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Dry strength is an inherent structural property of
a paper sheet. It is due primarily to the development
of fiber-to-fiber bonds. Polyamines, especially
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mordants for rosin sizing. However, their effectiveness
as dry strength agents has not been studied. In this
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PAA on mass of oven dry pulp was sufficient to increase
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it was found that the largest increase was 1in the



folding endurance of the handsheets. The strength
properties were highly dependent on the drying
conditions of the handsheets.

In this paper dry strength development is
discussed based on the interaction between protonated
(cationic) PAA and the cellulosic fibers and between
the interaction of the cationic amine and the aromatic
n-bonding of lignin. PAA was effective as a dry
strength agent and the bursting strength, folding
endurance and the tensile strength increased for
handsheets made from different types of pulps using
polyallylamine:HCl. PAA is a promising material that may
offer superior performance in some specialized

applications.



APPLICATION OF POLYALLYLAMINE AS A DRY STRENGTH AGENT

FOR PAPER

by

Mahesh Shrikant Rathi

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Master of Science

Presented July 20, 1999

Commencement June, 2000



Rathi

Master of Science thesis of Mahesh Shrikant
presented on July 20, 1999.

Approved:

Signature redacted for privacy.

- AVA""”4 A N4 — . =3

Major Professor,‘?epresenting Forest Products

Sigr'lature redacted for privacy.

—y

Head of Department of Forest Products

Signature redacted for privacy.

Dean éﬁ\@?aduateSchool

I understand that my thesis will become part of the
permanent collection of Oregon State University
libraries. My signature below authorizes release of my

thesis to any reader upon request.

Signature redacted for privacy.

Mahesh Sh¥ikant Rathi, Author



ACKNOWLEDGEMENT

I would 1like to thank the Department of Forest
Products for giving me the opportunity for studying and
performing my research at Oregon State University. I
would 1like to ~convey my special thanks to Dr.
Christopher J. Biermann, my advisor, without whose
guidance and support this thesis wouldn't be complete.
I appreciate the confidence he has shown in me and for
his timely suggestions throughout the duration of my
program. It was a pleasure being his student.

I would like to thank Dr. Murray Laver for sharing
his expertise in the field of wood and fiber chemistry
and for Dbeing there whenever I needed him. My
appreciation is extended to Dr. Willie (Skip) Rochefort
and Dr. Douglas Brodie who were willing to become my
committee members. My thanks to Mr. Jerry Hull for
helping me find my way in the laboratory and for many
other times when I needed assistance.

I want to thank The Almighty God and wish to
dedicate this thesis to my parents, family members,
relatives and all my friends for their constant

encouragement and support.



TABLE OF CONTENTS

1. Introduction

e N
WWwwww

I
u o

e

1.8

2. Application of Polyallylamine as a Dry Strength

O WN R

a O
BDW N R

What is dry strength in paper, and why
is it important?

Discussion on dry strength of paper versus
its wet strength

Concepts of fiber-fiber bonding
Mechanical entanglement of fibers
Covalent bonding

Ionic bonding

Hydrogen bonding

Bonding by van der Waals forces

Refining versus strength additives

Commercial dry strength additives

.1 Cationic starch
.2 Polyacrylamide resins

Paper properties and measurement

Bursting strength
Tensile strength

Folding endurance
Tearing resistance

Research interests in the dry strength
area

Literature cited

agent for Paper

2.1

Introduction

O oUW

11

12

13
14

15

17

18

20

21

23

24

27



TABLE OF CONTENTS (CONTINUED)

2.2 Theory and background
2.3 Results and discussion
2.3.1 Dry strength with various pulps
2.3.2 Effect of the concentration of
chemical addition
2.3.3 Effect of fiber furnish
2.3.4 Effect of heating treatment on dry
strength
2.3.5 Other factors concerning dry strength
2.4 Conclusions
2.5 Experimental procedures

2.6 Literature cited

Bibliography

30

35

35

38
40

41
42

43

44

46

48



LIST OF FIGURES

Figure

1.1 Hydrogen bonding between adjacent fibers

1

.2

Structure of a cationic starch
Structure of a polyacrylamide
Mullen bursting tester

Tensile tester

MIT folding tester

Elmendorf-type tear tester
Structure of polyallylamine-HCI

Structures of

ethanolamine-HC1
aminobutyric acid

The effect of increasing concentration of
PAA on double folds of the bleached kraft
SW pulp

% increase in bursting strength of
different types of pulps with the addition
of 0.5 % PAA

14

15

18

19

21

22

33

34
34

39

41



LIST OF TABLES

Table

2.1 The effect of different chemical additives on
the strength properties of bleached kraft SW

pulp

2.2 The effect of addition of PAA on the strength
properties of unbleached kraft SW pulp

2.3 The effect of various chemical additives on
the strength properties of thermomechanical

pulp

36

37

37



Dedicated
to my beloved Dad

and in the loving memory of
my late grandparents.



APPLICATION OF POLYALLYLAMINE AS A DRY STRENGTH AGENT
FOR PAPER

1. Introduction

1.1 What is dry strength in paper, and why is it
important?

The dry strength of paper 1s its inherent
structural property. The dry strength of paper means
different things to different people, depending upon
the primary end use for which the product is intended.
Thus, the ability of paper to resist bursting stresses
(its burst strength) may be the main consideration when
discussing the structural properties required for a
paper bag. In other applications, paper’s resistance to
rupture by tensile stress or its ability to resist
rupture during repeated folding may be the primary

requirement.

1.2 Discussion on dry strength of paper versus its wet
strength

Paper 1is a network of cellulose fibers bonded

together in a mat. Each of the fiber-fiber contacts are



held together by intermolecular forces such as hydrogen
bonds. These bonds are very sensitive to water; the
extent of bonding decreasing steadily as the moisture
of paper increases (1).

Paper products must retain some strength when
subjected to high humidity or when soaked in water. It
is possible to produce paper products with wet strength
in the range of 20-40% of the dry strength by wusing
some wet strength additives. The papers are classified
as wet strength papers if their wet breaking length is
at least 15-20% of their dry breaking length (2). In
this report, however, only dry strength of paper will

be considered in detail.

1.3 Concepts of fiber-fiber bonding

It may seem astonishing that a suspension of wood
pulp fibers in water, screened to form a wet mat, can
then be de-watered by three simple processes, drainage,
wet-pressing and evaporation, to form a fibrous
structure having considerable strength. An extensive
research effort has been devoted to understand the

mechanisms by which dry strength is developed.



The bonding between the fibers is the very heart
of dry strength development of paper. A mass of short
fibers that remains unbounded does not produce a sheet
of paper having either structural integrity or
strength. Given a reasonably strong fiber furnish, at
least moderate bonding between these fibers must be
developed to produce a reasonably strong paper.

To explain and control the development of dry
strength in paper we will discuss both the nature and
the origin of fiber-to-fiber bonds. The following types
of bonding are at least theoretically possible and most
have been proposed at one time or another.

1. Mechanical entanglement of fibers or surface fibrils.
2. Covalent bonding.

3. Ionic bonding.

4. Hydrogen bonding.

5. Bonding by van der Waals forces.

1.3.1 Mechanical entanglement of fibers

It was thought that mechanical entanglement
accounts for most or all of the fiber-to-fiber bonding

in a dry sheet of paper (3). The interweaving of the



fibers within a complex fibrous mat would be adequate
to account for considerable dry strength development,
however the wvirtual absence of this process has been
demonstrated (4). Paper is not basically an interwoven
fibrous mat. Alternatively, mechanical entanglement
could involve the many fibrils on the surfaces of
beaten pulp fibers. However, most research workers do
not accept this viewpoint. The electron micrography
evidence of Jayme and Hunger (5) clearly demonstrates
strands consisting of microfibril bundles and remnants
of beaten fiber outer walls spanning between adjacent
fibers in paper, but this type of fiber-to-fiber

bonding does not represent mechanical entanglement.

1.3.2 Covalent bonding

Paper essentially loses all of its strength (i.e.,
has no wet strength) when immersed in water. Covalent
bonding (50-100 Kcal/mole), presented as the second in
the above list of possibilities, has been proposed in
attempts to explain the wet strength which is imparted
to paper by the addition of wvarious wet strength

additives (6). Wet strength improvement sometimes tends



to be accompanied by an equal increase in dry strength,
so it has been suggested that the increased dry
strength is also the result of covalent fiber-resin-
fiber bonding (7). However, covalent bonding as an
appreciable source of bonding between fibers has not
been advanced because it would be difficult to explain
the reason for a covalently bonded structure to readily
lose its dry strength by simple immersion in water at

room temperature.

1.3.3 Ionic bonding

Ionic bonds (10-30 Kcal/mole), next to covalent
bonding, could account for strong fiber-to-fiber
bonding which would nevertheless be completely
disrupted by water. Further, carboxyl groups in wood
pulp fibers could conceivably lead to a considerable
amount of ionic bonding. With the assistance of metal
ions in the aqueous phase, the development of ionic
bonds of the following type can take place (8).

fiber-COO --cationic metal ion--"00C-fiber

Calcium or aluminum would be the most likely

metals to participate in these ionic bonds. The concept



that ionic bonding is the chief source of fiber-to-
fiber bond development in untreated paper has not been
thought important by paper scientists, probably for
lack of specific evidence. However, work involving
surface modified fibers in which certain sheet strength
improvements are cited to demonstrate the development
of considerable ionic bonding between these specially

treated fibers has been reported (9).

1.3.4 Hydrogen bonding

During the last several vyears, most  paper
scientists have accepted the concept that hydrogen
bonding (4-6 Kcal/mole) between the vast number of
hydroxyl groups on the surfaces of adjacent cellulose
fibers and fibrils in a fiber mat is the primary source
of fiber-to-fiber bonding in dry paper. Let us discuss
the logic supporting the concept of hydrogen bonding
between cellulose fibers. First, the potential bonding
material, the cellulose hydroxyl groups, 1is readily
available on the surfaces of hydrated wood pulp fiber
(10) . In fact, it is almost universally agreed that the

hydration (intimate association of water molecules with



cellulose) of these fiber surfaces represents profuse
hydrogen bonding between water molecules and surface
hydroxyl groups. It seems rather simple for this
hydrogen bonding to be transferred into hydrogen
bonding between the hydroxyl groups of adjacent fiber
surfaces as the latter are brought into very intimate
contact during the simultaneous removal of the water
molecules from a wet fiber mat. This suggested
mechanism for the development of fiber-fiber bonding is

illustrated in figure 1.1.

Figure 1.1 Hydrogen bonding between adjacent fibers.

When a wet fiber mat is formed, pressed, and
dried, adjacent fibers come into close contact with

each other and interfiber hydrogen bonding can be



developed between cellulose surfaces as the water
molecules are removed. Thus, figure 1.1 shows two
adjacent fibers that have become hydrogen bonded while
being dried. Secondly, it has been emphasized for years
that the primary source of the great strength of
cellulose fibers themselves, is the massive hydrogen
bonding between the hydroxyl groups of adjacent
cellulose polymer chains (11). If hydrogen bonding
accounts for the tremendous tensile strength of
cellulose fibers, it would seem that this process would
also provide the relatively limited bond strength
between fibers in paper.

The scientific evidence that has been combined to
support hydrogen bonds as the main source of bonding
between fibers is quite convincing, even though it does
not involve direct critical experiments. It has been
demonstrated that wet pieces of smooth cellophane film
become well bonded if they are dried while being held
in close surface contact (12). This observation would
seem to rule out the mechanical entanglement mechanism
in favor of such a chemical bonding process as hydrogen
bonding. Various publications (13-14) have reported

that the formation of a wet fiber mat from an aqueous



slurry, followed by the solvent-exchange replacement of
the water by a series of liquids of decreasing polarity
and then by drying, produces a relatively weak sheet of
paper. Thus, the presence of water or some other highly
polar liquid capable of hydrogen bonding seems required
for the development of good dry strength in paper. A
similar experimental approach involved the freeze-
drying of a fiber mat formed from aqueous slurry,
followed by sublimation to remove the water from the
sheet (14-15). The resulting dry paper was very weak,
presumably because the absence of liquid water during
the de-watering of the wet mat prevented the
development of inter-fiber hydrogen bonding. Infrared
analysis indicated that most of the hydroxyl groups of
the isolated fibers were involved in intra-fiber
hydrogen bonding. This experimental result is often
cited as convincing proof of the existence of inter-

fiber hydrogen bonding in paper (16).

1.3.5 Bonding by van der Waals forces

Some skeptics feel that the case for hydrogen

bonds as the main source of fiber-to-fiber bonding has
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yet to be proved. It can be argued that the imposition
or assumption of hydrogen bonding is not necessary,
because the ever present van der Waals forces (0.5-2
Kcal/mole) are sufficient to account for the bonding
between adjacent fibers which are in very close large-
area contact. Since any two surfaces stick together to
some extent if they are in very close contact (i.e.,
approach within a few Angstrom units), it seems that
this should be the case for paper fibers in a tightly
consolidated dry web. The amount of close bonding
contact between two adjacent fibers in a sheet of paper
is another area of considerable scientific
disagreement. However, a very weak type of bonding
spread over a large area of contact should provide the
required amount of bonding between two fibers just as
easily as stronger bonds over a much smaller contact
area.

To summarize, the specific nature of fiber-to-
fiber bonding 1is still somewhat uncertain. Generally,
mechanical entanglement, covalent bonding, and ionic
bonds appear to play 1little or no part. Hydrogen
bonding is a plausible and adequate mechanism. However,

van der Waals forces offer another possibility, which
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cannot be completely ignored. These latter forces could
provide weak bonding between all parts of adjacent
cellulose molecules and not merely between their polar

hydroxyl groups.

1.4 Refining versus strength additives

Refining or beating is the most common means of
increasing the dry strength of a paper or board. In the
process of refining, energy is applied to the
papermaking fibers, which fibrillates them. This
creates small tiny fibrils that are attached to the
side of the fiber and releases hemicellulose.
Hemicellulose 1is composed of relatively short chain
polymers of different types of sugar, and contributes
significantly to the dry strength in the paper (17).
The extent of the degree of fibrillation depends on the
type of pulp as well as the type of refiner used. The
pulp will retain more and more water as the dégree of
refining increases and the fibers will conform more and
more to each other resulting in a denser sheet. This in

turn reduces the sheet bulk.
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Farley (18) reported the changes in the sheet
properties that occur when a bleached softwood pulp is
refined in a laboratory beater. He found that there
were increases 1in internal bond, burst, folds, and
tensile strength of handsheets but these were
accompanied by losses in caliper and opacity. Also, the
effect of refiners will adversely affect the tear
strength due to the shortening of the fiber length.

Dry strength additives are wused 1in order to
increase the dry strength without the concomitant

losses in caliper, opacity and tear strength.

1.5 Commercial dry strength additives

The main purpose of dry strength additives is to
improve the degree of fiber-to-fiber bonding in paper.
Dry strength additives are hydrophilic water-soluble
polymers that are added to the aqueous pulp slurry. The
primary dry strength additives used commercially in the
industry are materials such as starches (natural and

modified), various natural gums and synthetic polymers.
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1.5.1 Cationic starch

Starch is one of the oldest and still most
commonly used adhesives today for improving fiber
bonding in paper. Other than its role as dry strength
agent, it is found useful as a retention aid, surface
sizing agent, coating binder and adhesive. In the past

unmodified or native starches were used in papermaking

to large extents. However, because of their many
disadvantages (19), they are not wused to any great
extent.

Cationic starch contains tertiary amines oOr
quaternary amine salts on 3-5 per 100 anhydroglucose
units of starch (20). Figure 1.2 shows the structure of
quaternary cationic starch. Moeller (21) proposed that
the adsorption of cationic starch creates new bonding
sites on the fiber surface, which are stronger than the
original fiber-to-fiber bonds. Since the cellulose
fibers are usually anionic in nature, the cationic
starch 1is firmly attached to the fiber surface.
Retention of cationic starch is possible due to the
ionic interaction between the cellulose-COOH groups and

the cationic polymer (22). Such an interaction has been
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demonstrated between cationic starch and cellulose
(23) . Cationic starch increases the tensile strength of
paper by increasing the bond strength per unit of
optically bonded area, and not by increasing the

relative bonded area.

CH;

/

St o) CH; CHOH CH,—N' —_CH;

N,

Figure 1.2 Structure of a cationic starch.

1.5.2 Polyacrylamide resins

The most common types of synthetic dry strength
additives are based on polyacrylamide. One reason for
this is their relatively low cost. Polyacrylamide is
essentially a linear non-ionic polymer and its
structure can be written as shown in figure 1.3.

Polyacrylamide resins increase the dry strength of
paper by hydrogen bonding. The polymer molecule must be
long enough to ensure effective adsorption and to

provide multiple sites for hydrogen bonding (24) .
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Figure 1.3 Structure of a polyacrylamide.

Polyacrylamides are widely used in the industry
today. They can be used over a wide pH range, alum is
not required, and can be adapted to all kinds of
furnishes. They can also function as retention aids and

assist in drainage.

1.6 Paper properties and measurement

The purposes of measuring the dry strength of
paper in the laboratory are to predict whether the
product will meet the customers’ specifications and to
make sure that the product will satisfactorily perform
the purpose for which it is made.

There are a wide variety of tests and methods
employed by papermakers; however, some common methods
are selected for various grades of paper products. The
common strength properties of paper are:

1. tensile strength
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2. toughness
3. bursting strength
4. folding endurance
5. stiffness
6. surface pick resistance
7. tear resistance
8. bending flexibility
9. abrasion resistance

Most of these strength properties are increased by
additional bonding between the fibers in a sheet.
Transverse tensile strength and resistance to
delamination are particularly dependent upon the degree
of interfiber bonding. Additional fiber-to-fiber
bonding throughout the sheet tends to increase surface
strength properties such as abrasion resistance and
pick resistance because these require strong bonding of
the surface fibers. However, increased fiber-to-fiber
bonding usually impairs a few strength properties like
tear resistance. The papermaker must resolve this
conflict between the two groups of strength properties
to achieve an optimum balance for the particular

intended use. The following are descriptions of some
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methods that are commonly used for dry strength

measurement of paper.

1.6.1 Bursting strength (25)

The bursting strength is sometimes also referred
as Mullen or pop strength. The Mullen tester is shown
in figure 1.4, inserts show the test area. The
handsheet (test specimen) is held between the annular
clamps and is subjected to an increasing pressure by a
rubber diaphragm beneath it. This rubber diaphragm is
expanded by hydraulic pressure at a controlled constant
rate until the test specimen ruptures. The pressure
reading at this stage is recorded as the bursting
strength in psi or kPa.

The bursting strength is sometimes also reported
as burst factor, burst index or burst ratio. Bursting
strength is used as a measure of resistance of paper to
rupture. This test is relatively easy and inexpensive.
Burst Index = kPa/ (g/m®)

Burst Factor = (g/cm?®)/(g/m?)

Burst Ratio = psi/(1lb./ream)
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Figure 1.4 Mullen bursting tester (20).

1.6.2 Tensile strength (26)

The tensile strength is shown in figure 1.5.
Tensile strength of paper can be defined as the maximum
tensile force per unit width developed in the test
sample at rupture or break. It is the force per unit
width of the specimen. The paper sample is cut into
strips that are 20 cm long and 15-25 mm wide. The
ultimate force is reported in 1lb./in, kg/m, or N/m. The
tensile strength can alternatively be reported as

tensile index and breaking length.
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Breaking length of paper (reported in km) is the
hypothetical length of paper that just supports its own
weight when supported at one end. It is the most common
means of reporting tensile strength. It compares the
tensile strength regardless to paper thickness, density

or width.

Figure 1.5 Tensile tester (20).

The significance of this test is to indicate the
serviceability of many papers that are subjected to

direct tensile forces.
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1.6.3 Folding endurance (27)

Folding endurance is the measure of the number of
double folds required to break the paper when a strip
of paper 15mm wide is tested under a standard tension
of 9.81 N. The MIT fold tester is shown in figure 1.6.

The test specimen is clamped between the
stationary and the oscillating Jjaws under a force of
9.81 N. When the test is started, the counter starts
registering the number of double folds required to
break the specimen and stops automatically when the
specimen breaks. The reading on the counter is reported
as double folds.

The significance of this test is to estimate the
ability of paper to withstand repeated bending, folding
and creasing. It is also useful for measuring
deterioration of paper upon aging. This method is very
susceptible to small errors in adjustment and
calibration of the instrument and in the relative

humidity of the test room.
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Figure 1.6 MIT folding tester (20).

1.6.4 Tearing resistance (28)

Tearing resistance 1is a measure of the force
perpendicular to the plane of the paper that is
required to tear the multiple sheets of paper through a
fixed distance after the tear has been already started.

Figure 1.7 shows the Elmendorf-type tearing tester.
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Figure 1.7 Elmendorf-type tear tester (20).

The work done in tearing the sheets is measured by
the loss of potential energy of the pendulum. The
average force exerted when a certain number of sheets
are torn together is indicated by the calibrated
instrument scale. Certain numbers of sheets are clamped
in the two jaws. The initial cut is given with a knife
blade. The value is reported in g.cm/sheet. There are
numerous other tests of paper covered in the TAPPI

Standard and other standards.
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1.7 Research interests in the dry strength area

Papermakers and scientists who are working on the

dry strength and wet strength area of papermaking have

put most of their efforts on the following:

1.

Searching for new chemicals and strategies that
could introduce more effective dry and wet strength
while maintaining other favorable properties of
paper.

Understanding the existing mechanisms of strength
development of paper so that they might be used more
effectively.

Modifying existing systems of strength development
to improve their performance.

Studying the chemistry between the vast number of
chemical additives, that can be used as strength

improving agents, and the cellulose fibers.

This thesis concentrates on the development of new dry

strength agents.
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APPLICATION OF POLYALLYLAMINE AS A DRY STRENGTH AGENT
FOR PAPER

2.1 Introduction

Paper is essentially a laminated structure
composed of cellulose fibers and bonds between these
fibers. Paper has been described as a bonded fibrous
network, which may consist only of cellulose, air and
water (1) . The air within and Dbetween fibers
contributes nothing to the structure’s strength
properties. Water, in the form of moisture held by the
fibers and bonds, often has considerable influence on
the strength of paper. With this exception, however,
the dry strength of a paper structure depends only upon
its fibers, fiber-to-fiber bonds, and the distribution
of these two elements.

Dry strength is an inherent structural property of
a paper sheet, which is due ©primarily to the
development of fiber-to-fiber bonds during
consolidation and drying of the fiber network. Paper
strength is dependent on the strength of individual
fibers, the strength of interfiber bonds, the number of

bonds (bonded area) and the distribution of fibers and
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bonds (formation) (2). Fiber-to-fiber bonds are usually
weaker than the strength of individual fibers until the
latter becomes the limiting factor in a well-bonded
sheet (3). Paper strength additives may bring about
improvement in one or more of the above factors,
although it may be assumed that they are unlikely to
affect the strength of single fibers.

Mechanical entanglement leading to fiber
flocculation is a first step in a long chain of events
forming the stable network of fiber. Various forces may
participate in fiber-to-fiber bond formation. The most
important is that of hydrogen bond formation although
other bonding forces such as covalent, ionic
(electrostatic) and van der Walls forces may also be
involved (4).

There are several methods in commercial
papermaking to increase sheet strength. This may be by
furnish modification, for example the inclusion of a
higher proportion of long fibers, a reduction in the
amount of inert filler, or by the application of
strength additives. It may also be achieved by process
modification, for example the use of additives,

alkaline pH, increased wet pressing, or the application
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of starch at the size press or in the coater. Refining
(beating) is, however, perhaps the most frequently used
tool in paper making for increasing tensile and related
strength properties. It may not always be appropriate,
however, for in addition to the cost of the electrical
energy consumed, refining usually slows down drainage

on the paper machine, increases the density of the

resulting sheet and decreases its porosity (5). With
the 1loss of Dbulk, stiffness may also have been
impaired, and tearing resistance decreases. The

increased bonding also reduces opacity.

Certain chemical additives, when introduced into
the stock prior to paper formation, can Ilower the
degree of refining used for generating paper strength,
while maintaining other important property
combinations. Dry strength additives are usually water
soluble, hydrophilic natural and synthetic polymers.
Cationic starch and acrylamide polymers are
commercially the most important ones. However, many
difficulties and inconsistencies were experienced in
using modified starches (6). The acrylamide polymers
were developed in 1955 for dry strength improvement.

However, for effective performance, the anionic
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acrylamide resin must be fixed on the fiber by alum.
The next was the combination of the acrylamide resin
and the cationic resin, which is effective only from pH
of 4.0 to 7.0 (7). Most of the pulp and paper mills
have converted into or are in the process of converting
into alkaline papermaking. Sizing of paper in alkaline
conditions was a real challenge and it has been
overcome by the introduction of alkenyl succinic
anhydride (ASA) and alkyl ketene dimer (AKD) sizing and
more work is being done in this area. The commercial
dry strength agents can be used at a pH of not more
than 7.0 with some exceptions. Thus there is a need to

introduce newer dry strength agents, which can be used
at higher pH levels. Polyallylamine-HCl is capable of

this and can be considered as an exciting dry strength

agent.

2.2 Theory and background

Bonding between fibers is the very essence of dry
strength development of paper. Hydrogen bonding (shown
in figure 1.1) between the numerous hydroxyl groups on

the surfaces of adjacent cellulose fibers and fibrils
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in a fiber mat is the primary source of fiber-fiber
bonding in dry paper. “Hydrogen bonding occurs when
hydrogen that is bonded to one of the four highly
electronegative elements (F, O, N, or Cl) comes near a
second highly electronegative element” (4). Partial
charges develop between the hydrogen and
electronegative element since the bond is fairly ionic.

As shown in the figure 1.1, when hydrogen that is
bonded to a highly electronegative element, in this
case oxygen, comes near a second highly electronegative
element, again oxygen, hydrogen bonding occurs. The
dashed lines show the hydrogen bonds.

Polyallylamine-HCl was found as a suitable mordant
for rosin sizing (8). In our laboratory, efforts had
been focussed on determining the mechanism of action
for mordant based on coordination chemistry and
developing new mordants for rosin sizing that would be
effective under alkaline conditions (8-11). Sizing in
alkaline conditions has been very problematic to the
industry. Previous work (8) in this laboratory has

shown that among the various polyamines used in the
study, polyallylamine-HC1 was the most effective

mordant, even 1n the alkaline region, and was
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extraordinarily more effective than rosin-alum sizing
at pH 4.5, which has been the dominant process since
the early 1800s. However, their effect as dry strength
additives has not been studied.

The hypothesis here is based on the assumption
that amine groups can provide direct anchoring to the
fiber and thus increase the fiber-to-fiber bonding. The
cationic polyallylamine-HCl can electrostatically bond
with the anionic sites on fibers, fines and fillers.
Interactions between cationic surfactants (PAA) and
polyanionic solid polymers (cellulose and
hemicellulose) in aqueous solutions can be described as
cooperative binding (12).

As a result of this interaction, the cationic
polyallylamine-HCl will be in intimate contact with the
fiber surface, which will ensure the retention of the
chemical on the fiber. There the additional bonding can
reinforce the strength of the cellulosic bonds. The
strength contribution of polyallylamine-HCl could be the
joining together of the fibers and the fines into a
cohesive network. The structure of polyallylamine-HCl is

shown in figure 2.1.
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Figure 2.1 Structure of polyallylamine-HCI.

Five carbon atoms separate the amine groups. It
has a long chain of C-C and thus there are more
probable sites for hydrogen bonding. Work by Dougherety
(13) summarizes cationic-m interactions that form
between cations and aromatic structures. The cationic
amine can form interactions with the aromatic m-bonding
of lignin.

The other polyamines used for the study are
ethanolamine-HCl and aminobutyric acid. Their structures
are shown in figure 2.2. In the case of aminobutyric
acid, it was assumed that the amine group will form

interactions with lignin and thus the carboxylate end
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group can form additional hydrogen bonding.
Surprisingly, however, the strength properties with
these additives were not affected. One reason for this

might be the short chain of C-C in these compounds as

compared to the long C-C chain in polyallylamine-HCl.

H H
a) |
"C1H;N*". c C OH
H H
H H 0
b) /

or—
o—
— (O T

N
ST\

Figure 2.2 Structures of (a) ethanolamine‘HC],
(b) aminobutyric acid.
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2.3 Results and discussion

2.3.1 Dry strength with various pulps

Thermomechanical (TMP) pulp, unbleached kraft
softwood (SW) pulp and bleached kraft softwood (SW)
pulp were used to make laboratory handsheets using
0.25% to 1.0% polyallylamine-HCl (based on the mass of
oven dry pulp) as dry strength agent.

The strength properties in these handsheets were
compared to control handsheets using 0% additives and
0.5% and 1.0% starch at a pH of 9.0. Some handsheets
were air-dried (AD) overnight and some were dryer-dried
(DD) at 250°F for three minutes. The strength properties
in the handsheets were determined using the TAPPI
standard procedures. The results are shown in the
tables.

Table 2.1 shows the results obtained on bleached
kraft SW pulp. The different types of treatments and
the corresponding strength properties are shown in this
table. From the table, we can see that there was not a

big difference in the strength properties with the
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addition of ethanolamine-HCl, aminobutyric acid and
aminocaproic acid as dry strength additives. Hence,

these results will not be discussed in detail.

Table 2.1 The effect of different chemical additives on
the strength properties of bleached kraft SW pulp.

Burst Inde Double Tear Index Breaking
Treatment kPa.m’/g Folds mN.m’/g length, km

AD° DD° AD DD AD DD AD DD
Control 1.9 1.9 22 23 28.4 27.2 3.1 2.9
2% aminobutyric acid 1.9 1.9 27 27 27.5 26.5 3.0 3.3
2% aminocaproic acid 1.6 1.6 24 23 28.1 27.6 2.9 3.0
2% ethanolamine.HCl 2.2 2.1 41 44 28.4 28.9 3.2 3.4
0.5% starch 1.9 1.9 25 25 26.3 26.1 2.9 3.0
1.0% starch 2.2 2.3 42 44 25.6 25.4 3.1 3.2
0.25% PAA° 2.5 2.7 50 58 26.8 27.5 5.5 5.7
0.5% PAAC 2.9 3.2 91 107 27.8 27.8 5.8 6.7
1.0% PAAS 3.7 4.2 250 283 20.9 18.5 6.6 7.2

® the handsheets were air-dried overnight.
» the handsheets were drier-dried at 250°F for 3 minutes
and then conditioned in standard conditions.

¢ polyallylamine-HC1
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Table 2.2 The effect of addition of PAA on the strength
properties of unbleached kraft SW pulp

Burst Index Double Tear Index Breaking
Treatment kPa.m’/g Folds mN.m’/g length, km

ap® DD° AD DD AD DD AD DD
Control 1.47 1.70 30.8 52.2 20.23 21.54 2.86 2.92

0.5% PAAS 4.24 4.57 871 1132 21.36 20.84 4.16 4.86

Table 2.3 The effect of various chemical additives on
the strength properties of thermomechanical pulp.

Burst Index Double Tear Index Breaking
Treatment kPa.m2/g folds mN.m2/g length, km

aAD? DD® AD DD AD DD AD DD
Control 1.35 1.49 7.2 7.6 13.1  13.2 2.75 2.72
1% starch 1.38 1.44 7.0 8.0 13.4 13.4 2.75 2.83
0.5% PAA® 1.30 1.59 7.3 10.4 13.5 13.4 3.33 3.65
1% PAAS 1.40 1.99 8.0 16.4 13.4 13.2 3.77 3.98

a

b

the handsheets were air-dried overnight.
the handsheets were drier-dried at 250°F for 3 minutes
and then conditioned in standard conditions.

¢ polyallylamine-HCl
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For handsheets made from unbleached kraft SW pulp,
and dryer-dried, 0.5% polyallylamine-HCl i1imparts an
increase in the burst, folds and tensile properties
(Table. 2.2). The most effect being on the double folds
of the handsheets. For handsheets made from bleached
kraft SW pulp (Table 2.1), 1.0% polyallylamine-HCl was
required to obtain similar strength improvement. For
handsheets made from thermomechanical pulp (Table 2.3),
with the addition of 1.0% polyallylamine-HCl, the
strength properties increased to gquite a small extent.

Thus, unbleached kraft pulp gives better fiber-fiber

bonding with the addition of polyallylamine-HC1.

2.3.2 Effect of the concentration of chemical addition

The effect of the amount of PAA added to the pulp
(based on mass of oven dry pulp) on the strength
properties is shown in Figure 2.3. It is clear that the
increase in the addition of PAA increases the sheet
strength.

From the graph we can see that the double folds
for the dryer-dried sheets with 0% additives 1s 23.

With the addition of 0.25% PAA it increases to 58,



39

while with further increase in PAA to 0.5%, the double
folds increases to 107 and finally with 1.0% PAA it is
283. However, with further increase in the amount of
PAA added, the sheet formation is adversely affected.
Increased flocculation can be one of the causes for
this problem. This can be generally overcome by looking
at the addition point of thé additive and ensuring that
thorough mixing takes place after addition. This can

break up the flocs and ensure improved formation.

300-
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150

100

0 kKO th
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0% 0.25% PAA 0.5% PAA 1.0% PAA

Treatment

Figure 2.3 The effect of increasing concentration of
PAA on double folds of the bleached kraft SW pulp.
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2.3.3 Effect of fiber furnish

The various types of wood pulp fibers used in
papermaking affect sheet strength for many different
reasons. In our study, we used the thermomechanical
pulp, unbleached kraft SW pulp and bleached kraft SW
pulp. TMP pulp has a very high lignin content and it is
produced by mechanical pulping. The unbleached pulp has
an intermediate 1lignin content and the bleached pulp
has a very low lignin content.

Figure 2.4 shows the effect of 0.5% PAA addition
on the bursting strength of different types of pulps.
From this graph and the earlier discussion, it is clear
that the increase in strength properties depend very
much on the pulp furnish.

We assumed the interactions between the cationic
amine and the aromatic n bonding of lignin as well as
the interaction between the amine and the cellulose
fibers. With TMP pulp, the PAA was not as effective.
This indicates that PAA may not be forming hydrogen
bonds with the cellulose fibers as much as anchoring to

the exposed carboxylate groups of fibers.
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Figure 2.4 % increase in bursting strength of different

C

types of pulps with the addition of 0.5 % PAA

2.3.4 Effect of heating treatment on dry strength

The drying conditions of the handsheets affected
the level of dry strength improvement. Higher levels of
dry strength were found in handsheets that were dried
in a sheet dryer at 250°F for 3 minutes as compared to
the handsheets that were air-dried overnight for sheets
made of either TMP, bleached or unbleached kraft pulp.
For example, air-dried sheets made with unbleached
kraft pulp and 0.5% polyallylamine'HCl gave burst index
of 4.24 kPa.m?’/g; double folds of 871 and breaking
length of 4.16 km. In contrast, the corresponding

dryer-dried sheets had a burst index of 4.57 kPa.m’/g;
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double folds of 1132 and breaking length of 4.86 km
(Table-2). The dryer-dried handsheets will have lower
moisture content than the air-dried sheets as a result
of hysteresis phenomenon (14). It is also possible that

a surface activation reaction is occurring (15).

2.3.5 Other factors concerning dry strength

Usually with the increase in burst and tensile
strength of paper, the tear resistance decreases. As
mentioned earlier, refining increases the burst and
tensile strength at the cost of tear strength. With the
addition of polyallylamine-HC1, however, the tear
strength of the handsheets was not affected for the
unbleached kraft pulp and the thermomechanical pulp.
For the bleached kraft pulp, the tear strength was not
affected at lower levels of addition of
polyallylamine-HCl, though at 1.0% addition of PAA, the
tear resistance decreased by almost 20.0%.

The affect of pH value of the pulp stock has not
been shown. However, the best results were obtained at
a pH of 9.0. The results were not affected and were the

same in a pH range of 7.0 to 10.0. Since, the pKa of
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the protonated amine 1is approximately 9.0, this

material is supposed to give the best results in

alkaline conditions.

2.4 Conclusions

Polyallylamine-HC1l was shown to be highly effective
dry strength agent for unbleached kraft Douglas-fir
pulp at a level of 0.5% addition on pulp. PAA was less
effective on Dbleached kraft Douglas-fir pulp as
compared to unbleached kraft pulp and still further
less effective on TMP pulp. The addition of PAA
increases the dry strength of paper, notably the
folding endurance. The drying conditions of the
handsheets affect the strength properties. PAA can
provide additional bonding between fiber surfaces where
the distance is too great for hydrogen bond formation
between adjacent OH groups on cellulose fibers. PAA can
be considered an exciting and a promising material in
the dry strength area of papermaking in some

specialized applications.
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2.5 Experimental procedures

The unbleached kraft SW pulp had a Canadian
Standard Freeness (CSF) of 580 ml. The bleached kraft
SW pulp had a CSF of 380 ml. The TMP pulp consisted of
over 70% western hemlock. Six grams (air dried basis)
of moist pulp was added to 450 ml of water and the
slurry was stirred in a food blender for 3 minutes
until the stock was well dispersed. The desired amount
of the additives were measured and dissolved in water.
The solution was then added to the pulp slurry and the
mixture was stirred. At this point the pH of the pulp
slurry was approximately 7.0. This pH was then adjusted
to 9.0 by wusing NaOH. The slurry was diluted to a
consistency of 0.15% using tap water and the pH value
was readjusted.

Handsheets of 60-g/m* basis weight were made
according to TAPPI Test Method 205 sp-95 in the British
Sheet Mold using a total water volume in the mold of
5.0 L rather than 7.0 L. The standard press cycle was
used, and then the sheets were either dried in the
sheet dryer at 250°F for 3 minutes or air dried

overnight according to the test method. Dryer-dried
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sheets were conditioned at 72°F and 50% relative
humidity for at least 2 hours prior to testing. Five to
ten handsheets were made under each condition, tested
and the results averaged. The bursting strength was
determined using the Mullen Bursting Tester according
to TAPPI T-403 om-85. The tensile breaking strength,
reported as breaking length, was determined according
to TAPPI T-404 om-87. The folding endurance was
measured using the MIT tester according to TAPPI T-511
om-88. The internal tearing resistance was determined
using the Elmendorf-type tester according to TAPPI T-
414 om-88.

Cationic starch was obtained from Grain Processing
Corporation with a brand name “Chargemaster R430
Cationic Starch”. Polyallylamine-HCl with a molecular
weight of 70,000 was obtained form Aldrich Chemical
Company, Inc., Milwaukee, WI. Ethanolamine‘HC1,

aminobutyric acid and aminocaproic acid were also

obtained from Aldrich Chemical Company, Inc.
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