Clemson University

TigerPrints

All Dissertations Dissertations

12-2008

EXPERIMENTAL AND MODELING
STUDIES FOR OPTIMIZING
FLOCCULANT-AIDED SEDIMENT
RETENTION PONDS

Byungjoon Lee
Clemson University, byungjooni@hotmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all _dissertations

b Part of the Environmental Engineering Commons

Recommended Citation

Lee, Byung joon, "EXPERIMENTAL AND MODELING STUDIES FOR OPTIMIZING FLOCCULANT-AIDED SEDIMENT
RETENTION PONDS" (2008). All Dissertations. 316.

https://tigerprints.clemson.edu/all_dissertations/316

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by

an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.


https://tigerprints.clemson.edu?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F316&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F316&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F316&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F316&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/254?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F316&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations/316?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F316&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:kokeefe@clemson.edu

EXPERIMENTAL AND MODELING STUDIES FOR OPTIMIZING FLOCCULNT-
AIDED SEDIMENT RETENTION PONDS

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Environmental Engineering and Science

by
Byung Joon Lee
December 2008

Accepted by:

Chair: Dr. Mark A. Schlautman
Co-Chair: Dr. Fred J. Molz, llI
Dr. Igor Luzinov
Dr. John C. Hayes



ABSTRACT

Attempts to control sediment-containing runoff and associated water quality
problems have involved the establishment of many small to medium sedimenbretenti
ponds and the injection of nonionic and anionic polyacrylamide (PAM) flocculants to
enhance colloid removal. However, to date use has been driven more by practicing
engineers and trial-and-error approaches than by logical and consistgnt des
approaches. Therefore, the purpose of this research was to optimize collgidal cla
removal in PAM-aided sediment retention ponds by applying experimental and
theoretical methodologies.

Initially, simple measurement techniques for the molecular weight (&)
charge density (CD) of various PAMs were tested and their chartictbebaviors in
agueous solution were investigated for use in subsequent optimization tasks. A simple
intrinsic viscosity measurement technique and acid-base titration methoedsticair
capabilities as the most plausible substitutes of state-of-the-artgaebnn measuring
MW and CD, respectively. Also, a cylindrical shape for PAM conformation incague
solution was shown to be the best assumption for predicting the characteristic behavior
PAM molecules.

In adsorption and flocculation experiments with nonionic PAMs and negatively-
charged kaolinite clay particles, adsorption capacities of PAMs on kaokeite found
to increase with increasing PAM MW up to a certain size (~ 18 M g/molhbnt t
decrease beyond this size due to entanglements between PAM moleculesatdoccul

efficiency with nonionic PAM also increased with increasing MW up to a pointaliie



nonequilibrium kaolinite flocculation but eventually decreased by entangleetwteen
PAM molecules. In parallel experiments with anionic PAMs and negativelgetia
kaolinite particles, adsorption capacities were found to be inversely proportidhal t
PAM CDs, while flocculation efficiencies were directly proportional toRAé MWSs.
Along with the effects of PAM MW and CD, the presence of divalent cations such as
Cc&* and Md* enhanced adsorption and flocculation due to cationic bridging and/or
charge screening between PAM and kaolinite (PAM *—Kaolinite). However,
concurring steric stabilization was also found to counteract flocculatiorodhbe t
conformational compaction of adsorbed PAMs by the cationic bridging between pre
adsorbed PAM molecules (PAMM*=PAM). In short, PAM and solution
characteristics, including change density (CD), molecular weight (MWAM, and
cationic species in the solution, were found to make critical effects on adsorpiion a
flocculation and thus to be the controlling parameters in optimizing PAM appiisads
soil stabilizers or flocculants. In a model-based optimization of PAMdasddiment
retention ponds, the applicability of utilizing multi-dimensional Discreti2epulation
Balance Equations combined with a Computational Fluid Dynamics (CFOEDRRiel)
was demonstrated in a series of simulation tasks with a model retention pond. The CFD-
DPBE model was demonstrated to be a valuable simulation tool for natural and
engineering flocculation and sedimentation systems as well as Bot@itled sediment

retention ponds.
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CHAPTER 1. INTRODUCTION

Soil erosion and sediment-laden runoff occur from both urban and rural areas
during storm events. In general, the problem increases with increasihdiséurbance
(e.qg, tillage, mining, road grading, rural to urban land conversion, and population density
increase). The most problematic sediment particles typically amdloidal-size, and if
not controlled they can end up in various receiving water bodies and contribute to the
coating of bottom sediments, algae blooms, oxygen depletion, and food-chain
impairments (Stumm and Morgan, 1996; Chapra, 1997; Schwarzeebal;t2003).
These are considered as all major water quality problems by the Envirahment
Protection Agency (USEPA), and they are likely to worsen in the future due to population
growth, urban sprawktc. For example, among the major nonpoint source pollutants of
concern, the USEPA has identified pathogens and suspended sediment as the first and
second most frequent stressors of rivers and streams (USEPA, 2002). Attemptsoto cont
sediment-containing runoff have involved the establishment of many small to medium
sediment retention ponds. These ponds collect sediment, which can be removed and
disposed of in an environmentally acceptable manner when the ponds reach thar storag
capacity.

Typically, sediment retention ponds are operated in a passive mode. Stormwater
containing suspended sediment enters the pond, drops whatever sediment that naturally
settles out, and then exits the pond (typically via a standpipe or other flow control

structure). This works reasonably well with coarser particles having aeesgttling



velocities. However, clays, pathogens and other colloidal-sized particles often do not
have adequate time to settle completely, so they simply pass through ntiemgiend
along with the flow of water (Pigt al, 1995; Tuccillo, 2006; Let al, 2007). To
counteract this effect, a few operators are now experimenting with theoadufiti
flocculating agents to the inflow during storm events, which can greatlpuaphe
retention properties of the ponds (Kagtcal, 2007; Sojkaet al, 2007). Among various
flocculants used, nonionic and anionic polyacrylamides (called PAMSs) have been
reported as the most applicable polymeric flocculants due to their colloid tiocul
ability and reported low-toxicity to plants and animals (McCollisteal, 1965; Wallace
and Wallace, 1986; Stephens, 1991). A drawback, however, is the relatively high cost of
PAM. Aluminum sulfate (alum) and gypsum are also common coagulants. PAMs
function well at low concentrations, and they are finding increased applications in
irrigation management and soil erosion control (McLaughlin and Bartholomew, 2007).
Therefore, nonionic and anionic PAMs have been chosen as target flocculatugyor s
in this research.

PAMs can be polymerized as either linear or cross-linked forms. Howevee, in t
field of water treatment or soil erosion control, linear PAMs are mainly usasedBn
the functional groups along backbone chains, PAMs can be classified into three types,
nonionic, anionic, and cationic PAMs. Nonionic PAMs can be formed simply by the
polymerization of monomeric acrylamide, whereas cationic and anionic PAMsec
manufactured by copolymerization of acrylamide and cationic or anionic monomfess.

molecular weights of PAMs span from a few thousand up to 20 million g/mol (Barvenik,



1994). Figure 1.1 shows the typical repeating units of nonionic and anionic PAMs and
the schematic diagram of a polymerized PAM molecule. The fully anionic BAM i

named as polyacrylate (PAA).

CH. - CH ~fCH,—CH—]—fCH._CH——F—
| |
=0 cC=0 —— CcC=0
| |
NHz i NH. 1y | O- Na+_Z

/
W " S —
CH, ICH\f\//c /cy,\ cn. CH
\
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| s Anionic ¢ \
NH, | Charge Ao N

Figure 1.1. Molecular structures of the re([(:;))eating units of (a) nonionic and (b) anionic
PAMs. (c) Schematic diagram of a PAM molecule (adopted from Barvenik, 1994).
Reading contemporary literature and talking to sediment pond operators supports
the conclusion that automated flocculant-aided sediment retention ponds aregoing t
become increasingly important in future years as a means to minimizettimecthtal
effects of erosion and non-point-source water pollution on people and the environment
(Gowdy and Iwinski, 2007; Harper, 2007). To date, use has been driven more by
practicing engineers and trial-and-error approaches than by lagdalonsistent design

approaches (Harper, 2007). However, the operation of such ponds is complicated,

involving various physicochemical processes, such as adsorption and flocculation
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processes, and fluid mechanic and mass transport problems, such as pasjptetteand
sedimentation in a turbulent fluid field. Most existing pond systems are not deargphed
operated in a consistent manner based on fundamental principles. For example, many
designs are based simply on an ad-hoc rule such as a set pond volume per hectare of
drained area (Akan and Houghtalen, 2003). So the entire field would benefit from a
better understanding of the fundamental physicochemical processesncougi
flocculant-aided sedimentation pond and the development of a realistic, plyylsaseid
model for designing and optimizing sediment retention ponds. In the main chapters of
this dissertation, both experimental and modeling studies are presented, including
characterization of PAMs (Chapter 2), application of electrostatiaiction models in
predicting acid-base chemistry of PAMs (Chapter 3), investigation on plehgimical
processes occurring in PAM- and clay-containing suspensions (Chapter 4 and 5), and
development of a flocculant-aided pond simulation model (Chapter 6). The combined
product will be a tool for the optimum design and operation of a PAM-aided sediment
retention pond. The research objectives of the individual research tasks widfbye br

introduced in the following paragraphs.

1.1 Characterizing the Molecular Weight and Charge Density of PAMs (CiZpter

Among the various properties of PAMs, molecular weight (MW, g/mol) and

anionic charge density (CD,NO'Of Charged Umtsx 100 %) have been reported as the

No.of Repeating Unit:

key characteristics in determining physicochemical processes in BAd/clay-



containing suspensions. For example, many previous physicochemical expemments
PAM- and clay-containing suspensions have proven to be the decisive charestaris
MW and CD with respect to adsorption capacities and flocculation effieelcevy and
Agassi, 1995; Greeet al, 2000; Chibowski and Wisniewska, 2002; Heller and Keren,
2002; Heller and Keren, 2003; Farrokhpayal, 2004). The MW and CD of PAM
stabilizers or flocculants can be measured with various state-of-ttezlaniques such as
multi-angle light scattering analysis (MALS) or gel permeatiomictatography (GPC)
for MWs and Carbon-Hydrogen-Nitrogen (CHN) elemental analysis for(Escoiset
al., 1979; Klein and Westerkamp, 1981; Griebehl, 1991; Hunkeleet al, 1992; Scott
et al, 1996; Sperling, 2006). However, lack of accessibility and the difficulty of these
elaborate measurement techniques are limiting factors for on-site meastsdy
soil/environmental scientists or engineers who are inexperienced in pagieeces.
Thus, in this research, we chose two simple measurement techniques, ag intrinsi
viscosity measurement technique and an acid-base titration method, andeelstimaiat
applicability and validity as simple and easy alternative techniques\iaktl CD
measurements (Klein and Conrad, 1978; McCaethal, 1987; Griebekt al, 1991; Wu

et al, 1991). In Chapter 2, the potential and limitation of these simple measurement

techniques will be discussed in comparison with more elaborate techniques.

1.2 Characteristic Behaviors of PAMs in the Aqueous Phase (Chapter 3)

In Chapter 3, simplified analytical models (impermeable sphere (ISphdbon

(DN), and cylindrical (CY) models) were evaluated for their validity applicability in



predicting the electrostatic interaction acid-base chemistry of arff#ils. Though
these simplified models do not represent all the physicochemical phenomenagaturr
PAM-solution interfaces, they were demonstrated to be practical tooleefliciing the
electrostatic interaction chemistry of polyelectrolytes with thempsfied hypothetical
shapes for polyelectrolyte molecules (Hill, 1955; Ullner and Jonsson, 1996; Avaha
1999; Koopakt al, 2005; Saitcet al, 2005). In a comparative study of experimental
results and model theories, with a series of weakly charged linear polyaiigtco-
acyliates (anionic PAM), we tried to speculate on the rationality of thelmaité

respect to the hypothetical conformations of a PAM and to study on the recigifectd

between a polyelectrolyte’s conformation and electrostatic interadtemistry.

1.3 Molecular Weight Effects on PAM-induced Adsorption and Flocculation (Chapter 4)

Adsorption and flocculation processes in PAM- and clay-containing suspensions
are known to be affected by various PAM and solution characteristics, sudiMas P
molecular weight (MW) and charge density (CD), and the pH, ionic strengthatand s
species of an aqueous solution. In Chapter 4, MW has been chosen among various
factors as a key factor in adsorption and flocculation tests, because it mastdmaized
in the manufacturing process and used as the controlling factor in fieldaajopisc
involving adsorption and flocculation. In adsorption tests, the hypothesis that the
adsorption capacity of a PAM increases with increasing MW (Levy aad3\gl995;
Greenet al, 2000; Heller and Keren, 2002) was tested again in the present study, and in

flocculation tests, nonequilibrium flocculation was investigated with PAMagavi



different MWs under various fluid shear conditions (Pelssead, 1989; Pelsserst al,
1990; Lu and Pelton, 2001). The high-MW PAM and the strong fluid shear rate were
hypothesized to give rise to a transient and elongated conformation ostrbexti
polymeric chains and consequently to enhance the flocculation efficiémGhapter 4,
the conformity to and the deviation from the MW-related hypotheses atesskst

closely with the observed experimental results from the adsorption and flooTidests.

1.4 Effects of PAM and Solution Properties on Adsorption and Flocculation (Chapter 5)

In addition to MW described above, other PAM and solution characteristics were
investigated with respect to their effects on adsorption and flocculation pFecess
Firstly, the characteristics of anionic PAMs, molecular weight (MW)dradge density
(CD) were chosen as the experimental parameters in adsorption and floocdsits
(Levy and Miller, 1999; Greeat al, 2000; Heller and Keren, 2002; Heller and Keren,
2003). Secondly, the effects of solution properties on adsorption and flocculation, such
as the constituent cation species, were investigated in the presencerehdiffe
monovalent or divalent cations (N&&*, and Md"). Chapter 5 elucidates the effects of

PAM and solution properties on adsorption and flocculation processes.

1.5 Simulation of Turbulent Flocculation and Sedimentation (Chapter 6)

For the optimal design and operation of PAM-aided sediment retention ponds,
what is needed beyond the experimental findings in the previous chapters idia realis

and mechanistic theory describing flocculation and non-homogeneous turbulent



sedimentation in retention ponds and a mathematical tool for solving the ratheexompl
governing equations of flocculation and sedimentation. This chapter deals primitril

the mathematical formulation and computation underlying flocculation and esei@ition
processes in flocculant-aided sediment retention ponds. One of the most reaijs to
simulate flocculation and non-homogeneous turbulent sedimentation in retention ponds is
by applying the Population Balance Equations (PBE) within a Computatiandl Fl
Dynamics (CFD) framework for solving the Navier-Stokes equations. Thusgtifisck
population balance equations combined with a fluid dynamics model (CFD-DPBE
model) was set up and the applicability of the combined model was tested irbthertur
mixing zone of sediment retention ponds. The mathematical formulation and application
strategy of the CFD-DPBE model were studied in a two-dimensional cotopala

domain representing the vertical cross-section of the turbulent mixing zone of a

flocculant-aided sediment retention pond.
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CHAPTER 2. APPLICABILITY OF SIMPLE MEASUREMENT TECHNIQUEIBI
ESTIMATING MOLECULAR WEIGHTS AND CHARGE DENSITIES OF

POLYACRYLAMIDE SOIL STABILIZERS OR FLOCCULANTS

2.0 Abstract

Nonionic and anionic polyacrylamides have been used as soil stabilizers and
flocculants for several decades due to their stabilization and flocculation dégsbid
their reported non-toxicity. Among various characteristics of polyacrnges, molecular
weight and charge density have been reported as decisive chaiastensoil
stabilization and flocculation in many soil/environmental researches.riNeless, they
have been rarely measured in-house by soil/environmental scientistsrmeeadn the
previous researches due to the difficulty or absence of feasible measghngjues.
Thus, in this research, simple and easy characterization techniques, racintsicosity
measurement technique for molecular weight and an acid-base titratarafge
density, were tested for their applicability in comparison with statbesfirt techniques.
Molecular weights estimated with simple intrinsic viscosity techniquergiyevere
lower by a constant ratio compared to those measured using a stateatfligpat
scattering analysis. Thus, the empirical ratio between viscosity-badedutar weight
and weight-average molecular weight (MYMW\, = 1.7129) may be used as a
provisional correction factor to estimate polyacrylamide molecular weigttissimple
intrinsic viscosity technique. However, for more accurate and theoretesurements

of polyacrylamides’ molecular weights, a new intrinsic viscosity measent technique
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with a proper Mark-Houwink-Sakurada equation, which covers a broad molecight we
range and has a standardized experimental protocol, is required to be divéthope
contrast to the discrepancy between molecular weight measurement teshaaigidase
titration method proved its applicability as an easier substitute of stite-aft Carbon-
Hydrogen-Nitrogen elemental analysis because of the observed aconsisétween two

measurement techniques.

2.1 Introduction

Soil erosion occurs in both urban and rural areas during storm events and
increases with increasing land disturbareg (tillage, mining, road grading and rural to
urban land conversion). If not controlled, eroded soils can end up in various receiving
water bodies and can contribute to the coating of bottom sediments, algae blooms,
oxygen depletion and food-chain problems (Stumm and Morgan, 1996; Chapra, 1997;
Schwartzenbacht al, 2003). To minimize soil erosion and resulting sediment
contamination in aquatic environments, polyacrylamides (PAM) have been used as
stabilizers to trap top-soil erosion or as flocculants to precipitatedrsoil
particles/flocs in sediment retention ponds (Myagchenkov and Kurenkov, 1991;
Barvenik, 1994; Seybold, 1994; Shainberg and Levy, 1994).

Polyacrylamides are defined as water-soluble synthetic organic pollieneng
high molecular weights. Due to the characteristics of high solubility, vigarsl
molecular weight, PAMs have been used as inter-particle bridging agentgl(ids3 to

agglomerate erodible or nonsettleable soil particles. Polyacrylaaneetassified into
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three types, nonionic, anionic, and cationic PAMs with respect to their chargesdnduc
by the different functional groups along their backbone chains. Anionic PAMs a
negatively charged with hydrolysable carboxylic groups on their backbone ,chhiles
cationic PAMs are charged positively with ammonium functional groups, in ambient
aquatic conditionse(g.pH, ionic strengthstc) (Myagchenkov and Kurenkov, 1991;
Barvenik, 1994). As soil stabilizers or flocculants, nonionic and anionic PAMs have
been mostly used because of their reported non-toxicities. Contrarily, c&RibNis are
known to have toxic effects on aquatic creatures by blocking membranes and thus are
rarely used in soil stabilization and flocculation (Virginia DepartmeiRemfreation and
Conservation, 2002). Considering the fact that the optimum dose of PAM is rarely
achieved in on-site applications and thus residual PAMs exceeding the optimum dose
possibly flow into downstream water bodies and end up with the detrimental effects on
aquatic creatures, cationic PAMs are not recommendable as soil stabitidecculants
and excluded from our consideration in this paper. Figure 2.1 shows the schematic
diagram of an anionic PAM molecule. The fully anionic PAM is named as polysryla

(PAA).

- Anionic .

Charge

Figure2.1. Schematic diagram of a polymerized anionic PAM molecule (adopted from
Barvenik, 1994).
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Among various properties of PAMs, molecular weight (MW, g/mol) and anionic

No.of Charged Units
No.of Repeating Unit:

charge density (CD %) have been reported as the key

characteristics determining the efficiencies of soil stabilizatmhflocculation. For
example, many previous physicochemical experiments in clay- and PAM+suogtai
suspensions have proven the decisive characteristics of MW and CD on adsorption and
flocculation efficiencies (Levy and Agassi, 1995; Greéal, 2000; Chibowski and
Wisniewska, 2002; Heller and Keren, 2002; Heller and Keren, 2003; Farroghphy

2004). However, MW and CD of PAMs rarely have been measured in their experiments
by researchers. Instead, generally only manufacturer provided valwebd®vcited.
Unfortunately, MW and CD provided by the manufacturers can be very different from
those of actual PAMs used in the experiments due to the heterogeneity résuiting

bulk manufacturing and storage processes. Due to the importance and pdssédileral

of MW and CD, the lack of MW and CD measurements by researchers in their
experiments may be the evidence of the difficulty or absence of feasiblarsraast
techniques and furthermore the proof of the large gap between two reseamtiete of
polymer and soil environmental sciences.

Molecular weight and charge density of PAM stabilizers or floccsllean be
measured with various state-of-the-art techniques such as a multiighgkrattering
analysis (MALS) or a gel permeation chromatography (GPC) for MWs anhd -
hydrogen-nitrogen (CHN) elemental analysis for CDs (Fraretoéé, 1979; Klein and

Westerkamp, 1981; Griebet al, 1991; Hunkeleet al, 1992; Scotet al, 1996;
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Sperling, 2006). However, the low accessibility and difficulty of thedmedde
measurement techniques are the limiting factors for on-site measiisdoye
soil/environmental scientists or engineers who are inexperienced in polyigreres.

Thus, in this research, we chose two simple measurement techniques, an intrins
viscosity measurement technique and an acid-base titration method, andeelstivaiat
applicability and validity as simple and easy alternative techniques for MVCB
measurements (Klein and Conrad, 1978; McCaetrgl, 1987; Griebekt al, 1991; Wu

et al, 1991). In this paper, the potentiality and limitation of these simple measurement

techniques will be discussed in comparison with elaborate techniques.

2.2 Materials and Methods

2.2.1 Polyacrylamide Sample Preparation
A series of nonionic and anionic PAMs with different MWs and CDs were
obtained from Polysciences Inc. (Warrington, PA) and Kemira Water Solutions |
(Lakeland, FL) (see Table 2.1). To remove salts and other impurities (magy, N
PAMs were purified by the serial steps of dissolution, acidification, and pedmpiin
water-methanol mixtures (Francasal, 1979). Commercial PAM powders were firstly

dissolved in distilled deionized water (DDW) and gently stirred on a Thgneiol

Bigger Bill orbital shaker (Thermo Fisher Scientific Inc., PA) for onevio days. After
complete dissolution, PAM solutions were acidified to pH 3 with hydrochloric acid t
protonate all carboxyl groups and simultaneously dissociate metal caton®AM the

molecules. Polyacrylamide solids were collected by precipitation idducaddition of
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methanol and placement in &4cold room. The serial steps of dissolution, acidification,
and precipitation were repeated four to five times to collect pure PAM solidsuwi

salts or other contaminants on PAM molecules. Finally, purified PAM solids were
lyophilized with a VirTis bench top freeze dryer (SP Industries Inc., NY) and preserved
as powder forms for uses in the subsequent experiments. Before MW and CD rgeasurin
experiments, 5 g/L aqueous stock solutions were prepared by dissolving purified PAM

powders in DDW and then stored in the dark during the experiments.

Table 2.1. Polyacrylamide characteristics provided by manufacturers for CD &id M

Classified Number Charge Density ~ Molecular Weight

(%) (10° g/mol)
Nonionic N1 0 0671
(Polyscience) N2 0 "6
N3 0 18
Al 10 High
A2 15 Ultra-High
A3 20 Medium
Anionic A4 20 High
(Kemira) A5 25 Ultra-High
A6 30 High
A7 50 Low
A8 50 Medium

2.2.2 Molecular Weight measurement
Weight-averaged molecular weights (MWVand viscosity-based molecular
weights (MW,) of PAMs were measured using a state-of-the-art light scatt@niakysis
and a simple intrinsic viscosity measurement technique, respectivesyly, mMWs of
PAMs were measured with multi-angle laser light-scattering (B)Aechnique with
Dawn-DSP analyzer (Wyatt Technology Corp., CA) which was equipped wittgan-a
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ion laser (wave length 488 nm), scattered light intensity detectorsexediffangles, and
scintillating vial sample holder (SV mode) (see Figure 2.2). Dawn-DSPzanalas
calibrated with HPLC-grade toluene (Fisher Scientific Inc., PAgriidl through 0.02

m Anotop 25 Plus syringe filters (Whatman Inc., NJ) and normalized with a standard
polymer (Polyethylene glycol, MW 5000 g/mol, Mw/Mn~1.10, Polysciences R¥)
filtered through 0.2u m Anotop 25 Plus syringe filters (Whatman Inc., NJ). After
calibration and normalization of the Dawn-DSP system, for MW measurement of a

specific PAM sample, a series of PAM solutions with different concentratb2.5<
10°, 5.0X 10°, 7.5X 10°, and 1.0< 10“ g/mL were prepared in 1 M NaCl background

salt concentration by diluting a PAM stock solution. The pH of PAM solutions wat set a
9 to standardize all PAM molecules as fully ionized forms. These serial PAkibss!

were filtered through 5: m Acrodis¢ syringe filter with Versapémembrane (Pall

Corp., NY) to remove large particles or agglomerates, which are able to madé® nois
during light scattering data collection, transferred into vials, and loaded in the
scintillating vial holder of Dawn-DSP analyzer. Refractive indiceslfiberent PAM
solutions were referred from the previous literature (McCaethal, 1987; Hunkeleet
al., 1992). Scattered light scattering intensities were collected witlramgjke light
detectors of Dawn-DSP analyzer for the serial PAM solutions havingetitfe
concentrations (see Figure 2.2). With collected scattered light inteiasé, MW of a
PAM was estimated with Zimm plot method which is formulated to represent the

dependency of light scattering magnitudes on MW, solute concentrelj@md
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detection angle £). In this research, the Zimm-Berry plot method in DAVgNftware

(Wyatt Technology Corp., CA) which is modified from the conventional Zimm method
specifically for very large molecules (over’dimol) was applied to analyze collected
light scattering data. Equations (2.1), (2.2), and (2.3) represent the mathéfoaticla,
which are used in Zimm-Berry plot method for plotting data, estimating MW, and

calculating mean square radius, respectively (Wyatt Technology Corp, 1998).

K'c

R JMP(0) e MP(0) e

M = 4 (2.2)

(\/K*c/ R +JKc/ R-4 @c}z

A 32°m,
i >_8ﬂ2\/ﬁ(1/|\/| ~ Ac) @9

In Equations (2.1), (2.2), and (2.8)epresents the mass concentration of the
solute molecules in the solvent (g/mL), aids the weight average molar mass (g/mol),

A, is the second virial coefficient (mpiL/g?). K* is an optical constant

(=4x°n?(dn/ d9®A, * N %), no is the refractive index of the solvent at the diecit
radiation (vacuum) wavelength, is the incident radiation (vacuum) wavelength,
expressed in nanometel is Avogadro’s number (= 6.02210°° mol™), and dn/dc is
the differential refractive index increment of smvent-solute solution with respect to a

change in solute concentration (mL/d( ¢) is the theoretically-derived form factor,
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approximately equal th— 2,uz<r2> /34%L , where u=(4r 1 1)sin@ [ 2), and<r2> is the
mean square radiuR , represents the excess Rayleigh ratio {cemdmy is equal to
d[K'c/ R |/ dsir? (0/2)]

60"

laser | pansatihisaaas

polarization

detectors at
two different
angles

scattered
light

(a)
0.4
Scattered Light Intensity . -t
1..0x104 L s RN
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o 0.3 90° Angle Detector . L.
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X —
g8 02 5.0x105,0/ML 3\ pkwttiv
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[} P ion: . -5
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(b)

Figure2.2. (a) schematic diagram describing the theory ofU8Analysis (adopted
from http://www.wyatt.com/theory/rayleighscattering/size) and (b) an example of
scattered light intensity data measured with&@gle detector with tolune (for
calibration), polyethyleneglycol (for normalizatipmnd N2 PAM solutions in 1 M NaCl
(for sample measurements).
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Secondly, MWs of PAMs were estimated from a sinipiensic viscosity
measurement technique with a capillary viscom&pe(ling, 2006). A series of PAM

solutions with different concentrations of X40°, 5.0 10°, 7.5X 10°, and 1.0< 10*

g/mL were prepared at a specific background salteotration (see Table 2.2) and pH 9
from a PAM stock solution. The traveling time bétpure solvent and serial PAM
solutions through a capillary tubig &éndt;) was measured with #50 Cannon-Fenske
routine viscometer (Cannon Instrument Company B8), at 25°C in a constant
temperature water bath (PolyScience, IL) and weeslio estimate relative viscositye(
= t/ty) and specific viscositys, = 7rel -1) (see Figure 2.3). Then, following Huggins
and Kramer equationssp /c versus andin(zre)/c versus (c = PAM concentration)
were plotted to estimate the intrinsic viscosig])pf a certain PAM sample, which is
found at zero concentration on the plots (see Eigus) (Sperling, 2006). Finally, Mark-
Houwink-Sakurada equation (MHS equatioy],¥ K-MW?) was used to determine MW
of a PAM with a measured intrinsic viscosity (Kl@nd Conrad, 1978; McCartley al,
1987; Griebekt al, 1991; Wuet al, 1991). In this research, several MHS equations
which had been developed in different solvent cimisi.e. different background salt
types or concentrations were applied to estimates\M\honionic PAMs with measured
intrinsic viscosities (see Table 2.2). NotewosthiVu's MHS equation which has
continuous functions to obtain constarsafda) with respect to CDs was used as a

unique equation to estimate MWs of anionic PAMsihg@wvarious CDs.
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Figure2.3. (a) a picture of Cannon-Fenske routine viscomg@igopted from
http://www.cannoninstrument.com/cfr.tand (b) an example of Huggins and Kreamer
plots.
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Table 2.2. Mark—Houwink-Sakurada (MHS) equations to estimtl% with measured
intrinsic viscosities ] = K- MW?). All the equations were developed at’25

Reference Solvent PAMCD MWrange 10°K a

(%) (10°g/mol) (cm’/g)
Wu et al.* (1991) 0.2 M Na,SO, Nonionic 0.01~2.0 2.43 0.690

6~40 0.01~1.2 2.12~3.31* 0.67~0.75*
McCarthy et al. (1987)** 0.5 M NacCl Nonionic  0.09~3.2 1.14 0.746

1 M NacCl Nonionic  0.09~3.2 1.912 0.711

Klein and Conrad (1978) 0.5 M NaCl Nonionic  0.5~5.5 0.719 0.77
Griebel et al. (1991) 1 M NaCl Nonionic  1.1~14.6 2.57 0.670

* For anionic PAMs, continuous functions were developed to estimate K and a wrt. CDs.
logkK =—3.36- 2.3% 10 ¢D } 6.96 16 QD> ) 7.37 1bcp®

a=0.625+ 8.86« 100 CD } 2.40 16 qD* 4 2.48 1bcpP®
** Coefficients without heterodispersity corrections were used in this research.
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2.2.3 Charge Density measurement

A state-of-the-art CHN elemental analysis andvg$e acid-base titration were
used to estimate CDs of PAMs. In CHN elementalysg FlashEA 1112 CHN-O
elemental analyzer (Thermo Scientific Inc., PA) wabbrated with a standard chemical
(Sulfanilammide, @HsgN20,S) of which elemental contents are specified by the
manufacturer (C: 41.84, H: 4.68, N: 16.27, S: 13®218.58 %). Then, dried PAM
samples were prepared in tin boats, weighed céyefith MX5 microbalance (Mettler-
Toledo Inc., OH), and introduced into the elemeatalyzer. The contents of C, H, and
N were estimated by comparing the peak areas of Baples with those of the
standard chemical (see Figure 2.4(a)). Finalbynfthe estimated N/C ratio, the content

of carboxylic functional groups of a PAM molecu@ %) was found by applying the

equation,CD :(1—( N/ C)-36/14) (%), where 36 and 14 represent total MWSs of three

carbon atoms and one nitrogen atom in a repeatingftia nonionic PAM chain (see

Figure 2.4(b)).
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Figure2.4. (a) an exarﬁi))le of chromatographic data with CHﬁm((Ez]tal analysis and
(b) estimated carbon and nitrogen contents andyehdensities for various anionic PAM
samples.

CDs of PAMs were also measured with acid-basatititn methods. Three 50 mL
PAM solutions with 1 g/L PAM concentration were paeed at 0.001, 0.01, and 0.1 M
NaCl background salt concentrations from a PAMIstmiution. Titration was done
upward to pH 10 with 0.5 M NaOH dose and then doansvto pH 3 with 0.5 M HCI
dose and pH was monitored continuously with Orig@A pH meter (Thermo Scientific
Inc., PA). During titration, PAM solution was camiously purged with pure nitrogen
gas (National Welders Supply Co., NC) to prevent @Gsolution. All the experiments
produced identical results for both forward andkiwasrd titrations, which consequently
endowed the credibility on our experimental methogyp. TheS-shaped titration curves
(pH versusspecific charge density) were plotted after precwsthe measured data such
as acid or base doses and pHs and they were atlghesubtracting background acid or

base consumptions by the NaCl solutions and witikigccorrections using Guntelberg

equation (Stumm and Morgan, 1996). Eventually,af& PAM sample was estimated
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with the maximum specific charge density on theangpateau of th&shaped titration
curve, where all the carboxyl groups containechénRAM molecules become fully
deprotonatedle. ionized (see Figure 2.5). Figure 2.5 represeritslaase titration plots

of A3 PAM sample for an illustration purpose. Witle obtained maximum
deprotonation capacity, which was found at thegalatof an acid-base titration curve,
CD of a PAM was estimated with the simple arithmetjuation shown in Figure 2.5 and

compared to the counterpart CD estimated with Clshental analysis.

A3 PAM Sample
o Sl = i
' x
4 Deprotonation O;’
Capacity oxd
(T; mmol/gPAM) gxM
=3.59+ 0.02 o*®

ES

w
(9]

w

N
(9]

N

o<E
1.5 o
@® Charge Density (%)
" o =rx7.1
O

OH- Uptake by PAM (mmol/L or mmol/gPAM)
o
wn

ﬁ, =25.52+ 0.11
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o

Figure 2.5. Acid-base titration curves used to estimate CB®PAM sample in
different NaCl concentrations. Symbots,x, ando, represent experimental data
obtained in 0.001, 0.01, and 0.1 M NacCl solutioaspectively.
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2.3 Results and Discussion

Zimm-Berry plots obtained from triplicate lightagtering analyses for the N2
PAM are shown in Figure 2.6 for illustration. Moigar weights and root-mean-square
(RMS) radii were calculated with the Zimm-Berry ptoethod, which is the built-in

function of DAWN' software (Wyatt Technology Corp., CA) to procdss taw scattered

light intensities at different angles. Moleculagights and RMS radii of all nonionic and
anionic PAM samples estimated with a light scattganalysis and the Zimm-Berry plot
method were summarized in Table 2.3.

As shown in Figure 2.6 and Appendix A3, all of theasured light scattering
signals were well fitted with the Zimm-Berry plotslowever, in spite of the individual
well-fitted Zimm-Berry plot for a single measuremetteviation between triplicate
measurements was observed. For example, in Fig@rde estimated MWSs with the

triplicate light scattering analyses for N2 sampre 4.426, 4.066, and 6.733 10°
g/mol, which produced a standard error of 0:830° g/mol. These relatively large

standard errors were commonly observed in the aitwionic or anionic PAM samples
(see Tables 2.3 and 2.5). The possible reasahesd large standard errors between the
replicated light scattering measurements will lsedssed in a later section with respect
to the heterogeneous nature of commercial PAMgstadensitivity of a light scattering

analyzer.
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Figure2.6. Zimm-Berry plots of the triplicate light scattegi analyses to estimate MW
of N2 PAM sample.
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Table 2.3. Molecular weight and root-mean-square radiusregd with light scattering
analyses for various nonionic and anionic PAM sasiplData represent Mean
Standard Error, of which error was obtained indag fitting process to the Zimm-Berry

plot.

- Test1 Test 2 Test 3
Classified - - -
MW RMS Radi MW RMS Radi MW RMS Radi
Number 6 6 6
(10° g/mol) (nm) (10° g/mol) (nm) (10° g/mol) (nm)
N1 1.48 £ 0.04 106.9+4.0 1.28 £0.03 89.8+3.2 1.24 £0.03 89.7+2.0
Non-
ionic N2 4,43 £0.27 151.0+6.8 4,07 £0.52 207.6 +14.5 6.71+0.71 209.1+11.0
N3 10.07+1.69 234.4+10.1 10.81+1.53 273.1+17.1 1045+0.99 262.5+11.2
Al 8.30+0.78 200.4+11.0 6.35+0.37 190.8+7.1 851+1.21 223.4+15.7
A2 10.77+1.14 2059+104 9.21+2.20 276.1+29.0 5.04+0.36 181.3+7.8
A3 8.40 £ 0.86 209.5+£10.3 6.57 +£0.44 192.0+7.2 8.17+0.42 194.3+5.7
An- A4 4.31+£0.28 156.8+7.5 4,01+£0.24 147.7 £5.0 5.37+0.35 169.8+4.1
ionic A5 5.11+0.31 1709+6.4 5.00+£0.27 176.1+6.3 5.21+£0.15 160.0+3.4
A6 4.06£0.21 162.7 £ 6.5 4,12 £0.23 159.8+7.4 4.24 £0.21 152.6£5.2
A7 3.29+£0.18 132945 3.04 +0.14 136.2+4.4 3.02 £0.09 110.3+3.3
A8 5.53+0.36 155.5+5.3 5.89+0.29 173.0£5.5 5.29+0.45 171.6+5.8

Figure 2.7 shows Kreamer and Huggins plots for K&1Rn different salt species
and concentrations. These plots were eventuadlgl ts estimate intrinsic viscosities and
MWs with the associated MHS equations. In Figuie the Huggins plot is the upper
line with positive slope, while the Kreamer plothe lower line with negative slope.
Thus, two different MWs can be estimated with Krearind Huggins plots for a single
intrinsic viscosity test. The average value aradifference of the paired MWs
estimated with both the Kreamer and Huggins plasvsummarized for all nonionic
and anionic PAMs in Table 2.4.

At the beginning of this research, three salt @k, 0.2 M NaSQO,, 0.5 M
NaCl, and 1 M NaCl, along with their MHS equatidase Table 2.2), were tested with

nonionic PAMs (N1, N2, and N3), to check their agprateness in estimating intrinsic
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viscosities and MWs. To check the validity of #adt solutions and their MHS
equations, two parameters were monitored duringtitiee intrinsic viscosity
measurement and data interpretation. Firstlydifierence between the paired MWs
from Kreamer and Huggins plots was used to motiterappropriateness of the given
salt condition and its Kreamer and Huggins pldthe differences between the paired
MWs are shown as * error terms in Figure 2.7 arfileTa.4. The paired MWs should be
identical for an ideal case satisfying all the saipg theories, such as Einstein viscosity
theorem (Sperling, 2006). However, differencesvieen the paired MWs were observed
and the salt condition with 0.2 M B8O, was found to make smaller differences between
the paired MWs than those with 0.5 M NaCl and 1 ®ON For example, the differences
between the two estimated MWs (£ errors in Figureahd Table 2.4), were 0.01 ~ 0.02

for 0.2 M NaSQO,, while they were 0.05 ~ 0.33 for 0.5 M NaCl anil NaCl.

Secondly, the parametédt’-k’ ({SIOpe[ 77} 1u4qins - {SIOPE[ 7 «reamer)> Which is

known as 0.5 for an ideal polymer solution, wae at®nitored to identify the
appropriateness of the salt conditions and thesalrer and Huggins plots (Sperling,
2006). The estimatdd-k’ parameters with 0.2 M N&O, solutions were closer to the
ideal value than those with 0.5 M NaCl and 1 M Négele Table 2.4). For both nonionic
and anionic PAM solutions, thé-k’ parameters were 0.51 + 0.01 (mean * standard
error) with 0.2 M NaSQy, which are very consistent and close to the idekle of 0.5.
Thus, considering that the smaller difference betwihe paired MWSs obtained with
Kreamer and Huggin plots and the more proximity emasistency ok”-k’ parameter to

the ideal value, the salt solution with 0.2 M,N&, was found to be more suitable for an
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intrinsic viscosity measurement technique in ediimgaMWs of PAMs than the solutions

with 0.5 M NaCl and 1 M NacCl.
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Figure2.7. Kreamer and Huggins plots used to estimate MIN2DPAM sample in
different solution conditions with various salt s@gs and concentrations. Dotted lines
represent 95% confidence level between the fiitezldnd experimental data. The
estimated MW =+ Error is shown in the figure. Emwas set as the difference between the

paired MWs obtained from Kreamer and Huggins plots.
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Table2.4. Molecular weight estimated with the intrinsicagsity measurement for
various nonionic and anionic PAM samples. Dataesgnt Meant Error, of which
error was set as the difference between the pMi&d obtained from Kreamer and
Huggins plots. Numbers in the parentheses represen

k"— k'={ S|Opd[7]] 2} Huggins_{ S|0[j¢ 7} }2 Kreamer"

. Wu et al. Klein and Griebel et al.
CI\'IaSS'Eed (1991) McCarty et al. (1997) Conrad (1978) (1991)
Umoer 92MNa,50,  0.5M NaCl 1M NaCl 0.5M NaCl 1M Nacl

N1 1.00+0.01(0.56) 0.85+0.07(0.86) 0.91+0.05(0.74) 1.02+0.07 (0.86) 1.36+0.08 (0.74)

:\:;TC 1.8140.02 (0.59) 1.66+0.24(1.25) 1.81+0.20(1.02) 1.93+0.28(1.25) 2.81+0.33(1.02)
N3 7.03+0.02(0.48) 7.45+0.18(0.61) 7.37+0.08(0.49) 8.28+0.19(0.61) 12.48+0.15 (0.49)
Classified Wu et al. (1991) 0.2M Na,SO,
Number Test 1 Test 2 Test3
Al 4.58+0.06(0.44) 4.29+0.01(0.49) 4.31+0.01(0.48)
A2 5.28+0.18(0.43) 5.04+0.07(0.49) 5.20+0.13(0.45)
A3 4.05+0.08(0.47) 3.91+0.04(0.49) 3.76+0.01(0.51)
An- A4 2.88+0.02(0.48) 2.79+0.01(0.54) 2.79+0.01(0.54)
ionic A5 3.29+0.03(0.49) 3.13+0.02(0.54) 3.24+0.02(0.54)
A6 2.30+0.01(0.49) 2.19+0.01(0.52) 2.18+0.01(0.53)
A7 1.80+0.07(0.53) 1.66+0.01(0.51) 1.68+0.01(0.50)
A8 2.58+0.01(0.53) 2.53+0.01(0.53) 2.48+0.01(0.53)

All the measured MWs and CDs are summarized inelalid for three nonionic

and eight anionic PAMs. Molecular weights and geatensities measured with simple

measurement techniques, intrinsic viscosity and-base titration methods, were

compared with those with complex techniques, lggattering and CHN elemental

analyses.

In Table 2.5, it is noteworthy that standard ey MWs measured with a light

scattering analysis were much higher than thode awitintrinsic viscosity measurement.

Even though an individual light scattering analys&s well fit to the Zimm-Berry plot as

shown in Figure 2.6 and Appendix A3, the standarordetween the triplicate
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measurements was substantial. With respect tgthgsion issue of a light scattering
analysis, we thought of two possible causes whietamplifying the standard errors.
Firstly, in this research, commercial PAM stabitizer flocculants, which have broad
MW distributions occurring in their bulk manufadng processes, were used as
experimental materials instead of well characteriz®no-dispersed PAMs. Thus, the
poly-dispersity of commercial PAM stabilizers ocodtulants might induce significant
signal fluctuations during light scattering datélextion and eventually produced high
standard errors of measured MWs. Secondly, thatsennature of a light scattering
analysis is prone to amplify erratic signals, whach caused by even traces of
contaminants or incompletely dissolved aggregate®mmercial PAM stabilizers or
flocculants, and thus ready to produce large stahdieviations of measured MWs (Berth
et al, 1996). In contrast, intrinsic viscosity techregghowed very small standard
deviations of measured MWs because it estimatesdd\W single integrated parameter

without considering the poly-dispersity effect ohemercial PAMs.
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In the subsequent discussions of this researobr plfyWs and CDs measured
with complex techniques such as light scatterirdy@HN elemental analyses will be
assumed as absolute or standard values and thlissiseference values to estimate the
applicability of the simple counterparts such dsnsic viscosity and acid-base titration
methods. Considering that MWs measured with & Bghttering analysis had been
assumed as absolute values in developing MHS eugath many previous researches,
MWs measured with a light scattering analysis vagservedly chosen as reference
values in this comparative research (Klein andr@®nl1978; McCarthet al, 1987;
Griebelet al, 1991; Wuet al, 1991). Also, CHN elemental analysis had proven i
credibility in estimating CDs of many PAM sampleghameasured CHN elemental
contents and thus was assumed as the absolutenereasi technique in this research
(Francoiset al, 1979; McCarthyet al, 1987; Wuet al, 1991).

Figure 2.8 shows comparisons between (a) MWs gealvby the manufacturer
and MWs measured with a light scattering analybisMWs provided by the
manufacturer and MWs measured with an intrinsicoggy measurement technique, and
(c) MWs between two different measurement techragfex nonionic PAMs (N1, N2,
and N3). In Figure 2.&-data and/-data of a single data point represent a pair of
provided or measured MWs for a PAM sample®@fnol). Thus, if both the paired
MWs in the different domains are consistent, thia gaint should fall onto 1-to-1 line.

Firstly, in Figure 2.8 (a), the data points of tsroaller PAMs (N1 and N2) were
close to 1-to-1 line. Thus, MWs measured witlgatliscattering analysis were proven to

be very similar to MWs provided by the manufacturelowever, for the largest PAM
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(N3), the data point was below 1-to-1 line, repntisg that measured MWs with a light
scattering technique is smaller than the MW prodibdg the manufacturer. This
discrepancy may be ascribed to various causesasuobterogeneous nature of the
commercial PAM, entanglement between extremelyel®&gM molecules, and cutoff
problem of PAM molecules or agglomerates throughfilter paper. Such behaviors of
extremely large PAMs should be examined closelytare studies. Secondly, Figure
2.8 (b) shows the comparison between MWs providetthé manufacturemx{axis) and
MWs measured with an intrinsic viscosity measurenfgaxis). In addition, different
MHS equations, which were used to estimate MWs miiasured intrinsic viscosities,
were compared one another. The data points offd2\&8 samples were consistently
below 1-to-1 line. This means that the measuredsMN2 and N3 samples were
smaller than the manufacturer-provided MWs. Athke,inconsistency between different
MHS equations of Wit al. (1991), McCarthyet al. (1991), Klein and Conrad (1978),
and Griebekt al. (1997) was observed with different trend line&igure 2.8 (b). This
will be closely examined in the following sectioithvthe comparison between two MW
measurement techniques, a light scattering anadyslsan intrinsic viscosity
measurement technique

In Figure 2.8 (c), a specific data point represdrath MWs measured with a light
scattering analysis{axis) and with an intrinsic viscosity measuremgrdxis). Again,
the inconsistency between two MW measurement tqalesiwas identified for N2 and
N3 PAM samples with the data points falling awagnirl-to-1 line and also the

inconsistency between different MHS equations ofé&val. (1991), McCarthyet al.
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(1991), Klein and Conrad (1978), and Griebieal. (1997) was identified. Thus,
nevertheless the ability of intrinsic viscosityliagjue in estimating the relative
magnitude of MWs between different PAM samplesadsuracy and applicability is still
very questionable because of the observed incensists between different MW
measurement techniques and between different MidStieqs.

To explain these observed inconsistencies, thigoacnds in developing
intrinsic viscosity techniques and MHS equationsusth be revisited. In the previous
researches, most of MHS equations had been devkiomemparative studies between a
light scattering analysis and an intrinsic visgpsiteasurement technique (Klein and
Conrad, 1978; McCarthgt al, 1987; Griebekt al, 1991; Wuet al, 1991). Generally, a
light scattering analysis had been assumed to peodbsolute and standard MWs and
used as reference data to build up MHS equatiobmether words, MHS equations have
been formulated by correlating intrinsic viscositraeasured with a capillary viscometer
to MWSs obtained from a light scattering analysig § K-(MWuaL9?). Thus, the
accuracy and applicability of developed MHS equwicely on the numbers and ranges
of PAM samples which are used in the correlatimgpdure. For example, MHS
equations developed with large numbers and braagksaof MWs are more accurate and
applicable with covering broader MW ranges tharséhdeveloped with small numbers
and narrow ranges of MWs.

As an evidence of the above argument, the dissityilof estimated MWs and
their trend lines were observed in applicationifedent MHS equations which had been

developed in different MW ranges (see Table 2.2Figdre 2.8). In Figure 2.8 (c),
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measured MWs and their trend lines are plotted apgblication of different MHS
equations proposed by Wt al. (1991) and McCartgt al. (1991) developed in similar
MW ranges of 0.01~3 million (dotted line), Kleinda@onrad (1978) in a MW range of
0.5~5.5 million (long dash line), and Grielgglal. (1991) in a MW range of 1.1~14.6
million (dash-dot-dot line). Coincidently, as theper limit of MW ranges of MHS
equations increases, for example, from 3 millioiMéfS equations of Wet al. (1991)
and McCartyet al.(1991) to 14.6 million of MHS equation of Grielstlal. (1991),
estimated MWs and their trend lines moved frompbiats far below 1-to-1 line to those
near or even beyond 1-to-1 linén other words, MWs estimated with intrinsic \ostty
techniques become similar or superior to MWs meabwith a light scattering analysis
with increase of the upper limit of MW range. Egpéy, larger PAMs with MWs above
1 million (N2 and N3, see Table 2.5) showed sigatfit changes of estimated MWs in
application of different MHS equations. For N2 a8l samples, in application of MHS
equations of Wiet al.(1991) and McCartet al. (1991) whose upper limit of MW range
does not cover MWs of the samples, estimated MWe ¥e& below 1-to-1 linee. MWs
estimated with intrinsic viscosity technique were/ér than MWSs with a light scattering
analysis. However, with MHS equation of Griebehl.(1997) whose upper limit of
MW range is high enough to cover MWs of N2 and Biigles, estimated MWs were
near or even above 1-to-1 line. MWs estimated with intrinsic viscosity techniquere
similar or superior to MWs with a light scatteriagalysis. With MHS equations of
Klein and Conrad (1978) having an intermediate Mahge, estimated MWs were

located between the above two extreme cases. Thsigbservation leads us to the
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conclusion that measured MWs with intrinsic visgpgechnique can be very different in

accordance with the MW ranges used in developings\guations.
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Figure 2.8. Comparison between (a) MWs provided by the manufacand MWs
measured with a light scattering analysis, (b) MMsvided by the manufacturer and
MWs measured with an intrinsic viscosity measureanechnique, and (c) MWs between
two different measurement techniques, for noni&Ad1s (N1, N2, and, N3).
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For anionic PAMs, MHS equation of Wt al. (1991) was used as a unique

equation to estimate MWs of anionic PAMs from theaisured intrinsic viscosities due

to the absence of other available MHS equationsroog various CDs. Similar to

nonionic PAMs, the inconsistency between intringscosity and light scattering

techniques was observed with the data points épbglow 1-to-1 line (see Figure 2.9).

This inconsistency might be caused by extrapolatidthe MHS equation above its MW

range, in the same manner as the observed formor&\Ms. Considering these

inconsistencies observed with both nonionic andraniPAMs in Figures 2.8 and 2.9,

the application of MHS equations to estimate MW®AMs out of their MW ranges

may not be recommendable.
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Figure 2.9. Comparison between MWs measured with a light egag analysis and

MWs with an intrinsic viscosity measurement techeigfor nonionic and anionic PAMSs,

(a) before and (b) after applying the correctiactda (MWw/MWy = 1.7129).
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In addition to extrapolation of the MHS equatido®e its MW range, the
polydispersity of commercial PAMs, which are gefignaot strictly characterized and
thus have highly polydisperse MW distributions, nbh&ythe other possible reason for the
inconsistency between intrinsic viscosity and ligtdttering techniques. With a MW
distribution of a highly-polydisperse commerciall@Ahown in Figure 2.10 for a
illustration purpose, the number-average N\We weight-average MW and the
viscosity-average MW/ can be estimated with Equations (2.4), (2.5), @),
respectively. In Equations (2.4), (2.5), and (2M\\ is the molecular weight of i-th
slice in a MW distribution curvey; is the number of moles with a molecular weight of
MW, andW is the weight with a molecular weight d\W. If a PAM is very well
characterized and thus has a mono-disperse MWhdistm, MWy, MWy, and MW,
should be identical. However, considering that ewrcial PAM stabilizers or
flocculants are manufactured in bulk, they necdgdaave polydisperse MW
distributions. For polydisperse commercial PAMs, @an easily speculate that the
weight-average M\ is higher than the number-average M#hd the viscosity average
MW\ is in the middle way between M\vand MW due to the constaat(0.5 ~ 1)

(Fried, 1995). Thus, considering this theoretrestion between M\, MWy, and
MWy, the polydispersity of commercial PAMs might beeafi the possible reasons for
the lower viscosity-average MWWmeasured with an intrinsic viscosity techniquenttiee

weight average MWy measured with a MALS analysis.

41



MW, =(i§XNi M j/[iiaxr\; J (2.4)
K
~)

/(I.WN M ] (2.6

MW, MW, MW,

i- th slice
\ ’." ........ Number
» I Weight
&
3| z
R
< # g
Z K ;
a —/// -..-... .
0

Molecular Weight (g/mol)

Figure 2.10. Number and weight distributions for a polydispePgeM sample for an
illustration purpose.

However, the data points come off from 1-to-1 lim& very consistent manner
and they are well fit onto a linear trend line (MW 0.5838 MWy). Thus, with
incorporating a simple correction factor (F = MYMW,, = 1.7129) to compensate MW
underestimation of Wu’'s MHS equation, the actuabieaverage MWs of nonionic and
anionic PAMs can be estimated. In Figure 2.94b)he data points were found to be on

or near 1-to-1 line after applying the correctiantbr. However, incorporating this
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correction factor should be an interim and prowisianethod because the correction
factor is developed with the empirical approachrmitthe theoretical base.

Generally, MWs of most PAM stabilizers and floants range from 1 to 20
million, which is a lot higher than the MW rangeWir’'s MHS equation. Thus, a new
MHS equation that is weighted on higher MW randesutd be developed to estimate
MWs of PAM stabilizers and flocculants having highVs and various CDs. In
comparison with other MHS equations, Wu's equaisomnique in that it is applicable
for PAMs having various CDs with its continuousdtians to obtain constant& @nda)
with respect to CDs (see Table 2.2). Thus, a né¥SMquation for PAM stabilizers and
flocculants that have various CDs is recommenddxktdeveloped from Wu’'s equation
as a prototype. Also, the fact that numerousadiffies in developing MHS equations
may be aroused from heterogeneous and dynamic ioehiay commercial PAMs having
high MWs should be taken into account. For exantpke morphological changes and
also aging or aggregation processes of polymeriecntes have been reported to make
critical effects in measuring MWs of large polymstgh as PAM stabilizers or
flocculants (Gardneet al, 1978; Klein and Westerkamp, 1981; Ovedral, 2002).
Furthermore, due to polymers’ invisible nature, M@ polymers cannot be measured
straightforward with well-defined rulers but sholle estimated indirectly with
measuring other physicochemical characteristich sagcscattered light intensities or
intrinsic viscosities. Thus, without controlling standardizing heterogeneous and
dynamic behaviors of large PAMs, which make effectshe key physicochemical

characteristics, the indirect MW measurement tephes will be very erratic. With this
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reason, the standardized protocol in measuring MW®e required to eliminate all the
adverse effects caused by heterogeneous and dynatares of large PAMs and
eventually to get consistent results.

Figure 2.11 shows the comparison between CDsiohenPAMs which were
measured with both acid-base titration and CHN elgal analysis. In Figure 2.11, a
specific data point represents CDs measured wilelgmental analysig-@xis) and with
acid-base titrationytaxis). Nonionic PAMs were first tested as conteferences. CDs
of nonionic PAMs (N1 and N2, see Table 2.5) wetaregted as -0.15 % and 2% with
elemental analysis and acid-base titration, respmdygt The small errors might be caused
by sample preparation or data processing. In Eigutl, all the data points of anionic
PAMs are falling onto or near 1-to-1 line. two different measurement techniques were
found to be consistent in measuring CDs. Thusatndbase titration was proven as an
easier alternative technique of complex CHN elealeamalysis in measuring CDs of
PAMs. For on-site measurements, acid-base titratiethod will be used simply with

pH meter and tube-type titrator which require loysts.
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Figure 2.11. Comparison between CDs measured with CHN elemantdysis and CDs
with acid-base titration for nonionic and anionisN®s.

2.4 Conclusion and Recommendation

PAM characterization was performed with respedW and CD which are the
key characteristics in PAM-induced soil stabilipatand flocculation. Also, the
applicability of simple MW and CD measurement teghes were investigated in a
comparative study with state-of-the-art techniques.

In MW measurements, the consistent difference éetvMWs measured with
two different measurement techniques was found thighratio of 1.7129 (M\y/ MWy),
which may be used as an interim and empirical ctime factor to estimate MWs for
various nonionic and anionic PAMs. However, toroeene the observed
inconsistencies, which are caused not only by xti@golation of MHS equations out of
the applicable MW ranges, further investigation Wwé required to set up an adequate

intrinsic viscosity measurement technique with grojldHS equation covering a broad
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MW range for larger PAM stabilizers or flocculants. addition, to overcome the
difficulties caused by the heterogeneous and dynaature of large polymers, the
standardized measurement protocols will be requirelveloping MHS equations.

In CD measurement, the simple acid-base titranethod was well correlated
with elaborate CHN elemental analysis. Thus, thé-hase titration method was found

as an easier on-site measurement technique folo€BAM stabilizers or flocculants.
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CHAPTER 3. APPLICABILITY OF SIMPLIFIED ELECTROSTAT INTERACTION
MODELS IN PREDICTING ELECTROSTATIC INTERACTION CHENTRY OF
POLYACRYLAMIDE-co-ACRYLATE : IMPERMEABLE SPHERE, ®NNAN, AND
CYLINDRICAL MODEL

3.0 Abstract

The intriguing question on polyelectrolyte’s sighape, conformational
alteration, and their reciprocal effects on elestatic interaction chemistry was
investigated in the comparative study between éxats and simulations, with
applying three simplified electrostatic interactimodels, impermeable sphere (1S),
Donnan (DN), and cylindrical (CY) models. Potentgtric acid-base titration
experiments were done with linear polyacrylamideacoylates (anionic PAM) having
different ionizable site densities and in aquealst®ns having various ionic strengths,
both of which are determining factors for electatistinteraction chemistry. Specific
viscosities were measured as polyelectrolyte’sisidiees and compared with the
estimated sizes which are obtained from model-ii#tag procedures between
experimental and simulated potentiometric titrattonves. The observed
physicochemical behaviors of linear polyelectradyite potentiometric titration and
specific viscosity tests were used to estimatevéthielity of electrostatic interaction
models and their underlying hypotheses. In thismarative study, IS and DN models
and their hypothetical spheres for polyelectrolyi@ecules were proven to be unrealistic
with the conflicts between experimental results arudlel hypotheses. However, CY

model and its hypothetical cylinder proved theilidity with the close fits between
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measured and simulated potentiometric titratioveswr Furthermore, the close fits in the
CY model application were obtained without theatefe model-data fitting procedures
but simply with constant cylindrical dimensions,igthare compatible for all the
experimental conditions. Thus, irrespective ofrdqgorted coiled and spherical shapes
for linear polyelectrolyte molecules in the prevdaesearch, in the domain of
electrostatic interaction chemistry, cylindricabples are more reasonable than spherical
shapes, with the assumption that coiled polyelgdts have large void spaces for
counter-balancing ions to travel freely inside ¢béed structures without the effects of

site-site electrostatic interactions.

3.1 Introduction

Polyelectrolytes are defined as polymers withzable functional groups on their
backbone chains (Molyneux, 1983). Excluding sdwamasual structures such as
branched or dendritic structures, polyelectrolytage linear chain structures in general.
Thus, in the context of this research paper, pebteblyte means rather the linear
polyelectrolyte. In aqueous solutions, polyeldgtes can be charged negatively or
positively, depending on their backbone functiagralups, and thus have important
characteristics such as high solubility, counterbmding capacity, conformational
alteration. Polyelectrolytes are ubiquitous onEagth as the natural polyelectrolytes
(e.g.proteins, nucleic acids, polysaccharides, humbstnces), as the modified natural
polyelectrolytes€.g.carboxymethylcellulose), and the synthetic polgetdytes €.g.

polyacrylic acid, polymethacrylic acid). Furthemapall the polyelectrolytes play their
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indispensable roles in the environments or indestas the constituent elements in living
creatures, the participants in bio- and geo-chdmigdes, the functional materials in
many industrial fields, and so on (Rice and Nagasd®61; Molyneux, 1983; Stumm
and Morgan, 1996; Tipping, 2002). Thus, for thédraunderstanding and application of
the ubiquitous and indispensible polyelectrolytaany researchers have studied on the
characteristic behaviors of polyelectrolytes inemus solutions and set up mathematical
models to predict those behaviors.

In understanding and predicting the behaviorsobfedectrolytes in agueous
solutions, two key characteristics are (1) elet#tisinteraction chemistry which
represents acid-base chemistry in cooperation el#ttrostatic interactions around
polyelectrolytes and (2) polyelectrolyte’s confotioa which includes shapes, sizes and
their alterations. The most important aspect eséhtwo key characteristics lies on their
reciprocal interactions. For example, anionic ptdgtrolytes become fully ionized at
high pH and subsequently develop expanded strigctiwre to the electrostatic repulsion
between ionized sites. In contrast, at low pHoaiai polyelectrolytes become neutral by
counter-ion binding on ionized sites and thus apeeted to develop rather coiled and
contracted structures with neutralizing electrastagpulsion. Likewise,
polyelectrolyte’s electrostatic interaction chemyish aqueous solutions is able to cause
the conformational alteration of polyelectrolytddeedless to say, the conformational
alteration of polyelectrolyte also make criticdleets on polyelectrolyte’s electrostatic
chemistry by enhancing or deteriorating the mopdit counter-ions in expanded or

contracted structures of polyelectrolytes (Rice Hadasawa, 1961; Nagasaetaal,
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1965; Olander and Holtzer, 1968; Kawaguchi and Naga, 1969; Oosawa, 1971,
Murogaet al, 1972; Cleland, 1984; Ullner and Jonsson, 1996Gjjédéc, 2001). In
addition to conformational alteration, the geometiryhe hypothetical shape of a
polyelectrolyte molecule as a charge contaieay.6phereversuscylinder) is important
in modeling or simulation, with determining the diiy of charged sites and thus altering
electrostatic interaction chemistry and potentiorogitration curves (Hill, 1955; Kotin
and Nagasawa, 1962). Thus, as well as the el¢atiosteraction chemistry of
polyelectrolytes, the conformational shapes aretations of polyelectrolytes, such as
sphericity/linearity and expansibility, should kerefully considered and incorporated
into electrostatic interaction models to predidtdrethe physicochemical behaviors of
polyelectrolytes in aqueous solutions.

Numerous electrostatic interaction models have llegeloped to predict
electrostatic interaction chemistry with the confational consideration of
polyelectrolytes in aqueous solutions. In genalalctrostatic interaction models are the
combined equations of the two constituent partschvare (1) electrostatic acid-base
chemistry model to predict association or dissamiedf counter-ions on ionizable sites
of polyelectrolytes and (2) spatial electrostabtgmtial distribution model to simulate
counter-balancing ion distribution on or near cledrgurfaces (imagine a buffer zone
between the solid and aqueous phases to countandeaihe charged surface).
Especially, the spatial electrostatic potentiatrdisition model is the key component to

incorporate the conformational characteristicsaf@lectrolytes.
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Until now, most of electrostatic interaction maxlehve been developed on the
basis of the Poisson-Boltzman (PB) equation, inctvlziounter-balancing ions are
assumed to be concentrated on the charged suridaiffused away toward the agqueous
phase. The Poisson-Boltzman equation is formulasea form of diffusion equations
through the solid-liquid interface, incorporatingarostatic potential as an independent
variable. However, the second-order nonlineaeB&ation with the variable source
term, which is tightly connected to the complexdaaase chemistry model, is not easy to
be solved. Thus, to overcome the computationéitdifies of the PB equation and to
incorporate the conformational characteristicsaf@lectrolytes, many approximate
analytical electrostatic interaction models haverbgeveloped, including Debye-Huckel
theory which assumes polyelectrolytes as imperneesiitheres or cylinders, Gouy-
Chapman theory as flat plates, Donnan model aBkgepermeable spheres, and so on
(Stumm and Morgan, 1996; Hansen and Lowen, 20Qpiiig, 2002). However, the
hypothetical shapes of various electrostatic it&va models are still debatable due to
the absence of the straightforward tools in obsgrar measuring polyelectrolytes’
structures. For example, Nagasatal.(1965) and Kawaguclat al (1969) treated the
molecules of polymathacrylic acid as rod-like cglens, while Pohlmeier and Harber-
Pohlmeier (2004) assumed as permeable spheresheittargument on “over-coiling” of
polyelectrolytes, in which electrostatic repulstmtween charged sites is not strong
enough to stretch polyelectrolyte chains. Thusg, @inthe research initiatives in this
study was set to identify the realistic hypothdtglaape of polyelectrolytes and the

related electrostatic interaction model.
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In this research, for easiness in computationagopdicability into complex
aquatic systems, the most simplified analytical eledmpermeable sphere (IS), Donnan
(DN), and cylindrical (CY) models, were evaluated the validity of the models and
their unique hypothetical shapes for polyelectmlytolecules. Though these simplified
models do not represent all the physicochemicahpimena occurring at PAM-solution
interfaces, they were demonstrated to be pradbcdd for predicting the electrostatic
interaction chemistry of polyelectrolytes with theimplified hypothetical shapes for
polyelectrolyte molecules (Hill, 1955; Ullner anoh$son, 1996; Avenet al, 1999;
Koopalet al, 2005; Saiteet al, 2005). Impermeable sphere and Donnan modelsnassu
polyelectrolyte molecules as rigid and gel-like esy@s, respectively. Thus, counter-
balancing ions are assumed to reside on or neahtrged surface of impermeable
spheres in IS model, while they smear inside tlimpable sphere in DN model (Avena
et al, 1999; Koopakt al, 2005; Saiteet al, 2005). Cylindrical model, which is the
analytical derivation of the PB equation with Deldyéckel approximation, assumes
polyelectrolyte molecules as very long rod-likeieglers on which counter-balancing
ions are concentrated and diffused away into thie dmlution (Hill, 1955; Ullner and
Jonsson, 1996; Matijevic, 2001). In Cylindrical cieg§ against the argument of
Pohlmeier and Haber-Pohlimeier (2004) on the ovéingostructure of polyelectrolytes,
we set up the hypothesis that void spaces betwsan segments are large enough for
counter-balancing ions to access or escape freay out of polyelectrolyte structures

without the effects of site-site interactions.
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A series of weakly charged linear polyacrylamideacyliates (anionic PAM)
were selected and tested in experimental and sifonlaorks. Those PAMs have
different ionizable site densities (ISD) on theackbone chainse. have similar chain
structures but different electrostatic charactessto be used in estimating the model
applicability for a wide range of polyelectrolytedectrostatic characteristics. In a
comparative study of experimental results and mtidries, we tried to speculate on
the rationality of the polyelectrolyte’s hypotheticonformations of the models and to
research on the reciprocal effects between polyelgte’s conformation and

electrostatic interaction chemistry.

3.2 Model Description

3.2.1 Electrostatic Acid-Base Chemistry Model
Anionic polyelectrolytes contain ionizable sitestbeir backbone chains, such as

carboxylic groups on anionic PAM (RCOGH RCOO + H"), and thus develop their
surface charges by ionization of functional sitéhwcreasing pH. Degree of ionization
() of polyelectrolytes can be simulated with acidgdoahemistry model (see Equation
(3.1)) (Pohimeier and Haber-Pohlmeier, 2004). dntast to the acid-base chemistry
model for monomeric acids, the electrostatic a@debchemistry model for
polyelectrolytes contains the correction facggr which represents the effects of
electrostatic interaction caused by ionized sites@nnects two separate domains of the
acid-base chemistry model and the spatial eleeiiogiotential distribution model. The

backbone charg&)) obtained with acid-base chemistry model shoulbddanced with
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the counterpart backbone charge calculated withadgdectrostatic potential distribution

model, which will be shown in the following section

Q= {L}y _ {L} 1o >exp(- ) 3.1)

CPoly ( K(;-' [H +] b +eXp(-;()) x CPon

In Equation (3.1)Q represents the backbone charge of polyelectrolyte
(mol/gPolyelectrolyte), '} is the local concentration of ionized sites ofyabectrolytes
(mol/L), and {L} roris the total concentration of all the ionizablesiof polyelectrolytes
(mol/L). K" is the intrinsic protonation constant of a carbimxgcid group and selected
as 10 (the protonation constant of a monomeric acrytidg which had been proven
to be valid in the previous potentiometric titratiexperiments with polyacrylate-
containing solutions (Kotin and Nagasawa, 1962)y is the mass concentration of

polyelectrolyte (gPolyelectrolyte/L},is the dimensionless electric potential

(_Z|Fl//
R-T

), z is the charge number of iorfwith sign),F is Faraday’s constant (96485

C/moal), y is the electrostatic potential (VR is the ideal gas constant (8.314 J/mol/K),
andT is temperature (K). In Equation (3.1), if all thumctional sites of polyelectrolytes

are fully ionizedQ becomes equivalent @max

(Quax={L} 1o Cpoy=71-1SD(%)/100), where 71 is MW of one repeating unit of a

PAM molecule (g/mol). ISD represents ionizablergeadensity of a PAM molecule

(%), which is often called as charge density (Cip¥bil scientists or engineers.
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3.2.2 Spatial Electrostatic Potential Disttibn Models

Backbone charge of ionized polyelectrolyt® ¢btained from electrostatic acid-
base chemistry model (Equation (3.1)) should barzad with the counterpart from
spatial electrostatic potential distribution modelkich are IS, DN, and CY models in
this research.

In impermeable sphere model, polyelectrolytesaaseimed to be impermeable
spheres and their ionized sites to be located ®@suface of impermeable spheres (see
Figure 3.1). Thus, counter-balancing electrostatiential develops on or near the
surface of the spheres and diffuses away intodhgisn phase. Equation (3.2) and (3.3)
shows the mathematical formula of IS model, whgcthe simplified analytical solution
of the PB equation with the Debye-Hiickel approxiorain the spherical coordinate

(Avenaet al, 1999; Saiteet al, 2005).
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Figure 3.1. Schematic diagrams of co- and counter-ion distidimg and electrostatic
interaction potential distributions around polyételytes in agueous solutions in IS, DN,
and CY models (adopted from Aveatal.(1999)).

In Equation (3.2) and (3.3 represents the specific surface areddjrwhich is

proportional to the hydrodynamic volume or the #jpeuiscosity of a polyelectrolyte
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(V, c S where,n ,«V,), ais is the charge density on the surface of the impabie

sphere (C/M), yis is the dimensionless electrostatic potential édlifuse domainRy is

hydrodynamic radius of a PAM moIecuIEh(:\/S- M, /(47 N,) , m), Mw is molecular

weight of a PAM molecule (g/molNa is Avogadro’s number (6.022 10 /mol), x is
defined as the Debye constant (/@) is the background salt concentration in the
solution phase (mol/Lksar is the charge number of the background sal the

permittivity of free space (8.85410%? C/m/J), and: is the relative dielectric constant of

water (78.5 at 28C) (Stumm and Morgan, 1996).

Q: S'O-|S — S 2' Csalt' zsalt ZSInr(_Z_lsj_i_i tan _Z_lsj (3,2)
F K 2 ) xRy 4
1
E2. . 72 2
K= 2 F Csalt Zsalt (33)
R-T-g-¢

In Donnan model, polyelectrolytes are assumecasgable spheres in which
counter-balancing ions smear without any hindranidsus, counter-balancing ions reside
inside polyelectrolyte spheres and thus the elstatic potential remains constant
throughout the sphere (see Figure 3.1). Equa8ia) (epresents the mathematical
equation of DN model (Avenet al, 1999; Saitcet al, 2005). In Equation (3.4Yp is
defined as the Donnan volume (L/g¥/ky) which is assumed to be equivalent to the

hydrodynamic volume or the specific viscosity giayelectrolyte ¥, =V,, where,
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N <Vy), po Is the charge density in the Donnan volume @/mb is the electrostatic

potential in the Donnan volume (V), apslis the dimensionless electrostatic potential in

the Donnan domain.
Vy X pp ,
Q:'T:VD><2>< CSaItX Zsaltxsmh( %D) (34)

In cylindrical model, polyelectrolyte moleculegassumed to be rod-like long
cylinders and ionized sites to be located on tinfase of cylinders. The potential caused
by ionized sites on polyelectrolyte molecules iarter-balanced with the spatial
electrostatic potential diffusion on or near cyhicdl surfaces. The mathematical
equation of CY model is the simplified analyticaligion of the PB equation with the
Debye-Hiuckel approximation in the cylindrical comate (Hill, 1955; Uliner and
Jonsson, 1996; Matijevic, 2001). In Equation (&BJ (3.6)L represents the specific
length (m/g) Mseqis the molecular weight of an individual segmeina polyelectrolyte
molecule (g/mol)Lsegis the length of an individual segment (@&)s the radius of a

polyelectrolyte cylinder (m), and,(x) is the modified Bessel function of the second

kind.
Q:LX&@Y:Lxgxgoxxx Kl(Ka)x(-ZXRXTJXZEXa (3.5)
F K,(xa) F
N
L= v A Loy (3.6)
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3.3 Materials and Methods

3.3.1 Polyacrylamide Sample Preparation anar&iterization
A series of anionic PAMs with different moleculaeights (MW, g/mol) and

No.of hydrolyzable Unit:

ionizable site densities (ISD _ _
No.of Repeating Units

%) were obtained from and

Kemira Water Solutions Inc. (Lakeland, FL). To wmra salts and other impurities
(mostly NaCl), PAMs were purified by the serial e dissolution, acidification, and
precipitation in water-methanol mixtures (Francetisl, 1979). Commercial PAM
powders were firstly dissolved in distilled deiosilzwater (DDW) and gently stirred on a

Thermolyné Bigger Bill orbital shaker (Thermo Fisher Scieiatiirc., PA) for one or

two days. After complete dissolution, PAM solutiomsre acidified to pH 3 with
hydrochloric acid to protonate all carboxyl gro@psl simultaneously dissociate metal
cations on PAM molecules. Then, PAM solids wereemiéd by precipitation induced
by the addition of methanol and preservation ifi@ebld room. The serial steps of
dissolution, acidification, and placement were dopeated four to five times to collect
pure PAM solids without salts or other contaminamd$®AM molecules. Finally,

purified PAM solids were lyophilized with a VirTi®ench top freeze dryer (SP

Industries Inc., NY) and preserved as powder fdionshe uses in the subsequent

experiments.
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Molecular weights (MW) of PAMs were estimated inm@le intrinsic viscosity
measurement tests with a capillary viscometer (Bygg2006). A series of PAM
solutions with different concentrations of 0.029)3) 0.075, and 0.1 g/dL were prepared
at 0.2 M NaSO, background salt concentration and at pH 9. Ttienintrinsic viscosity
([#]) of a certain PAM sample was estimated with thecd# and relative viscosities of
the serial PAM solutions, which were measured wi@ €annon-Fenske routine
viscometer (Cannon Instrument Company Inc., PRBAC in a constant temperature
water bath (PolyScience, IL). Finally, Mark-Houwd8lakurada equation (MHS
equation, ] = K-MW?) was used to determine MW of a PAM with a measun@thiic
viscosity (Wuet al, 1991). Wuwet al's MHS equation which has the continuous
functions to obtain the model constarksajnda) with respect to ionizable site density
(ISD) of a anionic PAM was used as a unique equdbcestimate MWs of anionic
PAMs having various ISDs. In our previous reseatfod intrinsic viscosity technique
were found to have the ability to estimate thetrsdamagnitude of MWs between
various anionic PAM samples, even though the ab=iodss of estimated MWs s still
guestionable due to the consistent deviation betlee coupled MWs estimated with an
intrinsic viscosity measurement and with a lighdtsgring analysis technique. Thus, it
should be acknowledged that the provided MWs ofraniBAMs are not the absolute
values but rather the relative magnitudes of MWs.

lonizable site densities (ISD) of anionic PAMs westimated with the data from
potentiometric titration experiments (see the rs&dtion). lonizable site density (ISD) of

a PAM sample was estimated with the maximum specifarge density found at the
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upper plateau of th&shaped potentiometric titration curve, where thire PAM
molecules become fully ionized. Table 3.1 represtre summarized MWs and ISDs of
anionic PAMs which were used in this research.

Table 3.1. Measured molecular weights (MW) and ionizable s@esities (ISD) of the
pre-cleaned KimefaPAMs used in electrostatic interaction model agians.

: Generic Manufacturer Provided TMeasured
roup MW ISD*
Number MW CD (106 g/mol) %)
ISD 10% ISD10-1 Medium 10 2.88 £0.02 9.9+0.09
ISD 18% ISD18-1 Medium 10 2.08 £0.01 18.3+0.13
ISD 20% ISD20-1  Ultra-High 15 2.12+0.01 20.3+0.11
ISD 25% ISD25-1 Medium 20 1.46 £ 0.02 25.2 £0.07
ISD25-2 High 20 1.86 £ 0.02 25.0 £0.05
ISD25-3  Ultra-High 25 3.27 £0.01 25.7 £0.32
ISD 35% ISD35-1 Medium 30 1.31+0.01 35.1+0.13
ISD35-2 High 30 2.18 £0.02 34.8+£0.18

T MW represents Mean  Difference between MWs estimated with Huggins and Kreamer plots.
* |ISD represents Mean + Standard Error between measurements in different salt concentrations.

3.3.2 Potentiometric Titration Test and Modealt®Fitting Procedure

In potentiometric titration tests, 50 mL solutiomsh 1 g/L PAM concentration
were prepared at 0.001 M NaCl background salt cdretgmn. For the prepared PAM
solution, titration was performed upward with 0.9\\OH dose and then downward
with 0.5 M HCI dose and pH was monitored continupugth Orion 420A pH meter
(Thermo Scientific Inc., PA). After each cycletbé forward and backward titrations at
pH 3, the concentrated NaCl solution was injecteith¢rease ionic strengths to the level
of 0.01 or 0.1M NaCl, to identify the effect of i@rstrengths on electrostatic interaction
acid-base chemistry. Also, the ionic strength BA#1 concentration changes by adding

acid or base titrant were recorded in the entiration experiment. During titration,
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PAM solution was continuously purged with pure rao gas (National Welders Supply
Co., NC) to prevent C&dissolution. For all the experimental resultéfedences

between pHs at the equivalent acid or base dosasurexl with forward and backward
titrations were estimated as 0.083 + 0.009, 0.08343, and 0.059 + 0.007 (mean *
standard error), for 0.001 M, 0.01 M, and 0.1 M Naglison conditions, respectively.
Thus, the coupled potentiometric titration curvbsamed with forward and backward
titrations were proven to be close enough to ptbheecredibility of our experimental
methodology. Finally, th&shaped titration curves (p¥€rsusspecific charge density)
were plotted after processing measured data (pHhentitrated volume of acid/base) and
they were adjusted with subtracting background aciclase consumptions by water self-
ionization (see Figure 3.2 and Appendix D).

In the model-data fitting procedure between expental and simulated
potentiometric titration curves, the method of testpiares was applied with employing
polyelectrolyte’s sizes as fitting paramete8sn( 1S model olVp in DN model)

(Berthouex and Brown, 1994). The best fit curvd parameter was found at the
minimum sum of residual errors (SRE) (see Equdtton)). Figure 3.2 shows an
example of potentiometric titration curves, meadww@h potentiometric titration test

and simulated with electrostatic interaction mgd®lmodel). In contrast to IS and DN
models, CY model was found to have constant moalelmpeters for polyelectrolyte’s
cylindrical radius ) and segment lengtihd9, which are applicable to all the
experimental conditions without iterative modelalftting procedures. This observation

will be discussed again in the later section of paper.
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Figure 3.2. Experimental and simulated potentiometric titnatourve with IS model
application for ISD35-1 PAMNW, = 2.18x 10° g/mol, ISD = 35%) at 0.0196M ionic
strength. Degree of ionization)(represents the normalized ionized site density of
polyelectrolyte by assuming the maximum ionizedsitgras one. The inner plot
represents SRiersusS plot in the model-data fitting procedure.

3.3.3 Specific Viscosity Measurement
The traveling time of the pure solvent and PAM 8ohs through a capillary tube
(ts andt.) was measured with #50 Cannon-Fenske routine wister (Cannon Instrument
Company Inc., PA) and then were used to estimageifspviscosity fsp = td/ts-1).
According to Einstein viscosity theorem, specifiscosity is proportional to the volume
of the hydrodynamic sphere of a polymeric mole¢kguation (3.8)) (Sperling, 2006).

Thus, measured specific viscosity was used asativelsize index to find out its
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correlation with polyelectrolyte’s hypothetical sizstimated in the model-data fitting
procedure (Avenat al, 1999). In Equation (3.8)sp represents the specific viscosigy,
is the viscosity of polyelectrolyte solutiog, is the viscosity of pure solvemty/V is the

number of molecules per unit volume, angis the hydrodynamic volume (L/g;*fkg).

—n, t -t n
Moy = 1= _ = 2_5(72ij = g Vy (3.8)

3.4 Results and Discussion

First and foremost, to identify the characterigt@nds of potentiometric titration
curves, we carried out examinations on the samgtlenpiometric titration curves which
were measured and simulated with ISD35-1 PAM atdifferent ionic strengths (0.0043
M and 0.1124 M) (see Figure 3.3). In addition, thd#kerent simplified electrostatic
interaction models (IS, DN, and CY models) wereligodn simulation, to identify how
they make effects on the curvature and trend ofilsitad potentiometric titration curves.
In general, potentiometric titration curves slairfard from a steep titration curve of a
monomeric acid, due to electrostatic interactioteptial which holds protons on or near
the polyelectrolyte’s surface and thus makes afatgprotonation of polyelectrolytes
with increasing pH. The slants of titration curnbezome more severe with lower ionic
strengths and with higher polyelectrolyte’s ionieasite density due to increasing

electrostatic interaction potential (see Figure 3.3 and Appendix D).

65



Also, in Figure 3.3, the different curvatures ohglated potentiometric titration
curves were observed with the applications of IS, Bnd CY models at the lower ionic
strength (0.0043 M). In detail, with increasing pHhe bulk solution and degree of
ionization @) of polyelectrolyte molecules, the curves with &Yd IS models become
more oblique forward due to higher electrostattenaction potential than the curve with
DN model. Considering the geometry of polyelegtiess hypothetical shapes in
different electrostatic interaction models, we cospheculate that the same amount of
charged sites of a PAM molecule should be distridbiriea more compacted manner on
the cylindrical surface (CY) or on the sphericafface (I1S) than in the spherical volume
(DN). In turn, the higher density of charged sitetS and CY models induces higher
electrostatic interaction potential and generateseroblique potentiometric titration
curves than the lower density of charged sitesNhniibdel. Especially, CY model
generates better predictions with smaller residutlse region of pH 5 to 10 than DN
and IS models, because of its oblique curve (sger€i3.3 (b) and (c)) Thus,
polyelectrolyte’s hypothetical shapes of differemddels were proven to play a
significant role in determining electrostatic irgetion chemistry and potentiometric
titration curve.

With respect to the accuracy of the models in @3, IS and CY models
produced better fit curves on the experimental daththus generated lower residuals
between simulated and experimental data than DNeimedpecially for the low ionic
strength condition. However, noteworthily, in CYodel application, the fixed

dimensional parameters for polyelectrolyte’s hyptittal cylinder were found to be
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compatible for all the experimental conditions éimas used in simulation without the
iterative model-data fitting procedure. The conipkitly of the constant model

parameters in CY model will be discussed agaiménlater part of this paper.
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Figure 3.3. (a) typical experimental and simulated potentioroeitration curves with
application of three different electrostatic intgran models. (b) and (c) represent
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residual plots between experimental and simulatgd. diISD35-1 PAMNIW, = 2.18X
10° g/mol,1SD = 35%) was used. (See Appendix D for all the ofkIs)

As mentioned in the experimental section, the measspecific viscosityyg)
was treated as the relative size index for polyedte molecules and used to find its
correlation with the estimated polyelectrolyte’sesin the model-data fitting procedures
(Sin IS model and/p in DN model), according to Einstein viscosity thera (Equation
(3.8)). However, two remarkable inconsistencigsvben measured and estimated sizes
were identified in this comparative study.

Firstly, the measured specific viscosities werefibto increase with increasing
pH due to polyelectrolyte’s size expansion, while hypothetical sizes in the framework
of IS and DN models are assumed to be constaheiwhole pH range (Averet al,

1999; Saitcet al, 2005). In Figure 3.4, the measured specificosges for ISD25-3
PAM solutions increase with increasing pH and irgengly the trends of the specific
viscosity plots resemble those®Ehaped potentiometric titration curves. In other
words, the specific viscosity change. the expansion or contraction of polyelectrolytes
was governed by pH in the bulk solution and degfeaenization ¢) of polyelectrolytes.
Thus, the model assumption that the size of potyedbtes should remain constant with
changing pH clearly conflicts with the observedraies of the measured specific
viscosities.

In contrast to our observation, Pohimeier and H&tmhimeier (2004) reported

that the size change of polyelectrolyte were maigmchanging pH. However,
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considering that MWSs or chain lengths of polyelegtas used in this research are tens
or hundreds times bigger and hence inducing thenawaing more severely than those
used in Pohlmeier and Haber-Pohimeier’'s reseanehplbserved expansion or
contraction of anionic PAMs with changing pH mayrbasonable. Also, the
dimensional or conformational alterations with affiag pH have been reported
numerously in the previous researches (Rice anéddaga, 1961; Nagasawhaal, 1965;
Olander and Holtzer, 1968; Kawaguchi and Nagasa@@9; Oosawa, 1971; Muroga
al., 1972; Cleland, 1984; Ullner and Jonsson, 1996jj8dat, 2001). Thus, the constant
size parameter covering the whole pH range inrdm@éwork of IS and DN models may
be irrational for very large linear polyelectrolgteuch as anionic PAM used in this

research.
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Figure 3.4. (a) specific viscosities){y) measured at different ionic strengths and pHs for
ISD25-3 PAM MW, = 2.18x 10° g/mol, ISD = 35%) (See Appendix E for all the other
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PAMSs) and (b) schematic diagrams of the polymer@onétion assumed in DN and IS
model and the one measured in specific viscosdg twith increasing pH.

Secondly, the measured size indices of polyelbta® such as MWs or specific
viscosities were not correlated with the estimaied parameters obtained in model-data
fitting procedures. In IS and DN models, the siaigolyelectrolyte’s hypothetical
sphereYp or S are key factors in determining the curvature ateptiometric titration
curves and thus used as model-data fitting paramétee Equation (3.2) and (3.4)).
Contrarily to the model theory, measured specicasities, which can be used as
polyelectrolyte’s size indices according to Equati8.8), were not correlated to the
estimated sizes of polyelectrolyte’s hypothetigdiese Vp or S). For example, a series
of ISD25 PAM solutions were used to identify theretations between measured
specific viscosities and estimated spherical si#s changing salt concentrations and
MWs. In Figure 3.5, positive correlations betweesasured specific viscositieg,
line-symbol plots) and estimated spherical si&&ér plots) were observed with
changing salt concentrations for a single MW. Galherboth measured specific
viscosities and estimated spherical sizes decreasedtaneously with increasing salt
concentrations, due to the compaction of electtiestepulsion layers in a high salt
concentration. However, those correlations betvgparific viscosities and spherical
sizes were not observed with increasing MWs foxedisalt concentration. Instead,
estimated spherical sizes were constant irresgeofiPAM MWSs. Considering that

potentionmetric titration curves with PAMs havindfelient MWs were found to be very
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similar each other as long as PAMs have the same FAMand solution condition, the
observed similarity of estimated spherical sizesoisloubt. This issue on the negligible
MW effects will be discussed closely in the latestgm. Similarly, for all the other

PAM samples, the correlations between measuredfgpeésicosities and estimated sizes
were hardly identified, even though they were valnlly for a single PAM with changing
salt concentrations (see Figure 3.6). Thus, cenisig the observed disagreement
between the model hypothesis and the real expetanine polyelectrolyte’s

hypothetical sizes in IS and DN modelg @ndS) seem to be nothing more than fitting

parameters which do not represent any substangahings for polyelectrolyte’s sizes.
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Figure 3.5. Comparison between measured specific viscositipbl® and estimated
specific surface areas for ISD25 group PAMs whickehdifferent MWSs.
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Figure 3.6. (a) comparison between measured specific visegdjfia-s) and estimated
specific volume (rg) with DN model and (b) comparison between messpecific
viscosities (pa-s) and estimated specific visoesifit/g) with IS model.

In contrast to IS and DN models which are simulat&h macro-scale

hypothetical sizes of polyelectrolyteSgndVp) as model-data fitting parameters, CY

model is simulated with constant micro-scale din@msof cylindrical segments

(cylindrical radiusa and length of a repeating segmenty see Equation (3.5)), which

were found to be compatible for all the experimeataditions and thus not to require

iterative model-data fitting procedures. Thus,itft@nsistencies between measured and

estimated sizes found in IS and DN model are natlpmatic in CY model. However,

the fundamental assumption of CY model that pobteddytes are linear or coiled with

enough void spaces between neighbor segmentsdatarebalancing ions to travel

freely inside coiled structure without the effeotssite-site interactions should be

validated. This assumption will be discussed latetetail with simulation results.
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Previous researchers had already applied the szopic cylindrical models to
predict electrostatic interaction chemistry of was linear anionic polyelectrolytes such
as polysaccharides, polypeptides, polymethacryiid, goolyacrylic acidetc. (Kotin and
Nagasawa, 1962; Nagasawa and Holtzer, 1964; Nagasaal, 1965; Olander and
Holtzer, 1968; Kawaguchi and Nagasawa, 1969; Cikédral, 1982; Cleland, 1984;
Ullner and Jonsson, 1996; Desertal, 2000). Specifically, we used the most
simplified version among various cylindrical modafsd applied the cylindrical
dimensions of polyacrylic acid, whose radius (aj aegment lengthiL{.y were set as
0.66 nm and 0.2 nm due to the structural similasftpolyacrylic acid to anionic PAM
(Uliner and Jonsson, 1996). However, anionic PANed from polyacrylic acid
because a part of the repeating segments has libaiziges on their backbone chain. For
example, ISD25 PAM sample (25 % ISA) has 25 ionieales out of 100 repeating
segments on its backbone chain, while polyacryid aontains entire 100 ionizable
sites. The mathematical treatment for the rediumedable site density (ISD) of anionic
PAMs was done by decreasing the concentration afabire sites{-}ro7) in Equation
(3.1). Various PAMs with different ISDs and MWs ialdle 3.1 were tested in CY
model applications to estimate the model validityd broad range of polyelectrolyte’s
characteristics.

Figures 3.7 to 3.11 show potentiometric titratbomves, which were measured
with titration experiments and also simulated vi@t¥i model, and residual plots between
experimental and simulated data. Two influencexgdrs on electrostatic interaction

chemistry, ISD of PAMs and ionic strength of solagpwere chosen as the key variables
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in experiments and simulations. Thus, in Figur&$ad to 3.11(a), potentionmetric
titration curves are plotted for different PAM greupaving different ionizable site
densities and each figure contains three experathant simulated plots at different

ionic strengths. All the measured and simulateememetric titration curves slant
forward from the curve of monomeric acrylic acithe slant of the curves enhances with
increasing ionizable site density of a PAM and dasirgg ionic strength of an agueous
solution due to the increment of electrostaticriaxtéon potential.

In Figures 3.7 to 3.11, consistencies betweenrerpatal and simulated
potentiometric titration curves are commonly obsdrn all the experimental conditions
and residuals between experimental and simulagediseare generally below 0.5. Thus,
the validity of CY model was proven for a broadgarmf PAM and solution
characteristics. Furthermore, even though alkthmilation results were obtained by
applying constant cylindrical dimensioresgndLsey instead of adjusting fitting
parameters, they were well fit onto experimentalis. Thus, considering the observed
validity of CY model, the answer of the debatahlesfion on polyelectrolyte’s structures
should be rather the microscopic cylinder thanntfagroscopic impermeable or
permeable sphere of IS and DN models. Even théngar polyelctrolytes such as
anionic PAMs can be assumed as large spheres mabmscopic view due to their
coiled structure, in electrostatic interaction magjgplication, they are better to be treated
as long rod-like cylinders with the assumption ¥@tl spaces are large enough for
counter-balancing ions to travel freely inside pdd#gtrolyte’s structure without the

effects of site-site interactions.
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Figure 3.7. (a) experimental and simulated potentiometriatiin curves and (b)
residual plots between experimental data and litesiives for ISD10 PAM in different
ionic strengths. All the simulated curves wereagidd in application of CY model with
constant model parametetsd;= 0.2 nm and = 0.66 nm) (Ullner and Jonsson, 1996).
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Figure 3.8. (a) Experimental and simulated potentiometri@atiom curves and (b)
residual plots between experimental data and litesiives for ISD18 PAM in different
ionic strengths. All the simulated curves wereagidd in application of CY model with
constant model parametetsd;= 0.2 nm and = 0.66 nm) (Ullner and Jonsson, 1996).
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Figure 3.9. (a) Experimental and simulated potentiometri@ation curves and (b)
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ionic strengths. All the simulated curves wereagied in application of CY model with
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Figure 3.10. (a) Experimental and simulated potentiometri@atitn curves and (b) (b)
residual plots between experimental data and litesiives for ISD25 PAM in different
ionic strengths. All the simulated curves wereagidd in application of CY model with
constant model parametetsd;= 0.2 nm and = 0.66 nm) (Ullner and Jonsson, 1996).
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Figure 3.11. (a) Experimental and simulated potentiometri@atitn curves and (b)
residual plots between experimental data and litesiives for ISD35 PAM in different
ionic strengths. All the simulated curves wereagidd in application of CY model with
constant model parametetsd;= 0.2 nm ané = 0.66 nm) (Ullner and Jonsson, 1996).

In Figures 3.7(a) ~ 3.11(a), the other importamdihg is the disagreement
between experimental and simulated results indivepH range (2.5~3.5) near the zero
degree of ionizationu(= 0), which are commonly observed for all the plothe
observed disagreement might be influenced by théoomational transition of
polyelectrolytes between linear stretched and daslentracted structures with changing
pH and degree of ionization)( which was proven partly in intrinsic viscosity
measurements (see Figure 3.4). Thus, we hypottetiat in the low pH range the
structures of polyelectrolytes become too coiled emntracted for counter-balancing
ions to move freely inside polyelectrolyte struetr In turn, the limited ion mobility
might prevent access or escape of protons on ibleizates of polyelectrolytes and stop

protonation and deprotonation of ionizable sit€bus, in this low pH range, added
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protons or hydroxide ions in titration are usedioton or ionize water molecules rather
than to protonate or deprotonate the ionizabls siftgolyelectrolyte molecules and
consequently those measured potentiometric titratioves approach to the background
level of the water self-ionization reaction (segufes 3.7(a) ~ 3.11(a)). This
conformational transition of polyelectrolytes néa& zero degree of ionization)(has
been reported in many previous researches (Ric&lagdsawa, 1961; Nagasaeiaal,
1965; Olander and Holtzer, 1968; Kawaguchi and Naga, 1969; Oosawa, 1971,
Murogaet al, 1972; Cleland, 1984; Ullner and Jonsson, 1996jj&iat, 2001).
Moreover, elaborate electrostatic interaction motats been developed to predict the
conformational changes and transitions of polyebdytes, by incorporating the
thermodynamics of polymeric chains (Olander and#¢o) 1968; Cleland, 1984; Ullner
and Jonsson, 1996). Needless to say, the be#téicpons of potentiometric titration
curves would be achieved in the application ofdladorate electrostatic interaction
models with their thermodynamic sub-models. Howgeensidering that the observed
deviations between experimental and simulated pioteetric titration curves were very
small or even negligible, the simplicity and eassef CY model may be advantageous

enough to balance out the small or negligible dena occurring in model applications.
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Figure 3.12. Schmatic diagram of conformational transition ofyelectrolytes with
increasing degree of ionization) (@nd pH.

3.5 Conclusion and Recommendation
In this research, a series of experimental andlsition studies proved the

superiority of rod-like cylinders (CY model) to impneable or permeable spheres (IS
and DN models) in predicting electrostatic intei@cchemistry of linear
polyelectrolytes. The shapes of polyelectrolyt@s lbe treated as coiled spheres in the
macroscopic view of outside observers, while thay loe also viewed as huge cylindrical
structures in the microscopic view of reaction-ggrating ions. In other words, both
conformational assumptions on polyelectrolytesp&sa coiled sphere and linear
cylinder, can be rational in different perspectigespplications. However, in the
domain of electrostatic interaction chemistry, msmopic cylindrical shapes of
polyelectrolytes were found to be more realistantspherical shapes because molecular-
sized ions are the main participants in electrastateraction chemistry. The
enforcement of the macroscopic perspective onteoutdr-sized ions may be nonsense,

considering the minute scope of ions inside pobteddyte structures.
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Unfortunately, the argument on the superiorityCdf model was proven
indirectly with the comparative study between exkpents and simulations in this
research. Thus, in the later researches, a sti@iglard method may be required to
prove directly the validity of CY model and its totpetical cylinder for linear

polyelectrolyte molecules.
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CHAPTER 4. INVESTIGATION ON THE EFFECTS OF POLYAGRAMIDES’
MOLECULAR WEIGHTS ON ADSORPTION AND FLOCCULATION PRCESSES

IN KAOLINITE AND POLYACRYLAMIDE-CONTAINING SUSPENSIONS

4.0 Abstract

Polyacrylamides (PAMs) have long been used astahilizers or flocculants
due to their high adsorption capacity and floceataefficiency. In this research, a series
of nonionic PAMs have been tested to identify tHeat$ of their MWs on adsorption
and flocculation occurring in PAM- and kaolinitentaining suspensions. In adsorption
tests, PAMs having different MWs of 1,500 (1.5 K),a@ (10 K), 600,000~1,000,000
(0.6~1 M), 5,000,000~6,000,000 (5~6 M), and 18,00D0,a8 M) g/mol were tested in
PAM- and kaolinite-containing suspensions, to idgrthe effects of MWs on the
adsorption capacity. The adsorption capacitig®Ai¥ls on kaolinite were found to
increase with increasing MW up to a point. HoweWee, adsorption capacity of the
largest PAM (MW = 18 M) was twenty times smaller thla@ capacities of the other
smaller 0.6~1 M and 5~6 M PAMs. This abnormal adsmngbehavior of the largest
PAM is hypothesized to be caused by the entanglentettveen polymeric chains,
which were proven in the steady-shear viscositysmesments. In flocculation tests,
after discarding 1.5 K, 10 K, and 18 M PAMs due tairtlnegligible flocculation
abilities, 0.6~1 M and 5~6 M PAMs were further testedstimate the effects of PAM

MW on the flocculation efficiency. The flocculati@fficiency of the larger 5~6 M PAM

83



was found to be higher than the one of the smalerl M PAM, due to its higher
susceptibility to the nonequilibrium flocculatian,which the transient and elongated
chains of the adsorbed PAMs enhance the inter-paliraging before collapsing down
on kaolinite surfaces. In conclusion, the largaMB with high MWs are
recommendable as soil stabilizers and flocculaatabse of the higher adsorption
capacity and flocculation efficiency. However, tiggper limit of MW should be set to
avoid the poor adsorption capacity and flocculagtiitiency and the handling difficulty

caused by the polymeric chain entanglements.

4.1 Introduction

Soil erosion occurs in both urban and rural adeasg storm events. In general,
the problem increases with increasing land distuebée.qg, tillage, mining, road grading
and rural to urban land conversion). The most lerobtic sediment particles typically
are of colloidal-size clay, and if not controlldey can end up in various receiving water
bodies, where the materials they carry (nutrielotgcants, pathogens, etc.) can
contribute to the coating of bottom sediments, algilaoms, oxygen depletion, and food-
chain problem (Stumm and Morgan, 1996; Chapra, 186fwarzenbacht al, 2003).

To counteract soil erosion and colloid proliferatio the water environment,
polyacrylamides (PAMs) have long been used as wbilers or flocculants with their
characteristics of high solubility, viscosity andlecular weight. Especially, nonionic or
anionic PAMs with their charged functional groupsdnaeen mostly used in the

application onto the water environment becausec@tiPAMSs are toxic on various
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aquatic lives by blocking the bodily membranes (Mib€ter et al, 1965; Wallace and
Wallace, 1986; Myagchenkov and Kurenkov, 1991; e, 1991; Barvenik, 1994).

For the optimum use of PAMs as soil stabilizers #hoctulants, many
researchers have explored various physicochemioakpses occurring in PAM- and
clay-containing suspensions and tried to identifg aptimize the controlling factors of
those physicochemical processes. In polyacrylan@dd clay-containing suspensions,
adsorption and flocculation are the representatiwesicochemical processes, which are
driven by various microscale PAM-clay interactioraghanisms. In general, the
adsorption of polymeric molecules on clay surfamesurs very quickly after dosing
PAM flocculants into clay suspensions. Then, gwmnformation of the adsorbed
polymeric chains follows and finally the flocculani between clay particles is induced by
the adsorbed and reconformed polymeric bridgesg@ye 1988; Pelssert al, 1989;
Pelsser®t al, 1990; Adachi, 1995; Lu and Pelton, 2001). Iradethe adsorption of
PAMs (or other polyelectrolytes) on negatively clearglay surfaces have been reported
to occur with various physicochemical interactioaamanisms, such as covalent bonding,
hydrogen bonding, hydrophobic interaction, elec¢atis attraction, or divalent cationic
bridging. Noteworthily, the adsorption procesaas only driven by a specific
mechanism but also by the combined effects of uarinteraction mechanisms (Jorts
al., 1998; Heller and Keren, 2002; Morasal, 2002; Heller and Keren, 2003; Tosh
al., 2003; Mpofuet al, 2003a; Mpofwet al, 2003b). After the adsorption and
reconformation of PAMs on clay surfaces, the subsegflocculation is triggered by the

adsorbed polymeric chains. Considering that chaeggralization of anionic clay
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surfaces does not occur by adding nonionic or meggtcharged anionic PAMs,
bridging flocculation, in which adsorbed polymerots reach other clay surfaces out of
the electric repulsion layer and make bridges betwmlloidal particles, should be the
major flocculation mechanism in PAM- and clay-camitag suspensions.

Adsorption and flocculation processes in PAM- alay-containing suspensions
are known to be affected by various PAM and solutioaracteristics, such as molecular
weight (MW) and charge density (CD) of a PAM and plik ionic strength, and salt
species of an aqueous solution. However, amongu&factors affecting on adsorption
and flocculation, MW has been reported as one ofrtbst decisive factors. For
example, the adsorption capacity and the flocautegifficiency of PAMs have been
reported to increase with increasing PAM MWs (Lerng Agassi, 1995; Greest al,
2000; Heller and Keren, 2002). Considering thatlttimger polymeric chains of high-
MW PAMs are able to form the thicker adsorption layetkaolinite surfaces, the higher
adsorption capacity and flocculation efficiencyhadh-MW PAMs are undoubted (Fleer
et al, 1993). Also, in bridging flocculation, the longghains of high-MW PAMs are
more susceptible to the beneficial nonequilibridmecdulation, in which the adsorbed
polymeric molecules maintain the transient and gdoed conformation for a longer time
before collapsing down on clay surfaces (Pelsseas, 1989; Pelsserst al, 1990; Lu
and Pelton, 2001). Furthermore, MWs of PAMs canustarnized in the manufacturing
process and thus practically be used as the congdéctor in the field applications as

soil stabilizers or flocculants.
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In this research, a series of nonionic PAMs withotess MWs have been used to
identify the effects of PAM MWs on adsorption anccialation occurring in PAM- and
clay-containing suspensions. Firstly, in the agton test, the reported hypothesis that
the adsorption capacity of a PAM increases witheasmg PAM MW was tested again.
Secondly, in the flocculation test, the nonequitlibr flocculation was investigated with
PAMs having different MWs at various fluid shear cibiods. We initially hypothesized
that the nonequilibrium flocculation is enhancethvimcreasing MWs and fluid shear
rates. In other words, the high-MW PAM and the grfhaid shear rate were
hypothesized to give rise to the transient andgdted conformation of the adsorbed
polymeric chains and consequently to enhance ticedlation efficiency. In this
research article, the conformity to and the desratrom the above hypotheses will be
discussed closely with the observed experimensalli®from the adsorption and the

flocculation tests.

4.2 Materials and Methods

4.2.1 Materials
A series of PAMs having different MWs of 1,500 (K} 10,000 (10 K),
600,000~1,000,000 (0.6~1 M), 5,000,000~6,000,006 (@) and 18,000,000 (18 M)
g/mol (Polyscience Inc.) were tested as adsorlzatdglocculants in the adsorption and
the flocculation tests. Polyacrylamide stock Soha were prepared at 1 g/L by
dissolving Polyscience PAMs into distilled deionizeater and adjusted at pH 7 and 0.01

M NaCl as the background salt concentration. Thesewgently stirred for several days
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for the complete dissolution and then stored indiwék during the adsorption and the
flocculation tests. Kaolinite was chosen as thgeexnental clay in the adsorption and
the flocculation tests because of its abundaneseiis of the southeastern United States
(Hurst and Pickering, 1997). Kaolinite suspenswese prepared by dissolving the
commercial kaolinite powders into distilled deicgulzwater and adjusted at pH 7 and
0.01 M NaCl. They were stirred for about two dayathieve the complete hydration of
kaolinite surfaces and the equilibration with th@asphere. In this research, two
different kaolinites were used for the adsorptiad the flocculation tests, respectively.
Sigma kaolinite (Sigma-Aldrich, USA) was used ie tdsorption tests. However, in the
flocculation tests, Kaofil (Thiele Kaolin Company$SA) was used, because of the
massive requirement of kaolinite powder in thetdat-experiments. The size range of
Sigma kaolin was reported as 0.1 ~ 4 um by the faatwrer. The mean size of Kaofil
was measured as 1.4 um in the previous researchaiifePackman, 2004).

4.2.2 Adsorption Test

Bottle point technique was applied to make theogutgn isotherms for five

different PAMs (1.5 K, 10 K, 0.6~1 M, 5~6 M, and 18MAMSs). A series of 225 mL
polypropylene bottles (VWR, USA) were filled up wi200 ml of 10 g/L kaolinte
suspension and the known amounts of the 1 g/L PAlgkstolutions were injected into
the kaolinite suspensions. All of the PAM stockuons and the kaolinite suspensions
were prepared at pH 7 and 0.01 M NaCl. For eackraxental condition, the test
bottles were triplicated for the quality controdasssurance. Also, a set of control

systems was prepared without kaolinite additiorgheck the PAM loss in the agueous
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phase by physicochemical processes other tharathimite-mediated adsorption
process. Thus, to generate 8 points in an adsargotherm curve, 24 experimental
bottles and 8 control bottles were prepared. Theéserption-testing bottles containing

the kaolinite suspension and the PAM stock solutiere stirred on Thermolyh8igger

Bill orbital shaker (Thermo Fisher Scientific InBA) at 20°C for 48 hours, to reach the
complete equilibrium state. After the reactiondirthe aliquot samples were centrifuged
at 10,000 g for 20 minutes with the super-speetrifege, Sorvall Evolution RC
(Thermo Fisher Scientific Inc., USA), to separaikds from the solution phase. Then,
polyacrylamide concentrations in the solution phasee measured with TOCc¥y
TOC/TN analyzer (Shimadzu Corp., Japan). Instéadtal organic carbon (TOC), total
nitrogen (TN) was selected as the PAM measuringkm@éeause TOC measurements
were exposed to the errors caused by inorganionarbuch as COand HCO. The
adsorbed amounts of PAMs were estimated by subigatiie remaining amounts of
PAMs in the solution phase from the dosed amouftsorption capacities were
expressed by adsorbed mass per kaolinite mass (MfK&olinite) and used to plot the
adsorption isotherm curves. Finally, the PAM adsgorpisotherms on kaolinite surfaces
were evaluated by the nonlinear data fitting onltlegmuir isotherm equation with
SigmaPlot software (SPSS Inc., USA).
4.2.3 Viscosity Measurement

The steady-shear viscosities of a series of PAMtswls containing different

PAM concentrations were measured to estimate tlieatrentanglement concentration

of a PAM (Milaset al, 1990; Bozziet al, 1996; Ndjouenkeet al, 1996; Tuinieret al,
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1999; Sperling, 2006). Firstly, polyacrylamidewg@ns in the concentration range from
0.02 to 1 g/L were prepared by dissolving differamounts of a PAM sample into
distilled deionized water. They were gently stirfer several days to reach the complete
dissolution and adjusted at pH 7 and 0.01 M NaClckvhare the same solution properties
as those of the adsorption test. Then, the stehdgr viscosities for a series of PAM
solutions in the concentration range from 0.02 ggllwere measured with Rheometric
Scientific ARES Rheometer with a Couttee cup (Tatlaments, USA). In the steady-
shear measurements, the unidirectional shear rabesh range from 0.1 to 500 /s, were
applied and the obtained steady-shear viscositie plotted against the shear rates (see
Figure 4.1). At a certain PAM concentration, theozehear specific viscosity was found
at the plateau of the steady-shear viscosity plats;h is placed at the lower end of the
applied shear rates (shear rated) (see Figure 4.1(b)). Eventually, the zero-shea
specific viscosities of a series of PAM solutiongevglotted against PAM concentrations
and the critical entanglement concentration wasdoaat the inflexion point of the zero-

shear specific viscosity curve (see Figure 4.1(c)).
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Figure 4.1. (a) schematic digram of Couttee-type viscomdtar,an example plot of
steady-shear viscosityersusshear rate at different PAM concentrations, andaft)
example plot of zero-shear specific viscosity verBAM concentration

4.2.4 Flocculation (Jar) Test
In jar tests, both the adsorption capacity andlteeulation efficiency were
monitored as the representative experimental isdiéd the beginning of Jar tests,
different amounts of 1 g/L 0.6~1 M PAM or 5~6 M PAM a&tasolution, which range
from 0 to 35 mgPAM/L as PAM dose concentrations, viigjected into 2 L jars

containing 2 g/L kaolinite suspensions. All theN?Atock solutions and the kaolinite
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suspensions were prepared at pH 7 and 0.01 M Na@&h PB-700™ Jar-tester (Phipps
& Bird, Inc., USA), PAM- and kaolinite-containingispensions were stirred at 50, 100,
200, or 300 rpm, equivalent to 42, 95, 220, or 368s the shear rate, for 2 or 4 minutes,
to evaluate the effect of shear rates and corntaet@n adsorption and flocculation.

After 2 or 4 minutes stirring time, the suspensiaese settled for 60 minutes and then
the aliquots were taken at 1 cm below water surfiseceghe further analyses such as
turbidity and PAM concentration. The turbidity bktaliquots was measured with Hach
2100N Turbidimeter (Hach, Inc., USA). For the PAlbhcentration measurement,
aliquots were firstly centrifuged at 10,000 g f@ rainutes with the super-speed
centrifuge, Sorvall Evolution RC (Thermo Fisheresific Inc., USA) and finally the
PAM concentration of the centrifuged supernatants mvaasured with TOC/TN analyzer
(Shimadzu TOC-¥sy, Shimadzu Corporation, Japan). Again, the adsbabneounts of
PAMs were estimated by subtracting the remaininguartsoof PAMs in the solution
phase from the dosed amounts, and the adsorptratiti@s were expressed by adsorbed

mass per kaolinite mass (mgPAM/gKaolinite).

4.3 Results and Discussion

4.3.1 Adsorption Test
In Figure 4.2(a), all of the adsorption isothemrese shown to rise steeply at the
initial part of the isotherm and reach a (pseudabgau. Therefore, they follow the high-
affinity adsorption behavior occurring at the pogmsurface interfaces (Parfitt and

Rochester, 1983; Feast and Munro, 1987; Fe¢at, 1993). However, the rounded parts
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of the adsorption isotherms between the initia¢gtese and the plateau were deviated
from the typical high-affinity adsorption behaviofhis rounded part might be caused by
the polydispersity effects of the experimental PAMBich have a wide MW range of the
constituent PAM molecules (Fleet al, 1993). The rounded high-affinity adsorption
isotherms were reasonably fit onto the well-knovam@muir isotherm (see Table 4.1 and
Figure 4.2(a)). However, the adsorption isothefrine smallest 1.5 K PAM is deviated
from the high-affinity adsorption behavior but rathncreases continuously without
developing a steep rise and an apparent plateaosi@&ring the lowest MW of 1.5 K
PAM, the unique adsorption isotherm might follow tbetherm of the small-size
molecules (Fleeet al, 1993).

The maximum adsorption capacities of the expertaldhAMs on kaolinite
surfaces increased with increasing MWs, except dtizedargest 18 M PAM (see Table
4.1 and Figure 4.2). This increasing trend ofgblymer adsorption capacity with
respect to MW has already been reported in manyiquevesearches, (Fleeral, 1993;
Greenet al, 2000; Heller and Keren, 2002; Yuang and Shen5R0Bspecially, 0.6~1 M
and 5~6 M PAMs showed the highest maximum adsorggpacity among the
experimental PAMs. However, the maximum adsorptipacity of the largest 18 M
PAM was decreased down to the level of the smaleKland 10K PAMs (see Table 4.1
and Figure 4.2 (b)). From the observed high viggothe 1 g/L stock solution of 18 M
PAM was suspected to exceed the critical entangleomitentration, above which
polymer chains are not suspended independentiytédlibut rather entangled each other

(semi-dilute) (Fleeet al, 1993; Sperling, 2006). The entanglement betvpedymeric
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chains might make polymeric molecules hard to apgiand attach on adsorbent

surfaces out of the semi-dilute solution phaseis Thtical entanglement concentration
were identified with the steady-shear viscosity sueament and found at the transient
concentration, where the viscosity of a polymeusoh starts increasing steeply due to

the development of the entanglement between polgrmbains.

Table4.1. Nonlinear data fitting results onto the Langmsatherm = g max-X
Cd(KstCy)) for 1.5K, 10K, 0.6~1M, 5~6M, and 18M PAMs

MW {,max Ks R2
(g/mol) (mgPAM/gKaolinite) (mgPAM/L)
1.5Kt 0.7753 12.542 0.9280
10K 0.9951 3.8749 0.9078
0.6~1M% 17.941 1.0811 0.9851
5~6M 26.796 3.3032 0.9730
18M 0.8718 1.2365 0.9128
t K represents 10°.  + M represents 10°.
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Figure 4.2. Experimental results of the adsorption testsA@gorption isotherm curves
of 1.5 K, 10 K, 0.6~1 M, 5~6 M, and 18 M PAMs and (b)xitaum adsorption capacity
(mgPAM/gKaolite)versusPAM MW.
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4.3.2 Steady-Shear Viscosity

In general, the steady-shear viscosity curve AR solution at a fixed PAM
concentration increases and then reaches a plae#uapproaches the zero shear rate
(shear rate~ 0). Also, the magnitudes of these steady-shaapsity curves increase
with increasing PAM concentrations. Figure 4.3(@)ves the typical steady-shear
viscosity curves, which were measured with a seids88 M PAM solutions containing
different PAM concentrations, from 0.02 to 1 gMowever, the steady-shear viscosity
curves of 1.5 K, 10 K, 0.6~1 M, and 5~6 M PAMs werastant at the level of pure
water € 0.001 Pa-s at XT), irrespective of shear rates as well as PAM cainagons,
and thus were not necessarily illustrated in tgare. The zero-shear specific viscosities,
which were found at the zero shear rates (shear+dl) i.e. at the plateaus of the
steady-shear viscosity curves, were plotted ag&A#l concentrations and used to
identify the critical entanglement concentratiopaating dilute and semi-dilute regions
(see Figure 4.3(b)) (Sperling, 2006) (Miketsal, 1990; Bozziet al, 1996; Ndjouenkeet
al., 1996; Tuinieret al, 1999). In Figure 4.3(b), the zero-shear spewiBcosities of 1.5
K, 10 K, 0.6~1 M, and 5~6 M PAMs were shown to be tamtsat the viscosity of pure
water & 0.001 Pa-s at ), irrespective of PAM concentrations. Thus, theAM
solutions were proven to be in the dilute regiothaiit serious polymeric entanglements.

In contrast to the other small PAMSs, the zero-skpacific viscosity plot of the
largest 18 M PAM increased with increasing PAM comicdions. Furthermore, in the
zero-shear specific viscosity plot of 18 M PAM, thélaxion point was clearly found at

about 155 mg/L with two different linear lines (d&gure 4.3(b)). The previous
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researchers defined this inflexion point as theocaidi entanglement concentration, which
separate two solution regimes, the dilute and ¢na-slilute regions (Milagt al, 1990;
Bozziet al, 1996; Ndjouenkeet al, 1996; Tuinieret al, 1999; Sperling, 2006). Thus,
above 155 mg/L of the PAM concentration, polymermeunules of 18 M PAM are in the
semi-dilute region and develop the entanglemerttgdmn polymeric chains.

Considering that the PAM concentration of the wogkstock solutions was prepared at 1
g/L in all the adsorption tests, far above thaaaltentanglement concentration, the
observed small adsorption capacity of 18 M PAM mlghtaused by the thermodynamic
disadvantage, which requires the additional energime for PAM molecules to
disentangle out of the polymeric solution and tprapch onto kaolinite surfaces. Even
if a PAM concentration in a solution phase beconsdsvb 155 mg/L after mixing PAM
stock solution and kaolinite suspension, the erngéahgolymeric agglomerates still
require the additional energy or time to be disegizd.

Therefore, in the field application of excessivieigh-MW PAMs as soil
stabilizers and flocculants, the concentratiorhefworking solutions should remain very
low below the critical entanglement concentratibtowever, the low concentration of
the PAM working solutions, for example the concedgrabelow 155 mg/L for 18 M
PAM, may not be practical because engineers or tgsrshould prepare a large volume
of a PAM working solution. Even though the selettionong various PAMS is
dependent on field conditions or engineer’s saesti excessively high-MW PAMs may
not be recommendable as soil stabilizers and flaots, due to the polymeric

entanglement problem as well as the handling diftyc(Levy and Agassi, 1995).
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Figure4.3. Experimental results of the steady-shear visgosgasurements. (a) Steady-
shear viscosityersusshear rate at different PAM concentrations for 18 MVl and (b)
zero-shear specific viscosity versus PAM concemmafdor 1.5 K, 10 K, 0.6~1 M, 5~6 M,
and 18 M PAMs.

4.3.3 Flocculation Test

0.6~1 M and 5~6 M PAMs were shown to have the highgsbrption capacities
and also their flocculation abilities were appdseabserved in the previous adsorption
tests. However, flocculation was hardly observét w.5 K, 10 K, and 18 M PAMs. In
general, the polymer-induced flocculation occurimgolymer- (or polyelectrolyte-) and
clay-containing suspensions is driven by the brniddlocculation mechanism, in which
the elongated adsorbed polymer chains reach tlez oty surfaces out of the
electrostatic repulsion layer. Thus, in thinkirfghee bridging flocculation, the shorter
polymeric chains of 1.5 K and 10 K PAMs may be coadi within the electrostatic
repulsion layer of colloidal clays, and thus tHkcculation abilities are necessarily

negligible. However, the small flocculation eféacy of 18 M PAM might be caused by
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the polymeric chain entanglement in the semi-dittieition phase and the resultant
small adsorption capacity. After discarding 1.51K,K, and 18 M PAMs due to their
negligible flocculation abilities, 0.6~1 M and 5~6RAMs were selected as the
experimental PAMs in the following flocculation testvhich were proposed to research
the effects of PAM MW on the flocculation efficiency

In addition to MW, the fluid shear rate (G; /s) weed as the controlling factor in
our flocculation tests in order to identify the eguilibrium flocculation mechanism
(Gregory, 1988; Pelssees al, 1989; Pelssenst al, 1990; Adachi, 1995; Lu and Pelton,
2001). The typical flocculation occurs with thensecutive processes of polymer
adsorption, adsorbed chain reconformation, and-paeticle collision (Gregory, 1988;
Adachi, 1995). However, in the nonequilibrium ftagation, inter-particle collision and
aggregation occur without completing the reconfdaromeprocess of the adsorbed chains
and thus the transient and elongated conformafitimecadsorbed polymeric chains
enhances the flocculation efficiency. Considetimgkinetic aspect of the chain
reconformation process, the nonequilibrium floctiolacan be enhanced at the higher
shear rate, where the vigorous fluid and partickw@ment and the turbulence induce the
fast inter-particle collisions to occur before cdetipg the polymeric chain
reconformation. Thus, the shear raie,the inter-particle collision frequency was
selected as the controlling factor to limit or emb@the nonequilibrium flocculation.

Flocculation as well as adsorption were inveséidah the flocculation tests with
0.6~1 M and 5~6 M PAMs at various shear rates andacotitne (see Figure 4.4).

Firstly, Figures 4.4 (a) and (b) show the adsorptiapacities of 0.6~1 M and 5~6 M
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PAMs with increasing PAM dose at different shear ¢omas. The adsorption capacity
curves again resemble the high-affinity adsorphiehavior, as shown in the previous
section. However, their values are about an astieragnitude lower than those
measured in the previous adsorption test, becdube short reaction time in the current
flocculation tests. Interestingly, the adsorpti@apacity curves of the larger 5~6 M PAM
changed significantly with increasing shear ratds|e those of the smaller 0.6~1 M
PAM remained constant (see Figures 4.4 (a) and ([ inconsistent adsorption of the
larger PAM (5~6 M PAM) at different shear conditionght be caused by the
thermodynamic disadvantage, in which the longeymperic chains require the higher
energy and the longer time in reconforming the dusib chains and reaching the
equilibrium state. Especially, with increasing aheates, the adsorption capacities of the
larger PAM were found to decrease gradually. Attigher shear rate, the fast collision
and aggregation might occur before completing tiercreconformation and
consequently reduce the adsorption capacity witkigmiting the further adsorption of
PAM molecules on kaolinite surfaces. In contrdst,dmaller PAM (0.6~1 M) might
reconform or settle down on kaolinite surfaces \argkly before the inter-particle
collision and so produce the consistent adsorgapacity, even at the higher shear rates.
In addition to the kinetic aspect of the reconfation process of the adsorbed
polymers, the mechanical aspect may be the reddbie onconsistent adsorption of the
larger PAM. The mechanical force of the fluig(shear rate) has been reported to make
a critical effect in determining the adsorbed patysi conformation in the previous

researches (Gramain and Myard, 1981; Cohen and Eletz882; Lee and Fuller, 1984,

99



van Eijk and Stuart, 1997). Considering the concapicture of the long threads for the
polymeric chains in a shear field, the larger payimchains should be necessarily more
susceptible to the mechanical forces than the smaties. Therefore, the higher
susceptibility of 5~6 M PAM to the mechanical foresswell as the longer chain
reconformation time might be the plausible readaih® observed inconsistent
adsorption capacity at different shear conditioNsw, the question of how the
inconsistent adsorption affects on the flocculagfficiency will be discussed in the

following paragraphs.

C(i@nal Turbidity after Flocculatior

In Figures 4.4 (c) and (d), the relative turbi : —:
Intial Turbidity of Raw Sample

was used as the representative value of the flationl efficiency in PAM- and kaolinite-
containing suspensions and was plotted against Péxidemntrations at different shear
conditions. The turbidity removal of 5~6 M PAM wereich more enhanced with
increasing shear rates and contact time than tfioc36~1 M PAM. For example, for

5~6 M PAM, the U-shaped relative turbidity curves evehanged to the L-shaped curves
with increasing shear rates, while those of 0.6~BAM maintained the U-shaped
curves irrespective of shear conditions. In thpdgl polymer-induced flocculation, the
particle restabilization occurs in the polymer edese conditions because the highly
covered adsorbent surfaces do not have enougkpgeees to accommodate polymeric
bridges, and the dense structure of adsorbed |lggersrate an additional repulsion
(Pelsserst al, 1989; Pelssemst al, 1990; Lu and Pelton, 2001). However, the L-sdape
relative turbidity curve of 5~6 M PAM at the highdrear rates showed the exception

from the typical restabilization. For 5~6 M PAMoa{ with the observed inconsistent
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adsorption behaviors, the deviation from the tyjieatabilization and the consequent
improvement of the flocculation efficiency might baused by the nonequilibrium
flocculation, in which the transient and elongatidins of the adsorbed PAMs enhance
the inter-particle collision and aggregation befoolapsing down on kaolinite surfaces
(see Figure 4.5). As mentioned before, in thenttoelynamic view of the nonequilibrium
flocculation, a larger PAM should have the highearate of the nonequilibrium
flocculation than a smaller PAM, due to the higbesceptibility to the mechanical forces
and the higher requirement of the reconformaticgrgyor time.

From a series of experimental results in the guigor and the flocculation tests,
the higher shear rates and the larger PAMs weredftmbe beneficial in the field
applications as soil stabilizers and floccularasa\toid the steric stabilization and to
induce the beneficial nonequilibrium flocculatioHowever, if the MW of a PAM is
beyond a certain limit, such as 18 M PAM in this e#sh, PAM molecules start
entangling in the solution phase and eventuallgri@tate the adsorption capacity and

the flocculation efficiency.
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Figure4.4. Experimental results of the flocculation testdwd.6~1 M and 5~6 M

PAMs at different shear conditions. Figures (a) @)depresent the plots of adsorption
capacitiesrersusPAM dose concentrations for 0.6~1 M and 5~6 M, retspedyg. Figures

(c) and (d) represent the plots of relative tutimdiversusPAM dose concentrations
(mg/L), for 0.6~1 M and 5~6 M, respectively.
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- Equilibrium Flocculation ' Non-EquilibriumFlocculation |
R (0.6-IMPAM) = (5-6M PAM) !

Figure4.5. Schematic diagram of equilibrium and nonequilibriflocculation
mechanisms occurring in PAM- and kaolinite-contagnsuspensions.

4.4 Conclusion and Recommendation

In this research, the effects of PAM MW on adsarptnd flocculation were
investigated. Firstly, the adsorption capacitiesanionic PAMs on kaolinite surfaces
increased with increasing their MW, except the dnthe largest 18 M PAM. The
maximum adsorption capacities of 0.6~1 M and 5~6 M/BAvere estimated at 17.9 and
26.8 mgPAM/gKaolinite, respectively, while thoselds K, 10 K, and 18 M PAMs were
below 1 mgPAM/gKaolinite. For the largest 18 M PAMetL g/L stock solution of the
adsorption tests was found to be in the semi-dieggon with developing polymeric
chain entanglements and eventually to reduce therption capacity.

Secondly, in the flocculation tests, comparechwdmaller 0.6~1 M PAM, the

larger 5~6 M PAM was shown to enhance the floccutagitficiency in PAM- and
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kaolinite-containing suspensions, due to the higlieceptibility to the nonequilibrium
flocculation. Also, by means of the nonequilibriflocculation, the large 5~6 M PAM
was able to avoid the particle restabilizationhe PAM over-dose conditions. In
summary, the higher PAM MW was found to guaranteb bwo# higher adsorption
capacity and flocculation efficiency. Howeverthe MW of a PAM is beyond a certain
limit, PAM molecules start entangling in the senlsti solution phase and eventually
decrease the adsorption capacity and the floconl&ificiency.

In future studies, the other controlling factoffd°AM or a solution are required
to be estimated for their effects on adsorptionflowtulation. Especially, the charge
density (CD) of anionic PAMs has been reported tearsubstantial effects on the
adsorption capacity and the flocculation efficieli@yeenet al, 2000; Heller and Keren,
2002; Heller and Keren, 2003; McLaughlin and Bamhaot¢w, 2007; Ortset al, 2007).
Therefore, the effects of PAM CD and MW and theimexgetic effects on adsorption and
flocculation will be investigated in the differesdlution properties, such as pH, ionic

strength, and salt species.

4.5 References

Adachi, Y., 1995, Dynamic aspects of coagulatiot #mcculation, Advances in Colloid
and Interface Scienc&6, 1-31

Barvenik, F. W., 1994, Polyacrylamide charactersstelated to soil applicationSeil
Sciencel58(4), 235-243

Bozzi, L., M. Milas, and M. Rinaudo, 1996, Solutiordagel rheology of a new
polysaccharide excreted by the bacteriditeromonas spstrain 1644|nternational
Jounal of Biological Macromoleculg$8, 83-91

104



Chapra, S. C., 1998urface quality modelindicGraw-Hill,

Cohen, Y., and A. B. Metzner, 1982, Adsorption dBen the flow of polymer solutions
through capillariedylacromoleculesl5, 1425-1429

Feast, W. J., and H. S. Munro, 1980lymer surfaces and interfacelohn Wiley &
Sons, Chichester, UK

Fleer, G. J., M.A. Cohen Stuart, J.M.H.M. Scheutj@ngosgrove, and B. Vincent,
1993,Polymers at interfaces€Chapman & Hall, London, UK

Gramain, P., and P. Myard, 1981, Elongational de&tion by shear flow of flexible
polymers adsorbed in porous med¥cromoleculesl4, 180-184

Green, V. S., D. E. Stott, L. D. Norton, and JGgaveel, 2000, Polyacrylamide
Molecular Weight and Charge Effects on Infiltratiomder Simulated Rainfal§oil
Sci. Soc. Am. J64, 1786-1791

Gregory, J., 1988, Polymer adsorption and flocauteih sheared suspensiolloids
and Surfaces3l, 231-253

Heller, H., and R. Keren, 2002, Anionic PolyacryldenPolymers Effect on Rheological
Behavior of Sodium-Montmorillonite Suspensio8sjl Sci. Soc. Am.,B6, 19-25

Heller, H., and R. Keren, 2003, Anionic polyacrgipolymer adsorption by
pyrophyllite and montmorilloniteClays and Clay Mineral$1(3), 334-330

Hurst, V. J., and S. M. Pickering, 1997, Origin afabsification of coastal plain kaolins,
southeastern USA, and the role of groundwater actbiial actionClays and Clay
Minerals, 45(2), 274-285

Jones, F., J.B. Farrow, and W. v. Bronswijk, 1998 nfrared study of a polyacrylate
flocculant adsorbed on hematitgngmuir, 14, 6512-6517

Lee, J., and G. G. Fuller, 1984, Ellipsometry stedf adsorbed polymer chains
subjected to flowlMacromoleculesl?7, 375-380

Levy, G. J., and M. Agassi, 1995, Polymer molecwleight and degree of drying effects
on infiltration and erosion of three differen spAaist. J. Soil Res33, 1007-1018

105



Lu, C., and R. Pelton, 2001, PEO Flocculation dygtyrene-core poly(vinylphenol)-
shell latex: an example of ideal bridginggngmuir, 17, 7770-7776

McCollister, D. D., C. L. Hake, S. E. Sadek, andkVRowe, 1965, Toxicologic
investigations of polyacrylamide$pxicol. Appl. Pharmacql7, 639-651

McLaughlin, R. A., and N. Bartholomew, 2007, Sottfars influencing suspended
sediment flocculation by polyacrylamid&gil Sci. Soc. Am., J/1, 537-544

Milas, M., M. Rinaudo, M. Knipper, and J. L. Schuppjs€90, Flow and viscoelastic
properties of Xanthan Gum solutidlacromolecules23, 2506-2511

Morris, G. E., D. Fornasiero, and J. Ralston, 260#tymer depressants at the talc-water
interface: adsorption isotherm, microflotation abelctrokinetic studiesnt. J. Miner.
Process67, 211-227

Mpofu, P., J. Addai-Mensah, and J. Ralston, 2003kence of hydrolyzable metal ions
on the interfacial chemistry, particle interactipasd dewatering behavior of kaolinite
dispersion,Journal of Colloid and Interface Scien@61, 349-359

Mpofu, P., J. Addai-Mensah, and J. Ralston, 2003kedtigation of the effect of polymer
structure type on flocculation, rheology and dewatgbehaviour of kaolinite
dispersionsint. J. Miner. Process/1, 247-268

Myagchenkov, V. A., and V. F. Kurenkov, 1991, Agpliions of acrylamide polymers
and copolymers: a reviewplym.-Plast. Technol. Eng0(2-3), 109-135

Ndjouenkeu, R., F. M. Goycoolea, E. R. Morris, an®.JAkingbala, 1996, Rheology of
okra Hibiscus esculentuls.) and dika nutl¢vingia gabonensispolysaccharides,
Carbohyrate Polymer£9, 263-269

Orts, W. J., A. Roa-Espinosa, R.E. Sojka, G.M. Gl&H. Imam, K. Erlacher, and J. S.
Pederson, 2007, Use of synthetic polymers and bjopes for soil stabilization in
agricultural, construction, and military applicatjdournal of Materials in Civil
Engineering 19(1), 58-66

Parfitt, G. D., and C. H. Rochester, 1988sorption from solution at the solid/liquid
interface Academic Press, New York, USA

106



Pelssers, E. G. M., M.A. Cohen Stuart, and G. JrFI&89, Kinetic aspects of polymer
bridging: equilibrium flocculation and nonequilibm flocculation,Colloids and
Surfaces38, 15-25

Pelssers, E. G. M., M.A. Cohen Stuart, and G. JrFI&90, Kinetics of bridging
flocculation,J. CHEM. SOC. FARADAY TRANS5(9), 1355-1361

Ren, J., and A. |. Packman, 2004, Stream-subsuefed®ange of zinc in the presence of
silica and kaolinite colloid€knviron. Sci. Technqgl38, 6571-6581

Schwarzenbach, R. P., P.M.Gschwend, and D. M. Imh&@98,Environmental
organic chemistry, ® ed Johns Wiley & Sons, Inc., Hoboken, New Jersey.

Sperling, L. H., 2006introduction to physical polymer science, 4th ExitiJohn Wiley
& Sons, Inc., Hoboken, NJ

Stephens, S. H., 1991, Final report on the saftgssment of polyacrylamidk,Am.
Coll. Toxicol, 10, 193-202

Stumm, W., and J. J. Morgan, 199@juatic chemistry,'3ed Johns Wiley & Sons, Inc.,
Canada.

Torn, L. H., A. de Keizer, L.K. Koopal, and J. Lgkha, 2003, Mixed adsorption of
poly(vinylpyrrolidone) and sodium dodecylbenzenésute on kaolinteJournal of
Colloid and Interface Scienc260, 1-8

Tuinier, R., P. Zoon, M. A. C. Stuart, and C. GKduif, 1999, Concentration and shear-
rate dependence of the viscosity of an exocellubdysaccharideBiopolymers50,
641-646

van Eijk, M. C. P., and M. A. C. Stuart, 1997, Polyradsorption kinetics: Effects of
supply rateMacromoleculesl3(5447-5450),

Wallace, A., and G. A. Wallace, 1986, Effects af sonditioners on emergence and
growth of tomato, cotton, and lettuce seedlir®s] Sciencel4l, 313-316

Yuang, P., and Y. Shen, 2005, Determination ofstiméace area of smectite in water by
ethylene oxide chain adsorptialgurnal of Colloid and Interface Scien¢@85, 443-
447

107



CHAPTER 5. INVESTIGATION ON THE EFFECTS OF PAM ANBOLUTION
CHARACTERISTICS ON ADSORPTION AND FLOCCULATION OCRING IN
SIMILARLY CHARGED ANIONIC PAM- AND KAOLINITE-CONTAINING

SUSPENSIONS

5.0 Abstract

Anionic polyacrylamides (PAMs) have long been uasd&oil stabilizers or
flocculants due to their high adsorption capacitgt occulation efficiency as well as
non-toxicity on the aquatic ecosystem. However,ghysicochemical processes in
similarly changed anionic PAM- and clay-containswgpensions and their controlling
characteristics are still unclear and thus investid in the elaborate steady-state
adsorption and flocculation tests. Above all, ealar weight (MW) and charge density
(CD) were proven as the decisive PAM characterigticketermining adsorption capacity
and flocculation efficiency. Adsorption capacitigere found to be inversely
proportional to PAM CDs, while flocculation efficieies were directly proportional to
PAM MWs. Along with PAM characteristics, cation spEcin the solution were found
to be the key solution characteristics. Divalettans in the solution, such as®Cand
Mg?*, enhanced adsorption and flocculation processistié cationic bridging between
PAM and kaolinite (PANM-"M*=Kaolinite). However, concurring steric stabilizati
was also found to counteract flocculation due eodbnformational changes of adsorbed

PAMSs by the cationic bridging between pre-adsorb&h Pnolecules (PAM="M*=
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PAM). In addition, the polydispersity effect of poler adsorption, which induces the
competitive adsorption between the constituent MW-and high-MW polymers, was
found to be governed by PAM CD. Low-CD PAM showeel tompetitive adsorption
with the polydispersity effect, while high-CD PAMpresented the non-competitive
high-affinity adsorption without the polydispersgffect. Thus, polyacrylamide and
solution characteristics, CD and MW of PAM, and aaspecies in the solution were
found to make critical effects on adsorption amddulation processes and thus to be the
controlling parameters in optimizing anionic PAM aggtions as soil stabilizer or

flocculant.

5.1 Introduction

Soil erosion occurs in both urban and rural adeasg storm events. In general,
the problem increases with increasing land disturbde.qg., tillage, mining, road grading
and rural to urban land conversion). The most lerobtic sediment particles typically
are of colloidal-size, and if not controlled theancend up in various receiving water
bodies, where the materials they carry (nutrielotgcants, pathogens, etc.) can
contribute to the coating of bottom sediments, @lgil@aoms, oxygen depletion and food-
chain problem (Stumm and Morgan, 1996; Chapra, 186fwarzenbacht al, 2003).

To counteract soil erosion and colloid prolifepatin water bodies,
polyacrylamides (PAMs) have long been used asssaililizers or flocculants because of
their characteristics of high solubility, viscoségd molecular weight (McCollistet al,

1965; Wallace and Wallace, 1986; Stephens, 199 Kgelyenkov and Kurenkov, 1991;
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Seybold, 1994). Generally, nonionic, anionic, aationic PAMs, which are classified
with their functional groups along backbone chaams,applicable for different purposes.
However, in applications on the ecosystem as sahlilizer or flocculant, anionic PAMs
have been mostly used because cationic PAMs aretee@o be toxic on aquatic lives
by blocking bodily membranes (McCollister al, 1965; Wallace and Wallace, 1986;
Stephens, 1991; Barvenik, 1994).

Similar to anionic PAMs, most colloids are aniom¢he aquatic environment
(Stumm and Morgan, 1996). For example, clays, tapntonstituents of aqueous
colloids, are negatively charged above pH 4 ~ 5tdugomorphic substitution and
broken edge (Das, 1995; Sylhaaal, 2003). Thus, considering the electrostatic
repulsion between similarly charged surfaces ob@niPAM and clay in the ambient
aquatic system, the physicochemical interactioraionic PAM- and clay-containing
suspensions are hardly anticipated. However, gvére electrostatic repulsion
dominant conditions, physicochemical interactioogasses, such as adsorption and
flocculation, have been reported in many laboratwrifeld experiments (Entrgt al,

2002; McLaughlin and Bartholomew, 2007; Cetsal, 2007; Mpofuet al, 2003a; Ben-
Hur et al, 1992; Levy and Miller, 1999; Greet al, 2000). Thus, the minute-scale
interfacial interaction mechanisms to overcomeetleetrostatic repulsion and eventually
to induce adsorption and flocculation were sehas¢search targets and explored in this
research.

Adsorption and flocculation are rather integrgtégisicochemical processes

containing various minute-scale interfacial intéi@t mechanisms in PAM- and clay-
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containing suspensions. In general, adsorptiggobyimeric molecules on clays occurs
very quickly after dosing polymeric flocculant inttay suspensions and then
flocculation of clay particles is driven by adsatkmolymeric molecules (Pelssatal,
1989; Pelsserst al, 1990; Lu and Pelton, 2001).

Above all, to induce adsorption of anionic PAMsabewy surfaces, the steadfast
binding mechanisms with enough binding energy shbelguaranteed to overcome the
electrostatic repulsion between anionic PAMs angscld hese binding mechanisms in
anionic PAM- and clay-containing suspensions arg dédferent with and without
divalent cations. Firstly, in absence of divaleations, various adsorption-driving
mechanisms between anionic PAMs (or other anionligepectrolytes) and anionic
mineral surfaces have been reported, such as cwaading, hydrogen bonding,
hydrophobic interactions, or electrostatic att@attnduced by the heterogeneous charge
distribution on clay surfaces. Noteworthily, agst@n processes are not only driven by a
specific mechanism but also by the combined effett&rious mechanisms (Jonetsal,
1998; Heller and Keren, 2002; Mores al, 2002; Heller and Keren, 2003; Taghal,

2003; Mpofuet al, 2003a; Mpofwet al, 2003b). Secondly, in presence of divalent
cations, the entirely different interaction meclsamihas been reported to induce
adsorption between similarly charged anionic sws$aand furthermore known to enhance
adsorption capacities up to several-order highem the capacities in absence of divalent
cations. For this phenomenon, the researchersgrapesed cationic bridging
mechanism induced by divalent cations such & &a Md*, which mitigate the

electrostatic repulsion between similarly chargedases and make bridges between
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anionic functional groups of polyelectrolytes anishe@nal surfaces (Jonet al, 1998;
Vermohlenet al, 2000; Abrahanet al, 2001; Entryet al, 2002; Mpofuet al, 2003a;
Claessoret al, 2005; Fengpt al, 2005; Sabah and Erkan, 2006; Gitsl, 2007; Lu and
Letey, 2002; Mpofiet al, 2004; Sandeet al, 2004; Mpofuet al, 2005). In conclusion,
whichever binding mechanisms occur individuallysonultaneously in anionic PAM-
and clay-containing suspensions, adsorption oapparently with sufficient binding
energy to overcome electrostatic repulsion betvegmiiarly charged surfaces.

After adsorption of PAMs on clay surfaces, the sgjpent flocculation is
triggered by adsorbed polymers. Two flocculaticgchranisms, charge neutralization
and bridging flocculation, have been proposed asrtbst plausible polymer-induced
flocculation mechanisms (Gregory, 1988; Pelssétid, 1989; Pelsserst al, 1990;
Adachi, 1995; Elimeleclket al, 1995; Zhang and Buffle, 1995; Ferretdtial, 1997;
Adachi and Wada, 2000; Lu and Pelton, 2001). Hawnesonsidering that most clay
species such as kaolinite, smectite, and montnibei@re negatively charged in ambient
aquatic systems due to their lowerpgi¥alues, charge neutralization by adding anionic
PAMs should not be the major destabilization medrann anionic PAM- and clay-
containing solutions. Thus, bridging flocculatiomwhich adsorbed polymer chains
protruding out of the electric repulsion layer daycsurfaces make bridges between
colloidal particles and eventually form large flpshould be the major flocculation
mechanism in anionic PAM- and clay-containing saspns.

Even though various adsorption- and flocculationtdg interfacial interaction

mechanisms in anionic PAM- and clay-containing saspns have been identified in
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many previous researches, the decisive parametdrthair effects on these adsorption-
and flocculation-driving mechanisms are still unoheestigation. Thus, firstly, the
characteristics of anionic PAMs, molecular weight (Mawid charge density (CD,

No.of Charged Units
No.of Repeating Unit:

%) were chosen as the experimental parametens iadsorption

and flocculation tests (Levy and Miller, 1999; Grextral, 2000; Heller and Keren, 2002;
Heller and Keren, 2003). Secondly, the effectthefsolution properties on adsorption
and flocculation, such as the constituent cati@csEs, were investigated in presence of
different monovalent or divalent cations (N&&*, and Mg"). All the adsorption and
flocculation experiments were done in constant isbeaditions to mimic the shear-
induced conditions occurring on top soils and atdulant-aided sediment retention
ponds. At the end of this research, the interfactaraction mechanisms in PAM- and
kaolinite-containing suspensions and the effecBAi¥ and solution properties on those

mechanisms were identified.

5.2 Materials and Methods

5.2.1 Polyacrylamide Purification and Charaztgion with respect to MW and CD
A series of PAMs with different MWs and CDs werepded from Kemira
Water Solutions Inc. (Lakeland, FL). To removdssahd other impurities (mostly
NacCl), PAMs were purified by the serial steps ofdlation, acidification, and
precipitation in water-methanol mixtures (Francetisgl, 1979). Commercial PAM

powders were firstly dissolved into distilled deiwed water (DDW) and gently stirred on
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a ThermolynéBigger Bill orbital shaker (Thermo Fisher Scieiatiinc., PA) for one to

two days. After complete dissolution, PAM solutiansre acidified to pH 3 with
hydrochloric acid to protonate all carboxyl grogmsl simultaneously dissociate metal
cations from the PAM molecules. Polyacrylamidedsoiivere collected by precipitation
which is induced by addition of methanol and plaeetin a 4C cold room. The serial
steps of dissolution, acidification, and precipdatwere repeated four to five times to
collect pure PAM solids without salts or other conitaants on PAM molecules. Finally,

purified PAM solids were lyophilized with a VirTi®ench top freeze dryer (SP

Industries Inc., NY) and preserved as powder fdionsises in the subsequent
experiments. Before adsorption and flocculati@iste? g/L aqueous stock solutions
were prepared by dissolving purified PAM powder®DW and then stored in the dark
during the experiments.

Molecular weights (MW) of PAMs were estimated witmple intrinsic viscosity
measurement tests with a capillary viscometer (Be2006). For a certain PAM
sample, a series of PAM solutions with different@amtrations of 0.025, 0.05, 0.075, and
0.1 g/dL were prepared in 0.2 M PO, aqueous solution at pH 9. Specific and relative
viscosities for the serial PAM solutions having eréint concentrations were measured at
25°C with #50 Cannon-Fenske routine viscometer (Carnsinument Company Inc.,
PA). Then, the intrinsic viscosity]) was found at the y-intercept of the linear cuove
specific or relative viscosityersusPAM concentration. Finally, Mark-Houwink-
Sakurada equation (MHS equatiof,  K-MW?®) was used to determine MW of a PAM

with a measured intrinsic viscosity (Wt al, 1991). Wu’'s MHS equation, which has
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the empirical equations to obtain the model cornst@handa) with respect to the charge
density (CD) of an anionic PAM, was used as the umieguation to estimate MWs of
anionic PAMs having various CDs. In our previousegach, an intrinsic viscosity
measurement technique was found to have the atuliggtimate the relative magnitudes
of MWs for various anionic PAM samples. However, ititensic viscosity technique
could not evaluate the absolute values of MWs becthesconsistent gap between MWs
estimated with an intrinsic viscosity measuremenat &ith a light scattering analysis
techniques was observed (Leteal, 2008). Thus, it should be acknowledged that the
provided MWs of anionic PAMs are not the absolutei@albut rather the relative
magnitudes of MWs.

Charge densities of PAMs were measured with aagglitration methods.
Triplicate 50 mL PAM solutions with 1 g/L PAM condeattion were prepared at 0.001,
0.01, and 0.1 M NaCl background salt concentratipngdissolving pre-cleaned PAM
powders in the salt solutions. Titration was dop#ard with 0.5 M NaOH and then
downward with 0.5 M HCI and pH was monitored continsly with Orion 420A pH
meter (Thermo Scientific Inc., PA). During titrai, PAM solution was continuously
purged with pure nitrogen gas (National WeldersgBu@o., NC) to prevent CO
dissolution. All the titration experiments proddadentical results for both forward and
backward titrations, which consequently endowedctiedibility on our experimental
method. The&-shaped titration curves (p¥rsusspecific charge density) were plotted
after processing the measured data such as abakerdoses and pHs and they were

adjusted with subtracting background acid or bassumptions by the pure solvent.
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Eventually, CD of a PAM sample was estimated amh&imum specific charge density
on the upper plateau of tiseshaped titration curve, where the entire PAM mdiesu

become fully hydrolyzede. ionized.

Table5.1. Measured molecular weights (MW) and charge den€iB) (of the pre-
cleaned Kimerd PAMs used in adsorption and flocculation testgosrof MWs
represent the lowest and highest values calculatée data fitting procedures. Errors
of CDs represent the standard deviations of tipidate samples.

MW * CD**
PAMs (10° g/mol) (%)
N300 3.81+0.178 -
A100H 2.73 £ 0.069 11.4 + 0.06
A120 1.86 + 0.058 25.5+0.26
A120H 3.27 £0.098 25.2 £+ 0.07
A150L 1.97 £ 0.051 51.1£0.10
A150 2.49 +£0.072 458 +0.47

5.2.2 Jar Test — Adsorption and FlocculatiestT

PB-700™ Standard JarTester (Phips & Bird, Inc., VA) wasdifo investigate
adsorption and flocculation processes in anionié/PAnd clay-containing suspensions.
Kaolinite powder (Sigma-Aldrich, MO) was chosen las tepresentative clay because of
its abundance in soils of the southeastern UnitateS (Hurst and Pickering, 1997). In
this research, finding the optimal doses of floaats which is the general purpose of jar
tests was not our interest but investigating plogiemical behaviors in a relatively
long-term steady state condition was set as the piaipose of the research. Thus, to
mimic steady state adsorption and flocculation @sses occurring on top soils and in
sediment retention ponds, the constant stirringlitmm at 150 rpm was applied to PAM-

and kaolinite-containing suspensions for 6 houtsckvare enough to reach the
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equilibrium between PAMs and kaolinite surfaces (Noet al, 2002). Also,

considering the difficulty in controlling the injeon of PAM stabilizers or flocculants in
field applications onto top soils or sediment rétanponds, the wide range of dose
conditions, from under- to over-dose, can be exgoecihus, adsorption and flocculation
tests were designed to explore steady state adsogyid flocculation processes
occurring in the wide range of PAM dose concentratjap to 80 mgPAM/L.

For all the jar tests, kaolinite suspensions afsilBolutions were prepared in
advance. Kaolinite suspensions were prepared gtl26f suspended solid concentration
and stirred continuously for two days to reachegeilibrium with the atmospheric
carbonaceous system. pH of kaolinite suspensi@ns adjusted at 7 by adding sodium
hydroxide or hydrochloric acid. Polyacrylamidewg@ns with various PAM
concentrations were prepared by diluting PAM staaktsons with prepared
carbonaceous water that is also equilibrated wghetmosphere and adjusted at pH 7.
At the beginning of jar tests, 250 mL of kaolinstespension and the same volume of
serial PAM solutions containing different PAM dos@&centrations were mixed and
placed into 6 jars of the jar tester and stirradsfdiours at 150 rpm stirring speed.
Background salt concentration of PAM- and kaolkutataining suspensions were
adjusted at 3 mM NaCl, 1 mM CatCbr 1 mM MgC}, by injecting salt stock solutions at
the beginning of jar tests. Even though these dgpackd salt concentrations have the
same ionic strengths, NaCl were used for the cbsysiem, while CaGlor MgClh, for
the experimental systems, to investigate cationaging effects of divalent cations. At

the end of the jar test, suspended flocs were wyrefken from 6 jars respectively and
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fixed in agar plates for floc size analysis (Zaamtl Ganczarczyk, 1990; Ganczarceyk
al., 1992; Gorczyca B. and Ganczarczyk, 1996). Th#ar additional 1 hour settling
time without stirring, aliquots were taken to maasBAM concentrations, to quantify
residual suspended solid concentrations, and tsuneaeta potential. This jar test was
triplicated for a certain experimental conditiom fioe quality assurance and control.
Thus, the error bar in the experimental resultsasgnts the standard deviations of three
independent experiments having the same experit@ontditions.
5.2.3 Measurements of Experimental Indices

To estimate PAM adsorption capacity on kaolinitdastes, first, the collected
aliquots from the jar tests were centrifuged a0Q0,g for 20 minutes to separate all the
kaolinites from the solution phase with the supeespcentrifuge, Sorvall Evolution RC
(Thermo Fisher Scientific Inc., USA). Then, PAM centrations in the solution phase
were measured with TOC¥y TOC/TN analyzer (Shimadzu Corp., Japan). Instéad
total organic carbon (TOC), total nitrogen (TN) waken as the PAM measuring index
because TOC was affected by inorganic carbonsasi€3 and HCO. The adsorbed
amounts of PAMs were estimated by differentiatinggdmounts in the solution phase
from the dosed amounts of PAMs. Finally, adsorptiapacities were expressed by
adsorbed mass per kaolinite mass (mgPAM/gKaoliaitel) used to plot adsorption
isotherm curves.

Residual suspended solid concentrations were meghstith following the
Standard Methods 2540D, total suspended solids dti@#d3 -105C (APHA, 1998).

The aliquots taken from the experimental jars dftbour settling time were filtered
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through pre-weighed 04dm Supot membrane filter disks (Pall Corp., US). Then, the

filter papers holding residual suspended solidsvigied at 105C and weighed with
MX5 microbalance (Mettler-Toledo Inc., OH, USA). Elly, residual suspended solid
concentrations were estimated by differentiatirggwieight of the blank filter paper from
the weight of the paper holding residual solids.

The microscopic image-processing technique in@agon with the particle/floc
fixation method in agar plates was used to measarsize and morphology of flocs.
The fixation method with agar plate was purposeprévent further mobilization and
flocculation of flocs (Zahid and Ganczarczyk, 19@@&nczarczylet al, 1992; Gorczyca
B. and Ganczarczyk, 1996). At the end of jar tesispended flocs were taken and fixed
immediately in agar plates, which were prepareithénliquefied state on a hot plate
before the floc sampling. Microscopic images offiked flocs in solidified agar plates

were taken with Sanyo VPC-HD2 Digital Media Camé@{ optical zoom, 307X

2404 resolution, Sanyo Electric Co., Japan), winel equipped with Tiffen close up
lens (The Tiffen Company, NY, USA). Then, the riavages were converted to
processed images with the public domain image gsieg software, Image J (National
Institutes of Health, Bethesda, MD) (see Figure.5Al50, with aid of Image J software,
the volume-averaged floc diameter for a fixed ample was automatically calculated
in association with some handworks, such as adgigtnage contrast or brightness,
deleting unclear floc imagestc.(see Figure 5.1 (b)). These serial steps of floc
sampling, fixation, and measurements were tripdddor a single samplee. for a

certain data point, for quality assurance and cbntdnfortunately, due to the resolution
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limit of the camera, the minimum measurable flaesvas set at 50mi.e. flocs below

50 um were discarded in calculating volume-averaged giaes. Thus, the measured
volume-averaged floc diameter does not mean thawaiesvalue, which covers the entire
floc/particle size ranges from the primary partisize (about 0.4~gm) to the maximum
floc size (up to 100Q@m). Instead, the measured volume-averaged flooetiers were
used as the relative magnitude of floc sizes, whegnesent the binding strength or

flocculation efficiency between constituent kadknparticles.
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Figureb5.1. (a) a raw image and (b) a processed image okd fioc sample in an agar
plates.

To identify electrostatic characteristics of susjed particles or floc, zeta
potentials were measured with Brookhaven ZetaRdtes zotential analyzer (Brookhaven
Instruments Corp., NY, USA) for the aliquots taledter one hour settling time. Even
though zeta potentials of the aliquots do not ntharelectrostatic properties of the entire
PAM- and kaolinite-containing suspensions includimg properties of settled flocs, they

are rather used as the indirect and representaives of the electrostatic characteristics
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of the experimental systems. In zeta potentialsueaments, to make the particle
concentrations to fall within the measurable cotregion range without the overlapping
problem, the raw samples were diluted with thedxudblutions which have the same
solution characteristicg,.g.the same pH, ionic strength, ionic species, asetlod the
experimental system. For a certain sample, theagee value of 10 replicated zeta
potential measurements was taken for further asalgecause of the fluctuating nature
of the electrostatic measurement technique. Atsimentify the effects of Caand Md*
adsorption on zeta potentials, the adsorbed amafi@g” and Md* on kaolinite
surfaces were measured with the Standard Method¥2EDTA titrimetric method
(APHA, 1998). After adding 1~2 mL of the prepatmdfer solution to raise pH at about
10 and 1~2 drops of Calmagite indicator (0.1 w/iveamys, VWR, USA) to develop the
end-point color into 50 mL filtered aliquot sampl@é<01 M standard EDTA (VWR,
USA) was titrated to reach the end-point. Thatéd volume of 0.01 M EDTA until the
end-point was finally converted to €and Md* concentrations in the solution. The
adsorbed amounts of €and Md" were estimated by subtracting the amounts in the
solution phase from the injected amounts of'@ad Md*. Adsorption capacities were

expressed by adsorbed’Car Mg?* mass per kaolinite mass (mgPAM/gKaolinite).

5.3 Results and Discussion

5.3.1 Adsorption and Flocculation Behaviors
In this research, to explore adsorption and fltatean behaviors in anionic PAM-

and kaolinite-containing suspensions, PAM adsorptagracity (mgPAM/gkaolinite),
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residual suspended solid concentration (mgSolidhjl volume-averaged floc diameter
(wm) were measured and the trend curves were plaitédncreasing PAM dose
concentrations (see Figure 5.2). These measuwrd turves were used to identify the
effects of PAM and solution characteristics on apison and flocculation, such as MWs
and CDs of PAMs and salt species in the solutiolsoArom the observed trend curves,
various minute-scale interfacial interaction mecasias, such as bridging flocculation,
cationic bridging, and steric stabilization, wexamined to identify their effects on
adsorption and flocculation.

The first column of Figure 5.2 shows the adsorptsmtherm curves obtained in
PAM- and kaolinite-containing suspensions witheliént PAMs and salt species.
Generally, the adsorption isotherm curves were ddomproceed along the line of 100%
adsorption.e. all the dosed PAM molecules adsorb on kaolinitéess. Then, they
come off from the 100% adsorption line. the dosed PAM molecules start remaining in
the solution phase. This adsorption behavior reésesithe reported high-affinity
adsorption at polymer-surface interfaces, in whiehadsorbed amount rises steeply in
the initial part of the isotherm and reaches aygegplateau (Parfitt and Rochester,
1983; Feast and Munro, 1987; Fle¢ral, 1993). However, in a close investigation, the
adsorption isotherm curves after the initial stesps were found to have different
curvatures with respect to the electrostatic charetics of PAMs and solutions. For
example, PAMs with low CDs(g.A100H) have the continuous increase of the
adsorption isotherm curves, while PAMs with high GBg.A150) show rather the flat

plateau, after the initial steep increases. Aadogrtb findings from the previous
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researchers, the continuous increase of the adsoipbtherm curves after the initial
steep increase occurs due to the polydispersiggsfiof the constituent low- and high-
MW polymers in the solution. Considering the thedyrtamics of the adsorption
process in polydisperse polymer-containing agusoligions (including
polyelectrolytes), high-MW polymers adsorb prefeiadly due to their lower solubility
over low-MW polymers. However, in the solution carmhs with low PAM dose
concentrations, low-MW polymers are prevalent inoaoison process because their high
accessibility competes against the thermodynanafepence of high-MW polymers.
Then, with increasing PAM dose concentrations, INON-polymers start replacing the
adsorbed low-MW polymers gradually because theintibelynamic preference starts
predominating over the high accessibility of low-MWlymers (Fleeet al, 1993). This
step-wise substitution behavior of polydisperseyp@rs eventually generates the
continuous increase of adsorption isotherms dfieeirtitial steep rise. However, with
low ionic strengths of the solutiond. good solvents) or with high CDs of
polyelectrolytes, the substitution process of tblyqisperse polymers hardly occurs
because high-MW polymers are still inclined to stathe solution phase but not to
approach and replace the adsorbed low-MW polymess at’the high polymer dose
concentrations. Thus, this adsorption behavioegsrs rather the flat plateaus of
isotherm curves after the initial steep rise (Rahtd Smith, 1977; Parfitt and Rochester,
1983; Feast and Munro, 1987; Fletral, 1993). Considering the high polydispersity of
the commercial PAMs used in this research, the ooatis increasing trends after the

initial steep rises of adsorption isotherm curvesexpected. However, due to the higher
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CDs of the tested PAMs, except A100H, adsorptiotheson curves had rather flat
plateaus without the significant substitution psscef attached PAM molecules.
Also, as one of the unique behaviors in the adsorpests, PAM adsorption
capacities on kaolinites were an approximate oofleragnitude higher in presence of
divalent cations (in the experimental systems WithM CaC} or 1 mM MgC}) than
those in presence of monovalent ions (in the cosyrstem with 3 mM NacCl). Divalent
cations have been reported to enhance PAM adsormmtionineral surfaces, due to
cationic bridging mechanism in which divalent caionake bridges between the
similarly charged anionic surfaces and overcomestéetrostatic repulsion forces (Jones
et al, 1998; Vermonhleret al, 2000; Abrahanet al, 2001; Entryet al, 2002; Mpofuet
al., 2003a; Claessoest al, 2005; Fenget al, 2005; Sabah and Erkan, 2006; Gatsl,
2007; Lu and Letey, 2002; Mpott al, 2004; Sandeet al, 2004; Mpofuet al, 2005).
Thus, cationic bridging is proven again in thiss@gh. In comparing the effects of
different divalent cations, Gawas more efficient to enhance cationic bridgind an
resultant adsorption capacities than’fgConsidering the difference of the hydrated
sizes of divalent cations, €avith a small hydrated size should have higher ssibéity
and affinity on PAM molecules or kaolinite surfacesl thus larger PAM adsorption
capacities (Sabbagh and Delsanti, 2000; Abrabtah, 2001; Lu and Letey, 2002).
The second and third columns in Figure 5.2 sharuval suspended solid
concentrations (mgKaolinite/L) and volume-averafied diametersym) with
increasing PAM dose concentrations. These expetahigrdices were used as the

representative parameters of flocculation efficiesan PAM- and kaolinite-containing
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suspensions. Generally, cationic bridging mecmamss again found to enhance
flocculation as well as adsorption, in presenceigélent cations, Caand Mdg*. In the
closer look on the individual trend curves, firsily the presence of Nathe marginal
increase of residual suspended solid concentratindghe apparent decrease of floc
sizes were observed with increasing PAM dose coratgons, except the opposite
behaviors of ALOOH. Thus, additional PAM doses s&edeteriorate inter-particle
flocculation efficiencies, probably due to stettialslization with conformational changes
of adsorbed PAM molecules on kaolinite surfaces §Gng 1988; Pelsseet al, 1989;
Pelsser®t al, 1990; Lu and Pelton, 2001; Santore, 2005). @aoihr in case of A100H,
flocculation efficiencies were enhanced with insiag PAM dose concentrations. This
unique flocculation behavior with A100H may be tethto the polydispersity effects
(Parfitt and Rochester, 1983; Flexral, 1993).

Secondly, in presence of €@r Mg?*, enhanced flocculation efficiencies by
cationic bridging effects were proven with smatesidual solid concentrations and
bigger floc sizes than those in presence of Ndowever, in the close investigation on
individual curves of residual solid concentratiamsl floc sizes, two contradictory
flocculation behaviors, detrimental increase ofdwesl solid concentrations and
beneficial growth of floc sizes, were found to acsimultaneously with increasing PAM
dose concentrations. In other words, two adversegsses, particle restabilization (or
breakup) and flocculation, were found to occuhatsame time. Considering the
concurrence of restabilization and flocculatiomnsoof adsorbed PAM molecules seem

to become active for flocculation with binding @dlal particles but at the same time the
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others to be inactive with restabilizing colloigelrticles by steric stabilization (Pelssers
et al, 1989; Pelsserst al, 1990; Lu and Pelton, 2001). Thus, in the catidmidging
process, divalent cations seemingly make two tgbésidges, the one between PAM
and kaolinite (PAN-"M*=kaolinite) enhancing flocculation and the othemisegn

PAMs (PAM="M'=PAM) aggravating steric stabilization. Especialhg cationic
bridges between PAM molecules (PANMM*—PAM) might change the floppy and
sticky conformation of the adsorbed PAM moleculethe®dense and bouncing one,
which are more vulnerable to steric stabilizatidiis hypothesis was somewhat proven
with the steep increase of residual solid concéntravith increasing PAM dose
concentrations in presence of divalent cations,gaed to the marginal increase in
presence of monovalent cations (see the seconchaaddi Figure 5.2). Considering the
hydrated sizes of cations, divalent cations witlalsimydrated size may reside inside
adsorbed PAM matrices, alter the polymeric strustused eventually induce steric
stabilization, whereas monovalent ions with largdrhted size reside outside of
adsorbed PAM layers and make marginal effects opadhemeric structures and steric
stabilization. This observation on the steric gitzdtion enhanced by the cationic bridges
between PAM molecules (PAM'M*=PAM) will be discussed again in the later section
with the experimental results of zeta potential @atf/Mg?" adsorption capacity. After
the competing region between restabilization aodcflilation, with further increases of
PAM dose concentrations, restabilization eventuallg proven to be dominant against
flocculation with observation of increasing resibds@lid concentration and decreasing

floc sizes. Floc sizes were found to be maximiged certain PAM dose concentration,
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which are noteworthily matched to the inflectionrs in the adsorption isotherm
curves. For example, with A120 dose in 1 mM Gaflbc sizes clearly decrease after
the inflection point of the PAM adsorption isothecarve (the second row in Figure 5.2).
This trend of the measured floc sizes was commoinerved for all the other PAMs
with some small variations. Thus, flocculation@éncies seems to increase rapidly
until the full coverage of high-affinity adsorptigites and then decrease gradually with
the prevalence of steric stabilization againstdidation, due to the conformational

alteration of adsorbed PAM molecules.
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Figure5.2. PAM adsorption isotherm (mgPAM/gKaolinite), resideakpended solid

concentration (mgKaolinite/L), and volume-averafled diameter tm) with increasing

PAM dose concentrations for different PAM species soidtion chemistries.

shown in the first and third columns of Figure Brximum values were obtained and
presented in bar graphs, to identify briefly howNPANnd solution characteristics make

effects on adsorption capacities and flocculatificiencies (see Figure 5.3). Above all,

From the plots of PAM adsorption capacities andina-averaged floc diameters
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the solution chemistriase. the salt species, was proven to be a key factdeiermining
adsorption capacities and flocculation efficienci€sr example, maximum adsorption
capacities and maximum floc sizes increased alpeeitd twenty and two to three times,
respectively, in presence of divalent cations, carag to those in presence of
monovalent cations. These enhancements of adsorgdpacities and flocculation
efficiencies might be caused by cationic bridgiffgas of divalent ions. In Figure 5.3,
with respect to the effects of PAM characteristmaximum PAM adsorption capacities
were seemingly governed by PAM CDs, while maximuoc 8izes by MWs. These
correlations of adsorption capacitgrsusCD and flocculation efficiencyersusMW will

be discussed closely in the later section with Fadu5.
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Figure 5.3. (a) maximum adsorption capacity (mgPAM/gKaolinaagd (b) maximum
volume-averaged floc sizarf) in the range of applied PAM dose concentrations f
different PAM species and solution conditions.
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In this research, the PAM with the smallest chafd€)OH, repeatedly showed
abnormal behaviors which deviated from the gertesalds of other PAMs in adsorption
and flocculation tests. As mentioned in the prasisection, A100H seems not to follow
the adsorption and flocculation behaviors of or@onic PAMs but rather to follow
those of nonionic PAMs. Figure 5.4 shows the adsorpsotherms measured in the
supporting adsorption experiments with nonionic 801 mM NacCl, anionic A100H in
1 mM NacCl, and A100H in 3 mM NaCl. Firstly, in 1 mMaRlI solution, the adsorption
isotherm curve of A100H increases steeply alongd@dsorption line and forms a
plateau. Thus, the adsorption isotherm of ALOOH mM NaCl resembles those of
highly charged PAMs in 3 mM NacCl. In these casessthong electrostatic charge
conditions seem to prevent the polydispersity ¢ffe€ polymeric adsorbates (Parfitt and
Rochester, 1983; Fleet al, 1993). However, with increasing background salt
concentrations from 1 mM NaCl to 3 mM NacCl, the agson isotherm of A100H was
shown to resemble the one of nonionic PAMs, in wiinehadsorption isotherm curve
increases continuously with the known polydispgrsftect (see the adsorption isotherm
of nonionic N300 in Figure 5.4). This might be sad by lowering electrostatic
repulsion with increasing the ionic strength of sleéution. Thus, the abnormal behavior
of A100H and its resemblance to nonionic PAMs waxtaled to be caused by the
reduction of the electrostatic repulsion with loingrCD of PAM or increasing ionic
strength of the solution (Robb and Smith, 1977fifand Rochester, 1983; Feast and

Munro, 1987; Fleeet al, 1993).
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Figure5.4. Adsorption isotherm curves for different PAM sgscand solution
conditions, A100H in 1 mM NacCl, A100H in 3 mM NaChdaN300 in 1 mM NacCl.

5.3.2 Effect of Molecular Weight and Charge §ignon Adsorption and Flocculation
Figure 5.5 shows the correlations of PAM @&susmaximum PAM adsorption

capacity and MWersusmaximum volume-averaged floc diameter. ExceptGki,0of
which abnormal adsorption and flocculation behas/igere shown in the previous
discussion, the other PAMs produced reasonablelatiaes between CD and adsorption
capacity as well as MW and floc size. Firstly, wiglspect to the effect of PAM CD,
maximum adsorption capacities were found to bersetg proportional to CDs,
especially in presence of divalent ions (see Figubsga)). From this observation, we
concluded that adsorption capacity is rather gaettyy the electrostatic property among
various physicochemical characteristics. For imsta MWs of different PAMs had been
hypothesized to make critical effects on PAM adsorpbut eventually turned out to be
insignificant within the MW range of the tested PAMas.Figure 5.5 (a), divalent cations

in the solution phase are again proven to incradserption capacities several times
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higher than monovalent ions, because of cationdgbrg effects (Lu and Letey, 2002;
Mpofu et al, 2003a). Also, the adsorption capacity in presesfdcC&" is shown to be
higher than the one of M§ due to the smaller hydrated size and higher atuigty of
Cc&* which in turn induce the higher cationic bridgieffiect (Sabbagh and Delsanti,
2000; Abrahanet al, 2001; Lu and Pelton, 2001). Secondly, with respethe effect of
PAM MW, flocculation efficiencies, which are represshby maximum volume-
averaged floc diameters, were directly proportiaad?AM MWs in presence of either
monovalent or divalent cations, again except thguenflocculation behavior of ALOOH
(see Figure 5.5 (b)). Similar to the trend of apgdon capacity, flocculation efficiencies
increased much more in presence of divalent catiwans those in presence of
monovalent cations, by cationic bridging.

Considering the independency of the two sepa@atelations of adsorption
capacityversusCD and flocculation efficiencyersusMW, the higher adsorption
capacity does not seem to guarantee the higheullaiton efficiency but sometimes
deteriorate flocculation efficiency with stericlsil&zation. For example, even if both
A120 and A120H have similar adsorption capacitiesalise of their similar CDs at
about 25%, the floc sizes with application of low-MA¥20 are several-order smaller
than the floc sizes with high-MW A120H. In polymeduced bridging flocculation,
some parts of adsorbed polymeric chains protrudenaake bridges between colloids for
flocculation, while the other parts remain flat@ay surfaces (Gregory, 1988; Pelss&trs
al., 1989; Pelssenst al, 1990; Lu and Pelton, 2001; Santore, 2005). Bsgiming this

conceptual picture of polymer-induced adsorptiot #fmcculation, PAMs with high
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MWs (e.g.A120H) would have a higher chance to protrudeodtite electrostatic
repulsion layers as the active conformations facdulation, while PAMs with low MWs
(e.g.A120) would be rather retained inside the eletatasrepulsion layer as the flat and
inactive conformations. In short, irrespectivePéM CD, PAM with high MWs may be
able to form the large amounts of active polymsesagments on kaolinite surfaces and

eventually enhance the flocculation efficiency.
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Figure5.5. Trend curves of (a) CRersusmaximum adsorption capacity and (b) MW
versusmaximum volume-averaged floc size for differeriiion chemistries, 3 mM
NaCl, 1 mM CaCJ, and 1 mM MgCi.

5.3.3 Zeta Potential and T/g®* Adsorption
In Figure 5.2, severe steric restabilization wlaseoved with increasing PAM
dose concentrations in presence of divalent iodsnaas hypothesized to occur due to
cationic bridges between adsorbed PAM molecules (RAM'—PAM) and related

conformational changes. With measuring zeta patisndf PAM- and kaolinite-
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containing suspensions and adsorbed amounts?6o€&g** on kaolinite surfaces, we
tried to verify the hypothesis for the observediststabilization.

Firstly, in presence of monovalent iares without cationic bridging effects,
measured zeta potentials for all the PAMs exceptOMl@ere constant at about -60 mV,
irrespective of PAM dose concentrations (see Fi§ue Probably, the unchangeability
of the measured zeta potentials with increasing RidsE concentrations proves the
indifference of Naon kaolinite surfaces or PAM molecules. HoweweiGase of
A100H, zeta potential decreased from -60 mV tomA0with increasing PAM doses and
the generated the clear correlation between zdtmnpals and PAM adsorption
capacities. In this case, the continuous replaoéared adsorption of PAM molecules by
the polydispersity effect seem to shield chargegsf kaolinite surfaces and thus

decrease zeta potentials with increasing PAM doseertrations.
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Figure5.6. (a) measured zeta potentials with increasing PABedoncentration and (b)
zeta potentials with increasing PAM adsorption cépdor different PAM species in 3
mM NaCl aqueous solution.
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Secondly, Figures 5.7 (a) and (c) shows measweedmtentials and adsorbed
amounts of C& or Mg®* on kaolinite surfaces with increasing PAM dosegrisence of
divalent iond.e. with cationic bridging effects. In Figures 5.7 &ad (c), irrespective of
PAM dose, zeta potentials were estimated at a anhkdvel about -19 ~ -24 mV, which
is roughly one-third of those measured in preseficeonovalent ions (see also Figure
5.6). The reduction of zeta potential with divalems might be caused by the higher
charge and the smaller hydrated radius of divadlanbns, which in turn induce the
higher affinity and accessibility of divalent cat®on kaolinite surfaces. Also, in Figure
5.7 (b) anc (d), Ga or Mg?" adsorption capacities were found to increase initteasing
PAM adsorption capacities beyond?Car Mg?* adsorption capacities on bare kaolinites.
Thus, additionally adsorbed amounts of Gar Mg?* above the amounts on bare
kaolinites were proven to be associated with adsbRAM molecules on kaolinites and
they were estimated up to about 30 % and 25 % fowtal adsorbed amounts of Car
Mg?* (including the amounts on bare kaolinite surfaames on absorbed PAM
molecules). However, zeta potentials remained slroonstant, irrespective of
additional C&" or Mg™* amounts on adsorbed PAM molecules. Initially, ad h
expected that the measured zeta potentials couledueed by additional positive
charges of absorbed divalent cations. Howeverpmirast to our expectation, additional
adsorption of divalent cations on adsorbed PAM mdéscwas found to make marginal
changes of zeta potentials. The additional catioharges induced by Eaor Mg in
adsorbed PAM matrices might be balanced with th&iaddl anionic charges of

adsorbed PAMs and thus the combined charges seemé&n at the constant level,
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irrespective of PAM doses. By the way, considethrgconstant zeta potentials, the
observed restabilization in presence of divalens iwas proven not to be caused by the
electric factors but to be governed by the nongtetdctors, such as conformational

alteration and consequent steric stabilization.
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Figure5.7. (a) zeta potential and €aadsorption capacityersusPAM dose and (b)
Ca* adsorption capacityersusPAM adsorption capacity in 1 mM CaGlqueous
solution. (c) zeta potential and Kfgadsorption capacityersusPAM dose and (d) M
adsorption capacityersusPAM adsorption capacity in 1 mM MgChgqueous solution

136



Considering the observed adsorption, flocculataomd electrostatic behaviors, the
cationic bridging mechanism seems to occur in pvgse manner in PAM- and
kaolinite-containing suspensions. For examplstlfir divalent ions adsorb immediately
on bare kaolinite surfaces and shield or reducelgnerostatic repulsion between
similarly charged surfaces. Then, PAM molecules@ggh and attach easily on the
neutralized kaolinite surfaces and eventually enbdlocculation process by cationic
bridges between PAM molecules and kaolinite surf@ead— M —kaolinite).

However, the further association of divalent catiseems not to make the cationic
bridges between PAM molecules and kaolinite surf@@éas— M —kaolinite) but
rather to make the bridges between pre-adsorbed PabMcules (PAM-"M'=PAM),

which finally make vulnerable structures of adsorBAMs to steric stabilization (see

Figure 5.8).
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Figure5.8. Schematic diagram of cationic bridging adsorptiad flocculation
mechanisms in mixed suspensions of divalent cati®A#/, and kaolinites.
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5.4 Conclusion and Recommendation

In the series of adsorption and flocculation tasterfacial interaction
mechanisms, such as polydispersity effect, divatahbnic bridging, polymer-induced
bridging flocculation, and steric stabilization, n@envestigated in similarly charged
anionic PAM- and kaolinite-containing suspensioRsom the experimental results, three
physicochemical characteristics of PAMs and solgtiere identified as the key
controlling parameters for these interfacial intdia mechanisms and also adsorption
and flocculation processes.

Firstly, PAM CD was found to be a key parametetdetermining the
characteristic behaviors and the capacities of PABbgption on kaolinite surfaces. For
example, the adsorption behaviors of low-CD aniétd were more governed by the
polydispersity effects than those of high-CD PAM.addition to the dependency of the
adsorption behaviors on PAM CD, adsorption capexitf PAM on kaolinite surfaces
were found to be inversely proportional to PAM C& the lower PAM CD guarantees
the higher adsorption capacity. Secondly, PAM MW wrdscal in determining the
flocculation efficiencies in PAM- and kaolinite-daming suspensions. The higher MW
of PAM represented the higher flocculation efficighecause they have the higher
chance to extend their adsorbed polymer chainsfahie electric repulsion layers.
Thirdly, the salt species, monovalent or divalemsi, were important in determining both
adsorption capacity and flocculation efficiencwy. presence of divalent ions, adsorption
capacity and flocculation efficiency were enhanath the well-known cationic

bridging effect.
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From the findings and theories with respect te¢hthree controlling parameters,
we are able to set the guidelines in applicatioarobnic PAMs as soil stabilizer or
flocculant. In the future research, the empiraradl continuous equations, which are able
to quantify in detail the effects of these knowwidere factors on adsorption and
flocculation, need to be developed for better usideding and application of anionic

PAMSs.
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CHAPTER 6. SIMULATION OF TURBULENT FLOCCULATION AND

SEDIMENTATION IN FLOCCULANT-AIDED SEDIMENT RETENTIONPONDS

6.0 Abstract

A model combining Multi-dimensional Discretized Rdégtion Balance Equations
with a Computational Fluid Dynamics simulation (GEIPBE model) was developed
and applied to simulate turbulent flocculation aedimentation processes in sediment
retention basins. Computation fluid dynamics dreldiscretized population balance
equations were solved to generate steady statefitdvdata and to simulate flocculation
and sedimentation processes in a sequential maklpeto-date numerical algorithms
such as operator splitting and Leveque’s flux-adeeé upwind schemes were applied to
cope with the computational demands caused by @datpland nonlinearity of the
population balance equations and the instabilitysed by advection-dominated
transport. In a modeling and simulation study veitB-dimensional simplified pond
system, the applicability of the CFD-DPBE model wlashonstrated by tracking mass
balances and floc size evolutions and by examipargjcle/floc size and solid
concentration distributions. Thus, the CFD-DPBEJgianay be used as a valuable
simulation tool for natural and engineered floctiolaand sedimentation systems as well

as flocculant-aided sediment retention ponds.
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6.1 Introduction

In recent years, various Best Management Pradfiid®s) have been developed
that relate to the control of sediments duringmterents (USDOT, 2002; EERC, 2003).
Among these BMPs, several suggest that removabkgfamd other colloidal-sized
particles by retention or detention ponds may beroed by the addition of flocculating
agents. A few operators are now experimenting thiéhaddition of such agents to
sediment inflow, which can greatly improve the n¢i@n properties of the ponds in some
cases. Reading contemporary literature and taliarsgdiment pond operators supports
the conclusion that flocculant-aided sediment rig@@rponds are going to become
increasingly important in future years as a meamsihimize the detrimental effects of
erosion and non-point-source water pollution (Gowdy Iwinski, 2007; Harper, 2007;
Kanget al, 2007; Sojkeet al, 2007). To date, use has been driven more byipirag
engineers than by academics. However, the oparatisuch ponds is complicated,
involving turbulent flow of variable intensity, d&rent pond geometries, particle growth
due to flocculation, sedimentation of particle stiasses at different rates and various
schemes for time-dependent flocculant additions stMaisting pond systems are not
designed in a consistent manner based on fundahpemeiples. For example, many
designs are based simply onahhocrule such as a set pond volume per hectare of
drained area (Akan and Houghtalen, 2003). Sorheedield would benefit from a
better understanding of the flocculation and sediatéon processes and the availability
of a realistic, physically-based model for designamd optimizing the automated

operation of sediment retention ponds. What isledes a realistic theory describing
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flocculation and non-homogeneous turbulent sediatemt in retention ponds, a practical
method for solving the rather complex governingatmuns and the performance of the
required small-scale and large-scale experimeradsssary to characterize the parameters
and functions that the theory contains. This paeais primarily with the mathematical
formulation and computation underlying flocculatimmd sedimentation processes in
flocculant-aided sediment retention ponds.

One of the most realistic ways to simulate floctalaand non-homogeneous
turbulent sedimentation in retention ponds is bylypg Population Balance Equations
(PBE) within a Computational Fluid Dynamics (CFDgrhework for solving the Navier-
Stokes equations (mass and momentum conservatiati@os). Population balance
equations have been used to simulate particlegifgregation phenomena for many
scientific and engineering applications. Most PBEBve from the famous
Smoluchowski equation describing a simple parfilde/aggregation process. They are
now generalized by incorporating various additiqmalcesses such as particle/floc
breakage models, shaping and growth strategiesjichkeinteraction models and more
(Smoluchowski, 1917; Lawler and Wilkes, 1984; Hdanset al, 1988; Spicer and
Pratsinis, 1996a; Spicer and Pratsinis, 1996b; Me(t897; Leeet al, 2000;
Somasundaran and Runkana, 2003; Marclased, 2003a; Rahmaret al, 2004; Ding
et al, 2006; Prat and Ducoste, 2006; Runkanal, 2006). The application of PBEs,
ranging from fundamental scientific research toaambed engineering applications, has
become more practical as computational speed gratitg has increased. However,

such applications are still at the forefront of ieegring research.
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In multi-dimensional simulation, such as simulataf retention pond dynamics,
conventional PBEs are still computationally demagdiven with modern computer
technologies. For example, in conventional PBRstiges/flocs are aggregating in a
sequential manner from singlet to doublet, thetmipdet, and so on. Thus, conventional
PBEs require thousands to millions of particle/fme classes and associated differential
transport-reaction equations to simulate the dartioc growth from nano- or micro-
sized constituent monomers to milli-sized aggregttat settle due to gravity. To
overcome this computational difficulty in multi-densional simulations, the discretized
PBE (DPBE) and the Quadrature Method of Moments (QM@&e been proposed.

In the QMOM approach, moments of the particle/flize slistribution instead of
the number concentrations of particles/flocs aszlies dependent variables in
differential transport-reaction equations, in ortereduce computational overloads
occurring in multi-dimensional applications. Tlosver-order moments then yield the
key monitoring indices such as particle/floc siaed solid concentrations indirectly
through the use of Product-Difference (PD) algonsh(McGraw, 1997; Fox, 2003,
Marchisioet al, 2003a; Marchisi@t al, 2003b; Wanget al, 2005; Prat and Ducoste,
2006). Thus, QMOM provides computational advantdgesmposes difficulties for
scientists or engineers to understand resultsaltleetmore abstract formulation and
resulting algorithms.

In DPBE methodology, the particle/floc number caricaions can be tracked as
dependent variables in differential transport-resceéquations, similar to conventional

PBEs. However, the DPBE formulation differs froomeentional PBEs because
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particles/flocs of DBPE are assumed to double siees from singlet to doublet and then
to quadrupletetc, in a flocculation process. Thus, with only dozehdefined
particle/floc size classes, particles/flocs camgro sizes susceptible to gravity-induced
settling, which are thousands to millions of tinteager than the size of monomers
(Hounslowet al, 1988; Kumar and Ramkrishna, 1996; RamkrishnaMaldoney, 2002;
Marchisioet al, 2003a). Contrast to QMOM, the DPBE tracks direttib/key indices,
such as particle/floc sizes and solid concentratisimply by integration of differential
equations without additional data processing stdjpais, viewed with respect to
clearness of results, the DPBE approach may be miniéve and advantageous than
QMOM. Therefore, in this research the discretizadigle transport-reaction model
combined with a fluid dynamics model (CFD-DPBE mipaes set up, and its
applicability was tested in a model pond systerhe hathematical formulation and
application strategy of the CFD-DPBE model wer@&d in a 2-dimension
computational domain representing the vertical ffowd-parallel cross-section of a

flocculant-aided sediment retention pond.

6.2 Background and Mathematical Models

The CFD-DPBE model consists of (1) CFD softwarelitain the Reynolds-
averaged turbulent flow field, and (2) multi-dimemsal DPBE software, containing
particle/floc aggregation and break-up kineticssitaulate transport, flocculation and
sedimentation within the pre-obtained flow field.

6.2.1 Computational Fluid Dynamics (CFD)
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The Reynolds-Averaged continuity and Navier-Stdlke&NS) equations,
containing a two-equatiok— ¢ turbulence model, were solved using FLOW3D
software to simulate turbulent fluid motion witharretention pond. In the CFD-DPBE
model, particles/flocs are assumed to trave@fluid motion and to aggregate or
disintegrate due to impact and shear forces octsfi@Vhite, 1991; Fox, 2003; Prat and
Ducoste, 2006).

The RANS equations consist of mass and momentunseceation equations in a
differential form given by Equations (6.1) and (612spectively. (We now use the
summation convention in writing the 3-D equationkerein sums over the 3 spatial

coordinates are understood when an index is regh¢ate

o) _,q (6.1)
ox

8<Ui>+<uj>5<ui>+a<“i”>:_1M+Vv2<ui> 6.2)
ot OX; 0%, p O0X

(uy)=%k3; - (a§:'>+ aéL)Jgi >J ©3

VT=Cﬂk—2 (6.4)

In Equations (6.1) and (6.2),and j are indicesx represents coordinate

directions { =1to 3 forx, y, z directions, respectivelyyU,) is the time averaged

150



velocity component (m/s}), represents time (s) is the fluid density (kg/f), p is the
piezometric pressure (kg/Mysandv is the kinematic viscosity of the fluid fs). A

symmetric second-order tens<cui u > represents Reynolds normal or shear stresses

(m?<s’) and is modeled with Equation (6.3),, the turbulent viscosity (/nf) is
specified by Equation (6.4). In Equations (6.3) &\d), J; is Kroneker’s deltaC , is
0.09, a model constarkrepresents turbulent kinetic energy’{sf) and « is the
turbulent energy dissipation rate¥si). These two energy terms are obtained from
Equations (6.5) and (6.6), which together reprettemto-called- < turbulence model.
They are solved simultaneously with the RANS eaqumti The velocity gradient
(G:«/%, /s), which is obtained from the two-equatibr ¢ turbulence model, causes
particle/floc aggregation or break-up kineticshe DPBE and thus serves as a coupling
term between the turbulent flow field (CDF probleamd the DPBE (Prat and Ducoste,
2006). In Equations (6.5) and (6.6), model fittoanstants have been found ag= 1.0,
o,=13,C,1=1.44, andC,, = 1.92 (Fox, 2003)P is the turbulent kinetic energy

production term (fis°) specified by Equation (6.7).

ok V.

Z+U)Vk=V. | I & P- 6.5
8t+<> (Uk}k € (6.5)
0

_6f+<u )-Ve=v -[;—Lw}%(cglp—cgzg) (6.6)
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PE—<u.u.>a<Ui> (6.7)

6.2.2 Multi-dimensional Discretized Populat®alance Equations (DPBE)
With a given flow field obtained from CFD softwatBe multi-dimensional
DPBE is used to simulate particle/floc transpod #acculation in the ponds. Following

Prat and Ducoste (2006), a generic mathematicakhiodthe DPBE may be written as:

oan
B 0

G d d
+ &(<Ux>”i)+a—y(<uy>ﬂ)+a—z(<Uz> n)} (1

L 2 2 2 (6.8)
. Q(Clk_ﬁ_n}ﬁ(clk_a_ﬂ}ﬁz(clhﬂﬂ (i)

(ox\ " e ox) oy "eoy) 04 "e 0z
= (agg/ breal, — u%—r; (V)

In Equation (6.8)m = n(x, y, z, R t) = number concentration of flocs {yof
linear class siz®; (m) (=1, 2, ...inax; D1 < Di < Dnmax; for all D;, nj is called the
population density functiony, y, z, t= position and time,{U, ), <Uy>, and(U,) =
mean fluid velocity components in tkeyandz directions (m/s)y = fluid density
(kg/m®), k = k(x,y,z,t)= turbulent kinetic energy (##%), ¢ = &(x,y,z,t)= turbulent energy
dissipation rate (Afs®), C, =0.09 = standard value of a CFD model constast (se

Equation (6.4)), andgy = settlement velocity (m/s) of theh floc classdue to gravity.
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On the left-hand side of Equation (6.8), the respederms in brackets represent the
storage change (I), particle/floc mean advection &hd the turbulent dispersion of the
particle/floc (Ill), while on the right-hand sidéhe source/sink terms (1V) represent the
net effects of aggregation, breakup and settlirggtdugravity (Prat and Ducoste, 2006).
The coefficients or functions in these later tearsslargely empirical and must be

determined by experiment. The quantities dependmtyrbulent fluid variables
((U,).(U,).(U,) k,ance) couple the DPBE equations (Equations (6.8)) €@RD

equations (Equations (6.1) ~ (6.7)). However,asently formulated the CDF equations
are solved independent of the DPBE.

To track particle/floc fates with the DPBE, bothl&ian and Lagrangian tracking
methods are applicable. However, in this resetireticulerian method was applied to
observe the distribution of scalars within the mnéiomputational domain rather than the
Lagrangian method which tracks individual partiadedlocs. (Eulerian: (Heath and Koh,
2003; Marchisicet al, 2003a; Marchisiet al, 2003b; Wangpt al, 2005; Lianet al,

2006; Prat and Ducoste, 2006) and Lagrangian: (Stexet al, 2006)

To obtain the particle/floc settling velocity im&ation (6.8), Stoke’s equation
was used in the context of fractal theory, whigbresents the structural characteristics of
aggregating particles/flocs. Even though many derand elaborate particle/floc
settling equations have been developed, includingd involving interaction or drag
coefficients with ambient flow, the standard Stekequation was applied as a prototype
in this research (Stokes, 1880; Brown and Lawle®3}. Fractal theory describes

particle/floc packing or growth structure with ctihgent monomers in which
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particle/floc size follows a power law function tvitespect to the number of monomers
in a given floc size (Equation (6.10)) (Jiang armyan, 1991; Johnsaet al, 1996;
Spiceret al, 1998; Flesclet al, 1999; Chakraboret al, 2000; Chakrabortt al, 2003).
Stoke’s equation combined with fractal theory igegi by Equation (6.9) (Adachi and
Tanaka, 1997; Leet al, 2000; Miyaharaet al, 2002; Sterlinget al, 2005). In Equations
(6.9) and (6.10)D; represents floc diameter of size clag®), Do is monomer diameter
(m), Dy is fractal dimensiork is lacunarity (generally set as 1, which implies n
lacunarity),ps is particle density (kg/mh, pw 1S fluid density (kg/m), g is gravitational
acceleration (9.81 nfls andy is fluid viscosity (kg/m/s). In Equation (6.1}
represents the number of monomers formingtnparticle/floc by following the
discretized size classification strategy of the BERP®hich will be described in the

following section.

(ps-pw) D03_Df Din B (69)

o1 1/D;
D,=D, (Tj (6.10)

6.2.3 Kinetics of Particle/Floc AggregatiordaBreakage
The core part of a multi-dimensional DPBE (Equa{i6.8)) is the sink and

source terms which characterize the aggregatiorbeeak-up kinetics(agg/ breal, ).

These terms are written as a series of differeajabations in Equation (6.11). The
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particle/floc number concentration in a certaircthge size ranga is used as a
dependent variable of a partial differential equati Following the discretization scheme
of the DPBE, each mean patrticle size class containgimes the number of constituent
monomers in the previous smaller class. Thu8"ifs the beginning (irreducible)

particle size, class 1 would contain particlesip# s'6” , class 2 would contain particles
of size “®", class 3 would contain sizesd'3and “45”, class 4 would contain ‘B

through “&”, class 5 would contain ‘@ through “1&”, and so on. Since the maximum
particle size in class™increases as'?, 30 classes will contain particles sizes varying
from “5” to “2%%”, which represents a growth factor of more tha8 &6llion. Ignoring
transport and settling for notational convenienle partial differential equations with

discrete particle/floc size sets may be written as:

i-2
%—nti: (agg/break), =n, >, 2" a(i-1.)A(-1.i)n, + Za(i-1,i-1)4(0-1,i-1)nd,
1 474 44244443 4 4442 4 4 4 8

0 W (6.11)

max i) (max i)+

i_l 1-1 . . - . ( . . - . . )2 P -
-n Y 2" a(iAGin; -n 3 alAin, -aghn + > b(ija()n,
13442 4443 174 442 448 O 172442 4 43
(m (V) (V1)

In Equation (6.11), the processes indicated byé#rmmus Roman numerals are ()
i-sized particle/floc generation by collision witther smaller particle/floc classes, (I1)
generation by collision within thel class, (lll) disappearance by collision with sreall

classes, (V) disappearance by collision with equdarger classes, (V) disappearance
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by fragmentation of theclass, and (VI) generation by fragmentation ofjéarclasses.

These mechanisms are illustrated in Figure 6.1.
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Figure 6.1. Diagram of aggregation and break-up processethéar= 3 particle/floc size
class in the DPBE.

Several empirical or theoretical factors or fuoest ¢, 5, a, andb) are
incorporated into the aggregation and break-uptikasie The collision efficiency factor
(a) represents the physicochemical properties oflsoid liquid to cause inter-particle
attachments (aggregation), while the collision @iexacy factor f) represents the
mechanical properties of fluids to induce intertjgée collisions. In experimental and
modeling applications, the collision efficiency faic(«) is generally used as an
application-specific fitting parameter and the isodin frequency factoi) is generally

applied as a fixed theoretical function correlateth shear rate

(G, )= (G/6)-(D;+D, )3 ) (Spicer and Pratsinis, 1996a). Based on expetsn®inget
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al. (2006) recently modified these collision efficigrand frequency factors by
incorporating the concept of the critical sizr)(which subdivides two different
aggregation kinetic regions which are the fastglod aggregation regions with respect
to particle/floc sizes. In our preliminary modgjiand simulation study, the application
of the critical size concept was found to prevertiple/floc overgrowth beyond the
highest particle/floc size and consequently to mine unexpected mass losses caused by
mass escaping out of the defined size range. Timtlsis research, Ding’s critical size
(D¢) was used as a limiter to prevent unrealisticiglarfloc overgrowth in aggregation
and break-up kinetics. Equations (6.12) and (6ré@)esent collision efficiency and
frequency functions, respectivelip; is the diameter of thieth class particle/floc anD.

is the critical diameter at which 50% of the cadliss are successful in forming

aggregates (Dingt al, 2006).

1
(i, )= 3 (6.12)
’ 1+((D+D,)/(2D,))
ﬁ(i,j):%(%) o#D,)  if D,D, D,
112 (6.13)
.. 1(e 3 .
ﬂ(l,j):g(;j 8(D.) if D,D,;2D,

With respect to particle/floc breakage kinetit® size-dependent kinetic function
shown in Equation (6.14) has been commonly apphigatevious studies (Parker %

al., 1972; Spicer and Pratsinis, 1996a; Flesichl, 1999; Dinget al, 2006). To simulate
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the fate of the broken fragments, among variouakbg distribution functions, the
binary break-up distribution function was appliadur pond simulations due to its
simplicity and robustness in computation. In tisziktized PBE scheme, the binary
break-up distribution function becomes 2, becauseparent particle/floc is assumed to
produce two equally sized daughter fragments irbteak-up process (Equation (6.15))
(Fleschet al, 1999; Dinget al, 2006). In Equations (6.14) and (6.14&)js the selection

rate constant, and is volume of the—th class particle/floc size.

a(i)=ayv.,"” (6.14)

b(i,i-1)= \\//—i: (6.15)

i-1

6.3 Numerical Simulation

At the first step of the CFD-DPBE simulation prdaee, the commercial CFD
code (FLOW-3D) was used to generate a steady state flow fiefldarmodel pond.
Among various model options built into FLOW-3IRANS and the two equatida ¢
turbulence models were selected to simulate flowoiges and turbulence. This resulted
in nodal values for({Ux),(Uy),(Uz), k ands ) (Equations (6.1) ~(6.7)). Three different
flow conditions that represent low, moderate, aigth lurbulent conditions were
simulated with FLOW-3D and thus data resulting from three steady state fields

were obtained and saved for the following multi-dimional DPBE simulation.
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After the CFD simulation, the multi-dimensional BIP was solved with an in-
house program based on the finite-difference me#imaticodified with MATLAB. In

these simulations, two significant numerical obisisevere identified and overcome in
our preliminary research. Firstly, the complexityd nonlinearity of a large number of
coupled partial differential (DBPE) equations inavection-dominated application
resulted in a computational overload. To increamaputational efficiency, we applied
an operator splitting algorithm, in which parti¢le¢ advection was split from
particle/floc dispersion-reaction (Table 6.1) (Laathet al, 1996; Aroet al, 1999;
Badrot-Nicoet al, 2007). Thus, the advection terms and the digpereaction terms
were applied sequentially at each time step. S#gpa standard central-differencing
Finite Difference Method (FDM) was not optimal ®mulating advection-dominated
flow conditions with high Peclet numbers. Previgtgdies have shown that upwind-
differencing methods produce much improved redatta given node separation
(Durran, 1998; Rogers and Kwak, 1998; Alhumaizi)£20Timin and Esmail, 2005).
Among various upwind-differencing schemes, Levestieix-corrected upwind
algorithm was applied to solve scalar transporaéiqus in advection-dominaned
conditions (Leveque, 1996; Durran, 1998). In "igorithm, particle/floc concentration
(m) of a computational cell was updated at each stap with the inflow and outflow,
which are determined by velocities through cekifaces and concentrations of neighbor
computational cells at each time step. Outline@idhle 6.1 is the numerical scheme
used to solve the multi-dimension DPBE with operafitting and flux-corrected

upwind algorithms. At each time step, particledfadlvection equations were solved with
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Leveque’s flux-corrected upwind scheme and steppasgcle/floc dispersion-reaction

equations were calculated implicitly with the Ga&ssdel iterative method.

Table6.1. The simplified numerical algorithm for solvinget@FD-DPBE model.

¢ INITIALIZATION
- Supporting data (flow field data from CFD, solid and liquid properties)
- Computational system layout (Dimensions, Mesh)

e DPBE CALCULATION (Operator Splitting Algorithm)

J Leveque’s flux-corrected upwind scheme (Advection)
on 0 0 0 on
—+—((U)n )+—((U +—((U + Uy, —=0
t+AL ot ax(< ><> ') ay(< Y>n) az(< Z>n) U'Ql oz
FDM calculated with Gauss-Siedel iteration (Dispersion and Reaction)

2 2 2
n_o C kK on +ﬁ Clk_a_rp +3 Clﬁa—r‘] —(agg/ break =0
1t ot ox\ “e ox) oyl “eo0y) 02 “e 0z

® POST PROCESSING
- Mass balance, Particle/floc diameters, Solid concentrations, etc.

Shown in Figure 6.2 are schematic diagrams ad@tllant-aided sediment
retention pond which consists of a turbulent mixzoge at the inlet and a subsequent
sedimentation basin. This turbulent mixing zong riug@ction as an effective
flocculation basin with high fluid turbulence. Ghieal flocculant is assumed to be
injected at the inlet of the pond, so particlesSlavill start aggregating immediately after

entering the basin.
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Figure6.2. Schematic diagram of a flocculant-aided sedimeteintion pond with a
turbulent mixing zone, sedimentation basin andhdisge drain.

Figure 6.3 shows the 2-dimensional computationatain representing a

simplified turbulent mixing zone with dimensionsadMm (height)X 10 m (length). The

size of each computational cell was set as ®2002 m. Both inlet and outlet were

treated as continuous boundariekikn = Flux,.), while the water surface was treated as
a closed boundary(ux,u: = 0). The bottom layer of the mixing zone was set aksed
boundary for fluid but an open boundary for setflparticles/flocs. In other words, for
simplication of the model pond system, settlingipke/floc was allowed to move

through the bottom layer of the zone, thereby legthe domain, while fluid remained in
the computational domain. Volumetric influent floate was set initially at a fixed value
of 8 n/m/min, which is equivalent to 2.5 minutes of méguraulic residence time

(tean=Volume' FlowRat) within the model mixing zone. However, to crediféerent

levels of fluid turbulence, and to compare the @fef turbulent intensity on flocculation
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efficiency, influent flow velocities were set até¢le different values (0.222, 0.334, and
0.667 m/s) by adjusting inlet width. Influent clpgrticles (monomers) were assumed as

spheres with 1u m diameter and 2.65 g/L density. Influent solic@entration was set

as 2 g/L, which is equivalent to a particle numb@ncentration of 1.4 10 /m®,

E
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u -[' Particle or Floc Deposition — e
= b . ., : 3
0 - _.._4;_.._.._.._.._.T.._.._.._.._é._.._.._.._.._.Ll_.._.._.._.._.._‘Ll:_.._._____.
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Figure6.3. Schematic diagram of the computational domainesgnting a simplified
turbulent mixing zone in a sediment retention pond.

In a CFD-DPBE simulation, three empirical modatstants Dr, D, andag) were
used for aggregation and break-up kinetics. Taetét dimensionlj;) was selected as
2.5, which is an intermediate value in the dataobé&dined from previous studies (Adachi
and Tanaka, 1997; Bushel al, 2001; Turchiuli and Fargues, 2004; Sterleigl,

2005). A critical diameted) and breakage kinetic constaag)(were rather arbitrarily
chosen as 10@ m and 10/s following Ding’s recent flocculation ¢img (Ding et al,
2006). However, these constants are previouspgetic values, so it is recommended
ultimately that more applicable constants be membwith settling and kinetic

experiments appropriate for retention pond appboat
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6.4 Results and Discussion

In CFD simulation with the commercial FLOW-3Eode, three steady state flow

fields were obtained for the model mixing zone.e3d flow fields are shown in Figure
6.4, with (a) Case 1: low, (b) Case 2: moderatd,(@hCase 3: high turbulence
conditions, which were induced by the differentueft flow velocities of 0.222, 0.334,

and 0.667 m/min. Arrows and contours in Figurerégresent mean flow velocity

vectors (U )) and shear rate distribution§ & (¢ /v)"?), respectively. In the low

turbulence condition (Case 1), velocity vectorsemaniformly directed from the inlet to
the outlet and shear rates were limited by a loxellavith a maximum shear rate of 13.5
/s (Figure 6.4(a)). However, in the high turbukecondition (Case 3), a swirling zone
above the inlet was identified and high shear raéss the inlet were observed with a
maximum shear rate of 79.3 /s (Figure 6.4(c)). Btatk turbulent flow conditions (Case
2) showed flow characteristics between the twoeswé cases (Figure 6.4(b)). Later in
this paper, we will illustrate the theoretical etfeof velocity and shear rate distributions

on flocculation efficiencies.
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Figure 6.4. Steady state flow field profiles from CFD simugat for (a) Case 1 : low
turbulence, (b) Case 2 : moderate turbulence, @n@dse 3 : high turbulence. Arrows
and colors represent flow velocities and sheasragspectively.

With steady state flow field data obtained frora @FD simulation, solutions to
the multi-dimensional DPBE were obtained with afinguse program. At the beginning,
the consistency and stability of the developed migakalgorithms were tested by
monitoring solid mass balances and particle/flae givolution.

Mass balances were calculated with Equation (Gah@)monitored as shown in
Figure 6.5(a). In Equation (6.18)lass aco MasSutace MaSSiepositace aNAMasSetained
represent time-integrated masses caused by inflineanlet, outflux at the outlet,
deposition on the bottom, and retention in the poespectively, with time progression.
Theoretically Mass, acc Should be equal to the sumM&ssut,ace MasSieposit,ace and

Massetinedi-€. the mass balance calculated from Equation (&A6édld be 100 %. In
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contrast to our expectation, mass balances fornoegerate, and high turbulent
conditions were all below, or slightly below, 100d¥steady state conditions (99.7, 97.8,
and 96.1 %, respectively). However, these balanege in an acceptable error range
considering the approximating nature and complexitthe numerical methods. In
Figure 6.5(a), the mass fractions by particle/tleposition on the bottonM@sSeposit,acd
Mass aco are also shown for three different turbulenceditions. The mass fraction by
deposition in high turbulence conditions (Case 83 Wound to be much higher than the
one in low turbulence conditions (Case 1), becaigie turbulence enhanced flocculation
and subsequent sedimentation processes. Thesdrawigss and balances became

stabilized as the mixing zone systems approacleadigtstate conditions.

M as%ut,acc +M a‘S%eposit,acc-'- M aSSretaina

Mass Balance (%)= v (6.16)
as%,acc

Similarly, mass weighted, mean particle/floc disendD), defined by Equation
(6.17) (Hinds, 1999), flowing through the outletsateacked with time progression to
check numerical stability. In Equation (6.1 represents the mass of all particles in
thei-th particle/floc size class amd represents the total mass for all particle/flaesi

classes.

Dmm:Zm_D:(ﬂ D+ 2D, +L + 2 Dij (6.17)
M M ' M M
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In Figure 6.5(b), after the fastest growing phasass mean particle/floc
diameters D) oscillated and then appeared to stabilize gréygludls mentioned in the
previous section, the CFD-DPBE model consists giillyicoupled nonlinear equations,
which may produce fluctuating results. Stroga@9d) discussed the tendency of such
nonlinear equations to produce oscillatory behawiarumerical simulations. A variety
of phenomena can contribute to this, including atied behavior. Thus, the observed
oscillatory behaviors shown in Figure 6.5(b) weserdoed to the nonlinear nature of the
CFD-DPBE model. Such behavior should be examiteskly in future experimental

and modeling studies.
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Figure6.5. (a) Mass fractions and balances and (b) masdweglgmean floc diameter
(Dmm) with respect to dimensionless residence timegckvig normalized by dividing real
fluid residence time with theoretical mean resicetiae.
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After examining consistency and stability of thEDEPBE model and mass
weighted, mean particle/floc sizB4r), solid concentration distributions at steadyestat
conditions were investigated in the model mixingeo Figures 6.6 and 6.7 show the
distributions of mass-weighted mean particle/flze @nd solid concentration,
respectively, in three different turbulent flowléls. In Case 1 with low turbulence, mass
mean particle/floc sizes were limited to below 27, and solid concentrations were
near-homogeneously distributed without particle/fieposition. In case 3, however,

with high turbulence, mass-weighted, mean parflolesizes grew up to 195 m, which

are of sufficient size to escape from the compoiteti system by settling and depositing
on the bottom. Thus, the longitudinal gradiensalid concentrations was observed in
the computational domain due to particle/floc seahitation. The moderate turbulent
flow condition produced results approximately migvizetween the two extremes. The
other interesting finding is that the swirling zerabove the inlet in Cases 2 and 3 were
found to work as small flocculation compartmer®articles/flocs traveling through these
swirling zones are more exposed to flocculation tod tend to grow larger than those
passing through the other zones. For examplegsa 8, particles/flocs in the swirling

zone grew up to about 200m, while those right next to the swirling zone remea

below 50 u m.
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Summarized in Table 6.2 are results from CFD-Piatukations after reaching
steady state. Mass-weighted, mean particle/floe @) and deposited mass fraction
(Massieposit,acd Mass,acg in Case 3, with the highest influent flow velgcéind shear rate
were up to 7.5 and 12.1 times higher than thogease 1 with the lowest influent flow
velocity and shear rate. As expected, turbulensediment retention ponds will
enhance the flocculation efficiency in the mixirane, at least up to a certain point. In
Figure 6.8, the cumulative mass distributions afipl@s/flocs flowing through the outlet
are shown for the three different turbulent coaisi studied. As expected for the low
turbulent condition (Case 1), the particle/flocesdistribution in was more weighted in
the small size range than those in the moderatéigicturbulent conditions (Cases 2
and 3). Thus, in Case 1, raw clay patrticles cortingugh the inlet are not aggregated
properly in the turbulent mixing zone, and thuar@é fraction of particles/flocs may not
settle appropriately in the subsequent sedimemnthi@sin. In conclusion, considering the
results in Table 6.2 and Figure 6.8 from the stestdie CFD-DPBE simulations,
turbulent conditions in a turbulent mixing zone /éyund to have important effects on
both flocculation and subsequent sedimentatiowieffcies. How to optimize this

situation is an important topic for future studgtho experimental and theoretical.
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Table6.2. Flow field characteristics and flocculation/sedimtation efficiencies for three
different turbulent conditions in the mixing zone.

Flow Field Flocculation/Sedimentation
Characteristics Efficiencies
D.. %% Mass,, s
Vin (m/s) G* (/S) mm ( ot eposit acc (%)
m) Massi;]’acc
Case 1l 0.222 135 24.59 1.204 %
Case 2 0.334 28.3 105.2 4.787 %
Case 3 0.667 79.3 183.2 14.54 %
* Maximum values in the computational domain
** Averaged values along the outlet
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Figure 6.8. Cumulative mass distribution of particle/flocesszat the outlet of the model
basin.

6.5 Conclusions and Recommendations

The main purpose of this research was to estithatapplicability of a novel
CFD-DPBE combined model to simulate flocculatiod aedimentation processes in a
turbulent mixing zone of a sediment retention pofrdthis modeling and simulation

study, several important findings were identified aiscussed:
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(1) The employed CFD software (FLOW-3vas a useful tool to generate

steady state flow field data, such as flow velesitand shear rates, which were used in
subsequent multi-dimensional DPBE simulations.

(2) As an alternative to QMOM, The DPBE formulatias applied to simulate a
multi-dimensional flocculation/sedimentation praze$olution of the Multi-dimensional
DPBE provided more readily understandable resattemgineers and scientists with a bit
more computations than QMOM but well within the ahitities of modern personal
computers for two-dimensional flow fields.

(3) A standard, central-differencing, finite dié@ce approach was judged as
inadequate for simulating the flocculation and seitation processes in sediment
retention ponds due to computational instabilityszd by nonlinearity, advection
dominance and complexity of the DPBE model. Tlopgrator splitting and Leveque’s
flux-corrected algorithms were applied to overcahmeecomputational difficulties. The
detailed numerical model is available from the atghupon request.

(4) In applications of the CFD-DPBE model, incehsurbulence was found to
enhance the flocculation and sedimentation effaEs However, methodology
optimizing this effect requires further study.

Irrespective of the above findings, this reseavel limited to a pure simulation
work without experimental validation. Thus, indte research, batch kinetic
experiments and bench- or full-scale pond testseapeired to calibrate, validate, and
fully understand the CFD-DPBE model. In additithre irregular behavior shown in

Figure 6.5(b) requires further investigation.
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In summary, the CFD-DPBE model was successfulplieg to generate steady
state flow field data and to simulate numericalbctulation and sedimentation processes
in the turbulent mixing zone of sediment retengp@mds. Thus, the CFD-DPBE model
was shown to be a promising simulator of floccuiaidied sediment retention ponds.
Furthermore, it may be applied to flocculation @edimentation occurring in various
natural and engineering systems such as wateriwaistetreatment, nano-material
synthesis, or sediment-depositing estuary systeawlér and Wilkes, 1984;

Winterwerp, 2002; Bungartz and Wanner, 2004; Dehgl, 2006; Schwarzest al,

2006; Maggiet al, 2007). .
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CHAPTER 7. SUMMARY, CONCLUSIONS AND RECOMMENDATIOSI

7.1 Summary

The overall objective of the research was sepésization of the flocculant-
aided sediment retention ponds and was investigeitbdboth experimental and
modeling approaches, including characterizatioRAlMs, investigation on PAM-driven
physicochemical processes, and simulation of flzcttaided sediment retention ponds.
At the beginning of this research, the simple messent techniques were developed to
estimate MW and CD of a PAM, which are the key ahtaristics in the subsequent
optimization tasks of this research. The char&ttebehaviors of PAM in the aqueous
solution, such as acid-base chemistry and confoomedtlayouts of PAMs, were
investigated with application of the simplified éi@static interaction models. After the
above supportive experiments, the actual optinonatif PAM-aided sediment retention
ponds was performed with both experimental and mmaglefforts. Firstly, in adsorption
and flocculation experiments, the practical guiteghe optimal use of PAM flocculants
were provided with respect to the properties oAMRaNd a solution. Secondly, in
model formulation, the simulation tool for the opél design and operation of PAM-
aided sediment retention ponds was developed byicang the Discretized Population
Balance Equations (DPBESs) with a Computationald-lynamics (CFD) ,model that is
available commercially. In the following sectidhe key findings are summarized from

the individual research tasks.
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7.2 Conclusions

(1) Both the intrinsic viscosity measurement tegha and the acid-base titration
method been shown as the simple alternative teabsitpr measuring MW and CD of a
PAM. However, the intrinsic viscosity measuremiechnique had drawbacks in
measuring MWs, because the technique consistendlgrestimated MW compared to
measurements made with a state-of-the-art lightestrag procedure.

(2) During the calibration experiments betweemldxase titrations and
electrostatic interaction chemistry models, cyliodrshapes were proven to be more
realistic in describing PAM conformation in the agus phase than coiled or spherical
shapes, because even spherical or coil-like paiyreligtes have large void spaces for
reaction-participating ions to travel freely insithe coiled structures and thus can be
assumed to be very long cylinders.

(3) In adsorption and flocculation tests done witimionic PAMs, adsorption
capacities and flocculation efficiencies in PAM- kawolinite-containing suspensions
were found to increase with increasing PAM MWs.widwger, the adsorption capacity
and flocculation efficiency of the largest PAM (M#/18 M) decreased down under the
capacities of the other smaller PAMs, due to tHamglements between polymeric
chains.

(4) Both MW and CD were proven to be the key ctiarastics of anionic PAMs
in determining adsorption capacity and flocculawfiiciency. Adsorption capacities
were found to be inversely proportional to PAM Ciagjle flocculation efficiencies

were directly proportional to PAM MWs. Along witPAM characteristics, the cation
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species in the solution were found to be the deeisolution characteristics. Divalent
cations in the solution, such as“Cand Md*, enhanced adsorption and flocculation
processes with the cationic bridging between PARI kawlinite (PAM—"M*=
Kaolinite). However, concurring steric stabilizatiwas also found to counteract
flocculation due to the conformational changesdsicsabed PAMs by the cationic
bridging between pre-adsorbed PAM molecules (PAM *—PAM).

(5) Multi-dimensional Discretized Population BatarEquations combined with a
computational fluid dynamics model (CFD-DPBE moded)s proven by tracking mass
balances and floc size evolutions and by examipargcle/floc size and solid
concentration distributions. Thus, the CFD-DPBEJgianay be used as a valuable
simulation tool for natural and engineered floctiolaand sedimentation systems as well

as flocculant-aided sediment retention ponds.

7.3 Recommendations

(1) Simple and reliable intrinsic viscosity measuent method :

In this research, MWs measured with the pre-dgeglantrinsic viscosity
measurement technique were found to be consistientlyr compared to those made
with a state-of-the-art light scattering analysi$wus, further investigation will be
required to develop a new intrinsic viscosity measent method with an adequate MHS
equation and a standardized experimental prottealppe with the inhomogeneous and

dynamic nature of high-MW PAM flocculants.
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(2) Toxic Metal-binding capacity of anionic PAMs :

Storm-water has been reported to contain sigmfiamounts of toxic metals,
which are flushed from roads, industrial, residantand other areas (Characklis and
Wiesner, 1997; Lau and Stenstrom, 2005; Kayhaeiat, 2008). Considering the
protonation capacity, anionic PAMs may be usedaspplicable adsorbent of toxic
metal ions in non-point contaminant source manageémehus, future investigation is
required to estimate the cationic binding capaaitgnionic PAMs and the removal
potential for toxic metal ions. The metal-bindicepacity of anionic PAMs may be
estimated with application of the CY model validhie this research.

(3) Other controlling factors in PAM-driven adsbom and flocculation :

In this research, MW and CD of a PAM, cationic@es of a solution, and shear
rates of the turbulent fluid were mainly investieghtas the key factors for adsorption and
flocculation processes in PAM- and kaolinite-contiag suspensions. However, there
are still many other controlling factors to be isttgated in adsorption and flocculation
tests. For example, the coating of iron or huralassances on clay surfaces is known to
have significant effects on adsorption and floctara(Gibbs, 1983; Ariast al, 1995;
Arias et al, 1996; Tombacet al, 1998; Mosleyet al, 2003). Also, various anions or
cations in the solution phase are able to enhancedace PAM-driven adsorption and
flocculation. Thus, all these potential contrailifactors should be investigated with
respect to their effects on adsorption and flodouta

(4) Natural polymers as alternative flocculants :
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Even though nonionic and anionic PAMs are knownastoxic flocculants,
their long-term impacts on ecosystems are stilhamkn due to their synthetic and
xenobiotic nature. Thus, several natural flocctdawhich are totally free from toxicity
concerns, need to be investigated as alternatve&Ms. For example, chitosan from
sea food processing, starches from staple foocepsing, mucilages from the seeds or
roots of plants, and exudates from microorganismsamong the most applicable natural
flocculants (Jahn, 1988; Jarnstretal, 1995; Ndabigengeseet al, 1995; Gomoiu and
Catley, 1996; Divakaran and Pillai, 2001; Okwdal, 2001; Mishreet al, 2004; Pakt
al., 2005; Taniguchet al, 2005).

(5) Experimental validation and extended applarabf the DPBE-CFD model :

The DPBE-CFD model developed in this researchlinated to a pure
simulation study without the experimental validatiorhus, in future research, batch
kinetic experiments and flume- or full-scale poasit$ are required to calibrate and
validate theCFD-DPBE model. Eventually, the DPBE-CFD model rhayapplied to
simulate flocculation and sedimentation occurrimgarious natural and engineered
systems such as water/wastewater treatment, natestahdynthesis, or sediment-
depositing estuary systems (Lawler and Wilkes, 198hterwerp, 2002; Bungartz and

Wanner, 2004; Dingt al, 2006; Schwarzest al, 2006; Maggiet al, 2007).
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Appendix A

Molecular Weight Measurement with Multi-Angle LigBtattering Analyzer :
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Figure A.1. Zimm-Berry plots for triplicate N1 PAM samplesedisto estimate
molecular weights.
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Figure A.4. Zimm-Berry plots for triplicate A1 PAM samplesagsto estimate
molecular weights.
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Figure A.5. Zimm-Berry plots for triplicate A2 PAM samplesagsto estimate
molecular weights.
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Figure A.6. Zimm-Berry plots for triplicate A3 PAM samplesagsto estimate
molecular weights.
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Figure A.7. Zimm-Berry plots for triplicate A4 PAM samplesagsto estimate
molecular weights.
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Figure A.8. Zimm-Berry plots for triplicate A5 PAM samplesagsto estimate

molecular weights.
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Figure A.9. Zimm-Berry plots for triplicate A6 PAM samplesagsto estimate

molecular weights.

sin(theta/2) - 9232*c
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Figure A.10. Zimm-Berry plots for triplicate A7 PAM samplesaasto estimate
molecular weights.

195



RMS :

A2

RMS :

A2

RMS :
MM
A2

Zimm Plot - Cytec_1MNaCI_1st

1.4x10°[
= — e _— 4 _
L ad P
1.2x10°~ sl ./' //' " e
= L l S S S S
% 1.0x107°F / //, //. //‘
o [
€ gox10*F ¢ . > . /
S ot LS ]
5 6.0x107 . 5 £
@ [ /‘. /s /‘ !/i
4.0x10™[ ]
ooxol——v e e e
-1.0 0.5 0.0 0.5 1.0
1555+5.3 nm .
: (5.289£0.358)e+6 g/mol sin?(theta/2) - 10253*c
: 0.000e+00 mol mL/g?
Zimm Plot - Cytec_1MNaCl_2nd
1.4x1073
[ . . —*
1.2x10° * P P
- [ AN A
5 [ e
2 1ox10°- / / /
€ [ . IWad / /
5 [
& sox107 ./ . 4 ,/ /
= I b Y
T 7
6.0x10™ s / / /_/
[ 4 s
- . > ]
40)(104- N N A N I N N N N / " " " " | " " " "
-1.0 0.5 0.0 0.5 1.0
173.0£55 nm .
: (5.531+0.286)e+6 g/mol sin?(theta/2) - 10253*c
: 0.000e+00 mol mL/g?
Zimm Plot - Cytec_1MNaCl_3rd
1.6x10"
[ .
1.2x10% Rl
= [ i
o [ p e e
= J A Pad < Ve
T 8.0x10%—
g - S <~
< R ——
? aox104H
ool v vV
-1.0 0.5 0.0 0.5 1.0
1716 +5.8 nm

: (5.889£0.451)e+6 g/mol

: 0.000e+00

sin?(theta/2) - 10253*c

mol mL/g?

Figure A.11. Zimm-Berry plots for triplicate A8 PAM samplesaasto estimate
molecular weights.
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Appendix B

Molecular Weight Estimation with Intrinsic ViscogiMeasurement Technique
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FigureB.1. Kreamer and Huggins plots of N1 PAM sample irfiedlént background salt
species and concentrations, used to estimate nategeights.
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FigureB.2. Kreamer and Huggins plots of N2 PAM sample irfiedlént background salt
species and concentrations, used to estimate mategeights.
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Figure B.3. Kreamer and Huggins plots of N3 PAM sample irfiedlént background salt
species and concentrations, used to estimate nategeights.
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Figure B.4. Kreamer and Huggins plots for triplicate A1 PAlkhples in 0.2 M
NaSO,, used to estimate molecular weights.
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Figure B.5. Kreamer and Huggins plots for triplicate A2 PAlhsples in 0.2 M
NaSOy, used to estimate molecular weights.
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Figure B.6. Kreamer and Huggins plots for triplicate A3 PAlkhples in 0.2 M
NaSOy, used to estimate molecular weights.

202



25 25
A4-0.2M Na,S0, A4-0.2MNa,SO,
20 4 = 20 _,,-EI'"" -
& = Sl © B
- R S o & | g
15 4 e 15 -
R = 5 I C
2 [ F— =2 i -
3 R ) 3 B A
£10 4 By £10 - &
= =
[n]Kreamer =12.89 [n]Kreamer =12.70
5 [ﬂ]nuggins =13.04 5 4 [n]Huggins =12.62
K'"-K'=0.48 K'"-K'=0.54
108 MW, = 2.88+0.02 (Wu) 105 MW, = 2.7940.01 (Wu)
e} T T T T 0 T T T T
0 0.0z 004 006 008 0.1 01z o} 0.0z D04 008 008 0.1 012
Concentration (g/dL) Concentration (g/dL)
25
A4-0.2M Na,S0,
20 1 _,,.EI-“"“
© =St
N
S15 - et
s ol
e Ao
’a p P o
£10 - e
=]
[n]Kreamer = 12 70
5 4 [n]Huggins =12.61
K'"-K'=0.54
108 MW, = 2.7920.01 (Wu)
0 T T T T T
0 002 D04 008 008 0.1 012

Concentration (g/dL)

FigureB.7. Kreamer and Huggins plots for triplicate A4 PAlkhsples in 0.2 M
NaSOy, used to estimate molecular weights.
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Figure B.9. Kreamer and Huggins plots for triplicate A6 PAlRhples in 0.2 M
NaSOq, used to estimate molecular weights.
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Figure B.10. Kreamer and Huggins plots for triplicate A7 PAkhgples in 0.2 M
NaSOq, used to estimate molecular weights.
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FigureB.11. Kreamer and Huggins plots for triplicate A8 PAkhsples in 0.2 M
NaSOq, used to estimate molecular weights.

207



OH- Uptake by Deprotonation (mmol/L)

OH- Uptake by Deprotonation (mmol/L)

Appendix C

Charge Density Measurement with Potentiometric Aade Titration

I
N

OH- Uptake by Deprotonation (mmol/L)

[
L

0.8 1

0.6 A

0.4 1

0.2 A

10

1.2

0.8 1

0.6 1

0.4 A

0.2 1

10

1.2

0.8 A

0.6 A

0.4

0.2 A

10

11

11

11

Fitting Equations (0.001M NaCl)

Upto pH4.2
y= -73.3376+159.7874*LN(pH)
-115.2477*(LN(pH))"2
+27.8359*(LN(pH))"3
R2= 0.9987
4.2<pH<9.6
Assume as Linear Increase
Above pH9.6
y= -45.0613+14.9344*(pH)
-1.6161*(pH)"2
+0.05831*(pH)"3
R2= 0.9929

Fitting Equations (0.01M NaCl)

Upto pH4.1
y= -67.3277+145.8016*LN(pH)
-104.6555*(LN(pH))"2
+25.2213*(LN(pH))"3
R2= 0.9946
4.2<pH<7.8
Assume as Linear Increase
Above pH7.8
y= -0.9579+5.252E-6*EXP(0.7669*pH)
R2= 0.675

Fitting Equations (0.1M NaCl)

Upto pH4.6
y= -40.0929+84.1254*N(pH)
-57.9533*(LN(pH))"2
+13.4005*(LN(pH))"3
R2= 0.9832
4.6<pH<9.6
Assume as Linear Increase
Above pH9.6
y= -0.9748+4.631E-19*EXP(3.757*pH)
R2= 0.6034

Figure C.1. Potentiometric titration curves and equationsbfackground subtraction of
the deprotonation capacity in 0.001 M, 0.01 M, &ridM NaCl solutions.
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Figure C.2. Potentiometric titration curves for N1, N2, A12 Aand A3 PAM samples.
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OH- Uptake by PAM (mmol/L ormmol/gPAM)
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Figure C.3. Potentiometric titration curves for A4, A5, A67Aand A8 PAM samples.



Appendix D

Potentiometric Titration Plots and Fitted Curves

with Donnan, Impermeable Sphere, and Cylindricatl®e

! A
0.9 - ISD10-1
DN Model

~ 0.8 1
&
= 0.77 0 0.0031M
Y 0.6 - X 0.0146M
c .
5 o 0.1071M
5051  HF 0.0031M (Fit)
-
go34 o " v e
< 0.2 0.140l/g !
g | 0.036L/g !
£ 0.1 ! 0.005L/g !

0 T T T T T T

Figure D.1. Potentiometric titration plots for ISD10 PAM iifférent salt concentrations
and fitted curves with DN model
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£0.3 1 T
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g 02 \ 0.036Ll/g |
<017 0019/

0 T T T T T T

Figure D.2. Potentiometric titration plots for ISD18 PAM iifférent salt concentrations
and fitted curves with DN model
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g 06
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< 0.2 - ! 0.051L7g !
! 0.023L/g !
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Figure D.3. Potentiometric titration plots for ISD20 PAM iifférent salt concentrations
and fitted curves with DN model
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Figure D.4. Potentiometric titration plots for ISD25 PAMsdifferent salt
concentrations and fitted curves with DN model
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Figure D.5. Potentiometric titration plots for ISD35 PAMsdifferent salt
concentrations and fitted curves with DN model
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Figure D.6. Potentiometric titration plots for ISD10 PAM iifférent salt concentrations
and fitted curves with IS model
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Figure D.7. Potentiometric titration plots for ISD18 PAM iifférent salt concentrations
and fitted curves with IS model
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Figure D.8. Potentiometric titration plots for ISD20 PAM iifférent salt concentrations
and fitted curves with IS model
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Figure D.9. Potentiometric titration plots for ISD25 PAMsdifferent salt
concentrations and fitted curves with IS model
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Figure D.10. Potentiometric titration plots for ISD35 PAMsdifferent salt
concentrations and fitted curves with IS model

216



1 s?: ®
0.9 1 1sD10-1
= 0.8 - CY Model
£0.7 1 o 0.0031M
g x  0.0146M
g 0.6 1 o © 0.1071M
&= 0.5 1 I 0.0031M (Fit)
° /i —— 0.0146M (Fit)
$ 041 -—— 0.1071M (Fit)
$0.3
<024 &£ .
S 01 - i Univeral Fitting Parameter |
< :lLSeg=0.2 nm & acr= 0.66 nm |
O T T __I____:____l____:____I____:__‘

Figure D.11. Potentiometric titration plots for ISD10 PAM iiffédrent salt
concentrations and fitted curves with CY model
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Figure D.12. Potentiometric titration plots for ISD18 PAM iiffdrent salt
concentrations and fitted curves with CY model
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Figure D.13. Potentiometric titration plots for ISD20 PAM iifférent salt
concentrations and fitted curves with CY model
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Figure D.14. Potentiometric titration plots for ISD25 PAMsdifferent salt
concentrations and fitted curves with CY model
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Figure D.15. Potentiometric titration plots for ISD35 PAMsdifferent salt
concentrations and fitted curves with CY model
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Appendix E

Specific Viscosity fsp) Plots with respect to pH for anionic PAMs
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Figure E.1. Specific Viscositysy) Plots for ISD10 PAM in different salt concentoats
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Figure E.2. Specific Viscositysy) Plots for ISD18 PAM in different salt concentoats
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Figure E.3. Specific Viscositysy) Plots for ISD20 PAM in different salt concentoats
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Figure E.4. Specific Viscosity1fsy) Plots for ISD25 PAM in different salt concentoats
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Figure E.5. Specific Viscosity1fsp) Plots for ISD35 PAM in different salt concentoats
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APENDIX F

Matlab® Code for Potentiometric Titration Data Fitting wibN, 1S, and CY models

F.1 Code for data fitting with DN model

% Donnan Nonlinear Curve Fitting
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius
avo F R T m_max

Na_b_ini=0.1197; % lonic Strength (1 or u)  *****xx
Cl_b_ini=0.1197; % lonic Strength (1 or u)  *x*xxxx
mass=0.9259; % Mass of polyelectrolyte (gPAM/L)

*kkkkkk

KH0=10"(4.25); % Acid Equilibrium Constant (Be careful
about sign!!!)

L_tot=0.006446835; % Maximum Deprotonating Capacity

avo=6.022*10"23; % Avogadro's Number (/mol)
F=96485; % Faraday Constant (C/mol)

R=8.314; % ldeal Gas Constant (J/mol/K)

T=298; % Temperature (K)

xdata=[ “INPUT DATA” ]; % pH data from experiments
ydata =[ “INPUT DATA” ]; % Alpha data from experiments
m_max=numel(xdata); % Number of experimental data
SRE=zeros(100,1); % Sum of Residual Error

radius=0; % Fitting Parameter!!! Donnan Volume of
polyelectrolyte

for i=1:100
radius=10"(-8+i*0.005); % Unit m
Fxdata = phiter;
for m=1:m_max
SRE(i))=SRE(i)+0.5*(Fxdata(m)-ydata(m))"2;
end
end
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% donnanzero lIteration with respect to pH
function  ALPHA=phiter(VD, xdata)
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius
avo F R T m_max
options = optimset( ‘TolFun' | 1e-16);
ALPHA=0nes(m_max,1);
for k=1:m_max
pH=xdata(k);
chi_real=equilzero;
ALPHA(K)=(L_tot*exp(-chi_real)/(KHO*pH+exp(-
chi_real))/mass)/L_tot*mass;
end

% Donnan Model Electrostatic Equilibration elecequil.M

% Seeding Parameters

function  y=elecequil(chi)

global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius

avoFRT

% Acid-Base Chemistry y value should be zero for

electrostatic equlibration

y=-2*1000*Na_b_ini*sinh(-chi)*(4*pi*(radius”"3)*avo/3/MW)
-L_tot*exp(-chi)/(KHO*pH+exp(-chi))/mass; % Unit g/mol

% Find out zero of electrostatic equilibrium equilzero.m

function  chi=equilzero(chi)

global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius
avoFRT

options = optimset( ‘TolFun' , 1e-16);

chi=fzero(  ‘elecequil’ , 0);

224



F.2 Code for data fitting with IS model

% Impermeable Sphere Nonlinear Curve Fitting
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius
avo F R T debye m_max

Na_b_ini=0.1212; % Background Salt Concentration (mol/L)

*kkkkkk

Cl_b_ini=0.1212; % Background Salt Concentration (mol/L)
*kkkkkk

mass=0.9217; % Mass of polyelectrolyte (gPAM/L)  ***rxxx
L_tot=0.007191383; % Maximum Deprotonating Capacity

KH0=10"(4.25); % Acid Equilibrium Constant (Be careful
about sign!!!)

avo=6.022*10"23; % Avogadro's Number (/mol)
F=96485; % Faraday Constant (C/mol)

R=8.314; % ldeal Gas Constant (J/mol/K)

T=298; % Temperature (K)

epslon0=8.854*10"(-12); % Permittivity of Free Space
(CIVIm)
epslon=78.5; % Relative Dielectric Constant of Water

debye=(2*F"2*Na_b_ini*1000/(R*T*epslon0*epslon))*(0.5);
Debye Parameter (/m)

xdata=[ “INPUT DATA” ]; % pH data from experiments
ydata =[ “INPUT DATA” ]; % Alpha data from experiments
m_max=numel(xdata); % Number of experimental data
SRE=zeros(100,1); % Sum of Residual Error

radius=0; % Fitting Parameter!!!

for i=1:100
radius=10"(-7.5+i*0.005);
Fxdata = phiter;
for m=1:m_max
SRE(i))=SRE(i)+0.5*(Fxdata(m)-ydata(m))"2;
end
end
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% ISzero Iteration with respect to pH
function  ALPHA=phiter(radius, xdata)
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius
avo F R T debye m_max
options = optimset( ‘TolFun' | 1e-16);
ALPHA=0nes(m_max,1);
for k=1:m_max
pH=xdata(k);
chi_real=equilzero;
ALPHA(K)=(L_tot*exp(-chi_real)/(KHO*pH+exp(-
chi_real))/mass)/L_tot*mass;
end

% Impermeable Sphere Model Electrostatic Equilibration

elecequil.M

% Seeding Parameters

function  y=elecequil(chi)

global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius

avo F R T debye m_max

% Acid-Base Chemistry y value should be zero for

electrostatic equlibration

y=-2*Na_b_ini/debye*1000*(2*sinh(-0.5*chi)
+4/(debye*radius)*tanh(-0.25*chi))
-(L_tot*exp(-chi)/(KHO*pH+exp(-chi))/mass)
*MW/(4*pi*(radius”™2)*avo);

% Find out zero of electrostatic equilibrium equilzero.m

function  chi=equilzero(chi)

global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot MW radius
avo F R T debye m_max

options = optimset( ‘TolFun' , 1e-16);

chi=fzero(  'elecequil’ , 0);
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F.3 Code for data fitting with IS model

% Cylindrical Nonlinear Curve Fitting
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot epslon0
epslon debye MW radius avo F R T debye Lc Lsp m_max

Na_b_ini=0.0055; % Background Salt Concentration (mol/L)

*kkkkkk

Cl_b_ini=0.0055; % Background Salt Concentration (mol/L)
mass=0.9843; % Mass of polyelectrolyte (gPAM/L)  ***rxxx
L_tot=0.006446835; % Maximum Deprotonating Capacity)

KH0=10"(4.25); % Acid Equilibrium Constant (Be careful
about sign!!!)

avo=6.022*10"23; % Avogadro's Number (/mol)
F=96485; % Faraday Constant (C/mol)

R=8.314; % ldeal Gas Constant (J/mol/K)

T=298; % Temperature (K)

epslon0=8.854*10"(-12); % Permittivity of Free Space
(CIVIm)
epslon=78.5; % Relative Dielectric Constant of Water

debye=(2*F"2*Na_b_ini*1000/(R*T*epslon0*epslon))*(0.5);
Debye Parameter (/m)

Lc=MW/71*0.252*10"-9; % Chain Length (m)
Lsp=Lc*avo/MW; % Specific Contour Length (m/gPAM)

xdata=[ “INPUT DATA” ]; % pH data from experiments
ydata =[ “INPUT DATA” ]; % Alpha data from experiments
m_max=numel(xdata); % Number of experimental data
SRE=zeros(100,1); % Sum of Residual Error

radius=0; % Fitting Parameter!!! Donnan Volume of
polyelectrolyte

for i=1:100
radius=(0.4+0.005*)*10"-9;
Fxdata = phiter;
for m=1:m_max
SRE(i))=SRE(i)+0.5*(Fxdata(m)-ydata(m))"2;
end
end
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% CYzero lteration with respect to pH
function  ALPHA=phiter(radius, xdata)
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot epslon0
epslon debye MW radius avo F R T debye Lc Lsp m_max
options = optimset( ‘TolFun' | 1e-16);
ALPHA=0nes(m_max,1);
for k=1:m_max
pH=xdata(k);
chi_real=equilzero;
ALPHA(K)=(L_tot*exp(-chi_real)/(KHO*pH+exp(-
chi_real))/mass)/L_tot*mass;
end

% CY Model Electrostatic Equilibration elecequil.M
% Seeding Parameters
function  y=elecequil(chi)
global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot epslon0
epslon debye MW radius avo F R T debye Lc Lsp m_max
% Acid-Base Chemistry y value should be zero for
electrostatic equlibration
y=-epslon0*epslon*debye*besselk(1, debye*radius)/besselk(0,
debye*radius) .
*(-chi*R*T/F)*1*2*pi*radius*Lsp/F
-(L_tot*exp(-chi)/(KHO*pH+exp(-chi))/mass);

% Find out zero of electrostatic equilibrium equilzero.m
function  chi=equilzero(chi)

global xdata pH Na_b_ini Cl_b_ini mass KHO L_tot epslon0
epslon debye MW radius avo F R T debye Lc Lsp m_max
options = optimset( ‘TolFun' , 1e-16);

chi=fzero(  'elecequil’ , 0);
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Appendix G

Finite Difference Approximation of Multi-DimensiohBBEs

G.1 PBE differential equations
0 0
B ZquameZ e Sum|s w2

8
o~ K20 a K20 k2o (A5
_ n n Xon_
[6x( g 6xj ( & 6yj az(cf‘ & azﬂ_(agg/ break

2

an -2 -+ 1
(agg/break)= 8_tl = ril-lz 2 1ai-l,j Biin; + Eai-l,i-l i1,i-1 M
- (A.2)

(max i) (max i)+2

-niz Yo BNy - N Z g fin-ap+ > han

j=i+1

Equation (A.1)n =n(X, y, z, @ t) = number concentration of flocs of linear class

sizeD; (=1, 2, ...imax; D1 < Dj < Dnmax; for all Dj, nj is called the population density
function),x, y, z, t= position and time (U, ), <Uy>, and(U,) = mean fluid velocity

components in the, yandz directionsp = fluid density k = k(x,y,z,t)= turbulent kinetic

energye = &(X,y,z,t)= turbulent energy dissipation ra@, = 0.09 = standard value of a

CFD model constant, ang; = settlement velocity of thieth floc classdue to gravity. In

Equation (A.2)o = collision efficiency factors = collision frequency factog =

particle/floc breakage kinetic functiom(i)=a,V,"*), andb = break-up distribution

functions (i,i-1)=V, NM_=2).

229



G.2 Operator splitting algorithm

To increase computational efficiency, we appliadperator splitting algorithm,
in which particle/floc advection was split from pele/floc dispersion-reaction (Langseth

et al, 1996; Aroet al, 1999; Badrot-Nicet al, 2007).

(1) Advection Operator :
0 0 0 0 0
S )+ ((Uy)n)+ (U n)+y, TE=0

(2) Dispersion-Reaction Operator :
2 2 2
mn_o Ck—a—n +i C Ko +i C Kan —(agg/ break =0
ot ox\ “e ox) oyl “eoy) 024 “e 0z

G.3 Finite difference approximations
(1) Advection Based Finite Difference Equations :
To overcome the drawbacks of a standard centff@reincing Finite Difference
Method (FDM) for simulating pure advective trangpaeveque’s flux-corrected upwind

algorithm was applied to solve the advective operdteveque, 1996; Durran, 1998).

(kD= p(k D [F (k- F -1+ G (1)~ G (1] (A.3)

F(k-1,1)=F (k-3 2, ) 02020, — (k-3 2, p(k-1)

If u(k-12,1)<0 —u(k-22 - n(k ) (A.4)
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G (k,I-1)=G (k-1 2) 22205 =y (k,1-¥ 2 p(k -9

If v (k,1-1/2)<0 (AS)
D0 5y (,1-3/2) (K )

v (k D=v(k )+ y,; (A.6)

In Equations (A.3) ~ (A.6),itk,l) and G(k,I) represent particle mass fluxes
through vertical and horizontal interfaces of tbenputational cellK,l), pn(k,l) is the
number concentration ofth class particles at the previous time step: <U,> and v =

<U,> are obtained from the CFD simulation.

[ ]
(k, 1+1)

i Computational Cell :

k-1, )e - — ° ——=  o(k+l,])
Feiz ) Fiee12,
[Gk,u/z F=un,
G=vn,
°
(k, -1)

Figure G.1. A typical computation cell within the problem dam. F and G represent
mass fluxes through the cell boundaries.

(2) Dispersion-Reaction Finite Difference Equations
The discretized equations of particle/floc dispmrgeaction equations were
calculated implicitly with the Gauss-Siedel iteostimethod.cny(k,l) represents the

number concentration ofth class particles at the previous iteration step.
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a,(k, )N (k+11)+a,(k Dn (k-1 D+ a(k hn(k 1+3)
(i 1y Lras(k DGk 1-D+ At GENCK )+ on(k)

[1+a, (k. 1)+ & (K )+ a (K 1)+ a,(k, )+ At DIS(k I

(A.7)

The following Equations (A.8) ~ (A.14) represem tonstants used for

simplifying dispersion-reaction equations.

At

k,)=———|Tqd k N+ T A.8
a,(k I 2(AX)Z[ e(k+1 1)+ Te k )] (A8)
(k=2 [Te(k D+ T k-1]] (A.9)
NPT |
a,(k )= [Te(k 1+1)+ Te k ] (A10)
2(Ay)
At
a, (k)= 5 [Te(k D+ Td k-l)] (A.11)
2(Ay)
Tdk0=9£%%%§39 (A.12)

GEN;( kil):iz_z: 2j_i+1aﬂi—1,j n; (k,)n, (k,h)+ %aﬂi—l,i—l ni-21 (k,D+ 2a,, n, (k) (A13)

=1

(max i)

DISi(k,I):—i 2j'ioc~,BLj -n; (k,1)-n Z a-B;-n (kl)-a (A.14)
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G.4 Numerical strategy for an operator splittingratithm

In solving DPBESs with an operator splitting algbm, advection based finite
difference equations and dispersion-reaction fiditeerence equations were solved
sequentially at each time step (see Figure F.Bxtly; Leveque’s flux-corrected upwind
algorithm was applied to solve advection basedefidifference equations. Secondly,
Gauss-Siedel iterative method was used to solyeedign-reaction finite difference

equations.

Scalar (n;) Update by Solving
Advection Operator

Update x & y directions

e fprrrrrreee -

Scalar (n;) Update by Solving
Dispersion-Reaction Operator

G-S lteration
I > > within Time Step

Update x & y directions

Figure G.2. Flowchart for solving DPBEs with operator spiigialgorithm.
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G.5 Boundary conditions
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Figure G.3. Schematic diagram of the problem domain.
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Figure G.4. Boundary conditions for advection based transpguations.
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(a) Left Boundary (b) Righomain
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Figure G.5. Boundary conditions for dispersion-reaction eojunst
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Appendix H

Matlab’ Code for the DPBE-CFD Model

% Population Balance Equation 2D Simulation (MKS Un its)
e
% Node Information
distance=10;
height=2;
delx=0.2;
dely=0.2;
delt=0.1;
k_max=51;
|_max=12;

=0;
72O
% Set constants and arrays required for Multi-Dimen sional PBE
vol = zeros(30,1); % i-th Particle Apparent Volume
dia_micron = zeros(30,1); % i-th Particle Radius
dia = zeros(30,1); % i-th Particle Diameter
floc_den = zeros(30,1); % i-th Particle Diameter
floc_mass = zeros(30,1); % i-th Particle Diameter
alpha_pbe=zeros(30,30); % collision efficiency
beta_pbe = zeros(k_max,|_max,30,30); % collision frequency B/T i and j
s = zeros(30); % breakage function
u_set=zeros(30,1); % Settling Velocity [m/s]
v=zeros(k_max,l_max,30); % Y-axis flow Vel. + Set Vel. [m/s]

% ....................
% Flow field information

u=xlsread( 'C:\Pond_2.5MRTD_Case3\Joon_Thesis_case3_u.xls' );
v_raw=xlsread( 'C:\Pond_2.5MRTD_Case3\Joon_Thesis_case3 v.xls' );
Te=xlsread( 'C:\Pond_2.5MRTD_Case3\Joon_Thesis_case3_Te.xIs' );
shear=xlsread(  'C:\Pond_2.5MRTD_Case3\Joon_Thesis_case3 G.xIs' );

Off —mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmemme e
% Physicochemical Properties of Solid and Liquid

par_den=2600; % [kg/m3]

lig_den=1000; % [kg/m3]

0=9.81, % [m/s2]

mu=0.001002; % [kg/m/s]

bolz=1.38*10"(-23); % [kg-m2/(s2-K)]

temp=293; % [K]

L
% Constants (make 'MKS' units)- Check Spicer & Prat sinis (AICHE, 1996)
ini_dia=1*10"(-6); % Diameter of Primary Particle [m]
ini_vol=1/6*pi()*ini_dia"3; % [m3]

ini_mass=ini_vol*par_den; % [kg/m3]

dia_c=100*10"(-6); % Critical Diameter [m]
vol_c=1/6*pi()*dia_c"3; % Critical Volume [m3]
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%

% Constant for Breakage Kinetics - (Ding et al., 20

s_0=10; % [/m/s]

%

% Constant for Fractal Theory - Check Flesch et al

(AICHE, 1999)

frac_df=2.5; % If 3, Follow Eucledian Model

frac_k=1,

%

% Particle classes and Radius

for i=1:30
dia(i)=(2"(i-1))*(1/frac_df)*ini_dia;
dia_micron(i)=(27(i-1))(1/frac_df)*ini_dia*1000
vol(i)=pi()/6*(ini_dia(3-frac_df))*(dia(i))(fr
floc_den(i)=liq_den+(par_den-lig_den)*(dia(i)/in
floc_mass(i)=ini_mass*2/(i-1);

end

%
% Calculation of settling velocity of i-th particle
% Micale et al. (Trans IChemE, 2000)
% According to Fractal Theory
for i=1:30
u_set(i)=-(dia(i)*2)*g*(par_den-lig_den)*
((dia(i)/ini_dia)(frac_df-3))/(18*mu);
end
% Y-axis Flow Velocity + Settling Velocity
for k=1:k_max
for 1=1:_max
for i=1:30
v(k,l,i)=v_raw(k,l)+u_set(i);
end

end

end

for 1=1:_max
for i=1:30
v(1,1,i)=0;
end

end

for k=1:k_max
for i=1:30
v(k,|_max,i)=0;
v(k,|_max-1,i)=0;
end

end

%

% Generate PBE Kinetic Constants (space variant)

000;
ac_df);
i_dia)*(frac_df-3);

% [m/s]

gamma_pbe = zeros(30,30); % breakage distribution function

for i=1:30
for j=1:30
for k=2:k_max-1
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for 1=2:_max-1
if dia(i)<=dia_c && dia(j)<=dia_c
beta_pbe(k,l,i,j) =
1/6*shear(k,l)*(dia(i)+dia(j))"3;
else
beta_pbe(k,l,i,j) = 8*1/6*shear( k,)*dia_c"3;
end
end
end
end
end
for i=1:30
for j=1:30
alpha_pbe(i,j) = 1/(1+((vol(i)(1/3)+vol()* (1/3))
[(2*vol_c™N(1/3)))"3);
end
end
for i=1:30
s(i)=s_o*vol(i)(1/3); %]/s]
end

% - - - -
% Coefficient Calculation for Diffusion in particle transport equations
aeb5=zeros(k_max,|_max);
ae6=zeros(k_max,|_max);
ae7=zeros(k_max,|_max);
ae8=zeros(k_max,|_max);
for k=2:k_max-1
for 1=2:_max-1
ae5(k,l)=delt*(Te(k+1,)+Te(k,l))/(2*(delx) n2);
end

end

for k=2:k_max-1
for 1=2:_max-1
aeb(k,l)=delt*(Te(k,)+Te(k-1,1))/(2*(delx) n2);
end

end

for k=2:k_max-1
for 1=2:_max-1
ae7(k,N)=delt*(Te(k,I+1)+Te(k,l))/(2*(dely) n2);
end

end

for k=2:k_max-1
for 1=2:_max-1
ae8(k,l)=delt*(Te(k,)+Te(k,I-1))/(2*(dely) n2);
end

end

% - - - -
% Initial Condition (intial seeding)
n=zeros(k_max,|_max,30);
pn=zeros(k_max,|_max,30);
cn=zeros(k_max,_max,30);
FG=zeros(k_max,|_max,i);
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FF=zeros(k_max,|_max,i);
for k=1:k_max
for I1=1:1_max

for i=1:30
n(k,l,30)=0;
end

end
end

%
% Advection Calcuation for nodes inside Boundaries
% Start Time Evolution

t=0;

w=1.6; %SOR Factor

Flux_Bottom=0;

Flux_Right=0;

Flux_In=0;

Flux_Bottom_T=zeros(15000,1);
Flux_Right_T=zeros(15000,1);
Flux_In_T=zeros(15000,1);
Flux_Acc_T=zeros(15000,1);
Mass_Bal=zeros(15000,1);

n_out=zeros(15000,30);

n_out_dia=zeros(15000,1);

for p=1:15000
t=t+delt;

%
% Set the current values
cn=n;

%
% Left Domain (Inlet) - Caution in Node Spacing

for i=1:30

n(1,6,)=0;

n(1,5,i)=0;

n(1,4,i)=0;

end

n(1,6,1)=1.47*10"15;

n(1,5,1)=1.47*10"15;

n(1,4,1)=1.47*10"15;

%
% Diffusion Calculation at the end of time step
% Start Gauss-Siedel Iteration

for q=1:3

%
% Scalar Update by Diffution at the End of Time Ste
% Boundary Conditions of Diffution
for 1=1:_max
for i=1:30;
n(1,1,))=1/3*(4*n(2,1,i)-n(3,1,i));
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end
end
for i=1:30
n(1,6,i)=0;
n(1,5,i)=0;
n(1,4,i)=0;
end
n(1,6,1)=1.47*10"15;
n(1,5,1)=1.47*10"15;
n(1,4,1)=1.47*10"15;

for k=1:k_max
for i=1:30;
n(k,1,i)=1/3*(4*n(k,2,i)-n(k,3,));
end
end

for k=1:k_max
for i=1:30;
n(k,|_max,i)=1/3*(4*n(k,|_max-1,i)-n(k,
end
end

for I=1:_max

for i=1:30;
n(k_max,l,i)=n(k_max-1,l,i);
end

end

% - -
% Update GEN(i), DIS(i), and n(k,l,i) with Diffusio
for k=2:k_max-1
for 1=2:_max-1
for i=1:30

% - -

% Set intial values as zero
GEN=zeros(30,1);
DIS=zeros(30,1);
GEN_MC=zeros(30,1);
GEN_BC=zeros(30,1);
GEN_B=zeros(30,1);
DIS_CS=zeros(30,1);
DIS_CL=zeros(30,1);
DIS_B=zeros(30,1);

% - -
% Update GEN(i)

if i==1
GEN_MC(1)=0;
elseif ==
GEN_MC(2)=0;
else
for j=1:(i-2)
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% Inlet

% Bottom Boundary

|_max-2,i)); % Top

% Right Boundary



GEN_MC()=GEN_MC(i)+2/(
*alpha_pbe(i-1,))*b

1)
*n(k,Li-1)*n(k,l,j
end
end
if i==1
GEN_BC(1)=0;
else
GEN_BC(i)=0.5*alpha_pbe(i-1
*beta_pbe(k,l,i-1,i-1)*
end
if i==30
GEN_B(30)=0;
else
GEN_B(i)=2*s(i+1)*n(k,l,i+1
end
GEN(i))=GEN_MC(i)+GEN_BC(i)+GEN_
% -- -
% Update DIS(i)
if i==1
DIS_CS(1)=0;
elseif  n(k,l,i)==0;
DIS_CS(i)=0;
else
for j=1:(-1)

DIS_CS(i)=DIS_CS(i)+2\(
*alpha_pbe(i,j)*bet
“n(k,Lj);

end
end

for j=i:30
DIS_CL(i)=DIS_CL(i)+alpha_p
*beta_pbe(k,,i,j)*n(k,
end

if i==1
DIS_B(1)=0;

elseif  n(k,l,i)==0;
DIS_B(i)=0;

else
DIS_B(i)=s(i);

end

DIS(i)=DIS_CS(i)+DIS_CL(i))+DIS_

% -- - - -
% Node Calculation inside Boundary
n(k,l,i)=(1-w)*n(k,l,i)+w*(cn(k
delt*GEN(i)+n(k-1,l,i)*ae6(
ae5(k,h+n(k,I-1,)*ae8(k,l
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jfitl) L
eta_pbe(k,l,i-

);

1)
n(k,l,i-1)~2;

)
a_pbe(k,l,i,j)

be(i,j)
1L,j);

L
k,)+n(k+1,1,i)*
)+ ...



n(k,1+1,i)*ae7(k,))/(1+ae5
ae7(k,)+ae8(k,l)+delt*DIS(

end
end
end
% -
% End of Gauss-Siedel Iteration
end
% -
% Left Domain (Inlet) - Caution in Node Spacing
for i=1:30
n(1,6,i)=0;
n(1,5,i)=0;
n(1,4,i)=0;
end
n(1,6,1)=1.47*10"15;
n(1,5,1)=1.47*10"15;
n(1,4,1)=1.47*10"15;
% -
% Set the current values
pn=n;
% -

% Flux Update
for k=2:k_max
for 1=2:_max-1
for i=1:30;
if u(k-1,)>0
FF(k-1,1,)=u(k-1,)*n(k-1,1,i)
elseif  u(k-1,1)<=0
FF(k-1,1,)=u(k-1,1)*n(k,,i);
end
if v(k,I-1,i)>0
FG(Kk,I-1,)=v(k,I-1,)*n(k,I-1,
elseif  v(k,l-1,i)<=0
FG(k,I-1,)=v(k,I-1,)*n(k,1,i)
end
end
end
end

% -
% Right Domain (Insulation & Inflow)(Check for Free
for 1=1:_max

for i=1:30
FF(51,1i)=u(51,))*n(51,1,);
end

end

% -
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% Scalar Update
for k=2:k_max
for 1=2:_max-1
for i=1:30;
n(k,l,i)=pn(k,l,i)-delt/delx*(FF(k,
-FF(k-1,1,)+FG(k,1,)-FG(k,I-1
end
end
end

% -- - -
% Check Mass Blance
for k=2:k_max-1
for i=1:30
Flux_Bottom=Flux_Bottom-FG(k,1,i)*
floc_mass(i)*delt*(delx);
end
end
Flux_Bottom_T(p,1)=Flux_Bottom;

for 1=2:_max-1
for i=1:30
Flux_Right=Flux_Right+n(k_max,l,i)*
*floc_mass(i)*delt*(delx);
end
end
Flux_Right_T(p,1)=Flux_Right;

Flux_Acc=0;
for k=2:k_max-1
for 1=2:_max-1

for i=1:30
Flux_Acc=Flux_Acc+(n(k,l,i)*floc
end
end

end
Flux_Acc_T(p,1)=Flux_Acc;

Flux_In=Flux_In+n(1,6,1)*3*u(1,6)*ini_mass*delt
Flux_In_T(p,1)=Flux_In;

Mass_Bal(p,1)=(Flux_Bottom+Flux_Right+Flux_Acc)

% -- - —— -
% Check Floc Size at the Outlet
check_time=p/100-fix(p/100);
if check time==
n_out_dia(p,1)=0;
mass_out=0;
massbysize_out=0;
for i=1:30
for 1=2:_max-1
n_out(p,i)=n_out(p,i)+n(k_max,l,i);
mass_out=mass_out+floc_mass(i)*n(k_max,
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1,i)
1))

u(k_max,l)

_mass(i)*delx"2);

*(delx);

[(Flux_In);



massbysize_out=massbysize out+
floc_mass(i)*n(k_max,l,i)*dia_micro n(i);
end
end
n_out_dia(p,1)=massbysize_out/mass_out;
end

% - - mmmmmmm——— e
% Post Processing at a fixed time step
check_time=p/100-fix(p/100);
if check time==0
z=7+1;
for k=2:k_max-1
for 1=2:_max-1
temp_mass_conc=0;
temp_mass_by_size=0;
temp_avg_size=0;
for i=1:30
temp_mass_conc=temp_mass_conc+
floc_mass(i)*n(k,l,i);
temp_mass_by_size=temp_mass_by size+ ...
floc_mass(i)*n(k,l,i)*(dia_ micron(i));
if temp_mass_conc==
temp_avg_size=0;
else

temp_avg_size=temp_mass_by size/temp_mass_conc;
end

end
mass_conc(k,l)=temp_mass_conc;
mass_by size(k,l))=temp_mass_by_size
avg_size(k,l)=temp_avg_size;

end
end
dimwrite( 'C:\Results\mass.txt' ,mass_conc(:,:),
-append’ , ‘'delimiter , A\t ;
dimwrite( 'C:\Results\size.txt' ,avg_size(:,),
-append' , ‘'delimiter' R D

end

% - - e e
% End of Time Step
end
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