C). The MC
solutions for the filament thinning experiments were removed from the refrigerator and
alowed to warm to 23AC (room thempéma®durtea)a,c
indicated by the yellow stars.

The addition of NaCl decreases both the gel temperafyé® (vhich is taken as
the midpoint of the overall sharp increase in the complex medipon heating and the
sol temperature(Tso) taken here athe midpoint of the sharp decrease in the complex
modulus upon cooling, which is attributed to the transition of MC fibrils to dissolved
chains. With sufficient NaCl, fibrils can be formed@awer temperatures. Indeed, there is

a ~30C difference betweethe solgel and gekol transitions between the two extreme
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NaCl concentratioa The gelsol transition, the lower temperature limit for fibril
formation, is at or below room temperature foe & and 8 wt% NaCl solutiod®¥ This
behavior is consistent with what was observed for higher molecular weight MC salutions
28410ne aspect to note is that even at the highest concentration of NaCl, the solution still
flows freely as the yield stress is only around 1 Pa as shoWwigume 3.10. This ability

for the MC solutiondo flow freely is imperative for pumping the solution through the

microfluidic filament thinning device to maintain a Reynolds numBerpf less than 1.
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Figure 3.10: Shear stress, torque, and shearassty traces for 1 wt% MC150 in (a) 0 wt%
NacCl, (b) 2 wt% NacCl, (c) 5 wt% NaCl, and (d) 8 wt% NacCl

The steady shear behavior of the 1 wt% MC150 solutions is also modified by the
presence of fibrils to varying degrees éeging upon the NaCl concentratimnsolution.
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The shear viscosity as a function of shear rate at room temperature (23°C) for each solution
is shown inFigure 3.11 The shear thinning observed at higher shear rates > 2i50ad
solutions is simar to what was observed at higher molecular weights of &M@ is
attributable to free (nefibrillar) MC chains!** Similar behaior has also been observed

by Dinic et al'*®in an another cellulose ether analog, hydroxyethyl cellulose. At these
higher shear rates,ahshear viscosity decreases, and the flow behavior igdegn be
determined by fitting the higher shear rate values 26Mm$!to 5000 &t

- o oP
where— is the shear viscosity, is the flow consistency index, ahds the shearate. The
flow behavior index decreases with increasing NaCl concentration, wher@.831 +
0.007, 0.821 £ @06, 0.793 + 0.006, and 0.446 £ 0.009 far®wt% NacCl, respectively,
as reported imable 3-1. The poweilaw fits can be seen iRigure 3.12. The decreasing
values ofn indicatemore shear thinning with increasing NaCl concentration. At lower
shear rates, the shear viscosity of the 0 wt% N&@inptotes ta zereshear viscosity of
0.05 P&. The shear viscosity behavior for the MC150 solutions containing NaCl, however,
isnotconstamtvi t h shear rate. A second fishear thir
rates (below 200'9), attributed to the presence of fibrils. These differences in shear

thinning behavior across the solutions will become important in the ldsirsedere tle
extensional rheological behavior of these solutions is discussed.
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Figure 3.11: Steady shear viscosity as a function of shear rate fo¥d ME150 solutions

in 0, 2, 5, and 8 wt% NaCl at 23°Two shear thinning regions separated by the vertical,
dashed lines are present in the traces with NaCl: one at lower shear rates due to the shear
thinning effects of the fibrils (orange, dashed linex) ane at higher shear rates due to the
shear thinnig effects of MC coils in solution (purple, dashed lines).
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Figure 3.12. Powerlaw fits of the higher shear rates for eatwt% MC150solutionin
(&) 0 w% NacCl, (b) 2 wt% NacCl, (c) 5 wt% NacCl, and (d) wNaCl The fit is applied
over a shear rate range from 250t@ 5000 &, which is thedata within the linear torque
regime. The flow behavior inder, and the consistency inddg, can be foundrom these
fits.

3.3.2. Visualization of Methylcellulose Fibrilannealed at Room Temperature

As previously noted, the formation of MC fibrils is responsible for the onset of
gelation and mechanical response of these samples. While the shear behavior suggests tha
intermolecular association occurs to give the respsese inFigure 3.9 andFigure 3.11,
it cannot produce a direct measure of the fibril structure. Cryogenic transmission electron
microscopy (cryeTEM) was therefore used tordctly image the fibril structur&*3Here,
the occurrence of MC fibrils in the presence of NaCl for systems annealed at room
temperature prior to vitrificatiomvas verified. Figure 3.13a depicts a 0.1 wt% MC150
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solution with 0 wt% NaCl annealed for 24 h at room temperature prior to vitrification. As
expected from the location of the sgdl and gebkol temperatures Figure 3.9 and the

shear behavior irfFigure 3.11, no fibrils are presentor the 0.1 wt% MC solution in 8

wt% NaCl, \ariations in contrast in the form of darker cylindrical objects, which are MC
fibrils, on the lighter substrate cae seen ifrigure 3.13b. As documentin aprior study

by Schmidtet al*!, the average fibril diameter remains constant regardless of molecular
weight or concentration of the filament, but it does change withatheunt of salt in
solution Because the fibrils contain watdéhe presence of NaCl increases the osmotic
pressure, which ultimately extracts the water and therefore decreases the filament diameter
from approximately 15 nm from prior SAXS and ImageJ asalgf cryeTEM images to

11 nm using ImageJ analysis in thisady.Similar behavior has been observed in other gel
systems, where the presence of dissolved ions decreases the diameter of the respective

structureg®d 152

Figure 3.13: Cryo-TEM images of 0.1 wt% MC solutions in (a) HPigtade water and
(b) 8 wt% NaCl annealed at 23°C for 24 hours. Fibrils, denotetidoarrows, are only
present for solutions with added NaClrabm tmperature. The fibril diameters were
measured using ImageJ to obtain an average diameter of 11 = 1 nm.
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3.3.3. Filament Thinning of Aqueous Methylcellulose to Measure Extensional Viscosity
The flament thinning profiles of the MC solutions in the microfiaidlevices
generated from the movies are showrFigure 3.14a as filament diameteiQ 0, as a
function of time. As the NaCl concentration increased, the MC solution viscosity increased
as shown irFigure 3.11, which required higher volumetric flowates of the continuous
silicone oil phase to fon a filament, as shown ifable 3-1. This accounts for the
progressively shorter breakup tis@sthe NaCl concentration increas€dThe volumetric
flow rate forthe dispersed aqueous MC150 phase remained constant for all experiments.
Note that all flows are maintained in the laminar flow regiamthe Reynolds numbers
range fromRe= 0.012 at the lowest continuous phase flow ratees 0.48 at the highest
coninuous phase flow rate. With this particular geometry, there is no dependence on the

evolution ofO 6 with axial positionas seen iffigure 3.4-3.7.134
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Figure 3.14: (a) Filament thinnig of the MC solution at varying concentrations of NaCl
with time. Measurements shown here are taken from a spoghe in the microfluidic
deviceat 20,000 fps. (b) Calculated extensional strain rate of each MC solution with time.
The strain rate drastilbaincreases toward the end of the filament thinning process.

From the filament diameter data, the extensiotrairsrate of the filament can be
calculated by the following relationship:

C ‘Q'0o

[0 Qo
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whereO 0 is the filament diameteqis time, and is the extensional strain rate of the

MC filament. This form of extensional strain rate asssimbat the filament is
homogeneous in the axial directiti¥'> Realistically, there is some variation in the
filament diameter in the axial direction that would reguan additional term to calculate

the extensional strain rate. However, in these experiments, the local spatial rate of change
in filament thickness isnuch smaller than the temporal rate of change, so the additional
term can be neglected. To a good appnation, the filament can be treated as spatially
uniform andeqgn. 3.2can be used to calculate the extensional strain rate, as $eguare

3.14p 134

Figure 3.14b shows that the extensional strain rate is initially independent of time,
before sharply increasing by <drdeesoofi mag
thinning, where the extensial strain rate is constamti t h t i me, -dand efmoapi
filament thinning, where the extensional strain rate rapidly changes with time) contain
information about the extensional viscosity of the solutions. In this regime, the filament
diameter thinsexponentially with time aseen inFigure 3.14a. Because the filament
thinning is driven by the continuous phase (silicone oil) viscous stresses normal to the
dispersed phase (MC solution) and pressure drag impaytdee droplet at the end of a
thinning filament, a stress balance can be calculatex$sithe interface between the two

phases
0
. OO0
C

where the lefhand side represents tbetensional stress of the MC solutiand includes

the extensional viscosity, . The first term on the rigkthand sile represents the viscous
stress the silicone oil applies to the MC solution, and the second term represents the reactive
force actingon the filament due to the pressure drag exerted by the oil on the confined

leading droplet, defined later wifgn. 3.5.97:1%°

The extensional viscosity of the silicone eil; , can be dund using the Trouton

ratio, where the extensional viscosity is three times the shear viscosity. The calculated
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extensionalviscosity is 0.165 Ra at 23°Cfrom cone and plate measurements. The
extensional strain rate of the oil, , can be apximated using the strain rate from the
cross region found by dividing the volumetric flow rate of the oil by the product of the
square of the channel width by the channel héitiitf®However, since the filament itself
occupies a portion of the width and height, the extensional strain rate of the oil can be

calculated with the following relationship

. e . OO
v L Ow <

i © 00 © 0o o8

where™Y is the crossectional velocity of the silicone oty is the channel widtHQis

the channel heightQ 0 is the filament diameter witfime determined by image analysis,
and0 is the volumetric flow ate of the silicone oil (se€able 3-1). The thinning
filament can be thought of as cylindrical in shape as it is unconfined below theechann
height, therefore the crosgctional area is circuldfigure 3.15 shows that the centerline
velocity of the confined, leading droplet increases with increasing volumetric flow rate of
the silicone oil as showin Table 3-1.

Table 3-1: Summary of relevant parameters for shear and extensional rheological
characterization of MGolutions. The error for density represents onedsted deviation

from the mean, the error for the power law index is froemmgbwer law fit, and the errors

for the extensional viscosity and Trouton ratio represent a 95% confidence interval. The

Trouton atio calculated for each sample at a Hencky stodif.1 using the method
discussed wittEqgn. 3.6.

Dispersed Phase Continuous Phase Flow-Driven
NaCl Conc. Power Law ) ) ) ] ) Trouton
Volumetric Flow Rate, 0;  Volumetric Flow Rate, O,  Extensional Viscosity, #z
(Wt%) Index, i ) Ratio
(cm?-min-?) (cm?-mint) (Pa-s)
0 0.831 = 0.007 0.008 0.015 0.947 = 0.005 269 +03
2 0.821 + 0.006 0.008 0.015 1.62 £0.01 405+03
5 0.793 + 0.006 0.008 0.050 27+04 56+13
8 0.446 = 0.009 0.008 0.600 151 0.6 271 £35
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Figure 3.15: Leading droplet positions (top) and velocity (bottom) calculations using edge
detection forl wt% MC150 in (a) 0 wt% NacCl, (b) 2 wt% NaCl, &Wwt% NacCl, and (d)

8 wt% NaCl. The centerline velocity was used for daage calculations described in the

main text. The centerline velocities were 0.025hfor both the 0 wt% and 2 wt% NaCl

solutions, 0.047 ns? for the 5 wt% NacCl solution, and@8 ms? for the 8 we NaCl

solution. The maximum sizes of the leadingqr! et s were 185 & m, 195
125 em at 0 wt % NacCl, 2 wt% NacCl, 5 wt % Na

To determine the drag force and ultimately axial stress due to drag on the overall
stress balance across the thinning filament, the codfim&ture of the droplet must be

considered. Although all experiments occur in™h& pr egi me , Stokesd dr

good approximation to use here as the confined nature of the leading droplet resemble
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Apancakeo rat her t h aometayofshe lkealingdroplel ik a&sufigda n ¢ a |
here because in all cases, the diameter of the droplet is greater than the channel height of
120 em (ranging from 125 e&em alhcasebliketweseal | es
with a confined droplet wheréé radius of the droplet is larger than the channel height,

the pressure drag will dominate over viscous drag, and for a fully confined case, there is

no viscous drag contributidfi®>*"158The pressure drag force component can be expressed

as
. ¢t—p VY
O —_— od
O
whereO i s the pressure drag force sp=eicifical
is the shear viscosity of the silicone oV, IS the relative veloity between the oll
and the leading MC droplet™y Y 7Y , with droplet velocity "Y

determined with image analysiseeFigure 3.15), and'Y is the projected radius of the
leading drplet. To calculat the axial stress, the drag force is then divided by the-cross
sectional area of the thinning filament. One caveat here is that the droplets are only partially
confined because for a fully confined casg’0 1.1 Therefore, the true drag force and

resultant extensional viscosity may be slightly modified as a result.

The quantity i , Which is a rearrangleexpression fronkqgn.

3.3 and shares the same units as extensional viscosity, was calculated for all MC solutions
as a function of time, and a representative set of results is shawguire 3.16. In the

region where this quantity is nearly constant with time and therefore where the extensional
strain rate of the MC is also nearly constant with time, the values can be averaged to
determine the flowdriven apparent extsional vscosity'®** The average flow driven
extensional viscosities are shown with 95% confidence intervakshle 3-1, and increase

from 0.947 + 0.005, 1.62 £ 0.01, 2.7 £ 0.4, and 15.1 £ 0.6 Pa-s as the concentration of NaCl
increases from 0, 2, 5, to 8 %t respectively. These results are comparable to results
obtained by Micklavzinaet al'*® using pressure drop measurements in a hyperbolic

microchannk Theincreasan extensional viscositipy an order of magnitudeom 0 to 8
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wt% NacCl is attributed to the formation of fibrils in the solution with NaCl. This effect was
also seen in capillary breakup extensional rheology (CaBER) studies of higherlamolecu
weight MC530%8
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Figure 3.16: Stress balance of the outer, continuous oil phase with the inner, dispersed
phase of the MC solutions with time. The portions of the plot where the quantity is nearly
constant with extensional strain rate and time is the-flawen extensional viscogitde.

The red box shows an example of this fldmven region, and the values for each MC
solution are reported ihable 3-1.

Prior studies using CaBER with MC solutions and the filament stretching technique
used heravith other polymer solutions show that the extensional viscosity increases above
a certain extensiwl strain rate due to polymer chains aligning and elongating with the
direction of the extensional flow fief¥13*However, the extensional strain rates thate
used inthose studis were much smallee.g, 50 $! from Arratia et al'®) than the
extensional strain ratesedin the present studgnd by Micklavzinaet al'*3(e.g, 10,000
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s'1). To quantify the relationship between the extensional and shear viscosities, the Trouton

ratio was calculated considering uniaxial extensional fisimg the followmng equation

i — o

—- Vo

where the extensional viscosity,, and the shear viscosity, are evaluated at the Hencky
strain rate; , and the shear rate equivalent t¢lo. Approximating the thinning filamen

as cylindrcal, the Hencky strain, , can be calculated using,
T~
s o

and the drivativeat different time points can be used to calculate the Hencky strain rate
from the Hencky strain valug$'%°The Trouton ratios calculated usiEgns. 3.6and3.7,
shown inTable 3-1, are found to be 26.9 + 0.3, 40.5 + 0.3, 56 =+ 13, and 271 £ 35 for O
wt%, 2 wt%, 5 wt%, and 8 wt% NaCl, respectively. Trouton ratios larger than 3 fer non

Newtonian fluids such as the MC stibns tested here are generally expected.

One should note that the extensional strain rate using the filament thinning device
in this study is fixed bythe ratio of the volumetric flow rates of the dispersed and
continuous phases. Further studies woudd neeled to explore how the extensional
viscosity would depend on strain rate. Whiléstbould result in commonly observed
extensional thickening, it is also possible to expect extensional thinning seen with similar
MC solutionsand other entangled andanche polysaccharide systenfs!43161163 From
the study of the extensional properties of MC solutions, the presence of fibrils continues to
have a major effect on the fledriven extensional viscosity evéor low viscosity, weakly
elastic MC solutions whose extensional viscosities cannot be measured using traditional

macroscale techniques.

3.4. Conclusion

This study has shown that the extensional viscosity of low molecular weight and

low viscasity MC solutions canddetermined using a flefocusing microfluidic device
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at room temperature, with values comparabletbher work thautilizedmicrochannels to
elucidate extensional viscosity. The increase in apparent extensional vibyosityorer

of magnitudérom 0947 P# to 15.1 P@ as the NaCl concentration increased from 0 to 8
wt% was attributed to the presence of a fibrillar MC network in solution at room
temperature. The presence of a fibrillar network that fdretause ahe additimn of NaCl

to the solun was confirmed by cry®EM and shear rheology experiments, corroborating
prior studies using macroscale techniques to determine extensional viscosity. This
technique provides the opportunity to study extensional viscosity in@muvith lower
viscosites and higher extensional strain rates than are accessible with other commercial

techniques, including the CaBER.
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Chapter 4
In Situ Polymer Flocculation and Growth in

Taylor-Couette Flowg

APortions of this chapter consistajournal article cited as A. Metas, N. Wilkinson, E.
Raethke, and C. S. Dutchen, situ polymer flocculation and growth in Tayl@ouette
flows, Soft Matter, 14, 86278635 (2018), reproduced by permission of The Royal Society
of Chemistry.

4.1. Introduction

The removal of solid particules using plyelectrolytedriven flocculation is a
commonprocess in a variety of applications includpgper manufacturing ardtinking
water treatmerft**>*°Despite its widespread use, the process remains poorly understood
due to the complexity of the sgsh Thereforetreatment plants rely on highly empirical
methods to determinaolymer flocculandosing levelsCharged polymerare added to a
fluid system during mixing to bindnto suspended particulatésusforming flocs. Rapid
floc growth is then enabled byrthokinetic aggregation, where thmlymercoated
particulates allide due to fluid motion and theelocity gradient dring the mixing process
depends on the nature oktfiuid flow.#"4° The local hydrodynamics around a growing
floc is one of the key factors thaffects the conformation of the polymer on the surface.
Extensional forces in particular can stretch the polymer from the surface to Igrestes

than theradius of gyrationY , of the free polymer in solution, increasing the bridging
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capability of thepolymer>*8! As the flocs are formed and grow during the flocculation
process, thegan eventually break due to fluid shear ford&8 After some time, the flocs

will approach a steady state between floc growth and break&é*

There are several differenholecularlevel mechanisms for polymeyarticle
adsorption and flocculation eveniscluding charge neutralization, polymer bridging,
chargepatch flocculation, and polymer depletitf?® >3 The aqueous environmeaffects
the underlying flocculation mechanism through highly interrelated physicochemical
properties including the suspension composition (pHgistrength, andgalt valency}*
coagulat type®>°¢particle surface propertiéand dosing and mixing conditioA% In
this study, lentonitewas used as the solid particulate of interest. Bentméte anisotropic
smectite clay commonly foanin surfacevaters with a high adsorption capacity for water
and has been used in other flocculation stutf@$® Individual bentonite particles can be
visualized as thin sheetdth negatiely charged faces and either positively or niegty
charged edges depending on the solutiorf§As a result, bentonite sheets can be
arranged in a porous, edfgece arrangement, an edgeége arrangement, or a denseefac
face structuré®’* Variations in aggregate surface morphology more than likely result in
different polyelectrolyte adsorption capacities andratdtion potentials due to the uneven

charge distributiomf the functional edge groups.

These complex interdependencies on the floc assembly kinetics and final floc
microstructure are not well understood and can result in poorly optimized polymeric
dosirg, which is one of the major technical ugs treatment planfsice Underdosing
results in insufficient particulate removal and odesing results in particulate
restabilization Both are undesirableoutcomes which can be cosprohibitive in water
treament*® Flocsfragmentedesuling fromshearforcescan be resuspended and are often
more difficult to remove than the initial pamtilate. For optimal separation, large
hydrodynamically robust flocare desired for flocs to readily settle out due to gravity, as

well as withstand turbulent stresses in the floghwittle to no fragmentatiofi*6%:62

The effects of physicochenal and hydrodynamic conditions on final floc

microstructurehave been examinagsing small angle light scattering, yigld final floc
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size and fractal dimensiofi$® These studies found that the longer characterization length
scales accessible by static light scattering work well to determine mass fractal dimensions.
However, interpretation of trecattering patterns can be difficult, and static light scattering
works best for smaller aggregates with loosely packed structures. Recently, advanced
image analysis techniques have been used to study the dynamic flocculation behavior using
jar tests andmpellers, which offers a more namtrusive method of studying ttkocs as
compared to obtaining and preparing a sample for light scattering expertthamtsests
replicate scaledown industrial water treatment conditions but lack homogeneous spatial
and temporal flow features that are neededéacipely study floc strength as a function of
hydrodynamic flow. In addition to the lack of varied flow states, the shear stresses within
the fluid cannot be accurately controlled in a jar test to determine the point where floc

breakage occuf& %

Unlike jar tests,Taylor-Couette (TC) ells, devices consisting of two concentric
cylinders with a specified gap widtbffer an experimental method giudy mixing events
with the ability to predely control the hydrodynamics. TC cells can generate a wide
variety of flow states as a functiar either or both cylinder speeds, and they range from
laminar types to turbulent typé% 179 Four different flow sites were used in this study in
order of increasing inner cylinder speél): laminar Taylor vortex flow (LTV)(2) laminar
wavy vortex flow (lWV), (3) turbulent wavy vortex flow (TWV), an@) turbulent Taylor
vortex flow (TTV). Laminar Taylor vortex flowonsists of axisymmetric, toroidal vortices
with a characteristic spatial frequency but no temporal frequevitgreas laminar wavy
vortex flov consists of a characteristic temporal and spatial frequéhdyrom a
gualitative perspective, LTV flow look like a series of parallel bandsreds LWV flow
appears as parallel waves. The turbulent cases of these two flow states physically resemble
their laminar counterparts with ad¢idnal turbulent features such as eddies. The wide
variety of flow states accessible by a TC cell, in additioroptical access via the
transparent outer cylinder has made it an ideal tool to study a variety of processes such as

polymer drag reduction, talysis, filtration, and liquidiquid mixing.1’21"4TC cells have
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also been uset study flocculationalthough prior studies with TC cells were limited in
that flocs had to be prfermed outside of the céit-879317°

To study the entirety of the mixing process in agiitt mannera modified TC cell
has been designed and built by Wilkinson and Dufénerdirectly inject the polymer
flocculant into the annulus. Unlike other TC cells where the injection was in a single
location or protruded into the annulussingthe cell built by Wilkinson and Dutchesne
has theability to inject flocculant at multiple, precisely spaced axial and azimuthal
locations to allow for larger volume injections and smoothing of any azimuthal
concentration gradienté1"31’¢.17The injection portsire builtinto the inner cylinder and
the port covers lie flush against the surface of the inner cylinder and are emmtiched
to prevent any alteration of the flow profile. Additional studies with this modified TC cell
recently published by Wilkinsoand Dutche have been conducted to determine the
stability of flow vortices to injetion, and the flow states tested in this study are stable over
a wide range of cylinder speeds, injection drive pressures, and injection times. The
advantages this modified TC cell offers over other cell desnghsdethe ability to explore
initial mixing effects in flocculation of bentonite clay with a polyelectrolyte flocculant.
Optical access allows for image analysis techniques to calculate the size, morphology, and
growth rate of flocs in a precise hydrodynamic flow state. The goal ®fsthdy isto
determine the effect of changing speed, and therefore flow state, on floc size, growth rate,

and morphology.

4.2. Materials and Methods
4.2.1. Materials

The polymer flocculant, or polyelectrolytased in this study is a commercially
available cationic plyacrylamde (FLOPAM FO 4190 SH, SNF Polydyne) wittO mol%
quaternary amoniumcationmonomer charge groups aacholecular weight of-6 x 1¢
g-mol?i. A 0.2 w% polymer solution was made by using a Jiffy mixer attachment to mix
the solid polymer pellstinto distilled water for 30 min. The polymer rested in a refrigerator
overnight prior to use and was remade every 2 weeks as necessary per supplier instructions.
The distilled water usedas from Premium Waters, Inc. Powdered Blentonitewas ACS
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grade fom Fisher Scientific and was used as receivEte kinematic viscosity of the 30
mg-L? bentonite suspension was 1.00 + 0.05 cSt from steady shear experinsguaas
in Figure 4.1, which showed Newtonian behavio the frequency regions relevant to the

speeds tested in this study.
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Figure 4.1: Steady shear viscosity and torque respdresees of 3ang-L™* bentonite in
distilled water from shear rates of 1 ® 100 s’. The temperature was kept constant at
23°C. The experiment waserformed using a cup and bob geometry to mimic the TC cell
geometry.

4.2.2. Sample Loading into TC Cell Annulus and Spatial Calibration

The TC cell used in these experiments consists of leotfiaté injection ports evenly
distributed axially and azimuthally mthe inner cylinder. Because the injection ports do
not protrude into the annulus and the port covers are centatohed to the inner cylinder,

the flow profile of the resultant vores are not modified during operation as shown by
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Wilkinson and Dutche?* Additional detailson the TCcel design with inner cylinder
diameter 0f13.5407 = 0.0025 cpgap width 0f0.84 cm inner cylinder radius to outer
cylinder radius ratio of 0.891, and injection assenaaly be found eewheré* To make

the bentonite symensions, 30 mgf bentonite was transferred to a 2 L beaker filleth Wi

L of water. This process was repeatiedmake a total of 2 L of 30 mig! bentonite
suspension The bentonite was dispersed usingELP Scientifica JTL4 Flocculator for

30 min at300 RPM.The pH of the resultant suspensionagproximately 6.6 due to the
interaction of dissolved carbon dioxide in water and bentdffitS€ince the siz and
morphology of bentonite, an anisotropic particle, is dependent on solution ionic strength
and pH, respectively, these two parameters were kept consistent between all experiments
in this study®°1 Once finished, the bentonite suspensions \weneediatelytransferred to

the annulus of the TC cell by way of tubiatiachedo the base of the cylindersasnbly

as seen ifrigure 4.2.

Once the bentonite was loaded, refractive indetching paraffin oil was poured
into the Plexiglass tank holding the apgtas to eliminate the curved glass surface of the
outer cylinde. The cell was axially illuminated witta flickerfree LED light strip
(Metaphase 19 in Exo2 Light) to better visualize the injecport covers for spatial
calibration for image analysis. A spatial calibration image of the betbast port cover
of theinner cylinder was captured usinddasler Ace camera (1280 x 10gikels, 60 fps
maximum frame rajewith a Tamron 25 mm-mount lens ImageJ was then used to

calculate the pixelo-mm ratio of the spatial calibration image.
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Figure 4.2: Flocculation g&perimental seup in the TC cell. The bentonite suspension is
loaded into the annulug/bvay of tubing attached to a Swagelok valvehatbottom of the
cylinder base. The polyelectrolyte is held in a reserand is injected at the top of the
inner cylinder by way of a solenoid valve, which is controlled by a LabView program. The
stepper mtor for the inner cylinder is controlled separately by a motor controller. Under
normal operating conditions, the Plexg$ tank surrounding the TC cell is filled with
paraffin oil to match the index of refraction of the glass outer cylinder, whichnelies

its curved surface during recording.

4.2.3. Flocculation Experiment Protocol

The inner cylinders rotatedby a stepper mot (Applied Motion Products HT34
497 2 phase stepper motor with a STA&&120 controller)equipped with a 7:1 gear
reducer (Applied Motion Products 34VL007) for inertial balance between the motor and
the cylinder To remove unwanted flowlislocations in lte vortices, flow priming was
conducted by way of a motor control script to ramp down from a speed higher than the
required speed to the intended sp&ef laser diode (Thorlabs, 450 nm, 1600 mW max)

combined with a laser line generateaisused to creata laserigght sheet tangential to the
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inner cylinderasshown inFigure 4.3a. The cationic polyacrylamide injection process and
movie recording were operated using LabView. For all experiments, thepdessure was
set to 30 psi to inject cationic polyacrylamide from the injectionsgatb the annulus at a
calibrated injection rate of 1.115 ¢-$or 6 as reported in Wilkinsoet al,® which
corresponds to the optimal polymer dose for the bentodistdled water of ~8 ppm as
reportedelsewheré® The camera was vertically adjusted stitht the field of view was
between thehird andfourth injection port covers fronthe bottom of the annulus. The

frame rate of the camera was set to 30 fps with an exposure time of 8 ms for all experiments.

As discussed later, flocculation mixing protocols typically have two spieats
initial AMI X0 speedwebBt aggeoWw) hof ebkeeded Sbg
these standard names may be misleading: so
and mixing can occur in the dadytStagel stdadyowt ho
iMi x0 speedls01we, 0.680s'01.10 4, arxl 1.47 3, and the later Stage 2
steady @ Gr ofixdd atd.46sp After low ipraming, theinitial inner cylinder
Stage 1 rotational speed was set, and the recording started. After a 30 s delay, the polymer
was injected ad mixed at this Stage 1 speed for 3 min to distribute the polymer throughout
the annulus. After 3 min at the Stage 1 speegjrther cylinder speed was then set to the
Stage 2 speed of 0.48 at a quick ramp rate of 0.92 rotation$fer 30 min to albw the
flocs to grow. The value of 0.46'svas chosen as it was the slowest speed tested which
was able to suspend enough #dbroughout the duration of the flocculation process for
image analysis. Once each experiment was completed, the annulus wwead,drad the
inner cylinder was removed from the apparatus for cleaning with a dilute solution of Micro
90. The inner cylindedrive shaft and ports were-pgimed with cationic polyacrylamide.

Once reassembled, the annulus was refilled with distillecerwptior to the next

experiment.
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Figure 4.3: (a) Laser light sheajenerated from laser diode illuminating the injection port
cover and bentonite flocsb)( The four wave states with their vortex typedapeed in
terms of Re. There are two laminar types (Laminar Taylor Votit&¥,, and Laminar
Wavy Vortex, LWV) and two urbulent types (Turbulent Taylor Vortex, TTV and
Turbulent Wavy Vortex, TWV). The gray circles present in the image are the injection po
covers. €¢) Binarized images of bentonite flocs from at 210 s, 400 s, and 606 s into
flocculation at an inner cylindesrowth Speed oRe = 4150.Scale bars are all 5 mm in
length.

4.2.4. Image Analysis of Flocculation Experiments

The movies were analyzed MATLAB using a process adapted from Vliegée
al.’* to obtain floc size and morphology information as a function of time. The raw images
were converted to grayscale images and binarized for all experiments as sloguren

4.3c. Size was reported in terms of the radai gyration,Y , of the floc as calculated by

the following equation,
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Yy 2
0

W ®w P
where( is the number of pixels making wgachfloc, (@, ®) arethe individual pixel

coordinate pajrand (o, w) is the centroid coordinate pairhe area average for all flocs

in a 10 s interval (300 frames) was computed.

To quantify the morphologyf the flocs, a surfaebased 2D fractal dimension,

$ , was calculatedsing the following relationship as reported by Vlieghel®:

160 &
whered is the crossectional floc area, anlilis the floc perimetefThe fractal dimension
varies in value from 1 to 2, where a value of 1 indicates a circular shape and a value of 2
indicates a rodike shapeA linear regressn was performed ogach 1G set of daté , 0)

to determinéO .

4.3. Results andDiscussion

4.3.1. Effect of Hydrodynamics on Floc Size and Growth Rate

In water treatment processes, it is preferable to rapidly mix the flocculant for a short
period of time wih the solid particulate of interest to disperse the polymer throughout the
suspensioms quickly and evenly as possible. This faster mixing step (Stage 1) is followed
by a slower mixing step (Stage 2) for a longer time period to allow for continued floc
growth.1”® To test he effect ofboth mixture speed andrtex flow on thegrowth of the
flocs, four different flow regimes were selectéar Stage 1 mixingA set of laminar flow
states with corresponding Taylor amwdvy vortex typesl(TV and LWV, respectively,
and a set aurbulent flow states with corresponding Taylor araVyvortex types (labeled
TTV and TWV, respectivelywere used for this studys shown irFigure 4.3b. The flow
states were reported in terms of the inner cg@imdeynolds numbety Q The Re for TC
flow is defined by the following equation

mYQ

YQ — ®
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whereY Qandm are the inner cylinder radius and rotational speed, respectivedythe
gap width between the inner and outer cylindargd’ is the kinematic viscosity of the
samplet® The Stage 2 mixing speed was kept constant for all experimeMt©att 1680
(TWV). For this particular TC cell, the ranges for the flow states in ternysGere 124 to
167 for LTV, 251 to 870 for LWV, 1400 to 2924 for TWV, and above 2924 for TTV.

Figure 4.4 depictsthe timedependentadius of gyrationy , for the bentonite flocs
as a function of time and vortex flow type. The radius of gyration of the flocs increases in
all runs after the inial injection of cationic polyacrylamide at time = 30 s, until atghu
value ofY is obtained. The plateau values¥fwere approximately 1.1 mm in the LWV,
TWV, and TTV cases while the plateau value was approximately 0.7 mm in the LTV case.
Sheaibreakage of the flocs due to velocity gradients presengifidtv limit the maximum
floc size*®>>°%%nterestingly, the curves for tHé Qof 4150 and 5530 cases show nearly

identical growth behavior, most likely due to their having the same vortex type.
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Figure 4.4: Bentonite floc size as a function of time and Stage 1 mixing spaedns of

the inner cylinder rotational speed. The corresponding vortex type is listed next to the
speed. The vertical, dark gray line demsatee point in time where the speed chariges

the Stage 1 speed to Stage 2 speed, which is held constanteigpeaiments at 0.46%s

(Re = 1680). Each point represents data averaged from 300 frames of the movie (10 s at a
frame rate of 30 fps).

Thefloc growth rate can be quantified from thata by using a modified version
of the logistic growth equation
Y O P
o

8

whereY is the radius of gyration at a given 8nrm mm,Y ;;  is the maximum value of

'Y in the fitting range in mmyY j is the initial vdue of'Y at the beginning of the fitting

range in mmj is the growth rate in mra?, andois time in seconds. While this model is
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