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I. INTRODUCTION

Microscopy is the study and interpretation of images produced by a microscope.
“Interpretation” is the key word, because the microscope enables onc to see struc-
tures that are too small, or too close together. to be resolved by the unaided eye.
(The human eye cannot separate two points or lines that arc closer together than
01 mm.) It is important to remember that microscopy is not simply a matter of’
magnification and making objects larger. hut of resolving features that may not
have been seen before. Much microscopical analysis is subjective, Images cannot be
interpreted intuitively on the basis of nonmicroscopical experience but require
highly skilled microscopists with knowledge and practical experience of the materi-
als they are examining and an “eye” for their subject. Correct interpretation can be
achieved only when one has a thorough understanding of al the factors that
influence the final image. These factors include instrumental effects, specimen pre-
paration techniques, and microscope specimen interactions. Three-dimensional
objects projected onto a two-dimensional image, such as is the case with scanning
electronmicrographs, can be particularly confusing and difficult to interpret.
Images of surface features can be illusory, and the observation, recorded by the
seventeenth century microscopist Robert Hooke [1 28], that “it is exceedingly diffi-
cult in some objects to distinguish between it prominence and it depression,
between a shadow and g black stain, or a reflection and a whiteness in a color-"
still holds true today.

The aim of microscopy is to study material in a condition as near as possible
to its natural state. This, therefore. means a minimum of specimen processing
because each treatment that is applied runs the risk of introducing artifacts. As
Stone and Scallan [309] pointed out. ““The structural studies of* water-swollen fibers
should always be performed, if possible, while the fibers are still saturated with
water.”

This chapter discusses the applications of microscopy to pulp and paper
research. Conventional optical and electron microscopical techniques are cover-cd
onty briefly, because these are well documented elsewhere. Novel forms of micro-
scopy  confocal laser scanning microscopy (CLSM), low temperature scanning
electron microscopy (LTSEM), and at o mi ¢ force microscopy (AFM) are pre-
sented in detail. As yet. there arc no official or standard methods pertaining to
their use.
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li. A BRIEF HISTORY OF THE MICROSCOPY OF WOOD AND PAPER

Robert Hooke was one of the first people to use a microscope to examine the
structure of wood cells. He published his drawings in Micrographia in 1665 [128].
His observations raised many questions concerning the ultrastructure and functions
of wood cells, but little advance was made until the second half of the nineteenth
century, when the polarizing microscope was developed. This made possible the
examination of crystalline structures and bundles of parallel filaments, and Carl
von Nigeli laid the foundations of the physical chemistry of colloidal matter,
which must also include the cell walls of wood.

Other advances included the development of ultraviolet and fluorescence
microscopical techniques. Kohler developed the first ultraviolet microscope in
1904. and Reichert and Heimstadt demonstrated the first practical fluorescence
microscope in 191 1. Both instruments have proved to be very useful tools for study-
ing plant material. which generally exhibits relatively intense primary fluorescence in
the ultraviolet (LJV) and blue spcctt-a

The discovery early in the twentieth century of electrons and an understanding
of their behavior led to the development of electron microscopes and the opening up
of a whole new field. High energy particles, which have wavelike properties analo-
gousto those of light waves could be generated. so the wavelength of light was no
longer a limiting factor 1o the resolution that could be achieved with a microscope.
Ernst Ruska [280] produced the first electron micrographs Of surfaces.

The development of the transmission electron microscope presented enormous
scope for ultrastructural research because of its very high resolution. The microfi-
brillar structure of ¢l walls could be clearly seen, and measurements could be made
of the fibrillar units. The scanning electron microscope, on the other hand, allowed
hi-get- specimens |0 be examined, but its main advantage wits its enormous depth of
field. enabling three-dimensional viewing of specimens. In 1959 the first SEM to be
used specifically for solving problems associated with papermaking was installed at
the pulp and Paper Research Institute of Canada in Montreal [301]. Nowadays the
SEM is widely usedin paper science research and is a standard piece of equipment in
most research centers.

The flying spot microscope, described by Young and Roberts in 1951[37 1].
was the first example of a sequential imagimz systein. The confocal scanning micro-
scope was invented by Minsky [21 1], who tiled a patent for it in 1957, but further
development took it long time. Forerunners of the modern confocal laser scanning
microscope (C'LSM) used UV or white light. but the later development of the laser.
giving a powerful source of monochromatic radiation that could be concentrated
into one spot, provided greater versatility. Commercial production of the CLSM in
the late 19805 led to a renaissance in optical microscopy, particularly in fluores-
cence microscopy. Its use quickly became a widely established technique in cell
biology and medical research and is now indispensable for studying the three-
dimensional structure of cells as well as dynamic processes in living cells. Nanko
and Ohsawa [224] were the first to repot-t on the use of a scanning laser microscope
(SLM) for examination of paper, using it to observe changes that occurred in wet
paper webs as they dried. The CLSM has become a recognized part of paper
science research, with more and more centers acquiring their own microscope or
gaining access {o one.
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A new family of scanning probe microscopes was developed in the 1980s that
offered the possibility of atomic resolution. These include the scanning tunneling micro-
scope (STM) invented by Binnig and Rohrer in 1982 [2], 22] and the atomic force
microscope (AFM) subsequently developed by Binnig and coworkers in 1985 [20].

lil. MICROSCOPICAL TECHNIQUES FOR PULP AND PAPER RESEARCH

Microscopes at-e powerful research tools, and both optical and clectron tnicroscopes
have played an important role in elucidating mechanisms of papermaking processes.
Direct observations are very important to gaining an understanding of the structure
of fibers both of their behavior in agueous solutions and of their properties in the
resultant paper. Direct visua methods need to be complemented with carefully
planned measurements of physical propertics cart-id out simultaneously so that
causal relationships can be established. Microscopy needs to be applied systemati-
cally, with quantitative analysis of images undertaken. To this end most microscopes
can be linked directly to an image analysis system and images can be processed and

measured interactively. Image quality for all microscopy depends on optimizing the
setup and adjustment of the microscope and on good specimen preparation. Good
image quality results in high contrast, high resolution images that at-e free of arti-
facts. Findly, cdibration of magnification is essential rot- interpretation. Diffraction
gratings and latex spheres are cotntnonly used for calibration put-poses, but Watts
and Emerton [346] recommend imaging the periodic structure of a diatom skeleton.
This is particularly suitable for electron microscopy, because. being silica, the diatom
skeleton is not subject to shrinkage.

So. what do these different methods of tnicroscopy have to offer?

A. Optical Microscopes

Optical microscopy has aways been, and will continue to be. an important part of
paper science research. It has been much used for qualitative analysis but also has 2
large range of quantitative applications. Howcvet-, the resolution of optical micro-
scopes (around 0.3 pm) is poor compared to that of electron microscopes (down to a
few nanometers). There are a plethora of books on optical microscopy, but a good
overview of the different types of optical microscopes is given by Rollins and deGruy
[277) in 4 book that was written primarily rot- analysis of cotton cellulose but also
tnakes reference to papermaking fibers.

Much of the important work in the elucidation of fiber structure was done
using optical tnicroscopcs. a great deal of’ it pioneered by plant anatomists. Many
phenomena relating to the structure of wood and fibers were reported cat-ly on by
skillful microscopists but did not receive recognition until much later. One such
phenomenon was fibrillation. Strachan [3 10] was the first to observe fibrils on the
surfaces of beaten fibers. but his observations could not be confirmed until Clark [45]
produced micrographs of disintegrated fibers that had been silvercd.

Optical microscopes can be ysed with incident or transmitted light or a com-
bination of these depending on the specimen. Specimens may be living or dead, wet
or dry. Optical tnicroscopy using transmitted light requires samples to be relatively
transparent and thin. and if they are not thin enough, then sections need to be
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embedded and cut With a microtome. Embedding procedures normally entail dehy-
dration, involving the usc of a solvent, followed by infiltration and polymerization of
the embedding medium, usualy a resin.

The Stereoscopic Microscope Stereoscopic microscopy allows specimens to be
viewed in three dimensions. Using incident light with a stereomicroscope at low
power gives good depth of* field. making it possible to obtain a great deal of infor-
mation about surface structures of fairly large specimens. The stereomicroscope is
often used for preliminary examination of specimens.

Compound Microscope The compound microscope is the “conventional” light
microscope, a standard piece of equipment in paper technology laboratories and the
classical tool for fiber and pulp analysis. Isenberg | 136] gives a comprehensive
account of the optical system of the compound microscope and lists its common
uses in pulp and paper mill laboratories where routine standardized methods are
employed for quality control. It is used for identification of wood [323,324] and
nonwood [41,322] film-s. Photographic atlases have been compiled for identification
of papermaking fibers [54,250]. although for purposes of basic wood fiber identifica-
tion it would he hard to better the fine light micrographs in Ilvessalo-Pfaffli’s Fibe:
Atlas [ 134]. The compound microscope is also ysed for fiber analysis of paper and

board. determination of fiber coarseness and weight factor, analysis of fillers and
coating particles, and analysis of’ foreign particulate matter in pulp, al according to
the appropriate standards [320,321,325,326].

Jordan and Page [ 155] discuss the application of image analysis for measure-
ment of fiber length, width, and coarseness and the determination of weighted aver-
age fiber length using automated and manual procedures. They also describe ways of
defining and measuring fiber curl. Weidner [348] designed a special cell with through-
flow of ar from a constant humidity apparatus that fitted onto the microscope stage.
The top of the cell was covered with a glass cover slip so that changes in fiber length
and width with varying relative humidity could be measured.

Giertz [ 10 1] characterized fiber and fines fractions of various mechanical and
chemimechanical pulps and showed some interesting features in his light micro-
graphs. Pelton et a. [254] and Luukko et a. [194] measured the size distribution
of fines particles in mechanical pulps. Samples of fines materia were dyed and
mounted on glass slides, and their images were captured by video camera foi
image anaysis. McCool and Taylor [2()6] describe the techniques for quantitative
analysis of ink particles and stickies that they used to determine the efﬂciency of
deinking processes in waste paper recycling.

Measurement of contact ratio, the area of fibers bonded (o a glass slide (mea-
sured under incident light) as a ratio of the total area of fibers (measured in trans-
mitted light). was first proposed by Clarke [47] as a method for obtaining an
indication of the wet plasticity of fibers. Sloane [300] used this method to study
the effect of recycling on the bonding potential of softwood kraft pulps and provided
details of slide preparation and image analysis procedure. Kallmes and Eckbert [1 57]
felt that relative bonded area (RBA) was the parameter that best defined the struc-
ture of* paper and applied it to pulp and paper evaluation. They found that direct
measurements of RBA using optical microscopy did not correlate well with indirect
methods such as N, adsorption. which measures uncollapsed lumen area in addition
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to external fiber surface, so they used a lumen-corrected adsorption technique to take
into account the contribulion made by uncollapsed lumina.

Investigations into wet fiber {lexibility have also been undertaken with the hight
microscope. Various workers have developed techniques for measuring wet fiber
flexibility and conformability. Tam Doo and Kerekes [318] derived an index of
flexibility by measuring the deflection of selected fibers in a flow of water. Their
experimental setup included a microscope for measuring the diameter of each fiber
before it was deflected. Mohlin [213] showed that the conformability of a wet fiber
draped over a glass fiber on a microscope slide could be assessed by measuring the
length of the fiber that was not in contact with the glass, and Steadman [305,306]
formed a thin fiber network over a series of very fine steel wires laid parallel across
glass slides. This allowed flexibility measurements to be made of a Izn*gor number of
fibers.

Bucher [35] examined the structural organization of wood fibers. Fibers were
macerated, and the use of a differential metachromatic stain enabled the primary and
tertiary walls to be distinguished from the secondary wall. Helix angles in the tertiary
walls were measured for several conifer species. Many workers have studied the
effects of beating on the development of fibrillation. Mclntosh [207] dried down
well-beaten fibers onto microscope slides and then shadow-coated them with silver
to enhance the fibrillar structures. These effects of beating can be studied qualita-
tively and quantitatively. Laamanen et al. [179] obtained a fibrillation index for fibers
dried down onto microscope slides. A differential staining technique was developed
by Simons [296] to evaluate the degree of fibrillation. Intact fibers stain blue, whereas
fibrillated fibers turn orange. This technique was used by Blanchette et al. [23] as a
rapid screening tool for evaluating the effectiveness of various species and strains of
fungi used to fibrillate fibers in biomechanical pulping. Similarly, Jackson et al. {138]
used Simons stain for characterizing surfaces of fibers after treatment with cellulase
and/or hemicellulase. Microscopical analysis strongly suggested that cell wall frag-
ments or fibrils were being removed from surfaces by hydrolysis. Jackson et al. [139]
also adapted a gold-labeling technique normally used for transmission electron
microscopy (see Section IV.E) to see where the cellulases bind to fibers. They
enhanced the enzyme-gold complexes with silver so that they were large enough
to be resolved using a light microscope. Lackner et al. [180], in their study of
wood rot, also employed the silver staining technique to enhance immunogold-
labeled ligninases for optical microscopy.

Most paper sheels are (oo opaque for examination in transmitted light. Surface
features can be studied using oblique lighting or vertical illumination methods, but
this can be done only at low magnification. For high magnification work, surface
contrast must be greatly enhanced in order to reveal fine structural details, and this
can be achieved by metal shadowing or surface replication techniques. Williams and
Wykoff [358] first proposed the use of metal shadowing for examining surface struc-
tures with the electron microscope, and this technique was subsequently adapted for
optical microscopy [359]. It entails directional depos‘ition of a thin layer of metal by
evaporation under high vacuum onto the surface of the specimen. Raised features
intercept the beam and give rise to metal-free regions on the leeward side. Paper
sheets that are sufficiently translucent can be prepared in this way and produce a
negative image when viewed in transmitted light (the raised features appearing dark
and the metal-free depressions light), but a positive image can be obtained by photo-
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graphic reversal. Alternatively, replicas of paper or wood surfaces can be made.
These were also mitially made of metal for electron microscopy, but the replica
method was extended to the field of light microscopy, and for this purpose they
are usually made of transparent plastic material. Plastic replicas are then metal
shadowed and can be viewed in transmitted or incident light. These techniques for
studying wood fibers and paper were developed and employed largely by Emerton
[79]. Emerton et al. [81], and Page and Emerton [239]. Page and Sarwcnt [240] used
the carbon replica method to study the fine structure in contact regions of fibers that
had been dried onto glass or a steel drying plate and then removed. They examined
the same bond areas using both light microscopy and electron microscopy and
showed clearly the areas where the fiber surfaces had formed close contact with
the substrate. Emerton’s classic work [78,79] is illustrated by many examples of
replica techniques used by various workers, and Emerton et al. [80] presented an
atlas of paper surfaces—Ilight micrographs of metal replicas of a wide range of
papers viewed in oblique lighting.

Optical microscopy has been much used for examining cross sections of fibers
and sheets, This usually necessitates the use of embedding techniques and mechanical
sectioning. The method used for cross-sectioning paper depends on the purpose of
the study: Graff and Schlosser [ 105] review various embedding procedures and their
appropriateness for various types of material, Nissan [228] recommended that sedi-
mentation gludieg of papermaking fibers should he accompanied by direct visual
observation of the dimensions and shapes of fibers. Single fibers. placed in a sedi-
mentation cdl and timed as they fell through a known distance, were then placed. in
a wet state. on a microscope slide for measurement of length and width. They were
then dipped in paraffin wax and microtomed so that fiber wall thickness could be
measured from cross sections. Page et a. [241] described in detail their methods {or
obtaining sections thin enough for examination in transmitted light but thick enough
to maintain structural integrity and presented some examples of cross sections of
various types of papers. Leopold and McIntosh |1 85] measured the tensile strength
of individual alkali-extracted fibers. The fibers were then embedded in resin. and thin
sections were cuf as close as possible to the break in order to measure the cross-
sectional arca of the fibers. They showed a correlation between reduction in fiber
strength with the removal of * xylan-based hemicellulose and also a correlation
between decrease in strength gnd cross-sectiona arca with an increase in the con-
centration of the alkali used for exiraction.

Robertson and Mason [273] examined cross sections of embedded pulp fibers
to study the effect of delignification on fiber collapse by comparing cross sections of
spruce fibers from high and low yield pulps when wet, and then after sheet forming
and drying. The cross-sectional shapes and transverse dimensions of individual fibers
have also been examined for changes in structure arising {rom beating processes,
much of it by Kibblewhite and coworkers [165-168]. Kibblewhite and Shelbourne
[169] found that the combination of length and width/thickness ratio of kraft fibers
could be used to predict apparent density.

Szikla and Paulapuro [317] developed a method usin g image analvsis for mea-
suring z-direction changes in density distribution during wet pressing. They tinted
pulp with methylene blue during mfmmw iii order to avoid the damage that can ensue
from post-staining thin cross sections of embedded samples, and they also tested
handsheets made with and without methylene blue to confirm that the staining
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treatment did not affect fiber bonding. Mardon et al. [202] investigated changes in

paper structure during calenderim, by examining paper sections at various stages of
the process. Bergh and Thomin [ 19] investigated paper liquid interactions and pene-
tration of sizing and coating mixtures. Such techniques have been used largely for-

analyzing the distribution of fillers in sheets, coating thickness. and profile analysis,
details of which are given by Elton and coworkers [77,99], and also for examining the
effects of coating on the surface roughness of base papers [ 1 86,297].

Marton and Crosby [204] cut cross sections of embedded laminating papers in
order to study the penetration of dyed resins into the paper sheets and examine the
reaction between the resins and the base paper. Quackenbush [259] developed a
technique for making precise measurements of individual cells on the metering roll
of an offset rotogravure mater. An impression was taken of a small area of the roll
on a thin piece of plastic such as cellulose acetate or cellulose nitrate. This was then
sandwiched between two blocks of wax for microtoming. Measurements made from
the cross sections made it possible to determine the correct coating weight for print
roll engraving. This technique could also be applied to studying the corrosion of
metal surfaces and the wear and tear of printing plates and of the cutting edges of
relining eguipment.

Phase Contrast Microscope Phase contrast microscopy makes visible the differ-
ences in retardation of light waves as they pass through a specimen, the amount ol
retardation being proportional to the thickness of the object and the difference
between its refractive index and that of the surrounding medium. A phase plate
placed in the microscope converts the differences in refractive index into differences
of contrast in the image, allowing better observation of transparent specimens. Phase
contrast microscopy has been especially useful in biological and medical research
because it obviates the need for staining living cells. Robertson [274] used it as a
diagnostic tool to identify microbial populations to facilitate the appropriate selec-
tion and placement of biocidcs in papermaking systems. Asunmaa and Marteny [9]
used phase contrast microscopy to reveal the manner in which the outer cell wal
layer peels off fibers, and Crosby and Mark [57] employed phase contrast micro-
scopy in conjunction with near ultraviolet illumination to determine fibril angle in
the S2 wall layer of pulp fibers. Their technique overcame some of the problems
encountered in using polarizing microscopy for measurement of fibril angle. which
necessitates carcful preparation of fibers to expose a single wall layer. Generally,
phase contrast microscopy does not appear t o have been used much for paper
science. There are some references to its use in textile research (see Rollins and
deGruy [277)).

Interference Microscope Like the phase contrast microscope, the interference
microscope makes visible the relative retardation of light through a specimen, but
it is primarily designed to measure the differences in retardation of light rays passing
through the object and those passing through a reference arca in a mounting medium
of known refractive index. Knowing the thickness of the specimen and the refractive
index of the surrounding medium, it is then possible to determine the concentration
of solids and the dry mass of the specimen. Thus it is generally used for quantitative
studies rather than the observation of specimens. Lange [ 183] described methods for
determining mass per unit area of lignin and carbohydrates in different regions of the
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cell wall. Page et al. [238] used interference microscopy to measure the compacted
thickness of single fibers. in order to determine fiber stress after straining. Howarth
et a. [ 131] describe the use of a modified interference tnicroscopc to measure adhe-
sive distribution in pigment coatings on paper.

Polarizing Microscope The polarizing microscope measures and analyzes the
effects of* a heam of polarized light passing through a transparent specimen. thus
detertnining the orientation and crystalline characteristics of the structure of the
specimen. Polarization of the light is achieved by the use of Nicol prisms or polaroid
sheets. Two polarizing devices (a polarizer and analyzer) at-e used. When a polarizing
object, such as a crystal or highly oriented fiber. is placed on the microscope stage

with the polarizers in crossed position (90 ), the parallel-polarized light striking the
specimen is repolarized in the two perpendicular directions. and the waves. on strik-

ing the analyzer, are repolarized. The polarizing tnicroscopc is used principally for
detertnining orientation by measurements of refractive index and birefringence.
Many materials polarize light to some extent, and evaluation of this characteristic
alows correlation of the optical properties of a material with its physical behavior.

Bailey and Kerr [9, 10] were pioneers in elucidating the c¢e]] wall structure of
film-s. Using polarizing microscopy they showed the concentric layering of the sec-
ondary wall of lignified wood fibers and observed the heljcal orientation of fibrils in
cell wall layers. On the basis of observations and measurements made Using polariz-
ing microscopy and X-ray spcctrotnetry. Wardrop and Preston [344] proposed i
model of the wall structure of tracheids and fibers. Kallmes [ 56] used polarizing
and metallurgical miu‘oscopcs to examine the structure of Wal layers unraveled by
prolonged disintegration. His fine micrographs illustrate the fibyillar structure pecu-
liar to the primary, S1, and S2 wall layers, and wall thicknesses was measured using
the polarizing microscope.

Alexander et a. [2] used polarized light to measure fibri] angle and to determine
changes in fibril angle caused by beating and wet pressing, and Leney [I 84] describes
in great detail the technique he employed for measuring fibril angle. Measurements
of fibril angle are obtained by rotating the cell wallin a beam of plane polarized light
to the major extinction position, which appears black so nothing can be seen. The
drawback with this technique is that it t-quit-es careful preparation of fibers so that
only a single wall layer is exposed because polarized light passing through the two
walls of a whole fiber will effectively cancel. However. Page [234] overcame this
problem by introducing mercury into the lumina of fibers, which blocked out the
other half of the cell wal. Recently, Ye and Sundstrom [369] described a new
technique for determining the fibril angle of’ the S2 wall layer. based on microscopic
transmission ellipsometry using a conventional polarizing tnicroscopc equipped with
a charge-coupled device (CCD) camera or video camera. Whole fibers, wet or dry.
can be examined without any special preparation.

Page and De Grace [237] used polarized light to observe delamination of fiber
cell walls resulting from beating and refining. Pulps differ in their ability to swell
during beating, and sonic delaminate more than others. Page and De Grice showed
that sulfite pulp fibers split into 10 or more lamellae, whereas sulfate pulp fibers split
into only two to six famellae. McIntosh [207] used polarized light to increase defini-
tioti when examining delamination in cross sections of wet fibers that had been set in
gelatin. frozen, and then sectioned on a microtome With a freezing attachment.
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A great deal of knowledge of fiber bonding has accrued from the usc of the
polarizing microscope, much of it from the work of Emerton. Page. and coworkers.
Page [233] described a new technique of sandwiching dry fibers between two strips of
Scotch tape and using a combination of transmit fed and polarized light to study the
collapse hehavior of fibers. Emerton and Watts [X2] proposed the use of polarized
vertical {lJumimation as a means of distinguishing the primary wall (which shows
bright under crossed polarized devices) [rom the secondary wall (which shows dark)
to study the effects of beating on the removal of the primary wallin spruce tracheids.
Page [232] adopted this technique to make direct observations of areas of optical
contact between fibers in a paper sheet (where areas of* optical contact appear black),
and Page and Tydeman [242] made a survey of fiber fiber bonding in sheets made of
various Furnishes, both wood and non-wood. Page et al. [244] examined the size and
shape of fiber fiber bonds. looked at their frequency of occurrence in paper sheets,
and investigated the effects of* beating on these parameters. They also made a quan-
titative examination of loss of bonded area when fibers in a sheet oft paper were
strained to rupture [245]. Mcintosh and Leopold [208] determined the bonding
strength of individual fibers. The area of fibers bonded either to cellulose film o
to shives was first measured in polarized light. and then tension was applied to
determine the load required to release the fibers. Page and Tydeman [243] also
used polarized vertical illumination {0 examine bond formation in paper during
drying. The web was formed in situ. and a modified porous plate apparatus allowed
controlled removal of water so that each image was recorded 4l a known moisture
content of the web.

Yang et al. [308] evolved a technique f'or making direct measurement of the
bonded area of a fiber in j sheet. This entailed using an embedding tcchnique
developed by Quackenbush [260] and cutting numerous serial sections. The sections
were examined using both phase contrast and transmitted polarized light, and many
fibers could be followed through a series of sections without any difficulty. Bonded
area. aspect ratios. moments of inertia, and bonding state probabilities of the fibers
were measured using @ point mode digitizer interfaced with a computerized data
processing system.

Polarized light has also been used for lignin studies. and Coppick and Fowler
[50] developed ii silver staining techniques for woody tissuc that differentiates
degrees of' lignification in the cell wall by color reaction. Jordan and O™Neill [ [54]
describe a method of detecting mechanical pulp lines particles composed of lignin
and hemicellulose, which are not birefringent and therefore are not detected by fiber
length analyzers such as the Kajaani FS series. Quackenbush [26 |] describes tech-
niques developed to study flaws in coated papers and presents & series of case studies
to illustrate the usefulness of the polarizing microscope as an analytical tool for the
identification of contaminants in coated papers.

Ultraviolet and Fluorescence Microscopes ways of using shorter wavelengths
of light were developed in an attempt to increase the resolution of optical micro-
scopes. A fluorescence microscope is just a standard instrument that has been mod-
ified so that the wavelengths needed to induce fluorescence can he focused on the
specimen and the emit ted fluorescence observed. This is achieved by the use of filiers.
An excitation filter is placed between the light source and the specimen. and a barrier
filter is placed between the specimen and the viewer. Kohler’s original observation of
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fluorescence was with UV light, so early workers thought it was always necessary to
use wavelengths of < 350 nm. but fluorescence microscopy commonly employs near-
UV and short-wavelength visible light. because most fluorochromes that occur natu-
raly in plant tissues fluoresce strongly in these wavelengths. The most commonly
used ligh t so Lirce for general-purpose fluorescence work is a mercury vapor lamp.
Fluorescence microscopy has featured largely in the study of living plant tissues and
fossilized plant remains, and f{luorochromes have been employed to trace the move-
ment of cytoplasm and the transpiration stream in plants [231]. It is not necessary to
embed tissues and cut thin sections for fluorescence microscopy if epi-illumination is
used instead of light transmission. Fresh material needs no more than a cleft cut with
a sharp razor and immersion in a fluorescent stain. This enables rapid screening of
large amounts of material.

The main advantage of using ultraviolet light is that it is strongly absorbed by
unstained biological material, producing good contrast in the image. The UV micro-
scope has not been useful for cellulose, but it has been frequently used for the study
of lignin. Frey-Wyssling [94] used UV optics and fluorescence for quantitative cva-
luations of the content and distribution of lignin in the cell wall, and Fergus and
coworkers [87.288] carried out similar studies using UV light. Goring [ 104] measured
the distribution of lignin in spruce and birch wood and showed the progressive
removal of lignin during chemical pulping. Fukazawa and Imagawa [96] used both
UV and fluorescence microscopy to study the decay and delignification of wood,
using acridine orange stain in conjunction with fluorescence microscopy for quali-
tativc histochemical identification of cell wall components. Boutelje and Eriksson
[26] used UV microscopy to determine the concentration of lignin in fragments of a
spruce thermomechanical pulp (TM P) and used an interference microscope to obtain
the thickness measurements.

Wardrop [343] used a simple piece of apparatus to draw or force liquids
through small blocks of wood. A silver staining reagent [SO] was added to the pulp-
ing medium passing through the specimens. Ultraviolet microscopy of cross sections
showed that the pits provided the main path of penetration in both heartwood and
sapwood, even when the pits were aspirated.

Confocal Laser Scanning Microscopes Confocal laser scanning microscopes
(CLSMs) are optical microscopes that us» an intense laser beam. focused to a small
pomt, as a light source. The beam is scanned across the specimen in raster fashion.

Unlike images produced by a conventional optical microscope, which contain both
blurred and sharp areas. confocal laser scanning microscopic images show only
structures that are in focus. and out-of-focus arcas are not seen. The confocal scan-

ning microscope makes possible applications that have been difficult or impossible to
perform with conventional optical microscopes, such as the nondestructive section-
ing of specimens in their natural state. The CLS;M is described in detail in Section IV.

B. Electron Microscopes

The advent of electron microscopy (EM) presented greater scope for structural

research into fibers. A good general review of eleciron microscopy is given by
Rollins ct al. [276], and Parham [248] discusses the advantages and disadvantages
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of* transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) and their appropriateness to different research applications.

In electron microscopes a beam of electrons is used instead of light. The elec-
trons are generated by passing a current through a very thin tungsten wire that is
heated to ~ 2500 C, at which temperature electrons arc emitted from the hot metal.
Electrons are accelerated from the filament by applying a high negative voltage to
the cathode assembly. The greater the voltage. the greater the energy of the electrons
and the higher the resolution that can be achieved. The electron gun consists of a
cathode and anode assembly, and the electrons pass through ii small hole in the
center. The electron beam is focused by electromagnetic lenses. Ail this takes place in
il vacuum column, because air molecules will defect the beam. For the same reason
specimens must be dry so the electrons are not scattered by water molecules.

The drawback with all conventional electron microscopy is that the presence of
water prevents direct examination of pulp stock and wet sheets, so water must first
be removed from specimens, but in a way that maintains the wet structure.
Dehydration of material may be necessary, and this may cause shrinkage, distortion,
and collapse of specimens to varying degrees. Embedding techniques necessary for
TEM work may cause further structural changes [251], and mechanical sectioning
may also cause damage or deformation. Finally, the deposition of a thin layer of
metal during sputter-coating of samples for scanning electron microscopy can dis-
proportionately increase the dimensions of very line structures [37], although this can
be advantageous in enhancing very fine fibrillar material. which is otherwise difficuit
to detect. Watts and Emerton [346] discuss some of the problems associated with
interpreting electron micrographs arising both from the preparation techniques, such
as embedding and sectioning, and from the conditions of the instrument itself, such
as beam damage. Sectioning can give rise to several types of artifacts. Imperfections
in the cutting edge of the knife show up as lines scored across the specimen, and knife
chatter may give rise to periodic waviness in specimen thickness. Compression in the
cutting direction may distort the shape of structures in the specimen and may even
cause cracking or delamination of structures, and the subsequent mounting ol ultra-
thin sections may result in wrinkling and creasing of the specimen. Studies under-
taken by Davies [61 63] are typical of many that were made to investigate fiber fiber
bonding in sheets and the effects of beating on fiber conformability and bonding.
However they also serve to illustrate some of the defects resulting from ultrathin
sectioning outlined above.

Transmission Electron Microscope Conventional transmission electron micro-
scopy (TEM) has certain limitations. because the electron beam can penetrate only
very thin specimens. The preparation techniques are tedious, usualy entailing dehy-
dration, impregnation with liquid resin or plastic, polymerization, sectioning, and
staining. Only ultrathin sections ( < 100 nm) can be examined, and the size of the
specimen is limited to the size of the supporting grid (typically -3 mm diameter).
Sections require staining to increase contrast; salts of heavy metals (e.g., lead citrate.
uranyl acetate) do this by crating electron-opaque regions in the specimen.
Furthermore. cach stage in the prepnration of specimens for TEM examination
may induce certain physical changes. resulting in shrinkage and/jor distortion of a
specimen. Sonic of the problems associated with dehydration can be overcome by
freezing the specimen and then embedding it by freeze substitution.



Microscopy 164

However. certain suitable specimens can be mounted directly onto a sample
grid. Fibers can be disintegrated into small fragments, either in a laboratory blende;
or by ultrasonic vibration. Alternatively. thin replicas of the surfaces can be prepared
(see details in Section T11.A). Replica techniques were developed as 3 means ol
studying the ultrastructure of wood and fiber surfaces. Cote et al, [55] review the
techniques for surface replication of samplesfor examinationin the electron micro-
scope and give a detalled description of the technique for making direct carbon
replicas of wood and paper samples. This method is recommended for its simplicity
and high reliability iii representing fine details. Comet- et al. [49] presentexamplesof
replicas of papers coated with various pigments commonly ysed in coatings. The
excellent structural details of particle size, shape, and orientation help to explain
properties such as gloss and ink receptivity.

Despite the limitations imposed by the TEM on the study of papermaking
fibers. its great advantage lies in the high resolution that can be achieved down
to 0.2 nm with modern instruments. The earliest reported instance of the useofa
TEM for examining pulp was by Sears andKregel [289], who discussed its applica-
tion to problems associated with pulp and papermaking. The TEM has been invalu-
able in characterizing the primary units of native cellulose and showed for the fjrst
time the microfibrillar structure of cellulose fibrils [53,86,124.125,263]. Examination
of the morphology of cellulose synthesizing bacteria has also helped to shed further
light onthe structure of cellulose [65]. As with all microscopy, correctinterpretation
is essential, and Hanna | 117] pinpoints some of the pitfalls involved in such studies.
Jayme and coworkers [ 147 150], Coté [53], Asunmaa and Steenberg [4.6], and, more
recently, Nanko and coworkers [224,225] are among many workers who made not-
able contributions to the study of fibersiructure and fiber bonding using the TEM.

Ultrathin sectioning. employed for many TEM studies of fiber and sheet cross
sections, ¢nabled Stone and Scallan [308] to present direct evidence of internal fibril-
lation of cell walls during beating (see Fig. 1). Internal fibrillation. a term coined by
Campbell [39], is the splitting apart of the cell wall layers into their constituent
lamellae. which, according to Gallay [9%], are thus “‘separated or resolved into g
series of concentric sleeves, like layers on anonion.” Stone and Scallan postulated
that microfibrils were associated laterally into sheets or [amellae and, because the
microfibrils had greater adhesion in the tangential direction than in the radial direc-
tion. fiber wall swelling and internal rupture of lateral bonds caused the wall to
delaminate into coaxial layers. But, because cleavage also occurs in the tangential
plane, Scallan [286] extended the concept of* concentric Jamellae to a “honeycomb™
structure. Water-swollen fibers were dehydrated by solvent exchange. The fibers were
then embedded in methacrylate and mechanically sectioned. The methacrylate was
then dissolved from the sections with chloroform. However-. they recognized that
their technique was responsible for exaggerating cell wall delamination and therefore
precluded quantitative analysis. Tripp and Giuffria [336] had noticed earlier, using
the same techniques. that the crosssectional size of partially acetylated cotton fibers
swelled by 200 400%. They suggested that this phenomenon might “be useful for
studies where it is desirable and possible to break down the organization of the fiber
cell wall.” and Dlugosz [71]took advantage of the expansion effects of mctlmcrylulc
polymerization to reveal the cell wall structure of cotton fibers. Jayme [ 147] had
carlier shown similar- cross sections of coaxially delamimated cell walls in- spruce
fibers that hyd been dcligniﬁcd with sodium chlorite 4{ter swelling with 5% NaOH.
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Fig. 1 Crosssection of beaten fiber showing internal fibrillation. (From Ref. 308.) (Photo by
G. M. A. Aberson.)

Gaining an nsight into the structure of the cell wall is an important area of
fundamental research. Pulping and refining processes produce changes in the mole-
cular structure and chemical composition of cell wall components. For example, they
cause redistribution of hemicellufoses, and knowledge of this is important to an
understanding of fiber bonding. A means of labeling hemicelluloses has long been
sought. In 1949, Mark (see Ref. 295, p. 115) wanted a substance “"containing a heavy
atom which reacts specifically with the hemicelluloses™ for use with electron micro-
scopy in order to find out something about their distribution in a sample. And in
1970, Page (see Ref. 53, p. 329) reiterated this need to develop “methods for intro-
ducing heavy metal atoms into specific sites to provide electron contrast.” He
thought that the locations of lignin, hemicellulose, and cellulose could be found
by this approach. Even today the interaction of the hemicellulose-lignin matrix
with the cellulosic fibrils is not really known. However, some specific labeling tech-
niques have been developed. Enzymes can be tagged with metal particles, and when
these enzyme-metal complexes are incubated with the appropriate wood or fiber
samples the enzymes bind to the specific polysaccharide. Jackson et al. [139] give
full details of the preparation techniques. Ruel and Joseleau [279] used enzyme-gold
complexes to study the distribution of xylans in grasses and glucomannans in tra-
cheids of spruce fibers, and Mora et al. [214] employed the same technique to study
the redeposition of xylans on birch kraft puip fibers. Immunolabeling techniques
have also been used. Srebotnik and Messner [303,304] used gold-labeled rabbit
antibodies conjugated with marker proteins of different sizes to examine the porosity
of wood cell walls.

Shijun [293] used a TEM to study the distribution of hemicelluloses in bagasse
fibers. He first oxidized the aldehyde groups to carboxyl groups using NaClO, and
then stained the fibers with KMnOy4. Potassium permanganate is electron-opaque
and 1s commonly used to provide contrast in TEM sections, but for lignin studies it is
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used as a specific stain. The manganese ions react with the carboxyl groups and
attach to them, so the presence of hemicellulose is denoted by dark areas.

Energy-dispersive X-my analysis (EDXA) can also be used in conjunction with
the TEM to analyze various elements in a sample and determine their distribution.
Saka and coworkers [283 285] undertook comparative studies of lignin distribution
using TEM 'EDXA and UV microscopy.

Reflection Electron Microscope The reflection electron microscope (REM) was
first employed for examination of fiber surfaces by Chapman and Menter [43], who
used a commercial TEM modified to operate in reflection mode. In the REM, speci-
mens are illuminated by an electron beam at a glandng incidence. The advantages of
REM lie in a greater depth of field. giving images a three-dimensional appearance
and ¢llowing easy interpretation of the spatial refationship of structures. However, in
early instruments beam damage caused polysaccharides to break down into gases.
giving rise to bubble artifacts [3]. It is also necessary to use a higher beam intensity
than with the TEM to make the image visible on the screen. The REM was used to
examine pulp and paper for only a short period iii the mid-1950s.

Scanning Electron Microscope Goldstein et g, [ 03] provide a comprehensive
review of scanning electron microscopy (SEM) and its applications. Vaughan /33X]
and DeNee and Abraham [64] provide furt her details of microanalytical techniques.
Walbaum [342] gives 3 clear account of the SEM and its functions and discusses the
factors that influence image formation and conitrast. Parham [247] outlines the prin-
ciples of X-ray/SEM analysis and its application to paper.

In the SEM the electron beam isfocused into a very small spot on the specimen
and traverses over each point of the specimen in turn, one scan line at a time, to form
a raster. The electrons emitted from each point on the specimen arc collected by a
nearby photomultiplier tube and produce a signal on u cathode ray tube that is being
scanned in synchrony with the specimen. The electron beam stimulates the emission
of electrons from the target spot, and these vary in abundance with the topography
of the specimen: crevices emit the fewest clectrons and high points the most.

The resolution of the SEM. generally 3 10 nm. is far better than that of the
light microscope but inferior to that of the TEM. The great advantage of the SEM
lies in its large depth of field at least 300 times that of a light microscope at
comparable magnification. The SEM is ideal for large bulky specimens and those
of coarse structure. Small, whole specimens or thick pieces of material may be
examined in the SEM. the size of the specimen being limited by the size of the sample
holder. ysually I 2.5 cm in diameter. although larger samples can be accommio-
dated. Dry specimens of wood and paper can be examined directly, but, as men-
tioned earlier. wet or moist specimens that are to be examined by conventiond SEM
have to be dehydrated. The favored method seems to be critical point drying rathe:
than freeze drying because it is felt that critical point drying is mere consistently
reproducible; see Parham [249] and Sachs [28 1 ,282] for pulp films. Boyde [28] for
animal tissues, and Parsons et al. [25 I] for plant tissues. However. it is possible to
examine a moist uncoated specimen. such as a fresh leaf. directly in the SEM at a low
voltage. This is possible for only 4 short period because the specimen will dehydrate
very rapidly i n  the vacuum chamber [74.25 I} ¥hichever specimen preparation
method is used, it is usually necessary to coat the specimen with a thin layer
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(~10 nm) of metal, usually gold or carbon. This provides a conductive surface that
allows the electrons to drain off and thus prevents a buildup of electrostatic charge.

The SEM also offers the possibility of elemental analysis using backscatter
detection or X-ray analysis. The interaction of the electron beam with the specimen
produces, in addition to secondary electrons (SE), backscattered electrons (BSE).
As the incident beam enters the sample, secondary electrons are generated, and it is
these that are normally detected to give the topographical information.
Backscattered eclectrons are those that re-emerge from the sample and, as they
exit, generate their own secondary electrons, which can be collected by a special
detector. This is usually referred to as backscattered electron imaging (BEI or
BSI). The amount of backscattering that occurs is dependent on the atomic number
of the elements present. The higher the atomic number, the more electrons are back-
scattered. The emerging backscattered electrons carry information about the nature
of the specimen over a range of depths, the depth depending on the exact nature of
the specimen. Similarly, an X-ray detector can be used in conjunction with the SEM
to identify elements, because cach element generates characteristic X-rays, and ele-
mental mapping can be used to show the location of an element over the surface of
the specimen [51, pp. 87-89]. Scanning electron microscope energy-dispersive X-ray
spectrometry (SEM/EDX or EDS) studies have become routine, and guantitative
analysis can also be carried out using the appropriate standards and reference mate-
rials.

The SEM is best suited for the study of surface structure, and its remarkable
depth of field means that the surface of rough or irregular samples can be brought
into focus over an area of several millimeters, and dry samples of wood and paper
can be examined directly. It has proved to be an invaluable aid to descriptive analysis
of wood and non-wood fibers, and several fine books of SEM micrographs have been
published [38.51,52]. Details of the applications of the SEM to pulp and paper
research can be found in Smith [301] and in Ivessalo-Pfiffli and Laamanen [135].
James et al. [140] describe some of its applications to the study of Australian news-
prints with respect to product performance.

Rezanowich [270] considered that the usefulness of SEM lay largely in its low
magnification range, enabling studies of extensive surface areas. It is especially useful
for studying large numbers of specimens that can be rapidly screened, with areas
selected for more detailed examination. This application of SEM has yielded infor-
mation about the influence of various factors on fiber-fiber bonding and sheet
density. e.g., fiber collapse and conformability, fibrillation, and pulp yield
[32,129.273]. Klofta and Miller [172] describe a method for obtaining a fibrillation
index from scanning electronmicrographs of freeze-dried fibers. Teder {327,328]
observed the effects of beating, drying, and heat treatment on the papermaking
properties of spruce and birch pulps using the SEM and found differences between
species (spruce and birch), fiber type (springwood and summerwood), and pulping
process (sulfate and sulfite). Pye et al. [258] studied the structural changes that occur
in papermaking processes and characterized the appearance of fibers at different
stages. Samples of the web were taken from different positions along the paper
machine, from wet end to reel-up, and freeze-dried for examination in the SEM.
Washburn and Buchanan [345] outline the freezing procedure.

Stratton and Colson [311] examined fiber wall damage during rupture of indi-
vidually bonded fibers. The bonded area was first measured using Page’s polarized
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light technique, and after elongation failure the surface arcas were examined in the
SEM for visual assessment of’ damage. Buchanan and Washburn [33,34] examined
the fracture faces of samples of handsheets made of pure chemical pulp fibers and
groundwood pulp fibers broken in tensile testing. In general, the number of fibers
broken, as opposed to the number being pulled out, was higher in the stronger.
chemical pulp sheets. The fracture lines were more sharply defined in the stronger
sheets and very irregular in the weaker sheets. Nordman and Qvikstrom [230] made
similar- studies but compared handsheets made of pure earlywood and [atewood
fibers. They showed that rupture zones were clearly distinguishable by broken fibers
in the stronger sheets made of earlywood fibers, whereas rupture zones were dis-
cernible only as a loosening of the structure in the sheets made of latewood fibers.
They also examined the rupture zone in sections of wood subjected to tensile fracture
and showed that ruptures proceeded in almost straight lines in carlywood sections
but were very irregular in latewood sections. The installation of a tensile stage inside
the specimen chamber of the SEM enables in situ monitoring and analysis of the
straining behavior of the paper structure. Retulainen and Ebeling [265] employed
this technique to examine the effect of sheet structure on the load elongation beha-
vior of fiber fiber bonds.

Kucera and Bariska [177] used the SEM to study the structural changes of
spruce and aspen wood samples subjected to axial compression and produced excel-
lent scanning electron micrographs showing different types of deformation —micro-
scopic and macroscopic compression failure lines, stress lines, and slip planes.
Bergander and Salmén [! 8] applied load to specimens of spruce sapwood to inves-
tigate the effects of compression on the development of cracks and delamination in
cell walls. Thayer and Thomas [330] used scanning electron microscopy to examine
and analyze the physical characteristics 3t each stage of the formation of the glue line
in corrugated board.

The SEM is the obvious tool for observing the micro- and macroroughness of
surfaces, and stereoscopic images give an even greater perception of the surface
topography and depth of field. No specia equipment is required to characterize
the surface structure; the sample is simply tilted, typically at an angle of 30 45 to
the beam. Settiemeyer {291] used this method to examine the topography of coated
papers and found that conventional measurements of gloss did not agree with visual
perception. Enomae et a. [83] used a novel analytical technique, employing four
secondary electron detectors, for constructing profile curves in order to investigate
the surface topography of sheets and make surface roughness measurements.

Helle and Johnsen [ 123] used stereo images with BE1 for studying the distribu-
tion of ink particles on paper and fiber surfaces. the atomic number of the ink
particles being sufficiently different to distinguish them from fibers. Gregersen et
al. [106] used a combination of electron imaging and BE] to examine ink distribution
on paper surfaces at the single fiber level in order to study both variation in local ink
coverage and ink penetration into interfiber voids.

The SEM has been used also to characterize fifler and coating particles [27] as
well as for examining their distribution within sheets. MacGregor [195] discusses the
use of BSIto compare surface distribution of clay and calcium fillers in sheets
formed on different machines. He also used EDS to map the cacium, illustrating
the differences in amount and distribution of calcium on the two sides of the sheets.
Peterson and Williams [257] used SEM/BSI with image analysis to determine coating
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thickness and base roughness from cross sections of resin-embedded sheets.
Klungness et al. [173] investigated fiber loading as a means of minimizing hornifica-
tion by precipitating calcium carbonate within fiber voids in order to prevent sub-
sequent collapse of the voids during drying. They cut cross sections of pulp fibers
and handsheets with a razor blade and used SEM with X-ray microanalysis to
observe the calcium carbonate deposits on the surfaces, and within the fumina, of
the fibers.

Cross sections of sheets for SEM examination need to be cleanly cut. by using
either a razor or a special guillotine or by first embedding the sheet for sectioning it-t a
microtome. Hellawell a n ¢ Nelson [ 122] compared.and illustrated, various cross-
sectioning techniques they employed for examining coating structures: freeze-frac-
turing, {ree-hand razor cutting of paper immersed in a lubricant. and embedding in
resin and microtoming. The disadvantage of the latter is that the sections may be
distorted by knife chatter. Gibbon ¢t a. [100] developed 4 new technique for obtain-
ing cross sections of* paper sheets for high magnification viewing, which overcomes
this problem. Several precut samples of paper are inset-ted, between spacers, in a
plastic mold (30 mm diameter); then resin is carefully added. After the resin has been
cured, the block is ground and then polished on a machine to reveal the section
plane. This results in a mount with artifact-free cross sections of paper. Gibbon ysed
this technique in conjunction with SEM, EDX to study the distribution of inorganic
filler particles in sheets. Williams and Drummond [356] used Gibbon's method of
preparing sections of paper in resin blocks and then, after sectioning, removed athin
layer of the supporting resin according to the method of Maxwell [205]. This pro-
duces very high quality sections for studying sheet structure, and Williams et a. [357]
include examples of these cross sections viewed first in normal transmitted light and
then in the SEM. Browne et al. [31] used the same technique to examine the way in
which sheet structure responds to calendering. They examined cross sections of
uncalendered and calendered samples of a thermomechanical pulp (TMP) newsprint
and a bleached kraft pulp paper containing hardwood and softwood fibers foi
evidence of deformation and fracture of {ibers resulting from calendering treatments.

Lignin reacts with potassium permanganate and bromine, and treatment with
these chemicals raises the atomic number of lignin, making it detectable in SEM/BEI
and SEM/EDX studies. Saka et al. [285] developed a procedure for labeling lignin
with bromine gas. The amount of reacted bromine was found to be directly propor-
tional to lignin content and, using SEM/EDX, they made a qualitative gnd semi-
quantitative analysis of lignin concentration and distribution within fiber cell walls.
Eriksson et al. [84] and Westermark et a. [351] undertook similar studies in birch
and spruce wood. but used a mercurization technique to label the fignin. Gregersen
et a. [ 107] treated paper surfaces and paper cross sections with potassium perman-
ganate or bromine gas to study the distribution of middle lamella on TMP fibers. to
identify the mechanical fibers in blended pulps, and to compare kralt pulps of high
and low yield. However, the method is not recommended for quantitative determi-
nation of lignin. A similar method for locating fines in mechanical pulp handsheets is
described by de Silveira et al. [67]. The fines {raction of a mechanical pulp was
halogenated with chlorine or bromine and then added to long fibers for handsheet
preparation. Handsheets samples were embedded and cross-sectioned. The fines were
readily detectable with BEI, the lignin appearing much brighter than the carbohy-
drates.
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Forseth and Helle [93] used the SEM to investigate the effects of moistening on
calendered paper such as occur during pigment coating and offset printing. They
prepared €ross sections of sheets embedded in resin and then dissolved away the resin
at the surface. using the method of Williams and Drummond. This enabled them to
observe and quantify water-induced changes in cross sections of the same fibers by
imaging the same areas before and after wetting. They also exposed samples to
bromine gas and used SEM /BEI to differentiate between the chemical and mechan-
ical pulp components of the sheets [90].

Low Temperature Scanning Electron Microscope Thelow temperature scan-
ning electron microscope (LTSEM) is a conventional SEM to which has been added
a special cryogenic unit. Use of the LTSEM obviates the need for dehydration of wet
specimens. [nstead, the specimen is rapidly frozen and is examined in a frozen
hydrated state, its [rozen state being maintained at a temperature ol —185 C on g
special cryostage. It is also possible to use cold stages With the TEM and scanning
transmission ¢lectron microscope (STEM). but these are confined to specialist fields
and do not appear to have been applied to paper science research. The LTSEM s
described in detail in Section V.

Scanning Transmission Eiectron Microscope This uses the scanning beam in
a transmission mode, thus alowing the examination of thicker samples than can be
examined with conventiona TEM.

Environmental Scanhing Ellectr on Microscope The ESEM differs from the
conventional SEM in that the vacuium column contains a differential pimping sys
tem, and a special detector allows examination of specimens in the presence of water
vapor. Specimens can therefore he viewed under ambient conditions and no coating
is required. In fact. wet. {rozen, or dry samples may be examined with the ESEM.

The ESEM was designed specifically for examining liquid and hydrated samples,
thus enabling the effects of wetting or drying processes t:o be monitored, Danilatos
[597 gives a concise description of the first commercial ESE M and a bibliography [60]
of its applications. and de Silveira et al. [66] discuss the ad vantages and drawbacks of
the ESEMSo far the ESEM has been applied mainly to studies of the effects of
water on the swelling behavior of fibers [15 1 ] and on surface roughening of papers

[91.,92,108]. Surface profilometry of paper and board is described in detail in Chapter

1. Mott et al. [221] used the ESEM to examine microstraining of single wood pulp
fibers. A comparison of fiber images obtained with ESEM and AFM is given in
Section VI. Although both techniques revealed image details of the cell wall, the
resolution 0’ the AFM was superior to that of the ESEM.

C. Scanning Probe Microscopes

Atomic Force Microscope and Scanning Tunneling Microscope These are
the mrgt peeespeful of a series of scanning probe microscopes that were developed for
high resolution imaging. A review of’ scanning probe microscopes is given by
Wickramasinghe [353]. They have several advantages over the TEM, including the
possibility of atomic resolution and their ability to operate at ambient air pressure
and even in liquid environments. alowing structures to be examined in their native
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hydrated state. The AFM is now a well-established tool in three-dimensional topo-
graphical analysis of* various materials at the molecular level. The AFM is described
in detail in Section VL.

IV. THE CONFOCAL LASER SCANNING MICROSCOPE

The confocal laser scanning microscope (CLSM) is variously referred to in the
literature as a laser scanning microscope (LSM), scanning optical microscope
(SOM). confocal fluorescence scanning microscope (CFSM). confocal scanning opti-
cal microscope (CSOM), and confocal scanning microscope (CSM). References will
also be foynd to a tandem scanning reflection light microscope (TSRLM or TSM).
The latter are real-time, direct-viewing confocal microscopes. Illuminating and
detecting apertures are scanned in tandem. This is achieved by using a rotating
disk containing thousands of tiny holes (the apertures) arranged in a precise and
symmetrical pattern and simultaneously illuminating the specimen with hundreds ol
scanning beams.

All CLSMs currently on the market ar¢ reflection microscopes, Dixon and
Cogswell [68] and Dixon et al. [69] reported on a confocal scanning microscope
for transmission and reflection imaging, but confocal transmission microscopes are
optically complex and not yet commercially available. More recently Dixon et al. [70]
described a new confocal scanning beam laser macroscope that can image large areas
of specimens (7.5 ¢m x 7.5 cm). When combined with the confocal microscope this
produces a hybrid imaging system, the microscope/macroscope, that uses the advan-
tages of smal area, high speed, high resolution microscopy. Again. this is not yet
commercially available.

The basic principles of confocal microscopy described below are based largely
on knowledge and experience of a first generation Leica CLSM. There are several
different types of CLSMs on the market, most of which can be used for the applica-
tions described here. Their ability to perform certain tasks is usually just a matter of’
whether or not the appropriate software is installed, but in some cases appropriate
hardware may not be available. Lichtman [ 187] gives a brief general review of con-
focal microscopes. There are afew reference books that provide detailed accounts of
the different aspects of confocal microscopy [253,360.36 1]. The book edited by
Pawley [253] includes chapters that describe and compare each of the main compo-
nent parts of these microscopes, provides a bibliography of confocal microscopes
[347], and, in Appendix 2. gives brief descriptions of’ the models currently on the
market. Centonze and Pawley [42] provide an excellent tutorial on practical confocal
microscopy [or the novice. There is also a wealth of information in the literature on
the application of confocal microscopy, but most of it pertains to cell biology. Of
these, a review by Shotton [294] provides the beginner with a good overview of the
principles.

A. Basic Principies of the CLSM

The CLSM consists of a conventional optical microscope to which are coupled a
laser and associated optical system (mirrors, optic fiber, pinholes), a scanning unit.
and photodetectors. A fast central processor- controls microscope functions, drives
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the scanner, converts detected light to digital form, and controls the subsequent
processing of data. A wavelength selector, beam splitters, and a series of bandpass
filters enable the microscope to be used in reflection or fuorescence mode. The
changeover from conventional use to the confocal mode is achieved simply by mov-
ing a lever. This operates a beam-diverting system that prevents entry of laser light
into the eyepieces when it is being used in the confocal mode.

In a conventional optical microscope the whole field of view is uniformly and
continuously bathed 1t light and can be viewed directly, but this is not possible with
the confocal microscope. The optical system of a CLSM contains two pinholes thaf
are optically separated by a beam splitter (se¢ Fig. 2). The laser beam passing
thr()ugh the illumination pinhole is focused to a fine spot that illuminates only
one point iii the in-focus plane. Because the detection pinhole is confocal with the
luminated point. only the light that is reflected or emitted from this point can pass
through it (placed in front of the detector). Any light emanating from above or
below the in-focus planeis eliminated.

Because the laser- beam is {ocused o a singlc point it has to be moved across the
sample. This is achieved by using a scanning mirror to deflect the beam across the
specimen, point by point, iii raster fashion the same principle as in the scanning
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Fig. 2 The principle of a confocal microscope
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electron microscope. This method of scanning (referred to as off-axis scanning) can
be very fast, allowing many frames to be built up per second and thus enabling rapid
changes within specimens to be observed. In some microscopes, however, it is the
object that is mechanically scanned across a stationary point of light (referred to as
on-axis scanning). This method produces undistorted images of very high quality.

In this way an image is sequentially built up point by point. Data are recorded
as a set of intensity values for every pixd in the area scanned and are stored in the
computer for Suture processing and simultancously displayed on the image monitor.
Thus, the image produced by the beam is a thin slice of just those parts of* the
specimen that lic in the in-focus plane. i.e. an optical section. So. whereas in a
conventional transmitted light image everything in the image field of view can be
seen hut only part of the image will be in focus (Fig. 3a) in the confocal images only
those structures that are in focus will be seen. Elimination of out-of-focus structures
means that there are no blurred arcas in the image (Figs. 3b 3d). By moving the
microscope stage vertically through a set distance. one step at it time, a series of
consecutive optical sections can be collected. In short, the CLSM can be considered a
3D sampling instrument for collecting information at different levels. Figure 4 shows
a series of optical sections taken in the xy plane through a CTMP shive at incre-
mental steps of 2.4 ym along the 3 axis.

Nondestructive optical sectioning is the unique feature of the CLSM. It enables
detection of structural details that are otherwise concealed by overlying material.
The absence of various conformation-influencing preparatory steps allows a more
faithful rendering of specimen reality than the conventional optical or electron
microscope. Optical sections can be collected not only in the vy plane but also in
the xz plane, which gives a cross-scctionnl view of the sample (Fig. 5). Optica
sectioning in the yz plane is achieved by moving the microscope stage very rapidly

Fig. 3 Pulp fibers seen in conventional transmitted light (upper left) and the same fibers seen

in confocal mode at depths of 0, 16, and 31 pm.
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Fig. 4 Nine of a series of 16 optical sections taken through & CTMP shive to a depth of
36 pm. Ray cells can be seen beneath the tracheids.

XY PL.ANE

XZ PLANE

Fig. 5 Samples can be sectioned in the xy plane and in the x= plane.



174 Moss and Groom

use to thin specimens or to a thin layer at the surface of a specimen. A hardware
zoom function, which can be used during scanning. allows increase in the magnifica-
tion of the image (by up to afactor of § with the Leica CLSM) without having to
change the objective.

Choice of objective also depends on the mounting medium being used; ideally,
the refractive index of whatever lies between the objective and the glass cover slip
should match that of the mounting medium. Therefore. a water immersion objective
should be used to examine specimens mounted in water. an oil immersion objective
for specimens in commercial mounting media of the same refractive index as oil, and
a dry objective for specimens dried clown onto microscope slides. If there is a mis-
match in refractive indices of the media. then optical aberrations will distort the size
and shape of images collected in the xz plane. However. when specimens are being
examined under changing conditions. 45 in drying experiments, the ideal canot be
attained. A compromise may be reached by using a multi-immersion objective. (This
problem is discussed further in Section 1V.F.)

Step Size When 3 series of consecutive sections is being collccted through acer-
tain distance. it is necessary to select a step size. j.e.. the distance the microscope
stage is to be moved between successive planes. Choice of step size will depend on the

N.A. and consequently on the depth of focus of the objective being used. Therefore
the step size should be equal to. or less than, the depth of focus if all available

imformation is to be acquired. This is especially important where height differences
arc being measured. and it is always better to oversample because undersampling
may result in incomplete information. However, when selecting step size. the depth
to which the specimen is to be sampled and the number of sections to be collected

must also be borne in mind, because some older models of CLSMs may have limita-

tions in data storage capability and computing power.

B. Imaging Modes

The optical system contains beam splitters and bandpass filters that allow the CLSM
to be operated in different modes. The majority of CLSMs can be used in reflection
or fluorescence mode, and most of them nowadays have two or more photodetectors.
This enables simultaneous acquisition in different image modes.

Reflection Mode All available light{rom the laser is used in the reflection mode.
This mode is usually used for dry specimens, particularly {or surfaces of paper
samples where roughness measurements are to be made. Reflection mode is used
where staining for fluorescence work (which requires wetting the sample) isimprac-
tical. Reflection mode is suitable for examining dry samples containing filler particles
and can also be used for specimens that have been [abeled with metal particles.

Shotton [294] reports that clear images of individual gold particles of 40 nm diameter
have been pbtained with confocal reflection scanning microscopy using a63 x | .4 oil

immersion objective.

Fluorescence Mode Although there is a wide choice of” lasers on the market.
most of the earlier models of CLSMy came equipped with an argon ion laser. This
has generally been replaced by a kryptonjargonion laser offering better choice of
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excitation wavelengths. Although this mode usually requires the sample to be stained
with 3 fluorescent dye. in some cases specimens may have enough autofluorescence
o produce a reasonable image without the need for staining. This is particularly true
of fresh plant material and lignin-rich fibers such as those or' mechanical pulps. AS
with the reflection mode. the fluorescence mode can be used for localization of
fluorescently labeled subresolution particles. Although the particles themselves am
not be resolved. their location can be detected by the emitted fluorescence.

Confocal fluorescence microscopy overcomes the problems associated with
conventional epifluorescence microscopy where diffuse light originates from struc-
tures above and below the focal plane.

The fluorescence mode iS to be preferred for acquiring clear cross-sectional
images of fibers in the xz plane. However, in order that the structure of the sample
is not affected by the wetting incurred during staining, experiments should be
planned SO that specimens are stained at the beginning of any beating or sheet-
making processes and are therefore ready for examination at any subsequent stage
if required.

Conventional Transmitted Light Mode It is also possible to collect non-confo-
cal transmitted light images by using the laser if the specimen is sufficiently thin or

translucent. In this case laser light passing through the specimen and condenser is
collected by an optic fiber placed below the condenser and goes directly to a second
detector. thus bypassing the detection pinhole. It is often very useful to be able to
compare the area seen in the confocal image with the same area seen in the familiar

transmitted light micrograph.

Dual (or Multiple) Wavelength Imaging If there is more than one photodetector
(and modern instruments may have up to four detectors), then itis possible, by the
use of bandpass filters. to obtain images in different modes simultaneously {rom the
same scanning spot. Images generated by the same scanning spot are in exact spatial
register and can therefore be superimposed to give a complete picture. The fluores-
cence and transmission modes have proved to be a particularly useful combination.
Similarly, two fluorescence images can be obtained simultaneously from a specimen
containing structures that have been specifically stained with different fluorescent
dyes. Use of uppmprialc filters separates the emission wavelengths, channeling each
to a different detector. This particular technique of double, or even triple, staining is
widely employed by cell biologists [ | 20, 174], though its application to the study of
fibers is very limited, for reasons that will be discussed.

C Specimen Preparation Techniques

Specimen preparation is the same as for normal light microscopy and therefore
relatively simple. Specimens may require staining and. of course, large samples
may need to be cut down to a size that will tit onto the glass microscope slick.

Slide Preparation Wet fibers, or drops of fines material in suspension, are
mounted on a microscope dide in the normal way and covered with a glass cover
dip. Very small amounts of material are being examined. so it is important that
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samples be taken from a well-mixed pulp suspension to ensure that they are as
representative as possible.

Cover dlips must be firmly secured to the slide so that the sample does not move
when the microscope stage is moved during sectioning. Securing can be done sSmply
with strips of adhesive tape, or the cover slip can be scaled in place with rubber
solution or nail polish. Care should be taken to ensure that the pressure of the cover
slip does not cause mechanical damage or deformation of the sample. Spacers can be
used for this purpose, but they have to be of just the right size because for high
magnification work the specimen needs to be as close to the cover dip as possible,
because of limitations in working distance. Likewise. the microscope slide must be
clamped firmly in position on the microscope stage. Optical sectioning in the x-
plane involves rapid movement of the microscope stage in the - direction: therefore.
failure to secure samples firmly enough will result in blurred or stretched images.
This is particularly important when oil immersion objectives are being used because
surface tension forces may bhe strong enough to lift the cover slip from the micro-
scope slide or even lift the whole slide if it is not satisfactorily anchored to the stage.

Generally, for investigations into the morphological structure of fibers and
fines material, the best images are obtained if the fiber-c are stained with ii fluorescent
stain and examined in a wet state while fibrillar material is spread out. Certain types
of paper and board, such as release paper, polyethylene-coated board, coated papers,
and papers containing fillers, may contain pigments and fillers that have fluorescent
properties and therefore do not require staining. In fact, sonic. such as polyethylene-
coated board, may be impervious to staining, whereas {or others. such as coated
papers, staining is impractical because the application of' an aqueous stain will dis-
turb the structure of both the coating layer and the underlying base paper.

If dry specimens are to be examined with an oil immersion objective, they
should, ideally. be mounted either in immersion il or in sonic commercial mounting
medium of the same refractive index as the oil. (See Section IV.F.)

Staining [I' staining is required it can usually be done quickly and easily. The
stains arc usually made up as aqueous solutions (1 2% w v). Wet pulp and paper
samples can be immersed directly in a few drops of stain and then rinsed in distilled
water to remove excess stain: dry samples may he wetted with distilled water before
staining. Suspensions pf fibers or fines material and starch solutions can be stained
by carefully stirring stain into the suspension a drop at a time. because it is not easy
to wash ofl excess stain without losing sonic of the material.

Much biological light microscopy is carried out on specimens of’ low intrinsic
contrast. and staining is needed to increase overall contrast without much concern
for staining selectivity. But. more importantly, microscopy IS & way of gaining
information about small structures. It can tell us what they are. where they arc,
and how many there are or how much there is. A stain. therefore. is any visual
label attached to the specimen that will help answer these questions  dyes. fluoro-
chromes. metal ions, labeled antibodies. and enzyme substrates.

Staining may be selective. Specific stains are those that have an affinity {o
particular molecules or substances, thus enabling easy identification and localization
in a specimen of entities of a particular chemical nature, Staining is widely used fos
chemical analysis. Microscopical histochemistry (i.e., the localization and identifica-
tion of substances and enzyme activity within ¢ells and tissues) was pioneered by the
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French botanist Raspail as long ago as 1825, and histochemical staining techniques
are routinely used by biologists to identify tissues and to make quantitative analyses.

The standard test methods for fiber analysis employ chemical analysis in con-
junction with light microscopy. Several stains are used to identify the types of pulp
present in a sample. Fibers arc identified by the color they assume, thus making it
possible to differentiate between fibers of hardwoods and softwoods, chemical and
mechanical pulps, bleached and unbleached pulps. Unfortunately, these methods
cannot be used with the CL.SM, because laser light is monochromatic and cannot
show the color differences. Instead, fluorescent stains must be used.

Fluorochromes, the stains most commonly used in confocal laser scanning
microscopy, are substances whose electrons are excited to a higher state by a parti-
cular wavelength of light. As the electrons return to their normal state they release
energy in the form of light of a longer wavelength, and it is this emitted light that is
detected. Some substances may be naturally fluorescent, creating primary fluores-
cence, but in most cases secondary fluorescence is also necessary. High image con-
trast is important for fluorescence microscopy; the structures of interest should be
bright and the rest of the image dark.

There are alarge number of fluorochromes available for biological specimens
(see Kasten [159]). Acridine orange appears to have been most widely used for both
fiber and paper samples and has proved to bc a good general stain. Congo red,
auramine, rhodamine, and safranin have also been used successfully. Some textile
dyes (e.g., Neolan saurerot E-XB and Maxilon brillantflavin 10 GFF, Ciba-Geigy)
and optical brighteners (e.g., Resolinbrillantgelb 10 GN, Bayer) are also suitable,
and further experimentation with such dyes is recommended. Fluorescently labeled
dextrans can also be used. Dextruns are water-soluble polysaccharides of high mole-
cular weight. They arc commercially available in fractions of different molecular
weights and have been used traditionally as inert colloids in perfusion studies
because they are not absorbed significantly by fibers. Stone and Scallan [309] and
Scallan [2X7] used dextran molecules in their solute exclusion experiments to deter-
mine the size of pores in cell walls. When labeled dextran is used to stain fiber
suspensions or sheets for fluorescence microscopy, a negative image is obtained,
the intcrfiber spaces giving a bright image and the fibers remaining dark.

Photobleaching can be a problem in fluorescence microscopy. Long excitation
periods cause a fluorochrome to decompose, creating photobleaching, which results
in aloss in intensity in the area being examined. The problem is particularly notice-
able with acridinc orange but can usually be overcome by using | very low concen-
tration of the stain [145]. However, photobleaching can also be used to advantage,
and fluorescence recovery after photobleaching (FRAP or FPR) has become a useful
technique for studying the transport of fluorescently labeled substances in living
cells. The laser light bleaches the fluorescent label in the small area being examined
so that it no longer gives an intensity reading. but, because there is a constant
through-flow of the labeled substance, continuous scanning of the same area
shows when the intensity rises again as the photobleached material is replaced.
Blonk et al. [24] describe methods for measuring the mobility of labeled particles
in liquid systems 2nd for calculating diffusion coefficients.

The choice of stain is governed by the excitation wavelengths of the laser and
its specificity for a particular specimen. Consequently, the use of CLSM for chemical
analysis of pulp and paper samples imposes certain limitations. Most of the earlier
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CLSMs were fitted with argon ion lasers, which have excitation wavelengths of 488
and 5 14 nm. Nowadays kryptonj/argon ion lasers are more common. These have
excitation wavelengths of 488, 568, and 647 nm and thus offer it little more scope.
Helium/neon lasers are preferred by some researchers because they are lower pow-
ered and heating effects are therefore reduced [223].

Paper scientists are further limited in their choice of stain by the chemica
composition of the material they are examining, mainly nonliving plant cells, and
although there is a long history of botanical histochemistry, little quantitative work
has been done with cell wall carbohydrates despite their importance in the cel wall.
Ligning, cellulose. hemicelluloses, and pectins are the main constituents of the cell
walls of wood. Lignins ar¢ fairly casy to deal with. because there arc some stains.
eg., Schiff’s reagent [1 52], that will preferentially stain lignin. and they also exhibit
primary fluorescence in UJV andbie light. It is the cellulose and hemicelluloses that
present the difficulties; there are many of them with considerable chemical similarity
and, more important, they rarely occur singly. The cell wall contains large numbers
of* complex polysaccharides, and 11 1S difficuli to find a slain specific 10 a particulas
polysaccharide.

However, some specific labeling technig ues have been developed for TEM
studies (see Section [11.B). Jackson et d. [139] describe methods for the preparation
of enzyme gold complexes enhanced with silver for observing the effects of cellulase
attachment to secondary fibers of a bleached softwood pulp with an optical micro-
scope. Also. immunolabeling techniques are available for determining the presence
and location of specific polysaccharides. Monoclonal antibodies at-e highly specific
probes that can be directed against a range of' substances. The application of this
technique to the study of pulp fibers is dtill in its early stages, and there are some
problems. The antibodies are not always as specific as could be desired and may bind
to other polysaccharides. Lackner et al. [180] employed the silver staining technique
to enhance immunogold-labeled ligninases for optical microscopy. However, any
labeling techniques using fluorochromes or metals can be used for confocal micro-
scopy. A detailed account of the use of confocal reflection microscopy for imaging
immunogold labels is given by Cogswell [48].

D. Fluorescence Quantification

Quantitative fluorescence analysis is widely used in cell biology. The amount of
fluorescence emitted from specifically stained structures is related to the amount of
the particular substance present. A densitometric program can display the distribu-
tion of fluorescence intensity in specifically labeled structures along a selected line,
and the volume of fluorescent material can be determined. However, as far as is
known, this has not yet been applied to pulp and paper research though it could be
employed in conjunction with specific staining and immunolabeling techniques.

E. Image Acquisition and Processing

Reduction of signal noise is important both for image quality and for accuracy of
subsequent measurements. Filtering can be achieved during image acquisition either
by frame averaging or by scanning in a line accumulation mode, and the user can
observe the improvement of the image quality during its acquisition. The noisier the
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image, the greater the number of times it will have to be scanned. A ﬂuorescently
stained specimen should give a clean image, whereas an unstained or weakly auto-
fluorescent sample will be noisy and may require a large number of scans.

Raw confocal images are often less than perfect, but it is possible to enhance
them by computational processing. Electronic contrast facilities enable observation
of very line structural detail in both weakly stained and unstained samples. This can
be achieved with a variety of standard image analysis techniques. For example, linear
filters can enhance the visual appearance of' an image by smoothing or accentuating
the edges of structures. There are also many logical and arithmetical image proces-
sing operations that can be used to increase contrast or enhance certain features.
Laser light is monochromatic; therefore images arc black and white, so pseudocolor
is used. Because the human eye can perceive many more colors than gray levels, the
use of pseudocolor may bc considered a further technique for image enhancement.

Once a series of images (or optical sections) has been collected it can bc pro-
cessed in different ways to make a three-dimensional representation of the image. A
series of sections can even be viewed rapidly as a movie to give a more redlistic idea
of the depth of a sample as well its to show the relative positions of different
struct ures. Although the principles of confocal imaging and methods of image col-
lection are common to al makes of CL.SMs, there will be differences in the methods
of processing data, depending on the software used. Cox [56] gives details of data
storage and of various systems for obtaining hnrd copies of images.

Three-Dimensional Beconstruction Most CLSMs are supplied with basic
image processing software and sufficient power to reconstruct 3 31D image. White
[352] gives examples and details of some of the multidimensional imaging systems on
the market. Each set of consecutive optical sections is in spatial register and can
readily be superimposed to construct the three-dimensional structure. This can be
done in a number of ways.

Extended Focus Image An extended depth of focus image is produced by simply
adding all the sections together and scaling down the intensity. Features hidden
beneath overlying structures arc revealed by this method. Various algorithms can
be used that take into account the intensity values of pixelsin the > direction through

the image stack and thus emphasize different features in the image.

Simulated Fluorescence Process This method of 31D image reconstruction simuy-
lates the fluorescence that would he produced by an incident light source angled
obliquely. The intensity level is corrected for each section in the image stack accord-
ing to its depth and to preset absorption and emission levels. This produces a
shadowed effect (not unlike that produced by a scanning electron microscope)
that emphasizes structural features on the surface.

Topographical /mage A topographical image is color-coded for height; the upper-
most structures are the brightest, and the deepest m-c the darkest. Voids are black.
This application takes advantage of the fact that as the object passes through focus,
the image intensity Shows a sharp maximum. The x. y, 3 coordinates of every piont in
the sample are determined automatically by through-focusing, and the focal level
where maximum intensity is recorded is determined for each pixel. It is from this
information that the topographical image is derived, showing the relative positions
of structures within the volume sectioned. Points of equal height on the topographi-
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cal image can then be joined to produce a cartographic representation of the height
structures (i.e., a contour map), or a three-dimensional surface plot can be produced
to show the surface roughness profile.

Stereo /mages All the sections in the image stack are sequentially shifted by
constant number of pixels to the left or right and then combined pixel by pixel to
generate a black-and-white stereo pair of images. A pair of images can be combined
to give an anaglyph (two-color) stereo pair. Such images can he viewed directly in
three dimensions by using special spectacles and give an excellent impression o
depth and spatial structure. Figure 8 shows some of the different images. described
above, that have been generated from the same data stack. Martinez-Nistal et &l.
[203] give some nice examples of 3D reconstructions of hardwood pulp fibers.

Rotation A stack of optical sections can be rotated about any, or al, of its axes so
that the sample can be viewed from different angles. The rotation program calculates
a series of projection images of the data stack calculated at different tilt angles, with
rotation and projection being performed simultaneously. Tilt angles arc first selected
and set. The best results will be obtained from a series of images having 2 small step

size. Figure 9a shows CTMP fibers constructed from a stack of 16 sections collected

in the xz plane. The same image stack rotated through 20 about two of the axes

(Fig. 9b) reveals a pit in a fiber (top left-hand corner) not visible in Fig. 9a. It is also
possible to cut an optical slice at any angle through the image stack. This enables
cross-sectional (i.e.,, xz plane) views to be made through a stack of images collected

in the xy plane if it is not possible to scan in the xz plane.

F. Artifacts of CLSM Imaging

Artifacts must be avoided. Therefore, when a specimen requires some special pre-
paration it is necessary to check the sample for any changes that might have been
induced by the preparation technique. One way is to measure the specimen before
and after treatment. Stelzer and Bacallao {307] suggest that, for fluorescence micro-
scopy, an evaluation of the quality of the preparation procedure should be based on
images recorded by conventional fluorescence microscopy; images recorded with a
conventional fluorescence microscope using an objective of high N.A. (> 1.25) will
provide a standard against which images derived from a confocal fluorescence micro-
scope may be tested.

Diatoms have been traditionally used for testing the resolution of microscopes.
Wilke [354] used the diatom dmphipleura pellucida recorded at a wavelength of
488 nm to show periodic structure resolved with good contrast using a Zeiss Plan-
Apochromat 63 x /1 .4 objective. Tsicn and Bacskai [337] mixed small quantities of a
commercial preparation of diatomaceous earth in solutions of fluorescent dyes. They
used different fluorochromes in different solvents of varying concentrations to com-
pare the effect of varying wavelength, signal strength, and refractive index.

Aberrations arc inherent in all optical microscopes. These may be optical (due
to the design of various components), chromatic, or geometric (due to diffraction
phenomena). Image fidelity can be affected by curvature-of-lield effects. This pro-
duces distortion in 3D reconstruction; therefore. plan or flatfield (F) objectives
should be used. The thickness of the glass cover slip (normally 170 pm) is also
very important, because it has a severe impact on xz resolution. Aberrations in
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Fig. 8 The series of optical sections shown in Fig. 4 processed in different ways. (a) An

extended focus image: (b) an extended focus image where weighting has been given to max-
imum intensity values; (¢) a simulated fluorescence image: (d) a combination of a stereo image
and simulated fluorescence process; (¢) a topographical image: and () the surface profile
constructed from it.
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Fig. 9 (a) An extended focus image of a series of optical sections collected in the xz plane.
(b)-(d). Views from different angles when the image stack is rotated 20° through the x and =
axes, which reveal that the bright fiber in the top left-hand corner of (a) has a bordered pit.

cross-sectional images collected in the xz plane are probably the main potential
source of error in the analysis of confocal scanning microscopy images. Therefore
images must be calibrated against a standard of known dimensions before any
measurements are made.

If the refractive index of the immersion medium for the objective does not
match that of the mounting medium (see “Choice of Objective,” Section IV.A),
then spherical aberrations will distort the size and shape of the xz plane image. A
mismatch of media produces significant distortion in the depth measurements, but
lateral measurements are not affected. Such aberrations are described in more detail
by Hell et al. [121] and Visser and Oud [340]. Consequently, careful calibration of the
xz plane images is necessary. Fluorescently labeled latex spheres, or man-made
fibers, of known dimensions can be used, and a few can easily be included with
pulp or sheet samples in order to check image shape in the z direction. Figure 10
Hlustrates the differences in apparent size and shape of cross-sectional images result-
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Fig. 10 A cross section through a polyamide fiber showing the spherical aberrations caused
by mismatch of media.

ing from the use of different mounting media. Polyamide fibers, which are hollow
with a circular cross section of 20 pm diameter, have proved to be very suitable foi
calibration purposes. The effects of using a 40x/0.7 dry objective to examine a
polyamide fiber mounted in air (top), water (middle), and oil (bottom) are shown
on the left-hand side of Fig. 10. and the correspondin g effects produced by using a
40x | 3 oil immersion objective to examine & fiber are shown on the right-hand side.
This shows clearly that the optimal conditions are obtained by using an oil immer-
sion objective {p examine a specimen mounted in 4 medium of the same refractive
index. When in situ monitoring is being carried out under changing conditions, the
refractive indices of the objective and mounting medium will not always match. This
is 4 common problem with studies involving measurement of fiber shape and cross-
sectional dimensions during drying.

Distortion of cross-sectional images also occurs if an objective of' low N.A. is
used, and topographical images constructed from images collected with such an
objective will give inaccurate height measurements. A step-height standard can be
used for checking the height discrimination of objectives. Alternatively, a piece of
paper of known thickness but translucent and thin enough for the laser to penetrate
fully can he used. Lens cleaning tissue, and similar thin tissues. are suitable for this
purpose. Experiments were undertaken to compare measurements obtained using a
40 0.7. a 16x /0.45, and a 10x 0.3 objective. A piece pf lens cleaning tissue with &
mean thickness of 39 um was optically sectioned in both the xy and xz planes.
Topographical images were constructed anti height measurements made, and the
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Fig. 13 A cross-sectional image of Douglas fir wood showing lignin distribution across the
cell wall.

were labeled with o-phenylenediamine to produce fluorescent phenazine derivatives
that could be clearly detected in cell corners. middle lamellae. and tori.

The CLSM has been used to study the distribution of lignin in fiber cdl walls
and to monitor changes with bleaching [21X]. The embedding, grinding, and polish-
ing technique described in Section 11 1.B was used to obtain clear cross sections of
handsheets made of unbleached and bleached kraft pulp fibers. The intensity of
ffuorescence was assumed to correlate to lignin concentration, and this embedding
technique was employed to eliminate the loss of intensity with depth that occurs
when fibers are opticaly sectioned in the xz plane. Lignin exhibits primary fluores-
cence at 488 nm; therefore the fibers did not require staining. Commercial prepara-
tions of glucose, cellulose, xylose, and mannese. examined under the same
microscopic operating conditions as for lignin, gave negligible fluorescence emission
signals, thus verifying that the fluorescence was emanating from lignin components
of the cell wall. Figure 14 shows the distribution of lignin in the fiber walls of (a) an
unbleached pulp (kappa number 25.4), (b) an oxygen-delignified pulp (kappa num-
ber 16.9), and (c) a TCF-bleached pulp (kappa number 4.7). Cross-sectional images
of a fully bleached pulp (not shown) were barely discernible,

The CLSM lends itself well to the study of fiber morphology and the charac-
terization of fiber types. Basic fiher proprerties, such as length. width. and curl. are
most readily determined by using existing methods. However, since the CLSM can
be used to generate cross-sectional images of fibers. it offers better possibilities for
measuring wWidth anti coarseness (see Jang et a. [ 144]). Confocal microscopy has also
been used to monitor the structural changes that occur when pulp fibers are sub-
jected to cyclical loading. Hamad and Provan [l 12] observed the propagation of
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Fig. 14 Differences in lignin content of fibers can be measured using the CLSM in fluores-
cence mode. (a) Unbleached pine kraft pulp, kappa 25.4; (b) oxygen delignified pulp, kappa
16.9; (¢) TCF bleached pulp, kappa 4.7.

cracks during straining of* individual fibers. Groom et a. [109] used a CLSM to
determine the cross-sectional area of individual fiber-s that had failed during tensile
testing in the ESEM.

The CLSM can be used to measure fibril angle of wood pulp fibers using the
classical crossed polaroid technique. This overcomes the problems encountered in
measuring the fibril angle of whole fibers using a conventional polarizing microscope
(Section 111.A), because with the optical sectioning capability of the CLSM only the
wall layer of* interestis focused. Verbelen and Stickens [339], using the CLSM in
fluorescence mode. inserted a polarizing filter between the laser and the scanning unit
of the microscope to determine thefibril orientation in the walls of leaf cells cultured
from Nicotiana tabacum. The cells were stained with Congo red. Jang [ 141] used both
Congo red and acridine orange stains to measure fibril angle in the softwood and
hardwood fibers of mechanical. chemica. and bleached pulps. Batchelor et a. [14]
describe their method of measuring the fibril angle of the S2 wall layer in wood fibers
using a CLSM iii reflection mode.
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Pulp Characterization and the Effects of Beating The CLSM is particularly
useful for characterizing pulps and examining various structural changes brought
about by pulping and refining processes. Wet samples can bc observed in their
natural state before fibrillar material has dried down onto fiber surfaces.

Xu et a. [365] used a CLSM to measure the wall thickness of mixed eucalypt
kraft fibers. Jang et al. [142] characterized the collapse behavior of mechanical fibers
produced under different refining conditions, and Sundin et al. [315] determined the
collapse and coarseness of mechanical fibers in laboratory handsheets. Similarly, the
effects of recycling can be examined and quantified. Jang et al. [143] used confocal
microscopy to study the effects of laboratory recycling on the transverse dimensions
of fibers, evaluating the degree of collapse resulting from the recycling of mechanical
and kraft pulp fibers. Seth et al. [290] measured and compared the transverse dimen-
sions of kraf't pulp fibers obtained from a variety of tree species. This information
allows selection of fiber sources for properties most appropriate for various end uses.

Nanko et a. [223] undertook a carefully controlled experiment to measure
shrinkage of individual fibers using an SLM. The microscopy was carried out
under controlled temperature and humidity, and a4 low power helium/neon laser
was used to minimize heating effects. Fiber measurements were made at points
where two fibers crossed and also in free segments of fibers. Fiber cross-sectional
area measurements were made using the surface profile measurement system of the
SLM. A real-time sample-weighing system was used to obtain a wet weight corre-
sponding to each image collected, so that changes in fiber width and cross section
could be correlated with moisture content. The experiments undertaken by Page and
Tydeman [243] to monitor controlled drying of fibers using the porous plate appa-
ratus (Section 11.A) could perhaps be adapted for use with a CLSM to control the
remova of water from a wet web during drying. This would allow easy observation
of cross-sectional views of bond formation in fibers.

External fibrillation External fibrillation is an important effect of beating, and the
CLSM has been used to characterize externa fibrillation of different types of fibers
and the effects of different laboratory beaters [370]. Fibers are best examined in a wet
state when fibrillar material and peeling sheets of wall lamellae are still spread out.
Fibers need to be fluorescently stained in order for the fine fibrillar material to be
identified, but even then this material can prove difficult to detect simply because
much of it is too fine to take up enough stain to give a sufficiently strong signal.
However, it is possible to obtain good images, and image enhancement techniques
can be used to bring up details of the finer structures.

Ferrofluids (Ferrofluidics Corp., Nashua, NH) have been used to enhance
fibrillation. Ferrofluids are colloidal suspensions of very fine particles of magnetite
(average particle size 10 nm) that when added to a suspension of fibrillated f[ibers
appear to bond to fine Ghrillar and colloidal material. A sample of highly beaten
kraft fines was stained with acridine orange, and a little of the ferroffuids suspension
was then stirred into the fibers. A drop of this mixture was mounted on a microscope
slide and examined wet. The sample was scanned simultaneously in the reflection and
fluorescence modes. The reflection image (Fig. 15a) indicates that there is a great deal
of fibrillar material to which the magnetite particles have bonded. The fluorescence
image (Fig. 15b) shows the basic fiber shape, athough thick aggregations of particles
have prevented detection of the fiher surface in some areas.
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Fig. 15  (a) A confocal reflection image of a fluorescently stained beaten kraft softwood fiber
shows nanoparticles of magnetite binding to fibrillar and colloidal material. (b) The fluores-
cence image reveals the basic fiber shape.
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Image analysis can be used to quantify fibrillation. Laamanen et al. [ 179]
obtained u fibrillation index for fibers dried down onto glass microscope slides,
and the method described b y Klofta andMiller [1 72] for obtaining a fibrillation
index from scanning electronmicrographs of freeze-dried fibers could well be applied
to CLSM images of wet fibers.

Internal Fibrillation (or Cell Wall Delamination) Another important effect of beat-
ing, but one not as easy to study as external fibrillation and more difficult to quantify
because of the scale involved, is internal fibrillation. Stone and Scallan’s model (see
Section [11.B) describes internal fibrillation on a microscale in which the pores arc
only a few nanometers in diameter. It has been suggested that although these are
important in effecting local plasticity in the cell wall. it is the larger visible splits in

the cell wall that are important for increasing plastic flexibility in fibers [78.236].
Internal fibrillation has been extensively studied, because it is believed by many
workers to he the most important effect of beating [1, 138, 1 64.209,332]. Page [236]

drew attention to the large cracks that are seenin a delaminated cell wall and pointed

out that no technique had been developed to measure these cracks. Quantification of
their surface area would be relevant to determining the relative importance of pores

and cracks to fiber flexibility and fiber fiber bonding. Figure 16 shows what is
achievable with the CLSM. Compare these cross sections with those obtained with
TEM (Fig. 1) and LTSEM (Fig. 31). Measurement of poresin the cell wall is clearly
beyond the scope of optical microscopy. but the larger cracks that occur during cell

wall delamination could perhaps be quantified using a program such as that devel-
oped by Kibblewhite and Bailey [166].

Fig. 16 Cross sections of fully hydrated bleached birch kraft fibers beaten to 4000 rev in a
PF1 mill.
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Investigations into wet fiber flexibility such as those described earlier (Section

1 .A) could be employed using the C'LSM. and. in addition to measuring fiber
flexibility, the cross-sectional appearance of the fibers could also be monitored as
they dried. Abitz and Luner [1] concluded. after examining the effects of refining on

wet fiber Hexibility and its relationship to sheet properties, that wet fiber flexibility

might not depend solely on the amount of internal fibrillation. This could be verified
using the CLSM in conjunction with Steadman’s method. Lammu and Hcikkurinen
[ 18 1] studied the effect of refining on the stiffness of latewood and springwood fibers
and the relationship between fiber stiffness and cross-sectional shape. Fiber flexibility
was measured using the method of Tam Doo and Kerekes [3 18]; then. for some of
the pulp samples, a CL.SM was used to obtain a series of 10 cross-sectional images of
cach fiber after it had been deflected. From these Lammi and Heikkurinen deter-

mined cdl wall thickness and calculated the moment of inertia. They concluded that

fiber stiffness cannot be predicted from the cross-sectional shape.

Fines Material The importance of lines material is being increasingly recognized.
The characteristics of a fines fraction vary with pulp type. Fines material also differs
greatly according to whether it is from a mechanical or a chemical pulp, and furthe
differences arise from subsequent refining processes. Image analysis can be used to
characterize different types of fines on the basis of size and shape [ 193]. Fines vary in
their chemical composition, and the distribution of lignin in mechanical pulp fines
can be studied using dual-channel imaging in the C'LSM Mechanical fines are
stained with acridine orange, and images are collected using the fluorescence mode
and nonconfocal transmitted light. The transmitted light image shows al the struc-
tural components of the fines material. including fine fibrillar material, whereas the
fluorescence image shows just the lignin-rich areas. The combined image shows the
location of lignin on the fines particles. and the proportion of surface area that is
lignin-rich can be quantified.

Luukko et a. [194], who used an optical microscope for measuring fines par-
ticles, assumed that light transmission attenuated exponentially in proportion to the
thickness of the particles. They then tested this assumption using a CLSM to mea-
sure the cross-sectional thickness of particles and an optical microscope to take
normal gray tone images of the same particles. The thickness values of the particles
plotted against gray tone values showed a clear correlation.

The effects of fines on sheet properties were investigated by Moss and
Retulainen [2 19] and Retulainen et a. [266]. They found that additions of fines to
the long fibers of a TMP pulp produced handsheets of greater density and highe:
tensile strength properties than sheets made of just the long fibers, and that the
addition of kraft fines was even more effective. The CLSM was used to examine
the cross-sectional appearance of potential bond sites in crossing fibers, first in wet-
pressed sheets and then in exactly the same areas after drying. This showed that fines
were necessary to help wet-pressed fibers maintain contact during drying and that
better fiber {iber contact was achieved with kraft fines, shown in Fig. 17, than the
bulkier TMP fines, as shown in Fig. 18. However, the bulky elements of TMP fines
help to improve the optical properties by increasing light scattering.

Distribution of Cell Wall Components Immunolabeling techniques, such as those
described in Section [V .(, have been applied to investigations into the redeposition
of xylans in kraft pulping using dual-channel scanning. Antibodies to xylanase were
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Fig. 17 Secondary fines of a bleached pine kraft pulp beaten for 60 min in a Valley beater.
(From Moss and Retulainen [219].)

Fig. 18  Primary fines of a spruce TMP. (From Moss and Retulainen [219].)
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raised, labeled with acridine orange, and then conjugated with the xylanase. The
enzyme-antibody complex was then added to birch kraft pulp fibers and left to bind
to xylans present in the kraft pulp. Images collected simultaneously in nonconfocal
transmitted light and fluorescence mode were combined to show the location of the
xylans. Fluorescently labeled cellulases have also been used in an attempt to eluci-
date the mechanism o( enzymatic attack on fibers.

Sheet Structure Tthe CLSM can be used to study network siructure (pore volume,
fiber orientation, density, etc.) and to monitor changes that occur during shect
drying and the effects of humidity on network structure. Distribution of* fines mute-

rial and fillers within g sheet and coating structures can also be examined. The
CLSM can be used for examining surface roughness and is an excellent tool for
height measurements and three-dimensional surface profiing. The effecs of calender-
ing and wetting treatments can be monitored. and changes in sheet structure result-
ing from compression can be directly observed.

Network Structure The nondestructive optical sectioning capability of the CLSM
makes it eminently suitable for investigating network structure iii both the xy and xz
planes. However, there arc limitations on the $ize of the area that can be sampled and

the depth to which it can be sampled.

The CLSM offers great potential as a means of assessing paper quality by
direct meastirement of fiber orientation. Soremark et al. [302] used the CLSM 10
investigate the cause of fiber orientation streaks affecting the quality of a kralt liner.
xu et al. [366] used confocal microscopy in conjunction with image analysis to
evaluate fiber orientation distribution jn three dimensions. In-plane variation of
fiber distribution hys important implications {or paper pr()pcrtics such as printability
and dimensional stability, and Xu et al. [367] employed the same 1cchniqucs to
determine fiber distribution in the 7 direction. Naito et al. [222], in g study ol the
delamination resistance of paper, used the CLSM to delermine the dcp[h to which
fibers penetrate in the  direction of 3 sheet.

Sheet density can be measured from images reconstructed {rom a series of
sections, and sheet two-sidedness can also be investigated [220]. Distribution of
surface pore area as a function of depth can be calculated from topographical
images. Mangin and Béland [200] calculated surface pore areas of various newsprint
samples and of a base stock (coated and uncoated) before and after calendering. to
investigate structural changes induced by calendering. Lovhaugen [190] also used the
CLSM to make quantitative evaluations of pore volume of different unprinted news-
print samples. and Lovhaugen et al. [191] related pore volumes of newsprint and
uncoated liners measured by the CLSM to measurements made using the Parker
Print-Surf and Bendtsen air leak instruments.

Kunnas ¢t al. [I78j used the CLSM to investigate the effect of Condebelt drying
on the structure of fiber bonds. Under the high pressure Condebelt conditions.
crossing fibers appeared to wetd together, with excess surface material (lignin and
hemicellulose) flowing and filing the angles formed between the crossing fibers. It
was surmised that these bonds were better able to resist water than the thin. fibrillate
bonds seen in the conventionally dried sheets.

Nanko and Wu [227] studied the mechanisms of paper shrinkage during
drying using a reflection-type SLM. They used silver grains as location markers
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on fiber surfaces and collected images of the sheet surface, before and aiter drying.
t o measure how much the fibers had shrunk longitudinally. They a 1 s o obtained
surface profiles along fibers and examined the effects of restrained and [ree drying
on the longitudinal shrinkage of fibers. Optical sectioning in the Xz plzmc allows
¢asy monitoring of changes in drying sheets. Figure 19 shows an extended focus
image and a cross section through a sample of* handsheet at the just-formed stage
(top) and after drying (bottom). Collapse of fibers and their relative movement
during drying are clearly indicated. Nanko and Tada [226] cut cross sections of
sheets w i t h a razor and used the SIM to observe deformation of fibers due to
changes in relative humidity. Samples were piaccd in @ chamber into which the
objective of the microscope could be nserted. and humidity-controlled air was
supplied. They measured cross-sectional and longitudinal hygroexpansion of fibers
in the sheets.

Mangin et al. [20 1 | developed a special piece of apparatus to apply static
compressive stress to the paper surface while imaging with the CLSM. Pressures
of w w© 5 MPa were applied during in situ studies of Chzmges in surface compres-
sibility. They applied this technique both to the effects of calendering and to the
evaluation o surface roughness and compressibility in relation to printing processes.
Ting et al. [335] also designed and manufactured their own compression rig in order
to characterize network changes in paper under compression in the z direction.
Direct visual observation of the ¢ross-sectional shapes and locutions of the fibers
enabled them to study the effect of loading rate and {lber cell wall thickness on
compressibility of the sheet.

Fig. 19 Extended focus image and a cross section of a wet handsheet made of spruce TMP
(top) and the same area after drying (bottom).
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Many earlier microscopists developed sophisticated techniques for investigat-
ing various propcr(ics of pulp fibers and paper, many of which could bhe adapted for
use with the CLSM. These include. for example, control of humidity in drying
experiments [243,348] and techniques used for studying porosity. A study of relative
porosity in paper, similar to that described by Lindsay [[88], could be usefully
undertaken using confocal microscopy. Lindsay observed and measured the move-
ment of a dye injected into paper samples. One of the dyes he employed was blue
dextran 2000. but fluorescently labeled dextran solution could be used to investigate
the movement of the stain in both the xy and xz planes of the sheet. The rate of flow
of a liquid through asheet could be measured using the FRAP technique described
earlier (section 1V.C). High magnification examination of fiber cell walls, seen in
cross-sectional view. could be made in solute exclusion studies. Experiments could
also be designcd for use in conjunction with compression apparatus, such as that
dCVt‘lOpCd by Ting et al. [335], to study sheet pcrmeability and the effects of pressing
on the movement of water. Carlsson et al. [40], for instance, used dextran solutions
of different molecular weights to demonstrate from which cavities in the fiber matrix
water was expressed during pressing.

Distribution of fines and fillers in Sheets The simultaneous generation of images
in fluorescence and nonconfocal transmitted light modes (set: earlier) can be used to
examine the distribution of fines material within a fibrous network providing that the

fiber and fines fractions are sufficiently different chemically. One component needs to
be from a mechanical pulp and the other from a chemical pulp. 1o enable differentia-

tion of the components [220]. The same technique can be applied to investigations
into the distribution of fillers, using the reflection mode with the nonconfocal trans-
mitted light mode, or the reflection mode with the fluorescence mode i the filers
have fluorescent properties.

Coated Papers coated papers offer a challenging arca of application. Much
research has been done on the distribution of coating thickness that involved embed-
ding sheets in resin and cutting thin sections (see Sections III.A and [II.B). Cross-
sectional views of coated sheets can be obtained with the CLSM. but only t0 a
litnited depth due to the opagueness of the coating layer. However, as shown in
Fig. 20, the interface of the catting layer- with the base paper cm be clearly dis-
cerned. Measurements of variation in coaling can be readily obtained from such
images, and the void volume, critical to coating processes, Cifl he calculated. Clearer
cross-sectional images are obtained if the sample is stained with a fluorescent dye,
but the application of an agueous stain would not only affect the coating itself* but
also disrupt the structure of the base paper. This Cdll be OVErcome if the sample is
stained during Sheelmaking. However. unstained samples can be examined quite
successfully using the fluorescence mon because go;[[ing layers usuany include
optical brighteners or gther pigments that have fluorescent properties, and the
base papers are often made of lignin-tich mechanical pulps that are inherently fluor-
escent. Potycthylcne coatings. such &§ those used ©0n drink cartons, and the adhesive
layer of labels (see Fig. 2 1) can also be examined. Lange et al. [182] used several
microscopical techniques, including conventional optical microscopy, CLSM. SEM,
and AFM, to examine defects in solven-free organic coatings that require rapid
curing time. The AFM and CLSM both proved useful for characterizing coatings,
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ace of the coating layer with
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the base paper.

ection through an LWC sheet showing the interf

Fig. 21 Cross section through the adhesive layer of a label.
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but the CLSM was particularly useful in that the internal structure of transparent
coatings could be viewed.

Analysis of Surface Topography Surface roughness is an important property of
paper in relation to printability, and the CLSM offers a non-contacting method o f
surface profilometry. This has certain advante ges over conventional stylus instru-
ments, which can cause damage to samples due to stylus pressure [83,341] (Chapter
). This is even more true where there are raised or Joose pieces of fibrillar or fines
material, and the use of it laser overcomes these problems. The CLSM not only gives
roughness values hut also enables visual assessment of changes that occur at the fiber
level, because the same areas can be examined before and after treatment.

The software for the Leica CLSM includes a program based on the interna-
tional and DIN standards for the measurement of surface roughness parameters
using stylus instruments, and such a program could be easily written for other
makes of CLSMs that do not include it in the standard package. The Leica program
calculates the arithmetic mean deviation from the profile. root-mean-square devia-
tion from the profile, difference between maximum height and maximum depth of
the profile, and skewness. Surface roughness measurements are made from topogra-
phical images constructed from a series of sections collected in the xy plane using the
reflection mode. Samples should be dry, and a ¢ r y objective should be used. A 40x
objective is recommended for such measurements. This shows a very small field of
view (125 pum x 125 um) with the Leica C'LSM but is betier able to discriminate
height differences than objectives of smaller magnification, which have a greater
depth of field and consequently give falsely high values. Step size (sec Section
IV.A) should be kept as small as possible. and. in opder to measure as accurately
as possible, it is better to over-sample thanto undersample.

There are no standards pertaining to image acquisition using a CLSM. This
means there will be problems with reproducibility using different laser scanning
microscopes. Experimentation is therefore necessary to determine the most suitable
combination of microscope settings. Many vat-iablecs (voitage, laser power. pinhole
size, step size, objective, image format, the number ot sections to be collected. and
the number of scans needed to reduce noise) can affect the quality of topographical
images. Optimal conditions may vary greatly [or different paper surfaces. s o these
parameters should always be kept the same for any given paper so that meaningful
comparisons can be made. Laser power is important and can affect the results of
work being undertaken if there arc fluctuations. Lovhaugen [1 89] outlines some of
these problems in relation to paper surface measurements.

Because the arca examined is very small. a very large number of arcas would
need to be sampled in order to acquire statistically meaningful data. However. il
changes in roughness are beimg monitored and exactly the same areas are being
rc-examined after various treatments (as described in the following section). then a
smaller sample size may suffice.

Fierdingen et a. [90] used a CLSM to investigate the effect of fiber wall thickness
on paper surface characteristics. The CLSM has been used by many workers to exam-
ine and measure changes in syurface topography. some of which are detailed below.
Monitoring the Effects of Calendering and Wetting Treatrnents Retulainen et gl.
[267] under-took a series of' experiments to characterize the effects of calendering on
the microstructure of the paper surface. They studied the effects of calendering
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treatments applied to handsheets made of earlywood fibers and (0 others made of
latewood fiber-s. with and without fines. Areas in an uncalendered paper sample were
measured. then the same areas were measured again after calendering. The arcas
were randomly selected. but to facilitate location of areas for subsequent reexamina-
tion a few lines were lightly pcnciled onto the samples to scrve as location markers.
Roughness measurements were obtained and visual analysis was made of the topo-
graphical images and three-dimensional surface profies in order to se¢ how calen-
dering affected the surface structure. Figure 22 illustrates the surface profiles of an
uncalendered handsheet (@) and then exactly the same area after calendering treat-
ments (b) (d). After the first calendering, flattening of fibers and increases in fibe:
width are observed. (Fig. 22b). Height differences are further diminished after the
second calendering (Fig. Xc). but there is littte change after the third calendering
treatment (Fig. 22d), just some displacement and rearrangement of material in the
lateral direction.

Retulainen et al. [267] applied the same technique to study the effects of wetting
printing papers, such as occurs during coating processes or in offset printing. A KRK
printability tester was used for the dampening treatment. This tester simulates prac-
tical coating or printing Processes and wits used in these experiments to Investigate the
wetting behavior of calendered sheets and the effect of moisture on surface roughness.
Roughness was measured, and images of the areas were examined for evidence of
changes in fiber dimensions, for fiber swelling, fiber rising, breaks at bonded areas,
and redistribution of material. They found that in handsheets made of a furnish
typically used for printing papers (a kraft pine whole pulp plus 60% spruce ground-
wood), the final roughness and thickness of calendered sheets after wetting and
redrying approached those of the uncalendered sheets. The higher arecas on the sur-
face were more compressed in calendering and more affected in subsequent rewetting.

MacGregor [196] examined the roughening effect of water on the surfaces of
untreated, water-treated. and printed papers and its relationship to reduction in gloss.
In subsequent work [ 197] the cLSM was used to complement image analysis mea-
surement of small-scale gloss variation in printed paper. Topographic data acquired
with the CLSM were directly compared with gloss images of the same areas.

Heat Conduction During Calendering A novel method was developed by Luong
and Lindem [192] to determine the temperature distribution through the z direction
of paper during calendering. Paper samples included monodispersed fluorescently
stained latex spheres with an average diameter of 9.5 um and & melting point of
125 C. Paper samples were calendered at various temperatures and speeds, and the
calendered samples Were then optically sectioned using a CLSM. The transient
temperature distribution through the - direction of the sheet was determined by
measuring the distances between the paper surface and the unplasticized spheres.

Related Research

Printing and Deinking Beland and Mangin [ 17] used the cLsM to study ink trans-
fer mechanisms. comparing the same newsprint printed at high and low ink levels.
They also examined the adhesion of toner to paper using reflection and fluorescence
modes to record halftone dots before and after the samples WIC subjected to & peel
test. Topographical images indicated whether halftone dots were situated on raised
or depressed areas of the surface, whereas the fluorescence images showed the areas
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of the dots. Images of the same areas taken after the peel test show clearly where
toner had been detached from the surflace.

Chrigtiani and Bristow [44], in a study of the drying mechanism of waterborne
printing inks. used a CLSM to examine the diffusion of water within paper and
observed ii tendency for the water to follow the fiber direction.

Analysis of contaminants removed during recycling of waste paper is necessary
for determining the efficiency of recycling equipment. The provlem With characteriz-
ing toners and other three-dimensional particulate matter using conventional optical
microscopy is that the size and shape of the particles cannot be fully ascertained from
the two-dimensional binary images produced for image analysis. Borchardt et a. [25]
found the CLSM to be a useful tool for studying the particle geometry of ink removed
from laser printed and photocopied papers. It was thought that because the ink
particles are three-dimensional, image analysis of particle length dimensions might
not give a sufficiently accurate measure of the actual mass of ink in particles. ‘They
used stereo images and simulated rotation to view the morphology of ink particles.

Synthetic Polymers Furuta et a. [97] studied the structure of cellophane using
both an SEM and a CLSM. They found the CLSM to be demonstrably more useful

in the determination of three-dimensional structure. A major difficulty with investi-
gating the interface regions of heterogeneous materials is that the interface cannot be
separated from the sample but must be studied in situ. Thomason and Knoester [333]
used both polarized light microscopy and CSOM for in situ investigations of the
interface region of the polymer composites. A series of optical sections taken
through an aramid fiber in polypropylene revealed structures not seen in polarized
light. They also studied glass fiber reinforced epoxy composites to see whether failure
cracks in samples had propagated along the fiber/matrix interface or through the
matrix. An advantage of using CSOM was that samples required no further pre-
paration other than cutting; also, the roughness of the cut surface disappeared at a
depth of 5.3 um and fibers were clearly discernible. Previous methods of preparation
had included polishing the cut surface, which often resulted in cracks getting filled in.

Microbial Contamination of Pulp and Paper There is a great deal of interest in
cellulose-related products, mainly because of the biodegradability of cellulose.
Plastic films used in food packaging have to be resistant to bacteria and fungi.
Samples of film made of discrete layers of starch and polyvinyl alcohol were incu-
bated in soil for several days. They were then lightly stained with acridine orange and
examined with the CLSM. Various species of bacteria and fungi were detected.
Figure 23a shows the ramification of fungal hyphae at a depth of 35 pum from the
surface. and scanning in the yz plane revealed that the fungi appeared to have a
preference for specific layers, as shown in Fig. 23b.

Microorganisms exist everywhere and are responsible for decomposition of
both organic and inorganic substances. They cause decay in the wood used for
production of pulp and are present in all systems in pulp and paper, producing
damaging slime deposits. Work has been done to investigate the growth of bacteria
on the metal surfaces of headboxes and also on the wires of paper machines and in
the recirculating white water. which all provide ideal conditions for the growth of
bacteria and fungi. Robertson and Taylor [275] describe their techniques for exam-
ining and evaluating bacterial biofilms and biofilms containing particulate calcium
carbonate by using CLSM and ESEM. Bacteria flocs from paper mill effluent have
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Fig. 22 The surface profile constructed from the topographical image (a) of an uncalendered
handsheet made of summerwood fibers of a pine kraft pulp and (b)-(d) of exactly the same
area after repeated calendering treatments.
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Fig. 23 (a) A single optical section taken at a depth of 35 um below the surface of food
packaging film showing fungal hyphae and (b) a cross section showing that the fungal hyphae
tend to be confined to discrete layers. The protuberance seen in (b) is a fungal spore that
prevents the penetration of light and is the cause of one of the apparent voids seen in (a).
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Fig. 24 Bacteria deep inside the base board of a polyethylene-coated milk carton. (Photo
courtesy of 1. Suominen.)

also been examined and analyzed, the size of the flocs being an important factor in
how quickly the bacteria break down the sludge.

Suominen et al. [316] examined the growth and migration of bacteria in food-
packaging paperboards. Their study showed that microbially contaminated starches
used as surface sizes and contaminated mineral pigment coatings posed a threat to
hygiene, because the polythene layer separating the food from the paperboard dis-
played pores and indigenous damage. Base board used for milk cartons was also
examined for bacterial contamination. The bacteria shown in Fig. 24 were located
quite deeply in the base board and would not have been possible to detect directly
using any other microscopical technique.

Studies of delignification are becoming of increasing environmental concern
due to the rapid depletion of landfll space. The degradation rate of laminated chip
boards such as those used in modern furniture has been studied using compost heaps
to simulate rubbish dumps. Fungi found in lignified samples were isolated and
cultured for identification.

V. THE LOW TEMPERATURE SCANNING ELECTRON MICROSCOPE

Ferndndez-Moran [88] reviewed early investigations into low temperature techniques
for electron microscopy, but low temperature scanning electron microscopical
(LTSEM) (also referred to as cryogenic or cryo-SEM) techniques were first demon-
strated for biological specimens by Echlin et al. [76]. A comprehensive account of
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low temperature scanning electron microscopy is given by Beckett and Read [15],
and de Silveira et al. [66] discuss its application to the analysis of pulp and paper.

Until the advent of LTSEM, and later the ESEM, only fully dehydrated speci-
mens could be examined satisfactorily in a scanning electron microscope because the
electron beam is strongly scattered by air or water molecules. Unlike the conven-
tional SEM. which entails rather elaborate and lengthy preparation for the exam-
mation of wet pulp and sheet samples, a low temperature stage makes it possible to
examine fully hydrated material within a very short time—a specimen can be frozen,
sublimed, coated, and examined in less than an hour. It also enables the examination
of many previously “impossible” samples such as emulsions, oils, and inks. Material
prepared in this way for examination with the LTSEM is usually referred to as
frozen hydrated (FH).

Low temperature scanning electron microscopy, which had been widely used in
biological sciences for many years, was first applied to the study of papermaking
fibers by Howard and Sheffield [130] in 1987. Because the conversion of wood to
paper is carried out almost entirely in water, the interactions of fibers with water are
of fundamental importance. Therefore, at that time, LTSEM seemed the most
appropriate method to use for examination of wet samples. Howard also recognized
the potential of dcvcloping a technique for obtaining cross sections of fully hydrated
pulp and paper samples. /\n evaluation of the LTSEM as a means of examining the
fully hydrated structures of fibers and wet sheets was subsequently undertaken by

Moss [216].

A. The Cryosystem

The cryosystem of an LTSEM consists of a cryopreparation chamber (with cold
stage, nitrogen dewar. fracturing device, sputtercoating head, airlock gate, and
valve) and a cold stage (with nitrogen gas dewar and anticontaminator) interfaced
with a conventional SEM. Figure 25 illustrates a typical system and shows the steps
involved 1n cryopreparation. The use of an evacuated transfer system allows the
frozen specimen to be placed directly onto the cold stage of the preparation chamber
and then into the vacuum chamber of the SEM without coming into contact with the
atmosphere or being returned to room temperature.

The specimen is maintained, ideally. at —185 C by the circulation through the
cold stage of nitrogen gas that has been cooled to — 190 C with liquid nitrogen. 11 s
essential that the temperature of the cold stage he maintained well below -130 C.
hecause above this point sublimation begins to occur. Ice then has to be sublimed
from the surface of frozen hydrated specimens. and thisis achieved by heating the
cold stage to & temperature of between —80 C and —60 C. An anticontaminatol
plate {shown at step 5 of Fig. 25) cooled to about - 190 C prevents any recondensa-
tion of water molecules onto the specimen. Tlte whole process can be monitored in
situ and sublimation stopped when the relevant feat ures of* the specimen have been
revealed. After sublimation of the surface ice. the specimen is withdrawn into the
preparation chamber for sputtercoating gnd then returned to the cold stage fon
examination.

Prov iding sublimation is not allowed to continue for too long there should be
no morphological changes arising from shrinkage, and there should be little or no
collapse because the bulk of the material is frozen. thus providing physical support.
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B. Speci men Preparation

A small stub, similar (o that used for conventional SEM work. is placed in a copper
holder. The specimen, which may be a droplet of pulp suspension, a few wet fibers.

or a small piece or' wet or couched sheet, is placed on the stub. A long rod (the

transfer rod) is screwed into one end of the copper plate (see Fig. 25). This is used to

plunge the specimen holder into the slushing chamber for freezing. It is then used for

the subsequent transfer of the specimen to the cryopreparation chamber and to and

from the cold stage. The size of the stub limits the size of the sample that can be

examined. but this is not a real disadvantage because the smaller the sample, the
faster the freezing.

Special techniques are needed for obtaining cross sections of fully hydrated
pulp and paper samples. Figure 26 illustrates the technique used for sectioning wet
sheet samples. Here an SEM stub has been cut in half and the wel sheet sample is
placed carefully between the two halves. The stub is inserted into the copper holder.
and the sample is plunged into liqud nitrogen. The sample is then transferred to the
cryopreparation chamber whet-e the sheet is fractured. This is achicved by using a
cooled scalpel that is inserted through the wall of the preparation chamber and
manipulated from outside.

A circle of lust-drained wet sheet (half
inch diameter) 15 carefully placed 17 a
split stub

The stub 15 Inserted into 115 copper holder
and plunged intoliguid nitrogen slush

The frozer specimen i5then {ransferred to
the cold stage of the SEM

A pre-cooled scalpel blade
cuts cleanly through the
frozen-hydrated sheet

---SCALPEL
—

COPPER HOLDER

\
(D

Fig. 26 Technique for obtaining cross sections of wet handsheet samples
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Figure 27 illustrates the technique developed for sectioning wet fibers. Fibers
are inserted into a hollow split riyvet (2 mm diameter), the two halves of which are
held together by it spring clip. Ideally, the fibers arc inserted into the rivet so that
their- long axes lic parallel to the Jong axis of the rjvet. This method requires careful
manipulation and considerable practice to achieve a uniform distribution of fibers at
an appropriate density: too many fihers closely packed together make analysis diffi-
cult, and too few fibers necessitate the processing of* alarge number of samples. The
rivet is then inserted into a special stub that has a hollow center. This is placed in the
copper holder, and the sample is plunged into liquid nitrogen. The transfer chamber
is not immediately positioned over the top of the slushing chamber as it should be,
and after a few seconds the frozen hydrated fibers are fractured by giving the top half
of the rivet a sharp blow with an appropriate tool (a spanner works welll) — all done
while the fibers are fully immersed in the liquid nitrogen. The transfer chamber is
then fitted over the top of the slushing chamber, and the rest of the procedure is as
normal.

Pretreatment of specimens is not necessary because they arc physically fixed by
freezing rapidly in aliquid cryogen. Freezing specimens in liquid nitrogen slush at

SPRING CUP
u Rt
HOLLOW SPLIT RIVET
(2mm  diameter) SPECIMEN STUB

PIPETTE

The specimen stub |§ placed in 1:5 copper holder
and plunged intoliquid nitrogen slush

”CA[:’::%]
The specimen 15 fractured
while immersed in npitrogen

slush and then transferred
to the cold stage of the SEM

Fig. 27 Technique for obtaining cross sections of wet pulp fibers
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-210°C was one of the earliest methods of freezing biological specimens and is one
of the most commonly used today because it is cheap and safe to usc. Other cryogens
can be used that have a better freezing efficiency than liquid nitrogen, but they are
not as readily available or arc disadvantageous in some way or another. Likcwisc.
other methods of freezing are available, but they generally require complex and
expensive equipment [272].

C. Comparative Evaluation of Preparation Techniques for LTSEM

Examination of wet pulp and paper samples in a conventional SEM necessitates
dehydration of specimens either by air drying (AD). critica point drying (CPD).
or freeze drying (FD). Many workers [e.g., 8,29,30] have reported on the deleterious
effects of dehydration techniques. These include shrinkage, collapse of nonrigid cell
walls, distortion, and even rupture of whole cells. Comparative studies should always
be made of the different techniques being used, particularly if quantitative work is
being undertaken.

Ideally, objects of known dimensions should be used for calibration purposes.
Pulp fibers themselves are unsuitable because they arc far too heterogeneous. Moss
[216] used a single-cell alga, Euglena gracilis, to determine how much shrinkage and
distortion of delicate structures was caused by air drying, critica point drying, and
freeze drying compared with frozen hydrated cells. Light microscopy of living cells
was undertaken as an experimental control.

Fuglena has been much used as an experimental organism, and its structure is
well documented [36,102,11 1,278,364]. It was chosen for this evaluation because its
relevant properties are in many respects similar to those of wet pulp fibers. It has a
protective membranous exoskeleton (the pellicle) that exhibits great Hexibility and a
distinctive, striated structural pattern. It also has a long, delicate flagellum.
Comparison of the different methods of preparing FEuglena for SEM examination
indicated cryopreparation to be far superior to either FD or CPD.

D. Advantages and Disadvantages of Cryopreparation Techniques

All dehydration techniques used in preparing wet fibers or sheets for examination
using a conventional SEM cause shrinkage, collapse. and distortion of fibers and
networks to varying degrees. This is probably the reason electron microscopy has
never been considered a satisfactory way of studying phenomena such as fiber swel-
ling. Critical point drying involves solvent exchange procedures. which may cause
redistribution or loss of certain components. These problems do not occur in cryo-
preparation techniques, and samples can be examined in conditions more closcly
related to their natural state. Furthermore, cryoprepnrwtion is quicker and simpler.

Cryopreparation obviates the need for chemical fixation, and if specimens are
rapidly frozen and maintained at a temperature below 130 C there should be no
shrinkage or swelling. The shape and size of the specimen. the rate at which the
specimen enters into the cryogen, and the depth to which it penetrates al have a
pronounced effect on the cooling rate, so the choice of freezing technique ultimately
depends on the nature of the specimen. The ideal method of cryofixation should be
such that the specimen retains good morphology, ultrastructure, and distribution of
particulate components. However, cryopreparation does produce artifacts of its
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own, namely the crcntion of eutectic membranes, which may be indistinguishable
from genuine fibrillar material and sheets of fine lamellae peding from the fiber wall.

Cryopreparation techniques appear to have yielded some excellent results.
Cryofixation physically fixes and immobilizes dynamic processes and preserves the
spatial distribution of particles, etc. within a sample. Many workers have found that
this method gives a far superior state of specimen preservation compared with the
standard dehydration techniques required for conventional SEM work [85, 153,264].
A major disadvantage is that the specimens are very short-lived; unlike dried speci-
mens, they cannot be stored in g desiccator and viewed again after an interval of
weeks or months.

E. Artifacts of Cryopreparation

Artifacts Arising from Freezing Cryofixation of specimens can cause problems,
and the success of the process is largely dependent on the rate of cooling and the size
and shape of the specimen. If freezing is not rapid enough there may be some
redistribution of small cellular components or particles in suspension. The fastest
rate of freezing currently available gives good fixation to a depth of only about
10 um. A slow rate of cooling produces large ice crystals that may disrupt cellular
structure. It may also result in ice crystalization in the extracellular medium, and
further slow crystal growth then causes water to be withdrawn across the cell wall.
This may lead to shrinkage and deformation of the cell wall. Cryoprotectants, e.g.,
glycerol or DM SO, may be used to reduce ice crystal size for a given cooling rate, but
their presence may pose further problems with artifacts, as described below.

Cryofixation of wet samples involves phase separation. As ice crystals form
and grow, any solutes present in the sample become more concentrated.
Consequently, freezing of solutions causes solutes to become concentrated into the
liguid phase surrounding the growing ice crystals. This unfrozen solution (the eutec-
tic phase) reaches a critical concentration (the eutectic concentration), at which point
the solutes and remaining water freeze as a single component. Eutectic materials do
not generally sublime, because their vapor pressure is relatively low. These eutectic
regions remain and form a network surrounding the ice crystals.

The process of cryofixation and subsequent sublimation can produce a whole
spectrum of artifacts [265], which may have repercussions on structural interpreta-
tion. Kistler and Kcllenberger | 17 1] demonstrated the formation of cutcctic mem-
branes during freeze drying of aqueous solutions, where the eutectic assumed the
form of thin perforated sheets that. when completely dehydrated, appeared as a
network of strands. Miller et al. [210] presented some very itnpressive electronmicro-
graphs of lacy artifacts created by rapid freezing of buffer solutions commonly used
in the preparation of biological material. Moss [216] and Moss et al. [217] demon-
strated effects similar to those described above by freezing sugar solutions. Figure 28
shows a eutectic membrane formed by freezing a 003 mM solution of xylose. The
membranous sheet seen in Fig. 28a splits apart as sublimation proceeds and forms
the reticular structure shown in Fig. 28b.

Other experiments showed that substances dissolved in the filtrates of beaten
pulp suspensions also produced similar membranous and lamella-type structures
that can mimic thin sheets of lamellae peeling off the walls of beaten pulp fibers
and produce fine strands that could easily be mistaken for external fibrillation [217].
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Fig. 28 (a) Eutectic membrane formed during sublimation of a 0.03 mM xylose solution,

which forms a reticular structure (b) as sublimation proceeds. (From Ref, 216.)
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The disruption of cell wall layers during beating and the production of fibrillar and
membranous material is a phenomenon that has been well documented in the litera-
ture (see, e.g., Giertz | 101] and Iwasaki et a. [ 137]). Although no chemical analysis
was made to determine the hemicellulosic content of the pulps used in the experi-
ments. such membranous and fibrillar structures were attributed to the presence of
soluble wood carbohydrates, and certainly the circumstantial evidence is strong. In a
pulp suspension much of the fibrillar and membranous material will be of cellulosic
origin and not an artifact of cryofixation; the problem lies in distinguishing between
fact and artifact. This therefore poses problems in the use of LTSEM for analysis of
externd fibrillation or classification of fines materia. Furthermore, it takes very little
dissolved material to produce artifacts, as evidenced by studies of cotton fibers,
which have a very low hemicellulosic content. Likewise, the use of cryoprotectants
can produce similar effects. These problems are also encountered in the examination
of freeze-dried material using a conventional SEM.

Artiffacts Arising from Fracturing Technigues Fracturing a FH gheet involves
planing the surface with a cooled scalpel blade. Use of knives in fracturing tech-
niques may result in scuff marks across the fracture face and also “smearing,” due to
focalized surface melting. leading to loss of detail in parts of the specimen.

Fracture methods that cleave the specimen in a single step, such as that
employed with the split rivet. produce fracture faces that luck scuff marks but
have a coarser surface topography. There is a greater tendency with such methods
for fractures to occur along planes of weakness. Plastic deformation, a phenomenon
that has been investigated by a number of workers, may also occur. Dunlop and
Robards [73] experimented with polystyrene latex spheres in aqueous solutions of
glycerol that they froze and fractured. Many of the spheres stretched by up to 50%
before they fractured. whereas others were pulled out from the frozen matrix.
However, Kellenberger et d. [ 160] reported that where plastic deformation had
occurred the broken surfaces were usualy heavily distorted with a rough appear-
ance, and thus easily recognized.

To quote Echlin [75],

It has been said that in biology, image as related to truth is inseparable from
artifact as related to the act of observing. It would appear that cryobiology is
going to permit us to get nearer the truth than most of the methods we have been
using in the past.

F  Applications of the LTSEM to Pulp and Paper Research

Compared to other microscopes such as the C'LSM, the LTSEM has been less used
as a research tool for studying pulp and paper gnd may well be superseded by the
ESEM, which can look at wet and moist samples directly.

Fiber Structure Papermaking raw materials. both wood and non-wood, can be
examined without the need for dehydration. Freeze-fracturing of fibers provides a
method by which comparisons can be made between the internal structure of the raw
material. ncver-dried, once-dried. and recycled pulp fibers.
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External Fibrillation and Fines Material The LTSEM would seem to be the
ideal instrument for detailed examination of fibrillation and fines material, because
cryofixation preserves the spatial arrangements of the fibers and fibrillar material in a
pulp suspension. However, the rate of development of external fibrillation cannot be
accurately assessed owing to the fact that cryopreparation techniques can produce
fibrillar material that may be mistaken for genuine fibrillation, as illustrated in Figs.
29 and 30.

Cell Wall Structure and Internal Fibrillation It isin the study of cell wall struc-
ture and internal fibrillation that LTSEM woutd Seem to offer the greatest potential.
The relatively simple method by which cross-sectional views of frozen hydrated
fibers can be obtained for examination has enabled a study to be made of the internal
changes in cell wall structure brought about by beating. It has also shown that
differences exist between beating methods. In this application the presence of fibrils
that may, in fact, be artifacts does not affect interpretation of cell wall delamination.
Although the CLSM allows the fibers to be cross-sectioned in their fully hydrated
state without any pretreatment, the LTSEM allows observation of structures at a far
higher resolution than can be achieved with optical microscopy.

Examination of internal fibrillation of wet beaten fibers has, in the past, meant
that fibers have had to be dehydrated, embedded, and mechanically sectioned& with
all the attendant repercussions. Cryofixation of specimens for use with the LTSEM
overcomes these problems, as Figs. 3 1-33 show. The appearance of interna fibrilla-

Fig. 29 Fibrillar material seen in 4 suspension of bleached sulfite fibers beaten for 45 thinin
a Lampen ball mill.
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Fig. 30 Fibrillar material formed on nylon fiberssuspended in asolution of 2 mM arabinose
solution.

tion in Fig. 31 clearly resembles Scallan’s honeycomb model (cf. Fig. 1) except that
the cell wall has separated into fewer lamellae. One cannot determine whether the

fibrillar material spanning the cracks between wail layers is really part of the hon-
eycomb pattern, but it is clear that the cell wall has separated into many distinct

layers. It has been suggested that if the fibers are not frozen rapidly enough then

water within the cell wall could split the wall lamellae during the freezing process,

but since the amount of delamination correlates so closely with the degree of beating
there is no reason to suppose this has happened. Also, cell wall delamination was
rarely observed in unbeaten fibers even though they had been soaked and disinte-
grated according to the prescribed methods [319,331] (Fig. 32). However, with the
subseguent advent of the CLSM it is now possible to verify whether or not cryopre-
paration techniques are inducing structural or dimensional changes in cross-sectional
views of fibers. Wet fibers can be examined first with the CLSM and then the same

fibers can be frozen and fractured and examined in the LTSEM.

Quantification of Cell Wall Delamination Experiments carried out by Moss
[216] showed that the ratio of delaminated to flat fibers in dry lap pulp samples
correlated well with tensile index properties, and this ratio was proposed as a pre-
dictive index for the development of tensile strength. Unbeaten pulp fibers consisted
largely of collapsed fibers in which the lumina were clearly visible but with the cell
walls showing very little or no sign of delamination. Beaten fibers showed a variety
of cross-sectional shapes. from flat, through stages of swelling, to fully swollen, with
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Fig. 31 (a) Cross section of internal fibrilation in i frozen hydrated bleached sulfite fibe
beaten for 120 min in 4 Lampén ball mill. (b) A close-up of the cell wal. {From Ref.216.)
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Fig. 32 Cross sections of frozen hydrated fibers of@an unbeaten bleached softwood sulfite
pulp showing little evidence of cell wall swelling or delamination. (From lid'. 184.)

Fig. 33 Cross scctions of frozen hydrated fibers of an unbleached kraft pulp beaten for
90 min in a Lampén ball mill showing various degrees of wall swelling and delamination.
(From Ref. 216.)
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the cell walls showing various degrees of delamination (see Fig. 33). The number of
fibers showing swelling and cell wall delamination varied with beating time and
method of beating. It must be emphasized that only internal fibrillation on the
macroscale, i.e., what Page referred to as cracks, was being examined in this study.

Sheet Structure Pyeet a. [258] used a conventional SEM to study the structural
changes that occur in paper during pressing and drying. In their experiments the wet
sheets were critical point dried or freeze-dried, which woud have induced shrinkage
and changes in the geometry of the wet web as well as loss of fines through the
solvent exchange process. LTSEM offers a better way of observing the changes that
occur at the different stages in sheet consolidation from just-drained through couch-
ing to pressing and drying. However, although examination of frozen hydrated
samples eliminates the effects of shrinkage and changes in microstructure incurred
during dehydration, interpretation of fine detail may be confounded by the presence
of artifacts. The technique of freeze-fracturing and examining cross sections of fro-
zen hydrated sheets offers considerable potential for studying two-sidcdness. both in
terms of structure and in the distribution of fillers such as titanium dioxide and
calcium carbonate, particles of which are readily identified in the LTSEM. It
could also be used to investigate lumen loading. The LTSEM is probably the best
method currently available for such studies. because preparative techniques used for
conventional SEM can bring about a redistribution of the particles during dehydra-
tion.

Coating Structure Sheehan and Whalen-Shaw [292] used high magnification
cryo-SEM to examine microstructures in agueous suspensions of coating conpo-
nents. They were able to observe associations between clay and latex pigments in
coating suspensions containing kaolin, styrene-butadiene latex, and carboxymethyl
cellulose in different combinations. They demonstrated now frecze-fracture tech-
niques provide the visual link between wet and dry particles and how mechanisms
of colloidal interactions can be deduced. Their paper also provides illustrations of
the metal-coating and prepump chambers of the cryosystem they used.

VI. THE ATOMIC FORCE MICROSCOPE

Microscopes have been an integral part of material characterization since the early
seventeenth century with the development of the first optical microscope (see Section
I). There have been many changes in optical microscopy, the most notable being
atering of the light path via prisms, mirrors, and slits and the use of various light
sources alowing fluorescent and optical sectioning. However, the basic operation of
the optical microscope remains unchanged: an image is generated by passing light
through, or reflecting it off, a sample. Although functionally quite different from
optical microscopes, electron microscopes operate on a similar principle: an image is
reconstructed from a scanning sequence acquired from a sample being illuminated
with an electron beam rather than light. The resolution of the electron microscope is
far greater than that of the optical microscope, primarily due to the short wavelength
of electron radiation. The electromagnetic lenses used in electron microscopes are
subject to the same type of diffraction limits as the lenses of optical microscopes.
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Optical and electron-based microscopes have serious shortcomings with regard
to the study of biological materials: optical microscopes are limited by their resolu-
tion, whereas electron-based microscopes generally require extensive material pre-
paration. resull in material degradation, or must be operated in nonambient
conditions. These limitations can be overcome by the use of a new type of scanning
probe technique referred to as atomic force microscopy, which allows for the visua-
lization of topographic features from the macroscopic scale down to the atomic
scale.

The atomic force microscope (AFM) belongs to a family of microscopes
known as scanning probe microscopes. These operate on a4 completely different
principle than either the optical or electron microscopes. images are computer-gen-
erated by monitoring the x, v, and z positions of a probe scanning at or near the
sample surface (Fig. 34). The microscope functions interactively to simultaneously
monitor the position of the probe and maintain a desired tip-sample distance.

The topografiner was the first functional device to study surface imaging at
near-atomic resolution [372]. This was the first device that allowed surface imaging
using the quantum-mechanical phenomenon of electron tunneling [198]. The topo-
grafiner was composed of a conductive tip attached to a piezoelectric scanner and
was scanned over the surface of a conductive sample with a feedback-controlled
motion. A similar apparatus was developed by Binnig and Rohrer [21]. They
improved the feedback mechanism and electronics and were better able to monitor
tip location such that resolution was improved to several angstroms. The scanning
tunneling microscope was the first instrument to generate images of surfaces with
atomic resolution. An STM image is generated by monitoring the current of elec-
trons flowing between a sample and a conducting tip that are separated by a distance
of no more than about 10 A. The STM, invented by Binnig and Rohrcr and for
which they were awarded the Nobel prize in physics in [986, is the modern precursor
of all scanning probe microscopes.

The stunning images, resolution capability, and material characterization find-
ings prompted the rapid development of similar types of probe-based microscopical
techniques. These microscopical techniques are generally lumped under the banner
of scanning probe microscopy and include atomic force, interatomic force. electro-
chemical scanning tunneling, frictional force. near-field scanning optical, surface
compliance, magnetic force, scanning thermal, and scanning capacitance.

A prerequisite for this tunneling of electrons to occur across a hias voltage is
that both the tip and sample must be conductors or semiconductors. This restriction
limits the applicability of the STM in wood fiber investigations due to the electrical
insulating characteristics of lignocellulosic fibers. The AFM is not subject to the
same restrictions as the STM because tip displacement rather than current flow is
the primary sensor measurement. Therefore, this section deals with the applicability
of atomic force microscopy to the study of lignocellulosic fiber surfaces.

A. Principles and Operation of Atomic Force Microscopy

Principles of the AFM The AFM generates images by scanning the sample sur-
face with a sharp tip mounted on the free end of a flexible cantilever (Fig. 3.5). The tip

is lowered to the surface of the sample until sufficient force is encountered to result in
a deflection of the cantilever. Deflection of {he cantilever is monitored by reflection
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Fig. 35 side view of an intermiticnt contact cantilever and tip, (Courtesy of T. C. Pesacreta.)

of & laser signal from the hack of the cantilever to a position-sensitive photodetector.
Tip deflection datln arc necessary to carry out two primary functions; (1) to compu-
ter-generate a three-dimensional map of surface topography and (2) to establish the
tip setpoint and subsequently maintain a constant tip-sample interaction. The
photodctccmr signal. which thus monitors the deflection of the probe tip, is used
for feedback to control a piezo-based scanner. For example, if the probe encounters
a relatively high feature. the pho[ode[ector will monitor the upward probe displace-
ment. This feedback signal will be relayed to the scanner. which will retract the tip
enough to restore g predetermined tip sample force sctpoint. The same signal that
controls the tip samplc sctpoint is also used to generate the three-dimensional topo-
graphic representation of the sample surface.

Hardware Al AFM techniques depend on four components: probe, scanner,
detection mechanism. and feedback electronics. A general description of each COm-
ponent is presented in the following sections.

Probe the probe directly determines the type of image acquired and the ulimate
lateral resolution possible. The probe is the least expensive AFM component and is
therefore generally consider-cd expendable gfter a certain number of scans have been
obtained. A “probe” is uctually a unified assembly of two e¢lements: @ “tip,” which is
a stylus with an cxtrcmcly fine point that is in contact (or near contact) with the
sample, and a “cantilever,”” which is a flexible arm linking the tip to the scanner.
The most common AFM tips are commercially fabricated from silicon or
silicon nitide and are pyramidal. tetrahedral. or conical [198]. Tip selection is cru-
cial. because the tip radius. along with the step size of the image, determines the
lateral resolution of AFM images [ 132]. Conical tips are the sharpest and thus the
most fragile. with tip radii as small as 50 A. Pyramidal and tetrahedral tips have tip
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radii of a few hundred angstroms but are very durable. The high aspect ratio of
conical tips makes them ideal for imaging samples with deep troughs or sharp edges.

Probe selection depends on the sample being imaged and the operating mode of
the microscope. The majority of AFM imaging is done with either a contact or non-
contact probe. Contact probes require intimate contact with the sample and there-
fore have cantilevers with low spring constants so as not to deflect the surface of the
specimen. Contact probes are made of silicon nitride with a durable tip that has a
large tip radius and low aspect ratio. Non-contact probes operate in forced vibration
and must be rigid enough to allow for high frequency vibration. Non-contact probes
are generally composed of an etched silicon cantilever and a tip with a small radius
and high aspect ratio.

Scanner The function of the scanner is to either move the tip over the sample or
move the sample under the tip and is controlled by user-defined parameters and
feedback regarding tip-sample interactions. Scanners are generally designed to
dlow trandation in the three principa directions and are made of piezoelectric
materials. Thus, scanner movement in the I, y, and z directions can be controlled
by expansion and contraction in response to an applied voltage. Scanner movement
is generally in a raster or back-and-forth pattern.

The size of the scanner tube dictates the limits of lateral motion as welt as
vertical resolution [132]. Generally, lateral movement is restricted from a minimum
of a few nanometers to 100 pm to a maximum of 100-200 um. The range of vertical
displacements are from 5 10 wm down to the subangstrom range.

Detection Mechanism The choice of detection mechanism depends on the operat-
ing mode of the microscope. Traditiona AFM is based on the vertical displacement
of the tip and is monitored by the reflection of a laser beam from the back of the
cantilever to a photodetector. The z-displacement photodetector data are then used
to control the vertical response of the piezoscanner.

Detection mechanisms that monitor such variables as probe rotation, lateral

resistance, and disruption of vibrational integrity are also necessary to allow material
characterization using various operating modes outside of traditional AFM.
Examples of nontraditional AFM operating modes include force calibration.
phase shift, and lateral force. Specifics of these detection mechanisms are beyond
the scope of this section.
Feedback Electronics The function of the feedback system is to maintain user-
defined tip—sample specifications by controlling the actions of the tip and the scan-
ner. The maintenance of constant tip--sample interactions is necessary to collect
accurate morphological representations of surface images. A constant interaction
also ensures representative non-height data for techniques such as phase and force
modul ation.

B. Operating Modes

Atomic force microscopic images are generated by maintaining a constant ddlection
between the tip and the sample. Deflection is held constant by tnonitoring the tip
sample force, which can be either aftractive or repulsive. There are various AFM
techniques that take advantage of these opposing forces. Contact AFM requires
repulsive forces, non-contact AFM exists in the repulsive regime, and intermittent
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contact (also known as “tapping”) AFM is governed by the repulsive force but also
resides in the attractive domain. These forces are summarized in Fig. 36.

Contact Mode The contact mode of AFM is a nonvibrational technique that
brings the tip of the probe to within a few angstroms of the sample surface. As
the tip and sample arc brought closer together, their atoms begin to attract each
other; then their respective atoms encounter each other’'s Coulombic (repulsive)
forces. This repulsive force prevents further intrusion by the tip and causes the
cantilever to deflect due to the low spring constant of the cantilever. Surface topo-
graphy is then determined by scanning this tip over the sample while monitoring tip
deflection, maintaining ii constant repulsive force.

Non-Contact and intermittent Contact Modes Non-contact AFM relies on
monitoring the deflection of a vibrating cantilever as it is brought into close proxi-
mity of the sample surface. A rigid cantilever is vibrated at or near its resonance
frequency, typically between 50 kHz and 1 MHz, and with a magnitude of 3-20 nm.

This vibrating tip is lowered toward the sample surface. The tip encounters several
boundaries during engagement before reaching the region dictated by molecular
potential energy: fluid film, electrostatic, and fluid surface. The fluid film boundary

Fluid Film Damping
[10 wm}

Electrogtatic Forces
(Attractive or Repulsive)

0110 win]

1()/7 Fluid Surface Tension
Forces (Attraction)
[10-200 nm]

Height above
surface plane
{meters) Van Dor Waals Forces
10°  (Attractive)

[Angstrom fevel}
Coulombl(, Forces
107" gRepu sive)

ractions of an angstrom]

Surface Plane

Fig. 36 Tip-sample interactions. (Adapted from image courtesy of Digital Instruments,
Veeco Metrology Group.)



222 Moss and Groom

dampens vibration approximately 10 pm from the sample surface. However, this
damping is temporary and disappears as the probe passes through the boundary.
Electrostatic forces begin within | um of the sample surface and can be either
attractive or repulsive. Electrostatic forces in wood pulp fibers tend to be rather
high, due in part to their low conductivity. The final prc-cngagcmem boundary is
the fluid surface boundary, which begins about 100 nm from the sample surface.
This is an especially significant layer in wood pulp fiber investigations owing to the
hydrophilic pature of the cellulosic material. This attractive force has the capability
to pull the tip down onto the sample surface with a force strong enoughto cause
indentations.

The probe is lowered until the tip begins to ¢ncounter van der Waals forces.
typically 20 200 A from the sample surface. In a modified version of non-contact
atomic for-cc microscopy referred to a$ intermittent contact microscopy, the oscillat-
ing tip is moved toward the surface until it begins to lightly touch or “tap” the
surface. The tip is considered to contact the sample surface when the amplitude
apex enters the repulsive regime of the molecular potential energy curve. In either
non-contact mode, the force on the sampleis automatically set and maintained by
the feedback control mechanism. The vibrating tip is then scanned over the sample
surface to determine topography. These modes arc generally used for soft or elastic
materials because the tip exerts very low forces on the sample surface.

The intermittent nature of intermittent contact microscopy is most ideally
suited for cellulosic fibers. The oscillation amplitude is sufficient to overcome any
tip sample interactions due to bound surface water. Also, sample damage is mini-
mized by the vertical tip loading, there being no shearing {orces to laterally displace
the sample surface.

Other Variants of AFM Many variants of conventional AFM techniques have
evolved that either alter the detection mechanism or modify the probe. The variants
are too numerous to describe in detail. However, those techniques most applicable to
the examination of cellulosic fibers arc presented in this section.

Lateral Force Microscopy Also known as frictional force microscopy. lateral force
microscopy measures the twisting of the cantilever that arises from forces parallel to
the plane of the sample surface [ 132]. Lateral force microscopy is useful for imaging
variations in surface friction attributable to surface inhomogeneities. Further fric-
tional studies can bc conducted by coating the tip with various substrates.

Force Modulation Microscopy This technique, also known as surface compliance
microscopy. allows the user to ascertain the resistance of a sample to a load applicd

normal to the surface. The force applied to the sample surface is modulated with

respect to Z displacement. Traditionally. the AFM is OPCHHCd in contact mode for
force modulation microscopy. bul rucent advances in electronics allow for the inter-
mittcnt contact mode to be employed. Changes in cantilever amplitude, which arc a
function of the elastic properties of the sample surface. are ¢collected and converted
to a compliance or elasticity image. Topographic data are c¢ollected simultaneously
with force modulation data to maintain 4 constant tip sample distance. The applica-
tion of force modulation microscopy for wood pulp fibers may prove useful in

mapping various surface components.
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Phase Defection Phase detectionis done in intermittent contact mode AFM and
monitors the difference between the cantilever driving signal and the cantilever out-
put signal[132]. The phase lag, in part. indicates the surface adhesion or viscoelastic
properties of a sample. In lignocellulosic fibers. this technique can serve either to

differentiate between bulk components such as lignin and cellulose or to identify
surface contaminants. Phase detection. also known as phase imaging. can be con-
ducted simultaneously with force modulation microscopy.

Near-Field Scanning Optical Microscopy One of the newest and fastest growing
variants of conventional AFM, near-field scanning optical microscopy (NSOM) uses
an aluminum-coated optical fiber as the scanning probe and produces visible light
images. Laser light is guided through the fiber. which acts as a subwavelength
aperture to the sample, and is detected from e¢ither a transmitted ot reflected signal.

Scanning this laser light source over the sample allows for optical images with

resolution up to 1.50 A. Various types of illumination (e.g.. polarization, fluores-
cence) can be ysed. The primary significance of this technique lies in ultrahigh

resolution optical imaging and single-molecule spectroscopy. A review of the tech-
nique and its applications is given by Harris et al. [119].

Electric Force Microscopy Electric force microscopy operates in a non-contact
mode and measures the locally charged domains of the sample surface. A voltage

is sent between the scanning tip and the sample, with cantilever deflection being

proportional to the charge density of the sample surface. Although several offshoots
of this technique exist, the primary purpose in lignocellulosic fiber research would be
to map static charges on the fiber surface for fiber fiber or fiber substrate compat-
ibility.

Scanning Thermal Microscopy Thermal scanning microscopy is a non-contact
mode AFM variant that utilizes a specialized cantilcver composed of two different
metals to ascertain the thermal conductivity of asamplesurface. Thedifferencein

thermal conductivity responses of these metals causes the cantilcver to deflect.
Scanning the sample and monitoring this deflection results in a thermal conductivity
map of the sample surface. Changes in vibrational amplitude arc also collected
simultaneously to map surface topography.

Additional AFM Variants Several other techniques that may prove useful in the
understanding of wood and other lignocellulosic fibers include

Chemical force microscopy. which uses chemically modified tips to quantify
adhesion and functional group distributions in molecular assemblies

Magnetic force microscopy. which is similar in principle to electric force micro-
scopy but usesa magnetically charged tip to image weak magnetic inter-
actions

C. Environmental Conditions

The AFM can image samplesin one of four conditions: liquid. air, vacuum, and
electrochemical. Electrochemical imaging is not relevant in pulp and paper research
because it is used primarily for investigating metallic samples and biological materi-
als in electrolytic solution. Imaging in 4 vacuumenvironment is predominantly for
STMs but is aiso applicable for AFMs. The purpose of the vacuum is to minimize
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electrostatic interference and debris contamination. The applicability of vacuum
atomic force microscopy to wood pulp fiber research is questionable due to the
nonambient conditions and additional preparation time with little to no increase
in image quality.

Ambient air is the simplest, least expensive, and thus most popular scanning
environment for the AFM. Sample preparation for this environment is minimal;
samples are adhered to a magnetic AFM “puck® with ii viscous adhesive or dou-
ble-sided sticky tape. This type of environment is ideally suited for surface charac-
terization of lignocellulosic fibers. primarily because composites made from these
materials arc ysed in ambient conditions. Although AFM imaging of lignocellulosic
fibers is affected by various attractive and repulsive forces near the surface (see Fig.
36), it is still possible to get high resolution images of various fiber types imaged in
anr,

Imaging in liquids eliminates the fluid surface tension forces encounterd with
imaging in air, resulting in images with improved detail. There are a few disadvan-
tages to imaging in fluids. Lignocellulosic fibers cannot be imaged in their dehy-
drated or near-dehydrated condition, with features possibly being obscured o
distorted due to swelling of the cell wall. [n addition, sample adhesion to the
AFM puck must be adequate and able to withstand the liquid media. It should
also be noted that liquid imaging requires more sample preparation time and is
cumbersome due to the difficulty of moving between samples within and among
AFM pucks. However, the increased effort is rewarded iN many cases by improving
surface topographic details.

D. Applications of the AFM to Pulp and Paper Research

The applicability of the AFM to the pulp and paper industry lies in two general
areas: qualitative and quantitative analysis. Qualitative analysis is necessary for
observations of physical features and overall surface topography, often at extreme
magnifications. Collected data exist in the form of a three-dimensional array, thus
allowing the development of algorithms that can then quantify individual features
such as microfibrils and crystallites as well as more global properties such as surface
roughness and spectral type analyses.

It should be noted that most of the research done on cellulosic fibers has been
conducted in intermittent contact mode. The relatively rough surface of cellulosic
fibers can be problematic in contact mode, causing severe rotational stresses on the
cantilever and tip as well as scratching and altering the surface of the specimen. The
tapping nature of the intermittent contact mode results in negligible specimen
damage and in images of high spatial resolution. Most of the AFM images shown
in this section were obtained in intermittent contact mode.

Qualitative Analysis There currently exist only a limited number of publications
linking the art of atomic force microscopy and cellulosic fibers. Excellent summaries
of the applicability of the AFM to biological samples are given by Morris [2 15}, with
specific examples relating to wood and pulp fiber research given by Béland [16]. A
summary of the technique and the imaging of polysaccharides and organics in gen-
eral can be found in Kirby ct al. [ 170] and Radmacher et al. [262]. These publications
stress the fact that the most common type of AFM analyses have been qualitative,
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owing to the simplistic manner of image collection and analysis as well as the wealth
of information generated. In essence. the qualitative analysis alows the investigator
to ascertain the effect of various pulp generation schemes on the surface of cellulosic
fibers.

Comparison with Various Scanning Microscopes Al though the confocal laser
scanning microscope (CLSM) is capable of characterizing surface details of cellulosic
fibers and networks. it is limited in its magnification and is therefore used primarily
in the investigation of subsurface features as described in Section 1V. The family ol
microscopes that most closely parallels specimen characterization by atomic force
microscopy is that of electron microscopes. Some of the earliest transmission elec-
tron microscopical (TEM) work characterizing cellulose microfibrils was conducted
by Asunmaa [4] on pine holocellulose and by Rev01 [268] on high resolution diffrac-
tion contrast images of transverse sections of the green algac Valonia veniricosa.
Subseguent TEM studies by Revol [269] and Sugiyama et al. {3 12] confirmed the
earlier work. Hanley et a. [114] compared the images produced by AFM and TEM
of Valonia ventricosa cellulose microfibrils. They found those microscopes to be
complementary: specimen preparation for the TEM was more laborious but pro-
vided true detail of subsurface microfibril structure, whereas the AFM provided
information about surface features. Resolution for the AFM and TEM is similar.
around 2 A. Generally, TEM stains do not show cellulose well. if at dl, except for
negative stains of isolated cellulose strands. The SEM is more directly comparable
than the TEM to the AFM because both the SEM and AFM use a raster-type
motion to scan the surface of a specimen. In general. the surfaces to he studied in
the SEM and AFM arc similar. The primary differences in producing SEM and
AFM images have been outlined by Béland [ 16] and are summarized as specimen
preparation, field of view, and resolution. Traditional SEMs require that specimens
be conductive, thus requiring metal coating. However, this coating greatly restricts
the level of detail attainable due to the size of the granular metal coating [1 10,355].
The 5-20 nm thick coating of gold typically used in SEM sample preparation often
obscures the surface details of individual cellulosic fibers. as can be seen in Fig. 37. A
cotton fiber (Gossypium hirsutum L.), with the waxy cuticle and pectin removed with
an Updegraff reagent, was first imaged with the AFM in intermittent contact mode
(Fig. 37b). The fiber was then sputterconted with gold and imaged at a correspond-
ing magnification with an SEM (Fig. 37a). It can be seen that the clarity of the
cellulose microfibrils has been masked by the conductive coating. The problems
associated with conductive coatings were minimized by Patnaik et al. [252] in eval-
uating thin films of hydroxypropyl cellulose with an AFM anti 2 low-voltage high
resolution SEM (LVHRSEM) using a 2 nm layer of tungsten applied with a dual ion
beam coater. However, the resolution and quantitative capabilities of the AFM were
necessary to determine fibrillar trajectories.

Figure 38 illustrates a direct comparison of an uncoated loblolly pine (Pinus
taeda L.) macerated fiber as imaged with an ESEM and an AFM. Figure 38a was
imaged in an EnviroScan ESEM a a magnification of 170x. The dashed region of
Fig. 38a was rescanned at a higher magnification of 540x, but it is still apparent that
there is insufficient contrast to define individual microfibril features. This fiber was
removed from the ESEM chamber, and the boxed region of Fig. 38b was imaged
with the AFM (Fig. 38c). The AFM image shows much greater detail than the
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(b)

Fig. 37 A cotton fiber with the cuticle removed after treatment with 6% NaOH and
Updegraff reagent and imaged with (a) a scanning electron microscope and (b) an atomic
force microscope (amplitude data, 2.5 um scan). The fiber was first imaged with the AFM,
sputtercoated with gold, then imaged in the SLM. (Courtesy of T. C. Pesacreta.)

original ESEM images, with individual microfibrils clearly evident. This increase in
image detail was also observed in an investigation of cellulosic fiber conducted by
Suleman [314] in which the author com mmd uncoated cellulosic fibers, primarily
softwood pulp fibers, with the AFM and the ESEM.

Fiber Characterization The AFM is a surface probe, so the characterization of

cellulosic fibers is a direct function of the manner in which the fibers were generated

@) ib) )

Fig. 38 Varying levels of magnilication of an uncoated macerated loblolly pine juvenile,
latewood fiber as imaged in (a) and (b) an cnvironmcntul scanning electron microscope and
(¢) an atomic force microscope (am le tude data, 2.5 um scan). [(a) and (b) courtesy of L. Mott
and 5. M. Shaler.]



Microscopy 227

and subsequently treated or modified. Thus, the applicability of the AFM to cellu-
losic fiber characterization becomes most meaninglul in the area of pulping and its
effect on surface properties. Although the potential for cellulosic fiber characteriza-
tion with the AFM is immense, little published information 1s available, primarily
because the use of AFM is in its infancy in regard to biological sampling. Recent
theses by Suleman [314] and Hanley [113] greatly expand our knowledge base of fiber
surfaces. Suleman evaluated the effect of sulfite versus sulfate processes. recycling,
beating, and bleaching. In a complementary publication, Hanley and Gray [115]
focused more on fundamental characterization, spectfically with the description of
cellulose microfibrils,

The imaging of solid wood and cellulosic fibers 1n the AFM involves a rela-
tively simple procedure. The specimen of interest 15 adhered to an AFM puck by
means of an adhesive or double-sticky tape and 1s then positioned under the AFM
head. Figure 39 shows lhc height data of a typical AFM scan operating in inter-
mittent contact mode of a macerated loblolly pine fiber pit. The fibrillar structure of
the pit chamber 1s clearly evident, as are remnants of the middle lamella and deposi-
tions from the maceration process.

The applicability of the AFM to the pulp and paper industry will lie primarily
in the ability of the AFM to ascertain surface features and properties of individual
cellulosic fibers as a result of the pulp generation method and subsequent treatments

Fig. 39 Intermittent contact mode 25 pm scan showing the primary cell wall, remnants of
the middle lamella, and pit chamber of a single macerated loblolly pine fiber.
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and modifications. Nissan and Sternstein [229] state that paper strength is dir-ectly
related to the frequency and strength of fiber bonding. This reliance on fiber-lo-fiber
bonding for the development of paper strength was reiterated by Page [235]. Some
factors governing fiber fiber bonding arc the surface topography and the pritnary
constituents on the surface of individual fibers. Figure 40 demonstrates the difference
between fibers that were generated mechanicaly and chemically. The fiber in Fig.
40a was generated iN @ pressurized disk refiner at a refining pressure of 40 psi and an
ambient temperature well below 95 C. the reported glass transition temperature of
lignin [271]. The conditions resulted in intrawall damage as observed with the CLSM

as well as a splotchy lignified surface. The fiber in Fig. 40b was chemically generated
in a rather extreme kraft pulping regime, with an overal fiber yield of 35%. The
resulting puip fiber-s have had essentially all of the hemicellulose and lignin retnoved,
thus revealing the random nature of the cellulose tnicrofbrils of the pritnary cell

wall.

Figure 41a shows a typical mature loblolly pine pup fiber generated from a
potassinm/anthroquinone (KAQ) pulping regitne to a pup yield of 47% retain. The
pulping was mild enough to not remove all of the lignin (pulp yield 47%), thus
obscuring the microfibrillar network. Figure 41 b shows a mechanically refined
fiber analogous to the conditions of Fig. 40a but under a refining pressure of only
10 psi. The longitudinal fiber axes in Fig. 41 run horizontally and show the lamellar
undertones of the S | secondary cell wall layer.

Steam-exploded fibers and high yield kraft pulp fiber exhibit similar surface
details, as can be seen in Fig. 42, in which the longitudinal axis is oriented horizon-
tally. Drying deformation in the form of wrinkles and creases can be seen as macro
features. The microfibrils are present but not easily discernible in Fig. 42a, due most
likely to a thin uniform coating of lignin. The high yield (kappa number of 100)
commercial kraft puip retained much of its original lignin, which formed a thick
coating that masked the fibrillar network.

la) b

Fig. 40 Comparison of mechanically and chemically generated mature loblolly pine fibers.
showing | pm scans of (a) fiber refined at ambient temperatures and at a refiner head pressure
of 40 psi and (b) low yield kraft fiber (yield 35%).
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@
Fig. 41 Scans (2.5 pm) of individual mature loblolly pine fibers generated from (a) a potas-

sium/anthroquinone pulping regime (yicld 47%), and (b) a disk refiner at ambient temperature
and at a pressure of 10 pst.

The AFM is aso important for distinguishing the manner in which various
types of fibers respond to pulping regimes. Figure 43 shows the response of juvenile
and mature segments of a single loblolly pine to identical Franklin maceration
schemes [246]. The surface features of the juvenile wood pulp fibers (Fig. 43a)
exhibited no signs of a primary cell wall, showing a flat microfibril angle customary
with the S | secondary wall layer. In contrast, the mature wood puip fibers (Fig. 43b)
possessed a random network of microfibrils, indicating that the primary wall was
present. It is unclear whether the primary wall of the juvenile wood fibers was present
in the first place or was so thin that it was removed during the pulping process.

@ ©)
Fig. 42 Scans (2.5 pm) of (a) a steam-exploded loblolly pine fiber from growth ring 20, and
(b) an unbleached linerboard pine fiber generated by the kraft process.
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(a) ’ (b)

Fig. 43 Intermittent contact mode 2.5 pm scans of loblolly pine fibers subjected to identical
maceration schedules of glacial acetic acid and hydrogen peroxide, showing (longitudinal fiber
axis oriented horizontally) (a) a juvenile and (b) a mature fiber.

Although the AFM is used exclusively to evaluate surface features and topo-
graphy, it is possible to image internal cell wall features by physical removal of outer
layers. The S3 and S2 layers of mature loblolly pine fibers arc shown in Fig. 44. in
which the longitudinal fiber axis is oriented vertically. The S3 layer image was
obtained by longitudinally splittiny it fiber with a knife, then mounting that bisected
fiber lumen side up (Fig. 44b). The S2 layer was imaged by initiating a cut with a
knife and then peeling the fiber back with forceps, thus removing the Sl layer and a
portion of the S2 layer. In both cases, the microfibrils are clearly evident and are
oriented accordingly.

(@ ' ] ®)

Fig. 44 Intermittent contact mode 2.5 um scans Of macerated loblolly pine fibers.
Longitudinal fiber aXiSruns from top to bottom of the images that show (a) the S3 layer as
viewed from the fumen, gnd (b) the S2 layer, with the S ( layer physically removed.
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The effects of chemicaland physical treatments of” the surfaces of various types
of cellulosic fibers can also be studied. Figure 45 shows the surface topography of
macerated and refined loblolly pine fibers. The macerated fibers were chemically
gencmted in a solution of acetic acid and hydrogen peroxide; specific details of
the pulping regime are outlined by Groom et al. [ 109]. The refined fibers were
generated in a pressurized disk refiner at 4 bar. The difference in the pulp generation
method is evident from the surface topography. Individual microfibrils are evident
on the surface of the macerated fiber. Microfibrils are not visible on the surface of the
refined fiber surface becausethey are overshadowed by a coating that is more likely
lignin in nature.

It should also be noted that the AFM is being used to study native cellulose in
situ, as demonstrated in the example of the green algae Valonia yentricosa (Fig. 46).
Valonia ventricosa is commonly used in the study of cellulose because of the arrange-
ment of its fibrils [126] and the high degree of crystallographic perfection within the
fibrils [3 12]. w addition to qualitative assessment of cellulose microfibrils. current
efforts are under way to quantitatively assess cellulose and its coresponding crystal-
lites. This work is discussed in the next section.

Level of Magnification The ability of the AFM to resolve features down to the
angstrom level is one of the features that makes the AFM most usefu) for funda-

mental fiber research, especially with respect to the constitution of cellulose micro-
fibrils and their subsequent components. An illustration of the applicability to
cellulosic fiber research is shown in Fig. 47. A commercially processed cotton fiber
was adhered to an AFM puck and imaged at low, medium, and high magnifications.
with the fiber longitudinal axis oriented horizontally. The 6 pm scan (ig. 47a)
reveals what appears to be a fibrillar network. Subsequent scans of 1.7 yum (Fig.

47b) and 530 nm (Fig. 47¢) show that the undulating network was not fibrillar in
nature but were wrinkles caused by processing and/or shrinkage, with the cellulose

@ ) b

Fig. 45 Atomic force height images (5 pm scans) of loblolly pine fibers generated by (a)
chemical maceration with hydrogen peroxide-acetic acid solution and (b) disk refined at a
pressure of 4 bar. (Courtesy of R. Snell.)
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Fig. 46 Intermittent contact mode 5 pm scan of the cell wall of Valonia ventricosa, clearly
displaying the cellulose microfibrils. (Courtesy of S. Zauscher.)

microfibrils revealed at the higher magnifications. A similar display of microfibrilla:
structure in a recycled wood fiber is also demonstrated in Fig. 48.

Imaging in air of cellulose microfibrils, as is the case with any hydrophilic
specimen, becomes difficult at nanometer-scale resolution due to moisture present
on the stylus and the specimen surface. These capillary ]aycrs of moisture coalesce as
the stylus approaches the sample surface, resulting in attractive forces that distort ot

@) ) o T ©

Fig. 47 [Intermittent contact mode images of processed cotton fiber showing (a) 46 pm scan
with nsert box magnified in (b) for 1.7 um scan. and insert box there magnified in (c) for
530 nm scan. Longitudinal fiher axis ryns from left to right.
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Fig. 48 Recycled (old newsprint) fiber as imaged in air operated in intermittent contact
mode at (a) a [5 um scan, with the 1.6 pm box reimaged in (b). Microfibrils. as well as
contaminants. are clearly defined.

destroy image quality [334]. The problem of undesirable force interactions was cir-
cumvented by Weisenhorn et a. [350] and Hansma et a. [l 1X]. Hansma et a [11 §]
submersed DNA samples in liquid to acquire extremely high resolution images.
Weisenhorn et al. [350] showed that immersion in liquid reduced the tip-off forces
by a factor of approximately 100. Although liquid submersion produces high resolu-
tion images. the technique has several disadvantages with regard to sample adhesion.
contaminants, and cantilever—liquid interactions.

Hanley et d. [114] wet-e among the first researchers to obtain extremely high
resolution of Vglonia cellulose. The researchers were able to resolve the giucose
repeating distance on the cellulose surface by imaging in air. By contrast, these
itnages were inferior in resolution compared with recent work by Baker [l I] and
Baker et al. [ 12,13]. These recent publications relied on high magnification aqueous
(water and propanol) contact mode AFM to image native Jg/loniq cellulose | micro-
crystals (Fig. 49). The AFM itnages were able to resolve both the intermoleculat
spacing of 0.5-0.6 nm between the cellulose chains (depending on the crystal face)
and the glucose subunit interval of 0.52 nm along individual chains, shown in Figs.
50a and 50b, respectively.

The high levels of magnification have also led to the physical identification of
the various phases of the cellobiose unit. The AFM image shown in Fig. 51 shows
cellulose chains of Valonia, with confirmation of the cellobiose unit achieved with
Fourier transforms of the section data. Baker et a. [ 12] showed that the diagonal
arrangement present in Fig. 5 1, due to the presence of a large O-6 hydroxymethyl
group on the O-5-C-5 face of the glucose ring, is indicative of the I,, (triclinic)
structure. The chains would have been in a more staggered arrangement if they
were oriented in a /, (monoclinic) structure [7,313]. Figure 51 shows ovidencc of
the /[, (triclinic) structure over localized regions of the surface. Recent images have
shown that this 7, phase exists over large areas of the surface and that the precise
crystal face can be determined [ 13]. One of the tnost distinctive aspects of this work
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Fig. 49 A typical contact mode topographic image of microcrystals of Valonia cellulose
immersed in propanol. The long straight microcrystals have a cross section of approximately
20 x 20 nm, although some are much smaller but stll easily distinguished in the AFM. (From
Ref. 11.)

Fig. 50 (a) Contact mode deflection image showing molecules of cellulose aligned parallel to
the double-headed white arrow. The spacing between the molecules is approximately 0.6 nm,
and indicated by the M in the Fourier transform (insert). (b) An image showing the 0.5 nm
glucose subunit interval along the chains. The Fourier transform shows both the glucose (G)
and cellobiose (C) intervals of §.52 and .04 nm, respectively. (From Ref. 11.)
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Fig. 51 (a) Contact mode deflection image of the Valonia cellulose surface immersed in
propanol. The cellulose chains run almost vertically in the image. The line section in (b) has
been taken between the two arrows in (a) and shows that the spacing between the bright spots
is 1.09 nm-—the cellobiose interval. This measurement is shown in the Fourier transform in (¢),
taken along the line profile. The features along the molecules are arranged diagonally to the
chain direction between adjacent molecules. This is characteristic of the /, (triclinic) phase of

cellulose T and is seen most clearly in the region near the two arrows. (From Ref. 11.)

was the achievement of the highest resolution AFM imaging of a biological
specimen.

High resolution AFM images of structural cellulosic fibers are more limited
than those for Valonia. A liquid cell filled with double-distilled water was used to
image the microfibrils shown in Fig. 52 [256]. The individual microfibrils are of
native cotton with the cuticle removed and are of sufficient detail to show individual
crystallites. Hanley and Gray [115] were the first authors to image wood fibers in a
liquid cell (delonized water) showing the microfibrils of an unbleached beaten kraft
pulp fiber in an approximately 1.4 x 1.4 um scan. A subsequent image of unbleached
beaten kraft pulp by Hanley and Gray [116] is shown in Fig. 53. The scan size is
approximately 250 x 250 nm and shows a marked increase in image quality.

Vertical resolution of AFMs are in {ractions of angstroms. Lateral resolution,
regardless of operating mode or imaging medium, is based on two factors: step size
and tip radius. The step size is controlled by the user, with smaller scan sizes resulting
in greater lateral resolution. The radius of commercially produced tips can vary
widely, but the tips generally possess a curvature of radius of 5-50 nm. Silicon
(intermittent contact) tips are at the lower end of the curvature scale, whereas silicon

o
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Fig. 52 Cellulose microfibrils of a cotton fiber treated with 6% NaOH at 51°C and subse-
quently rinsed in acetic acid and acetone. This high magnification image was produced by
conducting the intermittent contact in a liquid cell filled with double-distilled water. (Courtesy
of T. C. Pesacreta and B. Triplett.)

Fig. 53 AFM image of microfibrillar material produced by beating unbleached kraft fibers
dried down on a glass surface. The arrow, 50 nm long, points to an element with a measured

height of only 2 nm. (From Ref. 116.)
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nitride (contact) tips arc at the higher end. The lateral resolution of an AFM with the
sharpest commercially produced tips is around 10 20 A. Resolution limits based on
tip radius have bheen expanded with the advent of microfabricated tips, either
through adhesively attached nanotubes [58] or by carbon deposition in an SEM
[162]. An example of the resolution capabilities of a commercially produced tip is
shown in Fig. 54. which shows oxygen atoms imaged in intermittent contact (air)
mode on the surface of freshly cleaved mica.

Surface Feature Quantification Surface and profile studies of cellulosic fibers
require sonic degree of ()bjcc[ivi[y for valid statistical comparisons to be drawn, and

this is accomplished through collection and analysis of quantifiable data. The AFM
is ideally suited for this as the collected data are simply an y y z array of tip

location. This array can then be analyzed quantitatively by 'using 4 series of
algorithms that display specific morphometric details as well as overall surface
topography.

Morphology Routine application of the AFM in suface morphometry has been
carried out primarily in the field of polymer science to quantify features [rom banded
polymer texture [§9]to contact angles [ 163]. The application of morphometric algo-
rithms to cellulosic fibers has been less forthcoming, its usefulness generally
restricted to characterization of nanostructure and three-dimensional fgatures.

10 &ngstréms

Fig. 54 AFM image (height data, intermittent contact mode) showing a 5 nm scan of an
oxygen lattice on freshly cleaved mica. (Courtesy of T. C. Pesacreta.)
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Nanostructure characterization is generally conducted with an algorithm referred to
its & section analysis, which produces it two-dimensional DI‘OmC along 4 user-defined
digital slice. This algorithm is demonstrated in Fig. 55 for a loblolly pine fibel
previously described in Fig. 44b.

Although this section analysis algorithm yields additional information regard-
ng surface roughness, it section analysis goner-ally depicts two-dimensional topogra-
phy along with dimensions of specific features. In this case, the analysis shows that
the microfibril between the vertical arrows has a diameter of 117 nm.

Another application oft morphometric analysis to cellulosic fibers is the three-
dimensional aspect of the fibers under investigation. Figure 56 shows AFM height
images of an unbeaten. unbleached kraft pulp fiber taken during 4 hydration gand
dehydration series. The height images look identical in both the hdyrated and dehy-
drated states even though the cell wall dimensions have chzmged, This change in cell
wall dimensions can be seen in the section analysis (Fig. 57), which then allows us to
quantitatively assess the effect of moist urc on such changes.

Surface Roughness Of primary importance in the study of wood-fiber-based com-
posiles is the bond @nErgy that is established between individual wood fibers. Fiber
fiber bond strength is generally estumated in the pulp and paper industry by several
methods that evaluate the internal bond strength of paper and paperboards (Chapter
15, Vol. 1 ). These techniques arc summarized by Koubaa and Koran [ 176]. The bulk
of these tests measure the splitting resistance of paper or paperboard to a force
applied normal to its plane [298,299]. These techniques determine bulk properties,

e
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Fig. 55 Section analysis of the S2 layer of a macerated loblolly pine latewood fiber. The
primary wall, S1. and a portion of the S2 fayer were physically removed with a microknife and
forceps. The section analysis shows a cross-sectional view (upper left) of height data from a
user-defined segment (lower left) oriented perpendicular to the microfibril direction.
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Fig. 56 AFM images of an unbeaten. unbleached kraft pup fiber. The same fiber was
imaged a ambient room conditions in air (a) after being allowed to dry down onto a glass
cover slip. The fiber was then imaged in deionized water (b) in a liquid cell. The fiber was
alowed to dry in ambient room conditions and imaged again (c). Each of the fiber images
shown is a montage of four AFM images. The images are shown in the height mode with the x,
1 scale indicated by the upper bar and the height information indicated by the lower bar.
(Fro111 Ref. | 16.)
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Fig. 57 Section profiles perpendicular to the same postion on the fiber axis of the fiber
shown in Fig. 56. Conditions for (a), (b), and (c) arc the same & for Fig. 56. Note that the
scale is twice the width scale. (From Ref. 116.)
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so they yield little information on individual fiber—fiber bonding encrgics. An ana-
logous Situation is trying to measure individual fiber mechanical properties by hand-
sheet properties such as zero-span testing (Chapters 7 and 14. Val. 1).

Bond strengths within fiber networks are a function of the “effective external
surface area” [46]. Fiber surface area has been determined in a myriad of manners
including pulp permeability to the fow of water or air, stock freeness, and sorption
of liquid nitrogen [46]. However, none of these techniques have been able to quantify
the surface roughness of individual cellulose fibers, which presents an opportunity
for the AFM to provide data that will fill this void in the literature.

Currently there exist only two studies on evaluation of the surface roughness of
cellulosic fibers using an AFM. Karlsson et a. [158] evaluated the surface roughness
of cotton and wood fiber surfaces and found that there was a strong relationship,
with favorable interphases in cellulose fiber-polymer composites. Pesacreta et al.
[256] conducted a much tnore thorough study, focusing on the effect of cuticle
removal of cotton fibers as determined by the surface roughness. Cotton fibers
were evaduated in the AFM before and after retnoving the cuticle (Figs. 58 and
59). The surface roughness of the virgin and treated fibers were characterized on
the basis of the following analyses: root-mean-square (RMS), spectral density, and
fractral. RMS is the square of the deviations of height data frotn the central plane,
an RMS algorithm being analogous to the least squares method commonly
etnployed in statistics. Spectral density is extracted frotn a Fourier transform ana-
lysis and generallly employs some type of graphic representation of feature distribu-
tions. The analysis reveals periodic surface features that might otherwise appear
random. Pesacreta et a. [256]also employed the analysis of fractals, which relics
on surface “self-similarity” over a wide range of scales of magnification [95]. Fractals
are based on a numerical algorithtn that evaluates the surface’s geotnetrical complex-
ity as determined by an iterative approach relating fractal cell size and frequency. A
more detailed explanation of fractals can be found in Mandelbrot et al. [199].

ne o

Fig. 58 AFM intermittent contact mode 2.5 um scans of (a) untreated cotton fiber and (b)
cotton fiber with the cuticle removed by an Updegraff reagent. (From Ref. 256.)
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Fig. 59 A fractal analysis of the cotton fibers in Fig. 58, with (a) an untreated fiber and (b) a
fiber with the cuticle removed. The primary number of importance is the fractal dimension,
with the Jower number expressing a “rougher™ surface. (From Ref. 256.)
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Pcsacreta et al. [256] found that surface roughness increased as a result of removing
the cuticle and that the KM'S method was the least sensitive to sur{ace roughness and
fractals the tnost sensitive. It should be noted that this was not the first time fractals
were applied to wood fiber research. A [ractal analysis was conducted by Weise [349]
to quantify fiber wrinkling with the CLSM.

Nanomechanical Properties Most AFMs now have the capability to monitor
forces applied to the surface of specimens and. coupled with tip displacement
data, are able to produce plots of’ for-cc versus sample deformation. There are two
general tnethods for ascertaining the surface moduli. One method applies displace-
ments to the specimen surface and infers the force from the spring constant of the
cantilever [ 127]. This is the most common method for force modulation, because no
machine modifications are necessary and it allows the user to create a modulation
map of the specitnen surface. The operator does need the spring constant of the
cantilever, either from the manufacturer or through calibration such as the technique
described by Hutter and Bechhocfer [133]. A second force modulation me& hod | {46]
probes the surface with known forces rather than displacements. allowing for abso-
lute determination of contact compliance. This method eliminates erroneous read-
ings due to secondary attractive or repulsive forces. The method indents the surface
and is thus destructive, allowing only point location values for hardness and stiff-
ness.

The second force modulation method was ysed in the only extensive studies of
nanomechanical properties of wood fibers that have been carried out [362,363].
Wimmer and coworkers determined the stiffness and hardness values of the S2
layer and the corner middle lamella of red spruce ( Picea rubens Sarg.). The studies
showed that the modulus of elasticity of the S2 layer was approximately twice that of
the corner middle lamella (Fig. 60).

As mentioned previously, the nanoindentation method of force modulation
allows point location values of hardness and stiffness to be determined but does
not allow for surface mapping. The reduction in accuracy of the stiffness mapping
tnethod of force modulation is compensated for by the vast number of data points
and the ability to compare mechanical propel-tics of surface (catures. However, the
applicability of the force modulation technique in wood and fiber science is limited
because of its inability to distinguish materials of sitnilar stiffness. Figure 6 | shows a
surface stiffness map obtained by force modulation of a cross-sectional loblolly pine
specimen of the latewood band in the 32nd growth ring. Distinctions in moduli arc
not realized owing to the relative similarity in stiffnesses across the cross-sectional
area. Witnmer and Lucas [362] found that the S2 layer was only 2.9 times as stiff as
the cell corner middle [amella. Although unable to adequately distinguish between
the tniddle lamella and the primary/secondary walls, force modulation was able to
accentuate fibrillar disruptions otherwise concealed and thus may be more uscful for
evaluating local disruptions.

Material interactions and Compatibilty One of the newest applications of the
AFM makes use of its ability to detect subtle changes in the wvertical and lateral
forces that act on the cantilever tip in response to changes in chemical and physical
surface composition. The most prominent and. to the pulp and paper industry, most
useful of these applications are described in detail in the following paragraphs.
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1000
500
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Fig. 80 Nanoindentation of spruce, where In = indentation, $1 = S I layer of the secondary
cell wall. §2 = S2 lztycr of the sccondm‘y cell wall, P -- primary cell wall. MIl., = middle

lamella. and CC  cell corner middle lamella. (From Ref 362.)

@ (b)

Fig. 61 ‘I'hirty-second growth ring of the latewood band of a loblolly pine specimen as
shown by 17 pm scans. Diagonal lines arc knife marks as a result of the hand sectioning.
The cross-sectional view shows three thick-walled tracheids separated by a4 middle lamella,
with the images displaying (a) height data and (b) force-modulation data.
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Fig. 64 Friction force and corresponding surface topography plotted as a function of sliding
distance for two cellulose surfaces sliding past each other. (Courtesy of S. Zauscher.)

result when s cellulose-modified tip is scanned across the surface of a regenerated
cellulose film. It is evident that the friction forces are correlated to surface topogra-
phy. Frictiona forces are dramatically reduced in the presence of water-soluble
polymer solutions that are injected into the fluid cell of the AFM (Fig. 65). These
results are directly applicable to papermaking processes in which the addition of
water-soluble polymers is used to change pulp suspension rheology. It is clear that
colloidal probe microscopy, applied to cellulosic systems, is a powerful tool: it may
enhance through its access to nanonewton forces on nanometer length scales the

understanding of friction between fibers, of particle retention on fibers. and of fiber
bonding.
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Fig. 65 Friction force between two cellulose surfaces plotted as  function of polymer
concentration. (Courtesy of S. Zauscher.)
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Vil CONCLUSIONS

For many of these different types of microscopy, but especially in the case of
LTSEM and C'LSM studies, it is biologists who have done the groundwork and
so it is to their findings that one has to turn initially for information. Hence the
large number of references in this chapter to papers in biological journals.

The choice of microscope is important, and the effects of preparative techni-
gues have also to be borne in mind. Ultimately, the choice of microscopical techni-
que depends on the material being examined and the resolution required. No single
microscope is suitable for all purposes, and novel types of microscopes (i.e., CLSM,
LTSEM, ESEM and AFM) do not replace the more traditional instruments, as
evidenced by the fact that the established techniques continue to be used and new
methods of microscopical examination are still being developed for them. Although
the new microscopes open up all sorts of opportunities they should be regarded as
being complementary to the older techniques.

Samples need to be examined under conditions closely related to their natural
state, and optical microscopy is ideal for observing fully hydrated pulp and paper
samples. Accurate evaluation of fiber morphology is not easy when fibers have
undergone the dehydration processes required for electron microscopy. However,
the resolution of the optical microscope is inadequate to reveal detailed structural
information. The CLSM offers little improvement in resolution over the conven-
tional optical microscope. Its main advantage lies in its unique ability to visualize
cross-sectional views of samples by nondestructive optical sectioning. The LTSEM,
ESEM, and AFM, on the other hand, all offer possibilities of examining the wet
structure of pulp and paper at high resolution without the need for dehydration and
embedding techniques but can image only surfaces.

All microscopical studies, by definition, enable examination of only very small
areas of samples. They are also time-consuming. Thus speed of data collection is
important because large amounts of data need to be collected for quantitative and
statistical analysis. Microscopy has played a very important role in the past, and
these new instruments, linked to image analysis systems, should ensure that it con-
tinues to be a necessary part of fiber and paper research in the future. In conclusion,
the words of Emerton and Watts {82} of more than 40 years ago can be reiterated:

Progress in the field of fiber microscopy lies in the use of a prudent combination
of the many techniques now available ... rather than in the exclusive use of one

technique.
ABBREVIATIONS
AD air drying
AFM atomic force microscope
BEI backscattered electron imaging
BSE backscattered electron
BSI backscattercd electron imaging
CFSM confocal fluorescence scanning microscope

CLSM confocal laser scanning microscope
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CPD critical point drying

Csm confocal scanning microscope

CSOM confocal scanning optical microscope
CTMP chemithermomechanical  pulp

EDS energy-dispersive X-ray spectrometry
EDX energy-dispersive X-ray

EDXA energy-dispersive X-ray analysis

EM electron microscope

ESEM environmental scanning electron microscope
F flatfield

FD freeze-drying

FH frozen hydrated

FPR, FRAP fluorescence recovery after photobleaching
LSM laser scanning microscope

LTSEM low temperature scanning electron microscope
LVHRSEM low voltage high resolution SEM

N.A. numerical aperture

NSOM near-field scanning optical microscopy
RBA relative bonded area

REM reflection electron microscope

SE secondary electron

SEM scanning electron microscope

SM scanning laser microscope

SOM scanning optical microscope

STEM scanning transmission electron microscope
ST™M scanning tunnelling microscope

TCF totally chlorine-free

TEM transmission electron microscope

TMP thermomechanical  pulp

TSM, TSRLM tandem scanning reflection light microscope
uv ultraviolet
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