The Institute of Paper
Chemuistry

Appleton, Wisconsin

Doctor’s Dissertation

Study of Changes in Cellulose Fine Structure
in the Wet State During Tracheid Wall
Component Removal by Sodium Chlorite Pulping

Veli Veikko M. Lapinoja

January, 1972

|




STUDY OF CHANGES IN CELLULOSE FINE STRUCTURE
IN THE WET STATE DURING TRACHEID WALL
COMPONENT REMOVAL BY SODIUM CHLORITE PULPING

A thesis submitted by

Veli Veikko M. Lapinoja
B.S. 1966, Michigan Technological University

M.S. 1968, Lawrence University

in partial fulfillment of the requirements
of The Institute of Paper Chemistry
for the degree of Doctor of Philosophy
from Lawrence University,
Appleton, Wisconsin

Publication Rights Reserved by
The Institute of Paper Chemistry

January, 1972




TABLE OF CONTENTS

SUMMARY
INTRODUCTION AND OBJECTIVES

REVIEW OF THE PRESENT CONCEPTS IN THE
TRACHEID WALL ARCHITECTURE

Anatomy of Coniferous Woods

Tracheid Wall Constituents and Their Relationship to
Physical Properties

"+ Fine Structure of Cellulose Within the. Tracheid Wall Lamellae .-

Cellulose Molecule and Its Packing Characteristics
Elementary Fibrils
Microfibrils
Meacrofibrils
Lamellae
Lateral Structure of the Lamellae

Structural Changes in the Cellulose of the Tracheid Walls
Crystallinity in Immature and Mature Trachéid Walls
Orientation of Crystellites During Maturation
Crystallinity During Drying and Loading
Lamellar Structure During Drying
Lamellar Structure During Delignification
Cellulose Fine Structure During Delignification
Crystallinity During Acid Hydrolysis
Crystallite Orientation During Bleaching
Crystallinity During Hemicellulose Extraction
Lamell?r Structure During Refiﬁing |
Crystallinity During ﬁygroiherﬁ;l’freatmenf

APPROACH TO THE PROBLEM

Page

11
14
1k
15
18
19
19
21 .
21
23
25
25
26
27
28
28
29
31




1ii

EXPERIMENTAL
Selection of Test Materials
Wood Species
Holowood
Treatment Sequences
Hygrothermal Treatment gf Wood
Delignification of Wood and Defibering of Holowood
Water Weashing of Holowood
Hygrothermal Treatment of Holowood
Ionic Treatments of Pulp
" Experimental Appaeratus and.Techniques
Dimensional Change Measurement Apéaratus'
Swollen Specific Volume Determination
X-Ray Diffraction Analyses
Crystallinity Index
Orientation of Crystallites
Degree of Order of Highly Ordered Cellulose
Preparation of X-Ray Datsa
RESULTS AND DISCUSSION
Tracheid Wall Component Removal
Chemical Composition of Holowood

Changes in the Structure and in .the Geometry of Tracheid Walls
During Delignification

Dimensional Behavior in Reaction Liquor
Swelling of Holowood During Water Washing

Swelling of Holowood During Hygrothermal Trestment

Page
"33
"33

33

3l
3y
3y
35
36
36
36
37
37
39
40
40
50
56
57
60
60
60

63
63
68
[




iv

Changes in the Cellulose Fine Structure as Determined ‘in the
Wet State During the Conversion of Wood to Holowood

Cellulose Fine Structure in the Green Wood Tracheids
Cellulose Fine Structure in the Reaction Liquor

Cellulose Fine Structure as Affected by the Water Washing
of Holowood

X-Ray Crystallinity
Orientation of Crystallites

Cellulose Fine Structure of Holowood as Affected by the
Hygrothermal Treatment

X-Ray Crystallinity
Orientation of Crystallites

Cellulose Fine Structure in Néver-Dried Holotracheid
Lamellae

Factors Causing the Changes in the Cellulose Fine Structure
in the Wet State

Introduction

Swelling Mechanisms in the Elecfrolyte Solutions
Cellulosic Substances in Water
Donnan Potential in the Cellulose-Electrolyte System

Electrostatic Repulsion Effect of Electrical Double
Layer

.Effect of Univalent Cations on the Swollen Specific Volume
of Water-Washed.Pulp

Effect of Multivalent Cations on the Swollen Specific
Volume of Water-Washed Pulp

Sorption of Cations Within the Holocellulose Tracheid Walls

Effect of Cation Scavenger on the Swollen Specific Volume
of Electrolyte Treated Pulp ' - :

Effect of Acid Treatment on the Swollen Specific Volume .
of Pulp

Page

83
8l
87

90
90
93
95

95
971

97

99
99
100
102

103
105
108

110

112

113

115




Model of the Expanded Holocellulose Tracheid Walls

Effect of the Tracheid Wall Expansion on the Cellulose
Fine Structure :

SUMMARY OF RESULTS

CONCLUSIONS

ACKNOWLEDGMENTS

LITERATURE CITED

APPENDIX

I. HYGROTHERMAL TREATMENT OF GREEN WOOD

- Effect of Ionic Treatment of Wood

APPENDIX

APPENDIX

APPENDIX
APPENDIX
APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

II. DIMENSIONAL CHANGE MEASURING APPARATUS

III. A PRELIMINARY STUDY OF THE-CENTRIFUGAL WATER
RETENTION TECHNIQUE

IV. X-RAY CAMERA
V. CORRECTION FOR SCATTER BY WATER, AND REACTION LIQUOR
VI. TANGENTIAL EXPANSION OF HOLOWOOD

VII. RADIAL EXPANSION OF HOLOWOOD
LONGITUDINAL EXPANSION OF HOLOWOOD

VIII. POWDER DIAGRAM AND THE INHERENT PROCEDURES

IX. INCREASE IN THE DEGREE OF CRYSTALLINITY DURING THE
HYGROTHERMAL TREATMENT OF CELLULOSIC SUBSTANCES

X. WATER-HOLDING CAPACITY AND THE CRYSTALLINITY

XI. EXPANSION OF TRACHEID WALLS AND PREFERENTIAL DEFIBERING

ALONG RADIAL WALLS

XITI. DATA

Weight Loss During Pulping Operations

Centrifugal Water Retention of Pulps

Glossary for Tables XXIX-XXXTI

Crystallinity Index

Radial Width at Half Height

Page

115

118
119
123
127
128
138
139

141

143
1ks5
146
148

149
150

151

152

154

155
156
156
160
163
164

171




vi

Page
Circumferential Width at Helf Height 178
Circumferential 2T Width ' 185
Effect of Ionic Treatment on the Centrifugal Water Retention
Value 189
Effect of EDTA on the Centrifugal Water Retention Value of
Ionically Treated Pulps 190

Effect of Acid and Alkaline Treatment on the Centrifugal Water
Retention Value 191




SUMMARY

The objective of this investigation was to determine whether the cellulose
fine structure of wood tracheids undergoes changes while in the wet state,
during the fracheid wall component removal., The further goal was to obtain’
understanding of the factors influencing the cellulose fine structure.in.the -

wet state.

Noble fir, Abies procera Rehd., wood was delignified with sodium chlorite-

acetic acid buffered liquor at room temperature. This technique was selected
since it does not involve temperature cycles, the solubilizing action is fairly

specific on lignin, and the holowood retains the natural tracheid alignment.

Nevef—dried sapwood was brought through the following treatment sequence:

waterlogging,—hygrothermal tréatment, delignification to various degrees (up to

120 days, 57% yield), distilled water washing, and hygrothermal treatment. The

. changes in the wood block and holowood bloqk dimensions were measured throughout
this sequence and the swollen specific volume of the pulps obtained by the centrif-
ugal water retention technique., The changes in the cellulose fine structure were
determined by the x-ray diffraction analysis on the wood- and holowood sections

in the wet state. Measures of crystallinity index, degree of order of the highly

ordered regions, and crystallite orientation were obtained.

The hygrothermal treatment and the reaction liquor penetration result in a
tangential expansion (1.6 to 2.0%) and a radial shrinkage (0.5%) of the wood
block. - Tbe'first'is accompanied by a small increase in the crystallinity index
while the feaction liguor penetration has an opposite effect on the cellulose

fine structure.
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Expansion during water washing becomes more severe with time in the reaction
liquor. Holowood blocks (57% yield) expand 20% tangentially, 8% radially, and .
only 0.6% longitudinally. These changes are.accompanied by a TL% increase in the-
swollen specific volume of pulp. Throughout the reaction range, on water washing,
the crystallinity index increases and the angle which the crystallites make with

the fiber axis becomes wider.

During the hygrothermal treatment, the holowood continues to expand up to
15.5%. tengentially, 4% radially, and 0.4% longitudinally. This, however is
-accompanied by about a 24% decrease.in the tracheid water-holding capacity. The
crystallinity index continues to increase during the hygrothermal treatment, and

the increase in the degree of order of the highiy ordered regions is strong.

The expansion of the holowood along the three structural axes was thought
to result in stretching of the microfibrils within the tracheid wall lamellase.
This results in a better alignment of cellulose molecules within the micro-

fibrils, and in a better alignment of microfibrils within the lamellae.

In or&er to elucidate the factors causing the increase in the degree of
order of cellulose, the reaction liquor was considered as an eiectrolyte
solution. The washed puip was submerged in the original feaction liquor and ité
swollen speecific volume was found to decrease.. Similar observation was made in
the 0.1N univalent cationic electrolyte solutioné. This behavior can be quali-
tatively explained in terms of the Donnan potential and the electrostatic re-
pulsion effects. As the electrolyte concentration in the bulk solution decreases,
the electrical double layers of two neighboring lamellse expand and repel each

other. Simultaneocusly, the Donnan potential increases resulting in an osmotic
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movement of water into the swellable cellulose and into the amorphous hemi-
cellulose. The tracheid walls appear to swel;, but the actual swelling taggs
place in the amorphous regions of the tracheid walls, while‘the lbad—carriing,
highly ordered framewof# constituents become more highly ordered dué‘to tﬂé

stretching caused by swelling.
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INTRODUCTION AND OBJECTIVES

Wood fibers are subjected to many physical and chemical processes on their
route from the growing tree to the finished sheet of paper. ZEach of these
processes can modify the structure of the fiber and therefore influences its

properties.

The structure of the fiber wall as it exists in the living tree is not
fully understood. Even less is known of the chaﬂges in the structure of the
tracheid wall cellulose during delignification. Furthermore, the changes in the
structure of the delignified tracheid wall in the wet state during the papermaking

process are not fully known.

Most of the knowledge about tracheid walls is obteined on the dried delig-
!
nified fibers. This information, of course, is very useful in characterizing the
pulp types but does not reveal the changes that have occurred in the fiber wall

structure. Knowledge in these areas could be of considerable help in efforts

to maximize the desired characteristics of the wood fiber.

A controversy exists whether the deliénification of woody plants results
in a decrease in the crystallinity (}) g) or in an incresse in the crystallinity
of cellulose (3, 4, 5). The recent work of Nelson (6) and that of Marton and
McGovern (7) favors the increase in the degree of order of cellulose in the fiber
wall due to pulping. However, these studies have been made on dry fibers., The
drying process results in some complications, since the effect of drying on the
fiber wall structure is not fully understood, and furthermore appears to be
large and variable (§). It is entirely possible that the drying process masks
the changes that have taken place in the wet state. For this reason, the ob-

servations made in the dry state may be erroneous. The studies of the water-
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saturated fiber wall (9, 10, 11) .indicate an increase in the fiber wall volume
during the component removal. This, of course, implies a swelling of the re-

maining fiber wall constituents.

The obJjective of the present study is to determine whether the degree of
order of cellulose in the tracheid walls changes during delignification, during
the subsequent room temperature water washing, and during the first hygrothermal
treatment of the delignified tracheid wells. The understanding of the factors

causing the changes is also sought.

The natural orientation of trachelds as:they exist in the tree is preserved.
throughout the testing sequence, and the observations are made on samples in the

water-saturated ‘condition.
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. REVIEW OF THE PRESENT CONCEPTS IN
THE TRACHEID WALL ARCHITECTURE

ANATOMY OF CONIFEROUS WOODS

Excellent reviews of coniferous wood anatomy are given by Esau (}g),,Panshin

(13), and Isenberg (14). The noble fir (Abies procera Rehd.) has only two types

of cells: +the tracheids and the ray parenchyme, and hence is one.of the least

complex test materials available.

The tracheids can be considered as elongated, four-sided, hollow, prismatic
étructural elements. The average length of the noble fir tracheid is about
3.6 + 0.6 mﬁ., the tangential diameter is about 35 to 45 um., and the radial
diemeter is more variable (;§). The tracheids are uniformly bonded along the
tangential walls of the neighboring tracheidé through a thin middle lamella.  The
bonding along the radial walls is fhrough thicker middle lamella which has been
shown to include remnants of the parent cell wall (15, 16). The tracheid to
tracheid bonding elong the radial walls is further interrupted by the presence of

pits and ray cells.

In the noble fir the rays are uniseriate and occupy only about 6.5% of the
total wood volume (13).
TRACHEID WALL CONSTITUENTS AND THEIR
RELATIONSHIP TO PHYSICAL PROPERTIES
The variability in chemical composition of wood within species depends on
the genetic factors, the environmental conditions of growth, and the location

of the tracheid in the given tree (17, 18). Furthermore, the distribution of

constituents is variable even within the layers of the tracheid walls (19, 20).




In céniferous woods, the cellulose content is about 43 1_2%, the hemi- s 7.
celluloses 20%, and the lignin 28-35% (ovendry basis) (18, 21). These high-" : i~
molecular weight sdbs#ances form an interpenetrating system of which degree qf
interpenetration is not known (17). About 70% of wood lignin is distribufed

throughout the secondary wall (22).

Delignification modifies the relative distribution of tracheid wall con-
stituents within layers of the tracheid walls and affects the physical structure
of the remaining constituents: Consequently, it is an oversimplificatién to
correlate the physical properties of tracheids solely with the chemical compo-
sition of the sample, as is frequentiy done in literaturé (23-27). The distri-
bution and the structuralvétate of thé tracheid wall components are impo;tant
and need further study 5§fore the strength properties of the tracheids afe more

fully understocd.

The tracheid wall is considered to be a fiber-reinforced plastic where lignin
represents the plastic binder and cellulose the reinforcing fibers (22, 23). The
cellulose is the framework constituent (27, 28). The hemicelluloses are the
matrix constituent and are an integral part of the tracheid wall (29). The lignin
is the encrusting constituent (28). Several investigators further believe that
some rela%ively unbranched glucomannan alsoc functions as a fremework constituent,

since it is found in close association with the cellulose fraction (30, 31).
FINE STRUCTURE OF CELLULOSE WITHIN THE ‘TRACHEID WALL LAMELLAE
CELLULOSE MOLECULE AND ITS PACKING CHARACTERISTICS

The celluldse macromolecule consists of glucose residues linked together .

in & linear polymer by B-1l,4 glucosidic bonds. The degree of polymerization 'is -
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reported to be as high as 14,000 in the native cellulose (32). This corres-.

ponds to a molecule with length of 70,000 A.

According to Hermans (33) the C1-0-Cy bond is bent so that intramolecular
hydrogen bondiné between the 0s of one glﬁcose fing and the 03 of the next glu-
cose ring becomes possible. This feature stabilizes the flat ribbonlike shafe
of the cellulose molecule. This characteristic, along with the polar hydroxyl
groups of glucose residue, results in a high polymer with a strong tendency

to crystallize.

The ce;luloée I crystailite has a monociiﬁic unit cell. Meyer Qnd Misch
(é&) on the basis oka-ray dafa, éalculated thé following dimensions for the
unit cell: 8.35 A. in -the plane of the glucose ring (é), 10.3 A. along the
moleculaf axis.(p), and 7.9 A. perpendicuiaf to the plane of the glucose ring
(c). The angle between a and ¢ exis is 8l degrees. Ellefsen, et al. (35) have
modified a to equal 8.2 A., and the angle betveen a and ¢ to 83.3 degrees on the
basis of more recent x-ray data on cellulose I. According to Hermans (_i), the
cellulose molecules in the crystal lattice possesses both intrachain as well as
lateral interchain hydrogen bonds. On the basis of infrared spectral studies of

hydrogen bonds in the native cellulose I, Liang and Marchessault (36) refined

the unit cell by modifying the interchain hydrogen bonding (Fig. 1).

Not all the cellulose molecules are packed into highly ordered crystalline
regions. The cellulose molecule packing can vary from perfectly crystalline
to completely amorphous. Howsmon and Sisson (37) gave the following four clas-
sifications of cellulose molecule packing in the sequence of decreasing degree
of order: perfectly crystalline, paracrystalline, amorphous with correlation,
and whéliy amorphous, shown in Fig. 2A. The important point is that there can-

not be a sharp distinction between crystalline and nonerystalline regions.
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Figure 1. Side View of Chain Segments in a Cellulose I Crystal (A);
' End View of Cellulose Chains in a Unit Cell (B). From
Liang and Marchessault (36)
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Figure 2. Range of Molecular Order from Perfectly Crystalline to
Amorphous for Cellulose Substances (A); Representative
Mass=-Order Distribution Curves for Cellulosic Fibers
(B). From Howsmon and Sisson (37)
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The mass order curve of Fig. 2B illustrates the difficulty of classifying
a cel;ulosic material according to its degree or order. The transition from -
one classification to another according to order is not abrupt and is therefore .
dependent on the method of determination. Furthermore, the mass order distri-
bution curve of cellulosic material is not unigue and depends strongly on the

treatment history of the specimen.
ELEMENTARY FIBRILS

The elementary fibril is o{ten considered to be the basic morphological
structural element of native cellulose fiber (38-41). Unfortunately, the
arrangemént of cellulose molecules within the elementary fibril has defied
definition. More than 30 models have been reviewed by Hearle (42). It is gen-
erally accgpted that the elementary fibril consists of alternating regions of
highly ordered crystalline regions and_less—ordefed amorphoué regions. The two
main concepts of the mutual arrangement and of tﬁe dimensions of these regions
are (1) tﬁe fringed micelle model and (2) the fringed fibril model. The
first model implies that the boundaries of the crystalline region are fairly
uniform (41, 43). The fringed fibril model implies that the crystalline reéion
is much longer along £he molecular axis than in the two perpendicular directions,

and that the boundaries are not as uniform as in the fringed-micelle model

(h2, bb).

For the present purpose it is not necessary to distinguish between these
models. The essential concept is that the cellulose macromolecules are
packed in regions of high order and regions of low order, and that the boundary

between these regions is not rigorously defined.
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The diameter of the elementary fibril is reported to be between 20 and 60 A.
units; but the most commonly reported width is from 35 to 40 A. (7, 40-L6). Heyn
(LO) proposes that the 35 A. elementary fibril is the universally occurring.
morphological unit in all cellulosic fibers. He came to this conclusion on the -
basis of electron microgrephs of various negatively stained cellulosic materials.
By relating the radial width of 'the 002 crystallite plane diffraction peak to
the crystallite size, Marton and McGovern (1) have observed variations in the
crystallite width between wood species. Also, the crystallites in earlywood were
found to be wider than in latewood. However, relating the diffraction pesk width
to the crystallite transverse dimensions can be criticized since the crystallite
imperfections haeve similar broadening effects on the diffraction peak width as

small crystallites.

The length of the crystalline region in the elemenfary fibril is réportedA
to véry from 100 to 600 A. units (ngﬁé); Heyn (L0) observed a beaded appearance
in the negatively staihed elémenta?y fibril with.periodicity of about ldO to
150 A. According to Fengel (L45) the érystalline region is about 300 A, long.
The crystalline regions are separated with 50 A. lohg amorphous regions (Eé).-
Fengel (EE) observéd an increase in the length of the disordered region on acid
hy&rolysis. Mihlethaler (47), on the other hand, considers the éleméntary fibrils

as highly crystalline along their entire length and the disordered areas very

short, if present,.

. Frey-Wyssling and MUhlethaler (38, El).have presented a model of the ele-
mentary fibril as shown in Fig. 3.- According to this model the.35 A. elementary
fibril is made up of 36 cellulose macromolecules. The cellulége molecules aré
aligned in 18 antiparallel cellulose ﬁacrompieculé:pairs of which 16 have at

least one of the cellulose molecules on the surface of the elementary fibril.
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Figure 3. Cross Section of Cellulose I Elementary Fibril Made Up .
of 36 Cellulose Molecules, a; the Elementary Fibril
Made Up of 18 Units Consisting of Pairs of Antiparallel
Cellulose Molecules, b; Consolidation of the 35° A.
Elementary Fibrils Along the 101 Crystallite Plane to
Form a Microfibril, c.. From Frey-Wyssling and Mihlethaler

(38, b1)
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MICROFIBRILS

The generally accepted view is that elementary fibrils consolidate to form
microfibrils which have a diameter ranging fromlSO to 500 A, (L41-48). According
to Frey-Wyssling (42) the crystalline region of the elementary fibril is embedded
in a cortex of paracrystalline cellulose. The aggregation of eiementary fibrils
occurs along these pgracrystalline regions, which have a greater tendency for
lateral association along the 10l plane than perpendicular to it (38, L1).
According to Mihlethaler (L47) this consolidation of elementary fibrils to micro-
fibrils occurs in the direction of the 101 p;ane because free hydroxyl groups are

abundant on those surfaces.

Accordiﬁg to Fengel's (45) electron microscope data, the microfibrils in the
delignified wood have a diameter of about 256 A. However, the microfibrils are
rather unstable and easily split into 120 A, diameter fibrils on a;id hydrolysis.
The 120 A. fibrils are made up of 16 elementary fibrils bonded together through
& thin amorphous layer of polyoses. The aggregation of elementary fibrils to
microfibrils and their subsequent aggregation to larger units are at least partly

caused by the spécimen<preparation procedure (L45),

Asunmae and Schwab (49) have observed splitting of the 100 A. microfibrils

of aspen holocellulose on ultrasonic treatment into 50 A. elementary fibrils.
MACROFIBRILS

The macrofibrils, some of which can be seen by light microscope, are
aggregates of several microfibrils. Their diameters vary from 600 to 3600 A.
(Lb, L6). These fibrillar aggregates are found in delignified samples where the

neighboring microfibrils have an opportunity to consolidate.
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LAMELLAE

Ritter (50) and Bailey and Kerr (51) were among the first to find that
the tracheid walls consist of cellulosic lamellae separated by ligneous and hemi-
cellulosic materials. According to Stone and Scallan (52) the lignin, being a
three-dimensional, cross-linked high polymer, functions as a "network of tie-rods"
locking the tracheid wall cellu;ose—rich lamellae together. According to Wardrop
(_§), all theAlayers of the wood fiber exhibit lamgllation. In mature -tracheids’
it 1s not readily-apparént due to incrustation by lignin and other substances,
but lamellae can be seen in developing cells before lignification beginé in the

thickened secondary wall. The lamellae are again appérent in the mature de-

lignified tracheids (Fig. 4).

Stone and Scallan (10) have calculated that the fully delignifie_dfz"éé‘hg:}d
wall is composed of several hundred lamellae separated by water-filled:spééesf'
ranging from 25 to 300 A. with an average of 35 A. According to this-modéi~:;
the thickness of the cellulose-rlch lamella is about 63 A. in the water—swollen
condition, and about 50 A. in the dry condition. In the swollen condition, the

cellulose-rich lamella has small pores with a diameter of less than 20 A.

" The lamellae in this model are thin in comparison with the lamellase ob-
served in the electron micrographs, whereas in the delignified tracheid walls
they appear to vary from a. few hundred Angstrom units to several thousand in
thickness (54-57). Apparehtly, tﬁé observed lamellae are actﬁally aggregates of

several elementary lamellae.

Wardrop (53) has proposed a model for the tracheid wall lamellae aggre-
gating to form compound lamellae. He states that the 101 crystallite planes

lie parallel to the tracheid surfaces. These planes are apparently exposed
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Palladium-Shadowed, Ultrathin Cross Section of Slash Pine
Holowood Tracheids Illustrating the Lamellar Structure of
the Delignified Tracheid Walls as Observed After Butyl
Methacrylate Embedding. Magnification: 2750. From
Kaustinen (57)




-17-

when the lignin and hemicelluloses are removed. Frey-Wyssling and Mlhlethaler:
(38, L1, 4T) also consider the 101 plane to be the plane of lamellation in the -
tracheid walls. Wardrop (53) believes this to be a very significant structural’
feature, since these surfaces are likely to enter into cellulose to cellulosév
hydrogen bonding causing consolidation of the cellulosic lamellae when the
lameliéé are brought into close association. This can occur, for example, when

the moisture content of the specimen. is lowered.

It is ﬁnlikely that the aggr;g;tion of thé lamellae is perfect resulting
in intefégnnected and irregular lamellae consolidation;: Jayme énd'Fengel (58) .
have‘found the secondary ﬁgll of the delignified sprﬁce trachéids to consist of.
irregular lamellar struéture. The neighboring lamellae ofteﬁ touéh iéterally
and sometimes converge tbzform rather broad lemellae. McIntosh (54) has also
observed that the thin lamellee of the secondary wall are interconnectéd
laterally. Nofberg (59) observed a decrease iﬁ the number of lamellae that
could be ébserved by electron microscopy as the sample moisture content is
lowered before final low-temperature freeze drying., In the extreme case of
air-dried tracheids, the tracheid:wall is essentially nonporous (ég); indi-

cating consolidation of all the cell wall lamellae.

Further support for the concept of the thin (63 to 200 A.) elementary
lamellae structure of the tracheid wall is found in the works of Preston,
Wardrop, and Dunning. Preston (61) observed that the seaweed Valonia cell wall
can be stripped into individual lamellae made up of parallel sheeté of miq?o-»
fibrils, one microfibril thick. In conifers, according to Wardrop (ég), the
concentric lamellee of the S, layer in the intact tracheids appear to be 100 to
200 A. in thickness and, hence, must consist of only one or two sheets of micro-

fibrils. Dunning (16) found that he could peel about twelve individual lamellae
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in the S3 layer.. If this layer is assumed.to be 0.6 um. thick, then the in-

dividual layers have an average thickness of about 500 A.
LATERAL STRUCTURE OF THE LAMELLAE

Peterlin and Ingram (63) have presented a model of a sheet of elementary
fibrils in a water-swollen and a cuene swollen cotton secondary wall lamellae
based on electron microscopy. According to their model, the adjacent elementary-
fibrils have_both,crysta;lihe éna.amorphous'"bridges" connecting them laterally.
In the ugswbllen condition the crystalline region'of the elemenfary fibril is
abou% 50 to 60 A. in width, correspondihg fé five to séven unit celis. In the
cuene swollen state‘the crystalline région of the microfibril is gbout 35 to hb‘A;
and contains about fouf and five unit‘éelis, respectivel&, in one direction. Mo;t
of the crystalline regions‘are surroundea by éhe swollen,Alesé;ofdéred'sufface-'
layer of cellulose but are bonded latérally by crystalline reéioﬁs appearing in
random aioﬁg the elementary fibril. The thickness of the swollen su;face layer
on the elementary fibril is about one of tﬁo unit cells thick, corre;poﬁding to
two or four cellulose molecules. The outefmosf molecules in the s&ellable
surface layer are not';érfectiy in register with fhe crystalline lé£tice. ﬁow-
ever, in some places where the interelementary fibril "erystalline bfidges"
occur, the crystallographic order is largely maintained. These "crystalline
bridges" give the coherence to the neighboring elementery. fibrils 'so -that they
become bundled into a single microfibril.- In a similar manner, the outermost
elementary fibrils of the neighboring microfibrils get bonded together laterailly

forming the sheetlike structure of the lamellae.




-19-

STRUCTURAL CHANGES IN THE CELLULOSE OF THE TRACHEID WALLS

¥

CRYSTALLINITY IN IMMATURE AND MATURE TRACHEID WALLS

The differences in the cellulose of immature and mature tracheids are not.
completely elucidated, and the information on cellulose in the developing fibers

has been obtained mainly on cotton.

1

Berkley and Kerr (64) suggesfed that the cellulose in the immature cellu-
losic fibers may not be laid down in the crystal;ine‘form, sincelthey did not
find any evidence of crystalline cellulose structure in immatﬁ;e, undried cotton
fivers fresh from the boll. On drying, the cellulose pattern appeared and remained
on rewetting. Also, if the undried immature cotton fibers are stretched while wet,
the cellulose pattern appears. Dehydration of fresh cotton in ethyl alcochol
also causes the appearance of the crystalline pattern, .From these observations .
Berkley and Kerr (64) concluded that the cellulose in the fresh cotton tissue
is not associated into crystalline regions during deposition. In a living boll,
hydroxyl groups on adjacent chains are separated by water molecules. The crystal-
line'reéions form during the initial dehydratioh period when water is lost, and

cellulose-to-cellulose bonding becomes possible. -

Preston (65) has criticized this interpretation on the grounds that the
absence of an x-ray diffraction diagram of crystalline cellulose does not
necessarily mean the absence of crystalline regions, but merely that the crystal-
line regions are too small in size to be seen as crystalline by the X-ray bean.
However, it is clear that some changes in the packing of cellulose occur during

maturation.
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R8nby and Katzmire (66), in a study of cotton, could not find definite
evidence of crystalline cellulosg in the solvent exchange dried immature
cotton fibers, while the mature cotton (35 days and oider)malways showed a
crystalline pattern. Similarly, for undried flax fibers, Berkley and Kerr. (64)
did not observe any xfray'crystallinity inlthe specimen taken from near the.top
of the growing tip, while a sample from the 5ase of the stem showed a clear
crystalline pattern of cellulose I. A sample taken from the midregion showed
an intermediate Aegree of crystallinity; These observations indicate thaf the
amount of material capable of exhibifing crystalline x-ray diagram increases

during the maturation and aging.

Preston, et al. (67) demonstrated that major changes occur in the cellulose.
fine structure in the wet state. The fresh softwood immature tracheids sub- .
merged in water exhibit only e halo characteristic of the x-ray diffraction by
water, while the same tissue exposed to x-rays after equilibrium,at'98% relative

humidity gives a diffraction ring typical of cellulose I.

‘P¥eston (§§) further reports that in the air-dried conditiaﬁ, the immatﬁre
tracheids exhibit é erystalline pattern, but that.the arcs afe much more diffusé,
radially than in the mature tracheid celluiose.patterns. Preston intérprets
this-to mean that the cellulose crystalliteS'in.the dried immature tissue are
much smaller than-in the mature secondary ﬁall. He calculates the crystallite
size in the immature tissue to .be 20 to 30 A. in width, while in the mature
tracheids the average width is 35 to 40 A.  These values, however,-can be con-.
sidered only as.approximations since:-crystallite imperfections .can also have a -
broadening effect on the diffraction peesks. Preston further calculates that the

crystallites are separated by 90 to 120 A. spaces in the growing wall. These
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observations are clear evidence that the degree of order. of cellulose in the...:

tracheid walls undergoes changes during maturation.
ORIENTATION OF CRYSTALLITES DURING MATURATION

In theﬂair-dried condition, the immature cotton (25 days) hes a diffrac-
tion pattesn characteristic of small crystallites oriented in a random manner.
As the cotton hair develops, the diffraction pattern shifts from the Deoye ring
type to one of(preferred crystallite orientation. The first signs'of preferred
orientation appear in the 35-day-o0ld cotton fibers and reach maximum in 50 days
(69, 70). In the case of sir—uried white fir wood, the maximum pfeferred
orientation occurs in ten day old tracheids (Zl). If all the cellulosic
materigals laid down in the fiber walls are higulylcrystalliue, that is, if the
degree of cellulose—to—cellulose bonding is high, then it is unlikely that -such
large changes in the crystallite orientatlon could teke place.during tracheid

wall maturation.

It must be concluded that the.cellulose in the never-dried condition
(immature and mature) exists in an amorphous phase, a paracrystalline state,
and small crystalline regions. The border llne between these conditions is not

sharp and can be readily modified by changes in the sample environment.
CRYSTALLINITY DURING DRYING AND LOADING

Even though the concept of Berkley and Kerr (6h) suggestlng that immature
cellulosic fibers do not possess crystalllne order, is severely cr1t1c1zed
their reasoniug merits further consideratlon. They postulated that -the in-
dividual cellulose molecules are held apart by water molecules. If Prestos's

(65) concept of small crystalllne regions (too small to be seen by x—rays) is
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accepted, it is possible to argue that these small crystallites are held apart . .
by water layers. On dehydration, the small crystallites.can consolidate to form

larger crystallites which are seen as crystalline by x-ray techniques.

Heyn (§) found that water-submerged, unaried mature cotton shows definite
evidence of crystallinity even'though the crystallite peak is very'faint.- Equili—
brating the coftﬁn moisture content at 100% R.H. nearly doubled the intensity of
the cfystallite peak. The compression of~the wet éample at 25,000 p.s.i. tfiplea
the intensity.. Air drying greatly'increased the intensity, and prolonged exposﬁre
to the‘ambient condition further increased theAintehsity of the crystallife\peak.
The stretching of tﬁe wet sample resu;ted }nla higher crystaliinity than that in
the unstretched sample, when examined in the dried state. Murphey_(zg) has found
for wood that tensile loading results in an increase in the crystallinity and

that most of this increase is irreversible on unloading.

4

The recent study by Fahmy and Mobarak (39) on density of cotton cellulose in
wvater and on its water-holding capacity supports the conclusions made from the
x-ray data., They coﬁclude that, in the never;dried_condition, cdtton cellulose
is far“from entirel& crystalline, and_the'cellulose caﬁ be considered to have aﬁ
excessive amount of lattice défects or to contain an amdrphous phase in the
presence of a crystélline phase, They 6bserved an incfease in the water densitj
of cellulose after air drying and concluded tﬁat air drying results in almost
complete crystallization of cellulose. Since, on resubmersion in water, the
fiber water-holding capacity is only one-half of that in the biéibgiéal swollen
state, Fahmy aﬁd Mobarak conclude that the aifdfy fibéf:does not héve'the saﬁé'
basic morpholoéical sfructurél élémentsAéé %he'ﬁhdried fiber. AThe original |

biological elementary fibrils aggregate, forminé microfibrils during dfying.

.
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Apparently, the crystallinity of cellulosic substances is a Yariable
quantity and depends not only on the matﬁrity éf;fhe tragheidévbut also on the
environmental history of the specimen. A process that_brings aiigned éellulose
molecules or crystalline regions into close contact can-result in an irreversible

increase in the cellulose-to-cellulose bonding.
LAMELLAR STRUCTURE DURING DRYING

The lamellar wall structure in the delignified tracheids is strongly de-
pendent on the moisture éontent. In the water-swollen, never-dried condition
the pore volume is about 1.4 ml./g. for 60%-yield kraft, about 1.8 ml./g. for
60%-yield sulfite, and about 1.8 ml./g. for 80%-yield holocellulose (52, 13).

In the airdry state, the wood tracheid wall, as well as the delignified tracheid.

wall, is essentially nonporous (Th, 75).

According to the multilamellar model (10) of the tracheid walls in the air-

dry state, the interlamellar macropores are essentially collapsed, and the ad-

‘jacent lamellae have consolidated into aggregates of lamellae along the amorphous

mantle surfaces (Fig. 5). The amorphous mantle which accomodated the micropores
in the water-swollen state, shrinks about 60% onvair drying, becoming essen-

tially nonporous.

The loss in lamellae surface area is considerable even at very high moisture
content. Drying of the pulp pad to 40% moisture content at room temperature
from waterlogged condition before solvent exchéﬁgedrying reduces the B.E.T. sur-
face area by about 80% (75). Apparently, the collapse of pofes begins at

relatively high moisture contents.
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Figure 5. Fine Structure of Lamellae in the Wet and in the Dry
States. From Stone and Scallan (10)
These observations imply that the tracheid wall structure defies any simple
definition, and that the structural state of the cell wall is highly dependent
on the prévioua conditions and the present environment of the sample. Each

change in the sample environment modifies the structure of the tracheid wall.

This point is significant, since most of the knowledge sbout the tracheid
wall structure is obtained in the sampieé which havé‘ieen converted to the dry
state by air drying, freeze-dryins; or aolventexchangedm&ing. None of these
techniques leaves the trﬁcheid ﬁall sfructure in the water-swollen cquition

.leilén 22)'
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LAMELLAR STRUCTURE DURING DELIGNIFICATION

In harmony with their multilamellar tracheid wall model, Stone and'Scéllan
(52) claim that, during commercial pulping, the lignin-hemicellulose rich lamellae
are solubilized épd in effect removed. In the case of kraft, the tracheid wallé
swell only slightly during pulping to about 60% yield, and then begin to shrink.
They attriﬁuted the dimensional stability of the cell wall during kraft pﬁlping
to the "tie-rod" function of the remaining lignin. The three—dimensional:lignin
network prohibits the swelling of hemicellulose and of the amorphous cellulose.
In the case of sulfite pulp, the tracheid wall expands 20%. The hydrophilic
hemicellulose act as compressed sprlngs causing this swelling when the "tie-rod"
function of the lignin is destroyed by sulfite liquor before the solubilization

of the lignin., According to this model, the tracheid walls in the delignified

condition consist of concentric, cellulose-rich lamellae.
CELLULOSE FINE STRUCTURE DURING DELIGNIFICATION

The knowledge of the changes in the cellulose-rich lamellaé‘during delig-
nification is sparse, especially for tracheids in the water-swollen condition.
The present knowiedge originates from date collected on air-dried samples.
Preston (2) observed that the delignification of coir has at least three effects
on the x-ray crystallinity of air-dried specimens. (1) The background is less
inténse, corresponding to the reduction in scéttering due to the lignin fraction.
(2) The cellulose crystallite arcs are narrower tangentially, indicating a
better alignmenf of the crystallites with the fiber axis. (3) The arcs are
also slightly narrower radiselly, suggestiné a slight increase in crystallinity,

possibly an increase in the crystallite sizé.
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Nelson (6) has observed different pulping conditions to lead to different '
celluloselfine structures. Kraft pulping results in smaller crystallite trans-
verse dimensions than sulfite pulping, while tﬁe ﬁhloéite holocelluiose has con-
siderably wider crystallite transverse diﬁénsions than the other two pulps in-w.
vestigated. Furthermore, he reports an ingrease in the crystallite width as
the yield of the holoqellﬁlose decreases. Afﬂis is accompaniea by an increase in
the crystallinity index. These reshlts were confirmed by Ale#ander, gz_gi., on
Norway sprucé (16). These results afe very interesting since they imply-that the
boundary between thé crystalline.region and the amorphous region is not fixed
and/or that two.crystalline reéions can approach each other laterally, becoming
so closely associated as to appeér as a single crystallite to the x-ray beam.

However, whether these changes in the cellulose fine structure occur in the wet

state is still unknown, since these results were obtained on dried samples.
CRYSTALLINITY DURING ACID HYDROLYSIS

Acid hydrolysis by 0.1N HCl of immature tracheid walls of Pinus sylvestris

appears to result in cellulose crystéllization (11). In the unextracted, airdry
immature tissue only a broad 002.plane aiffraction ring is pfesent while the
diffractioq_f?om 101 and 101 planes is véry faint or absent. Acid hydrolysis
results in a ;onsiderablé'sharpening of the.002.p1ane diffraction ring,.and the
101 anq 101 plane diffraction appéar distinctly. Calculations ﬁased on the 002
plane diffraction indicate an ;ncrease in the average crystallite width from

18 A. in unextracted immature tissué to 26 A; in the acid;hydrol&zed tissue,
Wardrop interpreted thg above results to indicate an increase in thé crystallite.
width by.crystallization of the paracrystalline region and an incréase in the
length of the crystallites by ordering of fhe cellulose molecules at the ends

of the crystallites. In a later study, Wardrop (62) observed a decrease in the
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002 plane diffraction ring radial width on hydrolysis and interpreted it as
erystallization of the paracrystalline phase onto the pre-existing crystallites.
Vogel (78) and Wardrop (Zi) believe that acid hyarolysis of deligﬁified wooa:

. results in a crystallizatioh of the parécrystalline phase betwéenlthé neighboiing'
microfibrils resulting in a lateral bonding of the microfibrils into macrofibfils.
In a recent stﬁay Jayme and Roeffael (Ig) observed that heterogéneous hydrolysis
of cellulose with H2S04 leads to a prondunced increase in x-ray crystallinity.

The amouﬁt of increase in the crystallihity is dependent on theiacid concen-

tration, temperature of hydrolysis, and the subsequenf dryihg conditions.

It is clear that acid hydrolysis has a considerable effect on the cellulose-
to-cellulose bonding. However, again the question remains, how much of these
structural changes tock place in the wet state, and how influential the drying

conditions were on the obgserved results.
CRYSTALLITE ORIENTATION DURING BLEACHING

Bleaching has also been found to modify the microfibrillar orientation
angle with respect to fiber axis. Clark (§Q) observed that bleaching generally
ioweré the deg?ee of preferred orientation. The effect is very small in Jack
pine, while in western hemlock the apparent ;mount of crystallites parallel to
the fiber axis in the bleached cohdition is only one-~half that in the unbleached
condition. Understanding the effect of bleaching is gomplicatéd b& Clark's
observation that the bleached poplar kraft is better oriented than unbleached,
while in the bleached poplar sulfite, the crystallite orientation is more ran-

dom than in the unbleached condition.
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CRYSTALLINITY DURING HEMICELLULOSE EXTRACTION

Nelson (6) has observed that removél of hemlcellulose from the slash pine
chlorite holocellulose by 6% NaOH at 60°C. results in an 1ncrease in the crystal-
linity 1qdex and in a marked decrease in the width of the dlffractlon peak,
indicatiﬁg an increase in the average crystallite.éize. Spiegelberg (§£) has
made £he simila;.observation on longleaf piné holocellulose except he f§und
that as mild an alkéli treatment as thé 0.1N NaOH is effectivé in increasing
crystallinity. An interesting complication is that tﬂe 0.1N alkali treatment
of cotton results in & decrease in the crystallinity index and in a widening'

of the diffraction peak (81). The holocellulose appears to crystallize while
cotton cellulose appears to swell on comparaﬁle treatments. The situation is
further complicated by the fact that removal of xylan—rich'hemicellulose from
hardwood and of mannan-rich hemicellulose from softwood results in a decrease
in the crystallinity (5) while progressive removel of xylen-rich hemicellulose
from high-xylan (19.8%) manila hemp renders the.cellulose more crystalline (;).
The explanation of these observations cannot be based on chemical composition
changes alone, and an additional explanation is needed. This possibly involves:
an understanding of the mechanism by which cellulosic fibrils and lamellae are

brought close together or are forced further apart.
LAMELLAR STRUCTURE DURING REFINING

It is well known that the tracheid in the delignified condition is sus-
ceptible to structural demage on mechanical action. Emerton (82) has stated
that the coaxial delamination of the cell wall during beating is a general
phenomenon causing increased flexibility of the fibers. Others (54-56, 83)

have also observed the delamination of the holocellulose tracheid walls into
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numerous, concentric lamellae on refining. For example, Page.and DeGrace (55)
have found that any mechanical action examined promotes delamination of the -
delignified tracheid walls, but that the interlamellar planes are not all équally,
weak, Presumebly, those planes which are originally rich in lignin and hemi-

cellulose are especially weak and are the first to delaminate. They also found

that sulfite tracheids split more readily than kraft tracheids.

The packing of Eellulose crystaliites within lamellae is modified during
refining. Marton, et al. (7, 76) observed that refining invariably causes a
decrease in the fibril angle at'any‘yield as'dbserved in gelatin-mounted samples.
They also detected an increase in thevaveragelcrystallite width in the gir-dried
tracheids as a resiilt of refining. It was further observed that wet pressing
of unrefined and refined tracheids causes a.shift in the fibril angle toward the

tracheid axis.

Apparently, the mech;nical action on the delignified tracheid walls causes
a loosening of the lameliae and of the fibrilé within the lameilae. The in-
creased mobiliﬁy of the cellulose structural units results in their better
packing during drying. But it also may be conjectufed.that aggregation may
already occur during the mechanical action.,.Certain fibrils may be brought
into close enough contact with neighboring'déllulosiC'elements to cause their

aggregation in the wet state.
CRYSTALLINITY DURING HYGROTHERMAL TREATMENT

Hermans and Weidinger (84) have made the interesting observation that
heating of dry-ground, amorphous cellulose powder in water results in a con-
siderable recovery of the crystalline cellulose I x-ray diffraction pattern.

They have made a similar observation on cellulose II powder (85, 86). The
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erystalline lattice of .the freshly spun fiber is still incomplete.  The diffrac- .
tion maxima corresponding to 101 and 002 planes are so broad that they merge .- -
into one peak. The 101 plane diffraction maximum is particularly indistinet:. - -
and has shifted inward indicating wider 10l plane spacing. During boiling the
crystallization of freshly spun fiber continues. The 101 plane diffraction
becomes more distinct, and the 101 and OOé:plane diffractions separate into . two -
distinct peaks. In this process the cellulose II hydrate loses one water

molecule.

Wardrop (T7) observed somewhat similar sharpening of the cellulose I x-ray
diffraction pattern of immature tissue on écid hydrolysis (page 26). It will
be recalled that the major objection to the Berkley and Kerr (64) hypothesis of
noncrystalline cellulose in the immature cotton is that the purified (chemically
treated and boiled) immature cotton does show cellulose crystallite pattern.
It is entirely possible that during the pgrification process the cellulose
packiﬁg is sufficiently perfected £§ result in & cléar crysiglline'pattern. It

this is the case, then the Berkley and Kerr hypothesis may be correct.

The effect of hygrothermal treatment on cellulose structure is further
demonstrated by the following observations. Vigo, et al. (87) have found that
boiling the washed, benzyltrimethyammonium hydroxide decrystallized cotton
cellulose in water results in a considerable recovery of the crystalline order
and a decrease in the accessibility. Risch (§§) observed a 50% decrease in
the water sorption capaqity of rayon filaménfs after wéter vapéé ﬁeating.
Hermans (§2) has noted- that the steamed fibers have a higher density then un-
steamed. |

Cléarly fﬁe wvater He;fihg of ceilﬁiosic suﬁsfaﬂées has-a'proféuﬁd-effeeé

EE

on the structure of cellulose.
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APPROACH TO THE PROBLEM

The review of literaturé‘indicates that the manner in which the feméval
of tracheid wall components influenceslthe packing of the rémﬁining-cénstituéﬁts |
is not yet well established. The investigations performed on samples maintained
in the wet state indicate that the tracheid wall swells during the component
removal. The extent of swelling depends on the manner of pulping and on the
extent of delignification achieved. The x-ray data, on the other hand, indicate
that the degree of crystaliinity of cellulose increases. The conclusions drawn
from the x;ray date, however, are not entiiely consistent, since both an in-
crease and a decrease in the packing density of cellulose has been-reported;
Furthermore, the.meaning of x-ray results is not clear, éince the observations
were not made directly after the treatment under investigation. A drying

process takes place before the x-ray diffraction experiment is performed, which

may affect the x-ray results.

The hypothesis for the present study is that the conversion of the green
wood to pulp results in changes in the cellulose fine structure in the wet

state.

It is assumed in this investigation that any change in specimen environment
- is likely to result in some changes in the fine structure of the tracheid wall
components. Whenever the test specimen is subjected to a chemical or a physical
process, the propertiés of interest are determined during that process, rather

than after some intermediate step.

One half of the wood specimens are brought through the treatment sequence
of ‘waterlogging, delignification to various yields, water washing of holowood,

and hygrothermal treatment of washed holowood. .The other half of the test
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specimens, in addition, are hygrothermally treated after waterlogging before
delignification. The wood, reacted for 120 days to give 57% yield holowood, is

defibered and treated with uni- ana multivalent ionic media.

The dimensional changes of green wood blocks (5 cm. by 1 cm. by 1 cm.) and . -

of the holowood blocks are followed during the above treatments. The swollen
specific volume.of the defibered holotracheids is determined by the centrifugal.

water retention technique,

The changes in the fine structure of cellulbse are determined by xfray‘

diffraction analysis. The arrangement of the tracheids in the wood is preserved'

throughout the test seguence. This allows viewing of the speciﬁen perpendicular

to the radial and to the taﬁgential tfaéheid walls. The same population of
tracheids in thé test section is viewed throughout the experimeﬂtél sequencé.
This eliminates the variaﬁion between samplés, énd ehablés the detection of
relatively small changes in the fine structure of celiulose. The x-ray aiffrac-

tion work is performed on-< samples in the wet, never-dried condition.

The factors causing changes in the tracheid wall volume or cellulose fine
structure are studied by determining the swollen specific volume of the washed

pulp in various ionic media other than the pulping liquor.
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EXPERIMENTAL

SELECTION OF TEST MATERIALS

WOOD SPECIES

The wood of noble fir, Abies procera Rehd., was selected on the basis of

morphological and chemical composition cqnsiderations. Abies procera is one of
the structurally simplest conifers. It has only two types of cells: the
tracheids, and the ray parenchyma cells.' The transition from the earlywood to
latewood is gradual. These factors are expected to result in a better corre-
lation between the holowood block.dimensidhs and the dimensional behavior of the
holowood tracheid. The cold and hot watef extracfives are low in the noble fir
wood. This is a desirable characteristic, since the solubilization of a large
amount of material from the traclieid walls may significantly influence their

structursl behavior.

The total fgst specimen was a 600-pound disk, out from a 265-year old noble
fir tree grown at-3100 fegt elevation southeast of Molalla, Oregon. The disk was
'takeﬁ 10 meters aﬁove the’sfump and wax,seaied the day of cutting. The first 15
cm. of wood from the_cut‘suifaceé wére discardea. This left a 46-cm. thick disk.
All the date reported in this investigation were ob£ained on tﬁe sapwobdlbf one .
of the quarters of -this disk. The width of the sapwood is about 15 cm. The
quarter was sawed into blocks (6.5 cm. by 1.6 cm;iby 1.6 em.) with the long axis
in either the tangential, radial, or longitudinal direction. In each case, the
tracheid walls were parallel to the block faces. The éurfaces were finished
with the paper trimmer so that the final block dimensions were 5> cm. by 1 cm.
by 1 cm. in the green condition [46.9% moisturé content (M.€.); ovendry basis
(0.d.)]. The blocks were stored at 5°C., submerged in distilled.wgter. A

minute quentity of phenyl mercuric acetate was added.
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HOLOWOOD

Delignification at room temperature with sodium chlorite has obvious ad-
vantages over conventional pulping techniques (§2). This procedure does not
involve temperature cycles which are suspected to affect the structure ofA
cellulose. The above delignification leaves tﬁe holowood largely with the same
morphological details as the green wood. This permits the determination of the
dimensional behavior of the holowood block over a wide range of lignin contents.
In addition, the crystallinity of the test sample can be determined throughout
the test seguence on semples that have preserved the native arrangement of
tracheids. Hence, the.differentiationvbetween tangentially and radially viewed
sa?ples can be made on the same population of tracheids. Also, the solubilizing
action of the sodium chlorite in the acetic acid-buffered medium is specific
on lignin over a wide range of reaction times, and only at the later stages of
delignification a small quantity of hemicelluloses 1s solubilized. Since the
swollen specific volume of pulp is high (ng,liarge structural changes are ex-
pected during the conversion-of green wooa to pulp. These pulps are character-
istically strong én§ possess'a high—hémicellulose content (293 gg). This éom—
bination provides a;.interesting materi;l for fﬁture stﬁdies involving corre-
lations between chemical composition, tracheid wall structure, and tfﬁcheid

strength properties.
TREATMENT SEQUENCES
HYGROTHERMAL TREATMENT OF WOOD

In the present study, the hygrothermal treatment consisted of a twelve-

hour heating in distilled water at 95°C. Review of the literature (92-97) as

well as the exploratory work (Appendix I) indicated that when green wood is
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brought through the first hygrothermal treatment, it expands tangentially and
shrinks radially. During the subsequent hygrothermel treatments, the block
shrinks in both radial and tangential directions. The dimensional changes
during the first hygrothermal treatment are irreversible and about five times
larger in magnitude than the dimensional changes in the subseéuent cooling and
heating cycles which appeared to be reveréible. These observations led the
author to believe that irreversible changesvin the fine structure of the wqod
tracheid walls take p;ace during the first hygrothermal treatment. For this
reason, both hygrothermally treated and nonheated green wood blocks were studied

during the subsequent treatment sequence.:
DELIGNIFICATION OF WOOD AND DEFIBERING OF HOLOWOOQD

The wood blocks were delignified direc¢ctly from the green, waterlogged con-
dition without extraction, since the dehydration which occurs during the
methanol and chloroform-methanol extraction may result in some changes in the

cellulose fine structure.

The waterlogged, hygrothermally treated and the waterlogged, nonheated

Abies procera blocks were delignified by the room temperature sodium chlorite-

acetic acid buffered reaqtion process, as described by Thompson énd Kaustinen
(2&). The reaction liquér consisted of 100 g. of reagent-grade éddiuﬁ chlorite
per 1000 ml. of distilled water. The liquor was adjusted to pH 4.5 with acetic
acid. The liquor-to-wood ratio was 10:1. The reaction liquor was replaced

by fresh solution at two-week intervals. Holowood blocks were removed about
every 10 days. The maximum reaction time was 127 days, which is 2 or‘3 times

the length of time necessary to solubilize all but a trace of lignin.
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To determine the swollen specific volume of the.tracheid walls, the holo- . .
wood blocks.in reaction liquor were defibered in the British disintegrator for.... .
300 counts. The swollen specific volume of the pulps were determined in un-
washed, water washed, and water washed-hygrothermally treated condition. Samples.
were removed aftgr each treatment to determine the ovendry weight of pulp at each

condition.
WATER WASHING OF HOLOWOOD

The holowood blocks were removed from the reaction liquor and placed in dis-
tilled water. The washing was done in the test chamber fitted with a linear
variable differential transformer to measure the block dimensions (Appendix II).
During the 50-hour wash period at 2L4°C., the holowood block weighing froﬁ 3‘to 4.5
g. 0.4, was exposed to about 20 liters of water. Volume of the chamber was 6.5

liters.
HYGROTHERMAL TREATMENT OF HOLOWQOD

The finel wash water was replaced with fresh distilled water. The tempera-
ture of water in the test chamber was raised to 95°C. in about 45 minutes with
500—watt‘aﬁd 256-watt knife heaters. The water circulation was aiaed by bubbling
heated eir through the test chamber. The hygrothermal treatment lasted 800

minutes.
JONIC TREATMENTS OF PULPS

The holowood blocks, reacted for 120 days to give 57% yield pulp, were de-
fibered in the Brltlsh dlslntegrator for 300 counts in the water washed-hygro-
thermally treated condition. The pulps were centrlfuged to remove excess water

and immediately placed in O.1N ionic media. Solutions of sodium chloride,
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potassium chloride, calcium chloride; barium chloride, ferric chloride, hydro-
chloric acid, acetic acid, sodium hydroxide, potassium hydroxide, and 1.1N
sodium chlorite reaction liquof were used. After treatment the pulp suspension
was centrifuged at 1000 g for 30 minutes, and the centrifugal water reteption
value determined., This was followed by soakings in 500 ml. of distilled water.
The wash water was exchanged four times during the U48-hour wash period, after

which.the centrifugal water reiention value was again determined.
EXPERIMENTAL APPARATUS AND TECHNIQUES
DIMENSIONAL CHANGE MEASUREMENT APPARATUS

A jig was built tolﬁeasure the dimensional changes of wood and holowood

blocks in the water-saturated condition. A schematic diagram of £he apparatus

is shown in Fig. 6. The test chamber (A) was constructed of Lexaﬁl. The test
block (B) was placed on the aluminum stage (C), which was connected to the linear
variable differential transfgrmer (LVDT) mounting base (D) by nillvar rods (E).
The core (F) of the LVDT (G) was connected to the detection probe (H) made of
nillvar: The position of the core inside the body of the LVDT determingd the
magnitude of the electrical output signal, which was the measure of the block
dimension. The tes£ chaﬁber was maintained full of distilled water during di-
mension change measurements. The temperature of-thé chamber was controlled to

within + 0.L°C.

A more comprehensive discussion of the construction, .calibration, and

operation of this apparatus is given in Appendix II.

1. . o , : s "
Lexan is a transparent polycerbonate sheet manufactured by General Electric
Co., Chemical Materials Department.

\
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Figure 6. A Simplified Schematic Representation of the Apparatus Built to
Measure the Dimensional Changes of Wood and Holowood Blocks During
Water Washing and Hygrothermal Treatment
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SWOLLEN SPECIFIC VOLUME DETERMINATION

- The centrifugal water retention technique was applied to determine the -
-swollen specific'volume of pulpé iﬁ various aqueous media. The centrifuging
technique was first developed by Coward and Spencer (98) to determine the
water-holding capacity of cotton. Ja&me, et al. (gg) have modified the cen-
trifugal technique'by designing various specimen holding cups. Thode, et al.

(100) further modified the technique and adopted it for pulp evaluation.

The basic problem with the centrifugation technidue is ﬁhat it measures
both imbibed and capillary water retained by the fibers (;QL). The capillary
water held in interstices between fibers and in lumens is estimated to be
between 5 to l3%.depending on the pulp, sample‘cup and qeptrifugal field (2§J

101, 102).

The probleﬁ of capillary water has led to the use of different speeds of-

centrifugation by various investigators. Centrifugal speeds corresponding to

centrifugal forces of 100 to 5000 times the gravitational field, g, have been
used (g§:103). The German Standard Method specifices 3000 g for 10 minutes

(103). Thode used 3000 g for 15 minutes (100).

Increasing the speed of centrifugatibp reéulfs in a compaction of the
sample against the porous plate qf the sample cup. This results in a loss of
imbibed water along with the reduction -in the“amount'of water held in the
{interstices between the fibg:s.:.Aggeprant ané Samuelson (104) maintain that

even 100 g is effective in compressing the fiber wall.

The primary purpose of applying yhe'centrifugal technique in the present
study was to compare the observed trends in the swelling behavior of holowood

blocks to the swei;ipngf pulp fibers.'_THe‘success depended on whether
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significant differences could be detected in the swollen specific leume of
unwashed and washed pulps, and betwgen washed and hygrothermally treated pulps.
The average number of interstices between the fibers and their size distri-
bution does not appreciably change between runs, since the number of fibgrs re-
mains constant and fines are not produced. However, if the trachelid walls are

compressed, a problem arises since the amount of imbibed water is reduced.

For the above reason, & preliminary study of the centrifugal technique
was carried out. The results are summérizéd in Appendix III. On the basis of
this preliminary study, the centrifugal speed corresponding to 1000 g and

centrifugal time of 30 minutes was adopted.

The centrifugal water retention value is calculated from the expression:
CWR = (wet weight ~ dry weight)/(dry weight), and is given in grams of water per
gram of ovendry pulp. The CWR is converted to the swollen specific volume by

adding a constant 0.62, which corrects for the volume of cellulose.
X-RAY DIFFRACTION ANALYSES

Crystallinity Index

A Laue X-ray diffraction diagram obtained on the air-dried pulp pad is
shown in Fig. 7. A typical Debye-Scherrer ring pattern characteristic of
randomly oriented cellulose I cr&stallites is apparent. The eéuatorial scan
from A to B is reproduced to demonéfrate the intensity distribution of scaffer

originating from the various crystallite planes (Fig. 7Tb).

Ordinarily in the Laue x-ray diffraction camera, the cellulosic sub-
stances are exposed to the x-réy beam in the oven-dried condition and under
vacuum. This procedure minimizes the background scatter from the air and water

vapor. This incoherent scattering is significant when long exposure times are

necessary.
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Figure 7. The Laue X-ray Diffraction Pattern of Pulp Pad Air Dried
to 9.7% M.C. (A); the Radial Transmittance Trace from A
to B (B)
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Generally, if the crystallinity information is of prime consideration,
the cellulosic fibers are compressed into pellets (105, 106) or are formed
into sheets (107). These procedures insure a uniform Debye-Scherrer ring due

to the diffraction from the randomly oriented crystallites.

The basic assumption in determining fhe degree of crystallinity of high
molecular weight polymers is that the x-ray scattering from the amorphous
fraction and from the crystalline fraction i;«additive. In the case of cellu-
lose, which has a rathgr broad intensity maxima, the sepﬁration of the scattering
due to crystelline and amorphous fractions is ambiguous, since the intensity

maxima overlap.

Two techniques hﬁve been developed which can be used to rank cellulosic
materials aécording to their degree of order. In the Hermans and Weidinger
technique (108, 109) the area under the intensity curve attributed to the
diffraction by crystalline regions is compared to the area of amorphous back-
ground diffrection. The technique of Ellefsen, et al. (;91) differs in that the
diviéing line between the diffraction due to crystalline and amorphous regions °
is drawn in a somevhat different manner. However, the physigal significance of
the numbers in each technique is not well defined, sinceVAividing the cellulose.
into crystalline and amorphous fractions by x-ray techniques is not Justified.
These techniques, however, are reliable for ranking the samples within an in-

vestigation according to the degree of order of the cellulose.

The technique of Segal, et al. (11Q) accomplishes the ranking of samples
with equal reliability. Here, the height of the intensity maxima corres-
ponding to the 002 plane scattering is compared to the height of the intensity

of the amorphous background (Fig. 8). The amorphous background scattering is
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arbitrarily chosen to be equal to the minimum, between the 101 and 002 pesaks.

This selection corresponds well with that-defined by Ellefsen, et al. (107).

The Segal, et al. (110) crystallinity index is defined by the equation:

:x 100

CrI is the crystallinity index. 5002 is the maximum intensity of diffraction

originating from the 002 crystallite planes plus the amorphous scatter at

28 = 22.8°. Iam is the intensity attributed to the amorphous scatter and is
determined at 55 = 18.5°, which is the minimum intensity bétwéen 101 and 002
maxima. Ant-Wuorinen and VisapHl (11l) havé developed a similar relative index.

The Segal, et al., index is used in the present study to establish the direction

of change in the degree of order of cellulose. .

The present study, unlike the convent;ongl x-ray diffraction analyses,
is carried out on samples maintained waterlogged throughout the exposure. The
choice of waterlogged samples does, however, present several problems. The
x-ray diffraction analysis bf-Heyn (8) indicates that in the water-swollen
conditiqn; cgtton exhibits an 002 peak of 10 arbitrary units, while the control
in the dry state exhibits a peak of Tl arbitrary units. Heyn suggested this
difference to be due to the masking effect of water halo, the dissipation
effect of water, and the crystallization during drying. However, he did.not
draw conclusions about the relative amounts of amorphous and crystalline cellu-

lose in the wet and.dry states.

Support . for the concept of a. lower amount of crystalline material in the
wet state is provided by Rey (112). He found that the degree of crystallinity

of raw Jute and mests fibers decreases as the moisture content of the sample
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increases. He obtained his data on fibers which were eguilibrated at given
relative humidities (0, 65, and 100%) and maintained at those relative
 humidities during the exposure. Later, Rey (113) made the same observation

for jute and mesta holo- and oO-celluloses. The masking effect of the increased
. quantity of sorbed moisture was found to have a negligible dissipative effect

on the intensity of the cellulose pattern. Caulfield and Steffes (114) observed
~ a higher degree of crystallinity for ball-milled cellulose I held at 90% rela-
tive humidity than for the dry sampleé. Changes -in the cellulose fine structure
apparently were larger than the masking or dissipative effects of the additiongl

water.

A comprehensive study of the diffractioﬂ characteristics of water was made
by Narten (115). For the purposes of x-ray diffraction analyses of cellulosic
substances, the water diffractian pattern can be considered to be & broad halo
and is assumed to be superimposed on the~cellulose pattern, so that it can be sub-
tracted from the total pattern (8, 33, 116). The intensity of diffraction by
water was determined from independent exposures on a l-mm. thick water layer
(Appendix V). In the present study, the exposed area of the waterlogged holowood
sections was not covefed, eliminating fhe additional correction for the encapsu-

lating plastic.

In Fig. 9, the difference between the x-ray diffraction diagrams of wet
and dry samples is obvious. Diagram A is obtained on a 1l.5-mm. thick pulp pad
centrifuged to 460% moisture content (o.d:'basis). Only a faint diffraction
ring originating from the 002 planes is visible. It 1s impossible to get
structural information from this diagram.‘ Diagram B is for the same pulp pad
after equilibration inaconstant temperature and humidity room for three days to

9.7% M.C. (0.d. basis) and exposing essentially at that M.C. Various diffraction



=Lé6-

Figure 9. The Laue X-ray Diffraction Diagram of Never-Dried Pulp Pad
' at 460% M.C. (A); the Same Pad After Air Drying to 9.7% M.C.
(B). The Fiber Orientation is Random in the Plane of the Pad
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rings are readily visible. Apparently, large changes in the cellulose fine

structure occur during drying.

The Debye-Scherrer diffraction pattern arises from randomly oriented
crystallites. Consequently, the intensity of the scafter from a given set of
crystallite planes is distributed in space as a cone. On the x-ray film the
cone is exhibited as an equal intensity circle. The scatter is distributed
equally arouhd 360°. If, however, the crystéllites have a preferred orientation,
the resulting scatter is concentrated in narrow arcs with the same radius as in
the previous case. This phenomenon is demonstrated in Fig. 10. The x-ray diffrac-
tion pattern A is that of a pulp pad at L460% M.C. (o.d. basis). The pattern B is
that of a waterlogged holowoodlsection. Several intensity maxima are clearly
visible in the latter case. This pattern is a characteristic fiber diagram and
is similar to the published patterns of dry wood sections and of dry, well-
oriented fiber bundles (72, 117-120). Interpretations of the cellulose fine
structure in the wet state can be made from patterns like B in the manner des-

cribed in (107-111, 119-127).

The resulting crystallinity index values cannot, however, be compared to
those obtained By the powder pellet or random sheet techniques. In the present
case, the background is not uniform and the scatter from highly ordered regions
is concentrated in narrow arcs, while in the latter case scatter is spread over
360°, Furthermore, in the lattér case, the scatter originatigg from the 021
planes overlaps with that from the 002 plane. This results in a distortion of
the 002 peak as can be seen in Fig. 1ll. In addition, the radial tail of the 021
plane diffraction maxima contributes to scatter at 18.5°. Nevertheless, for the
powder diagrams, the scatter at this point 1s attributed solely to the amorphous

background. These factors distort the crystallinity index values.
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Figure 10. The Laue X-ray Diffraction Diagrams: A, Never-Dried Pulp
Pad at 460% M.C.; B, Same Thickness Waterlogged Holowood
Section with the Native Tracheid Alignment Preserved
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The data in Taﬁle I illustrate. the difference between the crystallinity
index determined from the x-ray diffractioﬂ pattern of randomly formed pulp
pads and that of corresponding holowood sections with the native tracheid
orientation preserved. The crystallinity index in the latter case in consider-

ably higher than that determined from the pad diagram.

TABLE 1

X-RAY CRYSTALLINITY OBTAINED FRQM.RANDOM<SHEET
DIAGRAM VERSUS THAT FROM HOLOWOOD DIAGRAM

Semple® Crystallinity Index
Pulp Pad I . 46.80
Pulp Ped II _ . 49.13
Holowood Section I 74.08

Holowood Section II 76.53

#a11 samples are air dried.

The effect of water on the x-ray diffra&tion diagram of the holowood section
is illustrated in Fig. 12 and 13. In the éase of the dry holowood, the background
is considerably lighter than in the diffracfion diagram obtained from the same
section before it is dried. The same number of diffraction maxima, however, are
visible in each case. The presence of water does not Block out the faint diffrac-
tion maxime originating from the 021 and OLO planes. This has significance,
since the masking effe;t of water is not sufficient to dissipate the coherent

diffraction originating from these crystallite planes.

Orientation of Crystallites

Since the native tracheid alignment is preserved in the test sections,
the crystallite orientation is more reproducible than that from the tracheid

bundles generally used to obtain orientation data. Two factors contribute
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Figure 12. The Laue X-ray Diffraction Diagrams: A, Never-Dried Holowood
Section in the Waterlogged Condition; B, Same Section After
Conditioning to 9.7% M.C. at the Room Temperature, 15-Minute
Exposure




asxnsodxy a3nuTH 09 ¢ goT1095 POOMOTOH pefBoTxa3BM 3T%
cg ‘eansodxy 3INUIH T ¢ 3usjuod 2an3sSTOR 4L°6 uoT3oes
POCMOTOR PITIQ-ITV U3 ty :paTeqel S3UBTd 27TTT®I84XD
Sutynqiazuo) JOfBR 3UF UITA 50BJ] 9oUBA}TWSUBIL TBTPEY

‘€T aInBTd

IDONVLLINSNVYL




-53-

to this advantage. One, the variation due to the imperfect parallel bundling

of trachelids, is minimized. In holowood sections, the imperfections in the
tracheid alignment do not change and hence contribute a constant quantity to.the
tangential spread. Secondly, the uncertainty due to the unknown distribution

of radial and tangential walls facing the x-ray beam is also eliminated.

The effect of the crystallite orientation on the x-ray diffraction pattern
is illustrated schematically in Fig. 1l4. The more parallel the crystallites

are to the fiber axis, the narrower the diffraction arc due to the 002 planes.

Sisson and Clark (12L, 122) were the first to measure this relationship.
The width at the half height of the circumferentiél trace of the 002 maxima
distribution curve is a measure of the orientation angle of the crystallite
beaxis with the fiber axis., This technique is illustratedlin Fig. 15 as CW 1/2H.
Later, DeLuca and Orr (}gﬁ) modified this technique by obtaining the width at
the 40% height of the distribuﬁion curve claiming better correlation between
the experimental values and'the actual orientation. The Sisson and Clark techni-
que is applied in this study since it is more widely used and since the purpose ‘
in this study is to establish changes in the orientation of highly ordered

regions instead of to determine the average microfibril orientation.

Another convenient technigue for detecting.crystallité orientﬁtion changes
is that of Meylan (;g;), also i1llustrated in Fig. 15. In this tgchnique,
tangents are drawn to the circumferential distribution curve. The distance be-
tween the intersects of the base line and the two tangents is a measure of the
orientation of crystallites. This technique does not give the actual orientation
angles, but is a reliable means of establishing the chahges in crystallite |

oriéntation. This technigue is also employed in the present study.
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Figure 14, A Schematic Description of the Effect of the Crystallite
Orientation (A) on the Resulting Distribution Curve 'as Seen
in the Circumferential Intensity Traces
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Figure 15. The Laue X-ray Diffraction Diagram of Green Waterlogged Tangential
Wood Section (A); Circumferential Intensity Distribution Curve
from Which the Crystallite Orientation Parameters are Determined
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Degree of Order of Highly Ordered Cellulose

A further advantage of performing the x-ray diffraction analysis on the'. !
holowood sections is that the average degree of order of the crystalline ?egion
can be determined with less complication than from the conventional powder
diagram. The 28 angle of the O2i plane is 21.0° and that of the 002 plane is
22,6°. In the powder diagram, the scatter is spread about 360°, resulting in a J
radial overlap of the 021 and 002 plane diffraction distributions. In the fiber
diagram the 021 plane diffraction maxima deviates 60° from the‘equator, while the
002 is on the equator. Hence, the 021 plane does not interfere with the 002
plane diffraction maxima in the cases where the preferred orientation of the
crystallites is at a small angle with the fiber axis, which is the case in the

present study.

Determining the degree of order of the crystalline region involves the
measurement of the radial width of the 002 piane diffraction maxima, as illus-
trated in Fig. 8 on page 43. According to Scherrer (120), the mean dimension
(Q) of the crystallites in a ﬁowder is related to the pure x-ray diffraction
broadening (39 by the equation: D = K A/B cos 6, where K equals 0.9, A is the J
wavelength, ;nd B is the radial width as balf intensity mexima in radians. For
the 002 plane of cellulose I; Bragg angle 6 is equal to 11.3°. Others have
verified this relationship for various crystalline materials (127). For cellu~
lose, however, this relationship is not rigorously applicable. The lattice
distortions, which are not yet well charactefized, have & similar broadening
effect on the width at half intensity maxima as the small particle size.
Furthermore, the width at the half—intensity mexima does not give particle
size distribution which may be a variable parameter. For these reasons, the
size of the crystallites are not reported in this study although the Scherrer

relation is widely applied in cellulose literature.
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Since a purpose of the present study 1s to demonstrate the variablg
nature of cellulose fine structure'in the wet state, changes in the radial
width at the half height are interpreted as an increase or a decrease in'Qhe
degree of order of cellulose in,the‘hiéhly ordered regions. This mey involve
both changes in the lattice distortion and modification in the crystallite

sizes.

Preparation of X-ray Data

The following procedures were used to obtain the x-ray data. The test
Sectionsv(l.S mm. by 1.5 mm. by 20 mm.) were cut from the waterlogged wood or
pulping liquor-saturated holowood by & hand ﬁicrotome and a razor blade. The
sectioning was performed so that the test section surfaces were parallel to the
tracheid tangential and radial walls. This enabled the exposures to be made so
that either radial or tangentiel tracheid walls were perpendicular to the
primary beam. The plastic test sectibn holder was designed with a one milli-
meter diameter hole at the center. The test section was placed in a 1,6-mm.
deep, 2-mm. wide, and a 2.5-cm. long slof, also locatéd in the center of the
test section holder. Two drops of distilled water or pulping liquor were
dropped in the slot to ensure that the sampie remains saturated throughout the
exposure. The test section holder was covered with aluminum foil with a 1.5-mm.
diemeter hole cut to coincide with the l-mm. hole in the test section holder,

where the primary x-ray beam entered the test sample.

Care was taken to expose the same area of the test section each time the,
exposure was made. Approximately 600 tracheids contribute to the resulting

diffraction pattein.
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The source of x-rays was a Norelco x;ray apparatus with copper Ko radia-
tion generated at 35 kilovolts and 20 milliemperes. ' A nickel foil filter was -
used. The exposures were made in the Laue camera designed and built by Jentzen
(116) (Appendix IV). The narrow pencil of x-reys was formed in an 8-cm.
collimator. The distance from the diffracting test section to the film was
about 6 cm. The undiffracted beam was captured by .a beam catcher, which was

aligned for each exposure.

Kodak Medican No-Screen X-ray film was used throughout the investigation.
The exposure time varied from 15 minutes for dry samples to 1.5-2.0 hours for
fhe wet samples. The longer exposure time was necessary for the earlywood
sections. Kodak X-ray Developer, Kodak Ektaflo Indicator Stop Bath and Kodak

X-ray Fixer were used for the film development.

The film calibration was performed by exposing 2.5 cm. by 5 cm. areas of
film for 5 to 90 seco?ds at a distance of 100 cm. from the x-ray source. The
Cu Ko radiation was generated, with the tube operating at 1l kilovolts and 8
milliemperes. The film calibration curve is linear on a semilog scale and is
presented in Appendix V. This curve shape agrees with that discussed in Klug

and Alexander (127).

The microdensitometer setup used by Jentzen (116) was reassembled for
quantitative analyses of the diffractién patterns. The film was centered on a.
table capable of both linear translation and rotation in the plane of the film
at constant speed. An inverted microscope focused the light on the film.

The transmitted light was then focused on the photocell by another microscope. .
A plate with a pinhole was mounted on top of the eyepiece of the second micro-

scope permitting viewing of a O0.5-mm. diemeter area of the film at any given
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time during scanning. The ratio of radial width at half height of the 002 peak

to the diameﬁer of viewing area was about 10.

The radial scan was obtained across the two 002 plane maxima from A to B
as shown in Fig. 7 on page 41. The circumferential scan is from A to B to C as

shown in Fig. 15 on page 55.

The unexposed but developed area of the film was used as the 100% trans-
mittance reference. The zero transmittance'was that of & thin metal plate.
Any film exhibiting less than 20% transmittance at the 002 plane diffraction‘
_maxima was considered overexposed and discarded. The percent transmittance was
converted to intensity by the film calibration curve. The intensity values for

3 26 to correct for a planar film position

radial scans were divided by cos
- (127), and divided by (1 + cos® 208)/2 to correct for polarization of diffracted
Xx-reys. For circumferential scans corrections are not necessary, since the

scans are made at constant Bragg angle. For the calculation of crystallinity

index the intensities were expressed on an equal "mass times time" basis.
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RESULTS AND DISCUSSION
TRACHEID WALL COMPONENT REMOVAL

The data presented in Table II are the weight losses occurring during
standing in reaction liquor, subsequent water washing, and hygrothermal treat-
ment of holowood. The total loss in the ovendry weight of the original wood
during this treatment sequence is defined as the apperently solubilized wood
components. While the blocks are submergéd-in reaction liquor for 30 days .
about one-third of the apparently solubilized components are removed from the
block. During 120 days in the reaction liéuor only about 50% of the apparently
solubilized components ‘are removed. The water washing at room temperature for
50 hours is effective in removing from 31% (for 120 days, 56.8% yield pulp) to
59% (for the 10 day, 80.L4% yieid sections)lof the apparently solubilized wood
components. Hygrothermal treatment for 8 hours results .in additional removal

ranging from 24% for 120-day pulp to 85% for the 2-day, 90.1% yield sectionms.

The data are too limited to draw any conclusions of whether the hygro-
thermal treatment of wood has appreciéble effects on the pattern of component

removel from the tracheid walls during the subsequent delignification.
CHEMICAL COMPOSITION OF HOLOWOOD

The pulps at different degrees of delignification were water washed for
50 hours in distilled water, and hygrothermally treated for eight hours at
95°C. before the determination of the chemical composition. The data in
Table III are given as percent on the ovendry basis of wood. The yield drops
to about 6L4% within the 65 days of reaction with only a trace of lignin present

in the pulp. Some undefined hemicelluloses, rich in mannan and containing some
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TABLE II
WOOD COMPONENT REMOVAL DURING THE SEQUENCE OF

REACTION, WATER WASHING, AND HYGROTHERMAL TREATMENT

Weight (Gain) Loss During the Treatment™, %

Elapsed Days Submersion 50-Hour ‘ 8-Hour ' Final
of in Reaction Water Hygrothermal Yield,
Reaction Liguor Washing Treatment %

From green, waterlogged wood:

2 - (2.7) 1.5 8.4 90.1

5 (2.8) 6.1 11.3 82.6
10 (0.3) 11.6 8.0 80.4
15 3.5 11.9 6.5 78.1
20 0.0 13.3 8.4 78.3
30 7.8 12.5 8.2 T1.5
60 10.3 1k.0 10.4 65.3
90 19.9 11.7 7.8 60.0
120 19.8 13.3 10.3 56.8

From hygrothermally treated wood:

2 (1.7) 4.5 6.5 89.0

5 (2.0) h.9 8.8 86.3
10 (2.1) 7.5 9.8 82.7
15 L.7 9.7 8.2 7.6
20 6.8 7.2 8.9 77.1
30 9.8 9.0 9.2 72.0
Lo 13.5 8.8 9.3 68.4
50 15.5 8.5 10.0 66.0
60 16.9 11,7 T.4 6k4.0
90 19.5 12.9 9.1 58.5
106 22.3 12.9 8.0 56.8

%0ss in the ovendry weight of blocks into the medium during the indicated
lengths of time (into reaction liquor, wash water at 24°C., or hot water at
95°C., respectively). The block surfaces were blotted to remove excess
liquor or water before determination of wet weight and oven drying. The
ovendry weight includes any solids in the liquor or water in the blocks.
For example: % in Column 2 = (ovendry weight of reacted wood and solids in
liquor in block)/(ovendry weight of green waterlogged wood).
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galactan, xylaen, and arabinan, are also removed. The third and fourth months

in the reaction liquor results in a further extraction of hemicelluloses.

The observed déérease in the hemicélluloses content during oxidative de-
lignification is in agreement witﬁ earlier observations made by Thompson and
Kaustinen (128), who found the following relative carbohydrate composition in
hydrolyzates of chlorite liquor of mature jack pine: galactose (36.0), glucose
(6.6), mannose (19.0), arabinose (8.8), xylose (8.5), uronic acid (17.8), and
methoxyl (3.6). Other investigators have alsoc observed & drop in the hemicellu-
loses content of ho}ocelluloses during oxidative delignifica£ion (;gg;;g;).

CHANGES IN THE STRUCTURE AND DIMENSIONS OF
BLOCKS DURING DELIGNIFICATION

DIMENSIONAL BEHAVIOR IN REACTION LIQUOR

During the penetration of the reaction liquor into the waterlogged unex-
tracted sapwood block (5 cm. by 1 cm. b& 1l cm.), the block expands about 1.6% in
the tangential direction, shrinks about 0.5% in the radial direction, and is
essentially unchanged in the longitudinal direction. The tangential expansion
is shown versus time in Fig. 16. The.expansion is greatest during the first

60 hours and subsequently levels off. ,

The‘dimensionai responses are in the same direction and have the same
magnitudes as the changes observed during the first hygrothermal treatment of
green wood (Appendix I). A good explanation for the dimensional changes is
lacking, although in the latter case thengfe genereally attributed to the

"growth stress" release (94-96).
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During the months in the reaction liquor, the block” expands slowly:in the
tangential direction (Table IV). 1In eighf‘months, the tangential expansion:
reaches about 5.5%, but the radial dimension is still about 0.6% less than the’
original water-swollen dimension. The total volumetric expansion of the holo- -

wood in reaction liquor is only about 5%.

TABLE IV

CHANGES IN THE DIMENSIONS OF THE SECTIONS®
‘ IN THE.REACTION LIQUOR

Elapsed Days in the Dlmen31on Changeb of the Sections, %
Reaction Liquor Longltundlnal : Radial " Tangential

3 ' ' ©+0.17° -0.47 +1.60

8 - =0.08 . o =0.TT +1.59

11 +0.11 -0.51 +1.5k4

18 ' +0.11 | -0.83 41.51

32 : +0.28 . -0.57 - +2.15

48 ' -0.12 -1.08 +2,03

56 +0,13 -0.81 +2,10

61 ©+0.2h ~0.47 +2.54

108 +0.26 - ' -0.k0 ‘ +3.82.

225 ' » +0.11 . -0.57 ‘ +5,72

265 +0.33 -0.61 - +5.32

Inltlal thlckness is 2 mm., and length and width are 2 cm.

Determlned by an x-y digital comparator developed by K.W. Hardacker of The
Institute of Paper Chemistry staff in 1967 (unpubl;shed work).
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The centrifugally determined swollen.specific volumes of unwashed pulps -
(Table V) further support.the concept-of-tracheid wall dimensional stability in
the reaction liquor. The swollen specific volume of unwashed pulp .in the liquor
appears to increase about 17% during-reaction. However,.this increase does not
directly reflect the volumetric behavior of an individual tracheid. As the de-
lignification proceeds, the swollen specific volume of pulp increases, since the
number of tracheids in a gram of pulp increases. In order to follow volume
changes of individual tracheids, it is necessary to determine the volume of water
in a fixed number of tracheids; for example, that produced from a gram of wood.
In the ?resent study this value will be called the tracheid wall water-holdiné
capacity, which is obtained by multiplying the centrifugal water retention value
by the yieéld, and has the units of cubic centimeters of water per gram of wood.
As can be seen in the fourfh column of Tablé V, the tracheid wall water-holding
capacity does not change appreciably during the range of delignification investi-
gated. Also, the specific volume of the tracheid decreases, since the specific
volume of the lignin which is peing removed is 0.715 cc./g. and that of the re-
maining cellulosic substances is 0.628 cc./g. (132, 133). Hence, a correction

must be made for the volume of removed materials. As seen in the last column

of Table V, the tracheid wall does not swell appreciably in the reaction liquor.

The dimensional stability of the holowood tracheid walls in the reaction
liguor has some bearing on the recent sfﬁdies of the mechanism of delignifi-
cation by such 6¥idizing~agents as sodium chlorite (70°C.) (;32) and peracetic
acid (iéi). According to these workers, the tracheid wall pore sizes have an
effective restricting dimension which contfols the diameter of the molecules
that can diffuse out of the tracheid walls. Hence, the diffusion qf large

but sblubilized lignin molecules out of the tracheid walls is restricted by the

small size of the tracheid wall pores. Since the tracheid walls do not swell
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TABLE ¥ R , e T DO

TRACHEID WALL LIQUOR-HOLDING CAPACITY
_IN THE REACTION LIQUOR

:::::

Swollen ~ Centrif- Averaged Trecheid , Corrected
Specific ugal Interpolated Wall "Volume Volume of
Elspsed Volume of Liguor Yield of Liquor- of the Tracheid

Days Unwashgd Retentlgn Unwashgd . Holding . Removed e Wall
of Pulp, Value, Pulp, Capacity, Components, Pores,

Reaction cc./g. cc./g. % . -ee./g. wood cec./g. wood cc./g. wood
Ly 2.25 1.63 85.8 1.ko0 0.10 - 1.30
5k 2.37 1.75 85.7 1.50 0.10 1.40
80 2.23 1.61 83.8 1.35 0.12 1.23
89 2.50 1.88 79.8 1.50 - 0.1k 1.36
110 2.52 1.90 T7.9 1.48 0.16 1.32
120 2.65 2,03 73.9 1.50 0.19 1.31

®The swollen specific-volume is expressed as the volume occupied by centrifuged
unwashed pulp (see page 36) per gram of ovendry unwashed pulp and equals CWR +
0.62 cec./g.

bThe centrifugal liguor retention value is the volume of iiquor held by a cen-
trifuged pad of unwashed pulp per one gram of ovendry unwashed pulp after
centrifugation at 1000 g for 30 minutes.

The yield was interpolated from data in Table II, Column 2, page 61.

dLiquor-hblding capacity is the volume of liquor held by a centrifuged pad of
unwashed pulp produced from one gram of wood and was calculated by multiplying
the CWR value by the yield of unwashed pulp.

°It is assumed that the specific volume of the removed materials is that of the
lignin and equals 0.715 cec./g. (132, 133)

fThe corrected volume of the tracheid wall pores is that volume of pores which
was not creatéed by physical removal of wall components, and is obtained by sub-
t¢racting the volume of the removed components from the tracheid wall liguor-
holding capacity. This value is not absolute since some liquor is held in the
capillaries between tracheids and since CWR value depends on conditions of
centrifugation.
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appreciably during reaction, the tracheid wall pores enlarge only slightly
more than the volume of previously removed components. As a result, the

diffusion of solubilized lignin out of the tracheid walls is restricted.
SWELLING OF HOLOWOOD DURING WATER WASHING

Tarkow and Feisf:(ZQ) found that the vqlumé of tracheid walls in 20-mil-
thick cross sectiéns of sitka spruce,holowood, as determined by the solute ex-
clusiop technique, more than doubles during the sodium chlorite delignification.
The sﬁe;ling of the hélowood in- the reaction liquor observed in the present
study ‘is only about 5%. However, when a block is removed from the reaction

liguor and water washed, it expands in all the directions.

The tangential expansion data are presented in Fig. 17. The extent pf'
tangential expansion is plotted aggiﬁst the timé of washing. qup 6f the curves

presented is the dimensional behavior of a given block immediately after removal

v

from the reaction liquor and oﬂ submersion in distilied water. The nqmber on
the curve indicates the number of‘days of reaction béfore testing. The t;ngen— ‘
tial expansion during 50-hour water washing of block delignified from the green ‘
condition for 65 days is only Egout"3%. At thi§~stage of reéétion, only a trace ‘
of lignin remains. The subsequént reaction results in up t§;20% tangential

'
a ;
f ‘

swelling during 50-hour water washing. - - : : .o

Thg radial éxpansion of & block with only a trace of lignin present is
essentially thé same as that of a block with f% lignin (Fig. 18):‘.fhese,blocks-
expand initially in the radial direction'about 0.2% but begin to shrink at the
latter stages of washing. The holowood blocks that have been in reaction
liquor twice as long as is necessary to:rehqve all but a trace of lignin, expand

slowly in the radial direction during the initial phase of water washing. After




-hQ-

. @

UOT3TPUO) USDID dY3 WOIT PITITUITITa(Q
. SY00TH poonoTod Jo Butysem uo uotsusdxy TBTIUSIUBL SYL °*LT 2am3tJd

S Juw ‘ONIHSYM 40 JAIL
OOv2 0022 0002 008l 0091 OOl 0021 000l 008 009 OOt 002

_ [ 8511 1 T T 1 T - —
o *>—— — —— " _—

9901 VI —_—

re o W——

G901

06891

oONOL

JonbIT uoT}OBII
ut sdBp ay3z o3 s1o79y,

1 |
o) ©
% 'NOISNVAX3

]
o

]
!




UOT3TPUO) US3IXH 3Y3 WOIJ PITITUITTSQ
SY20Td POOAOTOH JO 8urysepm uo uorsuedxy TBTPBRY oYL °QT 2andtrg

‘ uw ‘ONIHSYW 40 JNIL
0022 0002 008! 0091 00t 0021 000F 008 009 OOF

002

T = —o—+& -+ —t +————
o€ ‘8 ‘21 oY

oclioY
n_v b
2 J0nbIT UOT30BIX
! ur sfep ou3 o3 sIBFAY, o7110Y
B YXALD).

L~

" % 'NOISNVdX3




-T1-

a few hours of washing the rate of expansion accelerates and approaches that of

the tangential expansion,

The longitudinel expansion of the holowocod blocks on washing is less than
1% beyond the green dimension. The longitudinal expansion curves are pre-

sented in Fig. 19.

Considering the tangential expansion simultaneously with the radial ex-
pension, the total volumetric expansion continues at constant rate for a con-
siderable length of time. This is illustrated in Fig. 20. Apparently, the
driving force causing swelling increases during water washing while the resis-
tance to swelling increases as the trachéid wallévgeform. After about 8 hours
of water washing the plasticity of both tangential and radial walls is about

equal resulting in the same amount of exbansion in both walls.

The swelling behavior of the tracheid walls is confirmed by the swollen
specific volume determined by the centrifugal water retention technique. These
values are converted to tracheid wall water-holding capacity as described earlier
(page 66) and are presented in Table VI. The water-holding capacity of the
water-washed tracheid walls increases up to 66% with the largest increase for
pulp that has been in the liguor twice as long as is necessary to solubilize

all but a trace of lignin.

Some of the additi;nal water held in ﬁhe tracheid walls of the delignified
fibers is held in the spaces previously qccgbied by lignin, and therefore does
not contribute to the swelling of the tracheid walls. After correcting for the
volume of this water, the remaining incréésé'in the tracheid wall water-holding

capacity indicates swelling of the tracheid walls (Table ViI).
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TABLE VI
WATER-HOLDING CAPACITY OF PULP
AFTER WATER WASHING

Tracheid Wall Liquor or
Swollen Specific Water-Holding Capacity,

Volume,™ cc./g. cc./g. wood , Increase in the
Elapsed Days In After In After Water-Holding Capagity
in Reaction  Water Reaction Water During Washing,
Reaction Ligquor Ligquor Wash Liquor Wash %
G Lh 2.25 2.65 1.k0 1.55 10.7
G Sk 2.37 3.19 1.50 1.90 26.7
G 80 2.23 3.33 1.35 1.90 Lo.T
G 89 2.50 3.7k 1.50 2.12 41,3
G 110 2.52 4.36 1.48  2.39 61.5
G 116 2.h2 " Lh.2b 1.37 2.28 66.4
G 120 2.65 4,61 1.50 2,41 60.7

Bswollen specific volume equals CWR value (at 1000 g. for 30 min.) plus 0.62
cc./g., and is expressed as cc./g. of ovendry pulp in unwashed or washed
conditioen.

bTracheid wall water-holding capacity is obtained by multiplying CWR value by
vield of unwashed or water washed pulps, respectively. The yields are inter-
polated from Columns 2 and 2 + 3, respectively from Table II, page 61. For
washed pulps: G L4 to G 120, the yields are T6.4, TL.2, 69.6, 68.0, 63.8,
63.0, 60.5.

®Since the CWR value depends on conditions of centrifugation, these values
are not unique and are used only to indicate a trend.




Corrected
Volume of
the Tracheid
Wall Pores
. . a
in Liquor,:

Sample cc./g. wood
G Ly 1.30
G 5k 1.ko
G 80 1.23
G 89 1.36
G 110 1.36
G 116 l.21
G 120 1.31

-T5-

TABLE VII

NET TRACHEID WALL SWELLING
DURING WATER WASHING

Water Weshed Pulp

Water—gold%ng
Capacity,
ce./g. wood

1.55
1.90
1.90
2,12
2.39
2.28

2.4

Blast column from Table V, page 67.

Volume of
Removed
Components,
ce./g. wood
0.17
0.19
0.21
0.23
0.26
0.26

0.28

Increase in
the Volume

.of the Tracheid

Wall Pores
Due to Swelling,

%

7.0
23.6

37.4

39.7

58.8

66.3

62.6

bWater-holding capacity of the washed pulp is the volume of water held by a.
centrifuged pulp pad expressed as cc./g. wood and was calculated by

multiplying CWR value by the yield of washed pulp.

from data in Table II, page 61.

Yields were interpolated

®A11 the removed components are assumed to have the same specific volume

es lignin: 0.T15 cc./g.

dColumn 5 = [(Col. 3 - Col. 4 - Col. 2)/Col. 2] x 100. The water held in the
pores previously occupied by removed components is not considered to contri-
bute to the swelling of the tracheid'walls.
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The amount of tracheid wall swelling during water washing is small in the
pulps delignified for less than two months. However, the subsequent standing
in liquor results in over 40% increase in the swelling of the tracheid walls
as defermined in the water-washed condition by the centrifugal water-retention
technique. Tﬁese data are in good aéreeﬁeﬁt with the dimensional béhavior of
holowood blocks during water washing. In both cases, the large increase in
swelling occurs after reaction for more than.twofmonths. Du;ing this time
period the yield drops from about 64% to sbout 57%, mainly due to decrease in

-

the hemicelluloses content.

Since the tracheid walls swell while the hemicellulose content decreases,
the swelling cannot be attributed to the amount of hemicelluloses.. However,
it is 1likely that the nature of the remeining hemicelluloses is modified, re-
sulting in an increased tendency of the trﬁcheid walls to swell. Also, the
removal of the three-dimensional lignin'network is necessary but not sufficient
for the swelling to occur. However, the essential solubilization of lignin and
the presence of high concentration of hemicelluloses do not cause swelling of thé
holotracheid walls, since in this case swelling would teke place in the reaction
liquor. The significant experimental observation made on the holowood blocks
and confirmed on pulps is that swelling of the tracheid Qalls does not commence

until water washing.

The solute exclusion technigue is carried out on the water-washed samples
and not directly in the liquor (52, 86, 134). Since the water-washing step is
critical in determining the extent of tracheid wall swelling, the sdlute ex-
clusion technique, as applied in the literature, does not measure the development
of pore sizes during pulping but also inélqdes the response of delignified

tracheid walls to water washing.
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The effect of preheating wood on the swelling behavior of the holowood
blocks during water washing is very dramatic. In Fig. 21, Curve G is for the
blocks delignified from the green condition. The blocks delignified after pre-
heating (Curve PH) exhibit a considerably greater swelling tendency. Each
data point represents the extent of tangential expansion of the given block
during 50 hours of water washing. (For the Curve PH, individual expansion
curves are presented in Appendix VI.) The onset of the drastic expansion takes
place after about 50 days of reaction for the blocks delignified from hygro-
thermally treated wood and about 25 days later for the 5locks delignified from

the green condition.

Comparison of Curves G and PH with the yield Curve Y in Fig. 21 shows that
major changes in the chemical composition occur during the first two months -of
reaction, while major changes in the tracheid wall swelling during water washing

occur after reaction has proceeded for more than two months.

Even though the amount of tracheid wall components removed during reaction

 and water washing (Table II, page 61) is not markedly changed by preheating of

wvood, the holowood block expansion on water washing is increased drastically.
The absence of difference in amount—of components removed, even though the
tracheid wall pore volume increases more for preheated reacted wood, seems to
indicate that some mechanism other than‘the physical entrapment of .solubilized
molecules is also involved in.the removal of solubilized molecules out of the

tracheid walls.
SWELLING OF HOLOWOOD DURING HYGROTHERMAL TREATMENT

During the latter stages of water washing of holowood blocks, the rate of

swelling decreases and the block dimensions appear to reach an equilibrium
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(Fig. 17). However, subseguent hygrothermal treatment results in a consider-
able additional expansion as illustrated in Fig. 22 and 23. The holowood block
reacted for 110 deys from the greenmcdndiéionsexpands 15.5% in the tangential
direction during the hygrothermal treatment. The total .tangential expansion,
beyond the water-swollen dimension of the’green wood, is 29.4%. This figure
takes into account the 0.75% expansion occurring during cooling back to room

temperature.

The hygrothermal treatment of the wood blocks before delignification also
has an accelerating effect on the rate of swelling during the hygrothermal
treatment of the holowood. The rate and the amount of expansion during hygro-
thermel treatment increases with increaéiﬁg time of residence in reaction
liquor for holowood delignified from green wood (Fig. 22) and for hygrothermally
treated wood delignified to about T0% yield. At lower yields the rate of ex-
pansion continues to increase, but the final magnitude decreases (Fig. 23).
Apparently, the maximum tangential expansion of the holowood blocks during
washing and hygrothermal treatment is about 30% before the tracheid-to-tracheid

bonding is sufficiently desﬁroyed for the block to lose its coherence.

The tracheid wall water-holding capacity decreases during the hygrothermal
treatment of pulps (Table VIII). The decrease is greatest for pulps that have
been in the reaction liquor the longest time.

=3

This decrease in the tracheid wgll swelling implies a decrease in fhe
tracheid wall average pore size. However, about 8.7%'(ovéndry weight of wood)
of the wood components are remo&ed during the hygrothermal treatment of holowood
(Teble II, page 61). This is equal to 24% of removed components for holowood

reacted for 120 days and 85% for holowood reacted for two days. These data
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- suggest that besides the physical entrapment concept (134, 135) some other
factors may be involved in resisting the removal of solubilized materials out

of the trachelid walls.

TABLE VIII
SWOLLEN SPECIFIC VOLUME AND THE WATER-HOLDING
CAPACITY OF HYGROTHERMALLY TREATED PULPS’

Tracheid Well . _
Swollen Specific Volume, Water-Holding Capacity,

cc./g. pulp ce./g. wood _ Decrease in Tracheid

After After After: After Wall Swelling During

Water Hygrothermal  Water Hygrothermal Hygrothermal Treatment
Sample Washing Treatment Washing Treatment %
G 29 2.93 2.97 1.87 1.69 12.8
G Ly . 2.65 3.01 1.55 1.60 1.3
G Sk 3.19 3.19 1.90 1.67 10.0
G 66  3.L9 3.76 2.15 2.0k 8.k
G 80 . 3.33 3.32 1.90 1.70 13.1
68 3.7h 3.56 2.12 1.82 g 16.0
G110 L.36 3.7k 2.39 . 1.8k : 24,7
G 116 L.2h 4,32 2.28 1,76 o2kl
G127 L.62 L.00 2.48 1.96 : : 22.2

aWater—holding.capacity of washed, and washed then hygrothermally treated pulps
is the volume of water held by a centrifuged pulp pad expressed as cc./g.

wood and was calculated by multiplying CWR value by the yield of pulp in
washed, and in washed then hygrothermally treated condition, respectlvely

The ylelds were interpolated from date in Table II, page 61.

o’

Column 6 = ‘[(Column 4 - Column 5 + 0.715 cc./g. x weight of components removed
during hygrothermal treatment)/Column 4] x 100; (weight of removed components
is interpolated from the data in Column 4 of Table II, page 61). The water .
held in the spaces previously occupied by the tracheid wall components is re-
moved durlng hygrothermal treatment of ‘washed pulp.
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CHANGES IN THE CELLULOSE FINE STRUCTURE
AS DETERMINED IN THE WET STATE DURING
THE CONVERSION OF WOOD TO HOLOWOOD
The holowood block expansion and the decrease in the tracheid wall water-:
holding capacity result in a dilemmwa. The expansion of the holowood block
could take place by an expansion of the middle lamellae without a change in
the tracheid wall volume, or by an increase in the tracheid wall thickness out-

ward. The decrease in the tracheid wall water-holding capacity, hOWever,'in—A

dicates a decrease in the tracheid wall volume.

According to Stone and Scallan (52), the amount of inaccessible water in-
creases more than the volume of tracheid wall components removed during pulping,
end the tracheid walls swell. Their model (page 24) suggests that wall swelling
takes place in the amorphous mantle su;:Qunding the highly ordered regions of

cellulose, forcing them further apart.

The decrease in the swollen specific volume of pulp during hygrothermal
treatment, while the block dimensions continue to expand, however, suggests
that the density of tracheid walls increases. This could take place by
stretching of the lamellae resulting in a decrease in the void volume within

the lamellee.

The concepts of amorphous mantle swelling aﬂd the stretching of the lamellae
can be differentiated by berforming the x-ray diffraction analysis on the wet
holowood sections. If the crystallinity indei and the degree of order of the
highly ordered regions increase, the stretching of the lamella is confirmed:’

On the other hand, if these parameters are unaffected, or if they decrease
during water washing and the hygrothermél‘tréatmgnt of holowood, the swelling

of the amoxphous mantle takes place.
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CELLULOSE FINE STRUCTURE IN THE GREEN WOOD TRACHEIDS

The results of the x-ray diffraction analyses on green wood sections are
presented in Table IX. The hygrothermal treatment of green wood, which does
not cause a significant removal of tracheid wall components, results.in a
slight increase in the crystallinity index of specimens still in the wet
state. This is interpreted to mean an increase in the amount of highly ordered
cellulose, which is arbitrarily defined as that fraction of cellulose which

contributes to the scatter of x-rays by 002 planes.

The accompanying decrease in the radial width at half height is an indica-
tion of an increase in the degree of order of the highly ordered region of
cellulose, Several factors, such as an increase in the crystallite size, relaxa-
tion of stresses in the crystalline region, and a decrease in the other crystal-
lite lattice defects, contribute to the. radial narrowing of the width at half

height of the 002 crystallite plane maxima.

The structure of cellulose in fhe green wood tracheids can be altered
by such a process as hygrothermal treatment. Apparently, the observed increase
in the degree of order of cellulose is a continuation of crystallization occur-
ring during maturation of the tracheid as described by Berkley and Kerr (6l4)

and Preston (65, 68).

The locations of the exposed populations of tracheids (about 600 tracheids
per exposed volume) are illustrated in Fig. 24, The same locations were viewed

before and after hygrothermal treatment. .
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TABLE IX

THE X-RAY CRYSTALLINITY OF GREEN WOOD AS
AFFECTED BY THE HYGROTHERMAL TREATMENT

Average
Crystallinity Index
Number of Green Heated
Sample Exposures Wood

Average Radial Width
at the Half Height

Tangentialntracheid walls perpendicular to the x-ray beam

Wood

Earlywood I R 60.91 62.17
Mean change +1.22
Standard error 1.10
Latewood I- L 66.66 67.05
Mean change +0.40
Standard error 1.03
Whole growth ring 8 56.67 57.16
Mean change +0.49
Standard error 0.52

Radial tracheid walls

perpendicular to the x-ray beam

Latewood I L 6L .kl 65.7h4
Mean change- +1.30
Standard error 0.82
Latewood II i 68.42 69.73
Mean change +1.31
Standard error 1.40
Average:

Mean change +0.87
Standard error 0.40

95% Confidence limits +0.83

Green Heated
Wood, Wood,
degrees degrees
12.88 12.70
-0.18
0.19
13.11 12.81
—0a30
0.17
13.10 12.32
-0.78
-0.07
13.46 12.90
-0.55
0.26
12,76 12,35
-0.k40
0.12
-0050
0.07
+0.15

a'Mea.n change is the average of the differences between measurements made on
same populations of tracheids in a wood section at different treatment

levels.

bStandard error is that of the mean change;
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Pith Dlrectlowé) s_g_“_ 3360
. T ""? Oz 03 2 Whole Growth Ring

. Figure 24, The Location of Tangential Exposure Areas of
Wood Sections of Table IX '

A larée diffefence in the crystellinity index exists between the earlyw;od
(60.91) and the latewood (66.66) tracheids. In addition, the crystallinity
index is variable from one growth ring (60.91-66.66) to another (56.67). Hence,
it was necessary to view the Saie population of tracheids throughout the experi-
mental sequence consisting of ékﬁqsures oﬁ'green wood, hygrothermally treated
wood, holowood in liquor, water;ﬁashed holowsod; and hygrothermally treated
holowood. However, the exposures on sections at different extents of delignifi-
cation in the liquor are made on different sections. Since these sections were
from three different growth rings, they cannot be directly compared. However,.
-the paired comparisons of same populations of tracheids at different treatment

levels can be made, and the statistical analyses are carried out accordingly.

There, dlso, is a difference in.the crystallinity index depending on
whefher the tfacheids are viewed.in'tangential or radial orientation. . Hence,

méaningful results were obtained in the present study because precautions were
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made to view the same population of tracheids, with known orientation through-

out the experimental sequence.

The average orientation of crystallites (Table X) does not appear to change
appreciably during hygrothermal treatment of-green wood, when the tracheids
appear to expand about 1.6% tﬁﬁg;ntially and shrink about 0.7% radially. Any
changes in crystallite orientation caused by these.changes in the tracheid

dimensions are too small to be detected by the x-ray diffraction analysis.
CELLULOSE FINE STRUCTURE IN THE REACTION LIQUOR

The action of reaction liquor on the tracheid walls causes a decrease in
the crystallinity index on the average from 57.75 to 46.11 (Table XI) indicating
a decrease in the amount of highly ordered cellulose. These data are collected
on the adjacent populations of tracheids within the same growth ring through
the whole growth ring with tangential tracheid walls perpendicular to the x-ray
beam. Hence, in this case, the obtained values can be compared as‘é function
of time of delignification. The crystallinity index decreases from 57.87 to
48,02 during the first 11 days in the reaction liquor with an additional de-
crease to 42.58 during the following month. Up to about 15% of the wood compo-

nents are removed from the sections during this period.

The radial width at the half height appears to increase during the first
20 days from about 12.25 to 12.90 for the two samples analyzed. If real, this
increase would indicate a decrease in the order of highly ordered regions. For
the samples which have been in the feﬁction liquor for one to one ana‘one-half
months, the radial width at half ﬁeight appears to have recovered to the same
level as that in the hygrothermally treated wood. The decrease in the crystal-

linity index accompanied by this apparent recovery of order in the highly
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TABLE X

ORIENTATION OF CRYSTALLITES OF GREEN WOOD

Number of
Exposures

Average Circumferential .

Width at the Half
Height, degrees

Average Circumferential
2T Width, degrees

Green Heated
Wood -Wood

Green
Wood

Tangential tracheid walls perpendicular to the x-ray beam

Earlywood I

a
Mean change
Standard error

Latewood I
Mean change
Standard error

Whole growth ring

Mean change -
Standard error

Average:'

Mean change
Standard error

i

95% Confidence limits

Radial tracheid walls

Latewood I
Mean change
Standard error

Latewood II
Mean change
Standard error

Average:

Mean change
Standard error

L

L

95% Confidence limits

17;?1 : 17.61
-0.10
0.31

16.49 16.26

15,32 15.7h -

+0.19
0.11
+0.23

perpendicular to the x-ray beam

15,0k : 1k.80
-0.2h
0.31

14,21 '13.92
-0.28
'0.23

-0.26
0.19 -
+0.45

35.65
+0.81

0.75

35.33
-0.90
1.19

30.30.
+0.82
0.72

+0.39
0.50
+1.07

31.84
-0.29
0.53

.30.16

-0.85
0.33

-0.5T

0.31
+0.7h

Heated
Wood

36.46

34,43

31.12

31.55

29.31

aMean change is the average of the differences between measurements made on same

populations of tracheids in a wood section at different treatment levels.

bStandard. error is that of the mean change.
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ordered regions of cellulose implies that the disordering has taken place in the
less ordered regions of the highly ordered region of cellulose. The most highly
ordered cellulose appears to be resistant to the disordering effect of the

reaction liquor.

The changes in the orientation of highly ordered regions of cellulose are
within experimental error. The tracheids expand only about 2% tangentially and
shrink about 0.7% radially during the first one and one-half months in the

reaction liquor.
CELLULOSE FINE STRUCTURE AS AFFECTED BY THE WATER WASHING OF HOLOWQOD

‘X-ray Crystallinity

The data in Table XII are collected on sections from three different
growth rings and therefore cannot be compared vertically. However, in each
case the same population of tracheids is viewed before and after water washing.
This design of experiments permits fhe paired comparisons of washed and unwashed
sections at each level of delignification. The statistical analyses are carried
out on the difference between measurements made on the same populations of

tracheids at different treatment levels.

Throughout the reaction range investigated, the removal of the reaction
liquor and of the solubilized tracheid wall components.results in a recovery
of the crystallinity index. Since this increase resulted from an increase in
the height of the 002 diffraction maxima, an increase in the amount of highly
ordered cellulose is suggested, During water washing of holowood reacted for
11 days, when 7.5% of the wood‘components are removed, the crystallinity index
increased by 10.42 arbitrary units. For the holowood reacted for 97 days, the

wood component removal was 13.0% during water washing, while the crystallinity
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TABLE XII.
EFFECT OF THE WATER WASHING ON THE
HOLOCELLULOSE X-RAY CRYSTALLINITY

o Radial Width at the
Elapsed Half Height

Days in Crystallinity Index In Reaction After Water
Reaction .In Reaction After Water - Liquor, Washing, .
Liquor Liquor Washing degrees degrees

Tangential tracheid walls perpendicular to the x-ray beam

1 51,47 50.24 12.67 12.80
I 54,32 58.14 13.18 12.68
11 L8.02 58.4k4 . . 12.86 13.04
18 47,23 53.70 12.95 12.61
29 L6.62 .53.55. 12.23 12.65
46 42,58 49.99 12.5k 12.16
62 52.30 60.36 12.54 12.29
97 54.77 66.30 12.50 12.1L
Mean change® +6.93 ' -0.1k4
Standard error l.22 0.12
95% Confidence 4
limits +2.94 +0.28

Radial tracheid walls perpendicular to the xéray beam

1 49.99 58.13 13.47 13.47
L 56.69 56.87 : 13.h4Y4 13.44
16 38.91 5k .34 13.12 12.83
29 48.25 55.36 12.25 13.05
46 46.18 46.08 12.64 12.11
62 38.16 h2.54 . 12.02 12.49
97 . 46.38 56.95 12.96 12.56
Mean change +7.95 : +0.01
Standard error 1.77 0.18
95% Confidence o _ : .
limits +4.40 +0.L6

SMean change is the difference between measurements made on same populations
of tracheids in holowood sections in liquor saturated and water-washed
conditions. e ‘

bStanda.rd error is that of the mean change.
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index increased by 11.53 arbitrary units. Hence, the recovery of the crystal-
linity index is not only related to physical removal of the tracheid wall

components.

The amount of highly ordered fraction of cellulose is not accompanied by .
a detectable change in the radial width at half height; the newly formed highly
ordered regions of cellulose appear to have the same degree of order as the

previously existing highly ordered regions.

The expansion of the holowood ﬁloéks (p. 69) and the increase in the swollen
specific volume of pulps (p. T4) during water washing is accompanied by an |
increase in the amount of highlonrdered cellulose. Hence, it is important to
distinguish what components actually swell, and what components actually become

more highly ordered.

The increase in the amount of ﬁighly ordered regions of cellulose are ex-
pected to make the microfibrils lesé extensible. -ﬁence, it is incorrect to
consider the tracheid walls as swelling, since the framework substance becomes
more highly ordered. The tracheid walls take up water and the outside dimensions

expand, but at least the highly ordered regions of cellulose do not swell.

If the microfibrils are considered as inextensible highly ordered structures,
the tracheid wall lateral expansion is expected to shorten the tracheid, re-
sulting in a shrinkage of the holow&oa ﬁlock. However, éhe block expands about
0.6% longitudinally as it expands tangentially 20.0% and 7.75% radially. There-
fore, the microfibrils are actually extensible and the intermicrofibrillar
bonéing is infrequent and/or can be easily broken. The lamellae are built up

of these rather loosely held, extensible microfibrils.
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As the tracheid expands, the lamellae are stretched, causing alignment
of cellulose molecule segments in the regions of cellulose which have a
degree of order approaching ﬁhat of highly o;deréd cellulose. The amount of
highly ordered cellulose increases. In addition, the alignment of neighboring

highly ordered regions is improved.

If the holowood tracheid behaves dimensionally in the same way as the
total holowood block, and if the sliding of microfibrils relative to their
surrounding is small, then the maximum extension of the microfibrils in the
tangential walls is 9.5% and 4.0% in the radial walls. However, the actual
dimensions of the trachelds were not measured. Hence, thé-above'values can be

considered only as rough approximations of actual extension of the microfibrils.

The concept of aligning cellulose molecule segments dﬁ?ing straining appears
to be consistent with St8ckmann's (136) entropy deformation mechanisms. Accord-
ing to him, the elementary fibril must possess less-ordered regions throughoﬁt
the fibril cross section, allowing for molecular segments to undertake position
changes during straining. However, it must be kept in mind that the present'
data refer to the never-dried sapwood holotracheids, and may not be applicable

after. the samples are dried,

Orientation of Crystallites

Since the tracheid cross dimensions appear to increase more than the
lengﬁh of the tracheid, the crystallite average orientation angle with rgspect
to the tracheid longitudinal axis is expected to increase. For the holqwéod
sections pulped less- than one month, the circumferential width at half height
increases from 16.77° to 17.31°, or 0.54° in the case of tangentlally exposed

sections (Table XIII). For the holowood sections reacted from one and one-half
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TABLE XIII
EFFECT OF THE WATER WASHING ON
THE ORIENTATION OF CRYSTALLITES

Circumferential Width .
Elapsed at Half Height Circumferential 2T Width

Days in In Reaction After Water In Reaction After Water
Reaction Liquor, Washing, Liquor, Washing,

Liquor 4 degrees ~ degrees degrees degrees
Tangential tracheid walls perpendicular to x-ray beam

1 17.42 18.32 38.1k4 36.85

L ' 18.47 - 18.8% v - : 37.04 - 37.73
11 15.52 16.46 29.86 31.92
18 ©16.10 ' 16.48 32.31 T 33.16--
29 - 16.32 16.46 31.25 32.62
Average C16.TT T 17.31° ©33.32 - 34,46
L6 - 15.62 - 7 17.36 - 30.01 - 33.39
62 17.63 18.75 35.46 36.3L
97 S 15.97 18.2k4 30.55 3k.56
Average 6.k 18.12 - 32,01 ¢ 34,77
Mean change® o 40:98 : +1.75
Standard error . 0.26 ) 0.56
95% Confidence S o s : ‘
limits : +0.61 _ . +1.08

Radial tracheid walls perpendicular to x-ray beam

1 14.81 14.94 30.72 30.65

4 15.77 : 16.57 S 31.09 - 32.51
16 15.64 15.80 - 30.78 32.20
29 1k.29 15.69 28.31 31.03
Average 15.13 15.75 30.23 31.60
46 14,16 15.69 28.96 31.64
62 15.09 - 16.99 . 30.53 34 .0k
97 14.15 17.0k . 28.93 33.05
Average 147 " 16,57 : 29.47 - 32.91
Mean change A +1.26 - ' - 42,11
Standard error 0.51 0.63
95% Confidence : ' :
limits +1.26 +1.5k4

SMean change is the differencé between measurements made on same populatiohs 6f
tracheids in holowood sections in liquor saturated and water-washed conditions.

bSta.ndard error is that of the mean change.




-95~

to three months, the corresponding figures are 16.41° and 18.12° or an increase
of 1.71°. The increase in the cir;umferential width at the half height for
sections exposed with radial tracheid walls perpendicular to the X-ray beam are
0.62° for the sections reacted less than 30 days, and 2.10° for the sections
pulped for one and one-half to three months. Clearly, the tracheid wall ex-
pansion is accompanied by a shift in the crystallite orientation angle with
respect to fiber axis.

CELLULOSE FINE STRUCTURE OF HOLOWOOD AS AFFECTED
BY HYGROTHERMAL TREATMENT

X-ray Crystallinity

The hygrothermal treatment of the holowood sections results in an increése
in the erystallinity index throughout the reaction range inyestigated (Table
XIV). The increase is especially apparent in the cases where the radial tra-
cheid walls are pefpendicular to the x-ray beam. Apparently, the intermicro-
fibrillar bonding is predominant on. the radial walls due to natural disruptions
such as pits and ray parenchyma crossings resulting in changes in the micro-
fibril o?ientation. These intermicrofibril bonds resist the sliding of micro-’
fibrils along their surfaces, resulting in a more severe stretching of the
cellulose molecules in the somewhat ordered region of microfibrils in the

radial walls.

The decrease in the radial width at half height is on the average from
12.83° to 11.83°, or 1.00° for the tangentially exposed holowood sections.
The decrease for the radially exposed sections is 0.90°. These changes suggest
a strong increase in the degree of order of the hlghly ordered fraction of
cellulose. Presumably, the stretchlng of the tracheid. wall lamellae and the

stretching of the microfibrils are suff1c1ent to cause strong allgnment of both
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TABLE XIV -
EFFECT OF THE HYGROTHERMAL TREATMENT ON

THE HOLOCELLULOSE X-RAY CRYSTALLINITY

‘Radial Width ‘at the

Elapsed Crystallinity Index Half Height
Days in After After’ After Water After ‘Hygrothermal
Reaction Water Hygrothermal Washing, Treatment,
Liquor Washing Treatment ‘degrees - degrees -
Tangential tracheid walls perpendicular to the x-ray beam
1 50.24 56.82 12.80 11.98
i 58.14 60.71 12.68 11.94
11 58,4k 56.40 13.04 12.30
18 53.70 55.02 12.61 11.80
29 53.55 ~ 55.13 12.65 12.73
97 66.30 69.08 12.1k 11.48'
120-1 59.65 61.00 13.32 11.52
2 57.45 63.36 12.95 11.49
3 54,22 59.49 - ° 13.07 11.74
I 55.22 59.98 13.00 11.34
Average '56.69 59.70 12,.83 11.83
Mean cha.ngec ©+3.01 -1.00
Standard error 0.82 0.18
95% Confidence limits +1.82" +0.540
Radial tracheid walls perpendicular to the x-ray beam
1 58.13 61.79 13.47 12.50
4 56.87 60.69 13.LL4 12.22
16 54,34 55.70 12.83 12.62
29 55.36 62.31 13.05 12.58
"L46 46.08 47.38 12.11 11.63
62 L4o,54 55.93 12.49 10.75
97 56.95 68.148 12.56b ‘ 11.36b
120—A h7.12 65.92 - 12.22 8.52
120-8> 55.35 62.50 11.86 11.11
120-c? 57.29 62.87 11.9h4 10.88
Average 53.00 60.35 12.64 11.74
Mean change +7.35 -0.90
Standard error 1.79 0.16
95% Confidence limits +0.35

+3.98

8y =

Earlywood B =

transitionwood; C =

latewood.

Sample ‘120-A is omitted from the statistical analyses due to the extra-
.ordinarily large changes. R .

Mean change is the difference ‘between measurements made on same populatlons
of tracheids in holowood sections in water washed and hygrothermal conditions.
Standard error is that of the mean change.
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the microfibrils and the somewhat aligned cellulose molecules, increasing
the amount of highly ordered cellulose at the expense of less ordered

cellulose.

Orientation of Crystallites

The avefage orientation angle of the crystaliites with respect to the
tracheid longitudinal axig in tangential sections does not change by a detect-
able amount during hygrothermal treatment of holowood. However, the avéfage
orientation angle of crystallites in the radially exposed séctions decreases

(Table XV),.

éince the holowood block continues to expand more in tangential and
radial directions than in the longitudinal direction, the average orientation
angle of the crystallites is expected to continue to shift away from the
tracheid longitudinal axis. However; the shift in the crystallite average
orientation is téward the tracheid axis, especially in the radially exposed
sections (16.49° to 15.72°). This shift is accompanied by an iﬂcrease in the
crystallinity index (53.00 to 60.35). These data suggest that the additional
crystallization takes place in the microfibrils which have the increasingly
highly ordered regions more closely parallel to the tracheid longitudinal
axis than the previously crystallized regions.
CELLULOSE FINE STRUCTURE IN THE NEVER—DRIED

HOLOTRACHEID LAMELLAE

On the basis of the x-ray diffraction analyses, it can Be concluded
that, as the holowood block expands, aﬂd the tracheid wall water holding
capacit& aécreéses, the tracheid wall‘lamellae do not,svell. Instead they

are stretched to the point where they actually lose water, and the degree of
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TABLE XV
EFFECT OF THE HYGROTHERMAL TREATMENT
ON THE ORIENTATION OF CRYSTALLITES

Circumferential Width S R .
at Half Height Circumferential 2T Width

Elapsed After After
Days in After Water Hygrothermal After Water Hygrothermal

Reaction - Washing, - . ‘Treatment, . - Washing, Treatment,
Liquor degrees degrees degrees degrees

Tangential tracheid walls perpendicular~to thé X-ray Beam

1 18.32 18.12 36.85 36.99
N : . 18.84 18.68 . 37.73 38.30
11 16.46 15.52 31.92 31.80
18 16.48 16.50 33.16 33.84
29 16.46 16.51 32.62 32.58
97 18.24 17.81 34.56 35.21
120-1 : 17.42 . AT - .35.80 © 33.80
2 17.88 18.83 35.60 35.89
3 : - 18.93. - - 17.53. . - .35.86 35.91
I 17.93 18.32 35.26 34,47
Mean changeb -0.16 -0.06
Standard error‘ - 0.21 . ) 0.26

95% Confidence limits +0.L46 +0.57
Radial tracheid walls perpendiculaf to thé x-ray beam

1 14.94 15.10 30.65 ‘ 29,23

L - 16.57 15.54 32.51 - 31.72
16 15.80 15.55 32.20 30.98
29 15.69 . 13.98 31.03 . 29,63
46 15.69 15.50 31.64 29.63
62 . .16.99 ‘ .15.35 . 3k.ok .31.1%
97 17.04 15.80 33.05 31.36

120—A 17.23 15.6L4 \ . 34,11 33.48
120- Ba 17.53 17.64 33.17 33.18
120-C 17.38 17.11 32.24 32.89
Mean change -0.77 1.1k
Standard error 0.24 0.32

95% Confidence limits +0.53 . +0.71

%A = Earlywood; B = transitionwood; C = latewood. .
Mean change is the differencé between measurements made on same populations
of tracheids in holowcod sections in water washed and hygrothermal conditions.
Standard error is that of the mean change. ‘ :
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order of cellulose increases. Based on this evidence, the.model of tracheid
wall lamellae advanced by Stone and Scallan (gg) does not fully describe the
fine structure of never-dried lamellase, since it does not provide a mechanism
for the increase in the degree of order of cellulose as the tracheid dimensions
increase. The concept of cellulose possessing different degrees of order as.
described by Howsmon and Sisson (37) and the fringed fibril model of cellulose
(42) do provide mechanism for this increase. The present data suggest that the
never-dried microfibrils are extensible, and that the straining causes an in-
crease in the degree of order of cellulose ﬁolecules within the microfibril as
well as in the better alignment of microfibrils in the lamellae.

FACTORS CAUSING THE CHANGES IN THE CELLULOSE
FINE STRUCTURE IN THE WET STATE

INTRODUCTION

The experimental evidence presented in the previous section establishes
the concept that the cellulose fine structure is modified already in the wet
state during the tracheid wall component removal. However, up to this point,
the factors causing the stretching of.the framework constituents, which in
turn cause the increase in the degree of order of cellulose, have not been dis-

cussed.

During water washing for u48 ﬁours the swollen specific volume of £he
57% yield pulp increases by 82%. On resubmersion in reaction liquor, the
swollen specific volume decreases and approaches that in the unwashed condition
(Table XVI). The subsequent water washing results in the recovery of the
swollen specific volume to the same level as with the first water washing. The
chemical composition of the pulp- does not appreciably change during this

reversible swelling process. Hence, the. swelling and shrinking of the tracheid
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wall cannot be attributed to the hydrophobic or hydrophilic character of the
tracheid wall components. The conceéntration of ions in the environment, how-
ever, :does change. ‘Therefore, it is reasonable to expect that the expansion
and shrinking of the tracheid wall may be caused by ionized group effects.

In the following section these factors are elucidated by considering the

mechanisms which are involved in swelling of holocellulose in the. ionic

medium,
TABLE XVI
SWOLLEN SPECIFiC VOLUME OF 57% YIELD PULP IN
WATER AND IN REACTION LIQUOR .
. . Swollen Specific Volume,
o T . : ce./g.
Treatment Sample I Sample II
In reaction ligquor 2.65 2.65
After the first water washing 4,75 4.90
After resubmersion in the reaction liquor 3.30 3.k
After the second water washing 5.00 4,88

SWELLING MECHANISMS IN THE ELECTROLYTE SOLUTIONS

According to Stamm (132) the swelling of cellulosic substances in the

electrolyte solutions can be explained by the following mechanisms:

1. The water, bound to the ions immobilized in close. proximity to the
surface ions, causes the swelling (i;l).

2. Electrical charge develops on the swelling material as a result.
of selective adsorption of ions causing repulsion of like charges
on. the neighboring surfaces opening up the structure and permitting

water to enter mechanically (137-1L40).
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3. Donnan membrane equilibrium is set up within the swelling material,
with higher concentration of ions within the swelling material than
in the bulk solution. The developed osmotic pressufe causeslwafer

to diffuse into the material (141, 142).

Yorston (143) has proposed a fourth mechanism of swelling which is a
modification of the second mechanism. In this case the cellulose is considered
to have a negative surface charge. An electrostatic repulsion develops due to
the formation of electriéal double layers on the neighboring cellulose surfaces.
As évresult, the wall pores are enlarged and the amount of capillary water in-

creases. This mechanism is supported by Thomas (129) and by Jacquelin (LLL).

The fifth mechanism of swelling invgives Donnaﬁ pétential swelling forces.
Unlike mechanism three, the uneven ionié aistribution does not arise from the
electrolyte, but from the immobility of the anions of the polymer ionizing groups.
These ionogenic groups are internal to the amorphous components of the tracheid

walls and hence cause osmosis of water into these regions (LU5-LLT).

The first of the above cited mechénisms, the swelling by water of h&dration,
is related to the now popularlconcept of "water structure making ions" and
"water structﬁre breaking ions"'(lgﬁj; .However, this mechanism is discarded as
not being the'controlling mechanism on the following grounds. In order for the
tellulosic materials to swell by the mechanism of the water of hydration of the
absorbed cations, the cation concentration should be above 2N (132, 149-150).
In the present study the bulk solution concentration is 0.1N and below.
Furthermore, the swelling by this mechanism increases as the ion concentration
increases., In the present case, the swelling occurred during water washing as
cation concentration decreases. Finally, the Na+,is a "structure making" ion,

. + . . . .
while K is a "structure breaking'" ion. However, no differences were observed

+
between the effects of Na and of K+ ions.
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Cellulosic Substances in Water

In order for eifher the electrostaﬁic repuleion effect‘or fhe Donnan

potential effect to be operating, tﬁe holocel;ulose surfaces have'to possess

a negative surface charge in watef. .The negative surface charge is well docu-
mented. According to Heymann and -Rabinov (;2;),'the'"cation—freef cellulose
has distinct acid properties in water. He considers the cellulose fiber as a
multivalent giant anion, which is surrounded by an atmosphere of.hyd?ogen ions
due to the dissociation of acidic groups. Stamm (l;g) observed that even the
finely ground wood flour dispersed in water assumes '@ negative. surface charge.
According to Goring and Mason (152), the whole pulp fiber carries a negative
charge vhen suspended in water. Furthermore Asunmaa and Schwab (k9) suggest
that the 100 A. diameter mlcroflbrlls of holocellulose in flbrlllated condltlon

carry a surface charge.

Several ‘authors have determined the zeta-potential (Z) of cellulosic sub-
stances and found it to vary between -1l mv. for viscose rayon and -45 mv. for
beaten cotton (152, 153). Kanemaru and Takada (153) found that the { decreases
as & result of standing in distilled water. Furthermore the higher the crystal—
llnlty of the cellulose is, the smaller is the drop in T. Gorlng and Mason
(152) found for the bleached sulflte pulp that g is -29 2 mv, in 2.5 x lO 5N

KCl, and —8 8 mv. in 2 x 10 “2N KC1.

Bjorkqvist and Jorgensen (;2&)‘foundethe holocellulose to contain consider-
ably more acidic groups than pure” cellulose. They suggest that the majority
of carboxyl groups in spruce and birch holocellulose belong to the hemicellulose
fraction. This view is supported' by Asuﬁﬁaa and Lange (159), who determined
the carboxyl group ‘distribution through the tracheid walls of spruce holocellu-

lose and found it to be similar to hemicellulose distribution. The carboxyl
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groups are almost linearly distribgted throughout the tracheid walls with the
maximum~in,t£e outer layers and the minimum;aféund the lumen: Kantouch,;»L

et al. (156) observed an increase in the carboxyl content of the cotton-cellu- .
lose on reaction with sodium chlorite. The effect is more prénounced after
prolonged reaction. Hence? not only is the carboxyl content of holocellulose
high due to the high hemicellulose content, but also the reaction of cellulose

vith sodium chlorite promotes the formation of carboxyl groups.l

Donnan Potential in the Cellulose-Electrolyte System

The Donnan potential develops if the ion distribution is uneven, resulting
in an osmosis of water, which swells the cellulose (157). The swelling continues
until the osmotic'pfessure is balanced by the forées arising from the cohesion
of limited swelling cellulose gel‘(lgg). If the'electrol&te concentration of
the bulk solution is increased, the Donnan potential is suppressed. For the
cellulose-potassium chloride system, the Donnan potential is completely suppressed
at a concentration above approximately 0.L mélar (lgg).(:At lower concentration
the Donnan potential develops and swelling occurs. Neale and Standing (l&@) have
found the Donnan potential of cellophane to vary from 0.23 mv. at 1.03M_Kci to
57.11 mv. at 0.001M KCl. Recently, Sivaraja Iyer and Jayaram (lég) confirmed
the above results. Osmotic pressure due to Donnan potential could result in the

expansion of the tracheid walls by swelling of the amorphous regions within as

well as between the lamellae.

Electrostatic Repulsion Effect of Electrical Double Layer

A simplified model of the electrical double layer and its potential distri-
bution is shown in Fig. 25. The liquid phase consists of the Stern immobile

layer and of the Gouy-Chapman diffuse layer. The Stern immobile layer contains




Stern

Immobile | Gouy— Chapman | Bulk of
Solid ‘Layer ‘Diffuse Layer Solution
<A IFAWF* —A 1 T A
—|+ - I
g + L+
- ;r _ R
L+ - o+ T
M - 4+ T
dirs = 7
1\\ Counterions Coions
Potential Determining lons .
| (A)
<
—
Z
L
-
O
o
‘_J
<
U
s &
—
@)
Lud
I
w

8 ke DISTANCE

(B)

Figure 25. A Simplified»Modei of the Electrical Double Layer,
(A); and its Potential Distribution, (B). Adopted
from Verwey and Overbeek (162)
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the thin layer of chemisorbed but hydrated counterions. The Gouy—Chapmén diffuse
layer has the rest of the counterions and'extends to the bulk solution. The

following other terms are used to describe the electrical double layer:

wo = the surface potential
Y = the electrical potential at some distance x from the surface
§ = the thickness of the immobile Stern layer

wa = the potential at the outer Helmholtz plane, the potential drop
across the diffuse layer

{ = the experimentally determined potential at the hydrodynamic
plane of shear .

Kk = Debye-Huckel parameter; 1/k, an approximation of the double
layer thickness (16Q-162)

Electrostatic Repulsion Effect of Electrical Double Layer

As the electrolyte concentration in tge bulk solution decreases, an in-
creasing number of sodium ions are removed“from the Stern layér by thermal
motion into the Gouy-Chapman diffuse la&er increasing the domain of the double
layer. The expansion of the electrical double layer is illustrated in Fig. 26
as the expansion of the electrical p§£éntial distribution curve. Thus, the
lower the electrolyte concentration, the more gradually the potential falls
off with distance from the charged surface. With the surface charge of 25 mv.
the effective double layer domain extends over 100 A. in 0.001N electrolyte
(161). These values can be considered as reasonable estimates for the holo-

tracheid lamellae during water washing.

The interaction of the two neighboring lamellae is illustrated in Fig. 27.
According to Verwey and Overbeek (162), the repulsive effect is operative be-

tween two lamellae separated by less than a hundred Angstrom units to several
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hundred Angstrom units apart, depending on the surface charge and the electrolyte

concentration. Hence, the electrostatic repulsive effect tends to widen the

spacing between charged surfaces.

25

|
o 10
- DISTANCE, A.

The Expansion of the Electrical Double Layer is Illustrated as
the Development of the Electrical Potential Distribution Curve
vhen the Electrolyte Concentration Changes from 0.0lN to 0.004N
to 0.001N for One to One Electrolyte.” From Adamson (161)

Figure 26.

The electrostatic'repulsion effect can‘be considered to act on all the
surfaces possessing a surface charge. The distance between the neighboring
lamellae of the tracheid walls can be cohtiolled by this mechanism. Further-

more, the electrical double layers can be present on the surfaces of paracrystal-

line bundles of molecules and crystalline regions.
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DISTANCE BETWEEN
NEIGHBORING LAMELLAE

The Electrical Potential Distribution Curves of Two Inter-
acting Double Layers. In Case 1, the Electrolyte Concen-
tration is Low and the Gouy-Chapman Diffuse Layer is Expanded
Resulting in a Repulsive Interaction Tending to Move the
Surfaces Further Apart. In Case 2, the Electrolyte Concen-
tration is High and the Gouy-Chapman Diffuse Layer is
Collapsed Resulting in Negligible Interaction Between the
Charged Surfaces .
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According to Campbell's (;éi) original model of swelling of cellulose in
water, the surface molecules of the amorphqus regions are anéhéred to the body
of the structure with a portion of the molecules or a group of molecules dis-
solved. Goring and Mason (152) modified this concept to include the electro-
static repulsion effects as depicted in a simplified manner in Fig. 28. They
proposed that there is a diffuse boundary of considerable thickness called the
B—iayer in which the partially dissolved molecules and groups of molecules,
bearing an electrical charge, extend into the liquid phase. Each such unit is
surrounded by its own Gouy-Chapman diffuse double layer. They calculéted the
approximate double layer thickness to be 20 A. in 0.02N solution and to expand
to about 300 A. in the 1.0 x 10—“H_KCl. This, of course, results in an electro-
static repulsion betéeen the neighboring charged cellulose molecular segments
and groups of molecular segments. According to this idealized model, the
electrostatically swéllen B-layer would be several thousand Angstrom units thick
if the macromolecule:segments can unravel and become fully extended. For holo-
tracheid walls with a high hemicellulose content, this swelling mechanism could
play a considerable role during water washing.

EFFECT OF UNIVALENT CATIONS ON THE SWOLLEN SPECIFIC
VOLUME OF WATER-WASHED PULP

Since the cellulosic substances pogsess a negative surface charge in
water and the swelling forces attributable to these charges are strongly in-
fluenced by the electrolyte concentration, the effect of ionic medium on the
swollen specific volume of the 57% yield pulp (b. 36) was studied. The results
of treatment with univalent cationic electrolyte solutions are given in Table

XVII.
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Figure 28. . Schematic Representation of Distribution of Ions at .
the Lamella-Liquid Interphase. Adopted from Goring (122)
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TABLE XVII

EFFECT OF UNIVALENT CATIONS ON THE SWOLLEN SPECIFIC
VOLUME OF 57% YIELD PULP

Swollen Specific

Volume After Swollen Specific Swollen Specific
Water Washing Time of Volume in 0.1N Volume After
from Reaction Treatment, -TIonic Medium, - Second Water
Sample Liquor, cc./g. hr. ce./g. Washing, cc./g.
NaCl 5.01 20 3.28 4.58
5.10 20 3.30 :  L.56 -
KC1 5.02 1/6 3.33 L.53
5.16 2/3 3.43 4,69 -
.73 12/3 13.35 .32
5.00 .. 20 . 3.68 4.18
4.98 20 3.48 L.62
- 4,73 , 20 3.16 b
4.76 20 3.15 b.17
4.90 48 3.30 - 3.73
NaOH 4.63 20 oo 3,22 . h.08
L.75 20 3.1k L.05
KOH k.55 20 3.08 3.99
k.61 20 3.10 3.99
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The tracheid walls respond to th; univalent ionic solution in a manner
similar to that observed with the reaction liquor. The swollen specific
volume of washed pulp decreases about 32% in fhe O.lﬁ_univalent ionic mediuﬁ.
The rewashing in distilled water for 48 hours results in a T70% recovery-of
the swollen specific volume loss. The 0.1N KCl solution has the same effect

as the O/1lN NaCl regardless of the duration of treatment in the salt solution.

These results are in qualitative agreement with the results of Andersson
and Samuelson (1_6!:,_) , who observed that the rayon fiber swells as the concen-
tration of K+, Na+, or Li* decreases from 0.1N to O0.0lN. Grundelius-and
Samuelson (léi) observed a similar effect for beaten bleached birch kraft pulp
in sodium polymetaphosphate (NaPO3), in the concentration range of 0.1N to 0.05N.
Aggebrant and Samﬁelson (}gﬁ) made the same observation for purified beaten and

unbeaten cotton.

The tracheid walls do not swell in the 0.1N alkaline medium, but in fact
shrink in a manner similar to that observed with the other univalent ionic solu-
tions. . Also, the shrinking is partially reversible in the sense that rewashing

in distilled water results in an increase in the swollen specific volume.

\

EFFECT OF MULTIVALENT CATIONS ON THE SWOLLEN SPECIFIC
VOLUME OF WATER-WASHED PULP

Others have noted that the effects of electrolyte on pulp fiber properties
(;éé;;ég),-pﬁlp slurry properties (170-175), and paper properties (173-175) are
dependent‘on the valence of the cations. .To obtain a qualitative verification
that the observed swelling and shrinking behavior of the pulp tracheid walls is
indeed attributable to cationic effects, the swollen specific volume of pulps
was also determined in the multivalent cationic ﬁediums. The results are given

in Table XVIII,.
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TABLE XVIII
EFFECT OF MULTIVALENT CATIONS ON THE

SWOLLEN SPECIFIC VOLUME OF 57% YIELD PULP

Swollen Specifie

Volume After .. Swollen Specific Swollen Specific

Water Washing Time of Volume in 0.1N Volume After

from Reaction Treatment, Ionic Medium, Second Water

Sample Liquor hr. ce./g. Washing, cc./g.
BaCl; 4.67 20 3.0L 3.18
L.6k 20 .2.90 : 3.28
‘Ba(C2H307)> 4.91 20 - : 2.95 : 3.12
L.43 20 2.93 3.20
FeCl; L.89 1/6 3.09 2.83
L, 72 2/3 3.10 2.88
| 4,79 12/3 : 2.99 2.85
4,76 20 3.08. 2:87
L.79 20 2.93 2.89
4. 43 20 . 3.0k 2.92
L.65 20 3.09 2.89
L.76 L8 3.15 - 2.9k

The univalent and multivalent cations have a similar effect in decfeasing
the swollen specific volume of the washed pulps. The valence effect, however,
is apparent on the swollen specific volume of the pulp after rewashing in dis-
tilled water. For the univalent cation treated pulps, the éwo;len specific
volume loss recovery is T70%, while for the divalent cation-treated pulps the
recovery is only 12%. In the case of tﬁelpulp treated with 0.1N trivalent

cations, the tracheid walls remain in the shrunken condition.

These results agree in principle with the observations that ‘the beating
time needed to reach a given freeneés increases ﬁith’the valence of the éation
in the dispersinglmedium (;Zgrilﬁ).. In the shrunken condition the tracheid
walls do not beat as well as in the swollen condition. The resultsvare also in
agreement with the fact that multivalent cations are better drainage aids (ilgf

174) and better flocculatingagents (167, 168, 171) than the univalent cations.
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SORPTION OF CATIONS WITHIN THE HOLOCELLULOSE TRACHEID WALLS

The chief reason for the differences between the effects of univalent and
multivalent cations on the tracheid wall dimensioénal changes is that cations
are more difficult to remove from the vicinity of negatively charéed surfaces
the larger the cation valence. Masters (;1§) observed that sodium ion can be
easily removed from cotton with water washing, and according to Sarkar, gg.g;.
(;11), the Na+ bound to jute holocellulose is completely removed by distilled
water washing. On the other hand, Preston (160) observed that cellulose micro-

++
fibrils adsorb Cu ions from water solution forming a two-dimensional crystal-

line array of copper atoms on the surfaces. Cohen, et al. (;1§) found that water
washing is not effective in removing divalent ions\such as Mg++ and Cu++.

Ogiwara and Kubota (179) observed that Ca++, and Fe'' in dissolving pulp could |
not be removed by water washing, but that 0.1N HCl is effective in removing

3

+ +
these divalent cations. The Fe and Ce h, however, resist even the acid

washing so that only about 20% of these multivalent cations are removed.

It is generally believed that the sorbed cations are associated with the
carboxyl groups (177-180). SJj8strm, et al. (181l) indicate that the divalent
cations are associated with carboxyl groups through both valence electrons.
Ogiwara, et al. (179, 180) found that the amount of sorbed ca*? ana Fe*? in ais-
solving pulp is approximately equal to the molar number of total carboxyl groups,

3 and Ce+h is equal to the total carbonyl content.

while the amount of sorbed Fe
Ogiwara and Kubota believe that divslent cations are ionically bonded to car-
boxyl groups, while the trivalent ions may be bonded by coordinate chelation

with carbonyl oxygen (179).
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EFFECT OF CATION SCAVENGER ON THE SWOLLEN_SPECIFIC
VOLUME OF ELECTROLYTE TREATED PULP

If the permanent decrease in the swollen épecﬁfié:QOlume observed for the
di- and trivalent cationic electrolyte treated pulps is indeed due to the
présence of the cations w{thin the fraéﬁeid walls,.thgn the removal of these%:“
cations should result in the recovery.of the swollen specif;c Yolumg. In
order to test this hypothesis the cation containing pulps were treated with a
cation scavénger, ethylenediamine-tetraacetic acid (EDTA). The results are

given in Table XIX.

The ruﬂs méde on the pulping liquor or monovalent cationic electrolyte
treated pﬁlps serve as the controls. Treétment with the 0.1N EDTA results in
the reduction of the swollen specific.QOlume of pulps to the same level as the
treatment with univalent cations. The effect, however, is reversible, so that
75% of thé swollen specific volume loss is recovered on rewashing in distilled

water.

The tracheid previously treated with di- and trivalent cationic electrolyte
solutions swell during water washing following EDTA treatment. For the di-
valent cation treatedvpulps the swollen specific volume loss recovery is about
58%, while for the trivalent cation treaﬁgdvﬁulps the ;orresponaing recovery
is 44%. The lower recovery is again'an.indication 6f2£he inéreésed difficulty
of removing cations from the héloééilﬁlosé as the vaience ofA£he.cation in-
creases. These results are consistent with those of Cohen, et al. (178), who
found that sodium hexametaphosphate exchanges Mg++ and Ca++ on the carboxyl
groups to Na+ in bleachéd spruce sulfite and unbleached eucalypt kraft pulps

resulting in a better response to beating;
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TABLE XIX
THE EFFECT OF CATION SCAVENGER (EDTA) ON THE SWOLLEN
- SPECIFIC VOLUME OF ELECTROLYTE TREATED 57% YIELD PULP®

Swollen Specific Volume of Pulps, cc./g. : o
After Treatment After Subsequent

Sample © After Rewashingb with O.ly_EDTAc Water Washing
Treated with pulping liquor
5.00 3.05 ' 4.19
h.BS 3.07 4,23
Treated with univalent cations
KC1 b1 2.99 4,18
' 4,17 - . 3.03 4,16
NaCl - L4.s8 3.0k 4,13
~ " -~ k.56 . 3.08 4,11
Treated with multivalent cations
BaCl, 3.18 2.99 4,21
3.23 2.99 4,32
Ba(C,H302)2 3.12 2.94 4,25
3.20 3.17 4.06
FeCl; . 2.92 , 2.85 3.62
g 2.89 2.86 ' 3.65

\

#The pulps were first water washed to remove reaction liquor and solubilized
componéents, then treated with the 0.1N solution of indicated electrolytes.

bThe values in the first column of numbers are the swollen specific volumes
after subsequent water washing.

®The pulps wvere cenﬁrifuged directly from O.lg_EDTA.
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EFFECT OF ACID TREATMENT ON THE SWOLLEN SPECIFIC
VOLUME OF PULP

According to the litexature (168, 173, 175), the 0.1N acid treatment of

kraft and suifite pulps has effects on flocculation, response tofbeating; aﬁd‘
final paper properties‘closef to the effécté §f<multivalent cafions than uni-
valent cations. In agreement, acid treatment.results in shrinking of the
tracheid walls, which is permanent in the sen;é;that the subsequent water

washing does not result in a recovery of the swollen specific volume (Table XX).

TABLE XX

THE EFFECT OF ACID MEDIUM ON THE
SWOLLEN SPECIFIC VOLUME OF 57% YIELD PULP

[

Swollen Specific Volume of the Pulﬁs; ce./g.

After First In 0.1N Acid ' After
Sample Washing Medium Rewashing
HC1 L.5T 2.71 3.00
k.62 2.71 2.89
s .
CH3COOH I.63 2.88 3.05
) V 2 .

4,59
MODEL OF THE EXPANDED HOLOCELLULOSE TRACHEID WALLS
The holocellulose tracheid walls can expand Séyond the yaéer—swollen con-
dition of wood'by two main mechanisms: (1) the Donnan potential effect
causing swelling within amorphous cellulose and hemicellulosés by virtue of
internal ionized groups, and, (2) by the electrostatic repulsion-induced
separation of surfaces. The latter effect éan be considered to act on all
| structural elements of the tfacheid walls that possess surface charge. These
concepts are illustrated in Fig. 29. They qualitatively account for the ob-
served increases in the swollenispecific volume of pulps and in the dimensions

‘ of the holowood blocks during water washing. They are also in harmony with the
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Two lamellae separated by the
electrostatic repulsion of the
negatively charged lamellae
surfaces combined with the
B~layer formed from the
partially solubilized surface
molecules which are held apart
by their own electrical double
layers

Elementary fibrils separated by
the Donnan potential developed
within the swellable surface
layer

Microfibrils belonging to one
lamella but being separated by
the Donnan potential developed
in the amorphous region made

up of hemicellulose and swell-
able cellulose surface molecules

Two neighboring lamellae
separated by electrostatic

"repulsion due to formation of

electrical double layer in the
vicinity of the charged surfaces

Two lameliae bonded together

through paracrystalline region

Figure 29. . A Schematic Representation of a Cross Section of Two
Neighboring Lamellae of Holocellulose Tracheid Wall
in the Swelling Condition.

1. The Highly Ordered Region of Lamells Possessing
Crystalline Regions Connecting the Adjacent Highly
- Ordered Fibrils but Interrupted with Amorphous Regions
Between Fibrils.

2. The Paracrystélline and Amorphous Regions of Lameilae
Made up of Disordered Fibrils
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reversibility of dimensional changes of the holocellulose tracheid walls in.

univalent electrolyte solutions and distilled water.

In the univalent cationic electrolyte solution, the electrostatic inter-
action of the neighboring carboxyl groups are. suppressed by shielding .of. the
negative charge by excess Na+ ions (iég). As thé electrolyte concentration in
bulk solution decreases during water washing, the Na+ counterion concentration
in the vieinity of the charged surfaces decreases. As a result, the electro-
static double layer of ionized surfacé grOuﬁs expands and the Donnan potential
of ionized internal groups increases. ‘The increasing electrostatic repulsion
effect due to the neighboring electrical double layers tends to separate the ad-
Jacent structural elements and the inéréasiﬂg D@nnan poteﬁtial increases the
osmotic movement of wgter into the amorphous regions. Thus, the tracheid walls
expanq. As the expanded tracheids‘afe submerged in the 0.1N electrolyte ;olu-.
tion, fhe Gouy-Chapman diffuse layer collapses and the Donnan potential de-

creases; thus, the tracheid walls shrink. On rewashing, the process is repeated.

Based on information in the literature, the divalent cations are bound to
carboxyl groups either by salt formation (ion pairing) (179, 181) or by complex
formation (183, 184). Tondre and Zana (183) indicate that binding of counter-
ions involves two charged sites when the minimum distance between two charged -
sites is small (chelation). Ogiwara and Ku£ota (179) believe that trivalent
cations form a chelate bond with the carbonyl oxygen. Consequently, the bound
multivalent cations are more difficult to remove from the Stern layer than the
univalent cations: the domain of the double layer is small and the Donnan
potential is low even in the washed coﬁdition. Thus, the tracheid walls expand
very little on water washing. The reocéﬁrrence of the tracheid wall expansion

on water washing after removal of divalent cations by EDTA confirms the concept
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that the ionized groups in the holowood are responsible for the expansion of

the holocellulose tracheid walls on water washing.

In the acid medium, the low pH favors‘formatioﬁ of nonionized groups (l&i).
The electrostatic interactions between these nonionized groups,suppress their
dissociation (182) on water washing. Hence, only a low surface charge develops,
and tracheid wall swelling by electrostatic repulsion is small.  Similarly, the
dissociation of internal groups is suppressed, and the Donnan potential swelling
forces are low. .In addition, hydrogen bonding between carboxyl groups also con-
tributes to the dimensional stability of the tracheid walls.
EfFECT OF THE fRACHEID WALL EXPANSION ON THE:

CELLULOSE FINE.STRUCTURE

Tﬁe céliulése microfibril§ are the framework constituents of the trécheid” :
walls and are érranged more or ;ess parallei in concentric layers forming more
or less independent structural units calledvl;mellae. As the amorphous fractions
locatedivithin as well'as between the lamellae swell by-the'Donnan effect, and
as the lamellar separation is further aided by the electrostatic repulsion
operating between the neighboring lamellae, the tracheid circumference increases.
A possible consequence is that, since the tracheid does not shgink longitudinally,
the microfibrils are stretched. Furtherﬁore, they slide slong each other's
surfaces resulting not only in a higher degree of order within the microfibrils

but also the microfibrils themselves are more perfectly aligned.




=119~

SUMMARY OF RESULTS

In order to make a judgment whether the cellulose fine structure is

modified in the wet state during the £récheid wallﬂcomponent removal; the

following observations were made:

1.

The: component removel (solubilized lignin and hemicelluloses) from
the tracheid walls continues fhrough the oxidative delignification,
the water &ashing, and the hygrothermal treatment. The amount of
tracheid wall componen?s extracted into reaction liquor and into
wvash water increases with the time”of oxidative delignification
while the amount of tracheid wéii‘components removed during the
hygrothermal treatment is independent of the length of reaction

time and is about 9% of the ovendry weight of unextracted wood.

The holowood block retains the tracheid-to-tracheid bonding
throughout the reaction range (to.57% yield) as long as it remains
in the reaction liquor, but undefgoes dimensional changes when
soaked in distilled water. The holowood block expands up to 20%
tangentially, up to 8% radially, and 0.6% longitudinally during water

washing (at 57% yield).

The hygrothermal treatment of washed holowood (8 hours at 95°C.)

results in an additional expansion of about 15.5% tangentially, 4%
radially, and 0.4% longitudinally (at 57% yield). At this point

the tracheid-to-tracheid bonding diminishes, particulatrly along'the

. radial walls.
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The volumetric expansion: of thé holowood block in the reaction liquor
beyond. the waterjlogged condition of wood is only about 3.5% for 5T%
yield holowood (120 days). This comprlses about h% tangentlal ex-
pansion and 0.5% radial shrlnkage. In 250 days, the tangentlal ex-
pansion is about 5.5%, while the radial shrlnkage is still about 0.5%.
The swollen specific volume of‘pulps in reaction liquor increases
about 17% during reaction from'7i.5% yield (30 days) to 57% yield.
However, after correcting for the'volume of the removed components,
the -water-holding capecity of the holocellulose tracheid walls in-
creases only 5%. Hence, the tracheid walls do not swell appreciably

in the reaction liquor during® thé entire delignification period.

Water washlng of the holowood results in volumetrlc expan51on at any
degree of dellgnlflcatlon (down to 57% yleld) The tangentlal ex-

pansion is only about 3% for holowood delignified to 61% yield.but in-

- creases to 20% as the yield decreases to 57%. The T70% yield holowood

expands 0.2% radially during the first few hours of water washing but
subsequently shrinks slightly, while the 57% yield holowood expands
throughout water washing and reaches 8% expansion in 50 hours. Water
washing results in an increase in the swollen specific volume of pulp
and this increase becomes lgrger as the yield decreases. For the 57%
yleld pulp, the swollen specific volume increases by T4%, which
corresponds to & 667 increase in the tracheid wall water-holding

capacity.

The hygrothermal treatment results in up to a 24% decrease in the

holocellulose tracheid wall water-holding capacity (as determined by
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the centrifugal water retention technique) even though the holowood

block expands 20% -in volume (57% yield pulp).

The crystallinity index and the degree of order of the hlghly ordered
regions decrease durlng the room temperature sodlum chlorite dellgnlfl—
cation as determlned on holowood sections stlll in the reaction

liquor.

Water washing of holowood sections results in avcohsidereble recovery
of the crystalllnlty 1ndex, while the degree of order of the hlghly
crystalllne region remains relatlvely unchanged ' The orientation
angle of the highly ordered reglons relative to the tracheid longitu-
dinal axis widens during water washing. The longer the reaction is
carried out, the larger are the changes in the cellulose fine struc-

ture during washing.

The hygrothermal treatment of the washed holowoods'results in a further
increase in the crystallinity index.and in a considerable increase in
the degree of order of the highly ordered regions. The.average crys-

tallite orientation angle is relatively. unaffected.

Hygrothermal treatment of greeh sapwood results in increases in the
crystallinity index and the degree of order of the highly ordered

regions.

Heating of the air-dried holowood sections at 105°C. and 9.7% moisture
content for two hours results in an increase in the crystallinity index
and in & strong increase in the degree of order of the highly ordered

region.
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Washed holocellulose tracheids (57% yield) behave dimensionally in a
similar menner in the electrolyte solutions as in the reaction medium.
When phe pulp is submerged in the liguor (l.lg_NaCloz + removed wood
constituents) or in a O.ly_electroiyte solutiﬁn, fhe swollen specific
volume decreases about 32%, indica£ing éhrinking-of the tracheia

Il

walls.

Wgter‘washing of reaction liguor submerged, previously washed pulp,

results in a 47% increase in the swollen specific volume. The corres-

i

ponding figures are 33, 9, and -5.5% for pulps submerged in mono-
valent, divalent, and trivalent cationic electrolyte solutions,

respgctively.

Water washing after treatment with the cation scavenger (EDTA) re-
sults in a recovery of the swollen specific volume loss of T5% for

univalent, 58% for divalent, and 44% for trivalent cationic electro-

lyte sclution soaked pulps.

Treatment with ‘the 0.1N acids and 0.1N alkalies results in a 32% and
in a 39% reduction, respecti?ely; in the swollen specific volume of

yashed pu;ps. The subsequent water washing results in a 59% recovery
of the swollen specific voiume loss for alkali-treated pulps. In the

case of the acid treatment the tracheid wall shrinkage is irreversible.
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CONCLUSIONS:

On the ba31s of the x-ray diffraction analys1s on wet holowood sectlons,
it is concluded that the highly ordered reglons of cellulose become less
ordered during the oxidative solublllzatlon of llgnln and that durlng the
/

removal of the solubilized components by water washlng, the amount of hlghly

ordered cellulose ingreases,

Since the crystalllnlty index increases andvaVerage orlentatlon of crys-
tallites relative to tracheid longltudlnal axis increases durlng water washing
of holowood, and since the crystallinity index and degree of order of highly
ordered regions of cellulose increase.during'hygrothermal treatment of both
green wood and washed holowood, it must be concluded that the fine structure
of cellulose can be readily modified in the never-dried condition. Changes in
the concentration of ionic medium as well as the temperature increase can result
in changes in the amount of and in the degree of order of the highly ordered
cellulose. Hencge, the fine strueture of cellulose in any given sample:is de-
pendent on the previous treatment sequence. This also suggests that the cellu-

lose fine structure can be manipulated in the never-dried state to optimize

desired fiber properties.

Both the hygrothermal treatment of wood and the soaking of'the water- -
logged wood in the oxidizing liquor result in small tangential expansion and
radial shrinkage of the wood blocks, suggesting that either softening or
partial solubilization of the encrusting lignin is needed if the tracheid walls
are to undergo dimensional changes. However? these dimensional changes cannot
be attributed solely to lignin removal, since tangential expansion and radial
shrinkage are also observed for holowood (about T70% yield) with only about 4%

lignin remaining.
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Apparently, the cellulose microfibrils, rather than the encrusting and matrix
constituents, control the direction and thg magnitude of the dimensional changes
of tracheid walls. When oﬁly a frace of ligniﬁ and decreasing amounts of hemi-
celluloses are presént, holowéod blocks éxpand both ténéentially and radially
with the tangeﬂtialAchange being larger, which is similé£ to that occurring

during swelling or drying of wood.

Holowood block expansion simultaneously in tangential, radial, and longitu-
dinal directions, is consistent with the extensibility of the microfibrils in

the never-dried tracheid walls.‘

During water washing, as holowood block dimensions increase in all three
morphological directions, the lamellae within the tracheid walls. are stretched.
Thé straining of lamellae results in a béttér alignment of cellulose molecules
in the paracrystalline regions as well as alignment of highly ordered cellulose
regions, and the increase in the degree of order of cellulose is a consequence

of the tracheid walls expansion.

The water washing of holowood'results in en increase in the amouﬁt of
highly ordered cellﬁlose, wﬁile the hygrothermal trestment results in both an
increase in the amount of highly ordergd celiulose and an increase in the
degree of order of the highly ordered regions. In both cases, the holowood ex-
pands in all morphological -directions.. The lamellae are stretched and the micro-
fibrils are strained resulting in an . increase in the amount of highly aligned
(ordered) cellulose. However, the increase in degree of order of these highly
ordered regions suggests that additional mechanisms may be involved during

hygrothermal4treatment,, Ce
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The increase in the crystallinity index along with the decrease.in the
radial width at half height of the 002 crystallité plane diffraction maxima..
during the expansion of the tracheid walls indicates that a model of the
tracheid wall lamellae in the never—dried‘condition must include & mechanism
for an increase in the degree of order of.qellulose and perhaps even for an

increase in the cellulose-to-cellulose bonding.

The holowood and the resulting pulp dd not swell more than about 5% beyond
the water-logged condition of original wood in the reaction liquor indicating
that the removal of lignin does not result in marked swelling. On water washing,
however, the holowood expands and the swollen specific volume of pulp increases,
with the largest changes observed at the lowest yield (down to 57%) even though
the hemicellulose content has decreased. Hehce, the dimensional stability of
the holowood in the reaction liquor or its expansion on water washing cannot be
directly attributed to the amounts of encrusting and matrix constituents of the

tracheid walls.

Since the block expansion and the'swollen specific volqme increase of
pulps do not commence until water washing, when not only the solubilized tracheid
wall components but also the sodium cations are removed from the tracheid walls,
it is hypothesized that these changes are related to the ionogenic groups within
the tracheid walls. Apparently, as the sodium cation concentration decreases
in the bulk solution during water washing, the Na+ counterions are removed
from the viecinity of the charged surfaces by thermal motion. Consequently,
the electrical double layer expands, resulting in an electrostatic repulsion
of the charged surfaces. This is accompanied by the development of Donnan

potential of ionized internal groups, which causes diffusion of water into
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amorphous hemicellulose and cellulose regions within and between lamellae.
Thus, the apparent expansion of the tracheid walls could be attributed to
the electrical double layer electrostatic repulsion and Donnan potential

swelling forces.
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APPENDIX I
HYGROTHERMAL TREATMENT OF GREEN WOOD

For the green wood bloeks, the first hygrothermai treatmenf feéults in a
tangential expansion, in a radial shrinkage, and in a negligible chahée,in the
longitudinal dimension. The tangential expansion is about.0.45% for the heart-
wood and 0.95% for the sapwood during heating at 95°C. for ten hours. The effect
of temperature on the green wood dimensions is the same whether the heating is

done in distilled water or in the saturated air.

Initially, when bringing the test block up to temperature, the block shrinks
tangentially about 0.05% during the 20°C. to L4L0°C. temperature interval. From
L0°C. to 60°C. the block is dimensionally rather stable. At 60°C. the block
begins to expand tangentially and shrink radially. The rate of dimensional
change is accelerated considerably as the temperature is raised above 60°C. The
blocks appear to approach an equilibrium value at any given temperature in about
three hours. If the temperatufe is raised, the wood undergoes further tangential
expansion and radial shrinkage. Some typical tangential expansion data are pre-

sented in Table XXI.

TABLE XXI

PERCENT DIMENSIONAL CHANGE OF
TANGENTIAL WATERLOGGED SAPWOOD

Intermediate . % Dimensional Change at the % Dimensional Change
Temperature, Intermediate Temperature at 95°C.
Block. °c. 2 Hours 4 Hours 2 Hours- U4 Hours
T-1 4o 0.015 0.020 0.950 1.00
-2 50 0.060 0.085 0.950 -
T-3 60 0.170 0.220 0.960 1.15
-4 70 0.Lko0 0.450 0.960 -
T-5 80 0.650 0.675 0.970 -
T-6 95 0.860 0.940 0.975 1.015
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During the first and the subsequent coolings both the tangential and the
radial dimensions of the wood block increase. However, the block is dimensionally
stable down to about 62°C. and only then begins to expand. This expansion is

only about one-tenth of the original irreversible dimensional change.

The second and the subsequent heatings result in a decrease both in the

tangential and in - the radiai dimensions..
EFFECT OF IONIC TREATMENT OF WOOD

The reéﬁlts of the hyg¥othermal treatment on the green.wood blocks which are
previously treated iﬂto.lM éatibnic solution are given in the Fig. 30. The
treatment in nearly neutral electrolyte solution containing multivalent éation
does not have g de&eétéble effgct on'thp tangential ekpansion of wood on the first
hygrothermal treatment. In thé‘cése o% O.lM_Ba(OH)z the dimensional behévior is
similar -to that in the 0.1M NaOH. The acetic medium seems to depress the tangen—'
tial expansion. The removal of the native muitivalent cations from the wood

block By EDTA leaves the block more extensible.
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Figure 30. The Dimensional Changes of Green Wood and
Impregnated Tangential Wood Blocks on the
First Hygrothermal Treatment
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APPENDIX II
THE DIMENSIONAL CHANGE MEASURING APPARATUS

The power source for the linear.variable differential transformer (LVDT)
is the Power/Mate Corporation Powertwin-99. It can take 105-125 v.a.c. input
voltage and deliver aﬁ output voltage ranging from 12 to 18 v.d.c. In the
present case, 15 v.d.c. is employed. The line voltage was found to fluctuate
between 112 to 119 volts. The Powertwin-99 is rated to cut down this fluctu-

ation to * 0.004 volt.

The linear variable differential transformers employed are the Schaevitz
Engineering DC-LVDT, DC-A Series, Model 050 DC-A. The full stroke displacement
is * 0.050 inch with corresponding output voltage of * 10 v.d.c. The readout

device is a Sensitive Research Instrument.Corporation voltmeter.

To isolate the inherent work bench vibration from the Dimensional Change
Measuring Apparatus, pads of Unisorp were placed underneath thé aluminum base

plate at the corners.

The linearity of the core displacemeﬁt in relation to the output was
tested and found to be linear for the entire displacement stroke. The proce-
dure was as follows: A milled aluminum block is placed on the sample stage in
the test chamber. The base~line voltage is adjusted by moving the LVDT body.
A series of Starret Thickness Gage plates are carefully placed between the

aluminum block and the detection probe. The output voltage is noted.

To determine the dimensional change of the block the following procedure

is used: The test block is placed on the stage, a thin cover glass plate is
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placed over the top edge of the test flock to distribute the detection probe
load evenly over the block, and the detection probe is lowered on the block.
The detection probe supporting springs are édjusted so.that tﬁe test block
experiences only a few grams load. The base-line voltage is adjusted by
moving the LVDT body. The chamber is filled with continually running distilled

water. The reading of the output voltage is started.
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APPENDIX III

. A PRELIMINARY STUDY OF THE CENTRIFUGAL
' WATER RETENTION TECHNIQUE

The éehtrifugal'water refention'value depends on the speed of centrifugation
(the centrifugal field strength) as demonstrated in the Table XXII.. The field
strength of 1000 g is selected for the present study.
TABLE XXII
EFFECT OF CENTRIFUGAL FIELD STRENGTH ON THE

CENTRIFUGAL WATER RETENTION VALUE

Centrifugal Field Water Retention Value,

Strength, g ce./g. 0.4, pulp
100 8.70
500 5.15
1000 L.28
1500 4,07
2000 3.90 -
2500 3.63

aWater-washed 120-day pulp centrifuged for
30 minutes.

The effect of duration of centrifugation is demonstrated in Table XXIII.

The thirty-minute centrifugation time is selected for the present study.
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TABLE XXIII

SUMMARY OF THE CENTRIFUGAL WATER RETENTION
VALUES AS A FUNCTION OF TIME OF CENTRIFUGATION

Centrifugal Water Retention Values, cc./g.
' Time of Centrifugation at 1000 g
Semple. 15 Min. 30 Min. L5'Min. 60 Min.

Holocellulose fiber ,
pads with salts : 2.20 - 2.02 1.93 1.84

Washed holocellulose :
fiber pads 4.35 4.18 L.01 3.82

Washed and heated holo-
cellulose fiber pads 3.92 3.70 3.51 3.43
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Figure 31. Schematic of Jentzen's Laue X-ray Camera
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APPENDIX V

CORRECTION FOR SCATTER BY
WATER, AND REACTION LIQUOR
The correction for the scattering due to water and reaction liquor is made

by subtracting the intensity of scatter dﬁe to these mediumé from the total in-
tensity observed on the x-ray film. The intensities of scatter due to these
mediums are determined by exposing a one millimeter thick layer of water or
reaction liquor between thin cover glass plates to the x-ray primary beam.
These intensities ére corrected for scatter by glass by exposing the empty

glass plate container to the same x-ray beam for the .same length of time.

The thickness of the water layer in the wood and holowood sample is calcu-~
lated from the material balance of the sample. The intensity correction is
then penforﬁéd~on the equal time-equal mass basis (Fig. 32). Summary of the

data for the water and fhé reaction liquor sbatter of x~-rays is given in Table

XXIV.

TABLE XXIV
SUMMARY OF THE DATA FOR THE WATER AND
REACTION LIQUOR SCATTER OF X-RAYS
Time of Scatter Intensity ‘Scatter Intensity
Exposure, at 18.5 Degrees, * at 22.8 Degrees,
Sample hr. arbitrary units arbitrary units
Glass and.air 1 3L 30
2 67 57
3 96 86
Glass + air +
water (1 mm.) 2 - 98 82
3 146 123

Glass + air + _
reaction liquor 11/2° - 6L o 52
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APPENDIX VI
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 APPENDIX VII -

RADIAL EXPANSION OF HOLOWOOD

RG 12 AND 18

M L
I00 200 300 400 500 600 700 800
TIME OF HEATING AT 95°C., min.

Figure 34. The Percent Expansion of Radiael Holowood Blocks on
' Heating at 95°C. After Delignification from the -
Green Condition and Subsequent Water Washing
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LONGITUDINAL EXPANSION OF HOLOWOOD
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APPENDIX VIII

‘POWDER DIAGRAM AND THE
INHERENT PROCEDURES '

In the powder  diagram, the 021 peak interferes with the. 002 peak sinte the
diffraction is spredd over 360°. In the oriented fiber diagram, the diffraction
concentrates at two spots for each crystallite plane and the diffraction from-
the 021 plane is isolated from that of the 002 plane. ¥For these reasons the
crystallinity index and the radial width at-half heights determined on-oriented
samples are more sensitive to.the changes in the cellulose fine structure than- -

those determined on powder diagrams.:

In addition, the procedurel(lgé)‘for'peilet makiné‘ignoreé thé4fact that
the cellulosé grystal;inity is not-a stablé ;quilibrium qpaﬁtity. ?hg procedure
calls for Wiley milling of the sample to 20 mesh,lan addifién of a few drops of
amyl acetate-based Duco cement, and compressing af 2500 p.s.i..for two to threé
minutes. All these processes are likely to affect the crystallinity of the

cellulose sample and overshadow the changes under investigation.
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APPENDIX IX

INCREASE IN THE DEGREE OF CRYSTALLINITY DURING
THE HYGROTHERMAL TREATMENT OF CELLULOSIC SUBSTANCES
Several investigators have shown that the hygrothermal  treatment results
in an increase in the degree of crystallinity of cellulose regardless of the
source or the previous history of the cellulosic sample (84-87, 110). 1In the
present study it is observed that the hygrothermal treatment of the green wood
as well as of the holowood at any degree of delignification also results in an
increase in the crystallinity index. A similar observation is made on -heating
of the holowood at 105°C. and 9.7% moisturejcontent for two hours. These re-
sults are summarized in Table XXV. In addition, the radial width at half
héight decreases in each case. Hence, the heat treatment of holocellulése at
the gi&en moisture content results in an increase in the degree of order'of the
highly ofdered fraction of cellulose.
TABLE XXV
THE EFFECT OF HEAT TREATMENTS ON THE CRYSTALLINITY

OF WOOD CELLULOSE AND HOLOCELLULOSE

Radial Width

Number of Crystallinity Index at Half Height
Samples Before After Before After
Sample Tested Heating ‘Heating Heating Heating
Tangential green wood
sections 16 60.23 60.79 13.0k4 12.59
Radial green wood '
sections 8 66.43 67.73 13.01 12.63
Tangential holowood
sections 10 56.69 59.70 12.83 11.83
Radial holowood sections 9 53.00 60.35 12.64 11.7h4
Air dried holowood 2 75.32 78.30% 12.50 11.81%

a'Hea.tecl at 105°C. at 9.7% moisture content for two hours.
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Stevens (97) observed that the equilibrium moisture content of the beech-
wood dried to 13% moisture content at T0°C. is lower at 30% R.H. and at 75% R.H.
than that of the similar samﬁles dried Qt 2566. The results of the present
x-ray study indicate that the decrease in the equilibrium.mqistpre,contenp is

due to the crystallization taking place during the wet heating.

Merchant (187) observed.that the pfolonééd drying of the solvent exchange '
dried bleached, Mitscherlich sulfite, sbrﬁce pulp at temperaturéé above 60°C.
resulted in decreased B.E.T.>area, which he attributed to changesAinmthe fiber
structural units caused bf thermal effects influencing hydfégen bondiné. Stohe
(15) observed a similar decrease in the B,E.T. area for solvent exchange dried
bleached sulfite pulp especially in‘the small pore range and attributed it to
the thermally induced motion at the microfibrillar level. According to the
present study, the packing density of cellulose increases during heating at a .
given moisture content. Using a cellulose powder diagram, Stqne,did not ob-
serve an increase in the crystallinity index. This technique, howevgr, is not

as sensitive to the crystallinity changes as the technique used in the present

study.
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APPENDIX X
. WATER-HOLDING_CAPACITY AND THE CRYSTALLINITY

It is suggested in the literature (185) that the water retention value
(WRV) is a more sensitive indicator of the conversion of cellulose I to
cellulose II than the conventional dry state -x-ray diffraction analysis. The
increase in the water-holding capacity of pulps, characteristic of cellulose
IT, can be detected earlier than the changes in the crystalline pattern. This,
of course, is true since the irreversible recrystallization effects are avoided

by the application of the WRV-method.

The results of the present study, however, indicate that extreme care
must 5e exercised in interpreting the ﬁeaning of the WRV. During water washing
of pulps; the‘centrifugal water retention value increases indicating swelling
-and the crystallinity index increases indicating consolidation. This is an
opposite phenomenon to that cited above. These results suggest that the combina-
tion of WRV-method and of the x-ray techniques are necessary to obtain reliable

information about the changes in the cellulose. fine structure.
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APPENDIX XI

EXPANSION OF TRACHEID WALLS AND PREFERENTIAL
DEFIBERING ALONG RADIAL WALLS

The concept that the microfibrils can slip along each other's surfaces
more easily in the tangential walls'thgnvin-the radial walls .can offer an ex-
planation why the tangéntiél walls expand or shrink.mor; than fhe,radial walls
as the moisture content of woocd or holowood section is changed. The inter-
microfibrillar bonding at the microfibril crossing resists both the'expénsion
and the contraction of the tracheid walls..‘The microfibrils in the tracheid
tangential walls, having fewer crossings and bheing sepafé£ea by swellable
cellulose and hemicellulose layers, are capable of sliding along each otherfé
surfaces more readily than those in the radial walls which have more crysgalline‘

bridgings between the neighboring microfibrils.

A similar argument can be offered to explain the pfeferential defibering
along the radial walls versus that along the tangential walls.oﬁservedhby,
Thompson and Hankey (186). The structure of the adjacent radial walls is dis-
rupted by pits and by ra& parenchyma crossings. Hence,'as the walls expand,
more severe local stress céncentration; develop on the:micfbfibrillar level
in the adjacent radial walls than on the more uniform and more plastié taqéential
walls resulting in one by one breaking of the bonds. If the bonding is through
the parent tracheid wall, the effect is even stronger, since the parent wall
is already very severely sfretched and‘éannot deform with equal ease as the

daughter cell wall.
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APPENDIX XII

TABLE XXVII

WEIGHT LOSS DURING PULPING OPERATIONS

Saturated
Weight After
- Pulping, g.

(G, RC, RV, RN, ] E—gF =V BN} R~ i g —g Ell g g

i\ i

.154
.005
L3
.362

.978
.637
.607
723

.213
.160
LT
.9ko

LTHT
.645
2l
.001

.920
.061
.096
.105

Calculated
Ovendry
Weight of
Wood, g.

1.360
1.312
1.456
1.429

1.61k
1.50k
1.494
1.532

1.683.
.1.666

1.597

1.595

1.830
1.808
1.678
1.601

1.566
1.610
1.622
1.624

Ovendry
Weight After
Treatment,

e N e H e e el H P

H e

g

.397
.292
418
.288

.6L1
436
+390
.36k

T30
. 564
397
.318

867
.720
1486
.382

571
JLer
.387
.305

Accumu
Weight
%

-2.

12,
17-

-2.

11.
13.

-0.
11.
1k.
19.
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Loss,
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TABLE XXVII (Continued)

WEIGHT LOSS DURING PULPINGOPERATIONS

‘ Calculated
Saturated Ovendry
Weight After Weight of "
Pulping, g. Wood, g.
4.852 1.5k1
5.029 1.598
4,841 1.538
b, 641 1.47h
4.954 1.593"
5.156 1.658
5.122 1.6L4T
L.817 1.545
5.43k4 1.712
5.562 1.740
5.453 1.705
5.391 1.685
L.94g 1.587
5.434 1.7k2
4.879 1.564
5.071 1.626
4.822 1.542
4.972 1.590
5.106 1.633
4,981 1.593

Ovendry
Weight ‘After
‘Treatment,

H e

o e

HE

e

g.

.5T3
487
.335
218

537 -
Lo3
354
.206

631
490"
.376
.303

.587
.510°
.315
273

437
.367
.303
.229

Accumulated

Weight
%

-2,

13.
17,

15.
17.
21.

1k.

19.
22.

13.
15.
21.

1k,
20.
22.

AW &

~N\0 w o

Aol \Vieieo]

Loss,

w D

\O o +\Un
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TABLE XXVII (Continued).

WEIGHT- LOSS DURING PULPING OPERATIONS

Calculated Ovendry
Saturated Ovendry Weight After Accumulated
Weight After Weight of Treatment, Weight Loss,
Sample Pulping, g. Wood, g. g %
Green wood,
G30 (6.428 g.)
L 5.363 1.630 1.487 8.8
W 4,917 1.495 1.191 20.3
2H 5.348 1.626 1.241 23.7
8H 5.514 1.676 1.198 28.5
Preheated wood,
PH30 (6.474 g.)
L 5.112 1.56k4 1.b411 9.8
W 4,879 1.493 1.212 18.8
2H N 1.505 1.133 2h.7
8H 4 .96l 1.519 1.09k4 28.0
Preheated wood,
PHL4O (6.000 g.)
L- 5.497 1.743 1.509 13.4
W 4,558 1.44s 1.125 22.2
oH 4.303 1.364 1.010 26.0
8H: 4.573 1.450 1.000 31.0
Preheated wood,
PH50 (5.892 g.)
L I.543 1.h17 1.199 15.4
W 4,698 1.466 1.112 24.2
2H S Lh.8l 1.510 1.078 28.6
8H 4.796 1.496 0.990 33.8
Green wood,
G60 (6.385 g.)
L 4.190 1.642 1.473 10.3
W 5.047 1.597 1.269 20.5
oH 5.081 .1.610
8H 4.861 1.538 1.004 34,7




Sample

Preheated wood,

PH60O (6.660 g.)

L
W
'2H
8H

Green wood,

G90 (6.43k4 g.)

L
W
8H

Preheated wood,
G90 (7.080 g.)

L
W
8H

Preheated wood,

PH106 (6.378 g.)

L
W
8H

Green wood,
G120 (5.624 g.)

L
W
2H
8H

WEIGHT LOSS DURING PULPING OPERATIONS

o “'Calculated-
Saturated ° Ovendry
Weight After Weight of
Pulping, g. Wood, g.-
5.206 1.615
5.395 1.673
5.126 1.590
5.706 1.770
6.325 1.996
6.885 2.173
7.179 2.266
7.733 2.395
7.625 2.361
T7.505 2.32&1
6.932 2.127
6.636 2.036
7.229 2.218
4.968 1.%00 -
4,726 1.336
4.488 1.408
4.705 1.480
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TABLE XXVII (Continued)

Ovehdry - .-
Weight After |
Treatment, -

AN~

H -

OOOoOH

g

342
.294
.021
121

.599
573
.360

.929
463
359

652
.320
261

122 .
.829
.829
Bh1

Accumulated

Weight Lo

%

16.
28.
35.
36.

19.
32.
Lo.

19.
32.
bi,

22.
35.

19.
41,
k1.
L3.

N HK®

-~ 0o ON\O

E= ) |

ss;
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TABLE XXVIII

CENTRIFUGAL WATER RETENTION OF PULPS

Wet Weight After Centrifugation, g.

In After After )

. Holopulping Water Hygrothermal Ovendry Weight,
Sample Liquor Washing Treatment g.
G29 1 - 1.675 1.469 0.417

2 - 2.611 2.46k 0.740
3 - 2.503 2.380 0.693
' - 2.833 2.50h 0.76k
5 - _ - 3.4ko 1.052
6 - - 3.830 1.166
Gl 1 1.566 1.657 1.580 0.439
2 2.126 2.124 2.176 0.663
3 1.910 1.950 1.935 0.588
L 2.196 2.290 2.150 0.641
Gshk 1 1.310 1.503 1.232 0.348
2 2.007 2.141 2.100 0.583
3 1.662 1.862 1.582 0.447
I 1.709 1.941 1.7Ls 0.476
G65 1 - 1.531 1.516 0.360
2 - 1.815 | 1.69k 0.410
3 -- .2.005 1.95k4 0.464
N - 1.394 1.297 0.315
5 - 1.362 1.235 0.302
6 - 1.425 1.243 0.302
7 - 1.697 1.596 0.387
8 - 1.630 1.429 0.355
G80 1 1.800 2.195 1.924 0.525%
2 1.572 1.807 1.585 0.Lk46
3. - ' - 1.751 0.465
4 - - 1.485 0.395
G899 1 2.059 2.485 2.059 0.540
2 2.417 2.911 2.600 0.660
3 - - - 2.611 0.662
Y - - 2.824 0.699
5 - - 2.808 0.708
6 - - g 2.794 0.713
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TABLE XXVIII (Continued).

CENTRIFUGAL WATER RETENTION OF PULPS

Wet Weight After. Centrifugation, g.

In "After ‘ After .
- Holopulping . Water Hygrothermal . Ovendry Weight,

Sample : Liquor Washing Treatment - ' g.
Gli10 1 - 1.h4h1 1.877 1.477 0.370
2 1.042 ©1.L43 1.122 0.277.
3 - S 2.418 0.581
L - R 2.354 0.556
5 - - 2,285 0.552
6 - - 2.393 0.573
G116 1 - 1.158 1.h447 1.243 (8)% 0.297
2 1.839 2.387 1.980 (8) 0.500
3 1.443 1.953 1.505 (24) 0.386
h 1.288 1.667 1.261 (24) 0.317
5 1.570 2.072 2.147 (2) 0.412
6 1.296 1.733 1.615 (2) 0.333
7 1.603 2,203 1.987 (L) 0.440
8 1.900 2,478 2.h22 (k) 0.534
9 1.h01 1.819 1.968 (1) 0.386
10 1.739 2.229 2.419 (1) 0.483
Ggle7 1 - 1.331 1.155 0.260
2 - 1.800 1.503 0.354
3 — 1.890 1.636 0.371
) - 1.323 1.101 0.252
Gl20 1 0.842 1.120 0.973 0.212
2 0.855 1.196 1.030 0.210
3 0.836 1.135 . 0.956 0.204
L 0.822 1.222 1.017 0.213
5 0.847 T.1.224 1.043 0.221
6 0.967 ©1.195 1.204 0.246
T 0.975 1.351 1.154 0.255
8 1.073 1.490 1.266 0.280
9 - 1.075 C - 0.220
10 —-— 1.227 - 0.248
11 - 1.184 - 0.241
PH18 1 1.354 1.367 . .1.32% 0.389
2 1.224 - 1.289 . -1.209 0.382
3 1.945 2.018 -~1.90L 0.565
I 1.410 "1 0.4okL

496 -.1.378

aHourfs of'heating, all others are heated for 8 hours.
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TABLE XXVIII (Continued)

CENTRIFUGAL WATER RETENTION OF PULPS

Wet Weight After Centrifugation, g.

In After - After
Holopulping Water Hygrothermal Ovendry Weight,
Sample Liquor Washing Treatment g.
PH29 1 - 1.836 1.497 0.445
2 - © 2,029 - 1.612 0.490
3 - 1.832 1.452 0.442
L - 2.019 1.706 0.519
5 - - 1.719" 1.562 - 0.434
6 - 2.416 2,157 0.635
PH4U1 1 1.888 2.130 1.941 0.531
2 1.592 1.826 1.608 0.4h1
3 1.877 2.042 1.950 0.533
4 1.572 1.802 1.692 0.455
PH50 1 1.861 1.987 ©1.911 0.528
2 1.781 2.056 1.873 0.520
PHS4 1 - 2.940 2.768 0.655
2 - 2.686 2.342 0.552
3 - 3.376 3.189 0.753
i - 3.273 3.052 0.72k
PHT1.- 1 1.712 1.7T7h . 1.490 0.446
2 1.856 2.066 1.676 0.495
3 - -— 2.111 0.500
I - - 1.403 0.329
5 - e 1.602 0.399
6 - - - A 1.373 0.330
PHB3 1 . 1.216 1.584 1.317 0.311
2 1.588 2.006 1.625 0.Lok
3 -— - 2.135 0.535
L - - 1.720 0.ko7
5 - - 1.701 0.418
6 - - 2.035 0.501
PH103 1 1.594 1.983 1.606 0.392
2 1.591 " 1.948 . 1.523 0.382
3 - - c 2,233 0.521
L - : - - 2.540 0.577
5 - RE—— 1.834 0.390
6 - - 1.766 0.369




EW

Lw

Ho

Pad

~163-
GLOSSARY FOR TABLES XXIX-XXXII

transmittance at 18.5 degrees

transmittance at 22.8 degrees

transmittance at 18.5 degrees due to background

intensity

crystallinity index

tangentially cut section :.

radially cut section

earlywood

latewood

the test section consistéd of ﬁhole growth ring thickness

delignified for indicated number of days

‘exposure made while the test section was pulping liquor saturated
_exposure made after water washing while the block was still waterlogged

"exposure made after hygrothermal treatment while the sample was still

waterlogged

test sample consisted of pulp pad with random tracheid alignment in
the plane of the pad '




TEW

TEW

TEW

TLW

Semple

H1l
H2
H3

Hh4

H1l
H2
H3

Hh

-16h4-

TABLE XXIX

CRYSTALLINITY INDEX

Transmittance Corrected Intensity
To02 Tem To02 Lom
27.5 53.0 376 146
27.5 " 53.0 376 146
21.5 45.0 L48 190
22.0 45.5 442 187
26.5 53.0 388 . 146
25.8 52.5 411 148
25.8 51.5 11 154
25.2 51.0 403 158
20.2 46.0 470 181
20.8 47.5 L6l 177
21.8 48.5 448 172
- 22,7 50.0 437 163
.. 19.7. 46.0 479 . 186
20.8 45.5 463 189
30.4 57.0 347 . 128
30.5 59.5 343 116
23.0 55.0 u37 142
22.5 54.5 Lk 1L
24.0 54.0 Lot 147
20.8 . 53.0 - L68 153 .
25.0 54.5 413 BRIy ¢
23.5 55.5 430 139
30.2 59.0 352 ‘ 125
28.0 59.5 375 120.
27.5 59.0 381 122
33.5 63.5 320 101
38.5 67.0 277 87
30.0 63.5 357 103
20.5 51.5 471 161
24.5 52.5 418 152
20.2 51.5 47T 161
23.0 52.5 438 154




TG

TG

THol

Sample

H1
H2
H3
HL
H5
H6
HT
H8

TABLE XXIX (Continued)

- -165-

CRYSTALLINITY INDEX

© Transmittance
Too2 Tem
38.5 62.5
38.0 63.0
4.5 65.5
49.0 68.5
48.0 67.5
48.5 67.5
LL.0 64.0
45.0 . 6L.2
49.0 66.5
4Y1.2 64.0
49.8 67.5
50.8 69.2
46.0 66.0
46.0 65.5
46.0 65.0
45.0 1 65.0
36.5 - 60.0
39.0 61.5
41.0 62.0
40.8 "63.0
42.0 61.3
40.0 61.5
39.2 62.0
4o.0 61.0
26.0 53.5
26.5 52.5
ko.2 61.0
38.2 - 60.0
4i.2 62.5
39.7° 60.0
40.0 62.0
38.5 60.0
32.5 52.0
32.5 5L.5
27.0 45,5
28.5 45,5
26.7  48.5
28.0 - '50.0

I

278

283
212
204

- 210

207

237

230

-'203
21k

198
181

223
223

223

230"

- 295
27k
259

261
255
268

273

267
- 332

326
266

281

- 255-

270

| 266

278

335
335

379

361
382

. 366

Corrected Intensity
002

I
am
111
108
96
8k
89
89
10k
103
93
104

166
157




Sample

Thol .

Tholl

THol8

THo29 -

THokh6

THo62

H1

L2

w2

H2

TABLE XXIX (Continued)
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CRYSTALLINITY INDEX

. Transmittance
T002 - Tam
32.0 53.0
30.5 52.0
43.0- 60.5
4s.7 64.5
21.7 L6.7
24.3 49.0
39.0 . 55.5
38.0 54.5
4.0 . 65.5
46.0 65.5
26.7 “47.5
27.0 48.0
39.0 55.0
39.5 "55.0
31.2 52.0
32.0 52.0
26.0 47.5
26.8 48.0
38.0 £ 53.0
37.0 54.0
26.0 . 48.0
27.0 47.5
19.3 40.5
19.0 39.2
32.0 L7.5
32.0 L48.0
23.3 43.5
33.5 43.5
20.2 41.5
20.2 41,0
35.5 . k9.0
35.2 .49.5
41.0 .57.0
42,0 56.5
34,0 -53.0
33.0 52.5
37.0 59.0
41.0 62.0

Corrected Intensity

I

002

- 3ko

3504
230
211
443
409

277
287
222
209
378
375
277
273
331
324
390

. 380

287
293
Lok
391
477
481

340
3ho
416
415
458
458

306

307

239

2Ls5

~.:321

331

277
2hh

I.

am

156
161
101

84
176
163

142
147

83

83
165
163
145
1khs
146
146
169
167

156
150
183
185
211
220

183
180
193
193
20k
207

178
17k
120
122

15k
157
109

95




Sample

Tho97

THol20

THo120

THol20

THo120

THol20

RLWI
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TABLE XXIX (Continued)

CRYSTALLINITY INDEX"

‘Transmittance Corrected Intensity

Too2 Tem Tooz - Tam

L 39.0 "59.0 277 125
43.0 61.5 247 s 112

W 2h.5 . 53.5 405 133
: 29.0 .55.5 ©. 353 . 122

H - 30.5 60.0 336 104
36.0 63.5 . 285 . 88

L1l 33.0 56.0 . 333 e 143
33.5 56.5 328 1k

Wl 46.0 - 64,5 212 : 89
3 4i.s 64.0 222 . 91

L2 31.0 '56.0 353 ‘ 156
28.5 - 54.0 379 ‘ 153

W2 ' 25.0 49,0 405 .. 163
25.5 © 50.0 © 398 _ 161

H2 24.5 49.5 409 , 161
24,5 50.0 Lo9 158

L3 - 25.0 - 47,0 420 193
27.0 49.5 395 ' 178

W3 27.5 50.5 . 373 A : 157
27.0 L9.5 379 L 163

H3 ' 41.0 6L4.5 24T " 87
41.0 63.0 o7 ok

Wh 30.5 50.5 3k0 157
30.0 50.5 346 157

HL4 23.k4 ‘48.0 . he2 , 169
, 23.0 47.0 ket 175

LS 20.0 45,5 185 - 200
18.7 . 40.8 507 229

WS 22.0 43.0 430 189
21.0 “41.0 445 203

HS 21.7 44,0 428 175
22.3 LL,5 418 172

1 20.8 52.0 . 72 ; 153
24,0 " 52.5 © 420 ‘ 148

2 24 .7 51.0 hi2 158
21.2 51.0 L5k 158

3 21.5 50.0 450 163
19.3 49.5 485 166

Y 20.2 47.0 466 178
16.2 45.5 539 187




Sample

RLWI

RLWII

RLWII

RHol

RHol

1H
2H
3H

LH

H1
H2
H3

HY

TABLE XXIX (Continued)
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CRYSTALLINITY INDEX

- Transmittance
Too2 Tom
21.5 54.5
27.0 56.0
22.6 '53.0

- 27.5 56.0
25.3 "55.5
26.0 52.5
18.7 W7.7
19.k4 45.0
48.0 13.0
46.0 73.0
28.5 62.0
27.0 61.0
27.5 . 59.0
29.0 "61.0
34.0 64,5
33.0 64.5
4b1.5 72.
40.0 T0.
28.5 61.
29.5 63.
28.7 61.
30.0 62.
32.3 63.
32.5 63.
24,5 42.0
23.5 42.0
22.2 4h.0
24,8 46.5
15.0 40.0
16.8 41.5
31.0 51.5
28.0 50.5
16.5 36.5
16.8 38.0
18.5 42,0
18.0 " 42.5

OVIOOOO0O OO0

002

452
383
437

377

Lo2
395
478

L6T7

21k
227
379
395

376

371
322
332

259
270

- 379

366
363
362
336
339

418 .

430
422
390
547
511

346
378
516
511
478
489

I

Corrected Intensity
I . :

am

1k2
130
146
130
132
150
157
17k

69

69
116
116
130
118
10L

10b

Th
81
120
111
120
9l
109
111

212

212-

177
163
205
199

156
157
227
216
192
188

126

.58
.06
.59
.52

.03
.15

.76
.60
.39
.63

.19
.70
.67

43
.00
.3b
.67
.67
.86

.28
.T0
.06
.21
.52

91

.01

.73
.83

55



Sample

RHol6 .

RH029

RHth

RHo62'

RHoOT

‘Transmittance
T002 'Tam
k1.5 52.5°
4h.0 55.5
30.8 “L49.0
29.7 . k8.0
24.8 L. 0
22.5 ho.s
33.0 48.5
31.3 48.5
19.8 Lo.0
20.0 . 39.5
23.5 . 48,0
25.5 . k9.0
k2.0 55.0
43.5 55.5
37.5 50.5
36.0 48.5
34.0 51.5
34,7 51.0
37.0 k9.0
36.5 k9.0
45.0 54.0
45.0 sk.o
36.5 47.5
30.5 '39.0
37.0  .53.0
39.5 53.0
66.5 73.0
64.5 75.0
23.0 45,0
25.0 Ly, 0
21.0 k9.0
2h.0 51.0
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TABLE XXIX (Continued).

CRYSTALLINITY ‘INDEX

I002

252

233
323
"33k
389
L1t

325

340 -

k59

Ls55-

40l
379

250
251
259

273

291
28
265

o en

228

. 228"
268
- 32k

256
235

-105
115
408
383

-h32
393

I

Corrected Intensity

am

150

146
17
153
17k
183

172
C1T2

20k
20k
150
145

136
133
137
150
157

L CrI

48
.34
L9
12
.27
.12

.08
Rl
.56
.16
.87
.Th

35
.01
.10
.05
.05
11
.78
.98

.16
.16
54
.88

.81
.0k

67"
.09
.07
.83
.52
L5




Sample

RHol120 Earlywood .
L

W
H
RHo120 Transitionwood
L
W
H
RHo120 Latewood
L
W
H
Air Dry
Ho I

H Air Dry®
Ho I

Air Dry
Ho II

H Air.Drya
Ho II

Air Dry
Ho Pad I

Ho Pad II

TABLE XXIX (Continued)
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CRYSTALLINITY INDEX

8'Heated at 105°C. at 9.7% moisture content for two hours.

Transmittance
T002 Tam
42.5  65.5
k2.0 63.0
W7.0 59.0
Lh.o .56.0
56.5 .70.0
56.0 71.0
31.5 60.5
30.3 59.5
39.0 . 5T7.0
h1.0 57.5
32.0 54,5
32.0 55.0
19.5" 51.0
19.5 51.0
31.0 51.0
32.5 53.0
26.5 .51.0
27.0 '51.0
31.0 70.5
27.5 67.5
2k.5  70.5
23.0 68.5
25.0°  66.5
22.0 68.5
" 39.0 17.0
35.5 78.8
31.0 50.0
30.5 4L8.7
30.0 49.5
29.0 L9.5

Corrected Intensity

I

002

251

" 255

196
216
133
131

345

356
25)

. 239

313
311

493

- Lg3

327

312

372
366

365
Lo2

438
L7

432

470

. 292

321

365
368
373
386

I
am

96
106
102
116

47

43

117
122
111
109
118
116

165
165
1k2
131
137
137

93
106

93
102

110
101

69
63

192
198
193
193

61
L7

67

Th.
73.

78.
.68

17
Th

erl

75
58.
.96
L6.
6h.
.18

L3

30
66

.09
.73
.30
39
.30
.70

.53
.53
ST
.01
AT
ST

52
63

1T

.54
78.

76.
80.

51

37
37

4o
L6,
48.
50.

20
26
00
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TABLE XXX

RADIAL WIDTH AT HALF HEIGHT

T at Half =~ Width at Half Height,

Sample TO&')Q” 'BaTo Height . = scale units Degrees

TEW . 1 27.5 51.5 37.5 10.8/1k49.0 13.05
o 27.5 51.5 37.5 ©10.7/1k9.0 12.93

2 21.5 L6.0 31.5 10.3/149.0 12,4k

22.0 k6.0 32.0° '10.6/149.0 12.81

3 26.5 50.5 36.5. 10.9/149.0 13.17

25.8 51.0 36.2 11.3/149.0 13.65

i 25.8 . L49.5 35.5 . 10.5/150.5 12.56

25.2 k9.0 35.0 10.4/150.5 12,4k

TEW . H1 20.2 43.5 29.7° . 10.5/1k49%0 12.68
: 20.8 k5.0 30.0 10.0/149.0 12.08
2 21.8 © 4t1.0 32.0 ©10.1/1k4k.5 12.58 -

22.7 " k48.0 33.0 10.6/1L4k.5 13.20

3 19.7 43.0 29.2 11.0/151.0 13.11

20.8  hLh.s 30.5 ©710.9/151%.0 12.99

Y 30.4 55.0 hi.0 10.7/149.0 12.93

30.5 56.0 hi.2 10.0/1k9.0 12.08

TLW . 1 23.0 59.5 37.0° - '10.7/148.0 13.01
22.5  57.0 36.0 ~10.9/148.0 13.26

2 2h.0 58.0 37.0 10.5/148.5 12.73

20.8 55.5 34.0 . 10.6/148.5 12.85

3 25.0 58.5 38.5 " 11.3/149.0 13.65

23.5 57.0 36.5 10.9/149,0 13.17

L 30.2 62.0 h3.7 ., 11.0/1k7.5 13.k2

28.0 61.0 41.5 ©10.5/147.5 12.81

TLW ~ HL 27.5  60.0 40.5 © 10.4/147,0 12.73
: 33.5  67.0 hr.2 10.7/147.0 13.10

2 38.5 © T70.5 52.5.". 10.4/147.0 12.73

30.0  6L.5 43,7 . 10.7/1k7.0 13.10

3 20.5 53.5 33.2 10.4/147.5 12.69

2h.5  56.5 37.0 10.5/147.5 12.81

4 20.2  53.0 33.0 10.5/148.5 12.73

23.0  55.5 35.T . 10.4/148.5 12.61

™ . . 1 38.5 65.0 49.5 10.0/142.0 12.68
- 38.0  65.0 49.7 10.0/1k2.0 12.68
2 4L7.5°  T70.0 58.0 ©11.0/148.0 13.38 -

49.0. T2.0 59.5 " 10.6/148.0 12.89

3 48.0° T1.5 58.7 11.0/149.5 13.24

k9.0 71.0 59.0 11.4/149.5 13.73

L L4.0 67.5 sh.T 10.6/151.5 12.59

4s5.0 68.0 55.2 11.2/151.5 ©13.31

5 49.0 70.5 58.5 10.8/149.5 12.99

47.5 68.0 57.0 11.5/149.5 13.84
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TABLE XXX (Continued)

RADIAL WIDTH AT HALF HEIGHT

T at Half Width at Half Height,

Sample Tooé' BaT|, Height . scale units Degrees
TG (cont'd) 6 50.0 70.5 59.2 . 10.8/151.0 12.87
51.0 73.0 61.0 10.8/151.0 12.87 -
T 46.0 70.0 57.0 11.3/152.5 13.34
46.0. 70.0 57.0 11.0/152.5 12.98
8 46.0  69.0 56.2. ~ 11.0/151.0 13.11
45.0 69.0 55.5 - 11.0/151.0 13.11
TG H1 36.5 63.5 48.2 10.6/150.0 12.72
' 39.0 66.0 50.5 9.8/150.0 11.76
2 k1.0  66.0 - 52.0 10.7/149.5 12.88
41.0 67.5 52.5 10.3/149.5 12.40
3 k2.0 66.0 52.5 10.2/150.5 12.20
4o.0 ° 66.0 51.5 ©10.7/150.5 12.80
L 40.0 64.5 51.0° 10.1/151.5 12.00
39.0 65.5 50.5 . . '10.1/151.5 12.00
5 26.0 .52.5 37.0 10.1/149.5 12.16
26.5 53.5 37.5 10.3/149.5 12.40
6 32.0 58.5 43.2 ©10.4/150.5 12.44
33.5 58.5 43,2 10.6/150.5 12.68
7 39.5 64.5 51.0 . 10.4/150.5 12.44
41.0- 66.5 51.0 10.3/150.5 12.32
8 40.0 65.0 51.0 10.0/150.0 12.00
38.5 6h 0 ho.7 10.0/150.0 12.00
RLWI 1 20.8 56.0 33.5 11.3/149.5 13.61
24.0 58.5 37.0 .. 10.8/149.5 13.00
2 24,7 '56.0 37.0 ° 11.2/1k4k4.5 13.95
21.2 53.5 34.0 11.0/1k4k.5 13.70
3 21.5 55.5 3h.7 _ " 11.4/1k49.0 13.77
19.3 52.5 32.0 10.9/149.0 13.17
i 20.2 ° 52.0 32.7 11.0/150.5 - 13.16
16.2. 48.5 28.0 11.1/150.5 13.28
RLWI . H1 21.5 57.5 35.0° 10.7/149.0 12.93
27.0 ° 61.0 40.5 10.7/149.0 12.93
2 22.6 56.0 35.5 10.5/152.0 12.43
27.5 60.0 40.5 10.7/152.0 12.67
3 25.3- 57.0 38.0. . 10.9/151.0 12.99
26.0 57.5 . 38.5 "11.1/151.0 13.23 -
Y 18.7 51.0 31.0 10.7/150.0 : 12.8L

19.4  50.0 31.2 ©11.0/150.0 13.20




-Sample

RLWII

RLWIT

THol

THol

THoll

THoll

1w

1H

2w

2H

28,

29.
‘33,

32.
32.

43,

7.
39,

26,

002

L8.
L6.

27.
er.

3k,
b,

28.
29.
28.
30.

32.
32.
27.
28.
26.
28.

32.

30.

21.
24,
39.
38.

L6.
26.

39.
31.
32.
26.

VWOoO_uiow 000UV owmo o .

=
vl .
ON0000 WNN_NOoOUWOo o="uowuw

OO oMWV O
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TABLE XXX (Continued)

RADIAL WIDTH AT HALF HEIGHT

[@RV RV SRV e RV IRY)

VO O OwWwnmMO ViV O OO O

Vi Ot

[oNeoNeoNoRV; NoNeoRU N e

VIV OO oW

T at Half

Height .

Eoll gl i =~ We N
O=_WPOW®DO

Ko BI\VEV, N NVEV RV, N o]

= = E o o i i S RN
[ =l \V) AN F W FWWWU
O VIVviuviowvi v

36.0
37.2
37.0
38.2

b1.5
40.2

51.5 .

55.2 -
32.2 .
3h.7
49.0
WT.2
54,7
56.5
37.2 .
37.5

48.0
48,5
h2,2 -
42.5
36.5
37-0

. Width at Half Height,

Scale units

10

10.
10.
10.
10.
.2/151.5
.3/150.0
. 10.

_—
10

. 10,
- 10.
10.
10. :
AU/1h7.0

10

10.
lo.
10.

10,
.2/148.5
.8/146.5

10
10

10.
10.
9.
10.
.9/147.5
~10.
10.

: 9.
10.

10

10.
.8/150.0

10

. 10.
10.
. 10.
.10.

. .10.
.2/153.0 .
.0/146.0

11
.1

10.
10.
9.

.2/146.0

0/146.0
6/148.5
6/148.5
9/151.5

7/150.0

4/152.0
1/152.0
1/149.0
0/149.0

3/147.0
2/1h7.5
2/1k47.5

7/148.5

2/1k46.5
0/1k9.5
9/149.5

T/147.5

5/150.5
T7/150.5 -
7/150.0
2/150.0

5/150.0

5/151.0
7/151.0
3/148.5
T7/148.5

8/153.0
8/146.0

0/148.5
6/148.5

Degrees

12.
12.
12.
12.
12.
13.
.36
12.

12

12
11

12.
12.
12.
12.
12.
12.

12

11

13.

13

12.
12.
11.
12,

12.
12.
12.
12.
12.48
9T

12

12.
13.
13.
13.
12.
11.

58

33

85
85
95
31

8L

.32
.96

20
08
73
61
Ls
Ls

97
12.
13.
12.
12.
.92

06
.30

36
27
>3
ok

56
80

6l -

2k
66
96
52

76
L8
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TABLE XXX (Continued)

RADIAL WIDTH AT HALF HEIGHT

T at Half Width at Half Height,

Sample T002 BaTO Height scale units Degrees
THol8 L 38.0 58.5 47.0 10.8/148.0 13.13
37.0 58.5 L6.5 10.5/148.0 12.77
W 26.0  52.5 46.5 10.5/148.0 12.77
27.0 52.0 37.2 10.4/148.5 12.61
H 20.0 Ly.0 29.2 9.6/145.0 ' 11.92
24.0 4T7.0 32.7 9.4/145.0 11.67 -
THo29 L 32.0 53.5 h1.2 9.8/146.5 12.04
32.0 53.5 k1.2 10.1/146.5 12.41
W 23.3 - k7.0 33.2 10.5/148.0 A 12.77 =
23.5 k7.5 33.5 10.3/148.0 12.53
H = 20.2 45.0 30.2 10.4/147.0 12.73
20.2 45.5 30.5 10.4/147.0 12.73
THol6 L '35.5 54.0 44,0 10.2/145.0 12.66
35.2 53.5 43.5 10.0/145.0 12.42
W- hi.0 61.0 50.0 10.0/149.5 12.04
k2.0 61.0 50.7 10.2/149.5 12.28
THo62 L 34k.0 57.5 4.0 10.4/146.5 12.78
33.0 56.5 43.0 10.0/146.5 ‘ 12.29
W 37.0 61.0 4Y1.5 ' 9.9/149.5 11.92
41.0 64.5 51.2 10.6/149.5 : 12.76
THo97 L 39.0 61.5 k9.0 10.1/150.5 12.08
43.0 65.0 54.0 10.8/150.5 12.92 .
W 30.5 58.5 42.0 10.2/150.5 T 12.20
36.0 6L4.5 4L8.0 10.1/150.5 12.08
H 24.5 52.7 36.0 9.4/149.0 11.36
29.0 57.0 40.5 9.6/149.0 11.60
THo120 1L 33.0  56.5 43.2 10.4/150.5 12.4)
33.5 . 56.5 43.5 10.4/150.5 . 12.hh
iw 46.0 63.5 54.0 11.5/146.0 14.18
L. 5 63.0 53.0 11.5/1L46.0 ' 14.18
THol120 oL 31.0 57.0 k2.0 10.0/151.0 11.92
28.5 54,5 39.5 . 9.6/151.0 11.44
oW 25.0 48.0 34,5 10.8/1k4.5 13.45
25.5' 48.5 35.0 10.6/1k44.5 13.20
2H 24,5 - L48.5 3k4.5 . 9.0/1kk.5 11.21
' 2 9.5/1Lk.5 11.83

2k.5 ~ L48.0 34,
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TABLE XXX (Continued)

RADTAL WIDTH AT HALF- HEIGHT

. T at Half. ~ Width at Half Height,

-Sample T002 » BaTO Height : ~scale units Degrees
THol120 3L 25.0 ° .L45.0 33.5 10.3/150.5 12.32°, -
27.0 48.0 36.0 - 10.6/150.5 12.68
3W 27.5 51.5 37.5. 10.7/151.5 12.71
27.0 49.5 36.5 © 11.1/151,5 13.19
3H 41.0 63.0 51.0° . 1.9.6/152.0 11.37
41.0 62.0 50.5 +9.8/152.0 11.61
THol20 .  Lw 30.5. . 50.0 39.0 .. © 10.8/150.0 12.96
30.0 k9.0 38.2 11.0/150.0 13.20
L4H 23.4 . L6.0 33.0., 5.29.9/151.0 11.80.,
23.0. . k45.5 32.5 . ..°9.8/151:0 11.68
THol120 5L 25.7 53.0 36.7 .. ~ 10.3/146.0 12.70
: 29.0. © 58.0 Lbo.7. . o .9.9/146.0 12.21
5W 17:8 - .41.0 27.0 . +.10.5/147.5 12.81
20.3 k5.0 30.2 10.8/1k4T7.5 13.18
5H 21.7  k43.0 30.5 .. ... 9.6/150.0 11.52
22.3 .~ L3.5 31.2 '9.3/150.0 11.16
RHol . . . L 2h.5 . k5.0 33.1 ~ 10.9/1k47.0 13.35 -
23.5 . L5.5 32.8 ©.11.1/147.0 © 13.59
W 22.2 k6.0 32.1 11.3/147.0 13.84
24.8 k9.5 35.0 10.7/147.0 13.10
H 15.0  L42.0 25.0 10.2/146.0 . -12.56 .-
'16.8 -~ 43.0 26.3". ~10.1/146.0 ' 12.45
RHol:- . L 31.0 ... 53.5 40.5 10.7/148.0 13.01 -
. 28.0 53.0 39.5 11.4/148.0 13.86
W 16.5 38.5 25.2 - 11.0/1k48.0 13.38
16.8. 39.5 25.7 .11.1/148.0 13.50
H 18.5 43.0 28.5 10.1/148.0 12.28
18.0 43.5 28.2 10.0/148.0 12,16 .
RHo16 . L 41.5 - 57.0 L8.5 - 10.9/1k49.5 13.12
44,0 60.5 51.5 . 10.9/149.5 13.12
W 30.8 . 54,0 ko.7 10.3/146.0 12.70
29.7 53.0 39.7 10.5/146.0 12.95
H 24.8 - 50.5 35.3 10.2/145.5 12.62
22.5 49.0 33.3 10.2/145.5 12.62
RH029 L 33.0 .55.5 ho,7 - 10.1/147.0 12.37 -
' 31.3 54.0 Lhi.0 - 9.9/1k47.0 12.13
W 19.8  46.0 30.2 ~10.5/1h47.5 12.81
20.0...-45.0 28.7 .10.9/1k47.5 13.30
H 23.5°  53.0 . 35.2.° . 10.0/146.0 12.33
25.5 55.0 37.T ., 10.4/146.0 12.83 -
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TABLE XXX (Continued)

RADIAL WIDTH AT HALF HEIGHT.

T at Half Width at Half Height,

Sample ‘ To02 Be.T0 Height scale units Degrees
RHol6 L L42.0 60.0 50.0 9.9/143.0 12.46 .
: 43.5 61.5 52.0 10.0/143.0 12.59
W 37.5 55.0 hs5.2. " 9.7/146.5 . 11.92
36.0 54.0 4.0 9.1/146.5 11.54
W 34.0 - 56, 43.7 10.2/145.0 12.66
34.7 56.5 L4 .0 9.9/145.0 12.29
H 37.0 54,5 Ly, 7 9.2/147.0 11.26
36.5 54.0 Ly.2 9.8/1k47.0 12.00.
RHo62 - L 45.0° 58.0 51.0" . 10.0/147.5 © 12,21
45.0° 57.0 50.5 9.7/147.5 11.83
W 36.5 52.5 43.7 9.8/145.5 12.13
30.5 44,0 36.7 . 10.4/145.5 - 12.87 -
H 37.0 56.0 45.5 9.0/149.0 10.87
39.5  57.0 47.0 8.8/149.0 10.63
RHo97 - L 66.5 76.0 70.5 10.4/148.5 12.60
‘64.5 75.0 69.5 - 11.0/148.5 13.32
W 23.0 45,5 32.2 10.4/150.5 12.44
25.0 47.5 34.5 10.6/150.5 12.68
H 21.0 k9.5 32.2 9.8/15L.5 11.42 -
24.0 53.5 35.7 . 9.7/154.5 11.30
RH0120 Earlywood . E :
: L k2.5  65.0 52.5 . 10.2/148.0 12.41
42.0 64.0 51.7 10.5/148.0 12.77
W L47.0 60.5 53.2 10.2/149.5 12.28 . ¢
4.0 58.0 50.5 10.1/149.5 12.16
H 56.5 70.5 61.7 “7.4/149.0 8.94
56.0 70.5 61.7- 6.7/149.0 8.09
RHol20 Transitionwood - .
L 31.5 61.0 43.7 10.0/1k48.0 12.16
30.3 61.0 43.0 10.8/148.0 13.1h4
W 39.0 58.5 47.5 9.2/146.5 . 11.30
k1.0 59.5 49.5 - ©10.1/146.5 : 12.41
H 32.0 55.0 42.0 9.1/149.0 10.92
32.0 © 56.0 k2.2 9.4/149.0 11.29
RHo0120 Latewood
) L 19.5 55.0 32.7 " 10.5/150.5 12.56
19.5 54.0 32.5 © 11.1/150.5 ©13.28 -
W 31.0 -53.0 4o.5 . .. 9.6/148.0 11.68
32.5 . “55.5 h2.5 . . 9.7/148.0 11.80
H-. '26.5 -52.0 37.0. . .~ 8.8/146.5 10.81
"27.0 - 52.0 37.5 - 8.9/146.5 10.94
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TABLE XXX (Continued)

RADIAL WIDTH AT HALF HEIGHT

T at Half' ~ Width at Half Height,

Sample TOOé‘ Bal ) Height - -gcale units Degrees
Air Dry I BN e ‘
Ho I 31.0 78.0 k9.0 10.0/151.5 11.88
27.5 15.5 kT.5 - ©11.3/151.5 13.43
Air Dry o e -
Ho I H® 24,5 17.5 43.5 - 10.1/148.0 12.28
C 23.0 " T75.5 41,5 " 9.2/148.0 : 11.19
Air Dry o o ,
Ho II 25.0 T76.5 h3.5" -10.3/153.0 - 12.18
f 22.0 - T3.5 Lo.o - ~ 10.6/153.0 12.47
Air Dry ‘ ‘ o - e
Ho II H* 39.0  8k4.5 57.5 10.4/152.5 12.28
: 35.5 83.5 55.0- - 9.7/152.5 11.45
Air Dry o h -
Ho Pad I 31.0 57.5 ka.o 13.2/147.0 16.16
: 30.5 ~ 56.0 k1.0 1 12.9/147.0 15.80 -
Ho Pad II 30.0 57.0 h1.0 - 13.5/150.5 16.15
29.0 0 ko.0 - 12.4/150.5 14.83

56.

aHeated.at 105°C. at 9.7% mpisture content for twolhoprs.




TEW

Semple

TEW. -

TLW

TLW

TG
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TABLE XXXI-

CIRCUMFERENTIAL WIDTH.AT HALF HEIGHT

002

25.2
23.5
19.7
19.7
23.5
23.0

23.8

23.2

18.0
19.0
20.4
20.5
18.2

18.8

23.5
27.0

23.0
25.0
22.2
25.5
25.5
24,5
32.3
29.8

37.5
29.5
32.7
43.5
26.0
21.7
24.3
21.4

33.0
32.5
47.0
43.5
46.0
45.0
53.0
51.5
57.5
54.5

Ba.T0
k5.5
k5.5
k1.0
42.0
L5
4s.5
45.0
k5.5

- 38.5

39.5
42,0
ho.0
38.0
40.0
50.5
51.0

67.5
68.5
67.5
67.5
66.5
66.0
71.5
70.5

79.0
75.0
17.0

- 82.5

68.5
65.0
66.5
65.0

58.0
58.0
T2.5
68.0
71.0
T0.0
8L.5
86.0
87.0
86.0

T at Half
Height

34.0
33.0
28.7
28.5
32.2
32.2
32.7
32.7

27.0
27.5
29.5
29.0
26.5
27.5
3k.5
37.0

38.7
41.0
39.0
41.5
41.0
40.0
48.2.
46.0

54.5
’47!0
50.0
59.5
k2.0
38.0
40.5
37.7

h3 ‘7
43.5
58.5
Sh.T
57.0
56.0
66.

66.2
T70.5
68.5

Width at Helf Height,
scale units

. 37.6/366.
37.5/366.
3k.9/362.
35.2/362.
35.2/368.
35.3/368.

. 36.5/367.
35.4/367.

37.0/365.
36.0/365.
.35.3/36T7.
34.0/367.
36.4/365.
37.0/365.
36.5/366.
34.3/366.

31.8/362.
3hk.1/362.
33.7/367.
3L4.0/367.
34.0/365.
32.6/365.
34.0/36k.
33.2/36k4.

32.3/363.
33.7/363.
32.1/36T7.
31.7/367.
33.3/367.
34.0/367.
33.3/368.
34.4/368.

29.9/365.
29.1/365.
32.1/362.
28.2/362.
33.0/360.
30.5/360.
31.2/361.
31.3/361.
29.7/36L.
30.7/364.

Vi © O

VIO OO O OO wviviuviwviuiu O O ViviO OO owuviun

loNoNoNoRV RV RV RV, Ne o]

Degrees

18.47
18,42
17.33
17.78

17.22

~AT.27
17.88
17.3k

18.22 .
17.73
17.31
16.68
17.95
18.25
17.93
16.85

15.81
16.96
16.51
16.65
16.74
16.06 -
©16.79
16.40 .

16.02
16.71
15.7h
15.55
16.33
16.68
16.27
16.80

1k.75
14.35
15.94
14.00 -
16.48 -
15.29
15.56
15.61
14.69
15.18



-Sample

TG (éontfd) 6

7
8

TG ' H1

= o o

RLWI 1

RLWT H1
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TABLE XXXI (Continued)

CIRCUMFERENTIAL WIDTH -AT-HALF HEIGHT:

COoOVIO_\VIWUVIVIiVIO O V-UTA

co-~Nwuwowo

ouNvOoFOUVIW

OCVIVIOOOOUUVMOOO OO WO

viowvivviut O\l O

i O O\

T at Half
Height

69.
70.
66.
66.
66.
65.

55.
58.
60.
.61,
60.
58.
61.
60.
43,
Lé.
50.
51.
60.
60.
56.
55.

Lo.
36.
Lo.
39.
36.
38.
38.
33.

59.
L9,
53.
48.
50.
49.
Lo,
39.

B AV RV RV RV, RV N o)

oo oNowuvinown

RPN NDVOOONNO VU

Width at Half Height,
Scale uqits

31.7/361-
29.0/361.
33.6/365.
30.6/365.
32.4/363.

'30.9/363.

"30.0/366.
31.3/366.
' 31.5/366.
.32.4/366.
"33.0/366.
33.8/366.
.32.5/362.
'30.3/362.
- 31:L4/368.
-33.7/368.
31.2/361.
- 31.9/361.
30.6/358.
©31.5/358.
30.7/355.
31.2/355.

30.6/365.
29.6/365.
. 30.2/363.
" 30.0/363.
32.0/363.
' 30.7/363.
30.2/36k.
30.0/36k.

. 29.4/362.
. 28.6/362.
127.8/358.
28.5/358.
30.0/361.
32.7/362.
32.5/362.
28.5/362.

oo oowuwn

O OoOVIVIOOO0OOUVMTVIO OO0 OO0 .

(G EGEV RV, e W RE, RN )|

BN cNoRoRG RV RN, Nole'

Degrees

15

1k,
16.
15.
16.
15.

1L,
15.
15.
15.
16.
16.
16.
15.
15.
16.
15.
15.
15.
15.
15.
15.

.78.

Lk
5T
09
o7
32
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TABLE XXXI (Continued)

CIRCUMFERENTIAL WIDTH AT HALF HEIGHT:

T at Half. Width at Half Height,

- Sample T002 BaTO Height . scale units Degrees
RLWII 1 Lh,s 76.5 58.5 29.0/361.0 - 1h.k6
46.5 . 76.0 59.7 28.7/361.0 14.31

2 26.7 ..67.0 ho.2 30.0/363.5 14 .86

26.7 . 67.0 ho.2 28.1/363.5 13.92

3 27.0 67:5 ho.7 28.8/364,0 14 .24
25.7 61.5 39.7 27.3/364.0 13.50

I 31.0 66.5 4s.2 29.2/364.5 1L.42

30.5 65.5 Ly, 7 28.2/364.5 13.93

RLWII . H1l 39.0 72.0 53.0 28.7/36k4.5 1bh.17
k1.0 73.5 55.0 - 26.8/36kL.5 13.24

2 30.5 71.0 4L6.7 29.7/366.0, 14,61

28.2 69.5 Ly .2 29.1/366.0 14.31

3 30.0 66.5 43.0 27.4/362.5 13.60

30.5 66.0 45.0 29.0/362.5 1k.4o .

L 31.5 65.0 45.0 27.8/365.5 13.69

31.3 64.0 b7 27.0/365.5 13.30

THol - L 36.0 65.0 48.5 35.4/368.5 17.29
‘ 38.0 65.0 50.0 36.0/368.5 17.56
W 29.5  57.5 hi1.2 37.1/364.0 18.35

29.5 . -56.0 40.5 37.0/364.0 18.30

H 27.0 52.5 37.5 37.4/365.0 18.44
26.3 52.0 37.0 35.3/365.0 17.80 -

THolt L 33.3 59.5 44,5 36.1/362.0 17.95
‘ 34.0 59.5 45.0 38.2/362.0 18.99

W k2.0 63.0 51.2° 36.5/365.0 18.00

40.5 61.0 50.0 39.9/365.0 19.68

H 22.2 47.0 32.2 36.7/366.5 18.01

21.0 k5.5 31.2 39.4/366.5 19.35 -

THoll L 45.5 71.5 57.0 31.3/365.5 15.k42

43.5 .T72.0 56.0 30.0/365:5 ERO &

W 36.5 . 69.0 50.2 .- 34.2/366.0 16.82 .

35.0 . 68.0 49.0 33.0/366.0 16.23

H 31.0 * ".63.5 Ly .2 30.9/365.5 15.22

31.0 - 6L.0 Ly.5 30.8/365.5 15.17
THoll 1L 43.5- . 69.5 55.0 ° 33.2/36k4.0 16.42 .
41.5 .70.0 54.0 @ 31.2/36L4.0 15.49
1w 19.5 49.0 30.2 32.0/363.0 15.87 -

17.0 43.5 27.5 34.2/363.0 16.96

1H 32.5 65.5 46.0 33.2/367.5 16.26

30.0 64.5 44,0 31.8/367.5 15.58
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TABLE XXXI (Continued)

CIRCUMFERENTTIAL WIDTH AT HALF HEIGHT

T at Half ~ Width at Half Height,

Semple Tooe.  B8T, Height scale units Degrees
THol8 L 42.5  T1.5 55.2 33.3/365.0 16.k2
42.0 70.5 54,2 32.0/365.0° 15.78
W 30.5 65.0 Lh.5 32.8/361.0 16.36
30.0 66.0 Ly, 5 33.3/361.0 16.60
H 20.0  53.0 32.7.° © 33.7/367.0 16.53
23.0 54,0 35.2 33.6/367.0 16.48

THo29 L 36,0, 65.0 48.5 . 32.5/363.0 16.12
36.5  66.0 4b9.2 33.3/363.0 16.51
W 26.7 59.0 39.7 32.8/361.5 16.33
26.0 '59.0 39.2 33.3/361.5 16.58
H 22.7 56.5 36.0 33.8/367.5 16.56
22.5 . 57.5 36.0° '33.6/36T.5 16.46
THol6 L 58.0. - T6.5 66.5 1 32.0/363.0 15.87
59.0 ~° T7.5 67.5 31.0/363.0 15.37
W Lo.5- 62.5 50.5 '43.0/362.5 16.88
39.5 64.0 50.2 '35.9/362.5 17.83
THo62 L 37.0  66.5 49.7 35.1/363.0 17.41
36.5  67.0 49.5 '36.0/363.0 17.85
W k5.0  73.5 59.5 . ., 38.3/361.5 19.07
40.5 71.5 53.7 -  37.0/361.5 18.43

THo9T L Lo.0 . 63.5 50.5 . 32.7/362.5 16.24"
. 36.5 60.0 47.0 © 31.6/362.5 15.69
W 23.5 47.0 33.2°. 35.5/362.0 17.65

20.2  'hWh.s5 30.2 . -'37.1/362.0 18.82
H 36.5 . 63.5 48.2 ' 37.1/365.5 18.27

28.7  '59.5 hi.2 ' 35.2/365.5 17.34

THo120 1L 3h.2 7 62.0 L6.0 35.5/360.0 17.75 -
33.5 ~ 60.5 k5.0 " 36.1/360.0 18.05
1w Lo.5 57.0 48.0" - L41.0/365.5 20.20
hk2.0  57.5 k9.0 '39.1/365.5 19.26

THo120 2L 29.0  55.5 40.0 36.0/362.5 17.88 -
26.7 55.0 38.2 35.7/362.5 17.73
aw 2.5 k9.0 34.5 " 35.0/367.0 17.17 -

25.0 k9.5 35.0 - 36.0/367.0 17.66
2H 26.5. "L6.5 35.0° © 36.6/367.5 17.93
26.5 - . 48.0 35.7 - 34,7/367.5 17.00
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TABLE XXXI (Continued)

CIRCUMFERENTIAL, WIDTH AT HALF HEIGHT

T at Half - Width at Half Height,

Sample To02 BaTo Height scale units Degrees
THo120 3L 2hk.0  45.0 33.0 37.0/364.0 18.30
26.5 . 47.0 35.2 37.8/364.0 18.70
3w 25.5  50.0 35.7 37.8/366.5 18.57
25.5 .52.5 36.7 35.0/366.5 17.19
3H 43.5 65.0 53.2 37.0/361.0 18.45
43.7 67.0 54.2 38.5/361.0 19.20
THol20 hw 29.5 48.0 37.7 38.0/366.5 18.66
28.5 46.5 36.5 39.1/366.5 19.20
WH - 25.0 46.5 34.0 36.1/366.0 17.75
2k4.s 418.0 34.2 35.2/366.0 17.31
THo120 5L 23.0°  53.0 35.0 © 32.0/363.5 15.85
25.7  56.5 38.2 33.0/363.5 16.3k
SW 19.6 40.0 28.2 36.1/365.0 17.80
18.5 38.5 27.0 36.6/365.0 18.05
SH 19.0 38.5 27.2 38.0/365.5 18.71
19.0 39.5 27.5 36.4/365.5 17.93
RHol W 21.5 45.5 31.0 30.7/36L4.0 15.18
22.8 48.0 32.5 - 29.7/36k.0 14.69
H 2Lk.3 46.5 33.5 31.5/369.5 15.35
22.0. k6. 32.0 ° 30.5/369.5 14.86
RHol L 25.7 51.0 36.2 . 31.2/370.5 15.16
30.0 51.0 39.0 33.7/370.5 16.37"
W 15.5 38.5 2h.7 33.2/365.5 16.35
15.7 38.5 25.0 34.1/365.5 16.79
H 16.5 hi.0 26.2 31.7/366.0 15.59
16.5 41.5 26.2 31.5/366.0 15.49
RHol6 L sb.0 . 67.5 60.2 32.0/362.5 15.89
‘ 48.5 : 62.0 54,7 31.0/362.5 15.39
W 30.5 59.0. 42.5 32.0/364.0 15.82
30.8 59.5 43.0 © 31.9/364.0 15.78
H 22.5 57.0 36.0 31.0/366.0 15.25
2k.5  57.5 37.5 32.2/366.0 15.84
RHo029 L 33.0 2.0 45.0 29.4/365.5 1k4.48
‘ 340 63.5 L6.2 '28.6/365.5 1k4.09
W 20.5 53.5 33.2 32.3/365.5 15.86
20.3 '53.5 33.2° 31.5/365.5 15.51
H 27.0 64.0 °  L1.5 28.4/36k4.5 1k.03
25.8 63.5 39.7 28.2/364.5 13.93




Sample T

002
RHol6 L 45.0
. kL. 0
W 35.5:
34.0
H 36.0
. 37.0
RHo62 L 46.
b7
W Lé
31
H 33
33
RHo9T L 69.5
T2.0
W 21.3
19.0
H 23.5
26.0
RHol120 Earlywoocd
L L42.0
41.5
W 40.0
43.5
H 53.0
52.0
RHol20 Transitionwood
L 31.0
30.0
W 38.0
37.0
H 29.5
30.5
RHo0l120 Latewood
L 20.0
19.0
W 30.0
31.0
H 26.5
26.0
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TABLE XXXI (Continued)

CIRCUMFERENTIAL WIDTH AT HALF-HEIGHT

ocoooocow

. BaT

68.5

T at Half' - Width at Helf Height,

Height .scale units
55.5 28.9/363.5
54,0 - 28.3/363.5
47.0 32.1/367.5
Ls.7 32.0/367.5
45.0 30.3/367.5
L6.5 133.0/367.5:
53.7 30.3/365.5
54,0 31.0/365.5
52.7. - -+ 36.4/367.5
39.0° L 33. 0/367 @5
41.5 . 30.0/367.0
k2.0 32.6/367.0
75.5. 28.2/364.0.
77.0 29.0/364.0
33.0 - 35.0/365.0
30.2 . 34.1/365.0
3.7 31.8/364.5
37.0 32.2/36k4.5
52.2 30.1/361.0
51.5 30.1/361.0
L7.0 35.6/361.5
50.0 33.6/361.5
58.7 31.5/365.5
59.0 32.0/365.5
L. 2 29.3/361.0
43.5 29.2/361.0
47,0 34.2/363.5
46.0 36.6/363.5
39.7 36.6/366.5
ho.7 35.2/366.5
34.0 30.6/365.5
32.7 '31.2/365.5
40.2 35.6/363.0
42.0 - 34.5/363.0
36.5 3Lk.2/364.0
36.0 35.0/364.0

Dégreeé

1L,
L.
15.
15.

1k

"16.

1h.
27
.83
16.
1k,
15.

15
17

13.
1k,
17.
16.
15.
15.

15.
.01
.13
16.
15.
15.

15
17

1k

18
17

15

17

31
01
72

67
.84
16

92

16
71

99"

01

73
51
76

.61
1k,
16.

56
ok

.12
.98
17.

29

0T -
15.
17.
A1
16.

17.

37

91
31




Sampile
Air Dry-.
Ho I

Air Dry a
Ho I H

Air Dry
Ho II

Air Dry a
Ho II H

T
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TABLE XXXI (Continued)

CIRCUMFERENTIAL WIDTH AT HALF HEIGHT

002

26.
aT.

2l.
22,

19.
22.

32.
3k,

®Heated at 105°C. and

0
p)

i\

- 75.

Ba.T0

77.0
78.5
76.
7.

1\

o v

78.

80.
82.

[N e

T at Half
Height

n
46.

D

ko.s
k2.0

38.7
42.0

50.5
52.7

Width at Half Height,
scale units

35.
3.

32

33.

34
33

35
3L

3/365.
0/365.

.6/368.
2/368.

.6/366.
.0/366.

.6/365.
.0/365.

9.7% moisture content for two hours.

5o

o O

Degrees

17.38
16.74

15.95
16.24

17.02
16.23

17.56
16.77 -
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TABLE . XXXTI A&

CIRCUMFERENTIAL; 2T WIDTH

Sample © " . Maximum I  :Maximum II Average
TEW I I1 70/366.5 . T2/366.5 34.87
2 75/362.5 T1/362.5 36.25
3 73/368.0 72/368.0 35.46
L - 76/367.5 T1/367.5 36.00
TEWIH Il TL/365.5  T4/365.5 - 36.L5
T2 T0/367.0 -+ T73/36T7.0 35.06
3 76/365.0 " TT/365.0 37.73
L 73/366.5 - T76/366.5 36.59
TLW I 1 ~Th/362.0 71/362.0 36.05
2 - Th/367.5 72/36T.5 35.75
3 . T72/365.5 T72/365.5 - 35.L46
in . 69/364.5 69/364.5 . 3k.o7
TLW I H 1 © 66/363.0 - 70/363.0 33.48
' 2 . 65/367.0 - 68/367.0 32.62
3 - T1/367.0 . TL4/367.0 35.55
L T2/364.5" Th/364.5 36.05
TG 1 62/365.0 , 62/365.0 30.58
2 - 58/362.5 60/362.5 29.30
3 59/360.5 60/360.5 29,70
4 58/361.0 .59/361.0 29.16 -
5 61/364.0- '58/364.0 29.43
6 - 61/361.5 61/361.5 30.37
7 64/365.0 68/365.0 32.54
8 63/363.0 63/363.0 31.29
TG H 1 62/366.0 60/366.0 30.01
2 66/366.0 . 65/366.0 32.22
3 63/366.0 © 65/366.0 31.48
n 63/362.5 - 63/362.5 31.28
5 68/368.0 66/368.0 32.78
6 62/361.0 62/361.0 30.91
7 59/358.5 64/358.5 . 30.87
-8 57/355.0 ¢ 59/355.0 . 29.41
RLW I - 1 63/365.5 - 63/365.5 31.03
2 63/363.0 . 63/363.0 31.25
3 67/365.5 67/365.5 32.99
N 65/36k4.5 5 32.09

65/36L.
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TABLE XXXII (Continued)

CIRCUMFERENTIAL 2T WIDTH

Sample ‘ Maximum I Meximum IT Average
RLW I.H 1 61/361.5 - 62/361.5 30.62
2 61/358.5 60/358.5 30.38
3 63/361.5 65/361.5 31.86
L 67/362.0 67/362.0 33.32
RLW II 1 58/361.0 60/361.0 29.41
2 61/363.5 60/363.5 29.92
3 63/36k4.0 63/364.0 31.16
I 61/364.5 61/364.5 30.13
RLW II H 1 59/364.5 55/364.5 28.15
.2 61/366.0 61/366.0 30.01
3 60/362.5 60/362.5 29.79
4 60/365.5 59/365.5 29.30
THol L 71/368.5 70/368.5 36.1k
W 75/364.0 T4/364.0 36.85
H 76/365.0 T4/365.0 36.99

THoli L 73/362.0 - ' 16/362.0 37.04
W 76/365.0 77/365.0 37.73
" H 78/366.5 78/366.5 38.30
THoll - Ll 59/365.5 | 60/365.5 29.30
2 " 60/364.0 . 63/364.0 . 30.42
W1 65/366.0 69/366.0 33.19
2 62/36k4.0 62/364.0 30.65
H1 62/365.5 62/365.5 30.53
2 68/367.5 67/367.5 33.07
THol8 L 65/365.0 . 66/365.0 32.31
1% 66/361.0 . 67/361.0 33.16
H 67/36k4.0 . 70/364.0 33.88
THo29 - L 62/363.0 6L/363.0 31.25
‘ W 65/361.5 66/361.5 32.62
H 66/367.5 67/367.5 32.58
THol6 L . 61/363.0 60/363.0 30.01
W - '65/363.0 "70/363.0 33.39
THo62 L . 70/363.0 73/363.0 35.46
1 71/361.5 75/361.5 36.34
THo9T L 62/362.5 61/362.5 30.55
W 68/362.0 71/362.0 34.56
H 73/365.5 70/365.5 35.21
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TABLE XXXII (Continued).

CIRCUMFERENTIAL-'2T ‘WIDTH "

Sample Maximum I © . Maximum II Average:
THol20 Ll "~ 69/360.0 70/360.0 . 34k.75.
WL - - T2/365.5 - T1/365.5 - 36.68
THo120 L2 70/362.5 . 69/362.5 3k.51
W2 : © . Th4/367.0 . T72/367.0 - 35.80
H2 . 69/367.5 . 69/367.5 - 33.80
THo120 L3  70/36k.0 - 70/36Lk.0 3k.61
W3 - '73/366.5 i 12/366.5 S 35.60
H3 - T2/361.0 * 1 T2/361.0 35.89
THol20 Wh 72/366.5 7#/366.5 35.86
Hh4 72/366.0 ‘7h/366.o 35.91
THol20 L5 § 68/36&.5 | 70/364.5 34k.32
W5 70/365.0 73/365.0 .- 35.26 . .
HS © T1/365.0 . .0 T1/365.0 3L .47
RHol W 62/36k4.0- ~ 62/36k4.0 . 30.65 .
H . 60/369.5 .. 60/369.5 29.23
RHok L 63/370.5 65/370.5 7 31.09
W " 6L/365.5 " 68/365.5 32.51
H 64/366.0 65/366.0 31.72
RHol6 L 60/362.5 6L/362.5 30.78
W 64/369.0 68/369.0 32.20 -
H 63/366.0 63/366.0 30.98
RHo29 L 57/365.5 58/365.5 28.31
W 63/365.5 63/365.5 31.03
H 60/36L.5 60/36k4 .5 29.63
RHok6 L 59/363.5 58/363.5 28.96
W 64/364.0 64/364.0 31.64
“H 60/367.5 61/367.5 29.63
RHo62 L 61/365.5 63/365.5 30.53
W 70/367.5 69/367.5 34.0k -
H 61/367.0 66/367.0 31.1kh
RHo9T L 59/364.0 58/36k4.0 28.93
W 68/365.0 66/365.0 33.05
H 65/364.5 62/364.5 31.36
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TABLE XXXII (Continued)

CIRCUMFERENTIAL 2T WIDTH

Sample Maximum I Maximum IT Average:
RHo120 L EW 57/361.0 59/361.0 28.93
W 66/361.5 71/361.5 34,11
H 68/365.5 68/365.5 33.48
RHo120 L TW 61/361.0 61/361.0 30.k42
H- 68/366.5 67/366.5 33.18
RHol20l L LW 62/365.5 58/365.5 29.55'
W 63/363.0 67/363.0 32.2k4
H 67/364.0 66/36k4.0 32.89
Air Dry .
Ho I : 72/365.5 72/365.5 35.46
Heated Air Dry ' :
Ho I- , 69/368.0 . T1/368.0 - 34,24
Air Dry -
Ho II 75/365.0 - T1/365.0 37.48

Heated Air Dry
Ho II . T1/366.0 75/366.0 35.90




Sample

OO0\ FWw .

9
10°

1l
12

13-
1k

15
16
17
18
19
20
21
22

Wet Weight ' Ionic
After Medium ~~ Wet Weight ' - Wet Weight Ovendry
Washing, - 0.1N - =~ from the . ' ' ‘After Weight,
g. ' Weight . Ionic Medium ' Rewashing g
0.715 KC1 T 0.662 i 0.Th2 =+~ ..0.163.
0.786 KC1 T - 0.696 S 0.901 0.180
1.209 xc1 10% 0.832 1.099 0.22k4
1.461 KC1 o0 - "1.022 1.342 - 0.268 -
1.404 KC1 100 - - - 1.091 oo 1.374 0.293
1.19k4 KcL - 0.831 0.929 0.226
1.450 KC1 1,005 1.275° 0.28L
1.383 KC1l Y. 0.950 1.222 0.269
1.599 NaCl "o 1.086 - 1.471 0.297 -
1.540 NaCl © 71,0330 - 1.388 0.281
1.566 - BaCla . -.1.,039 S 1.082 - .. 0.304 -
1.581 BaCl, '+ 1.0Lb o 1.139 . 0.316
1.h62° Ba(C2H302), ' -+ 0.918 0.965 - 0.276
1.547 Ba(C2H302)2 ©  1.068 1.152 0.322
1.453 FeClz 10 0.952 0.882 0.275
1.275 FeCls 40O 0.869 0.816 0.250
1.2k FeCl; 100 0.809 0.776 0.240
1.438 FeCls " 0.990 0.929 0.280
1.012. FeCls 0.682 0.641 0.197
1.126 FeCls 0.722 0.712 0.218
1.624 FeCls 1.155 1.115 0.338
1.622 FeCl; 1.120 1.058 0.323
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TABLE XXXIIT"

{EFFEciIbF}iONiC'TREATMENT ON THE
"CENTRIFUGAL WATER RETENTION' VALUE

annic treatment lasted the indicated number of minutes, all others were treated
for twenty hours.




Sample

Pulping ligquor
NaCl

KCl.

BaCl,
Ba(C2H302)>

FeCl;

23
2L

11
12

13
1k

21 -

22
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TABLE - XXXIV

EFFECT OF EDTA ON THE CENTRIFUGAL WATER
RETENTION VALUE OF IONICALLY TREATED PULPS

Rewashed
Wet Weight,

8-

1.819
1.689

1.471
1.388

1.275
1.222

1.082
1.139

0.965
1.152

1.115
1.058

Wet Weight
Wet Weight After the
in EDTA, Subsequent
0.1N, g. Washing, g-
1.159 . 1.552
1.106 1.478
1.016 1.338
0.966 1.262
0.957 1.295
0.919 1.222.
1.02h : 1.394
l -'065 l.)-l»85
0.917 , 1.277
1.058 1.428
1.089 1.351
1.046 - 1.303

Ovendry
Weight,
[

0-338
00321

0.297
0.281

0.28Y4
0.269

0.304
0.316

0.276
0.322

0.338
0.323




Semple

25
26

27
28

29
30

31
32
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TABLE XXXV

EFFECT OF ACID AND ALKALINE TREATMENT
ON THE CENTRIFUGAL WATER RETENTION VALUE

Wet Weight
After
Washing, g.

1.968
1.903

1.825
1.408

1.77h
1.663

1.652
1.806

Medium 0.1N

HC1
HC1

CH3COOH:
CH3COOH.

KOH
KOH

- NaOH
NaOH

Wet Weight

After

Treatment,

0.
.180

1

1.
0.946

.24k
.164

N

g.
919

191

187
.239

Wet Weight
After
Rewashing,
g

1.00k
1.2h45

1.25h
0.969

1.571
1.459

1.471
1.563

Ovendry
Weight,
g

0.297
0.381

0.365
0.28L

0.360
Ov33)-|'

0.330
0.353







