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Introduction

Bonding characteristics of the fibers in a sheet of paper
have long been, and still are, difficult to 1solate in a manner
which will give exact quantitative information on the degree of
bonding. It 18 possible to indicate with strength tests
different levela of bonding. Other factors -- fiber strength,
fiver length, cell wall thickness, etc., ~= also enter into
values obtained in these tests and make the assignment of exact
meaning to bonding impossible. The subject of a major part of
this literature search deals with measurement of another bonding
characteristic, relative bonded area or simply bonded areas,
This agaln 18 not an exact measure of bonding and, here, only
its merits as a measure of a characteristic of bonding are
treateds The treatment 1s further limited for the most part to

discussion of the optical method initiated by Parsons.
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Origin of the Optical Method

Parsons, (1) in 19,42, experimented with a method of deterw=
mining a characteristic of bonding, bonded area, via optical
measurements. He used light scattering coefficlents to determine
that part of the surface area of a eﬁeet which 1s in optical
contacte

The light scattering coofficlent is defined as the limiting
of the relative light energy per unit thickness, scattersd backe
wards from an imaginary layer of material as the thickness of
the layer becomes very smalls |

Charts which allow the evaluation of the scattering
coefficlent, S, can be obtained by equations. The Kubulka Munk
chart is an ald used for this evaluatione Only two optical
measurements are necessary, Rqg and C O «89s Ry 18 the reflectance
of a single sheet backed by a material of zero reflectance.

C 0 «89 18 the Tappi opacitye

The actual 8 values are not read directly from the chart,
put they are evaluated by dividing a value designated 8X (on the
chart) by the sheet thickness., However, since 8 would sometimes
be meaningless, as in the case of a bulky sheet which is dry
pressed to a fraction of its thickness, a value called the specific
scattering coeffliclent S' 18 useds This value 1is obtained by
dividing SX by W, the basis welght.

Davis (2) stated that 1light scattering‘coefficients should be
proportional to totgl surface area per mass of the particles of

materials Using this and other assumptions, Parsons reasoned
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that bonded area could be determined by means of a plot, S8 vs,

especific bonded area,

Primary Assumptions in the Employment

of the Optical Method

The basic assumptions (3) of the method are thesess (a) If
a pulp is not made in such a manner as to prevent fiber to fiber
bonding, 3' 1s a linear plot increasing directly with the area.
(b) S' in the sheet 18 a linear relation to the area not in
optical contact, following the same function assumed in (c). The
principle involved 1s that light 1s refracted or scattered only
at interfaces involving contact between two media of differing
refractive index. 1In paper, of course, this is largely the
cellulose=air surface, |

The assumption that all of the original surface area of the
fibers in a handsheet which does not scatter light must be involved
in interfiber bonding has been ohallenged frequentlfo Ratliff, (3)
in 1949, stated that the distance between fiber and optical
bonding was reasonably ¢loase, and even 1f this distance was not
the same, it should be corract to believe that any unobsatructed
fibrillae coming within distance of optical contact would be
drawn close enough to bond by surface forces. In 1955, Haselton (l)
reasoned that since bonding distances are known to be l=5A and
optical contact can involve a maximum separation of [,00-500A, the

optical determination of bonded area could be in error on the
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high side« This matter is still argued. _
Kallmes (7)(8)(9) refers to two schools of thought -« those
who belleve that only a small part of the optical bonded area is
hydrogen bonded, and those who contend that 1f two flbers are
close enough to be optically bonded, the surface tension forces

developed in the last stage of drying will cause complete bondings

Validity of Optical Methods

Haselton investigated the methods of measuring relative
bonded area via scattering coefficients. (L) He made use of the
Brunauer Emmet and Teller method for compution of surface area
with gas absorptions The technique was first used on cellulosic
material by Emmet and DeWitt (11) with much promise: This was
verified by Haselton, who obtained data showing a good linear
relationship between the scattering coefficient method of bonded
area determination and the Brunauer Emmet and Teller (10) area of
the sheets He further indicated that the scattering coefflicient
method on water dried sheets gives a direct relation to the unbonded
area, regardless of whether the area has been altered by beating

or wet pressing.

Investipgations of Solveny Systems

Used LE'Zero Bonded Area Sheets

In more work on this project, Haselton (l) also explored the
use of butanol and benzene dry sheets to facilitate a condition
of zero bonded areas He also examined values obtained by

specially spray dried fibers from a water suspension.,
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The butanol sheets were made by successively (a) forming
sheets in a standard mold using water, (b) replacing the water
with acetone, and (c¢) replacing the acetone with butanol.

The benzene sheets were formed in the same manner, only
benzene was used as the replacement agent in step (c).

The spray dried fibera were formed by spraying 0.8 gram of
oven dry fiber at 20 per cent consistency over 55 square feet of
horizontal polyethylene and allowing drying to take place with the
contact between fibers therefore reduced to a minimume

Data on this operation showed that S' values for benzene
bonded sheets were high, with butanol sheets and spray dried sheets
following in magnitude of this value« Of course, regular water
bonded sheets had lower scattering coefficients than any of the
golvent used to give zero bonded paper,

To explain the facts, the theory proposed was that the water
bonded sheets give both high internal and external bonding (fibril
to fibril . bonding and fiber to fiber bonding); therefore, they
exhliblt the lowest scattering coefficlent,

The spray dried fibers have a great deal of internal bonding
(tﬁe fibrils bond to each other causing ths individual fibers to
close up), but no fiber to fiber bondings This leads to very
high valued scattering coefficients.

The sheets formed with butanol solvent have little fiber to
fiber bonding, and, because the polarity of butanol is not nearly
as great as that of water, there 1s little internal bonding or
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closing up of the fibers This leads to an abnormally high value
for specific scattering ocoefficient and abnormally low values for
relative bonded area.,

The benezene dried sheets, because the solvent 1s least polar
of those mentioned, have very little external bonding compared to.
the water dried fibers or the butanol fibers, and they have even
less internal bonding than the butanol fibers. Therefore, they
could be expected to exhibit especially high values for scattering
coefficientse

Because of the above, it 1s incorrect to take the differences
between the bonded areas of a test sheet and the bonded area of
a butanol or venzene sheet (as determined by the optical method)
to be the external bonded areas One would obtaln high wvalues.
Haselton found the correlation factor to be 0,67 on a specific
pulp between relative bonding area, using, in one o0sse, butanol
sheets as the zeroc bond sheet and, in another case, spray dried
fibers as the zero bond sheet,

T = Test sheet formed in water and asllowed to dry in met

B = Benzene formed "0 bond" sheets

Bu = Butanol formed "0 bond" sheets

8 < Spray drled fibers

Internal Bonding : External Bonding

T2 3y Bu)y B T>»»Bu» B= 8
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The Effect of Different Beating Intervals

on the Standard Zero Bond Sheet

It 1s known that the degree of swelling of fibers 1a
dependent upon the amount of beating; (5)(6) therefore, the
assumption of a constant correction factor for the butanol specific
scattering coefficient may be in error. Ingmansen (12) declded to
attempt obtailning extrapolated values for S' at different refining
intervals, using a technique relating 8 value to tensile strength
at a given beating time for various degrees of wet pressing.

In this stﬁdy. a linear relationship between the S values
of unbonded fibers dried with butanol and the refining time was
obtaineds A degree of external bonding became apparent since
-some of the sheets showed considerable tensile strength. This is
thought to be due to the condensation of water vapor by cool air
surroundings, which the evaporation of butanol createds

Finally it was found that the total area of the spray dried
fiber remains constant, and it 1s independent of the degree of
refinings It 1s shown that the specific area of the fiber inoreases
in the water swollen state with the degree of refinings Therefores,

upon drying, these fibrils must bond to the parent fiber againe

The Role of the Lumen in Optical Analysis

It was also hypothesized by Ingmansen that most of the large
internal area of the fiber will not scatter light because of the
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small distances of separation; but, at the very minimum, it
would be expected that the lumen area of the fiber and perhaps
some of the longest pores, would acatter light.

Kallmes, (7) 1n g recent paper, critlolzes the optical
method because in his Investigation he found that not enough
- emphasis 13 placed on the effect of the lumen as a source of light

scattering. This, he contends, gives high 8' values,

Comparison of Optical Method to Determine

Relatlive Bonding Area

Ingmansen (12) used the following methods to evaluate
relative bonding area; (a) Parson's original method, (b) Haselton's
method involving use of corrective valuea for solvent dried pulps,
(¢c) a refinement of Haselton's method, (d) extrapolation of 8!
value to zero tensils.

A1l four calculations show the same tendency for the rate of
development of relative bonding area to decrease with increasing
refining time. Each Iimprovement of the estimate of relative
bonded area generally lowers the degree of bonding, and the mosat
accurate of the estimates based on the concept of dry fiber area
glves relative bonding area 2 per cent lower than the original

optical method of Parson's,
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Short Method of Finding S' of Unbonded Fibers

A quick method of determining scattering coefficients for
dry but unbonded fibers is advocated by Ingmansens, (12) By
measuring apecific scattering coefficlents and tensile strength
for unbeaten handsheets at several moderate values of wet pressure,
and then sxtrapolating to zero tensile strength, a reasonably
accurate value of thls coefficlent can be obtained by which total
dry specific surface and constants to cénvert total bonding area
at any beating interval may be obtained.

In using this extrapolation to zero tensile strength, the
assumption 18 made that 383X 1s proportional to specific fiber
surface and the subsequent values for water drlied handsheets are

taken as being proportional to the effective bonded area.
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Speculations on the Role of Fines

"In the case of the unolassified pulp (made into handsheets)
where large amounts of fines were known to be present, these
fines have apparently bonded on the surface of parent fibers
with the result that the dry fiber surface remains essentially
constant ."

With unclassified and classified pulps (in pulp form), one
observes the same specific volume at the same refining intervals,
but the rate of increase and the level of specific surface was
much higher for the unclassified pulps because of the presence
of fines,

Ingmansen c¢oncludes, for pulp in his study, at a given total
bonded area, that the strength of paper is independent of the
degree of fibrillation or the amount of finess In addition to
this, he states, "The only major role of fibrillation and fines
in  producing strength 1s to provide greater aurface tension (ths
Campbell Effect) to draw fibers into close enough proximity for
bonds to be established.ses It appears that fines are not so
effective as an squivalent surface area of fibrils."

Somewhat conversely, Brown, (13) Higgins and Harrington, (1l)
and others (15)(16)(17) found that fines control a given property
of the whole pulpe '

Natural vse "Manufactured®" Short Fibers

The characteristics of short fiber fractions depend on

whether the short fibers were "manufactured" by cutting the long
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fivers or if they originated as such from the woode This has

been noted first by Brown and later by Steenberg, Landgreen and

Wahren, (18) Stephenson, Roschier, (20) and Higgins and Harrington.(21)
All found differences in chemical and physical properties between

the natural fractions and those produced by beating.

Faotors affecting Scattering Coefficient

in Various Pulp Fractions

Marton and Alexander (21) point out that the scattering co-
effiolent depends both on the total area of the scattering surfaces
and the size and distribﬁtion of volids in the paper structure.

The size and distribution of voids 1is also a function of density.

In their work, Marton and Alexander investigated the
properties of Bauer McNett fractions of draft, neutral sulfite semie
chemical and groundwood pulps from poplare Specific fractions
under consideration were those retained on 20, 35, 65 and 150 mesh
screen asnd also that material which passes through the 150 mesh
ascreen (fines)s

They found that for chemical pulps density remains constant
and therefore inctreasing fineness of the fraction should increase
S' correspondingly and thus decrease relative bonded area. For
mechanical pulps a sharp lncrease in 8' 1s observed since densaity

and specifioc surface both increase with fraction numbere



Donsilty and 8cattering Coefficients

Marton also found that to exhibit behavior typical of
normal beating, the scattering coefficient of a mechanical pulp
must be measured at a density high enough to achleve maximum
scattering of 1lights Until this density 1s reached the scattering

coefficient will show anomalous behavior.

Fines and Tensile Strength

From his data Marton concluded that; concerning tensile
strength, fines have great influence for mechanical pulpse In
fact, the breaking length derived from the whole pulp is about
the same as that resulting from the short fiber fraction of this
pulpe

For chemical pulps it 1s a different storys Fines of the
full chemical pulps are considerably weaker than any of the longer
fractions. The whole pulp has greater tensile strength than any
one of its fractions therefore fines or water soluble portions
of the pulp must enhance the bonding between fibers.

It was further postulated from this work that the difference
in behavior between soft and hard chemical pulps is an inherent
one due to the severity of the cooke The tensile strength of the
high yleld sulfite whole pulp 18 about equal to that of the
fractions retained on the 20 and 35 mesh soraensc The short fiber

fractions appear to contribute little to tensile strengthoe



-12-

Arlov, (17) in explanation of the short fiber vs, long fiber
effect on tensile strength, states that the long fiber 1s more
firmly anchored 1n the sheet than the short one and when under
load and long fiber makes better use of 1ts intrinsic strength
to distribute the external tension over a greater number of
bonds, This theory explains well the decreasing breaking length
with increasing fraction number .

The fact that fines play a more important role in the tensile
behavior of a groundwood handsheet 1s understandable 1f one thinks
of the long fibers of the groundwood as essentially sticks being
stiff, unfibrillated etcs, while the fines because of thelr

increased surface area contribute to bonding. (21)
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Object t To study the effect of fines on paper tensile
strength and bonded area.

Materials and equipment useds

Materials

Weyerhauser bleached sulfite pulp
deionized water

formaldehyds

muslin ocloth, olemps

Equipment

Pilot beater and refiner
British disentigrator

Bauer McNett fiber claasifier
TAPPI sheet machine

vacuum pump

filter paper
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PROCEDURE

The pulp was prepared by combined action from the pilot
beater and the pilot refinere The treatment was quite severe
and almost 60 per cent of the materia; treated passed through
a 150 mesh screen in the Bauer McNett classifiere This material
wa g collected on large muslin cloth which was supported below
the classifier tanks with olamps and wire. The material ocollected
on the muslin was to serve as the fines for this study. Flbers
retained in the classifier tanks were combined and became the
pulp with O per cent flnese

A problem occurred in the classifications The hard water
from the tap left a residue on each fraction of the collected
pulps It was therafore necessary to use deloniged water for all
of the several classifications and the subsequent operations with
the pulpe.

After all of the necessary classification for the study had
been completed, handsheets were formed for opacity, tensile, and
brightness testss In order to use the guick method (explained
in the literature search and in more detail later in the theory)
for determining the relative bonded area it was necessary to
porform corresponding tensile opaolty and brightness teats on
each sheets Therefore the TAPPI method for optical sheet
formation could not be useds Becesuse of this and because it was

necessary to know quite exactly the fines concentration, a
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rather unorthodox method of shest formation was employede A
filter pasper was placed over the TAPPI sheetmolde The sheets
were all formed on fllter paper causing all of the fines in the
fiber suspension to be retained in the sheetes Also it was hoped
that all of the needed tests could be performed on egch of the
individual sheets,

In an attempt to avold the problem of prolonged drainage
time and irregular sheet formation brought about by a high fines
concentration a vacuum of 20 inches of mercury was used to provide
additional sheetmold suction for every sheet,

After the vacuum formation each sheet was carefully
separated from the filter paper, placed between blotters (three
blotters on each side of the sheet) and pressed for five minutess
The sheets were removed from the press, the wet blotters were
replaced with dry ones, and a second pressing, identical to the
first one, was effecteds A third pressing with fresh blotters,
but for only two minutes, completed the pressing cycle. As
indloated on the data page,.there,were three pressing oycles (one
at each of three wet pressures 0, 100, and 300 peseis) Immediately
after the final pressing in each ocyole, the sheets were taken
to the standard condltioning room where they remained for

approximately twenty hours before testinge
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All tenslle strength results were weight corrected to
correlate with the TAPPI standard l.2 gram handsheets. The
actual weight per sheet averaged 1.6 grams. This weight seemed
to accent changes in tensile which turned out to be small with
the employed wet presa varlationes Opacity and brightness tests
were run according to TAPPI 8tandardse The scattering coefficient

was obtained from the Kubelka=Munk charte
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Theorz

Only a comparison of relative bonded area was necessary,
therefore the quick msthod of Ingmﬁnaon, 1hvolving extrapolation
of the scattering ocoefficient to zero tensile with wet pressure
serving as a parameter, was useds (See the data pages in the
appendix.s)

S, represents the scattering coefficlent at o tensile or

thoe scattering coeffliclent of a o bond sheete. Nine pounda per
fifteen millimeters width was seleocted as the base tensile strength
for comparison of relative bonded areas. S, represents, in
general, the scattering coefficlent of a water dried sheet which
glves a tensile strength of nine pounds per fifteen millimoters

widthe

According to Ingmansons
(1) 8, s KA, -1
where A, & the exposed or unbonded surface of a
water dried sheet
1 and K = constants
(2) 8, was calculated as followss
(a) The slope of scattering coefficlent
vas tensile strength was determined
at each fines concentration from graph (I}

(b) 8, was determined from graph (I)
(c) Then S, 3 -slope 900 ¢ 8, at nine



-18-
(3) Likewlse
Sp = KAg + 1

where A, = the unbonded area of a gero bond
fibers which had been water dried

l and K =« constants

(L) Lot Ay = Ag = Ay

and (1) and (2)

Ay = 8,-1 and Ay =8, -1
Ab o SO - i o Su » i 5 SO-S
K K K K1 X K
Ay = S, = Sy
S
(5) A, = Sy = S, = relative bonded area
-BB B w 8
aub

where = By, = change 1n relative bonded area
=~ 8 = change in scattering coefficlent
Syp = scatterlng coefficlent of a

water«dried unbonded sheet



Results

Upon completion of the calculations (page 26) 1t is seen
that relative bonded area decreased with increasing fines
concentration from O = 30 per cent but that the decrease stopped
at 30 per cent and there was no further drop in relative bonded

area when 60 per cent fines was usede

Discussion

It can be seen from the data tables 1n the appendix that
tenslle strength did not 1ncrease with wet pressure 1n all cases
a8 predicted in the literature, scattering coefficient, likewlse,
did not decrease with lncreasing wet pressures However when one
plots scattering coeffliclent on the Y axls and tensile strength
on the X axis, see graph (I) a reverse slope is attained as
predicted by Ingmansons Therefore this method can be applied
in this studye

It can be seen from graph (II) that relative bonded area
decreased from 0=-30 per cent fines concentration but from 30-60
per cent relative bonded area did not change significantlye
Therefore assuming, first, that the data 1s not faulty, what
happened?

It 18 true that in order to reallze lower relative bonded
area by the optical method brightneas and/or opacity must decrease
at a decreasing rate with increasing tensile strength from 0 « 60
per cent finea using wet preassure as the parameter, This comes

from Ingmansons! theory explained and derived in this reports



From this 1t must be concluded that brightﬁesa and/or
opacity hanve decreased at s decreasing rate from 30-60 per cent
in this studye. This can be verified from the data pages, from
table X and from graph II.

For every fines concentration it can be seen from table (I)
that opaclty 1s lower at the highest tensile strength than it 1is
at -the lowest tensile strengthes Brightness varies in the same
way except with the 30 per cent concentration of fines where 1t
13 exactly the same at the extremes of tensiles

It 1s also apparent from Table I that sheet welght corrections
will accent opaclty and brightness changes at O per cent fineso
By comparing the figures and the 8slopes in graph 1 from O through
60 per cent fines 1t can be seen that opacity and brightness
decrease with increasing tensile strength most sharply at O per
cont fineses The rate of decrsase 1s much less sharp at 30 per
cent fines than at 0 per cent and 1s about the same as that at
60 per centes This can be reasoned not only by scrutinizing
table I but also by again comparing slopes in graph Is It ahould
now be clear how the data obtained lead to the results of this
study or the trend in graph I.

But now why did the data behave the way it did? Can a
consistent theory be developed to explain a decrease in relative
bonded areé from 0«30 per cent fines and no further decrease

thereafter?
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To attempt such theorizing one should reczll that increasing
optical contact signifies the presence of more medium having one
refractive index and therefore decreasing opacitye. Then one
might proceed to accept that from 0«30 per cent fines é¢oncentration
this effect occurred and wes indeed pronounced because the fines
with their small size served to plug up the optical volds between
the fiberse 1In the jump from 30 to 60 per cent concantration
there 13 no change 1n the rate at which opaclty decreased with
increasing tensile. This could be explained by allowing that the
increased fines concentration from O to 30 to 60 per cent just
meant more fines attaching to the fibers and to fines already
plugging interfiber optical volds. It 13 correct to think that
the true relative bonded area would still be increasing but optical
instruments might not show thiss The 1limit of their sensitivity
1s 5000 Angstromse. The actual separation allowed by a hydrogen
bond 1s three to five Angstroms, Therefore the optical method of
Ingmanson might be effective 1n picking up interfiber voids where
there 1s no bonding involved but it would have no way to register
the bonding of fines in excess of those needed to plug up the
interfiber voids.

Two more points per line on graph I would have had given
the results more authoritye The data on pages 27«29 could have
been more completes Many tensile samples broke in the clamp
and were not reoordede In some instances 1t was only possible

to get one brightness reading per sheete Indeed,the mortallty
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rate of tho sheets was high consldering that six were formed for
each wet prossure in each fines concentration usede. However,
more test sheets and more points for the graph were expensive in
terms of man hours and provéd to bs too much of a luxury for the .
time allotede Thia author 1ls also aware of the possible error
introduced by using the method of sheet formatlion des¢ribed in
the procedure. Any strain in the wet sheet could have introduced
qulite an error in the tensile strength teat. However it can be
seen from table I that opacity and brightness behaved as required
at the extremes of tensile strength to allow Ingmanson's optical

method to be used for the determination of relative bonded areas

Conclusions

l¢ Theory can be fitted to the data obtained indicating
that relative bonded area as optically measured could
decrease to a minimum with addition of fines to a
point where additional fines would cause no further

decrease .

2+ The method of determining relative bonded area 1s
tricky, time oonsuming, insensitive and gives resuits

almoat opposite of what one would usually expecte

3¢ Relative bonded area might be more accurately

determined by gas absorption,
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Recqmmendations for futurse work

work done by Haselton, (L) indicates that gas absorption
may be a preclise msthod of determining relative bonded area.
Good correlation bstween the Bauer<-Emmit«Teller determination of
gpecific surface erea and the HawklinseJura determination give
satisfactory results when applied to absorption data on cellulosic
materlals Nitrogen and Butane gases each gave good correlation
betwesen these methods of specific surface area determinations
Carbon dioxide reacted chemically with cellulose and could not be
used since gas absorption determinations demand that only physical
absorption occure The calculations are simple conslsting mostly
of graphing and algebra. However a knowledge of surface phenomenon
as exists 1n a good physical chemistry course 13 helpful if not
absolutely necessarye

This author would not rocomﬁond this procedure for undere
graduate thesls work because sophlisticated equipment and extreme
conditions which demand a great deal of time and care are involved,
For instance, the accuracy of the gas absorption method depends
on the use of an oil diffusion silicone pump backed by a rotary
pump to attaln pressures at 10‘u millimoters mercuryes Very low
temperatures are also needed which ¢all for the use of liquid
nitrogen - 195% and liquid oxygene - 182,9°C,

In short then; it 18 the opinion of this author that work
done on a graduate level using the gas absorption method of detere
mination would lead to a deeper understanding of how fines effeot

relative bonded area than ia possible by the optical method.
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Appendix



w2fm

lequlations

Calculation of slopes from graph (I)

M = slope Mo = l.g§~1.2&|= 0.19
9~

M, A5 l.25<1.1 - 0006
30° LeSp=gedd
Mgo = 1.0?-.38 = 0.05

Calculation of 3, from M and tenslle reference point
point 9,00 # /15mm ~ graph (I)

Yy *mx + b 1fmaeé
Y = b=-mx ifm= -
b=y +nx =3,

So= 1.19 + (0.19)9

x 1419 4 1.71 = 2,90
89% 1:19 # (.06) (9)
2 1.19 ¢+ 54 = 1.73
S.= .98 4+ (05)9

= 98 4 45 = 143

Calculation of RBA from 8. and 8 at 9.00 # /15mm tensile

0

REAg = S0y Bo, 2 2,90 = 1,19 3 1.71 & 4590
o, 7300 27%0

RBA = S - S = lo "1.1 = @ @ 11

30 “030 930 Sl e

3
O30

RBAéO SO}O 960 s 10’4?‘.;3-98 = :%2 = 03114.
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