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Abstract

The tensile strength of paper falls when the paper is
immersed in water due to the disruption of secondary valence
forces between the fibres. This effect has been reduced by
treatment of the payer with chlorotriaszines to form covalent
cross-links in the paper. It has been found that the conditions
for drying the paper after treatment are critical in determining
che efficiency of cross-linking., The range of compounds avallable
for cross-linking has been linited by thelr low water solubility
and attempts to overcome this difficulty have been unsuccessiul.

The effects of inter- and intra-fibre cross-~linking on
the mechanical properties of paper have been discussed. From
comparisons of the mechanical properties of treated and un-
treated papers it is believed that the changes in these proper-
ties are due to inter-fibre cross-links.

The importance of conformability on the bonding capacity
of the fibres has been demonstrated by the introduction of

cross—-links inte the fibres before sheet formation.
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CHAPTER I

INTRODUCTTION
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Paper is made from an agqueous dispersion of short cellulosic
fibres by draining the water followed by pressing and drying the
resultant sheet. To give a high degree of strength to paper it
is necessary to pretreat the fibres by beating, in which the
fibres are cut and crushed in the ﬁresence of water. The
mechanism by which the beating process improves the strength of
paper is still not fully understood although many theories have
been put forward to explain it.

(1)

It was originally counsidered that during the beating
ovperation the fibres were cut and fibrillated and at the same
time a cellulose hydrate was formed on the surface layers of
the fibrils, providing a strong adhesive which cemented the
structure together on drying. No evidence has been found to
support the concept of a chemical hydrate of cellulose and the
only wabter that is attached to celluvlose is considered to be
held by physical means duvuring the swelling of the fibres.

(2)

Strachan considered that coherence of the sheet was due to
intermingling and tangling of the fibrils. As the degree of
fibrillation increased along with the plasticity of the fibres,

the strength of the resulting paper should increase. This




theory was found to be insufficient to explain all the observed
effects of beating, such as the loss of strength of paper on
wetting, and shortly afterwards the present theory began to
develop.

In 1929 Urquhart(ﬁ) had suggested that, during formation,
plant cellulose had precipitated from water and therefore some
water would remain attached to the hydroxyl group. On drying

the water would be removed and the residual secondary valencies
would be taken up by the hydroxyl groups, forming intermolecular
bridges. Campbell(q) extended this idea and proposed that during
the beating operation the surface layers of the fibrils were
partially in solution and the molecules of adjacent fibres were
able to orientate themselves, thus enabling interfibre bonds to

(ka) to be

be formed, which were later suggested by Clarke
hydrogen bounds. As the paper sheet dries the number of these
bonds would increase. He also drew attention to the high surface
tension forces arising on drying resulting in high compacting
pressures in the paper. This effect is emphasized by the higher
plasticity of the fibres as the degree of beating rises. During
the beating process the primary and outer secondary walls are
ruptured and partially removed causing the fibre to swell. At
the same time, together with the flexing of the fibres due to
the action of the beater itself, the bonds between the amorphous

polysaccharide phase between the inner and outer surfaces of the

coaxial cellulose layers are broken and internal fibrillation




takes place. The highly swollen fibres permit greater deformation
to take place under drying forces, thus increasing the area of
contact of the fibres and fibrils during bonding. All of the
evidence available today points to Campbell's theory being
correct.

Gallay(5) has questioned the importance of high extents of
fibrillation to produce greater strength and degrees of bonding
in paper. He maintains that the base of the fibril attached to
the main fibre is weakened as beating continues and will thus
decrease the final strength of the paper. He argues that the
increase in strength is developed when the primary wall is
removed increasing the flexibility of the fibre. He suggests
that after the primary wall is removed, the Sl layer becomes
ttacky' and further beating breaks up the crystalline regions
of the celluvlose, thus increasing the bonding capacity. He
suggests that fibre entanglement plays a significant part in
paper strength. He has illustrated this by comparing two sets
of sheets, one air dried, and the other solvent exchanged for
10 wmin. in ethanol and ether followed by drying over calcium
chloride for 30 min. After beating the ratio of strength of
the extracted Sheets to the normal sheets rose from 6 % to 30 %.
In view of the short periods of solvent exchange it would be
expected that some water would remain in these sheets thus
contributing to the strength.

Just as hydrogen bonding in paper will impart high strength,
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it is the reason for the almost total loss of strength when
paper is immersed in water. Water, or any liquid of a high
hydrogen bonding capacity, can penetrate the bonded areas of
the paper and replace the hydrogen bonds between the cellulose
molecules with bonds between the cellulose and the liguid. To
improve the strength of paper it is necessary to protect the
hydrogen bonds by introducing insoluble films around the bonded
areas or by the introduction of covalent crosslinks between the
fibres which are stable to water.

For the present investigation it was decided to use compounds
capable of forming covalent inter-fibre cross-links in the paper.
The most common method of increasing the wet strength of

paper is by the use of resins of the uvrea- and melamine-
formaldehyde types. The mechanism by which these resins impart
wet-strength is uncertain. Although they probably do form some
covalent bonds with the cellulose, they also condense to form
solid deposits inside and between the fibres. The resin would
thus restrict wetting and swelling and prevent the penetration
of water into the bonded areas of the paper thus contributing to
the wet-strength of the paper.

The complexity of the reactions described above make the
vuses of resins unsuitable for investigating the effects of
cross=-links alone on the mechanical properties of paper.

Fibres which have previously been oxidised with sodium

meta periodate are capable of producing wet strength paper.
X ¥ g g Par
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(6)

Zeronian has suggested that the improvement of the mechanical
properties of wet periodate oxycellulose paper is due to inter-
fibre hemi~-aldol or hemi-acetal cross-links.

It was decided to use difunctional compounds of low
molecular weight which were known to be capable of reacting
with the hydroxyl groups of cellulose with no possibility of
polymerisation. There are many compounds fulfilling these
conditions but the majority of them, such as diacid chlorides
and diisocyanates, are too reactive and it would be necessary
to use organic solvents for their appdication. In recent years
dyestuffs capable of chemical reaction with cellulosic fibres
have been produced with several types of reactive groupings.
These dyestuffs will react with cellulose, in an alkaline
medium, with only a low degree of reaction with the water in
the system. The reactive entity in many of these dyestuifs is
either cyanuric chloride or divinyl sulphone and it was decided
to attempt to prepare compounds, capable of reacting with paper
fibres, based on cyanuric chloride.

When the investigation started, the only literature regard-
ing the reactions of chlorotriazines with cellulose was con-
cerned with their application to textile materials. It was
considered that, in order to obtain cross-~linking of the paper
fibres, it would be necessary to prepare derivatives containing
two chloro-s-triazine rings linked through an aromatic diamine

containing sulphonic acid groups to impart solubility. The
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compound selected was the disodium salt of 1:1'=di(2:4~dichloro-

1:3:5~triazin~-6-yl) diaminoc stilbene 3:3'disulphonic acid:

505No
N *-**\
\>-N{( < -CWECY -~ ~N /
—N :

Before methods of introducing inter-fibre crossiinks into

CA

paper with this compound are proposed, the mechanism of dyeing
with reactive dyes will be discussed briefly. Before reaction
between chlorotriazines and cellulose can take place it is
necessary to generate cellulosate (Cell-0") ions by treatment
of the cellulose with alkali. This, together with other
nucleophilic substitutions of chlorotriazines, is discussed
more comprehensively in Chapter II. To obtain level dyeings it
is usuval to use dyes of low affinity and to allow time for the
dye to diffuse within the fibre before development is carried
out. To obtain cross-linking betwéen the fibrous entities of
paper, however, it is desirable to get the majority of the
compound deposited on the surface of the fibre, followed by
figation. Originaelly it was intended to achieve this by adding
the cross-~linking compound to the pulp suspension and adding
the alkali to the sheet machine just before formation. In this
manner the reaction between the chlorotriazine derivative and

the cellulose would take place as the surface tension forces,
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produced on drying, pulled the fibres together. This method
proved unsuccessful and it was found necessary to treat paper
sheets with alkaline solutions of the compound, followed by
drying at 100°C under conditions vernitting unrestricted
evolution of the steam produced. The high increase of wet
tensile strength of the papver treated in this manner, together
with its resultant insolubility in cuprammonium hydroxide
solutions indicates that interfibre cross-links are probably
present. The insolubility of papers treated with wet-strength
resins in cuprammonium hydroxide can be explained by the
protection of the fibres by a thin film of resin or by cross-
linking. In the case described above where no polymerisation can
take place the insolubility must be due to some form of cross-
links in the fibre structure.

The effects of using unsubstituted alyphatic diamines,
instead of sulphonated aromatic diamines, and replacing the
chlorine atoms in the triazine ring with sulphonic acid groups

has been investigated but only limited success has been obtained.




CHAPTER IT

Survey of Previous Work on the Improvement of the Mechanical

Properties of Paper by the Introduction of Reactive Chemical

Groups.

I. Introduction

Before the improvement of the mechanical properties of
paper can be discussed, the present day knowledge of the rela-
tionship between the mechanical properties of paper and its
structure will be reviewed. This will be followed by a historical
account of methods of producing wet-strength paper leading up to
the use of wet-strength resins and methods of forming covalent
bonds between paper fibres. Finally, the use of cyanuric chloride
in the preparation of reactive dyes and possible uses in forming

covalent bonds in paper is discussed.

ITI. The Mechanical Properties of Paper

The experimental methods which have been devised to in-
vestigate the mechanical properties of paper will be reviewed
before the individual theories to explain them are discussed.

(7)

Nordman , working on the principle that only free
surfaces scatter light, has investigated inter-fibre bonding

by measuring changes in light scattered as the free surface

area of the fibres change during straining. Although optical
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contact has been taken as a measure of bonded area, it does not
follow that the whole area is bonded. Optical contact can occur
when fibres are separated by several hundred Angstrom units but
hydrogen bonds and other secondary valence forces act at
distances of five Angstrom units or less. There does appear to
be, however, a direct correlation between the area of optical
contact and area of bonding, for example, dry compression of a
sheet neither decreases the optical scattering nor increases
strength. He followed the changes in scattering during straining,

obtaining the curves shown in Fig. 1.
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He found that the scattering coefficient began to increase at
almost the same strain as the slope of the stress-strain curve
changed from the elastic region to the plastic region. On re-
leasing the stress, the scattering coefficient continued to
rise, at a slower rate, until the straining cycle was almost
complete when it started to decrease slightly. On repeating the
cycle to the same strain there was very little increase in

scattering, but if the paper was raised to a higher strain

J

value a further rise in the scattering coefficient was noted.
He suggests that as there is no increase in scattering on
stress relaxation, the bonds broken on straining do not recover
to any appreciable extent. On examining the reflectance of a
given area of a sample during straining, Nordman found that the
scattering increased irregularly. He says that this is duvue to
redistribution of stresses in the area of bond breakage. As the
bonds break some stresses in that area are relieved and, as a
result, the rate of bond breakage would decrease.

Page(g) has examined the individual areas of contact of a
paper sheet using the light microscope under conditions of
polarised vertical illumination. In normal vertical illumination
no light will be reflected in areas ofoptical contact as the
two surfaces which are in contact are equal but in antiphase and
interfere to give zero intensity. In regions of close proximity
(but not optical contact) interference fringes are produced, the

effect of which can be minimised by using polarised illumination
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with a crossed analyser. To reduce the light scattered from
surrounding fibres, Page used sheets containing 70 % dyed fibres.

He has concluded that areas of optical contact are of the
same magnitude as the bonded sites after accumulating a con-
siderable amount of evidence. The fact that when paper sheets
are strained there is no detectable change in size or shape of
areas of optical contact, is the most convincing piece of evi-
dence. It would be expected that mere optical contact would
change under the slightest strain.

(9)

Page and coworkers have gone on to investigate the
geometrical arrangements of the fibre-to~fibre bonds, and to
assess the variables that will change them. They have proposed
exact definitions for distances between bonds. The distance
between the centres of bonded crossings is defined as "inter-
crossing distance' (I.C.D.), and the distance, measured in the
direction of the fibre, between the projection of the bonds on
the fibre axis as "projected interbond distance'" (P.I.B.D.).
Thus the P.I.B.D. is a more accurate measure of free fibre
length. Working with a bleached spruce sulphite pulp, they have
measured the decrease in I.C.D. and P.I.B.D. after beating the
pulp for 20 min. in a Valley beater. They found that I.C.D. de-
creased from 81,0th to 59.0}& and P.I.B.D. decreased from 34.0[*
to 13.2n . They have assumed that the fibres in the body of the

sheet display on both sides bonding similar to that measured

for the single side observed. This leads to negative figures
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for P.I.B.D. and serves to show how small the unbonded arcas
actually are.

(10)

Page and coworkers have made a guantitative examination
of bond breakage during rupture of the paper strip. On relating
the loss in bonded area to the energy required for hydrogen bond
breakage in that area, they found it to be smaller than the
energy loss in straining by several orders of magnitude, thus
indicating thalt Nordman's results are only a correlation. They
also found, contrary to expectation, that over 80 % of the loss
in bond area was due to partial breakage of fibre-~to-fibre bonds,
and not due to complete severance of those bonds.

Carte and his coworkers(ll) carried out some investigations
into the importance of fibre bonding, with special reference to
hydrogen bonds, during rupture. They stated that the interfibre
bonds in paper are hydrogen bonds and that, when paper ruptures,
it is due to the rupture of these bonds. They deutereted samples
of pulp and paper to determine the percentage of free hydroxyl
groups remalning after beating and after sheetmaking. In this
manner they determined the number of hydrogen bonds involved in
fibre~to~fibre bonds. From infra-red data they then calculated
the average bonding energy of the hydrogen bond to be
4.5 kcal/mole OH. These two values cenabled them to calculate
the energy required to rupture the paper. This figure was

compared with an experimental figure determined by plotting

rupture energy agalnst test specimen length. The resulting




straight line gave a positive intercept on the rupture energy
axis at zero test length. This enabled the fraction of energy
required for the rupture zone to be calculated. On comparison

of

the two resultis remarkably good agreenent was obtained but
the experimental value was always higher than the theoretical
figure. They attributed these differences to: -

a) Deformetion of the fibres in the rupture zone.

b) Increase of temperature.

c) Uncertainties in the calculations.,

The positive intercept on the rupture cnergy axis obtalined
by Corte when rupture energy is plotted against test length
has been observed by Craven(la)a

The part played by fibre failure in tensile tests has
been exanmined with the zero span tester. In this test the
Tibres are able to span both jaws of the tester. This gives a
measure ol the strength of randomly oriented fibres. Assuming

that

the fibres in the papcr specinen are Hookean up to the

(13)

point of rupture, Van den Akker and coworkers have calcul-
ated that the breaking load would be 37.5 % of that load ob-
served i1f all the Tibres were aliched in the Jirection of
loading. This theory has compored well with experinental results.
If the failure of naper alt spans reater than the fibre
length is due to bond breaks, then tensile strength must be

(18)

has

related to the degree of interfibre bonding. Jacobsen

called the ratio of the normal span (multiplied by a hundred)
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to zero span tensile strength the percentage adhesion.
The validity of the zero span tensile test has been

(15)

questioned by Hopkins and Ranger hecause of differences in
the method of %esting. When a normal test strip is strained it
undergoes lateral contraction, whereas in the zero span test
the specinen is constrained by the jaws and no contraction can
take place. They have shown that, even if fracture were deter-
mined wholly by fibre failure, the zero span test would still
yield a valuve 30 % higher than the normal span. It is accepted
procedure for carrying out tests, 1n which the rate of strain
is variable, to maintain a constant time of test. This would
result in the strain rate at fracture, for the zero span test,
being far higher than the normal span and again raising the
result for that test.

(16)

Wink and Van Eperen , with an improved zero span tensile
tester, have demonstrated that processes which would increase
the normal span tensile strength have very litile effect on

zero span tensile strength. They have illustrated this with
figures for increased welt pressing, increased drying pressure

of handsheelts, increased degree of beating and the addition of
starch. In every case the rise in zero span tensile strength was
small compardd with the rise in normal span tensile strength.

In two cases they added Hyamine - a debonding agent -~ to the

pulp at different degrees of beating. In both cases lthere was

a large fall in normal span tensile strength and a comparatively
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low decrease in zero span strength.

The importance of Ffibre rupture in the failure of a test
specimen has been examined by Van den Akker and coworkers(lﬁ).
They prepared sheets incorporating a small percentage of dyed
fibres. They then searched the ruptured strips in order to find
the number of dyed fibres that had broken. They found that
beating increased the percentage of broken dyed fibres from
40 to 70. They showed that additions which increased the
tensile strength of the paper increased the proportion of
brolken fibres, while those that decreased the temnsile strength
had the opposite effect. Van den Akker and coworkers did
observe that many fibres broke after rupture had began, and it
still seems probable thalt inter-fibre bond breakage is the most
impprtant factor in the tensile strength of paper.

The wide range of experimental evidence regarding the
mechanical properties of paper have led to a correspondingly
wide range of theories to explain these properties. The visco-
glastic nature oif paper has led many workers, notably
Steenberg et al.(l?), to formulate models consisting of springs
and dashpots. The original models used ildeal elastic springs
and ddeal viscous liguids in the dashpots and, by using
models of varying conmplexidly, some properties could be
sinulated. With the use of varying non-Newtonian fluids in the
dashpots and arbitrary values for the elastic moduli of the

springs, a model can be obiained to follow the prerunture




- 15 a -

behaviocur of paper. For these systems to work, however, the
springs cannot break and the pistons cannot come out of the
dashpots. Under these conditions fracture cannot occur and the
method is unsatisfactory.

Rance(lg) argued that the mechanical properties of paper
could only be interpreted in terms of its structure. He con-
sidered that the primary events occurring during straining are
(a) elastic deformation of the fibres and (b) severance of
interfibre bond areas. He accounted for viscoelastic flow and
plastic deformation by regarding them as secondary effects
resulting from the primary events. As investigations into the
rheological properties of paper have provided more information
of its structure, modifications have had to be made to R%}e's
theory. Most workers are, however, still using his basic ideas
to produce more complex theories.

The importance of parts played by fibres and interfibre
bonds has been the main caus¢ of dispute among workers in this
field. The importance of interfibre bonding has been considered

(19)

by Nissan who has propounded a theory of the strength of
paper based on a hydrogen bonded network of fibres. Considering
a randomly orientated, isotropic network of hydrogen bonds at
infinitesimal sirains, and using a Morse function to represent
the potential energy of a hydrogen bond, he has deduced an

eguation to represent the initial wmodulus of a hydrogen bonded

solid. The theory has been developed to allow the values for




hydrogen bond energies to have a statistical distribution about
a mean, and to make the hydrogen bonds interdependent to some

(20) believe that these models

extent. Nissan and Sternstein

explain most of the stress~strain behaviour of paper, and that

the viscoelastic properties of paper are not due to separate

elements but to one integrated unit - the hydrogen bond. They
of

propose that the various flow propertiesApaper will become

amenable to study by classical methods of chemical kinetics.

(21)

In a later paper Nissan and Sternstein have worked
out the ratio of hydrogen bonds active during straining (ne )
to the total number of bonds (Mg ). From this ratio they have
arbitrarily derived an expression relating the elastic modulus
to the effective number of hydrogen bonds E = 7600 ngvt.
From this they have estimated the actual area of the bond
compared with the normal area measured by Page's technique

and obtained values for the strength of the hydrogen bond to
be lO"}+ to 10—6 dynes. They have formulated a theory to predict
these values giving E= 7700 ﬂéh'and the strength of the
hydrogen bond as 10—5 dynes. The molcecular theories for the
properties of paper propounded by Nissan et al. have been
criticized by Page(27), who claimed that the assumptions they
have made are oversimplified and that not enough tests have
been carried out to confirm these theories.

Carte and Kallmes(aa) have dnvestigated the role of

interfibre bonding in a different manner. They have attempted
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to relate the structure of paper to the shape of the fibres
and geometric laws. They considered a large number of fibres
characterised by dimensions and shape in an irregular network
using statistical geometry. Their aim was to enable dependent
variables, such as the number of fibre-~fibre crossings and
number of spaces, to be calculated from independent variables,
such as length and width of the fibres, which could be chosen
as required. They started by preparing very thin two-dimensional
handsheets of 2 1/2g.m.~2 basis weight in which the fibres
would be randomly distributed. They then went on to study
orientation and flocculation in two-dimensional sheets, and
later to comnsider three-dimensional networks as multiplanar
(M.P.) sheets made up of piles of two-dimensional sheets.

From these investigations they have proceeded to an
exgmination of the mechanical properties of two-dimensional
sheets. They found that, as the sheets were strained, the
process was accompanied by a series of clicks and, by simul-
taneous recording of both strain and number of clicks, showed
that each click corresponded to a bond failure. The bond
fallure occurred randomly over the test specimen at first and
gradually concentrated into an apparently weaker area as
rupture took place. They have developed a theory to predict the
number of bond failures, in a zone of fracture, required for
a sheet to break. They have had to assume that, all the fibrep

crossings im the area of rupture were initially bonded and
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and that no fibres failed. The agreement between theory and
experiments&f has been very good despite the limitations of
the method.

Kallmes(aj)

has extended the work on the geometric
properties of multiplanar sheets to formulate a theory of
the elasticity of paper. To achieve this, the bonded areas of
the paper are assumed to be ripgid and undergo no rotation
and that the extension of the sheet takes place through de-
flection of the unbonded portions of the fibres between fibre-
fibre bonds. Many more approximations have had to be made, but
experimental figures for the elastic moduli of fibres made into
multiplanar sheets agree quite well with those calculated from
the theory.

Van den Akker(zq) has studied the mechanical vroperties
of paper when dried under strain and the forces which act on
the dry web when it is subjected to further strain. He has
examined these properties in both the elastic and plastic
regions of the stress-strain curve. Like Kallmes he has assumed
that the interfibre bonds are rigid, but he has allowed for
angular displacement as the sheet is strained. He has derived
expressions for Young's Modulus, Poissonts Ratio and Modulus
of Rigidity in terms of suitable fibre and sheet parameters.
This has enabled him to predict satisfactorily the value of

Young's Modulus for handsheets that had been dried under

constant strain. He went on to consider the plastic region of
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the stress-strain curve where the failure of interfibre bonds
becomes an increasingly dominant factor in the shape of the
curve., He argued that the stresses in the bonds could be
attributed to three main sources: (a) stresses due to flexure

of fibre segments, (b) stresses resulting from anisotropic
shrinkage of fibre segments and (c¢) stresses due to longitudinal
tension in the fibres. He has made a preliminary investigation
into the relative importance of these forces in the plastic
region, but considered that, at the present stage, the phenomena
are too involved for a reasonably accurate mathematical theory.

(15)

Hopkings and Ranger claim that fibre failure is a more
important factor in the rupture of paper than is generally
recognised. They have suggested that the bonded areas rupture
by peeling rather than shearing. Tibres at right-angles to the
direction of strain will undergo compression owing to the lateral
contraction of the specimen. The slenderness of the fibres will
cause those under compression to buckle and the resulting
stresses will allow peeling to occur in the areas aiffected. The
stress required for bond failures to start in this manner is
far less than that recuired for shearing although the total
energy requirement for ruprture is the same in both cases. They
gald that this mechanism is necessary to explain the changes

of opacity of paper under strain originally observed by Rance.

(25)

Rance observed that, when a cross directional strip of

tracing paper is strained, the regions of increased opacity
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form a network of lines at characteristic angles to the
direction of tension. Hopkins and Ranger assumed the strain
lines to be started by the peeling of one bond or a small
group of bonds resulting in a small local area of deformation,
thus raising the stress level in the ilmmediate vicinity.
Eventually the progress of the lines is stopwed by fibres
under tension and the rising stress level initiates the
process elswhere. They claim that these factors lead to a
higher proportion of fibre failure to bond failure during
rupture.

(26)

Page and Tydenman have developed a theory, from their
experimental observations of fibre bonding, concerning the
shrinkage of raper and its relationship to mechanical properties.
If only the centres of bonded crossings are fixed, although

the longitudinal shrinkage of fibres on drying is only 1 - 2 %
compared with 20 - 30 % for the trausverse shrinkage, there
should not be any sheet shrinkage on drying. Shrinkage can,
however, be considerably higher than the exvected longitudinal
shrinkage and Page and Tydeman deduced that the fibres must
diminish in length for this effect to occur. By incorporating
dyed fibres in the sheets, they found that, even for shrinkages
as high as 12 %, the longitudinal shortening of the fibres was
the same as the shrinkage of the sheet. Steenberg's original
idea, that high shrinkage might be due to microcreping of
fibres between bonds, was pointed out to be invalid, as the

sheets showing the highest shrinkage were highly beaten and




had very little, if any, free fibre length. They have con-~
cluded that the interfibre-bonding is sufficiently strong,
before shrinkage is complete, for the transverse shrinkage of
one fibre at a crossing to cause longitudinal shrinkage in
another fibre at that crossing. Their experimental evidence
indicates that the shrinkage is due to microcompressions in the
bonded areas themselves, illustrating this with fibres curled

to align in both the machine-~ and cross direction. The MD fibres
showed no sign of microcompressions. They also found that, after
shrinkage, the bonded areas diminished in size and, as there
was no relative movement of-the fibres at the crossings, the
unbondeéd segments should also shorten to retain the shape of the
structure.

They have applied their observations on microcompressions
to formulate a theory of the elasticity of paper in which
stretching of the paper pulls out the kinks and microcompressions.
They show that while the kinks are reasonably small they can
still have an elastic modulus. As they increase in size, they
lower the yield point owing to stress concentrations introduced
into the kink, resulting in permanent set. They have also
emphasised the importance of bond breakage. As the bond slowly
breaks the microcompress®#ed regions are released allowing

greater extension and permanent set in the paper.




III. The Effect of Water on the Mechanical Properties of Paper

and Means of Reducing these Effects.

The importance of hydrogen bonds and Van der Whals forces

(28)

in paper has been demonstrated by Broughton and Wang who
studied the effect of immersion in liquids of various hydrogen
bonding capacities. They found that the greater the hydrogen
bonding capacity of the liquid, the lower the tensile streugth
of the paper which had been wetted in that liquid. Water, which
has a high capacity for hydrogen bond formation, is frequently
in contact with paper and many attemplts have been made to
reduce the resulting loss in strength.

The manufacture of vegetable parchment is probably the
oldest method of improving the wet strength of paper. Strong
sulphuric acid is used to gelatinise and fuse the paper into an
almost homogenous sheet after which it is washed, neutralised
and dried. This paper combines wet strength with resistance
to oils and greases and is used mainly as a greaseproof paper.
Qther processes have utilised animal glue or gelatin applied
by surface sizing techniques followed by treatment of the
paper with tanning agents such as alum, formaldehyde or
glyoxal whiah cross link the proteins rendering them insoluble
in water. Starches, polyvinyl alcohol, viscose solutions
applied with precipitating agents have been used to prepare
wet strength papers of temporary nature where absorbéancy is

reguired.




It was not until the advent of syntheltic resins that
pavers with permanent wet strength and good absorbent
properties could be produced economically. They were originally
used in the textile industry to impart crease resistance to
fabrics and later applied to paper. It was not until they
were developed so they could be added to the beater with high
retentions of resin on the pulp, that they were used on a large
scale. The resins used, mainly condensation products of urea
and formaldehyde or melamine and formaldehyde, are prevared as
water soluble derivatives of low molecular weight and polymerised
after the paper has been made. The mechanism by which these
resins polymerise is still uncertain although in recent vears

a considerable amount of work has been done on the topic. A

(29)

comprehensive veview of the literature on the mechanism of
urea~formaldehyde polymerisation is given in a wvaper by Glanert.

The mechanisms of these vrocesses are believed to be as follows: -~

a) Urea~Formaldehyde

HN H HO CH,NH
=0+  X=0 — ~€=0 I
H N H H N
2 2
oxr
H N H_ HO CH,NH
L=0 + 2 C=0 —3 >0C=0 IT
H,N H HO CH,NH

These compounds are then condensed further to give low

molecular weight compounds with very few crossilinks.
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I > HO [ CHN — ]ﬂCHzNHE
CONTL,

II > HO [ CHN —— 1 =
CONECH ,0H

These are the water soluble precondensates applied to the
fibres. On heating further condensation takes place to give the

insoluble, cross-linked network.

1 )
- - - ~N~-CH_ ~N-
Precondensates > Csz CHEN CH2 % CH2 N
?O ?O
—CH2N CH2¥~CH2—N~CH2~$—

co CO
) 1

N -N-

In practice formaldehyde is lost during the heating and a

more open network results.

b) Melamine~-Formaldehyde

N,

N, N
b ‘]/” m/ HOCH.,NB\/ NECH, OH
N NoTPENMO ——y ‘
kﬁ%,/ N ™~
NH, X
NHCH, 01

melamine trimethylolnelamine

From here the vrocess is similar to the urea-formaldehyde

mechansim. The melamine precoundehsates are too unstable to be

stored as liguids and are freguently made into methyl ethers
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or spray dried to improve stabiliity.

-

Less is known about the mechanism by which wet strangth
is produced in paper. Although there is some support for the
idea that the precondensate or polymerised resin reacts with
the fibres intextiles to form chemical cross-links, the
majority of evidence available seems to indicate that the
increased wet strength is due to the polymerisation of the resin
within and around the fibres and is mainly a physical effect.

(30)

Jurecig et al. ave made possible the most comprehensive
investigation into the development of wet strength. They
compared the rates of development of wet strength in resin
treatéd papers made from cellulose fibres or glass fibres. They
plotted the log of the initial rate of cure against the
reciprocal of the absolute temperature to give an Arrhenius plot.
From the slopes of these lines the activation energies
associated with the development of wet strength were calculated.
The values for cellulosic fibres were approximately 22.6 kcals.
and glass fibres 23.8 kcals. compared with 19 - 21 kcals. for
the neutral condensation of urea~formaldehyde resins.

In a later paper(Bl) they measured the effect of prolonged
soaking in water on the wet strenpgth of the resin treated paper.
From the rates of decrease of wet strength, they calculated the
activation energy to be approximately 23 kcals./mole. They

attributed the loss in wet strength either to the gradual

permeation of water through the resin film into the bonded areas
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of the paver or to the hydrolytic cleavage of the cross linked
structure of the resin. They assumed the activation energy of
diffusion of water through the resin film between the bonded
areas of the paper to be about the same as the diffusion through
a plastic membrane for which the activation energy is known to
be about 10 kcals./mole. Thus they say that the wet strength is
due to a reversible condensation of the resin into a cross-linked
structure within and on the surface of the fibre walls. The
polymerisation is a reversible process and prolonged exposure

to water or water vapour will remove the wet strength property
from the ?aper. They have provided more evidence for this theory
by placing cured and uncured resin treated papers in a
desiccator at lOOi;.ho. They found that both types of paper
tended towards the same ultimate wet strength.

In an attempt to resolve the question of chemical.linkage
between the resin and cellulose they heated a methyl gluco-
pyranoside with urea-formaldehyde resin in an open tube for
12 hours. They obtained a cross-linked product but the
glucoside was easily quantitatively extracted with cold water,
The fact that cellulose ether bonds are highly resistant to
hydrolysis makes the possibil%ity of a chemical reaction bhetween
the glucoside and the resin highly unlikely.

(32)

Fineman elicves that the high dry strength of paper is

due to the presence of hemicelluloses between the fibres

providing cross~links through hydrogen bonds, and that the loss




- 27 -

of gtrength on wetting is due to the swelling of the hemi~
celluloses ruptwring the bonds between the fibres. He has
sucgested that the polycondensation of resins in the hemi-
celluloses prevents swelling and thus raises the wet-strength
of the paper. He has also proposed that monomeric compounds
such as formaldebhyde and glyoxal react with the hemicellulose
to produce crosslinked copolymers which will also raise the
wet~-strength.

Although the majority of wmodern methods for improving the
wet strength of paper utilise the addition of resin to the
fibres followed by some form of heat treatment, several
processes have been fevised to achieve the same effect with
monomeric compounds. As these cowmpounds cannot polymerise the
increased wet strength must be due to chemical cross-Ilinking
between the fibres.

Formaldehyde was the earliest compound to be used in
this manner and a considerable amount of work has been done in
order to determine the mechanism of reaction of forwmaldehyde
with cellulose. The majority of work has been done on textile
materials where emphasis has been laid on intra-~fibre cross-
linking as oprosed to inter-fibre cross-linking which is
probably required for it to be an effective means of producing
wet strength in paper.
(33)

Stamm et al. have investigated the effect of catalysed

heat treatment and formaldehyde on the dimensional stability
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of wood and paper. For the work with formaldehyde they examined
the effect of treatment with formaldehyde in the vapour and
liquid phase, with and without various catalysts and determined
the temperature and time of cure reguired to bwing about
optimum reduction in swelling. They found that the rate of cross-
linking was independent of reactant concentration but varied
with the nature and concentration of the catalyst and also

with the temperature and time. They did not draw any conclusions
as to whether the formaldehyde was involved in inter or intra-
Tibre cross-linking although they found very little embrittle-
ment of the paper provided the treatment did not reduce the
swelling by more than 40 %. This does not, however, indicate
that the ftreatment had resulted in inter-fibre cross-linking as
embrittlement is probably caused by cross~linking within the
fibres and degradation of the fibres due to acid catalystis.

The effect of making paper from pulp which has been
oxidised with sodiuwm metaperiodate or which has been treated
with periodate oxidised starch has been studied in some detail.
The earliest workers suggest that the resulting wel strengths
fror these treatments are probably due to chemical cross-
linking of the fibres, were Schur and Levy(ﬁq) although they
did not suggest how these cross-links might be formed.

n(6)

Zeronisa has reviewed the work done in this field and
together with his investigations into the mechanical properties

of paper made from periodate oxidised pulp, the nature of the




reaction seems to be the formation of hemiacetal or hemi-
aldol cross-links. Glyoxal, another wet strength agent
frequently mentioned in the literature, seens to react in
the same manner.

11y (35)

Laga has postulated a cross-linking mechanism

for cellulose fibres by means of orthotitanic acid. They have
studied the hydrolysis of alkylolamine titanates in the presence
of sugars and amines with electron-donating groups to stablilise
the resulting orthotitanic acid. Orthotitanic acid Ti(OH)4

is not stable because four OH groups are not sufficient to
satisfy the coordination requirements of the titanium ion which
has a coordination number of six with respect to oxygen. In the
absence of other electron donating groups to surround the ion,
the orthotitanic acid would polymerise sharing hydroxide groups
between Ti' T ions. Lagally says that cellulose is covered with
OE  ions which can coprecipitate with the titanic acid forming
strong bonds between the fibres. His figures for increased
wet-strength do indicate that some stabilisation of the paper

has taken place.

IV. The Properties of Cyanuric Chloride.

(36) 5, 1827

Cyanuric chloride was discovered by Serullas
and was believed to be an isomer or trimer of cyanogen chloride

for several years. Its structure is now known to he: -

P.T.0.
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It is generally manufactured by passing cyanogen chloride
vapour over a charcoal catalyst, activated with an alkaline
earth chloride, at temperatures from 250° - 480°%.

Cyanuric chloride is the acid chloride of cyanuric acid
and the chlorine atoms are more reactive than an alkyl halide
but less reactive than acyl halides. This depends on the acyl
halide and although it is less reactive than acetyl chloride,
it is more reactive than stearoyl chloride. Before discussing
the reactions of cyanuric chloride involved in dyestuff pre-
paration and cellulose derivatives, the basic chemical proper-—
ties will be summarized<37).

(1) Hydrolysis

Cyanuric chloride is stable in water at 0°C for at least
12 hours but is readily hydrolysed as the temperature is

(39)

raised. From the evidence available it appears that the
hydrolysis does not stop at the hydroxy chloro-s-triazine stage,
but that the second and third chlorine atoms are hydrolysed as
readily as the first one.

Cyanuric chloride is only hydrolysed by nitric and

sulphuric acids at room temperature after prolonged treatment.,

On heating with sulphuric acid at lEOOC the triazine ring is




destroyed.

T
N
| l + 6 H.0 ——> 3 HCL + 3 CO, + 3 NH,HSO
S 2 15000 2 L=PNL
A \\tq//\cA ’

(ii) Reaction with Hydroxy Compoundé

Cyanuric chloride reacts with alkaline earth alkoxides
or with alcohols in the presence of a basic acceptor to form
mono-, di- and trialkyl esters of cyanuric acid. In the
majority of cases the di- or trialkyl esters are obtained and
in order to carry out a stepwise replacement it is preferable
to use sodium carbonate or sodium hydroxide.

. (38) Ny . . . .
Warren et al., ™ have studied the reaction of cyanuric
chloride with cellulose. They wnretreated cotton linters or

varn with alkali, centrifuged to remove the excess liguor and
reacted the alkali cellulose with cyanuric chloride in various
solvents. They obtained a degree of substitution of 1.9 anhydro-
glucose units/triazine ring when the yarn had been pretreated
with 13 - 14 % sodium hydroxide solution and reacted with
cyanuric chloride in xylene. Several patents in the early
193035 have described a similar process in which the resulting
ester is reacted with an aromatic amine, diazotised and

(403.

coupled with /3 naphthol




(iii) Reactions with Amino Compounds

In many cases it can be said that cyanuric chloride

reacts with amino compounds in three steps: -

¢l (;—‘ cl IN[114
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This mode of reaction, however, applies only to agueous
solutions and not to other solvents. The extent of reaction
varies with different amines, some substituting all three
chlorine atoms at OOC and others not reacliing at lOOOC.lThe
reactivily of aromatic amines towards cyanuric chloride is
greatly reduced if the basic character of the amino group is
weakened by negative substituents in the ring.

The ability of the three chlorine atoms to be substituted
in successive steps has been of great advantage in the pre-
paration of dyes and dye intermediates. It has allowed the
combination of several dye units to form more complex dyes
which have been claimed to have superior properties, such as
fastness and brightness, lacked by the original colours. More
recently, by substitution of only one or two chlorine atoms,
dyestuifs have been prepared which are capable of forming
covalent bonds with cellulose fibres. The existence of these

(41)

bonds has been proved by Baumgarte who studied the reaction




of reactive dyes with cellulose model compounds such as
cellobiose etc.. By using paper chromatography he isolated
definite chemical derivatives of the dyes.

A considerable amount of work has been done on the
mechanism of dyeing with reactive dyes. It 1s now generally
accepted that the carbon atoms in the triazine ring have low
electron densities due to the electron withdrawing effect of
the nitrogen atoms, and are attacked by nucleophilic reagents
to give a complex which dissociates almost immediately elimi-

nating either the reactive group or the nucleophilic reagent,

i.eet -
¢ N ¢ _""‘";' o ~—N
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The dissociation stage of the reaction is extremely fast, the
rate determining step being \ and the reaction can be
regarded as SN2.

The high ratio of reaction between fibre and dye to
hydrolysis of the dye can be partially attributed to the high
concentration of cellulosate ion with respect to hydroxide ion
inside the fibre. The rate constant for the reaction between
the dye and cellulose is also higher than that for the hydrolysis

of the dye. These conditions only apply to dye molecules inside




or on the surface of the fibre. Any dye remaining in the
solution outside the fibres is, of course, hydrolysed. This
effect is not so imvortant in dyeing as there are ways of
ensuring that adequate diffusion of the dye into the fibre
takes place before adding alkali to the system. In order to
cross~link paper fibres, however, it is necessary to get the
cross~linking compound adsorbed on the surfaces of the fibres
with a minimum of penetration.

Paper has been treated with chlorotriazine compounds in

order to improve its wet and dry tensile strengths. The
patent(qa) describes the use of compounds combining one
triazine ring compared with two rings which it was proposed

to use for the present work. In the process described the paper
was lmpregnated with the reactive compound and sodium carbonate
or bicarbonate and dried at 90 - lOOOC on a drum drier. Wet
strengths of 50 % have been obtained with these dichloro-
triazine derivaties. They have also given two examples in
which the chlorine atoms in the triazine ring are replaced

by sodium sulphomate or phenoxy groups reducing the reactivity

of the compounds.
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CHAPTER IIT

Experimental Methods

1. Experimental Approach

This chapter covers the synthesis of derivatives of
cyanuric chloride and their application to pulp and paper
together with the subsequent physical and chemical evaluation
of the paper.

When the project was started it was believed that, in
order to obtain compounds capable of spanning the distance
between two fibres, it would be necessary for the compounds to
have two chlorotriazine rings at opposite ends of the molecule,
thus most of the syntheses described are concerned with
compounds of this type. Variations in the length of the cross-
linking agent could have been facilitated if aliphatic diamines
could have been used to separate the triazine rings. These
compounds are, however, insoluble in water and attempts were
made to replace the chloride groups in the triszine ring with
sulphonate groups which although they would decrease the re-
activity slightly, should impart water solubility. Sulphonation
of aliphatic am#iino derivatives of cyanuric chloride, however,
did not impart water solubility to these compounds.

The reactions have been followed by titration of the

hydrochloric acid produced with sodium carbonate, the generation
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of one equivalent of hydrochloric acid for each equivalent of
cyanuric chloride present being taken as the end of the re-
action. Elemental analyses of the products have confirmed this
although the difficulties in determining sulphur =make the
figures too unreliable to be taken alone.

The cross-links were to be introduced by dyeing the pulyp
with reagent and adding alkali to the sheet machine before
formation, followed by pressing and air-drying. This process
proved to be unsuccessful and the methods of applying the
reagent and drying the paper were varied until the present
technique of surface sizing the paper with a mixture of reagent
and alkali followed by drying on a drum drier was evolved.

The physical properties measured included brealking load,
extension at break, initial modulus, rupture energy and elastic
recovery (immediate plus delayed). The extent of cross-linking
was impossible to determine absolutely, but arbitrary figures
were used for comparative purposes from the nitrogen contents
of the treated paper.

The effect of internal cross-linking @m the conformability
of different fibres was investigated to a limited extent.

Pulp was dyed with a cross-linking agent and then reacted by
heating with alkali before sheet making. The change in con-
formability was examined by measurements of drailnage-time, air
porosity, sheet density and tear together with tensile nroper-

ties measured on the Instron.
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Syntheses

i) Amino Derivatives of Cyanuric Chloride

a) Preparation of bis~-bih'~(2":4"-dichloro~&"-s,.triazinylamnino)

gstilbene~2:2'-digulphonic acid

The method used was similar to that described by Fierz-

(39)

David and Matter for the reaction of cyanuvric chloride with
aminonaphthalene sulphonic acids. Hh:f' diamino stilbene-2:2'~di-
sulphonic acid (0.05 mole) was dissolved in the minimum amount
of N sodium hydroxide and added to a suspension of cyanuric
chloride (0.10 mole) in 100 ml acetone. The mixture was stirred
at O~500, the temperature being maintained by cooling the
reaction flask in an ice/salt bath. N sodium carbonate was

added from a burette to maintain the reaction mixture at pH &
and the reaction was considered to be complete when the
theoretical amount of sodium carbonate had been added (100 nls.).
The reaction mixture was acidified with concentrated hydrochloric
acid, filtered, washed with cold, distilled water and finally
filtered again. The product was dried in vacuo over silicak gel

and sodium hydroxide pellets to absorb hydrogen chloride vapour.

b) Preparation of big l:ih-(2":4"-dichloro~6V-s.triazinylamino)

benzene-2-sulvhonic acid

This compound was prepared in a similar maanner to (a)
using the sodium salt of 1lilkt-diamino beunzmene-3-sulphonic acid,

It was found that as the reaction proceeded the viscosity rose
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probably due to association of the product molecules.

' i i
¢) Preparation of (Z:A-dichloro-6-s.triazinylamino) benzene-3-

sulphonic acid

The compound was prepared in a similar manner to (a) but
equimolar proportions of sodium metanilate and cyanuric chloride

were used.

d) Preparation of Aliphatic Diemino Derivatives of Cyanuric

Chloride
The techniques used are derived from those described by
Thurston et al.(43). In these cases the amine itself was used
as a base for the first stage of the reaction, the amine salt

then being hydrolysed with sodium carbonate to enable the second

stage to occur:

— -+~
Ccl NHB(CHZ)nNH Cl

C1
Gl‘?_Cl - + * -
—— S \ T
HEN(CHa)nNﬂz + 2 o1 Cl1 1\}13(cﬁg)hm5 c1
CL™Y NH(CH,) NHTY Cl
cl Cl
Na2063 Cl—*—\TNH(Cﬁz)nNHTCl

Cc1 1

A solution of 0.0l mole of diamine in water (50 mls) was
added to a suspension of cyanuric chloride (0.02 mole) in

acetone (50 mls) snd the mixture stirred at 0—500 until the pH




....39_.

fell to between 4-5. Sufficient N sodium carbonate was added
to enable the reaction to go to completion after which the
insoluble product was filtered off and dried in vacuo over

silica# gel and sodium hydroxide.

ii) Preparation of dihydroxy Derivatives of Cyanuric Chloride

It was intended to prenare derivatives of poly-ethylene
glycols of varying molecular weights in orden to vary the
chain lengths of the cross-linking agent. Although monohydric
alcohol derivatives of cyanuric chloride have been prepared, it
was found that, using dihydric alcohols, the reaction could not
be stopped after the first chlorine in the triazine ring had
reacted and polymerisation took place. It was found that, even
on reducing the temperature to -10°C and with no alkali
addition, both chlorine atoms in the triazine ring were removed

at the same tinme.

Tii) Sulphonation of some Chlevo-s.triazine Derivatives

In view of the lack of water solubility of the aliphatic
diamine derivatives of cyanurilc chloride it was thought that
the sulphonation of the triazine rings in these compounds would
render them water-soluble.

The methods used were similar to those covered by

(hh)

Atkingon et al. and may be divided into two types, both

using sodium sulphite as the sulphonating agent:
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a) Sulphonation of cyanuric chloride followed by reaction with
dianine,
b) Sulphonation of the chloro triazine derivative itself.

It was found that although the reactions involv@ﬁ@aromatic
diamines containing sulphonic acid groups were guite successfiul,
those utilizing aliphatic diamine did not yield water-soluble

products,

A) Sulphoncstion of Cyanuric Chloride

Cyanuric chloride (0.05 mole) dissolved in 70 mls tetra-
hydrofuran was added to a solution of sodium sulphite (0.15
mole) in 100 mls water over 15 minutes at 0*500. The reaction
mixture was then stirred for 1 hr., and the temperatuvre allowed
to rise to 1500. Salt (55 g) was added to the solution and the
precipitate was filtered off and washed with saturated brine

and dried in vacuo over silica gel.

B) Preparation of 1:3~disu1pho«5~(BLsulphoanilino)s.triazine

Cyanuric chloride (0.05 mole) was dissolved in tetra-
hydrofuran (50 ml.) and a solution of sodium sulphite (0.1 mole)
in water (80 ml.) was added over 20 min. at O~500. A neutral
solution of sodium metanilate (0.05 mole) in water (70 ml.) was
then added and the mixture stirred for 1 hr. and the temperature
allowed to rise to 150C° Salt (20 g) was then added and the

product filtered off and dried in vacuo over silica gel.




Cyanuric chloride (0.05 mole) was dissolved in 50 ml.
tetrahydrofuran and a solution of sodium sulphite (0.1 mole) in
100 ml. water was added over 20 min. at O~5OC. Hexamethylene
diamine (0.025 mole) in 100 mls. water was then added and the
temperature being allowed to rise to 1500 over 1 hr., the
reaction mixture being maintained at pH 4 by the addition of
N sodium carbonate. After the addition of the diamine the reaction
mixture began to cloud and precipitation took place. Both of
the reactants were water soluble and consumption of the sodiun
carbonate indicated that reaction had taken place to form a

water insolubnle product.

3. Preparation of Pulp

In all cases where handsheets have been made, unless
otherwise stated, a bleached sulphite pulp has been used.

The Medway beater was allowed to run empty for 3 minutes,
the stock (130 g air dry pulp in 3.5 litres of distilled water)
was added and 'brushed' for % minutes. The bedplate was then
raised, a 20 pound weight being placed on the bedplate lever at
6 inches distance, and the pulp beaten for 90 seconds to a
freeness of about BOOSR. The pulp was placed in a container with

. . o .
a screw cap and kept in a refrigerator at 5°C until used.
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4., Dyeinsg of Pulp with Cross-linking Agents

A sample of the pulp equivalent to 24 gm. bonedry fibre
was suspended in 2 litres of distilled water and a prede~
termined amount of cross-linking agent, to give up% to 5 % on
the dry welght of fibre, was added. The mixture was disintegrated
for 1000 revolutions in the standard disintegrator, allowed to
stand for 10 minutes after which salt (30 gin) was added and the
mixture disintegrated for a further 1000 revolutions and allowed
to stand for another 30 minutes. The pulp was then finally
disintegrateda for 250 revolutions before being diluted to
7 litres with distilled water. The consistency was then deter-
mined in the standard manner and the calculated volume of

distilled water added to reduvce the consistency to 0.3 %.

5. Preparation of Sheets

- . - . . -2
The pulp was formed into sheets of basis weight 60 g.m.
using the method of the Technical Section of the Paper Makers
. T (45) :
Association of Great Britain and Ireland « The sheet-machine
used had a backwater tank which could recirculate the water
drained off during the formation of the sheet, thus reducing
the amount of distilled water required. Sufficlent sodium carbon-
ate (100-200 g) was added to the backwater tank to cause re-

action between the cross-linking agent and the cellulose. During

the Tirst attempts at cross-linking the sheets were pressed in
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the standard manner and dried by exposure to air at 65 % r.h.
o} . .

and 20 C, but this method was altered later. The number of

sheets prepared from a given sample of pulp varied between

8 and 12.

~

©. Dyeing of Sheets with Cross-linking Agent
¥ 2 £

3

The sheets were dyed in pairs in a photographic developing
dish containing a solution of cross-linking agent (0.12 g) in
750 mls. water. After 10 minutes salt (15 g) was added. The
sheets were then allowed to stand for a further 30 nins. after
which sodium carbonate (20 g) was added. The sheets were re-
moved after 2 minutes and were dried betweenn blotters in the

Palmer Drier.

7. Comparison of Drying Technigues

When the air drying of handsheets was found to be un-
successful, it was decided to dry at elevated temperatures in
a plastics press. The arrangement of the zheet with blotters

is shown below:
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Each sheet which had been formed from the treated pulp or
dyed as described above was dried separately. The temperature
in both platens was varied with either the upper or lower
platen at 10500 and the other at ?OOC. It was found that, in
all cases, the steam generated by the drying sheet could not
escape and the chlorotriazine compound was reacting before the
fibres in the sheet were in close enough contact far cross-
linking to take place.

The Palmer Drier did nof prevent the escape of stean
during drying and sheets dried in this manner showed the
properties desired. When handsheets were used, however, the
anisotropic stresses introduced during drying caused the
sheets to cockle. The machine made paper which was used in
later experiments did not have this disadvantage when dried
in the machine direction. The sheets were circulated twice
between two blotters, when the majority of the water was re-
moved, amd a third time without blotters. The temperature of

the drum was maintained at lOO—lOBOC.

8. Surface Sizing of Paper with Chlorotriazines

This technigue proved to be the most succesgful in pro-
ducing papers of high wet strength. To obviate the need for
meking handsheets it was decided to use machine made paper

from cotton linters nulp. Sheets of foolscmap size were
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impregnated in a solution containing 3 g cross-linking agent,
30 ml N sodium carbonate and 570 ml. water. The excess liguor
was squeezed out in an 'Acme' wringer and the paper dried in
the Palmor drier as described above. To obtain high extents of
reaction it was necessary, owing to the limited solubility of
the compounds used, to repeat the »rocess until the desired
amount of reagent had been anplied.

In order to observe the mechanical effects of the treatment
on the paper, duplicate sheets were immersed in water after

treatment and redried in the Palmer Drier bhefore testing.

9, Introduction of Intra-Fibre Cross-linksg into Paver

A series of experiments were carried out in which only
intra-fibre cross-linkes were formed to compare the effect of
this form of cross~linking on the mechanical vroperties of the
resultant papver. As this necessitated cross~linking before the
sheets were formed, the conformability of the fibres was altered
and thus no direct comparison of paper containing inter- and
intra-fibre cross-links could be made. The experirments didsy
however, furnish some data upon the relationship between the
conformability of the fibres and the mechanical properties of
paper.

Three flbre sources were used: esparto grass, cotton linters

and a bleached sulphate. They were all beaten to approximately
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300 SR in the Clough Beater before treatment.

The cross-linking agent (5 g) was dissolved in 500 ml.
water together with 15 g sodium chloride. Pulp (30 g) was added
and the whole diluted to 1500 ml. and stirred for 1 hr..

10 ¥ sodium hydroxide (20 ml.) was added and the mixture then
heated to 9000 and maintained at that temperature for 30 mins..
The pulp was then allowed to cool to room temperature, diluted
to 2 1. and disintegrated for 5000 revolutions. After dilution
to 0.3 % consistency sheets were formed, pressed and dried in
the manner normally employed, the temperature of the stock and
the draining time during sheet formation being noted. For
comparative purposes further sets of sheets were made by the

same method without the addition of cross-linking agent.

10. Reaction of Cyanuric Chloride with Cellulose

Several attempts have been made to react cyanuric chloride
with cellulose fibres followed by sheet formation and further

reaction to introduce inter-fibre cross-links into the paper,

i) Cotton linters (4 g) were dried over phosphorsus pentoxide for

5 days and then refluxed with cyanuric chloride (4 g) in

300 ml. A.R. benzene (dried by azeotropic distillation) for
90 mins. Hydrochloric acid liberated during the reaction was
vassed, via the condenser, into a conical flask and titrated

against 0.025 N sodium hydroxide. After 90 mins. the amount of
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hydrochloric acid collected corresponded to 1 triazine ring/

L600 anhydroglucose units which, considering the limitations of

the experiment, was not significant.

ii) A sheet of cotton linters paper was immersed in 300 ml.

% % solution of cyanuric chloride in xylene, pressed between

two blotters and oven-~dried at 14000. The sheet was then
impregn-ted with 1 % sodium carbonate and redried at 140°C. Another
sheet was treated in the same manner without the addition of

cyanuric chloride for comparative purposes.

11. Determination of Moisture Content and Basis Weight

The basis weights and moisture coantents of thre paper
treated and conditioned for a minimum of 24 hours at 65 % r.h,
(in later experiments 50 % r.h.) and 2000 were determined by
cutting a specimen of size 4.17 x 10 cm, using a template and
razor blade, from each sheet. The specimen was weighed on an
analytical balance using tared weighing bottles and then heated
in an oven at llOOC for 4 hours. The new weight of the sample
was then determined and the moisture content of the paper,
expressed as percentage molsture on the alr dry weight of fibre,
and basis welght could then be calculated. These samples were

not used in any further testing.
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12, Determination of Thickness and Sheet Dpnsity

A deadweight thickness tester, made by Kelwfin and
Hughes Ltd., was used. When handsheets were being tested the
(45) p
recommended method was used. In the case of machine made
paper the thickness of a number of 4.17 x 10 cm specimens was
measured, the thickness of The sheet being detcrmined by
dividing the total thickness by the number of samples in the
pad. The results were expressed in millimeters.

The density of the paper under examination was determined
by calculating the average basis weight of the paper and

dividing by the average thickness of the paper. The resulis were

expressed as grams per cubic centimetre.

13. Load-Extension Mcasurements on Dry Sheets

Toad-extension curves of specimens of 1.5 cm width and

78
10 cm length, cut on a gillotine, at 65 % r.h. (50 % r.h. in

e

. 0 . . .

later expveriments) and 20 C were measured in the Instron testing
machine at a constant rate of extension of 1.0 cm/min. At least
6 specinmens were tested from each sample of paper. Where the
sample broke at either of the jaws the result was rejected.
Soie of the loadwextension curves obtained show a 'toe'. This
regilon was ignored and the origin of the cuvrve was taken as the
point where the line extrapolated frowm the initial slope (after

the toe) of the curve cut the extension axis at zero load. The
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initial modulus, breaking load and breaking extension, corres-
ponded Lo the initial slope, the maximum load obtained, and the
extension at this load respectively. The rupture cenergy was
calculated from the area under the curve which was measured
with a phanimeter. The area under the 'toe’ was calculated to
be about 0.1 % of the area under the rest of the curve.
Breaking loads, initial wmoduli and rupture energies were
. . -1 .
measured in units of g, g, and g cm.cm , respectively. The
breaking loads have also been expressed as breaking lengths
with units of metres. The initial moduli and rupture energies
have been calculsasted for specimens of 1.5 cm width and of
. 3 -2 . - .
basis weilght 70 g.m . The mean values of ecach series of tests
have been multiplied by a factor obtained by dividing 70 by the
¥ N g ¥

basis welght of the paper being tested.

1&» Load-Extension Measurenments on Wet Sheets

Load-extension curves of specimens of 1.5 cm width and
10 cm length were measured on an Instron tester at a constant
rate of extension of 1 em/min., after immersion of the specimen
fof 1 minute in distilled water at 20°C. The ends of the strips
were bound with adhesive paper to reduce the number of jaw
breaks. The apparatus used for wetting the paper is described

more fully by Zeronian and is illustrated in Fig. 2. The load

cell was calibrated with the upper clamp immersed in water and




FIG. 2

APfibRATUS ATTACHED TO INSTRON FOR TENSILE TESTS
ON WET SPECIMENS

Instron upper damp

brats strip
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the calibration weight placed on top of the jawclamps instead
of between the jaws. In this way the weight was not immersed
in water. The specimen was fitted between the clamps and the
cylinder containing distilled water was raised. After one
minute the test was started with thespecimen still immersed in
the water. The dimensions of the apparatus were such that a
specimen of 10 cm length could be extended 65 Zbefore the
upper clamp emerged from the water.

The origins of the load extension curves were found by
the method used for dry paper (see section 13)- At least 6
specimens were tested from each sample of treated paper. The
properties derived from the curves were expressed in the same

units as those for the dry paper.

15« Recovery Measurements on Air-Dry Sheets

Specimens of 1.5 cm width and 10 cmlength were tested
on the Instron under the same conditionsof humidity and
temperature as described in section 13. The tests WEr€ carried
out on k’specimens from each sheet. Each specimen was extended
in successive steps, increasing the strain by 0.25 2% for each
step until the sample broke. Before the test started the
controls on the Instron were set so that the crosshead
would go into reverse and return to its original position

when it had travelled a predetermined amount. When the cross-
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head started to return it was accelerated by using the fast
speed return. Zeronian has used a period of 3 minutes for the
specimen to recover as sufficient time for delayed recovery to
take place. During the recovery period the Instron controls
were altered for the next cycle. From the chart (see Fig. 3)
the following distances were measured. The original slack in
the specimen (A), the extension of the specimen (B) and the

slack that appeared in the cycle that followed (C). Then:

% S’é—rai’n = —1}—00 B and ]%/Recovery =D-Cc+aA x 100.

JLU + A [vi)

From these results %‘recovery v. % strain graphs were plotted.

16¢ Nitrogen Determinations
i) Nitrogen Content of Reagents
Approximately 5 mg of the compound under investigation
was weighed accurately into a micro Kjeldahl digestion flask
together with 5 ml concentrated A.R. sulphuric acid. The
boiling point of the sulphuric acid was raised by the addition
of 1.5 g of a mixture of 2 % A.R. copper sulphate in anhydrous
A.R. sodium sulphate. The contents of the flask were digested
for 3 hours when the solution turned to a pale green colour.
The distillation differed from the standard micro
procedure in that a macro distillation unit made by the
Loughborough Glass Co. was used. The contents of each flask

were transferred into the distillation flask and 1.5 ml of
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10 N sodium hydroxide were added. The mixture was then steam
distilled for 15 minutes into 10 mis 2 3 boric acid solution.
The ammonium borate formed was titrated against 0.02 N hydro-
chloric acid using a mixture of methylene blue and methyl red
(0.125 g methyl red and 0.083 g methylene blue in 100 mis

ethanol) as an indicator.

ii) Nitrogen Content of Paper

The sample of paper (approximately 200 mg) was cut into
pieces of approximately 0.2 x 1.0 cm, care being taken not to
touch the paper. The paper was then digested and distilled by

the same procedure as outlined above.

17+« Determination of Tearing Resistance

The tearing resistance was determined on a Marx-Elmendorf
Tearing Tester using two specimen for each test. There was
insufficient paper for the recommended 5 tests and the results
have been obtained from 3 or K tests for each set of sheets. The
results have been expressed as a ‘tearing factor', i.e. the ratio
of the tearing resistance in grams to the substance of the

paper in gsm.



18. Determination of Air Permeability

The air permeability of handsheets was measured on a
Bendtsen Smoothness and Porosity Tester. Three measurements
were made on each half sheet, six half-sheets being tested in

. 2
all. The results were recorded as wmls./min. over 10 cm paper.
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CHAPTER IV

Results

The compounds used in most of the cross-linking work have

been represented in the following manner:
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Table

I

Mechanical Properties of Paper treated with Alkali (Machine

Direction) Tests at 50 % r.h. and 20°C.

No. of treatments

Tensile Strength (m)

Standard deviation (m)

Coefft.of variation (%)

Breaking Extension (%)

Standard deviation (%)

Coefft.of variation (55)

Tnitial Modulus (g x lOmb)
~5y

Standard dev. (g x 10

Coefft.of variation (%

Rupture Energy (g.cmtcmnl)

Standard dev. (g.cm.cm_l)

Coefft.of variation (%

9.4

2724
133
h.g

1.98
0.11
5.6

1.99
0.18

8.9

Ll'Ool
6.7
1607

1.90
0.08
L,2

2363%

1.98
0.18
9.1
1.73
0.10
5.5

35 b
3.6
10.1

2157
63

2.9

1.9%4
0.07

1,68
0.08

Ta

3l.2

2155

o (S|
.
’._l

N

31.0

-
AN
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Table {;

Mechanical Properties of Paper Treated with Alkali (Cross

Direction) Tests at 50 % r.h. and 20°C.

No. of treatments 0 1 2 3 5 7
Tensile Strength (m) z2h03 2208 2204 2102 1910 1808
S8tandard deviation (m) 107 71 73 55 78 16
Coefft.of variation (%) 3,1 3,1 3¢ 3 2.6 o1 0.9
Breaking Extension (%) 1.82 2.99 2.84 2.78 2.65 2.32
Stendard deviation (%) 0.12 0.16 0.20 0.14 0.29 0.08
Coefft.of variation (%) 6.5 5.4 7.0 5.0 10.9 3.4

Initial Modulus (g x 10”5) 5.26 1.38 1.38 1.30 1.19 1.17
e Fy
Standard dev. (g x 10°7) 0.34 0.08 0.07 0.06 0.06 0.03

Coefft.of variation (%) 6.4 6.1 L,8 L, L,7 2.2

o

Rupture Energy (g,cm.cm“l) 39.9 54.7 L6.4 44,1 Lo.2 30.9
Standard dev. (g.cm.cm_l) 2,6 L.,z 7,8 3,3 L6 1.5
Coefft.of variation (%) 2.6 7.9 16.8 7.4 11.5 L.7
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Table IIT

Mechanical Properties of Paper Treated with T (Machine Direction)

Tests at 50 % r.h. and 20°C.

Reagent (%) 0.52 0.8% 1.11 1.47 2.16 2.51
Tensile Strength (m) 2647 2809 2829 3167 3325 3252
Standard deviation (m) 130 124 156 98 7% 88
Coefft.of variation (%) L,9 Lbh 5.5 3.l 2.2 2,7
Breaking Extension (% 1.94 2.15 2,12 2.25 2.39 2,22
gtandard deviation (%) 0.2% .22 0.36 0.15 0.20 0.17
 Coefft.of variation (% 11.9 10.2 17.0 6.7 8.4 7.7

Tanitial Modulus (g x 1077) h.ok 4.02 3.94 4,07 3.87 3.86
Standard dev. (g x 10"5) 0.21 0.34 0.21 0.44 0.13 0.15
Goefft.of variation (% 5.3 3.4 5.4 10.9 3.3  L,0

Rupture Energy (ge.cm.cm =) 39.0 44,6 42,3 52.8 58.h 51.9
Standard dev. (g.cm.cm—l) L.1 5.5 6,0 3.0 6.9 5.4
Coefft.of variation (%) 10.4 12.4 k.1 6.5 11.9 10o.4
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Table IV

Mechanical Properties cof Paper Treated with I (Cross Direction)

Tests at 50 % r.h. and 20°C.

Reagent (%) - 0.48 0.69 0.89 1.65 1.86 2.6k
Tensile Strength (m) 2280 2459 2634 2741 2708 2918
Standard deviation (m) 75 66 74 Lg 39 114

Coefft.of variation (%) ) 2.7 2.8 1.8 3.3 3.9

Breaking Extension (%) 2.11 2,70 3,12 3,09 2.81 2.63
Standard deviation (%) 0.32 0.22 0.20 0.16 0.27 0.28
Coefft.of variation (%) 5.2 749 Gk 5.2 9.6 10.6

Initial Modulus (g x 1Om5) Z2.50 3.21 3%.18 3.19 2.96 3,06
Standard dev. (g x 1077) 0.13 0.09 0.10 0.10 0.15 0.17
Coefft.of variat.(g x 10"5) 3,7 2.8 3,2 3.2 5.2 5.6

Rupture EBnergy (g.cm.cm“l) 3.7 53.%3 63,9 62.9 57.2 59.1
Standard dev. (g,cm.cm_l) 3.9 L.,8& 3.4 10.1 4.0 12.9
9 2.0

Coefft.of variation (%) 5.3 16,1 7.0 21.8
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Table V

Mechanical Properties of Paper Treated with II (Machine

Direction) Tests at 50 % r.h. and 20°C.

Reagent (%) 0.37 1.04
Tensile Strength (m) 2591 2636
Standard deviation (m) L 126
Coefft.of variation (%) 1.7 4.8
Breaking Extensioh (%) 2.16 1.89
Standard deviation (% C.17 0.0k
Coefft.of variation (%) 77 2e2
Tnitial Modulus (g x 10"5) 3.66  3.68
Standard dev. (g x 1O~5) 0.11 0.1k
Coefft.of variation (%) 3.0 3.7

Rupture Energy {g.cm.cmﬁl) L ,6 37.7

Standard deve. (g.cm.cm—l) 2.7 1.9

Coefft.of variation (%) 6.2 5k

50.9
3‘9
Va7

1.90

3110

O
N

L.
@]

223
0.10
L b

549
0.11
3.2

50.1
5.0

706

3194
89
2.8

50.2
L7
9.3

3316
73
2.2

213
0.21
99?

5e53
0.20
5.8

50.5
Ded
1C.9
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Table VI

Mechanical Properties of Paper Treated with II (Cross Direction)

Tests at 50 % r.h. and 20°C.

Reagent (%) 0.52 0.86 0.90 1.54 2.27 2.70
Tensile Strength (m) 2313 2438 2527 2820 2686 2730
Standard deviation (m) 99 51 36 68 180 63

Coefft.of variation (%) L.z 2.1 3.4 2.b 6,7 2.3
Breaking Extension (%) 2,62 3,00 2.92 3.20 2.78 2.85
Standard deviation (%) 0.21 0.3l 0.30 0.18 0.14 0.15
Coefft.of variation (%) 7.9  10.3 10.2 5.6 5.0 5.h

Initial Modulus (g x 10"5) 2.8 2,71 2.74 2,70 2.61 2.51
Standard dev. (g x 10“5) 0.12 0,09 0.12 0.21 0.04 0.07
Coefft.of variation (%) b1 3.4 h.5 7.6 1.7 2.7

Rupture Energy (g.cmocmul) Lo, s58.4 55.5 67.6 s5h.o 55,6
Standard dev. (g.cm.cmwl) 6.1 5.0 N 5.9 5.2 6.k
Coefft.of variation (% 13.1 8.5 11.5 8.7 5.9 11.6
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Table VII

Mechanical Properties of Paper Treated with IIT (Machine

Direction) Tests at 50 % r.h. and 20°C.

Reagent (%) 0.58 0.84 1.27 1.71 2.07
Tensile Strength (m) 2776 3177 3175 3hok 3539
Standard deviation (m) 108 54 57 89 67
Coefft.of variation (%) .9 1.7 1.8 2.6 1.9
Breaking Extension (%) 1.98 2,25 2,10 2,11 2.19
Standard deviation (%) 0.19 0.13 0.1% 0,11 0.18
Coefft.of variation (%) 9.6 5.8 6.0 5.1 8.1

R =
Initial Modulus (g x 10 7)) 4,07 4.31 L4.28 L4.ho 4,28

Standard dev. (g % 10"5) 0.18 o0.24h 0.11 0.18 0.19
Coefft.of variation (%) L,L 5,6 2.6 L,o h,5
Rupture Energy (g.cm.cmml) L.l 53.9 Lo,7 53.6 56,6
Standard dev. (g.om.cm"l) 37 L.z L,1 3.9 5.0
Coefft.of variation (%) .7 8.0 8.2 7.2 8.8

2.65

3578
100
2.8

2.01L
0.03
1.6
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Table VIIT

Mechanical Properties of Paper Treated with III (Cross

Direction) Tests at 50 % r.h. and 20°¢.

Reagent (%) 0.59 Q.81
Tensile Strength (a) 248k 25473
Standard deviation (m) 57 86

Coefft.of variation (% 2.3 3.4
Breaking Extension (%) 2.63 2,51
Standard deviation (%) 0.21 0.30
Coefft.of variation (% 8.1 11.8

Initial Modulus (g =x 10“5) 3,19 3,24

o
Standard dev. (g x 10°7) 0.15 0.20
Coefft.of variation (%) L ,6 6.2

Rupture Energy (g,cm.cm_l) 51.1 49.6

Standard deve. (g.cm.cmul) 5,6 9,2
Coefft.of variation (%) 10.9 18.5

105

2.68
0.12
h,6

5. 30
0.12
3.5

2.40
0.26
10.8

3,40
0.1.0
2.8

2.03

%098
68

2e2

2.50
0.09
2.6

62.8

D3
8.k

2,69

3301
83
2.5

2.74
0.17

3,62
0.16
L L

68.3
6.k
9.k




Table IX

MecHanical Properties of Paper Treated with Alkali (Machine
Direction) Specimens soaked in distilled water at 20°¢ for

1 minute before start of test.

No. of treatments O 1 2 3 5 7
Tensile Strength (g) 147 60 57 61 66 77
Standard deviation (g) 21 6.6 9.9 5.0 3.0 3.9
Coefft.of variation (%) 4.0 11.0 17.4 8.2 .5 5.1
Breaking Extension (%) 0.80 0.78 1.04 1.07 1.b47 1.54
Standard deviation (%) 0.17 0.09 0.27 0.11 0.1% 0.15
Coefft.of variation (%) 21.0 11.9 25.9 9.8 8.9 9.5

.
o
o

Initial Modulus (g =x 10”4) 3 1.08 0.83% 0.82 0.69 0.70
Standard dev. (g x 10”4) 0 0.11 0.11 0.08 0.0 0.64
Coefft.of variation (%) 20.1 11.8 13%.2 9,9 6.3 5.k

®
[0
o

Rupture Energy (g,cmucm"l) 1.03 0.30 0.39 0.44 0.65 0.73
Standard dev. (g.cm.cmwl) 0.079 0.073 0.176 0.045 0.107 0.12
Coefft.of variation (%) 7e7 23.% L.l 10,3 16.4 1.6
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Table XTI

Mechanical Properties of Paper Treated with I (Machine
. . ’ . . C s On o
Direction) Svecimens soaked in distilled water at 20°C for

1 minvte vefore start of test.

Reagent (%) 0.52 0.8% 1.11 1.47 2.16 2.51
Tensile Strength (g) 303 894 1187 1419 1648 1695
Standard deviation (g) 26.6 51.9 51.0 131 85.7 197

Coefft.of variation (%) 8.8 5.8 L.z 9.2 5.2 11.6
Breaking Extension (%) 1.33 3.3% 3.90 3.88 L.00 3.78
Standard deviation (%) 0.20 0.27 0.21 0.29 0.26 0.43

Coefft.of variation (%) 5.0 8.1 5.4 7.5 6.5 11l.h4

Tnitial Modulus (g x 10"4) 3.31 5.28 5.89 6.4 7.16 7.92
Standard dev. (g x 10“4) 0.27 0.25 0,322 0.44 0.47 0.53
Coefft.of variation (%) 8.2 L.7 5.4 6.8 6,6 6.7

Rupture Energy (g.cm.cmﬂl) 2.27 19.1 28.4 31,6 Lo.1 39.3
Standard dev, (g.cm.cmwl) 0.33 2.3 2.8 0.9 5.1 1.8
Coefft.of variation (% 14,7 11.9 9.7 2.9 12.6 4,

1
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Table X

Mechanical Properties of Paper Treated with Alkali (Cross
Direction) Specimens soaked in distilled water at BOOC for

1 minute before start of test.

No. of ltreatments 0 1 2 3 5 7
Tensile Strength (g) 1ho G2 59 63 63 69
Standard deviation (g) 6.0 7.6 35 5.9 L,7 5ebH
Coefft.of variation (%) L,0 12.3 6.0 9e3 7.4 7.9
Breaking Extension (%) 0,90 1.080 1.29 1.50 1.63 1.76
Standard deviation (%) 0.10 0.19 0.17 0.21 0.02 0.20
Coefft.of variation (%) 11.1 17.% 13.2 13%.9 1.4 11.4

wu’-
Tnitial Modulus (g x 107 ') 3.42 0.75 0.64 0.62 0.59 0.59
Standard dev. (g x lOHq) 0.36 0.07 0.08 0.06 0.07 0.06
Coefft.of variation (%) 10.5 9.1  12.3 8.9 12.5 10.0

Rupture Energy (g.cm¢cm-1) 0.98 0.46 0.44 0.62 0.67 0,77
-1

Standard dev. (g.cm.cm )  0.0Y5 0.13 0.096 0.08L 0.029 0.126

Coefft.of variation (%) 7.7 28.3 21.8 13.1 L.4  16.5
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Table XIT

Mechanical Properties of Paper Treated

Specimens soalked in distilled water at

before start of test.

Reagent (%)

Tensile Strength (g)

Standard deviation (g)

Coefft.of variation (%)

Brealking Extension (%)

Standard deviation (%

Coeffte.of variation (%)

Tnitial Modulus (g x 10*4)
Standard dev. (g x 10“4)

Coefft.of variation (%)

Rupture Energy (gccm,cm—l)

Standard dev. (g.cm.om"l)

Coefft.of variation (%)

2.85
0.11
3.9

2.29
0.32
14,1

6.05
0.47
77

0.69

763
2.9
308

I, 24
003""
7.9

3,28
0.52
16,0

19.5
1.6
8.0

with I (Cross Direction)

ZOOC for 1 minute

0,89

973
19.5

2“0

4,87
O.14
2.9

3470
0.27
7e2

27.8
1.6
5.9

1.65

1182
ho,6
3.6

L,96
0.26
2.9

5.08
0.10
2.0

4,28
0.2k
5.7

39k
3.6
9.1

2.6h4

1609
4o
0.9

4,80
0.09
1.9

S5.h2
0.54
10.0
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Table LIIT

Mechanical Properties of Paper Treated with II (Machine
. " . . © s Of o
Direction) Specimens soaked in distilled water at 20 C for

1 minute before start of test.

Reagent (%) 0.%7 1.04 1.3%6 1,90 2.17 3.23%
Tensile Strength (g) 697 1109 1312 1550 1804 1935
Standard deviation (g) 30.7 68.8 89.2 1322 119 92.9
Coefft.of variation (%) LL 6,2 €.8 8.5 6.6 L.,8
Brealiing Extension (%) 2.94 3,84 3.83 3,75 3,85 3.50
Standard deviation (% 0.23 0.25 0.14% 0.26 0.16 0.1k
Coefft.of variation (%) 7.8 6.5 2,7 6.9 L,1 L,0
Initial Modulus (g x 10,4) %.58 5.33%3 5,55 7.12 7.60 §8.75
Ll
Standard dev. (g x 10°7)  0.19 0.50 0.56 0.21 0.49 0,82
Coefft.of variation (%) 5.% 9,4 10,1 2.9 6.5  9.h

Rupture Energy (g.cm.cmml) 12.1 26.2 28.6 3%2.8 L41.6 39.h4

Standard dev. (g.cm.cm ¥)  1oh 3.5 1.7 3.0 5.8 5,2
Coefft.of variation (%) 11.3 134 6.0 9.4 1Lk.,0 13.1
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Table XIV

Mechanical Properties of Paper Treated

Specimens soaked in distilled water at

start of test.

Reagent (%) 0.52
Tensile Strength (g) 579
Standard deviation (%) 29.0
Coefft.of variation (%) 5.0
Breaking Extension (%) %.86
Standard deviation (%) 0.13
Coefft.of variation (% 3.

Initial Modulus (g x 1o”q) 2.6k
-1
Standard dev. (g x 107')  0.20

Coefft.of variation (%) 7.6

Rupture Energy (g.cm,cm—l) 14,1

Standard deve. (g.cm.cmﬁl} 1.2

Coefft.of variation (%) 8.3

3.06
0.36
11.7

19.3
4.1
21.5

with II (Cross Direction)

EOOC for 1 minvtebeflore

0,90

1112
4.5
6.7

5.51
0.45
12.9

14319
56.8
.0

5:02
0.16

5.2

L Ly
0.25
5.7

o ~J
. co \A
— L

O

5.09
0.23
i]..5

L. g2
0-27

5.9

ki, 2
L;.°‘7
]-OO 6

2.70

1637
57.3
3.5

4,9k
0.26

5.67
0.48
8.5

L7.5
%.8
8.0
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ggble Xv

Mechanical Properties of Paper Treated with IIT (Machine
Direction) Speclmens soaked in distilled water at 20°C for

1 minute before start of test.

Reagent (%) 0.58 0.84 1.27 1.71. 2.07
Tensile Strength (g) 797 1103 1265 1628 1810
Standard deviation (g) 14.% 73,9 106 76.5 L34
Coefft.of variation (% .6 6.7 8.4  L.,7 2.4

Breaking BExtension (%) 3.38 3,66 3,783 4,05 4,28
Standard deviation (%) 0.21 0.34% 0.20 0.04 0.34
Coefft.of variation (%) 6.1 9.3 5.2 1.0 7.9

Initial Modulus (g x 10“4) 5.51 6.09 6.76 8.07 38.49
Standard dev. (g x 10"1") 0.%34% 0.52 0.48 0.43 0.87
Coefft.of variation (%) 6.1 8.5 7,1 5,3 10.2

Rupture Energy (g,cm.cm“l) 17.5 26.2 28.9 4L0.6 L46.9
Standard dev. (g,cm.cm—l) 1.3 4.7 1.9 2.8

e/

\n
.
i

Coefft.of variation (%) 7.2 16,5 6.5 6,9 1ll.2

2.65

2030
69:'0
3.k

L,23
0.20
4,8

Ga?75
0.76
8.7

50.4

a
G AN

£
e
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Table ¥VI

Mechanical Properteis of Paper Treated with III

Specimens soaked in distilled water at 20°¢ for

start of test.

Reapent (%) 0.59
Tensile Streungth (g) 615
Standard deviation (g) 16.6
Coefft.of variation (%) 2.7
Breaking Exteasion (%) 3,98
Standard deviation (%) 0.33
Coefft.of variation (%) 9.5
o N
Tnitial Modulus (g x 10 ') 3.19
Standard dev. (g x 10"4) 0.15
Coefft.of variation (%) L,6

Runture Energy (g.cm.cm~l) 1¢.2

Standard dev,(g,cm,cm—l)

]
Coefft.of variation (%) a,

0. 81

877
577

1521

1106
85,2
7.7

I 5k
0.49

v

10.9

2.03

1567
121

4,93
.55
11.1

bl )8
902
20.5

(Cross Direction)

1l minute before

2. 69

1862
147
7.9
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Table XVIT

Mecranical Properties of Paper Treated with III (Machine Direction)

R . . 0
Before wetting. Tests at 65 % r.h. and 20 C.

Reapent (%) 0,02 0.03 0.10 0.125 0.225 0.36
Tensile Strength (kg) 3.29 3.07 3%.19 3,17 3.04 2,99
Standard deviation (kg) 0.08 0.12 0.09 0.06 0.09 0.06
Coefft.of variation (%) 2.l 3.9 2.0 1.9 3.0 2.0

Breaking Extension (%) 2.28 2,38 2,44 2,37 2,53 2.63
Standard dev. (%) 0.2 0.18 0.12 0.22 0.15 0.18
Coe £ft.of variation (%) 9.2 7.6 b,o 9.3 5.9 6.8

Initial Modulus (g x 10‘5) 4,68 L.,52 4,75 L,7h L.11 3,97
Standard dev. (g x 10“5) 0.4k2 0O.44 0.29 0.32 0.31 0.08
Coe fft.of variation (%) 9,0 9.7 6.1 6.8 7.6 2.0
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Table XVIII

Mechanical Properties of Paper Treated with III (Machine

Direction) After Wetting. Tests at 65 % r.h. and 2000.

Reagent (%) 0,02 0©.03 0.10 0.125 0.225 0.36
Tensile Strength (kg) 3.07 3.0l 2.93 3.20 3%.05 2.96
Standard deviation (kg) 0.10 0.05 0.09 0.08 0.10 0.12
Coefft.of variation (%) %.3 1.7 3.1 2.5 363 L1

Breaking Extension (%) 2.06 2.39 2.37 2,56 2.39 2.29
Standard deviation (%) 0.21 0.19 0.29 0.20 0.21 0.24
Coefft.of variation (%) 10.2 .9 12.2 7.0 8.8 10.5
Tnitial Moduwlus (g x 1077) lJhh L.21 %.2% 4,31 54,18 3.98
Standard dev. (g x 10“5) 0.12 0.46 0.35 0.34 0.25 0.13
Coefftaof Variation (9(';) 207 10‘7 803 7.9 6\:0 3.3
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Table XIX

Mechanical Properties of Paper Treated with III (Cross

Direction) Before Wetting. Tests at 65 % r.h. and 20°C.

Reagent (%) 0.02 0.03%3 0.10 0.125 0.225
Tensile Strength (kg) 2.52 2.53 2,63 2,58 2.57
Standard deviation (kg) 0.07 0.7 0.10 0.05 0.06
Coefft.of variation (%) 2.8 2.8 3.8 1.9 2.3
Breaking Extension (%) 3.0 3,17 3.4 3,37 3,11
Standard deviation (%) o344 0.42 0.34 0.13 0.%0
Coefft.of variation (%) 1l.2 13.2 10.8 3.9 12.9
Initial HModulus (g x 10”5) 2.98 2.79 3.12 3.03 3,0k
Standard dev. (g x 10"5) 0.06 0.39 ©.08 0.14 Q.14
2-6 1‘;‘96 L}_‘6

Coefft.of variation (%) 2.0 14,0




Table XX

Mechanical Proverties of Paper Treated with IIT (Cross

Direction) After Wetting. Tests at 65 % r.h. and 20°C.

Reagent (%) 0.02 0.03 0.10 0.125 0.225 .36
Mensile Strength (kg) 2.57 2.55 2.57 2.38 2.66 2.54
Standard deviation (kg) C.07 0.11 0.07 0.07 0.05 0.09
Coefft.of variation (%) 2.7 L,3 2.6 2.9 1.9 %5

Breaking Extension (9) .45 3,03 3,28 3,16 3,39 3,04
Standard deviation (%) 021 0.52 0.22 0.26 0.30 0.20
Coefft.of variation (%) 6.1 17.2 6.7 8.2 3.8 6.6

Initial Moduvlus (g x 10"5) 3.15 3.18 3.23 2.82 3.07 2.86
Standard dev. (g x 10"5) 0.30 0.06 0.24 0,10 0.21 0.22
Coefft.of variation (% 9.5 1.9 an 3.5 6.3 7 o7
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Table XXT

s vt

Recoveries (immediate and delayed) of Paper Treated with Alkali.

Samples conditioned at 50 % r.h. and ZOOC.

Machine Direction

No. of Treatments 0 1 2 % 5 7

Recovery (%) at:

0.75 % strain 88.1 83.6 8r.4  8r.2 84,5 84,5
1.00 % strain §2.0 75.9 7h.0  ?4.3 76,8  77.6
1.25 % strain 71.0  66.1 63.7  6h.b  67.6  68.5
1.50 % strain - - - - - 55,2
Cross Direction

No. of Treatments 0] 1 2 3 5 7
Recovery (%) at:

0.75 % strain 86.7 84,7 Sk, 83.9‘ 81.6 80.2
1.00 % strain 80.8 78.9 79.2 76.0 75.7 7h4.3
1.25 % strain ?3.4  70.8  71.4 0 69.8 68.9 67.8
1.50 % strain 62.8 5%.6 61.1 59.7 60.0 59.9
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Table XXTII

Recoveries (immediate and delayed) of Paper Treated with I.

. o
Samyles conditioned at 50 % r.h. and 20 C.

Machine Direction

Reagent (%) 0.52 0.83 1.11
Recovery (%) at:

0.75 % strain 38. 4 87.5 85.6
1.00 % strain 80.8 77.3  79.2
1.25 % strain 724 66.8 70,7
1.50 % strain 62.8  56.6 58.9

Cross Direction

Reagent (%) c.kt8  0.69 1.65
Recovery (%) at:

0.75 % strain 85.0 56,3 86.9
1.00 % strain 80.3 80.7  82.7
1.25 % strain 73,2 T2 77,8
1.50 % strain 60.2 66,4 71.h4

1. b7

86.7
80.9
73.6
64,3

1.86

89.1
85.6
1.5
75.9

"
?
E._!
O™

58.8
8l L
780
70.0

o

2.64

89.7
864
82.7
784

2.51

38.6
8h.0
79.1
73.5
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Table XXTIIT

Recoveries (immediate and delayed) of Paper Treated with II.

. . - ¢ (8]
Samples conditioned at 50 % r.h. and 20 C.

Machine Direction

Reasent (%) 0.37 1.04  1.36  1.90 2.17 3,23
Recovery (%) at:

0.75 % strain 8,7 82,7 86.7 89.6 88.9 87.8
1.00 % strain 78.3 77.9  80.7 85.6 84,7 86.3
1.25 % strain 0.2 70.9 7%.6  80.7 80.7 82.6
1.50 % strain 61.0 61.8 55,3 75,7 I, 3 7506

Cross Direction

Reagent (%) 0.52 0.86 0.90 1.54 2.27 2,70
Recovery (%) at:

0.75 % strain 85.0 87.1 87.7 87.6 89.0 89,6
1.00 $ strain 78.5 83,0 83.8 85.4h 8.2  §86.8
1.25 % strain 70.7 76.6 78.8 82.3 80.7 83.8
1.50 % strain 59.5  69.3  73.1  77.3 75.1  79.9
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Table XXIV

Recoveries (immediate and delayed) of Paper Treated with III.

Samples conditioned at 50 % r.h. and 20°C.

Machine Direction

Reagent (%) 0.34% 0.99 1.69 1.88 2.23 2.80
Recovery (%) at:

0.75 % strain 84.3 5.4 86.1  86.3 87.6  89.2
1.00 % strain 77.8 80,4 80.6 80.8 Ba2.4 85,k
1.25 % strain 67.7 71.6  72.7 7h.2 75,0  79.7
1.50 % strain - 58.6 62.4 64,3 65,4 0 71.7

Cross Direction

Reagent (%) O.44  0.88 1.18 1.55 2.05 2.55
Recovery (%) at:

Q.75 % strain 2.2 87.2 89.5 86.8 856.2 90.3
1.00 % strain 79.8 81.6 83.8 82.8 82.7 86.3
1.25 % strain L. 7hs 7.3 77.6 0 77.6 0 81.3
1.50 % strain 61.6 65.6  069.3 69.8  70.7  7h.1
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Table XXV

Physical Properties of Paper Containing Intra-Fibre Cross-Links.

e , o
Samples conditioned at 50 % r.h. and 20 C.

Pulp: Softwood Cotton Esparto
Sulphate Iinters

Treeness 32.0 3h.5 33.0

Reagent (%) 0 3.26 0 2.61 0 3,70

Drainage Time (sec.) 7.0 6.24 6,86 6.93% 6.13  6.58

-2

Basis Weight (g.nm. ) 72.3  60.5 62.3 62.3 58.3 61,3

Sheet Density (g.om"5) 0.674  0.605  0.555 0.443  0.471 o.411

Air Permeability A
(ml/min)

Tear Factor 141.1 120.9 oL. 8 0.8 68.1 67.0

3 Lizp 1180 1651 6011 7105
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Table XXVI

Mechanical Properties of Paper Containing Intra-Fibre

v o e ~ " (o]
Samples conditioned at 50 % r.h. and 20 °C.

Pulp: Softwood
Sulphate
Reagent (% Q 3.26

Breaking Length (m) 13100 12310
Brealing Extension (%) 3.90 3 b6

Initial Modulus
(g x 1075)

Rupture Energy
(g.cm.em™)

7.12 715

197.5 168.1

Cotton
Linters
0 2.61
Lhgz L399
2.76 2.29
3.36 3.75
56.0 Ls.2

Crosg-Links.
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CHAPTER vV

Discussion

1. Introduction

This chapter covers the reactions of cyanuric chloride
with certain nucleophilic reagents and the reactions of these
derivatives with paper. Finally, the effects of these derivatives
on the physical properties of paper are discussed.

The preparation of aminochlorotriazines have utilised
methods described for similar compounds and the desired products
have been obtained with little difficulty. The reactions of
cyanuric chloride with dihydroxy compounds to produce derivatives
containing two dichlorotriazine molecules linked by an aliphatic
chain have been unsuccessful. Sulphonation of the triazine rinzs
in some aliphatic aminochlorotriazines has been carried out on
the hyvpothesis that this would render them water soluble but
this has not been found to be so.

The amount of reagent present in the paper has been de-
termined by measuring its nitrogen content. Although this is
only an arbitrary measure of the degree of cross~linking, it is
felt that, in view of the complexity of the system, it is satis-
factery for comparing the effects of the compounds used.

Testing of air-dry paper was originally carried out at
20°¢ and 65 % r.h. but in later work the humidity was changed

to 50 % r.h. The conditions for testing are noted above each
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table of results. The comparative tests between the three main
compounds used, however, have been carried out under the same
conditions.

The three aminochlorotriazines described in Chapter III,
(2,i,a,b and c¢) were used in the majbrity of experiments
involving the surface sizing of paper. The mean values of
breaking lengths, breaking extensions, initial moduwli, and
rupfure energies of air dry paper treated with these compounds
are given in Tables III to VIII. The mean values of breaking
lengths, breaking extensions, initial moduli and rupture energies
of wet paper treated in the sane manner are recorded in
Tables XI to XVI. The dry and wet values for paper treated with
the stilbene diamine derivative and rewetted before conditioning
at 200C and 65 % r.h. are recorded in Tables XVII to XX.

The treatment of paper by the surface sizing process
resulted in a fall in tensile strength, rupture energy and
initial modulus after one treatment, due to the effect of

1

wetting with alkali and redrying the paper. The extent of t

=
@
4]
]

strength losses were determined by ilmpregnating the paper with
alkall alone followed by squeezing and drying in the usual
manner. The results obtained from wet and dry tests on the
Instron Tester are shown in Tables I, II, IX and X.

When the first results from the surface sizing technigue
were obtained, they showed poor reproducibility in the results

for the tests carried out. This was blamed on the unequal
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distribution of pressure along the bowls of the 'Acme' wringer
used for the process. Several prints of the bowls were taken,
using 'Cariboni Red Box' carbon paper, at the different
pressures used. Even at the highest pressure involved, the
prints were ill-defined, but no obvious variations in pressure
along the bowl could be detected. The expression of the mangle
at different nip pressures was also measured and found to have
values lying between a maximum of 115 % and a minimum of 100 %.

When the question of intra-fibre cross-links capable of
imparting wet strength to paper arose, experiments were carried
out attempting to determine which type of cross-link would
affect the vhysical properties of the paper in this manner. No
conclusive results were obtained, but work involving the intro-
duction of intra~fibre cross.links into the fibres before sheet
formation led to a more detailed investigation of the effect of
intra-fibre cross-~links on conformability.

Tn the sections 4 to 14 the changes in the physical
propenties of the paper due to the treatment received are dis-
cussed. The experimental scatter obtained in the determination
of the results is recorded for each set of results and, although
high in many cases, is always less than the change in the

property exanined.




2. Reactions of Cyanuric Chloride with Alcohols and Polyethylene

oxides.

The progress of these reactions has been followed by
continuous titration of the hydrochloric acid produced with
alkali. In the cases where reaction was carried out without
alkali addition the extent of reaction has been determined by
titration after a predetermined time. For continuous titration,
reaction curves similar to Fig. 4 were obtained where 100 %
reaction indicates that 1 ¢l atom/triazine ring has been sub-
stituted. The same extents of reaction were obtained when
mixtures were titrated at the end of the reaction only. It
would avpear from these results that the first two Cl atoms in
the ring have similar reactivities in these reactions. The
variation of the reaction temperature between 10°¢ and 20°
and the variation or non-addition of alkali wmade no difference
to the extent of reaction obtained.

The reactions of cyanuric_chlori@e with aliphatic alcohols
does not proceed in as simple a manner as the corresvonding
amines. The reactivity of the remaining chlorine atoms in the
triazine ring is much lower for alkoxy substituents than the

. . . . (46) .
corresponding amino substituents. Matsui et al. have in-
vestigated the reactivity of some alcohols to cyanuric chloride
and found that various substituents deactivated the chlorine

atoms in the following order:

Armutt D Aiko- > heo-




(0/o)NOir)V3d 30 1N31X3



They also found that methanol and cyanuric chloride reacted

at low temperatures, without the presence of alkali, yielded
2,4, 6-trinethoxy-s.triazine and that the addition of acid
accelerated the reaction. They suggested that»thc resoval. of
acid with sodium bicarbonate or calcium carbonate would enable
stepwise reaction to take place, This has been confiriied by

(h3)

Thurston et al. who treated cvanuric chloride with sodium
N

bicarbonate in methanol to obbtain 2-methoxy-4,6~dichloro-
3 3

(47)

setriarine. Matuszka and Chang found that the reaction of
cyanuric chloride with 1,4-butane diol or 1,5-pentane diol
yielded tetrahydrofuran or tetrahydropyran respectively together
with cyanuric acid.

Although the substitution of cyanuric chloride is harder
to control with alcohols than amines, there is no satisfactory
explanation why two chlorineatoms in the same ring should be
consigtently replaced when cyanuric chloride is mwacted with

polyethylene oxides,

5« The Reactions of Chlorotriazine Derivatives with Paper

The cross-linking agent was originally applied by dyeing
either the pulp or the paper and the resultant sheets were
air-dried. It was found thalt no signs of inter-~fibre cross-
linking had taken place althouéh the paper was insoluble in

cuprammonium hydroxide suggsesting that some intra-fibre
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cross—-links were present. It was concluded that this was due
to: -
i) The time lapse between adding the reagent to the stock or
the sheets and drying the sheets would allow most of the
reagent to penetrate the fibres making it unavailable for
inter-fibre cross-linking.
ii) Thg drying time was such that much of the reagent in a-
suitable position for inter-fibre cross-linking would have
been hydrolysed before the fibres were sufficlently close for
cross-linking to take vlace.

e

It was believed that by using a shorter dx}ng period and
by drying the sheets in a plastics press at 110°C and 200 1b/5q.1in.
this problem could be solved. The high pressure used, however,
prevented the removal of water vapour from the press and the
finished paper showed similar properties to that which had
been air dried. Several arrangements by which the temperature
of both platens were altered and various combinations of felts
and blotters were used to facilitate the removal of water
from the sheet, without success.

A Palmer Drier was found to provide the nost efficient
drying conditions for the treated paper. The large drying
area of the cylinder enabled the water to be removed quickly
bringing about bonding at the same time as reaction between

the reagent and the cellulose was taking place. The main dis-

advantage in this rmeans of drying lay in the fact that the
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tension in the drying felt could not be measured and conse-

guently it was impossible to duplicate drying conditions for

each set of experiments. The variability dantroduced here,

together with differences in the purity of thoe threc compounds

used, could contribute more to the differences in the physical
J- 1

vroperties of the paver than the differences in the chemical

structure of the reagents themselves.

L, Bvidence for Cross-Link Formation

The evidence for the presence of either intra- or inter-
fibre cross-links has been talten to be the insolubility of the
fibres in cuprammonium hydroxide. It was belicved that the
presence of inter-fibre cross-links could be shown by an
increase in the wet tensile strength of the paper. Fig. 5
shows the relation between wet-strength and the amount of
reagent added to the paper. It can be seen that for the three
compounds used the wet tensile strength rises to a maximum
lying between 50 and 55 % for 2.5-3.0 % of the reagent in the
paper., For the peasons stated in section 1 of this chapter,
no real comparisons could be made upon the effect of si&é and
structure of the compounds on the degree of cross-linking.
There is probably very little difference in the degree of
cross-linking for each of the compounds used, the cross-links

probably being formed across the same triaszine ring in each case.

-
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The effect of intra-fibre cross-links on the wet strength
of a treated paper has also been considered. It has been
suggested that intra fibre cross~links formed after the
maximum degree of bonding had occurred would make the fibre
network so rigid that the penetration of water and the con-
sequent disruption of hydrogen bonds would be prevented. Some
experinental work has been carried out in orxder to determine
the cross-links formed but no conclusive evidence has been
obtained.

To obtain minimum penetration, the sheets were impregnated
with cyanuric chloride in xylene first, dried, inpregnated with
solution of 1 % sodium carbonate and dried again at 140°C. This
method produced a wet strength of 20 % compared to 5 % for a
paper treated in a similar manner but without the addition of
cyanuric chloride. Although, at the temverature used for
drying, the diffusion within the fibre would be increased, the
majority of the cyanuric chloride would react on, or near, the
surface of the fibre forming a majwﬁity of inter-fibre cross-
links.

For intra-iibre cross~linking to be effective in pro-
ducing wet strength it is necessary to introduce the cross-
links after the maximum degree of bonding has taken place. The
only method of ensuring that only intra-fibre cross-links are
present in paper requires that the fibres are separated bhefore

reaction occurs. When this happens the conformability of the
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fibres is reduced and no comparison of the proverties of the
resultant paper and the original paper can be made.

Although there is no direct evidence for inter-~fibre
cross~links being produced by the methods used, the evidence
obtained does indicate that the wet strength is caused by
inter-fibre cross-links, That such cross-linking is feasible
is illustrated by the fact that the distances involved in
hydrogen bond formation are swmall compared with the size of
the molecules used for cross-linking. If the reaction between
the reagent and the cellulose occurs before fibre bonding
takes place, the conformability of the fibres would be re-
duced and the dry tensile strength of the paper would fall.
The dry tensile strength does, in fact, fall but this is
shown in section 3 of this chavter to be duve to the wetting
of the paper with allkali during the treatment and not dve to
intra~fibre cross links. If reaction takes place during the
period of maximuwm bonding, neighbouring fibres must be close
enough for some inter-fibre cross-links to be formed. As the
reriod between impregnation of the paper and drying is short
(80~100 sec.), there will be little penetration of the fibre
and most of the reagent will be on the surface during reaction.
Specimens of treated paper left for several days in cunrammonium
hydroxide formed a gelatinous mass but showed no signs of dis-
integrating, which would be expected if there were only intra-
fibre cross-links present. Early experiments involving dyveing

the pulp followed by sheet formation in an alkaline medium
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did not produce any wet strength although the reactions were
probably taking place duvring the period of maximum bonding,.
From the information available it is probable that the
majority of the cross links lie between the fibres, the few
within the fibres having very little effect on the wet strength

of the papers.

5. Tensile Strengths (Air Dry) of Treated Paper

Filg. 6 shows the relationship between the tensile strength
of the treated paper and the amount of reagent added to the
paper. Fig. 7 shows the relationship between the tensile
strength of alkali treated paper and the number of treatments
receilved., It will be remembered that, in order to obtain
relatively high extents of reaction it was necessary to repeat
the treatments until the required amount of rcagent had been
applied. The 2nd point on the curve represents one treatment
and the final point represents ten successive treatments. It
can be seen that the effect of the first treatment dom not
appear to produce any real cross-linking on comparison with
the graph illustrating treatment with alkali alone. The initial
fall in tensile strength of the paper can be seen to be due
to the physical effect of the treatment and not to any intra-
fibre cross-linking.

It has been found in cross~linking studies on cotton
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fibres that one of the effects of inter-molecular cross-linking
is to reduce the tensile strength of the fibre. As the degree
of cross-linking increases, the tendency for molecular slippage
along the fibre decreases and the distribution of stress along
the individual chains is not equalised. Consequently high local
stress concentrations occur, leading to increased probability
of chain ruptures.

The effect of heavy intra-fibre cross-linking could be to
eventually lower the dry tensile strength of the paper. As the
paper begins to rupture the number of fibres spanning the
rupture zone decfease. The stress in individuval fibres in the
rupture area may be lncreased sufficiently for fibre rupture
to occur. If intra-fibre cross-~links were the only type of
covalent cross link present in the paper the air-dry tensile
strength of the paper would be expected either to fall or be
unaffected. The tensile strength in fact rises after the first
treatment and this can only be expleined by either increasing
the number of hydrogen bonds or Van den Waals forces or by the
introduction of inter~fibre cross-links into the paper. As the
reaction of cellulose with chlorotriazines should not increase
the number of hydrogen bonds or Van den Waals forces between
the fibres, the increase in dry tensile strength must be due to
inter-~fibre cross-links. The tendency for the Jry tensile
strength to fall at high extents of reaction could be duc to

increasing numbers of intra-fibre cross-links being formed.
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Normally, increased bonding between the fibres would be
expected to increase the density of the resultant paper. The
sheet densilty measurements in the present work did not rive
consistent results and tended to decrease as the amount of
cross- linking agent in the paper increased. The chlorotriazine
cross.links which are large compared with hydrogen bonds or

(%)

the hemi acetal cross.links used by Zeronian would, in

sufficient quantity, tend to decrease the density of the paper.
Fig. O shows that the rewetting of the paper after treat-

ment has no significant effect on the dry tensile strennmth of

the paper, compared with the cffect of wetting untreated paper,

0. Tensile Strengths (WET) of the Treated Paper.

+e,n5“€.
Fig. 9 shows the relationship between the wethstrength of

the treated paper, SE—S—Pere-0Rt TGt -GGG de g B b @t ey
and the extent of reaction. The wet strengths of the papers are
in units of grams for specimens of basis weight 70 gmua and
width 1.5 cm. Therefore, for the purpose of calculating the
vrercentage wet strengths, the dry strengths were converted to
this unit from the unit of metres. For clarity, only the curves
for tests in the machine direction of the paper arce shown. The
curves for the cross direction of the parer overlap those for
the machine

lircction. It can be seen that the three compounds

used show little difference in the wet strength achieved
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suggesting that the reaction takes place between the two
chlorine atoms in the same triazine ring. The arguments for
wet strength as a criterion for inter-fibre cross-links have
already been put forward in section 2 of this chapter and will
not be discussed any further. The shape of the curves with
their rapid initial rise with gradual falling off of the rate
of increase of wet strength wouvld be expected from additives

whicl id not degrade or reduce e strengcth of the fibres
hich did t degrad d th trength of the it

1=

n
any waye

The highest wet strength obtained by the methods used was
about 55 per cent. This compares favourably with a wet strength
of 53 wper cent obtained byJurecic et al. on impregnation of a
cotton paper with 5 per cent of unmodified U-F resin and
curing for 12 hours at 120°c.

Several specilnmens have been immersed in water for several
days without any loss of wet strength. This would not be

expected if the wet strength were due to intra-fibre cross-links,

7. Brealing Extensions (Air Dry) of Treated Paper.

Fige. 10 shows the relationship between the breaking
extension of the air dry paper and the amount of reagent added.
It can be seen that for each of the three compounds used there
is very little consistent change in breaking extension.

(26)

Page and Tydeman have suggested that the extensibility
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of paper is related to the microcompressions in the fibres at
bonded area; and further microconpressions and kinks in the
fibre segments between bond sites. When the paper is stretched
the applied force tends to pull out the kinks and microcom-
pressions in and between the bond areas. On the introduction
of cross links into the paper it would be expected that the
state of microcomnpression of the fibres as they formed bonds
would be reinforced and the extension of the paper for a given

load would be smaller.

Fig. 11 shows the relationship between the extension, at

AitecVion
loads of 2.5 kg eact—eb—imz- Tor The machine SRt —Ciios Bumtite-dddeoins
of the paper messesds ~, and the amount of reagent present.

It can be seen that, as the amount of reagent present increases,
the extension at given load decreases. This would indicate that
cross-links ave present although it would not distinguish

between inter~ and intra-~fibre cross-links,

8. Breaking Extensions (Wet) of Treated Payper.

Fig. 12 shows the relationship between the breaking ex-
tension of wet treated pavers and the amount of reagent added,
For clarity, only the curves for the machine direction of the
paper are shown. The cross direction curves are of similar
shape but have slightly higher valuves for breasking extension.

The maximum breaking extension in the machine direction
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for the wet paper can be seen to reach about 4.25 %, after
which the breaking extension tends to fall. The corresponding
value for air dry paper is approximately 65 % of the value for
wet paper. As there is no marked increase in the extensibility
of the fibres on wetting, the increase must be obtained from

4o

the network structure of the paper. The microcompressed
structure of paper suggested by Page and Tydeman, described

in the previous section, could be used to explain the increased
extensibility of the wet paper. On wetting the paper the
hydrogen bonds and Van de:n Vaals forces will be broken leaving
only the covalent bonds between the fibres. Although the size
of the bonded areas should remain approxinately the same, the
forces maintaining the micro compressions in the bond areas
would be reduced. Thus the force required to stretch the paper
would be reduced and the extensibility of the paper would be
increased. If, however, only iantra-~fibre cross-links were
present, allowing very little penetration of the bond areas,
the number of bonds in the bond areas would remain almost the

same and wetting of the paper would have little or no effect on

the extensibility.

9., Initial Moduli (Air-Dry) of Treated Paper.

TMige 15 shows the relationship between the initial modulus

of alr dry treated papers and the amount of reagent present
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for the machine direction of the paper only. It can be seen
that the initial modulus of the paper never reaches thal of
the original paper, although it attains a considerably higher
value than the value for paper treated with alkali abone.
(48) . : -
Several workers , using resins as cross.linking agents
in fibres, have found that, as the degree of crystallinity of
the fibres is increased, the effect of interchain cross~links
on the initial moduli of the fibres is diminished. They have
shown that the initial moduli of dry cotton fibres are not
significantly increased by the introduction of interchain cross-
links. There is a significant increase in the initial nodulus
of the treated paper compared with that treated with alkali
alone. The alkali, however, will reducé the crystallinity of
the fibres with a corresponding fall in thelr initial modulus,.
Therefore, if intra-fibre cross-links are formed, Tthere would
be an increase in the dinitial modulus of the fibres. It would
not be possible to say, in these circumstances, which type of
cross-link would be resvonsible for the dlncrease in the initial
modulus of the paper. However, it is believed that the inter-
fibre bonds are the main facltor influencing the initial modulus
of the paper, and the fall in the initial modulus on treatmont
with alkali is due to a reduction in the numbers of inter-
fibre bonds rather than a decrease in the crystallinity of the
fibres. If this is true, the increase in the initial modulus of

the paper can be attributed to covalent crosslinks between the




fibres. The low crystallinity of the fibres will prevent the
initial modulus from attaining the value for paper which has

not been treated in any menner.

10. Initial Modulus (Wet) of Treated Paper.

Fig. 14 shows the relationship between the initial modulus
of welt treated papers and the amount of reagent present for
the machine direction of the paper only. The initial moduli of
the vaper treated with the three compounds can be scen to rise
to similar values in each case.

The fact that there is a consgiderable increase in the
initial modulus of the wet paper does not furnish muc: infor-
mation about the location of cross-links, several alternative
explanations being possible. The presence of inter~fibre cross-
links would increase the number of inter-~fibre bonds and then
increase the initial modulus of the vaper. However, intra-fibre
cross—links, capable of preventing the penetration of water
between the fibres, would retain many of the original inter
fibre bonds as well as iwmproving the initial modulus of the

fibres themselves.

11, Rupture Energies (Air Dry) of Treated Paper.

The measurements of rupture energy from the load extension
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curves have shown the greatestvariability in the values obtained.
Fig, 15 shows the relationship between the rupture energies of
the air dry treated papers and the amount oi reagent present

for the machine direction of the paper. Although the scatter

in the experimental points is large, it can be seen that there
is an increase in the rupture energy of the paper with the
introduction of covalent cross.links, This contrasts with

£
(5) who found that the introduction of inter-fibre

Zeronian
cross-~links into paper, by periodate oxidation ol the pulp,
although increasing the tensile strength of the paper initially

caused the rupture energy to fall because of a decrease in

breaking extension,

12. Rupture Energies (Wet) of Treated Paver.

Fig. 16 shows the relationship between the rupture
energies for the wet treated papers and the amount of reagent
present for the machine direction of the paper only. The high

variability present 1n the figures for air dry paner are found

)

here, but the greater effect of the cross-links on the rupture
energy of the wel paper has produced smoother curves. It is
interesting to note that the rupture energy of the wet paper
tends to appreach that of the dry paper as the amount of cross-

linking reagent present in the fibre increases.
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There has been a tendency in all the physical properties
of the wet vaper measured, for the first addition of cross-
linking agent to have very little effect on the property in
question. After the first impregnation the values for the
proyerty being measured have tended to rise sharply. This has

3.

not been so evident in paper treated with the stilbene diamine
derivative as with the other two compounds, but, in view of
the errors in measurement of the low values obtained, it is

doubted whether any significant conclusions can be drawn from

this,

15. Recovery Capacities (Air Dry) of Treated Paper.

Recovery mcasurements on untreated and treated paper are
recorded in Table XXI and XXIV. The fipgures given are a combi-
nation of immediate and delayed recoveries. It can be scen from
Fig. 17 that upd to a strain of 0.6 % the scatter in results is

2

large. This is due to the small extensions and permanent sets
of the paper over this range and the values derived depend to
a great extent on the sensitivity of the instrument. Conse-
quently the recovery capocities at 0.75, 1.00, 1.25 and 1.50 %
strain have been measured, the specimens usually breaking at
higher strains.

Figs. 18 to 21 show the relationship between the recovery

capacities ol the paper and the amount of reagent present together
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with that for paper treated with alkali alone. It can be seen
that, although there is an overall increase in the recovery
capaoity.of the paper with the introduction of covalent cross-
links, the curves tend to dip in the middle regions. These
regions, however, correspond to the lowest points on the
curves for paper treated with alkali alone. Thus although the
recovery capacitj of the paper is increasing, the effect of the
treatment is decreasing the effect of the cross-links in this
region. As the number of treatments the paper has received
increases, the recovery capacity for both the reagent treated
and alkali treated paper increases emphasizing the relatively
low values obtained in the previous treatments.

The decrease in recovery of the paver or increasing the
stress or strain will result in a corresponding increase in
permanent set. Most workers in this field agree that permanent

set is a result of bond breakage. Page and Tydeman have

[

suggested that as the bond slowly breaks, the microcompressions
in the bond area are released, allowing a greater extension

and a greater permanent set., Delayed recovery by this theory

is considered to be a purely intra fibre phenomenon. Although

it would appear that the decrease in periuanent set in paper with
the addition of chlorotriazine derivatives is caused by covalent
inter~fibre cross-links, it is possible that intra-fibfe cross-
links, by reinforcing micro compressions, could uwroduce a

similar effect.
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14, The Effect of Intra-Iibre Cross-Links on Conformability.

It was realised, when formulating experiments to determine
whether inter- or intra-fibre cross-links were increasing the
wet strength of the paper, that 2all methods for introducing
intra-fibre cross-links alone into the paper would decrease
the conformability of the fibres. Some work has been done to
investigate the effect of intra-fibre cross~linking on the
lateral conformability of the fibres and the properties of the
resultant paper. The fibres chosen differ in wall thickness and
crystallinity and the effects of the intee~Tfibre cross-links
are expected to increase in the order:

pine > cotton linters 2 exparto grass.

(49)

In a recent paper, MeKenzie and Higgins have examined
the relative effects of plasticity and external fibrillation
upon the bonding capacity of fibres. From earlier work they had
found that the addition of cationic starch to wet pulp was
sufficient to preserve the external characteristics of tﬁe fibre
on drying. They used this information to compare, by physical
tests and optical examination, paper made from pulp w-ich had
been (a) not dried, (b) air dried after starch addition, and
(c) air dried alone. By this means pulps (a) and (b) had
differeat conformabilities but a similar degree of external
fibrillation, whereas (b) and (c) had different degrrees of
external Fibrillation but similar confornabilities. The

starch was removed by enzyme hydrolysis tefore sheet preparation.
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The paper produced shows similarities between the properties for
both of the air-dried pulps with differences from the wet pulp,
suggesting that the lateral conformability of the {ibres rather
than external fibrilldéion is the dominant factor in hydrogen
bond formation.

The work described in the following pages considers the
effect of intra-fibre cross-linking before sheet Jormation on drai-
nage rate, alr porosity, ltear strength and sheet density, and
relating these properties to conformability. Three fibre types
of differing rigidity (cotton linters, esparto, and bleached
sulphate pulp) were used for comparative purposes. The period
spent on this work was fairly short, and in one case (bleached
sulphate pulp), there was a considerable difference between
the basis weirhts of the treated and untreated papers. Sheet
density, however, which is independent of basis weight shows
that there is a real difference between the treated and un~-
treated papcr. Measurements of tensile properties on the

Instron Tester have alsc been carried out.

1) Drainage Rates of Untreated and Cross-linked Pulps.

The values for drainage tine, together with the other
vhysical properties measured in connection with intra~fibre
cross-linking are recorded in Table XXV.

It would be expected that the formation of intra-fibre




cross~links would increase the rigidity of the fibres and thus
increase the drainage rate during sheet formation. This is not
found to be so, the drainage rate for the cotton linters and
esparto pulps being slichtly less when cross-linzed than the
untreated pulps. The bleached suvlphate pulp does show an in-
crease in drainage rate on cross-linking, but, in view of the
difference in Lasis welght between the two pulps, no real
conclusions can be drawn from this fact.

The unexpected rise in drainage time for cross-~linked Iibres
can probably be best explained by the experimental error in
time measurement. The uncertainty oi determining the point at
which drainage is complete could mean an error of 0.2 sec., in
7 sec., an error which, coupled with the variations in basis
welght and temperature, could reverse the result for accurate
measurements. No conclusive explanations can be drawn from
these results about the effect of intra-fibre cross—~links on

conformability.

ii) Densities of Sheets

It can be seen that for each type of fibre examined,
there is a decrease in sheel density on treating the pulp with
crogs-linking agent. This is due to increasing ricidity of the
fibres and a corresponding decrease in conformability. The

expected differences in the effect of cross-linking on rizid
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and flexible fibres are not skown but this is probably due to
variations in the effect of brating on the different fibres
and the amount of reagent present. These variations have
occurred in all the properties measured and no comparisons

between fibre tyves has been made.

iii) Tear Strengths

Tearing strength, the product of the force reguired to
continue a tear and the distance over which the force operates,
is known to vary inversely with the density of the sheet. This
is generally accepted to be due to increased fibre bonding
causing more fibre rupture and less removal of intact fibres
from the web. As the work required for fibre rupture is less
than that for fibre removal the tearing strength of the paper
falls. It would be expected that the introduction of intra-
fibre cross~links with a corresponding decrease in coaformability
and fibre bonding would increase the tearing strength of the

sheets. The reverse can be seen to be true for each pulp used.

Page and Tydeman have shown that, on drying, kinks and micro-

59

b

compressions are formed between and in the bond areas of the
paper. The kinks will distribute the applied force over a wider
area and the work of tear will be increased. In rigid fibres

there will be a lover degree of kinking and the tearing forces
L) < b

will be concentrated over smaller areas. Comparison of the three
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types of paper show that the more rigid the fibre the lower the

tearing strength. Thus although cross-linlking reduces the

o

.

bonding between the fibres, the rigidity of the fibres cause

oF
®

an overall recduction in tearing strength.

iv) Air Permeabilities.

The air perreability of paper increases markedly with
decreasing sheet density. Thus a reduction in conformability
with a corresponding decrease in sheet density would be
expected to show an increase in air permeability. The flow
rate values have been corrected for a basis weight of 60 gomaua
by multiplying by a factor given by dividing the basis weight
of the paper by 60. It can be seen from the values given in
Table XXV that there is an increase in air permeability with
intra-fibre cross-linking, the extent of which decreases with

an increase in the original rigidity of the fibres.

v) Tensile Properties

The tensile properties are also a function of intfa~Iibre
bonding and Table XXVI shows the effect of the introduction of
intra-fibre cross-links on these properties. The values for

brealting length and rupture enerpsy fall, on decreasing the
& (93 &) 7 [S]
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)

conformavility of thre fibres, as predicted, buvt not in the order
expected Tor the different fibres. This is most obvious in the
values of initial moduli, the expected order Ior the fall in
initial modulus bheing reversed. In view of the scatter in the
experinental results these values are not significant and
further work would have to be carried out before any definite
conclusions could he drawn. The change in tensile properties

of the fibres would also have to be taken into account before
the effects of intra~fibre cross-linking on bonding capacity

could be examined.

15. Conclusions

i). It has been shown that either intra-fibre, inter-fibre, or

a nixture of both types of cross«links are introduced into paper
on treatment with certain chlorotriazine derivatives under
suitable conditions. Reaction probably takes place through the

two chlorine atoms in the same triazine ring.

ii). No experimental method, capable of absolute determination
of the type of cross-links present, has been found, but the
evidence available indicates that there is a mixture of both
types with the inter-fibre cross-links being the dominant factor

in changing the physical properties of the paper.
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iii) The introduction of covalent cross-links into paper has
a similar effect to increasing the amount of beating given To

a pulp in that the tensile strength, initial modulus and
rupture energy of dry paper are increased. The density of the
paper, however, is not increased, probabkly because the triazine
cross~links are bulky compared with the hydrogen bonds and
other secondary valence forces. No evidence has been found to
show that the reduction in tensile strength of the fibres, due
to interchain cross-linking, is sufficient for the strennth

of the fibres to influence that of the paver.

iv) The hypothesis that paper treated with chlorotriazine
derivatives would attailn high wet strength has been confirmed,
The usefulness of this system is limited by the low water
solubility of the compounds used, several treatments being

necessary before high wet strengths are obtained.

v) It has been shown that, by reducing the lateral conformability

of the fibres by cross-linking before sheet formation, the

bonding capacity of the fibres is reduced.

vi) It has been shown that rewetting of the paper, after cross-
linking has occurred, has no significant effect on the physical

properties ol the paper.
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Suggestions for Further Work

The major Tactors in reducing the accuracy of the
results in work described have been:

1) The necessity for several treatments to be applied before
a high degree of covalent bonding is achieved,

ii) The lack of control of the tenperature and paper tension
during drying.

These situations may be improved by:

i) Increasing the water solubility of the reagents by further

study of the sulphonation of chloro triazines.

ii) Changing the drying technique so that the same drying

conditions are achieved with wmore positive control.

The study of other systems nay provide more information
about the effects of covalent inter-fibre bonds on the physical
properties of paper. Diacid chlorides aprlied from non~polar
solvents could not penetrate the fibres and only inter-~iibre
cross-1links would be formed,

The effect of intra-fibre cross-links on conformability
should be studied more comprehensively. The amount of reagent

present and the degree of beatin: should be varied.
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APPENDIX

The paper used in this work was a white wove, unsized,

absorbent paper made on the 0ld College machine which wWa$

scrapped in 1963.

Run Number 63/4 (14.1.1963)
Furnish Bleached, lst cut cotton linters
Freeness 29 ° S.Re.
Substance 70 g.m."2
App. Sp. Gr. 0.59
Air Permeability 2170 ml. min™t
(See p.53)
Burst Factor (a) 1.35
Machine Cross
Direction Direction
Breaking Iength (m) 3683 3051
Breaking Extension (%) 1.57 2.31
Initial Mcdulus(b)(g X 10‘5) 4.98 3.77
Rupture Energy (g.cm.cm,gl)cc) 54.1 4244
Tear Factor 88.2 81.0
(a) Burst Factor =  Bursting Strength (g.cm"g) x 100

Basls Welight (g.m”g)

(b) The initial slope of the stress/strain curve

(¢) Rupture energy has been expressed in units of

stress x strain, i.e. g. x om.cm— Y.




