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ABSTRACT

High molecular weight poly(ethylene oxide) (PEO) is used in conjunction

with a cofactor such as phenol formaldehyde resin (PFR) as flocculants for

newsprint manufacture. The objectives of the work described in this thesis were

to prepare flocculants superior to PEO and to determine the flocculation
mechanism. A series of novel comb copolymers consisting of a polyacrylamide
backbone with short pendant poly(ethylene glycol) (PEG) chains was prepared
and characterized. Additionally, polymerization conversion curves and reactivity
ratios were measured. An interesting finding was that the reactivity of the
macromonomer in free radical copolymerization decreased with PEG chain
length.

Flocculation results with both model latex dispersions and commercial
wood pulp suspensions showed that copolymer chain length was the most
important variable; molecular weights greater than 3 million were required for
good flocculation. On the other hand, the PEG pendant chains could be as short
as 9 ether repeat units. Also, only 1 to 2 PEG chains for every 100 acrylamide
backbone moieties were required.

No published flocculation mechanisms could predict all the behaviors of
the PEO or copolymer system. A new mechanism called complex bridging was
proposed. According to this mechanism PEO or copolymer chains aggregate in
the presence of cofactor to form colloidally dispersed polymer complex which

heteroflocculates with the colloidal particles.



Given in this work is the first explanation of the requirement for extremely
high PEO or copolymer molecular weights for flocculation. It is proposed that
polymer chains with molecular weights less than 10° collapse in the presence of
PFR to an inactive precipitate before flocculation can occur whereas complexes
based on very high molecular weight PEO collapse slowly enough to permit
flocculation.

Published mechanistic studies are hindered by the fact that PFR has
poorly defined structures. It is shown for the first time in this work that well-

defined, linear, poly(p-vinyl phenol) (PVPh) is an effective cofactor.



ACKNOWLEDGMENTS

First and foremost, | am deeply grateful to Professor R.H. Pelton and
Professor A.E. Hamielec, my supervisors, for their supervision, instruction,
encouragement and support in successfully completing this dissertation. No
words can sufficiently express my thanks.

Sincere appreciation is also extended to the foliowing people for their
support during the course of this thesis:

Professor J.M. Dickson and Professor J.R. Kramer, members of my
supervisor committee, for their advice and help.

Professor A.D. Bain and G. Timmins for their help in NMR analysis.

Professor R.M. Epand and Dr. R.F. Epand for their help on the work of
fluorescence.

G. McClung, G. Liu and M. Moore for their assistance in fluorescent
microscopy, confocal microscopy and SEM.

Professors S. Zhu, K.C. Tam, X. Wu, P. Li, Drs. Y. Deng and T. Xie for
their encouragement and helpful discussions.

D. Keller, L. Morine, J. Miclash, D. Anderson, M. Ajersch, M. Corak,

B. Grosse, H. Ketelson, P. Miller, B. Wasmund, X. Zhao and Dr. L.K. Kostanski
for their help, assistance and all the convenience to access research facilities.

Networks of Centres of Excellent, Mechanical and Chemimechanical
Wood-pulps Network, Dorset Industrial Chemicals and Department of Chemical
Engineering of McMaster University for their financial support.

Finally, my wife Baijing for her understanding and moral support through

these years.



Table of Contents

Abstract
Acknowledgments

List of Figures

List of Tables

Introduction

CHAPTER 1:

Preparation and Kinetic Characterization of

Page

iii

Xii

Xvii

Copolymers of Acrylamide and PEG (meth)acrylate Macromonomers

1.1
14121
1.1.2

1.1.3
1.1.4
1.1.8

1.2
1.2.1
1.2.2
1.2.3
1.2.4

1:2.5

1.3

1.8.1
1.3.2
1.3.3

Abstract
Introduction

Experimental

Materials

Copolymer characterization and monomer conversion
measurements

Homopolymerization

Copolymerization

Solution properties of macromonomers

Results

Homopolymerization of macromonomer
Copolymerization

Reactivity of macromonomers toward acrylamide
Influence of polymerization temperature on the molecular
weight of copolymers

Solution properties of macromonomers

Discussion

Homopolymerization
Copolymerization

Microstructure of the copolymers

Vi

10
11
12

12
12
13
13
16

16

17
17
21
23



CHAPTER 2:

Conclusions
References
Tables

Figures

Resin and PEO or PAM-co-PEG Copolymers

2.1

2.1.1
21.2
2.1.3
214
2.1.5
2.1.6

2.2

2.2.1
2.2.2
2.2.3
2.2.4

2.3

2.3.1
2.3.2
2.3.3

2.3.4

Abstract
Introduction

Experimental

Materials

Potentiometric titration

PFR solubility

PEO/PFR precipitation experiments
Viscosity measurement

Fluorescent laser microscopy observation

Results

Characterization of PFR

Precipitation isotherms

Rheological properties of PEO/PFR mixtures
Morphology observations in complex formation

Discussion

Characterization of hydrogen bonding formation
Conceptual models of complex formation

An analogy between the oligomer/polymer complexation
and the polymer adsorption

Conceptual model of precipitate formation

Conclusions
References

Figures

vii

Interpolymer Association between Phenolic

24
25
28
33

41

41
42

45
45
45
46
46
46
47

47
47
48
50
50

51
52
54
55

57
59
60
62



CHAPTER 3: Flocculation of Polystyrene Latex by
Polyacrylamide-co-poly(ethylene glycol)

Abstract
Introduction

3.1  Experimental
3.1.1 Materials
3.1.2 Flocculation of polystyrene latex particles by dual-polymer

3.2 Results

3.2.1 Effect of polymer concentration on flocculation

3.2.2 Effect of composition of copolymers on latex flocculation
3.2.3 Effect of PEG pendant chain length on flocculation
3.2.4 Effect of molecular weight of copolymers on flocculation
3.2.5 Aging resistance of the copolymers in aqueous solution

3.3 Discussion

3.3.1 Copolymer structure and flocculation performance
3.3.2 Mechanistic implications

3.3.3 Aging resistance

Conclusions
References
Tables

Figures

CHAPTER 4: Mechanism on Flocculation of Colloidal Particles
by PEO and PAM-co-PEG Copolymers with Phenolic Resins

Abstract
introduction

4.1 Experimental

viii

78

78
79

80
80
81

83
83
84
85
85
85

86
86
88
91

92
93
94
97

105

105
106
106



411
41.2
41.3

4.1.4
4.1.5
4.1.6

4.2

4.2.1
4.2.2
423
424
425

4.3
4.3.1
4.3.2

Materials

Polystyrene latex flocculation experiments
Adsorption isotherm measurements of phenolic resin
and PEO latex surface

Electrophoretic characterization of PSL

Viscosity measurement

Imaging floc morphology

Results

Adsorption isotherms

Accessing flocculation

Effects of the flocculation on viscosity

Morphology of PSL flocs formed by dual-polymer systems
Summary of experimental results

Discussion
Network flocculation mechanism
Postulated mechanisms

Conclusions
References
Tables

Figures

CHAPTER 5: Acrylamide-co-PEG Copolymers as Novel
Retention Aids for Mechanical Pulps

5.1

5.2

5.2.1
522
523

Abstract
Introduction
Experimental

Results

Influence of copolymer structure on fines retention
Influence of copolymer concentration

Aging effect of the polymers in aqueous solution

106
110
111

111
112
112

113
113
113
121
122
123

125
125
127

133
133
135
141

162

162
163
165

167
167
169
170



5.2.4

Effect of the shear stress on retention

5.3 Discussion
5.3.1 Copolymer retention mechanism
5.3.2 Interpreting DDJ induced shear degradation of polymer
Conclusions
References
Tables
Figures
CHAPTER 6: Poly(p-vinyl phenol) as a Cofactor in Colloidal

Particle Flocculation induced by PEO Dual-Polymer Systems

6.1
6.1.1
6.1.2

6.2
6.2.1

6.2.2
6.2.3

6.3

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5

Abstract
Introduction

Experimental
Materials
Polystyrene latex flocculation

Resuits

Factors influencing the latex flocculation induced by
PVPh/PEO or copolymer systems

PAA/PEO compared with PVPh/PEQO system

Kinetic flocculation process

Discussion

Comparison between PVPh and PFR as cofactors
Flocculation mechanism

Kinetic analysis

Microparticle flocculation system

PAA cofactor

Conclusions

170

171
172
176

178
179
181
183

192

192
192

194
194
195

196
196

199
200

200
200
201
202
205
206

207



References

Tables

Figures

Appendix A1:
Appendix A2:
Appendix A3:
Appendix A4:
Appendix A5:
Appendix A6:

Supplementary materials for chapter 1
Supplementary materials for chapter 2
Supplementary materials for chapter 3
Supplementary materials for chapter 4
Supplementary materials for chapter 5

Supplementary materials for chapter 6

xi

207
209
211

220
235
244
250
255
256



Chapter 1
Figure 1

Figure 2
Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Chapter 2
Figure 1
Figure 2
Figure 3

Figure 4
Figure 5

Figure 6

Figure 7

LIST OF FIGURES

Schematic structure of long PAM having short PEG
pendant chains to give a comb copolymers.

Structure of PEG-(meth)acrylate macromonomer

TH NMR spectrum of copolymer synthesized from
acrylamide and PEG macromonomer MA-9.

Conversion versus time for the homopolymerization of
PEG-methacrylate macromonomers with different PEG
pendant chain lengths

Conversion curves for AM and PEG-methacrylate
macromonomer with PEG pendant chain length of 23.
Conversion curves for AM and PEG-acrylate
macromonomer with PEG pendant chain length of 40.
AM conversion in copolymerization of AM with
macromonomer with different PEG pendant chains length.
Fluorescence spectra of pyrene in SDS, MA-9, MA-23
and water.

Schematic description of shielding effect on propagating
radicals.

36

37

38

40

A schematic for hydrogen bonding between PEO and PFR."‘@

A schematic structure of comb copolymer with long PAM
backbone and short PEG pendant chains.

Influence of pH and NaCl concentration on the solubility
of the phenolic resin C-271.

Potentiometric titration of phenolic resins C-271.

Degree of ionization of PFR C-271 versus pH from the
potentiometric titration.

Phenolic resins precipitate isotherm in PEO-309 and
copolymer (56-107) solution.

Initial pH effects on the precipitated amounts of

Xii

62

63

64
65

66

67



Figure 8

Figure 9

Figure 10
Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Chapter 3
Figure 1
Figure 2
Figure 3

Figure 4

Figure 5
Figure 6

Figure 7

PFR C-271 on PEO-309.

The viscosity behavior during interpolymer associations 68
between PEO and phenolic resin C-271.

The viscosity behavior during interpolymer associations 69
between copolymer and phenolic resin C-271.

Chemical structure of Acridine Orange. 70
Fluorescent microscopic observation on the mixture of 71
Acridine Orange and PFR C-271.

Fluorescent microscopic observation on the mixture of 72
Acridine Orange and PFR C-271 with PEO-309.

Fluorescent microscopic observation on the mixture of 73
Acridine Orange and PFR C-271 with copolymer 56-107.

A schematic of flattening complex configuration in an 74

oligomer/polymer system.

An analogy between the polymer adsorption on the solid 74
surface and an oligomer/polymer complexation system.

A schematic of the complexation between PAM-co-PEG 75
compolymer and PFR

Complex associations induced by uncharged cofactor K167
and charged cofactor in PEO/cofactor system
A schematic of the complexation between PFR and 77

PEOQO in three situations.

{

Structure of PAM-co-PEG copolymer. \97
Structure of PEG-macromonomer. 97
The effect of PEO concentration on latex flocculation 98

at a constant concentration of phenolic resin.
The effect of copolymer concentration on latex flocculation 99
at a constant concentration of phenolic resin of 2.0 mg/L.

Relative turbidity versus composition of copolymers. 100
Relative turbidity as a function of PEG pendant length 101
n in copolymers.

The Influence of polymer aging on PSL flocculation. 102

Xiii



Figure 8

Figure 9

Chapter 4
Figure 1

Figure 2
Figure 3
Figure 4

Figure 5
Figure 6

Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15

Figure 16

Figure 17
Figure 18

Figure 19

A schematic of hydrogen bonding formation between
phenolic resin and PAM-co-PEG Copolymer.
Complex formation between PAM-co-PEG copolymer
and PFR

Structure of the comb copolymer of acrylamide and
polyethylene glycol (PEG) methacrylate macromonomer.
PFR adsorption on polystyrene latex.

PEQO adsorption on PS latex

Observations on latex flocculation induced by PEO and
copolymer with PFR in turbidity measurements.

The influence of pH on PS latex flocculation by PEO/PFR.
Effect of NaCl concentration, i.e. conductivity, on the latex
flocculation.

Effect of copolymer dosages on latex flocculation.

Effect of PEO dosages on latex flocculation.

The effect of PFR dosages on the flocculation of latex at
constant PEO-309 dosage (1.0 mg/L).

The influence of total polymers concentration on latex
flocculation at constant ratio of PEO-309/ PFR = 1/1 (wt).
The influence of PS latex particle size on flocculation.
The effect of initial PS latex concentration on flocculation.
The effect of fiber concentration on latex flocculation.

The effect of mechanical shearing on the latex

flocculation induced by PEO/PFR in the absence of fibers.

Effects of interpolymer association between PEO and
PFR on the system viscosity.

Effects of interpolymer association between copolymer
(56-48) and PFR on the system viscosity.

Control morphology of fiber and latex without polymer.
Flocs of PS latex formed by PEO-309/PFR in the
presence of fibers.

Spherical flocs formed by PEO-309/PFR.

Xiv

141
141
142
143

144
145

146
147
147
148
149
150
151
151
152

1563

154
155

156



Figure 20
Figure 21

Figure 22
Figure 23

Figure 24

Chapter 5
Figure 1

Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8

Figure 9

Figure 10

Chapter 6
Figure 1
Figure 2

Figure 3
Figure 4
Figure 5

Figure 6
Figure 7

Spherical flocs formed by copolymer 43-129/PFR.

PS Latex deposited on the bleached fibers caused by
addition of cationic copolymer XB-54-15-1.

SEM observation on a single floc attached on the fiber.
A schematic of network flocculation proposed by
Lindstrom et al.

A schematic of the formation of the complex aggregates
and flocculation processes.

A schematic structure of long PAM having short PEG
pendant chains to give a comb copolymers.

Structure of PEG-(meth)acrylate macromonomer

Effect of composition of copolymer on FPR.

Effects of Pendant PEG chain lengths on FPR.

Effects of amounts of copolymer 56-108 addition on FPR.
Effect of aging time on PSL Flocculation.

Effect of propeller speed on FPR for different polymers.

Effects of propeller speed on FPR for the copolymers with

different PEG pendant chain lengths.

A schematic of hydrogen bonding between the
PAM-co-PEG copolymer and phenolic resin.

A schematic of complex bridging retention process

Potentiometric titration of PVPh-30.

The pH effect on flocculation of latex for
PEO-309/PVPh systems.

The effects of PVPh dosages on latex flocculation

in the PEQ/PVPH system.

The effect of PVPh MW at two level addition amounts
on latex flocculation in the PEO/PVPH system.

Effect of conductivity on the latex flocculation.
Characterization of PVPh particle size in dispersion.
Effect of PEG on the latex flocculation induced by

XV

167
158

189
160

161

183

183
184
185
186
187
188
189

190 O

191

211
212

213
214
215

216
217



Figure 8

Figure 9

Appendix
Figure A1-1

Figure A1-2
Figure A1-3
Figure A1-4
Figure A1-5
Figure A1-6
Figure A2-1
Figure A2-2
Figure A2-3
Figure A2-4
Figure A2-5

Figure A3-1

Figure A3-2

Figure A4-1

Figure A4-2
Figure A4-3

PEO/PVPh-30 and PEO/PFR.
Kinetic process for latex flocculation induced by
PEO/PVPh-1.

A schematic description for hydrogen bonding between

PEO and PVPh.

TH NMR spectrum for methoxy poly (ethyleneoxy)
ethyl acrylate A-10 macromonomer.

TH NMR spectrum for methoxy PEG monomethacrylate

MA-9 macromonomer.

13C NMR spectrum for methoxy poly (ethyleneoxy) ethyl

acrylate A-10 macromonomer.
TH NMR spectrum for a mixture of PAM (molecular
weight 5,000,000) and PEG macromonomer MA-23.

A normalized 1H NMR calibration curve for the mixtures
of PEG macromonomer and polyacrylamide homopolymer.
AM conversion in inverse microemulsion polymerization.

UV absorbency of PFR at 286 nm versus PFR conc.
Transition Temperature measured by DSC.

A schematic of DSC thermogram for PEO solution.
Influence of PEO 309 concentration in aqueous
solution on the fusion enthalpy.

pH effects on fusion enthalpy for PEO/PFR complex
aqueous solution.

Calibration curve of the latex concentrations versus
log(To/ T¢).

Correlation between the experimental observed data
of the latex relative turbidity after flocculation and the
data predicted by the empirical equation.
Morphology of latex flocs formed by PEO/PFR
flocculation system in the presence of silica beads.
TiO, flocs formed by PEO-309 and C-271.

TiO5 flocs formed by copolymer 56-108 and C-271.

XVi

218

219

221

222

223

226

227

231

235

237

239

240

241

245

246

251

253
254



Figure A5-1 Correlation between PFR and relative turbidity.
Figure A6-1 Morphology of polystyrene latex flocs formed by PEO/PVPh

Chapter 1
Table 1
Table 2
Table 3
Table 4
Table 5

Chapter 3
Table 1
Table 2

Table 3
Table 4

Chapter 4
Table 1
Table 2
Table 3
Table 4
Table 5
Table 6

Table 7
Table 8
Table 9

flocculation system in the presence of bleached fibers.

LIST OF TABLES

Recipes for copolymerization.

Kp/Kt1/2 data from MA-PEG macromonomers.
Conversion data for AM and Macromonomers
ry estimated from low conversion data.
Molecular Weight of Comb Copolymers.

Summary of the properties of the copolymers.

Particle Size of Polystyrene Latex(PSL) measured by a Bl-
DCP(Disc Centrifuge Photosedimentometer) Particle Sizer.
Influence of copolymer MW on latex flocculation.

Effect of the polymer storage conditions of on the

relative turbidity during the latex flocculation Tg.

Influence of copolymer MW on flocculation effect.
Small diameter latex flocculation by high polymer dosage.
Flocculation of PNIPAM latex.

. Flocculation of PS-g-PNIPAM latex.

Effects of polymer addition order on the latex flocculation.
The effect of addition mode of the bleached fiber on PS
latex flocculation.

Flocculation of PS latex pre-treated with PEO-309 and PFR.
Flocculation of PS latex in the presence of silica beads.
Relative ratios of collision or aggregation rates in the
schematic Figure 24,

Xvii

255
257

Page

28
29
30
31
32

94
95

95
96

135
136
136
137
138
139

139
140
140



Chapter 5
Table 1
Table 2

Chapter 6
Table 1

Table 2

Table 3

Table 4

Appendix
Table A1-1

Table A1-2
Table A1-3
Table A1-4
Table A3-1
Table A3-2

Table A4-1
Table A4-2
Table A4-3

Effect of MW of copolymers on the FPR.
Correlation between PS latex flocculation and pulp
fines retention.

Effects of addition modes on the latex flocculation
induced by PEO-309/PVPh-30.

Effect of addition order of PEO, PVPh and latex on
the flocculation.

The effect of dispersion state of PVPh-1 on the latex
flocculation.

The effect of PVPh dispersed particle size on the
flocculation of latex.

Average degree of polymerization, n, of PEG pendant
chains in macromonomers.

Copolymerization Recipes.

Conversion data for AM and Macromonomers.
recipes for semi-batch polymerization

Database for estimating the empirical equation.
Flocculation of the latex by polymers in the absence
of phenolic resin.

Latex flocculation in the absence of the fibers.

Flocculation of PS latex in the presence of silica beads.

Flocculation of by dual-polymer systems;
Concentration of TiO, = 48 mg/L.

Xviii

181
182

209

209

210

210

224

229
230
233
247
248

250
251
252



INTRODUCTION

Water-soluble synthetic polymers have been widely used as flocculants in
many industrial applications such as solid-liquid separation processes, mineral
processes, enhanced oil recovery, biological applications, waste water

28 This thesis describes the

treatment and paper-making processes.
preparation, kinetic characterization, and mechanism of novel polymeric
flocculants in papermaking.

In the formation section of a paper making, the pulp suspension is filtered
by the wire to form a paper sheet. In addition to the wood fibers, much smaller
fine particles, such as fiber fragments and mineral fillers, are easily lost during
sheet formation because they are too small to be filtered. Since it is desirable to
retain fines in the sheet, polymeric flocculants are used to deposit colloidal
materials onto the fiber surfaces. In the paper industry, polymeric flocculants
are called retention aids.

In water, most fines and cellulose fibers bear an anionic surface charge.
Thus, most retention aids have a cationic component to facilitate adsorption to
the pulp-furnish surfaces. However, mechanically-derived pulps such as
newsprint contain large quantities of dissolved and colloidal substances (DCS)
which are anionic. Cationic polymers are not cost effective in furnishes based
on mechanical pulps because much of the cationic polymer is consumed by
neutralization of DCS. By contrast, nonionic poly(ethylene oxide) (PEO) is an
especially effective retention aid for newsprint manufacture and other

groundwood furnishes because it is not sensitive to DCS.* However, PEO does



require a cofactor which can be phenolic resin, kraft lignin, modified kratt lignin,
tannin or Cartafen (a sulfonated phenolic polymer).

Currently, commercial PEO retention systems consist of high molecular
weight (MW) PEO and phenol formaldehyde resin (PFR). It was found that only
PEO with very high MW (usually > 4.0 x 108) is an effective retention aid.
However, very high molecular weight PEO chains are susceptible to degradation
resulting in lower molecular weight and thus lower effectiveness as retention
aids. The degradation can be caused by either shear forces, biological and
oxidative degradation.

In order to overcome the fragile properties of PEO, a series of the novel
comb copolymers with long polyacrylamide (PAM) backbones and short
poly(ethylene glycol) (PEG) pendant chains have been prepared in this work.’
The PAM backbone is relatively inexpensive and more robust than PEO
homopolymer. The comb copolymers combine the beneficial features of PAM
(inexpensive, robust) and PEQO (flocculation through hydrogen bonding).

Part of the current work focuses on the mechanisms by which PEO and
the new copolymers function. Understanding the roles of polymers in
flocculation processes is very important for designing novel functional polymers,
improving contro!l strategies in wet-end process; and, for guiding mills in the
choice of the best retention system. Mechanisms of polymer-induced
flocculation of colloidal particles have been investigated over the years.

The objectives of this work were: 1) to synthesize a series of novel comb
copolymers from free-radical copolymerization of acrylamide (AM) and
poly(ethylene glycol) (meth)acrylate macromonomers in aqueous solution; 2) to

relate the copolymer structures with flocculation efficiencies for polystyrene latex



(PSL) and mechanical pulp fines; 3) to elucidate details of the complex formation
between phenolic resin and PEO or the copolymers; and, 4) to determine the
mechanism of flocculation by nonionic dual-polymer retention systems.

The thesis consists of six chapters prepared as manuscripts for
publication. The contents of each chapter are briefly described as follows:

The first chapter of the thesis describes the preparation and kinetic
characterization of novel comb copolymers of acrylamide (AM) and PEG
(meth)acrylate macromonomers. Copolymerization with macromonomers
provided a series of PAM-co-PEG copolymers with well-defined structures. The
reactivity ratios, rq, of acrylamide (My) toward PEG macromonomers (M,) as well
as rate constant ratios of Ky/K/2 for macromonomers in homopolymerization
are described in this chapter. Effects of PEG pendant chain lengths on
reactivities of macromonomers in both aqueous solution copolymerization and
homopolymerization were determined.

The second chapter of the thesis describes studies of the interpolymer
association (i.e. complexation) between phenolic resins and PEO or copolymers.
The evidence of the complex formation through hydrogen bonding was observed
from UV spectrometry, viscometry and fluorescent microscopy. The mechanism
of the complex formation between phenolic resins and short PEG pendant
chains in the comb copolymers was discussed.

The third chapter of the thesis describes the results from the polystyrene
(PS) latex flocculation induced by the copolymers in conjunction with phenol
formaldehyde resin. The relationship between the copolymer structures and the
efficiency in latex flocculation was determined. The optimum structures of

copolymers for latex flocculation, including molecular weight, PEG pendant



chain length and composition of copolymers (or PEG pendant chain density),
were described. The influence of aging time on the polymer flocculation
performance was also discussed.

The fourth chapter of the thesis describes the flocculation mechanism of
colloidal particles by the phenolic resin and nonionic PEO or PAM-co-PEG
dual-polymer systems. A new flocculation mechanism called "complex bridging"
was developed in this chapter. The proposed mechanism was based on a
preliminary kinetic analysis on several possible flocculation approaches and
found to be in agreement with a number of experimental observations including
the influence of flocculation conditions, polymer adsorption, rheological behavior
and morphology of colloidal flocs. The molecular weight dependence of polymer
in inducing latex flocculation was interpreted by a dynamic collapsing process of
colloidal polymer complexes.

The fifth chapter of the thesis deals with the retention of mechanical pulp
fines by PAM-co-PEG comb copolymer and phenolic resin dual-polymer
systems. Retention measurements were conducted using a dynamic drainage
jar (DDJ) and results for the different copolymers were linked to the structure of
copolymer. Shear stress effects on mechanical pulp retention induced by
copolymers and high molecular weight PEO homopolymers were investigated.
The retention mechanism was also discussed.

The sixth chapter of the thesis describes results from studies of latex
flocculation induced by PEO and poly(p-vinyl phenol) (PVPh). This is the first
reported use of PVPh as a cofactor. The comparison between PVPh and PFR
as cofactor under different flocculation conditions, such as pH, salt concentration

and addition orders, was conducted. Kinetic analysis of the complex bridging



flocculation was carried out and results indicated that an orthokinetic process
was involved. The similarity between PEO/cofactor dual-polymer flocculation

system and microparticular flocculation system was also discussed.
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CHAPTER 1

Preparation and Kinetic Characterization of Copolymers of
Acrylamide and PEG (meth)acrylate Macromonomers

ABSTRACT

Novel comb copolymers were prepared by free radical copolymerizing
of acrylamide (AM) and poly(ethylene glycol) (PEG) macromonomers in
aqueous solution using potassium persulfate as an initiator.  The reactivity
ratios of acrylamide (M) toward macromonomers (Mp), r1=Kp11/Kp12, were
estimated at low conversion by using H! NMR and HPLC techniques. The
values of rq{ ranged between 1.35 and 2.2 and were dependent on PEG
pendant chain length in the macromonomers. The reactivity of the
macromonomers in copolymerization, characterized by (1/r1), decreased with
PEG pendant chain length. The reactivity of the macromonomer in
homopolymerization, expressed as Kp/Kt1/2, increased with the PEG
pendant chain length. The changes of Kp and K; are likely caused by the
shielding effect on growing radicals due to macromonomer pendant chains.
The molecular weight of copolymer was found to be sensitive to the
polymerization temperature. Higher MW (> 3 million) copolymers were
obtained at lower temperatures.

KEY WORDS: acrylamide, macromonomer, copolymerization, reactivity
ratio, water soluble polymers, nonionic polymers.



Introduction

Polyethylene oxide (PEO) has been widely used in many technologies
including waste water treatment, paper making and polymer processing. PEO
with a molecular weight of 4.0 x 108 is effective as a flocculant (retention aid) for
the production of newsprint."* However, the requirement for high molecular
weight causes problems in industrial applications because very high molecular
weight PEO chains are susceptible to oxidative and hydrodynamic degradation
resulting in lowér molecular weights and lower flocculation efficiencies. Pelton
et al.® proposed more robust structures for high molecular weight flocculants
consisting of long polyacrylamide -(PAM) backbone with a few short
poly(ethylene glycol) (PEG) pendant chains to give comb structures (see Figure
1).

One route to the desired comb copolymers is to graft PEG onto
polyacrylamide (PAM). Possible grafting methods include fy-ray radiation
polymerization®, redox radical polymerization,® functional group condensation
and coupling through water-soluble carbodiimides.® The disadvantages of using
these methods include: 1) the difficulty in controlling the density of graft and graft
chain lengths; 2) the tendency to produce by-products; and 3) the cost would be
too high for commercial applications.

For this work, free radical copolymerization of acrylamide with PEG
macromonomers was used to produce the comb copolymer. PEG
macromonomers are methoxy PEG esters of acrylic and methacrylic acid. The
structures of PEG macromonomers used in this work are shown in Figure 2.
Compared with the random grafting methods previously mentioned, the

copolymerization potentially provides full control over the pendant chain length,



the number of pendant chains per macromolecule and molecular weight of
copolymers.
A number of papers have been published on macromonomer

8

copolymerizations.”»® Most of the published works have involved hydrophobic

monomers such as styrene and methyl methacrylate (MMA)%'"%","

and few
studies have been reported on copolymerization of PEG macromonomers with
hydrophilic monomers such as acrylamide and acrylic acid. Schulz et al.’
synthesized copolymers of nonylphenoxy PEG acrylate and acrylamide. Since
nonylphenoxy poly (ethylene oxide) acrylate is surface active, no external
surfactant was needed for the preparation of high MW acrylamide copolymers
with 0.1-5 (mol) % hydrophobic content from nonylphenoxy PEG acrylate
macromonomer. Schulz's work focused on the use of the lowest levels of
nonylphenoxy PEG acrylate macromonomer necessary to achieve hydrophobic
enhancement of viscosity. However, no polymerization kinetic measurements
were reported.

The objectives of this work included preparation of a series of novel
acrylamide-PEG macromonomer comb copolymers with well defined structures
and the measurement of the reactivities of PEG macromonomers in
copolymerization with acrylamide. NMR and HPLC techniques were used to
elucidate the kinetics of polymerization. Factors studied were the influence of
PEG pendant chain length on the reactivities of macromonomers in
homopolymerization and copolymerization, as well as the effect of
polymerization temperature on the molecular weight of the copolymers

synthesized.



1.1 Experimental
1.1.1 Materials

Acrylamide (Aldrich Co.), methoxy poly (ethyleneoxy) ethyl acrylate (R =
H in Figure 2) (Monomer-Polymer, Inc), methoxy poly(ethylene glycol)
monomethacrylate (R = CHz in Figure 2) (Polysciences, Inc.), potassium
persulfate (KPS) initiator (BDH Chemicals), hydroquinone (BDH Chemicals),
sodium dodecyl sulfate (SDS) (BDH Chemicals) and pyrene (Aldrich Co.) were
used as supplied. Milli-Q treated distilled water was used to prepare all aqueous
solution.

Herein the macromonomers are represented as MA-n or A-n where MA
refers to methacrylic ester and A is acrylic ester. The n value is the average
degree of polymerization for the PEG pendant chains. For example, MA-23
represents the PEG macromonomer with n = 23 and R = CH3 (see Figure 2).
The macromonomer structures have been verified by 1H and 13C NMR
measurements. More details on characterization of macromonomers are

described elsewhere.™

1.1.2 Copolymer characterization and monomer conversion
measurements
1.1.2.1 HPLC

High performance liquid chromatography (HPLC) was used to measure
residual acrylamide concentration during polymerization'. The HPLC system
was fitted with a CN precolumn (particle size 5 mm, cartridge ID 8 mM, Waters),
an ERC-3110 degasser (Erma Optical works), a U6K injection system (Waters)

and a Beckman 160 UV detector set at 214 nm where acrylamide gives
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maximum absorption. Milli-Q treated distilled water was used as a mobile phase
at a flow rate of 2.0 mL/min.
1.1.2.2 NMR

A Bruker AC 200 NMR spectrometer (200 MHz, Bruker Co.) was used to
measure the composition of the copolymers. Comb copolymer powder was
dissolved in DO at a concentration about 0.5 wt % in thin wall 5 mM NMR tube.
1H chemical shifts were reported relative to HDO peak at 4.6 ppm.
1.1.2.3 LALLS and GPC

Low angle laser light scattering (LALLS) and gel permeation
chromatography (GPC) were used to characterize the molecular weight of comb
copolymers. LALLS photometer Model Chromatrix KMX-6 is supplied by
Thermoseparation Products. Light scattering was measured at 25°C with a He-
Ne unit operating system at the red wavelength of 633 nm.

GPC is LC Model 5000 from Varian, Column Set TSK G 3000 pw, G 5000
pw and G 6000 pw. TSK standard poly(ethylene oxide) samples, SE-2 to SE-
150 with Mw/Mn < 1.17, were used for GPC calibration.

The techniques used in MW measurement, LALLS and GPC, are reported
to give more reliable data than those obtained using a viscometer since non-
Newtonian effects would likely be significant for high MW polyacrylamide'

where intrinsic viscosity measurements are made.

1.1.3 Homopolymerization
Homopolymerization of macromonomers was carried out at 40°C in
deuterated water in 5 mM NMR tubes with potassium persulfate initiator (see

Table 2 for details). Monomer conversion was monitored with proton NMR by
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following the peak disappearance of the vinylic protons relative to terminal

methoxy group OCHs.

1.1.4 Copolymerization

The copolymerizations were carried out in aqueous solution in a 1 L batch
reactor equipped with a mechanical stirring paddle or in 50 mL test tubes which
were stirred with a magnetic stirring bar. The temperature of polymerization was
maintained at 25°C or 40°C. Between 2 and 8 hours were required for
polymerization with initiator KPS at concentration of 3.0 x 103 mol/L. Table 1
summarizes the copolymerization recipes.

For the systems with total volumes over 250 mL, a 20 mL sample was
collected every 20 to 30 min. during polymerization to permit measurements of
the conversion and copolymer compositions. About 1 mL 0.1 % hydroquinone
aqueous solution was immediately added to each collected sample to terminate
polymerization. Between 0.2 and 0.5 mL of each sample was required for HPLC
analysis; the remainder of the sample was precipitated into acetone.

The copolymer, precipitated with acetone, was washed with toluene to
extract unreacted macromonomers. The washed copolymer was dried at 30°C in
vacuum oven for 12 hours. The composition of the purified copolymers was
measured by proton NMR. Conversion of the macromonomer in each sample
was calculated from the composition of the copolymer and AM conversion.

An NMR spectrum for PAM-co-PEG copolymer is given in Figure 3 as an
example. The peak assignments are described in Figure 3 as well. The
composition of copolymer was estimated from the ratios of peak areas of

OCH5CH, in PEG pendant chains to CH-CH, in copolymer backbones. The
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standard deviation, expressed as a percentage of the mean, ranged between 4

and 6 % for the same sample when repeats were made.

1.1.5 Solution properties of macromonomers

The luminescent molecule pyrene (Aldrich) was used to determine if the
macromonomer solutions formed micelles. 1.0 mL saturated pyrene aqueous
solution was mixed with 1.0 mL SDS or macromonomer solutions. The
concentrations of SDS and the macromonomer are given in Figure 8.
Synchronous scannings were conducted using an Aminco Luminescence

Spectrometer (SLM Instruments Co.) at 25°C.

1.2 Resulis

1.2.1 Homopolymerization of macromonomer

Homopolymerizations of macromonomer were carried out to determine
kinetic parameters and the results are shown in Figure 4. The points were
measured and the continuous lines were predicted with the following kinetic
model.

The rate expression for Ry, in a free radical homopolymerization obeying

the steady state hypothesis can be written as follows:"”
Rp = - [M]od(1-X)/dt = (Kp/Kt1/2)[M] (2f KqlI]) 172 (1)

where K, and K; are propagation and termination rate constants; f is the initiator
Ta
efficiency; [M], is the initial monomer concentration; X is monomer conversion

attime t. [M] and [I] are the monomer and initiator concentrations at time t. Ky is
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the decomposition rate constant of the initiator. For potassium persulfate at pH
7, the Arrhenius equation for Kd18 is given by:
Kq = 3.53 x 1016 exp (-33320/RT) sec-! (2
and for isothermal polymerization (assuming f = 1.0),
[1] = [Tloexp (-Kg't) 3)
When diffusion-controlled termination does not occur (K; is only a function of

temperature), integration of equation (1) gives the following expression:
In(1 - X) = -(Kp/Ky2) (8f [Tlo/Ko) V2{1 - exp ( -Kqt/2)} @)

Two standard assumptions were made.' First, the stationary-state hypothesis
(SSH) is valid for radical reactions. Second, long chain approximation (LCA),
i.e. chain lengths are sufficiently large that the total rate of monomer
consumption may be equated to the rate of monomer consumption by the
propagation reactions alone. Ky /K2 values were obtained by fitting equation
(4) to experimental conversion data. The results are summarized in Table 2 and
predicted conversion curves are compared with experimental data in Figure 4.
For comparison, K/K;1/2 values were also estimated from literature.2*’
Compared to values for macromonomers, the reactivity of acrylamide,
expressed as Kp/KtV?, was six to eight times higher. For macromonomers with
different pendant chain lengths, the reactivity increased with the pendant chain
length. For example, K/K;/2 for MA-23 was 0.663, but only 0.474 for MA-5. An
even higher value for MA-67 was obtained by Ito (polymerization conditions for
MA-67 are shown in Table 2). Compared with methyl methacrylate (MMA)
polymerized in benzene, polymerization of PEG-methacrylate macromonomer

conducted in water was an order of magnitude faster.
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1.2.2 Copolymerization

Conversion data for the copolymerizations of AM and macromonomers
with different PEG chain lengths and corresponding compositions of the
copolymers are summarized in Table 3. The conversion of acrylamide was
always higher than that of the macromonomer. This suggested that the reactivity
of acrylamide was higher than that of PEG macromonomers at the same
polymerization conditions. These results are also consistent with the Kp/Kt“2
values shown in Table 2.

AM and macromonomer conversion versus time data are plotted in
Figures 5 and 6. In both cases the AM was consumed more quickly than
macromonomers.

Figure 7 shows AM conversion curves obtained in the presence of three
different macromonomers. The similarity of AM polymerization behavior in
Figure 7 suggested that AM reactivity was independent of the type of
macromonomers at mole ratios of AM to macromonomer higher than 50. By
contrast, the macromonomers with different PEG pendant chain lengths behaved
differently, as shown in the Figures 5 and 6. MA-23 reached a higher
conversion than A-40 under the same conditions. For example, the conversion
of MA-23 was about 42 % after 1.5 h polymerization, whereas the conversion of

A-40 was about 20 % at the same time.

1.2.3 Reactivity of macromonomers toward acrylamide
For binary copolymerization which follows the terminal model, the

instantaneous copolymer composition equation may be expressed as:
diMs] _ [Mi] r{M1]+[M2]
d[Mz] [Mz] [Mi]+r2[M2]

()
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where My is acrylamide and M, is the macromonomer. Reactivity ratios are
defined as ri= Kpy1/Kpi2 and ry = Kpoo/Kpoy, where the rate constant

nomenclature is illustrated with the following reactions:

~M1- + M1 K, M- (6)
~M1- + M2 K12, 2 (7)

With a very large molar excess of acrylamide, i.e. [M2}J/[M1] << 1, equation (5)

reduced to the simple form:
d[M1] [Ms]
=T 8
d[Mz]  [Me] ®)

This equation can be used to estimate rq for macromonomers with different PEG
chain lengths. The reciprocal (1/r{) is a measure of the reactivity of the
macromonomer towards the polyacrylamide radical. The parameter ro cannot be
estimated due to the extremely low molar_ concentrations of macromonomer
used.

It was assumed that the drift in copolymer composition was negligible at
low monomer conversions (< 25 %), and the instantaneous composition was
approximately equal to the composition in the accumulated copolymer. Under
these conditions, equation (9) can be expressed in the following form:

_In(1=X)

"= Tn(i=Xe) ©)

where Xy and X, are the conversions of acrylamide and PEG macromonomer,
respectively.

Table 4 shows ry data obtained by applying equation (9) to experimental
conversion data. The results indicated that reactivity of macromonomer,

measured by 1/r4, increased as the PEG pendant chain lengths decreased. For
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example, the average 1/ry for MA-5 was 0.74 while 1/ry for MA-23 was 0.63.
Similarly, the average 1/r4 for A-10 was 0.735, and for A-40 was 0.45.

1.2.4 Influence of polymerization temperature on the molecular weight of

copolymers

Copolymerizations were carried out at 25°C and 40°C to investigate the
temperature effect on the copolymer molecular weight. The results (see Table
5) suggested that the weight average molecular weight (Mw) of copolymer was
temperature dependent. The copolymers with MW higher than 3 x 106 were
obtained when aqueous solution copolymerization were carried out at a
temperature of 25°C or lower. Polymerization at 40°C gave copolymers with MW
of approximately 1.0 x 106. No significant influence was observed for PEG
pendant chain length on MW of copolymers. The molecular weights of
acrylamide homopolymers obtained at 25°C and 40°C are compared with those
of the copolymers in the Table 5. The PAM molecular weights herein are

number average.

1.2.5 Solution properties of macromonomers

It has been reported in the literature that macromonomers can form
micelles in water which would influence polymer structure and complicate the
kinetic interpretation.® To check for this, fluorescence measurements were
performed using pyrene as a probe. Figure 8 shows the fluorescence emission
spectra of pyrene in aqueous sodium dodecyl sulfate (SDS) which is known to
form micelles. The strong emissions indicated the presence of hydrophobic

domains capable of enhancing the solubility of pyrene. By contrast, neither of
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the two macromonomer solutions showed any evidence of pyrene solubilization

(see Figure 8).

1.3 Discussion

The results from present work have indicated that the reactivities of
macromonomers in aqueous solution polymerization are PEG pendant chain
length dependent. It is of interest to note that the influences of PEG pendant
chain lengths in macromonomers on their polymerization behavior or reactivities
are different in homopolymerization and copolymerization. This may suggest that
the mechanisms of polymerization involved are not the same. A discussion of

the possible mechanisms for both homo and copolymerization is now presented.

1.3.1 Homopolymerization

In homopolymerization, the Ky/K;!2 values obtained using conversion
measurements increased as the PEG pendant chain lengths (n) increased. This
trend could have resulted from the increase of K, or decrease of K; with pendent
chain fength n, or with both happening simultaneously. It is clear that K; falls
more rapidly with n than Kp increases if it does at all.

The interpretation of the affect of pendant chain length on K, and K; can
follow two approaches: 1) shielding effect of pendant group on growing radicals;
2) micelle formation of macromonomers.

The shielding effect on radicals can simultaneously reduce radical/radical
termination and propagation of radical centers located on macromonomers.
Research on the kinetics of polymerization of macromonomers has already

revealed this.?®> We assume that there are two kinds of shielding effects in
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macromonomer homopolymerization; they are: 1) backbone chain effect, which
is the influence of the whole growing polymer chain on end radical; 2) pendant
chain effect, which is the influence of the PEG pendant chain on the growing
radical. Figure 9 schematically shows the two kinds of effects.

in the first situation, i.e., for the shielding effect caused by the entire
growing backbone polymer chain, several models dealing with the dependence
of termination rate constant K; on the chain lengths of two reacting radical chains
have already been developed.”* A simplified model for the effect of segmental
diffusion was expressed as follows:*®

Kt (n,m) = Kio (n,m)™® (10)
where K (n, m) is the specific rate constant of termination between two radicals of
sizes n and m and Ky, (n, m) is @ constant. o is a parameter which describes the
chain length dependence of K;. Aqueous solution polymerizations done herein
are too dilute for polymer translation diffusion to be a limiting factor.

With the pendant chain effect, i.e. the case in which the pendant chain is
attached on the end growing radical may influence both propagation rate
constant K, and termination rate constant Ki. The increase in Ky/K,1/2 with
pendant chain length is a result of the more rapid decrease of K; compared to K,
as the pendant chain length increases. For example, K, of MA-23 might be
smaller than that of MA-5, but an even smaller K; value for MA-23 (due to the
pendant chain shielding effect) results in a larger Ko/K;/2 value for MA-23 . The
radical lifetime for MA-23 may also be longer than that of the radical for MA-5

due to the smaller value of K;.
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The dependence of the reaction rate on chain length has been reported
for other macromonomer systems. For example, in the homopolymerization of
PMMA macromonomer in toluene with AIBN as an initiator, Masuda et al.&
determined Ky, and K; values by using electron spin resonance (ESR) and found
that K; decreased much faster than K, as the molecular weight of the
macromonomer increased. It was suggested that the highly crowded pendant
chain segment resulted in a very slow segmental diffusion-controlled
termination.

Similar work with the styrene macromonomer, done by Tsukahara et al.,?
showed a significant effect of MW of macromonomers on the diffusivity of the
macromonomer in radical polymerization. Data after Tsukahara et al. indicated
that when the degree of polymerization (DP) of the styrene macromonomer was
increased from 54 to 59, Kp decreased from 18 to 4 L/mol's. Meanwhile,
coupling termination rate constant K; decreased from 8400 to 1300 L/mol-s.
However, Ko/K{/2 value for the styrene macromonomer with DP 54 was 0.196
which was still higher than the K/K;"/2 value of 0.111 for styrene macromonomer
with DP 59. These results differ from the current observations but still show that
K falls faster than K, with increasing macromonomer chain length.

An alternative explanation for the effect of PEG pendant chain length on
Ko/K1/2, proposed by lIto et al.22, was that the macromonomers formed micelles
in water. Homogeneous polymerization kinetic expressions cannot apply to
systems where one of the monomers is present as micellar aggregates. [to et al.
indicated that the micelle formed because of the amphiphilic structure of the
macromonomer. They used light scattering technique to estimate the critical

micelle concentration (CMC) and micellar sizes of the nonpolymerizable
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models® for macromonomers. The hydrophobic heads of the model compounds
used by Ito et al. were benzyl and isobutyroyl, which will form hydrophobic
domains or micelles much more easily than methacrylate heads used in this
work. The CMC values for the models of the PEG vinylbenzyl macromonomers
ranged from 1.8 to 7.1 x 105 M and the aggregation numbers were between 19
and 1800.

Fluorescence probes have been widely applied in micelle

29’30

characterization. For example, Turro and Yekat proposed an excimer

fluorescent method to estimate the CMC and the aggregation number for SDS

1.2 used this method to characterize

micellar system®. Geetha et a
macromonomer A-9. They claimed that the aggregation number was 20 and the
CMC was 1.2 x 104 M. We believe the conclusion that A-9 micellizes is wrong
for the following reasons.

Conventional PEG-based surfactants which readily form micelles have a
hydrophobic head containing eight or more carbon atoms.  Structures with
smaller head groups either form micelles at very high concentrations or not at
all. For example, Elworthy et al.* found the CMC value for OH(CHx)4EQj3 to be
0.8 M in agueous solution at 20°C; molecules with smaller headgroups were not
reported. Similarly, Corkill et al.** found the CMC value for OH(CHa)gEO3 to be
0.1 M at 25°C and Donbrow et al.* found the CMC value for OH(CH,)gEQs5 to be
0.09 M at 20°C. Macromonomer A-9 has a headgroup based on 3 carbon atoms
so it is inconceivable that micellization could occur. In support of this argument

is our pyrene solubilization data for MA-9 and MA-23 (see Figure 8) which

showed no evidence for micellization of the 4 carbon head macromonomer.
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1.3.2 Copolymerization

In copolymerization the reactivities of macromonomers are a function of
pendant chain length. The reactivity of the macromonomer toward
polyacrylamide radical in copolymerization, as estimated by 1/r{, was found to
decrease with increasing PEG pendant chain length. The majority of
propagating radicals during copolymerization were acrylamide radicals because
the molar concentration of AM was at least 20 times greater than that of
macromonomers. As a result, the reactivity of macromonomers toward
polyacrylamide radicals was controlled mainly by the effect of pendant chain
length on the propagation constant.

The propagation rate constant Ky15 in equation (8) describes the kinetic
process of macromonomers reacting with polyacrylamide radicals. The
segmental diffusion of the pendant chains on individual macromonomers may
limit the propagation rate with polyacrylamide radicals. In other words, K12 may
be higher for macromonomers with short pendant chains as compared to
macromonomers with long pendant chains whereas Kyq¢ for acrylamide is
independent of macromonomer pendant chain lengths. Therefore, the ry (=
Kp11/Kp12) change was caused only by Ky which is a function of pendant chain
length of the macromonomer.

Decreased reactivity with increased PEG chain length has been reported
for the copolymerization of PEG macromonomers with styrene in benzene. Ito et
al.*® explained the results by a thermodynamic repulsion between incompatible
PEG and polystyrene. In the copolymerization of PEG macromonomers with
maleic anhydride, Suzuki et al.* observed similar effects of PEG on MW.

Suzuki suggested that one reason was the competitive complex formation of
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MAnR with the ether oxygen in the macromonomer, resulting in lower reactivity of
macromonomers with longer PEG chains.

Since the total amount of macromonomer used in copolymerization was
much lower than that in homopolymerization, the effect of micelle formation by
macromonomer appears even less likely. Therefore, macromonomer behavior in
copolymerization is mainly determined by its individual structure (or pendant
chain length) and not due to aggregation of macromonomers to form micelles.

The molecular weight of the copolymer was found to be affected by
polymerization temperature. The higher temperature gave a lower copolymer
MW. This result is the same as for acrylamide homopolymerization, since low
levels of macromonomers in copolymer chains may not significantly affect MW.
Chain transfer to monomer and initiator have been found to be the major
reasons for lowering of MW at higher polymerization temperature. Many earlier
researches have revealed this. For example, the ratio of chain transfer to
monomer rate constant to propagation rate constant (Cp, = Kipy/Kp) in AM
homopolymerization at 25°C was found to be 2.0 x 10-5, as reported by Cavell et

al.*® and Fadner et al.*®

At a higher temperature of 40°C, the ratio became 5.8 x
10-4, as reported by Kangfu.*® By using least square estimating method, Shawki
and Hamielec®' gave more accurate values of Kip/Kp, , which were 9.10 x 106 at
25°C and 2.04 x 10-5 at 40°C. Therefore, higher chain transfer constant at
higher temperature led to a lower molecular weight. The same trends were
found for chain transfer to initiator. Shawki et al. reported that the Ky/Ky, values
were 1.58 x 103 and 4.41 x 10-3, corresponding to 25°C and 40°C respectively.
The molecular weights for copolymers (Table 5) were lower than those of

acrylamide homopolymers obtained at the same temperatures. Higher initiator
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concentration used in the copolymer synthesis ([I] = 3.0 x 103 mol/L) was one
reason. Another possible reason is that chain transfer to macromonomers is
easier than chain transfer to acrylamide. This explanation has been proposed

by Schulz et al.’®

1.3.3 Microstructure of the copolymers.

The performance of the copolymers in applications such as flocculation
could depend upon the chain microstructure. The distribution of pendant chains
was characterized by the mean sequence lengths, py and po, calculated using

the following equations®,

Hy =1+ r{[M¢)[M2] (11)

Hp =1+ rp[Ma][M¢] (12)
where subscript 1 refers to acrylamide and 2 refers to the macromonomer. For
example, sample 56-35 in Table 1 has [M1{}J/[Ms] = 60, r{= 1.63 (MA-23 from
Table 4). If it is assumed that ro =0.1, then pq and po calculated for 56-35 were
98.8 and 1.002, respectively. Since [Mo]/[M4] = 1/50 - 1/200, equation (12)
predicted that ps = 1.0. This meant that PEG pendant chains were separated by
about 50 to 100 acrylamide repeat backbone units in the copolymers produced
in this work.

Semi-batch polymerization process® is a more effective approach to
minimize composition drift and more effective in the utilization of costly
macromonomers. One possible semi-batch feed policy, i.e. Policy I, is the
addition of all macromonomer and sufficient AM (to give the desired composition
F1, i.e. mole % of AM in copolymers) to the reactor at time zero. Thereafter, the
AM is fed to the reactor with a time-varying feedrate to maintain [M4][M5] and F4

constant with time. This method should provide copolymer chains with the same
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composition. An alternative policy is called monomer-starved feed policy. With
this method, the premixtures of AM and macromonomers at desired ratios are
fed to a reactor. Addition rate is controlled at a lower rate so that [M4] ~ 0, [M5]
~ 0 and the copolymer composition spontaneously formed is the same as the
feed composition. In order to maintain the initiator concentration constant in an
isothermal polymerization, initiator potassium persulfate can also be

continuously fed to the reactor in aqueous solution during polymerization.

Conclusions

The main conclusions from this work are:

1. Copolymers of AM and PEG macromonomers can be prepared by free
homogeneous radical polymerization in aqueous solution.

2. The reactivity of the macromonomer (M,) toward acrylamide (M) was
pendant chain length dependent in both homopolymerization and
copolymerization of the macromonomer. In copolymerization, longer PEG
pendant chain lengths gave lower reactivity, as characterized by (1/r4). The
homopolymerization rate of macromonomers increased as PEG pendant
chain lengths increased, as estimated by Ky/K;'/2.

3. The shielding effect caused by pendant chains of macromonomers on
growing polymer radicals was proposed to interpret the kinetic mechanism in
polymerizations and it was observed that shielding reduced the
radical/radical termination rate more than the propagation rate.

4. The molecular weights of the copolymers synthesized were sensitive to the

polymerization temperature. Higher MW was obtained at the lower
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lower temperatures which is similar to that found for AM
homopolymerization. The pendant chain length in the macromonomer did
not show a significant effect on the copolymer MW.

5) Each PEG pendant chain, on average, was separated by 100 AM repeat
units at feed ratio of [M4]/[M,] = 60. Semi-batch polymerization can
provide a more effective approach to minimize composition drift with more

effective use of costly macromonomers.
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Tables

Table 1 Recipes for copolymerization; Concentration of initiator

[KPS] = 3 x 103 mol/L.

Samples Type of Weightof Weightof MoleRatio H,O Temp.
(M)A-n AM(g) PEG-M(g) AM/PEG-M mL °C

43-36 MA-23 9.20 2.84 50 300 - 40
56-35 MA-23 1.6 0.31 60 35 40
43-176  MA-23 12.8 0.99 200 286 25
56-48 MA-23 2.16 0.259 130 40 20
56-51 MA-9 2.21 0.177 88 40 25
43-71 MA-9 11.08 0.798 100 300 40
56-49 MA-5 219 0.166 56 40 25
43-16 A-40 11.36 6.07 50 400 40
23-170 A-40 16.0 8.44 50 475 40
56-36 A-20 1.61 0.369 60 35 40
56-1 A-20 12.82 0.968 200 285 25
43-22 A-10 12.78 1.99 50 385 40

23-160 A-10 16.0 9.99 14 500 40
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Table 2 Kp/K¢1/2 data from MA-PEG macromonomers. Polymerization
were carried out in an NMR tube with D,O at 40°C. Data are
compared with MMA and Acrylamide.

Sample | [Mo]x 102 | nof PEG [1o] Ko/Ky1/2
mol/L mmol/L
MA-5 25.2 5 1.81 0.474*
MA-9 8.44 9 3.55 0.504*
MA-23 3.85 23 3.83 0.663*
MA-67 4.5 67 0.454 2.468
MMA - - - 0.077b
Acrylamide - - - 5.57¢
or5.19d

* Kp/Kt”2 values were obtained from fitting the kinetic model Equation (5) to
experimental data using least square fitting approach.

a: Data taken from K. [to et al.22 Polymerization was carried out at 60°C in
Do0 with initiator. 4.4'-azobis (4-cyanovaleric acid) (AVA). Kq =4.58 x 105
(s1) for AVA was chosen in calculation. Kp/Kt!/2 value was estimated
from dX/dt at t=0.

b: Data taken from Kamachi et al.20 Methyl Methacrylate was polymerized at
30°C in benzene with initiator 2.2'-azobisisobutyronitrile (AIBN).

c: Data taken from Kim, C. J. Ph.D. Thesis, McMaster University, 1983.

d: Data calculated from equation Kp/Kt1/2 = 57.0exp (-1500/2T).2!
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Table 3 Conversion data for AM and Macromonomers
# of Reaction | Conversion | Conversion | Type of (M)A-n %
Samples Time AM % (MA-n% | (MA-n (mol)
(min.) in copolymers*

43-22 35 24.9 18.4 A-10 1.41
23-160 60 28.4 18.6 A-10 4.83
56-36 40 12.2 8.32 A-20 1.09
56-1 130 38.6 23.2 A-20 0.32
43-16 210 83.7 50.8 A-40 1.21
23-170 190 63.7 28.4 A-40 0.88
56-49 20 15.5 12.4 MA-5 1.51
43-63 250 69.9 53.0 MA-9 1.62

56-51 20 7.83 6.42 MA-9 1.0
43-176 30 19.3 13.4 MA-23 0.33
43-36 90 58.6 42.6 MA-23 1.36
56-35 20 13.8 9.65 MA-23 0.83

*. Average MW of the macromonomers were calculated using average chain length of

PEG in the macromonomers obtained from proton NMR measurements.
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Table 4. r{ estimated from low conversion data. Error estimation are
based on standard deviation of NMR composition measurement

Macromonomer | n of PEG reactivity ratio rq
PEG-MA-5 5 1.35+0.11
PEG-MA-9 9 1.39£0.15

PEG-MA-23 23 1.58 £0.13
PEG-A-10 10 1.36 £ 0.04
PEG-A-20 20 1.63+£0.18
PEG-A-40 40 2.20+0.11
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Samples | Mw x 10 | polymerization Mole feed Type of
temp. °C ratio of M1:M2 | macromonomer

43-36 1.2* 40 50:1 MA-23
43-48 1.0* 40 25:1 MA-23
PAM 1.062 40 — -

43-129 3.7 20 99:1 MA-23

43-176 3.4* 25 200:1 MA-23
56-48 4.5* 20 130:1 MA-23
56-51 5.1* 25 88:1 MA-9
PAM 5.3b 25

*. Data from GPC measurement. **;: Data from LALLS measurement.

Data for polyacrylamide (PAM) homopolymers was number average molecular weights
obtained from Shawki, S. M., Ph.D Thesis, McMaster University, 1978.

a.: [AM] = 0.5 mol/L; [KPS] = 2.5 x 10"3 mol/L,;
b.: [AM] = 0.5 mol/L; [KPS] = 1.0 x 10"3 mol/L.
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Figures

Figure 1. A schematic structure of long PAM having short PEG pendant
chains to give a comb copolymer.

R
CH =—(C—
. ¢ ﬁ{OCH20H2]rr]OCH3
@)
n=5 to 40
R =H ( A-n macromonomer)

or R=CH3 (MA-n macromonomer)

Figure 2 Structure of PEG-(meth)acrylate macromonomer
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Figure 3.  'H NMR spectrum of copolymer synthesized from acrylamide
and PEG macromonomer MA-9.
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Figure 4. Conversion versus time for the homopolymerization of PEG-
methacrylate macromonomers with different PEG pendant chain lengths

(see Table 2). The fitted lines were obtained from the kinetic model
summarized by Equation (4)
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Figure 5. Conversion curves for AM and PEG-methacrylate
macromonomer with PEG pendant chain length of 23. The corresponding
recipe for copolymerization is given as recipe 43-36 in Table 1.
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Figure 6. Conversion curves for AM and PEG-acrylate macromonomer
with PEG pendant chain length of 40. The corresponding recipe for
copolymerization is shown in 23-170 in Table 1.
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Figure 7. AM conversion in copolymerization of AM with macromonomer
with different PEG pendant chains length. Molar ratios of AM to
macromonomers were 50 all samples. Polymerizations were carried out at
40°C with the recipes (43-16, 43-22 and 43-36) shown in Table 1.
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chain effect; (b) radical shielded by a pendant chain in the
macromonomer, i.e., pendant chain effect.

40



CHAPTER 2

Interpolymer Association between Phenolic Resin
and PEO or PAM-co-PEG Copolymers

ABSTRACT

The complexation via hydrogen bonding between phenolic resins and
poly(ethylene oxide) (PEQO) or polyacrylamide (PAM)-co-poly(ethylene glycol)
(PEG) copolymers has been investigated. Characterization of the complexes
was conducted using precipitation isotherm, rheological behavior and
fluorescent microscopic observations. The results indicated that interactions
between phenolic resins and PEO or the copolymer led to the transient increase
in viscosity, complex aggregation and precipitation. By contrast, PEG with a low
MW of 2000 did not show the same evidence as observed for the high MW
PEO/phenolic resins systems.

This work considered the complexation in analogy with polymer
adsorption. Two parameters, the degree of linkage and the amount of binding,
were required to characterize the complexes. Higher amounts of phenolic resin
involved in the complexes at the higher PEO molecular weights were attributed
to the dynamic collapse of colloidal complexes. Complexation between phenolic
resin and copolymers with short PEG pendant chains (as low as 9 repeat units)
is believed to arise from the simultaneous interactions of the phenolic resins
with the short PEG chains bound to the same polymer backbone.

KEYWORDS: complexation; PEO; copolymer; phenolic resin; hydrogen bonding.
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Introduction

The interpolymer association between a proton-donor polymer (e.g.
poly(acrylic acid) and phenolic resins) and a proton-acceptor polymer (e.g.
poly(ethylene oxide)(PEO) and polyacrylamide) has been extensively studied in
past decades.” Two basic types of studies have been widely conducted. One
has focused on the solid state polymer mixtures in which interpolymer
association strongly influences the properties of polymers such as stress-strain
behavior and glass transition temperature; another has concentrated on
complexation occurring in organic or aqueous solutions.

Phenolic polymers, as proton-donor polyacids, have been recently
studied in blends in the solid state. For example, interpolymer complexation
between Poly(vinylphenol) and poly(N,N,-dimethylacrylamide) was reported by
Suzuki et al.? Similar systems, such as blends of poly(vinylphenol)/poly(methyl
acrylate)® and poly(vinylphenol)/poly(vinyl acetate)!, and complexation of
poly(N,N-dimethylacrylamide) and phenol-formaldehyde resins,> have also been
published. However, systematic studies on complex formation between
phenolic polymer and poly(ethylene oxide) in aqueous solution are very limited.

Nevertheless, the complex formation in solvent, especially in aqueous
solution, is very important. For example, a number of biological macromolecules
produce aggregates or gels in aqueous solution due to association.® PEO
polymer used as a flocculant’ in papermaking processes is another important
example for the complex formation occurring in aqueous solution. The
flocculation processes, specifically, the fine particle retention for mechanical

pulps, involve complicated macromolecular associations.
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In this work, results on studies of the hydrogen bonding complexes
between high molecular weight polyethers and water soluble phenolic polymers
were reported. Our interest in these systems arises from the fact that these
complexes are very effective flocculants (retention aids) in the production of
newsprint and other papers based on mechanical wood pulps. The key feature
of this application is that flocculation of suspended solids must occur in the
presence of high concentrations of dissolved and colloidal substances (DCS)
originating from the wood. Much of this dissolved material is anionic
polyelectrolytes which form precipitates with conventional cationic flocculants.
By contrast, high molecular weight poly(ethylene oxide), PEO, is not
sequestered by the dissolved material and thus is effective as a colloidal
flocculant at much lower dosages than the cationic polyelectrolytes.

A second polymeric component, herein called a cofactor, must be present
for effective flocculation with PEO. Water soluble phenol formaldehyde resins
are the standard cofactors used in industry. However, kraft lignin, sulfonated
kraft lignin and abietic acid are also effective. All cofactors have phenolic
hydroxyl groups which can form hydrogen bonding complexes with PEO. Stack

and coworkers have published a series of papers®®."°

on the complex formation
between PEO and phenolic resins. They determined the factors affecting the
formation of precipitated complex defined as that material which would not pass
through a 76 um screen. Comparing the precipitation behavior of different
phenolic resins, they concluded that: 1) both Novolac and Resole resins can
form complexes with PEO; however, they speculated that Novolac phenolic

groups are more accessible to hydrogen bonding; 2) the tendency to form

precipitate did not seem to depend upon the content of methylol groups whereas
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resins with high hemiformal content gave the most precipitate; and, 3) they
postulated that the structure shown in Figure 1 was representative of the
hydrogen bonding interaction.

The effects of pH, ionic strength and PEO molecular weight were not
entirely clear because many phenolic resins were phase separated in dilute
aqueous solution at around pH 4 depending upon the salt concentration. In the
presence of PEO there appears to be two precipitation regimes. At low pH
values, near the PFR phase separation, the amount of precipitated PFR per
PEO molecule increased with the PFR concentration. By contrast, at higher pH
values, the PEO/PFR precipitate had a constant composition which was not
sensitive to electrolyte concentration.

It has been shown that comb copolymers with polyacrylamide backbones
and bearing 0.5 to 3 mole percent poly(ethylene glycol) (PEG) pendant chains
function similarly to PEO as flocculants." Whereas PEO molecular weights must
be at least 4,000,000 for effective flocculation, good results were obtained when
the pendant PEG chains on comb copolymers were as short as 9 repeat units.
In this work we compare PEO, low molecular weight PEG and the PEG comb
copolymers with respect to complex formation with phenolic resins. Several
techniques have been used to characterize the interpolymer association in the
present work. These include UV spectrometry, rheometry, and fluorescent

microscopy.
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2.1 Experimental

2.1.1 Materials

Poly(ethylene oxide) (PEO) homopolymers, Polyox-301 (PEO-301) and
Polyox-309 (PEO-309) were supplied by Union Carbide. Weight average
molecular weights (Mw) of PEO-301 and PEO-309 were 4 and 8 million
respectively, as indicated by the supplier. Methoxy poly(ethylene glycol) (PEG)
with a molecule weight of 2000 was obtained from Union Carbide. Copolymers
with long polyacrylamide (PAM) backbones and short PEG pendant chains were
synthesized in this work. Details on the copolymerization procedure and
characterization have been described elsewhere.” The copolymer structure is
schematically represented in Figure 2. The copolymer 56-107 used in this work
contained 1.7 % (mole) of PEG pendant chains with chain length of 23 ether
repeat units, and Mw was approximately 4.0 million.

Phenol formaldehyde resins (PFR) CASCOPHEN C-271 (40 % (wt) in
aqueous solution) were obtained from Borden Chemicals. The average Mw of
PFR was 13,000 based on gel permeation chromatography (GPC) measurement

using PEO as standards.

2.1.2 Potentiometric titration

PFR C-271 titration was carried out with an ABU93 Triburette Radiometer
(COPENHAGEN). The addition of acid, 0.1 N HCI, or base, 0.1 N NaOH, was
automatically controlled by Aliquot software. NaOH was added first and the
forward titration was stopped at pH 10.5; HCI was added for the back titration to
give 90 data points for the titration curve. Hydroxyl content of the PFR C-271

was calculated from the reverse potentiometric titration curve.” This curve was
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also used to calculate the degree of ionization of C-271 as a function of pH

using the method reported by Bloys van Treslong et al.™

2.1.3 PFR Solubility

The solubility of PFR at various pH and salt concentrations is given in
Figure 3. Non turbid region occurred at the current conditions for precipitation
isotherm, i.e., pH > 4.0, and [NaCl] = 103 M which corresponds to about 2.1 of
log{conductivity (uS/cm)}. Therefore, no precipitate of PFR would be expected.

These properties were similar to those observed by Stack et al.8

2.1.4 PEO/PFR precipitation experiments.

The pH and ionic strength of PFR and PEO stock solutions were adjusted
by addition of HCI, NaOH, and NaCl. To a test tube containing 15 mL of PEO or
copolymer solution (70 to 240 mg/L) was added between 0.02 and 0.2 mL of C-
271 at the concentration of about 4000 mg/L. After shaking by hand the tubes
were left for 20 minutes to allow the precipitated complex to settle. The C-271
concentration in the supernatant was measured by UV at 286 nm. The UV
calibration curve obeyed Beer's law to a concentration of 200 mg/L; more

concentrated PFR sample (3.7 % wt) was diluted before analysis.

2.1.5 Viscosity measurement

A Bohlin VOR Rheometer System (Bohlin, Sweden) was used to measure
the rheological behavior of mixtures of the phenolic resin and PEO or copolymer.
Measurements were conducted in a concentric cylinder with a measuring
geometry of C25. Continuous viscosity and shear stress were recorded as a
function of time at a constant strain. Shear rate was 146/s. The total sample

volume was about 13 mL. In order to observe the influence of interpolymer
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association on the system viscosity, one polymer (phenolic resin or PEO) was
subjected to steady-state shear. After approximately 30 s the second component

(PEO or phenolic resin) was added and data were collected for 120 to 150 s.

2.1.6 Fluorescent laser microscopy observation

Fluorescent microscopic observations of the interpolymer associations
between PEO or PEG comb copolymer and phenolic resins were conducted using
a Laborlux K Dage-Mti series Sit 66 microscopy system (Leitz) with a halogen
laser source. Excitation wavelengths ranged between 450 and 490 nm, and the
emission at 520 nm. Acridine Orange (Sigma) was used as a probe molecule in
fluorescent microscopic observation. A solution mixture of phenolic resins and
the probe molecule was first put in a watch glass. The PEO or copolymer
solution, at pH 5, was then dropped on the glass and mixed with phenolic and

Acridine Orange solution. Images were videotaped.

2.2 Results

2.2.1 Characterization of PFR

Figure 4 shows results from the potentiometric and conductivity titrations of
PFR C-271. The potentiometric curve showed two inflection points. The first at
pH 4.5 is assumed to indicate the presence of carboxyl groups in the phenolic
resins. The second inflection point is at pH 10, which corresponds to the
dissociation of hydroxyl groups in PFR. The conductivity curve agrees with the
potentiometric curve.

To further elucidate the charge groups, the degree of ionization, ¢, versus

pH was calculated from the titration curve (see Figure 5). ¢ was defined as the
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excess mM equilibrium base, relative to blank titration of 0.1 N HCI with 0.1 N
NaOH, over phenolic resin concentration.

In plotting Figure 5, ¢ value was assumed to be zero at pH = 3. As pH
increased, the degree of ionization increased. Corresponding to Figure 4, two
inflection points also existed. The titration endpoints indicated that totally about 7
meg/g PFR of the charge content in the phenolic resin. Among them, about 5
meqg/g PFR was attributed to the hydroxyl groups, and the remaining was from the

carboxyl groups.

2.2.2 Precipitation isotherms

Precipitates formed when aqueous PEO was mixed with PFR. Figure 6
shows the mass of precipitate as a function of the amount of added PFR. The
experimental conditions are summarized in the figure caption and the mass of
PFR in the precipitate was divided by the total mass of polyether (i.e. PEO or
copolymer) to give a dimensionless quantity. The mass of precipitated PFR
increased linearly with the amount of added C-271. Similar results were
reported by Stack et al. 8 for a different PFR dissolved in 0.01 M KNOs.

The data in Figure 6 also show that the amounts of precipitated PFR in
the copolymer complexes (based on total amount of the copolymer) were lower
than those in PEO-309 complexes. For example, the amount of precipitated
PFR in PEO-309 was about 0.12 mg/mg PEO at about 0.6 mg/mg PEO addition
dosage, whereas the amount of precipitated PFR bound to the copolymer 56-
107 was approximately 0.04 mg/mg copolymer at the same PFR addition
dosage. However, it should be noted that the copolymer used contained only
about 21 % (wt) of macromonomers with an average PEG chain length of 23

moles. Therefore, when the estimation was based on the total amount of the



49

effective ether repeat units, the amount of bound PFR in the copolymer was 0.19
mg/mg copolymer at the same PFR dosage. This suggested that the PEG
pendant chains in the copolymer appeared to be more effective than PEO at
precipitation of PFR. The similar complex precipitate was also observed for the
copolymer 56-108 which PEG pendant chain length was as low as 9 ether repeat
units.

The mass of precipitated PFR in Figure 6 did not reach a constant value
which should occur when the PEO is saturated with bound PFR. Higher PFR
dosages were required for saturation.

When initial PEO concentration was low (about 70 mg/L), the different
precipitation behavior was observed upon PFR addition. The results are shown
in Figure 7. The important features include: 1) precipitated PFR amount is a
function of pH; 2) PEO saturation was observed. An interesting phenomenon
was that the precipitate did not form until PFR addition dosage exceeded 1.8
mg/mg PEO.

The precipitation amounts PFR were also pH dependent. At an initial pH
of 4.4 the maximum mass of precipitated PFR was 1.3 mg/mg PEO. At a higher
initial pH value of 7.2, a lower amount (= 1.0 mg/mg PEQO) of the precipitated
PFR was observed. The results suggested that acid conditions were more
favorable for complex formation. The scattering in the data in Figure 7 may
reflect the broad molecular weight distribution of PEO. Stack et al. have shown
that the maximum amount of bound PFR increases with PEO MW .8

Many attempts were made to form precipitate by mixing PEG 2000 and
phenolic resin C-271. No indication of precipitate was observed at PEG

concentrations of 40.5 and 251 mg/L.
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2.2.3 Rheological properties of PEO/PFR mixtures

It has been suggested that the addition of PFR to PEO aqueous solution
forms a transient water swollen network. To test for this, the viscosity and shear
stress was measured as a function of time at constant shear rate. The results, as
indicated in Figure 8, show that a spike in the viscosity was observed after the
PFR was added into the PEO solution. After approximately 30 seconds, the
system viscosity was reduced to close to the initial PEO-309 homopolymer
aqueous solution value. Similar result was obtained for the copolymer/C-271

complex (Figure 9).

2.2.4 Morphology observations in complex formation

Fluorescent microscopy was used to observe the water soluble PEO/PFR
complex. Acridine Orange (3,6-bis[dimethylamino]acridine-HCI), a cationic water
soluble dye, was used as a probe. The dye structure is given in Figure 10.

Figure 11 shows a photomicrograph of the mixture of phenolic resin C-
271 and Acridine Orange. The dye concentration was 30 mg/L, which is lower
than the limit of solubility (50 to 100 mg/L). PFR concentration was 275 mg/L.
The white spots in the Figure indicate that the fluorescent emission from the
probe was uniformly dispersed. It was assumed that the cationic dye formed
electrostatic complexes with the negatively charged PFR.

When Acridine Orange was mixed with PEO in the absence of phenolic
resins similar photomicrographs were obtained. However, when PEO or the
copolymer was added to the mixture of Acridine Orange and phenolic resin,
highly fluorescent aggregates with sizes greater than 10 um were immediately
observed. Figure 12 shows such an example. It is assumed that the large white

fluorescent spot indicates the concentrated PFR complexed with PEO. Figure
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13 shows the luminescent aggregate formed by copolymer 56-107 in the
presence of PFR.

It should be noted that the PFR concentrations used in these
measurements (275 mg/L) were much higher than those used in flocculation
applications (2 mg/L). If polymer concentrations were reduced to 25 mg/L, no
luminescent aggregates were observed under the present instrumental
conditions.

The results of Lindstrom et al.”

and the rheological results presented
herein suggest that soluble PFR/PEO complexes undergo synergistic interaction
to form a precipitate. However, Acridine Orange labeled complex showed no
tendency to collapse, aggregate or precipitate under microscope. Perhaps the
dye introduced excess positive charges which solubilized the complexes.

When PEG (MW = 2000) or PEG macromonomer was added to the
mixture of Acridine Orange and phenolic resin, no aggregation was observed
under fluorescent microscope. This result suggested that low MW PEG did not
cause aggregation of phenolic resin in the measurement conditions.

It was also found that Acridine Orange did not interfere with the ability of
PEO/PFR complex to flocculate polystyrene latex. This has been demonstrated

by effective flocculation of PS latex by PEO/PFR dual polymer in the presence of

the same concentration of Acridine Orange (2.0 mg/L).

2.3 Discussion
Interpolymer association between a polyacid and a polybase can produce
the water soluble complexes and/or water insoluble complexes. For example,

the complex between PEG (MW > 1000) and polyacrylic acid (PAA) is water
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soluble. By contrast, in this work it was found that the high MW PEO and
phenolic resins formed a visible insoluble complex at a weight ratio of 1:1 with
total polymer concentrations being greater than 16 mg/L.

Water soluble PEO/PFR complexes must form either at extreme ratios of
the two polymers or immediately after mixing as a prelude to phase separation.
The only direct evidence for soluble complex formation is the fluorescent labeled
complex observed in this work. Unfortunately, the cationic dye is likely to
perturb the complex structure and properties.

In this work, the formation of insoluble complex is emphasized because it
has been measured and because colloidal flocculation with the PEO/PFR
system occurs in the precipitation regime. In the following paragraphs, complex
formation, starting from the molecular level (hydrogen bonding) and ending with

a description of the formation of macroscopic precipitate, is discussed.

2.3.1 Characterization of hydrogen bonding formation

The schematic description of hydrogen bonding between PEO and PFR
has been shown in Figure 1. There exists a great deal of evidence from related
systems to support the concept of hydrogen bonding between PEO and PFR.
For example, solution NMR has been used in the complex systems such as the
PEO/PAA' and PAA/polyacrylamide'. Chemical shifts in 1H and 13C spectra
were attributed to complexation and the change of ionization conditions.

In potentiometric titration of aqueous solution of PMMA,! the addition of
PEG with MW of 3000 or higher was accompanied by a rapid increase in pH at
[PMAA)/[PEG] mole ratio = 1 or above. This result is also an indication of the

formation of hydrogen bonding.
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Fuchs and Rupprecht® reported the investigation on interaction of
phenolic compounds with PEG in nonpolar solvents (CCly and CoH5Cly) using
IR spectroscopy. In the mixture of PEG 1500 and hexylresorcinol, a broad and
strong band with a maximum at 3375 cm-1 was found in IR spectrum. This was
attributed to the strong hydrogen bonding of the phenolic hydroxyl groups with
the polyether oxygens of the PEG.

In the complexation of poly(N-dimethylacrylamide) and phenolic resins,
differential scanning calorimetry (DSC) has been used in analyzing the hydrogen
bonding association and determining the Ty of the blends. It has been found
that the glass transition temperature of the complex was higher than the Tg
values of either polymer components.®

Hemker et al.’® reported using pyrene-end-labeled poly(ethylene glycol)
to investigate the complexation between PEG and PAA or PMAA. The effect of
pH was particularly noted. The hydrophobic pyrene fluorescence labels
interacted with the hydrophobic a-methyl groups of PMAA and caused enhanced
complexation. lliopoulos et al. used 9-aminoacridine labeled PAA in
fluorescence polarization measurements.” The method included a fluorescence
probe which was covalently bonded to a macromolecule. Information about the
local viscosity of the medium and polymer conformation can be obtained by
determining the motion of a fluorescent labeled macromolecules. The resulting
complexation led to a significant reduction in the mobility of the labeled
molecules.?

There is no direct evidence for hydrogen bonding between PEO and PFR
in water. However, all changes such as increasing pH which should decrease

hydrogen bonding also completely eliminate the ability of the PEO/PFR complex
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to precipitate and to coagulate colloids. Thus based upon a great deal of
circumstantial evidence there is general agreement in the literature that

hydrogen bonding is the basis for PEO/PFR complex formation.

2.3.2 Conceptual models of complex formation

A number of investigations of the PEG/PAA and PEG/PMAA system have
been published. The usual approach is to describe the experimental results by
one parameter 0, the degree of linkage, which is defined as the concentration of
hydrogen bonded carboxyl groups divided by the total concentration of carboxyl
groups .21 /%%

Experimentally, O is estimated by the following equation:**

6 =1 - ([(H*)[H*]o)?

where [H*] and [HT], are the proton concentration in the presence and absence
of the PEG, respectively. For the PAA/PEG system 0 increases with increasing
PEG MW and temperature.

The usual approach is to calculate a complex stability constant K from 6
using:

K=0/Cy(1-0)2

where C, is the normality of the polymeric acid.

An important feature of the PEO/PFR system is that the chain length of
PEO was about 10° whereas the chain length of PFR was only 120. Kabanov et
al. have developed models for this situation.®® An interesting assumption for
this model was that the low molecular weight polymers (or oligomers) were either
free in solution or completely bonded (i.e. 6gigomer = 1) to the high molecular

weight polymer. This is illustrated in Figure 14.
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The main predictions on the basis of Kabanov's analysis included: 1) the
stability constant K exponentially increased as oligomer chain length exceeded a
critical value (= 40 repeat units for PEG in PEG/PMAA system and = 200 for
PEG in PEG/PAA system); and, 2) very weak segment/segment interactions can
lead to complex formation.

When considering the binding of two different polymers it is conceivable
that a fraction, 64, of the possible binding sites on one polymer binds with 6, sites
on the second. Most of the models describing the PEG/PAA system assume that
all the polyether oxygens participate in hydrogen bonding (i.e. Opgg = 1) whereas
Opaa values were determined experimentally. The phenolic resin used in this
work is believed to be branched and the polyether molecular weights were very
high so it is unlikely that either 6 value equaled one and that complex formation

can be adequately described by 1 parameter.

2.3.3 An analogy between the oligomer/polymer complexation and the
polymer adsorption

The basis of the following analysis is that there should be many similarities
between the interaction of polymers with other polymers and the interactions of
polymers with surfaces. Adsorbed polymers can have a spectrum of
configurations.?® In one extreme, the adsorbed polymer can lie completely flat
along a surface. In the other, the adsorbed polymer interacts only through a few
contacts and the adsorbed configuration is similar to the random coil form of the
polymer in solution. The usual situation, between the extremes, is illustrated in
Figure 15(a).

By analogy, a polymer in a complex can be stretched out to give the

commonly assumed “zipper” structures or, in contrast, only a few of the polymer
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sites participate in bonding to give configurations such as those illustrated in
Figure 15 (b). If these configurations exist in polymer/polymer complexes, then
two experimental parameters are required to characterize the average properties
of a complex formed from two monodisperse polymers. For example, in polymer
adsorption the two common parameters are the mass of adsorbed polymer per
unit area and the fraction of adsorbed segments which are directly bound to the
surface. For polymer complexes two potentially measurable parameters are the
mass of one polymer per unit mass of the other in the complex, I'y,, and the 6
value for either polymer. Similarly, measurement of both 6 values gives the same
information. There have been no reported measurements of either 6 value in the
PEO/PFR system whereas I' values were measured in this work and by Stack et
al.8

An interesting result in this work was that PAM-co-PEG copolymer formed
precipitate with PFR when the PEG pendant chain lengths were as short as 9
repeat units (MW of about 400). This was attributed to the simultaneous
interaction of more than one PEG chain with a phenolic resin molecule. Figure
16 (a) shows one possible structure in which a PFR is simultaneously bonded to
neighboring PEG chains on the PAM backbone. However, if the copolymer
contained less than 1.0 % (mole) of macromonomers and copolymer chains were
fully extended, this case would seldom occur because PFR only contained
roughly 100 phenolic repeat units. Figure 16 (b) shows how complex formation
could result in intramolecular crosslinking whereas Figure 16 (c) shows a PFR
molecule binding two different copolymer molecules. These two cases were the

more realistic configuration of complexes, compared with the case in Figure 16

(a).
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2.3.4 Conceptual model of precipitate formation

The formation of soluble complex is usually mass transport limited and
thus is very fast whereas the conversion to precipitated complex can be slow. A
number of different types of interactions can influence precipitate formation and
these are summarized in Figure 17. In case 1, cofactor (i.e. PFR) binds
together two PEO molecules via hydrogen bonding. With continued inter and
intramolecular crosslinking of the long PEO chains, a point may be reached
where the complex becomes insoluble.

Case 2 shows bonding via hydrophobic association of cofactor molecules.
This possibility may distinguish the hydrophilic PEG/PAA system from the
PEO/PFR system which has a much greater tendency to form precipitates.

Finally, case 3 shows the situation where if the cofactor is highly charged
and the ionic strength is low, electrostatic repulsion will prevent aggregation and
precipitation.

Stack et al.8 found that higher MW of PEO allowed higher amounts of
PFR into the complex. However, no satisfactory explanation on the PEO MW
effects was given. The following arguments explain the molecular weight
results.

Consider an isolated PEO chain exposed to PFR. The phenolic
molecules will diffuse to the polyether and bind by hydrogen bonding. After the
first few phenolic molecules are attached the complex may appear as shown in
Figure 18 (a) - note that many of the potential hydrogen bonding sites on the
phenolic resin are not involved in the initial attachment. At this point two
processes can occur simultaneously. The first is the further attachment of PFR

molecules and the second is the re-arrangement of the PEO chain to give
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intramolecular crosslinking (see Figure 18 (b)). The more intramolecular
crosslinking that occurs, the fewer new PFR molecules that can be
accommodated on the PEO backbone. In the other extreme, if molecular re-
arrangement for crosslinking is much slower than diffusion of addition PFR
molecules, the maximum PFR content would be attained (Figure 18 (c)).

Finally, it seems reasonable to propose that the highest molecular weight
PEO molecules exhibit the slowest rearrangement required for intramolecular
crosslinking. By contrast, short PEO chains will have high mobility and thus
crosslinking (i.e. Figure 18 (b)) will be favored.

Similar arguments can be used to speculate about the role of cofactor
molecular weight. For a constant cofactor concentration, the size and number of
cofactor chains increase with decreasing molecular weight.

At low MW the cofactors easily diffuse into the PEO chains, and the
higher number of the cofactor increased the interaction possibility. Therefore,
the rate of complex collapse is also increased.

At high MW, diffusion of the cofactor into the PEO coils becomes difficult.
The lower number of cofactor also decreases the number of available interaction
sites. Therefore, the collapse rate decreases and a high degree of linkage
results. A

If the cofactor is added in two steps: half a dose of PFR is added first,
and, after a sufficiently long period of time to allow collapse of the complex, the
remaining half dose of PFR is then added, it will be expected that the bound
amount of PFR is lower due to a previous collapse of the complex. Therefore,

one step addition of cofactor should be more effective than two step addition.
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Conclusions

The investigations on interpolymer association between phenolic resins

and PEO or PAM-co-PEG comb copolymer have been conducted by several

different approaches. The conclusions are as follows:

i

Precipitated isotherms for PFR on PEO or the copolymer indicated that the
bound amount of phenolic resin was a function of initial pH. The higher
saturated amount of bound PFR was produced at lower pH.

Interpolymer associations between PEO/PFR and the copolymer/PFR
caused a transient viscosity increase.

Complex aggregates were formed between phenolic resins and PEO or the
copolymer in the presence of Acridine Orange.

Complexation was considered to be analogous to polymer adsorption in
PEO/PFR as well as the similar oligomer/polymer systems. Two
parameters, the degree of linkage and binding amount, were required to
completely describe the complexation in these systems.

Effects of PEO MW on the PFR bound amounts were caused by the time
dependence of collapse and aggregation of the polymer complexes.

There was no evidence indicating PEG (MW 2000) forming complex with
PFR. However, when the same or shorter length PEG chains were
incorporated into copolymers, the simultaneous interactions of many short
PEG chains on the same polymer backbone with phenolic resin significantly
increase the number of sites available for association and the possibility of

enhancing the stability of complex.
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