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Fber characterization using confocal
microscopy—collapse behavior of
mechanical pulp fibers

HO FAN JANG, REZA AMIRI, RAJINDER S. SETH, aND ALKIS KARNIS

URING  PRODUCTION  OF
mechanical pulps, energy
is consumed in separat-
ing the fibers from the

wood and in developing their paper-

making potential. Fiber properties
play an important role in determin-
ing pulp and paper quality.

Several works describe the
effects of specific energy and refin-
ing intensity on pulp properties

(1-5). However, very little is known

about the effects on development of

properties for individual fibers. A

mechanism for fiber development in

chip refining has recently been pro-
posed (6). This mechanism postu-
lates that the fibers in the refining
zone undergo a “peeling-off” action,
in which part of the fiber wall is ini-
tially delaminated and ultimately
detached from the fiber to form
short fibers and fines. The extent of
fiber delamination and removal of
fiber-wall material depends on the
amount of applied energy and, pos-
sibly, the refining intensity (6). Thus
it would be expected that fibers
become more collapsible as the spe-
cific energy increases. However, no
experimental data were provided to
substantiate the hypothesis.
Confocal laser scanning micro-
scopy (CLSM) is a powerful new
technique for rapidly and nonde-
structively generating cross-sec-
tional images of wood pulp fibers

(7). Combined with image analysis,

the CLSM technique can accurately

determine fiber transverse dimen-
sions.

The main objective of this work
was to use the CLSM technique to
determine the effects of specific
energy and refining intensity on fiber
transverse dimensions and fiber col-
lapse. A second objective was to
investigate the reliability of conven-
tional methods (8)—image analysis
and profilometry—for measuring
fiber properties by comparing the
results with those obtained by the
more accurate CLSM method.

EXPERIMENTAL

Two thermomechanical pulps (TMP)
of black spruce and one refiner
mechanical pulp (RMP) of 90% black
spruce and 10% jack pine were used
in this study. The TMP was produced
in two stages, with the rotor speed in
the first stage set at either 1200 rpm
or 1800 rpm. Second-stage rotor
speed was kept constant at 1200
rpm. The RMP was produced in a sin-
gle stage at 1200 rpm. Table | shows
the refining conditions for the pulps.
Fiber properties were measured on
the P14/R28 fraction of a Bauer—
McNett fiber-length classifier.

A confocal laser scanning system
(Bio-Rad MRC-500), attached to a
microscope (Zeiss Axiophot) oper-
ated in epifluorescence mode, was
used to generate fiber cross-sectional
images. All fibers were lightly dyed
with fluorochrome dye (9). Samples
were prepared by depositing fibers
on glass slides, wet pressing them at
350 kPa, and allowing them to air dry
(8).During measurements, each fiber
was first oriented perpendicular to
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~ under different refining conditions.
Increasing the specific energy of refin-
ing increased the degree of fiber col-
lapse and decreased the fiber cross-
sectional area, fiber-wall thickness,
and lumen area.The decrease in
fiber-wall properties was more pro-
nounced with high-intensity refining,
and fiber collapse was further
increased by a decrease in fiber-wall
rigidity. Fiber properties were also
measured by conventional image
analysis and surface profilometry
techniques. These results agreed with
those obtained by the more compre-
hensive CLSM.

the laser scanning direction, and an
optical section through its thickness
was obtained.

Figure 1 shows typical confocal
cross-sectional images of TMP fibers
obtained with CLSM. Image-analysis
techniques were used to measure
these images. The details of the
CLSM technique and image analysis
have been reported elsewhere (9).
Figure 2 shows an original confocal
image and its processed binary
image with the center-line perime-
ter drawn. Fiber transverse dimen-
sions—cross-sectional area, A; cen-
ter-line perimeter, P; wall thickness,
T (T = A/P); fiber thickness, D . ;
fiber width,D__ ;lumen area, LA;and
aspect ratio (AR =D_. /D, )—were
measured as shown in Fig. 3. The
mean values and distributions for
the fiber dimensions were calcu-
lated from 120 to 180 images of dif-
ferent fibers.

During pulping and papermak-
ing processes, fibers are exposed to
external forces that can change their
native cross-sectional shape. The
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First-stage Total
First-stage intensity, specific Freeness of
o rotational Gl/metricton energy, wholecf)ulp,
Refining process speed, rpm per impact GJ/metric ton mL CSF
Two-stage TMP?

Low intensity 1200 25 x 10*
Sample A5 8.3 251
Sample A2 12.4 45

High intensity 1800 3.8 x 10
Sample A19 8.4 96
Sample A18 9.9 57

Single-stage RMP®

Intensity 1200
Sample AK-2 4.45 253
Sample AK-4 8.7 43

2100% black spruce; pulps refined first in a pressurized double-disc refiner (Bauer 418), followed by refining in a double-disc open-discharge refiner (Bauer 410) at
k:’L%)(())(")/ork'))lr:;ck spruce, 10% jack pine; pulps prepared with a double-disc open-discharge refiner (Bauer 400).

I. Refining conditions

volume or cross-sectional area of the
lumen is usually reduced or even
eliminated. Such fiber flattening or
collapse can be characterized and
estimated in different ways (8, 10,
11). For example, lumen area (LA),
fiber thickness (D, ), and the aspect
ratio (D, /D,,.,) in Fig.3 can indicate
the degree of fiber flattening or col-
lapse (10), with smaller LA, D, ,and
aspect ratio implying a greater
degree of collapse. Based on the
decrease in fiber-lumen volume or
cross-sectional area, we have defined
a collapse index (CI) as follows:

Cl=1-(LA/LA) Q)
where

LA =Ilumen area obtained from the
cross-sectional image of a
fiber (after treatments that
may have caused flattening or
collapse)

LA, = lumen cross-sectiona area of
the same fiber, asif it had not
been subjected to any external
forces, and therefore had not
collapsed.
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LA at any point along the length
of a fiber can be measured from its
confocal cross-sectional image. LA,
being unknown, is determined as fol-
lows. The native lumen cross-section
is assumed to be rectangular, which
allows calculation of LA, from the
measured lumen perimeter and its
“estimated” uncollapsed Ilumen
aspect ratio (12). This collapse index
is more representative of the col-
lapse behavior of a fiber, as it mea-
sures the fractional change in the
lumen cross-sectional area with
respect to the uncollapsed one. For
example, it does not depend on the
shape of the collapsed fiber, as does
the degree of collapse indicated by
D,i/D,x (12). Clis equal to 1 if a
fiber is totally collapsed, whereas it is
zero for an uncollapsed fiber. This CI
can be used to compare the degree
of flattening or collapse for either an
individual pulp at increasing levels
of treatment or for different pulps.
Fiber collapse is an important prop-
erty because it affects sheet struc-
ture and, therefore, the physical
properties of the sheet.

Other techniques were also
employed to measure the transverse
fiber dimensions (8). Fiber coarse-
ness, C, was measured by the Clark
method, which is based on the prin-
ciple of statistical geometry of a fiber
network (13). Fiber width, W, was
obtained by measuring the distance
between fiber edges of individual
fibers deposited on glass slides. Fiber
thickness was determined using a
stylus profilometer. The deflection of
the stylus across the fibers was
recorded as fiber thickness. Double
fiber-wall thickness, t, , was com-
puted with the use of the equation
developed by Jordan (14):

t,, = C/Wr _, 2
where

I = density of the cellulose

A degree of fiber collapse, d, can
also be obtained from thickness mea-
surements (8):

d=1- [(t - tzw)/(to - tzw)] (3)




1. Epifluorescence cross-sectional images of air-dried TMP fibers. Fibers in photos a and b were refined at 1200 rpm with specific
energies of 8.3 GJ/metric ton and 12.4 GJ/metric ton, respectively. Fibers in photos ¢ and d were refined at 1800 rpm with specific
energies of 8.4 GJ/metric ton and 9.9 GJ/metric ton, respectively. Fiber-wall thicknesses in photos a—d were 2.07 um, 1.91 pm, 1.98

pm, and 1.86 pm, and their respective degrees of collapse were 0.39, 0.43, 0.49, and 0.86.

where

t, = thickness of the uncollapsed fiber
t = thickness of the collapsed fiber.

The uncollapsed fiber thickness
was estimated assuming that the ini-
tial uncollapsed fibers were cylindri-
cal. As Eg. 3 shows, the parameter d
indicates the change in fiber thick-
ness rather than the change in lumen
area.

RESULTS

Effects of refining
Table Il shows the mean values for
fiber cross-sectional area, center-line
perimeter, and fiber-wall thickness
as measured by CLSM. These results
show that as the total specific
energy increases, the fiber-wall
cross-sectional area decreases signif-
icantly. For example, the mean cross-
sectional area for the fibers of Sam-
ple A5 was 144 pm? compared with
126 um? for Sample A2. In all cases,
however, the different refining con-
ditions had no significant effect on
the center-line perimeter. This indi-

cates that the fiber-wall thickness (T
= A/P) decreases as specific energy
increases, in accordance with the
peeling-off mechanism proposed
earlier (6). That is, as refining pro-
ceeds, outer layers of fiber wall are
progressively removed and fibers
become thinner.

Table 111 shows the mean values
of lumen area, fiber width (D),
fiber thickness (D, ), aspect ratio
(D,,//D,..,), and collapse index
(defined in Eq. 1) obtained from con-
focal cross-sectional images of
fibers. These results show that
lumen area, fiber thickness, and
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2. Original CLSM image (a) and image after processing (b). The cross-sectional area and center-line perimeter were found to be 200
pm? and 95.9 um, respectively. Calculated mean wall thickness was 2.10 pm.

aspect ratio decreased with increas-
ing total specific energy. The conse-
guent increase in the collapse index
indicates that fibers collapsed more
easily at a higher specific energy.

The effects of the specific energy
on fiber properties were more pro-
nounced for high-intensity refining
than for low-intensity refining, as
seen in Fig. 4. Figures 4a and 4b
show that both fiber-wall thickness
and fiber thickness decreased more
rapidly at high refining intensity,
while Fig. 4c shows that fiber col-
lapse increased more rapidly at the
higher intensity.

Figure 5 shows the collapse
index as a function of fiber-wall
thickness for the TMPs refined at
low intensity (Fig. 5a) and at higher
intensity (Fig. 5b). The curves are fits
of the data to the function

Cl = 1 — exp(-a/T®) 4

where a and 3 are constants deter-
mined by the fit (12).

Both Figs. 5a and 5b show that
the degree of fiber collapse
increased as the fiber-wall thickness
decreased. The propensity of thin-
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Center-line
perimeter

®)

—— Lumen
perimeter

3. After the CLSM image has been processed (e.g., Fig. 2b), the following fiber proper-
ties are determined by the image analyzer: A, fiber cross-sectional area; LA, lumen

area; P, center-line perimeter; T, mean fiber-wall thickness (T = A/P); D

width (longest Feret diameter of fiber); D

fiber

max’

fiber thickness (shortest Feret diameter of

fiber); aspect ratio (AR = D,/ D, ); W, projected width.

walled fibers to collapse more read-
ily than thick-walled fibers has been
shown for chemical pulps (11). For
the TMP fibers refined at low inten-
sity but at two levels of specific
energy (Fig. 5a), the collapse behav-
ior was similar at a given wall thick-

ness, as indicated by the overlapping
of the two curves. However, fibers
were, on the average, thinner at the
higher specific-energy level and,
therefore, more collapsed, as seen in
Table I11I. Indeed, Fig. 5 also shows
that, at a given refining intensity,
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4. Effects of refining intensity on fiber-wall thickness (a), fiber thickness (b), and fiber collapse (c) for TMP

Mean
n Cross- Mean
Specific sectional center-line Mean wall
o energy, area (A), perimeter (P), thickness (T),

Refining process GJ/metric ton mm? + SD¢ Em + SD¢ Em * SD¢
Two-stage TMP

Sample A5 (n° = 179) 8.3 144 + 4 709+14 2.09 £ 0.06

sample A2 (n = 179) 12.4 126 + 3 679+ 1.3 1.95 + 0.06

Sample A19 (n = 143) 8.4 146 £ 4 704 £15 2.16 £ 0.07

Sample A18 (n = 128) 9.9 133+ 4 711+£16 1.95 + 0.07
Single-stage RMP

sample AK-2 (n=125) 4.45 169 + 5 723+18 2.46 + 0.08

Sample AK-4 (n = 118) 8.7 1435 705+18 2.12 £ 0.08
2 Fiber properties measured on P14/R28 fraction (fibers passing through a 14-mesh screen and retained on a 28-mesh screen) of Bauer McNett fiber-length classifier
®n = number of fibers
¢ SD = estimated standard deviation of the mean

1. Cross-sectional fiber dimensions as measured with CLSM?

there are more thin-walled fibers in
pulps refined at higher specific
energy. This trend is more apparent
in the TMPs refined at high intensity
(Fig. 5b).

For fibers refined at high inten-
sity, the relationship between the
degree of fiber collapse and fiber-
wall thickness was different at the
two levels of specific energy, as
shown in Fig. 5b. The collapse curve
for the low-energy fibers is to the left
of that for high energy. Thus at the
same wall thickness, fibers refined at
high specific energy are more readily
collapsed than those at low. This sug-

gests that the elastic modulus of the
fiber wall in the transverse plane
decreases with increasing specific
energy. Fibers tend to collapse more
readily when refined to a higher spe-
cific energy, probably because of the
reduction in the rigidity of fiber-wall
material in addition to the decrease
in fiber-wall thickness (Fig. 5b). This
is supported by the fact that while
the mean fiber-wall thickness
decreased only moderately for the
TMPs refined at high intensity (from
2.16 yum to 1.95 pm, Table II), the
mean degree of collapse increased

substantially (from 0.38 to 0.66,
Table I11).

The fiber-wall thickness for
TMPs decreased by 0.14 pm and
0.21 pm for low- and high-intensity
refining, respectively (Table II). In
the latter case, more of the fiber’s
outer primary wall and, subse-
quently, the thin outer secondary
(S,) wall would be removed (peeled-
off). Removal of the primary wall
and the S layer reduces the con-
straints of the remaining layers, thus
promoting internal delamination,
which would decrease the rigidity
of the fiber.
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Specific Mean lumen Mean fiber Mean fiber
energy, area (LA), width thickness
Refining GlJimetric ton  mm? £ SDP (D,ad): (D,
process mm + SDP mm * SDP
Two-stage TMP
Sample A5 8.3 139+ 7 323+06 136 £ 0.3
Sample A2 12.4 111+ 6 312+ 06 118+ 03
Sample A19 8.4 1317 33507 125+ 0.2
Sample A18 9.9 69+7 33608 9.8+03
Single-stage RMP
Sample AK-2 4.45 124+ 7 34509 128 £ 0.2
Sample AK-4 8.7 99+ 8 33.1+08 111+ 0.3
@ Fiber properties measured on P14/R28 fraction of Bauer McNett fiber-length classifier
5 8D = estimated standard deviation of the mean

Mean aspect Mean collapse
ratio index (ClI),
(D,/Dads (dimensionless)
(dimensionless) + SDP
+ SDP
0.45 £ 0.01 0.36 £ 0.03
041 +0.01 0.42 + 0.03
040 + 0.01 0.38 £ 0.03
0.32 £ 0.01 0.66 £ 0.03
0.40 + 0.01 0.43 £ 0.03
035+ 0.01 053 +0.03

I1l. Lumen area, fiber width, fiber thickness, aspect ratio, and collapse index obtained from the fiber cross-sectional images as mea-

sured by CLSM?

The effect of refining intensity on
fiber collapse is apparent in Fig. 4c.
At low-specific-energy refining,
intensity does not appear to affect
fiber collapse. However, as the spe-
cific-energy level increases above 8
GJ/metric ton, the effect of refining
intensity becomes apparent. This is
in agreement with previously
reported results that high-intensity
refining produces fibers of lower
coarseness than does low-intensity
refining (6).

Comparison of CLSM and con-
ventional measurement of fiber
properties
Figure 6 contains six plots of fiber
properties as measured by conven-
tional measuring techniques and by
CLSM. Figure 6a shows the fiber
coarseness obtained by Clark’s
method vs. the cross-sectional area
by CLSM. The fiber coarseness is
related to the cross-sectional area by
the density of wall material, r .
From the slope of the bestfit line
through the origin in Fig. 6a, the den-
sity,r ,» was found to be 1.52 + 0.04
g/cm?®, which is in reasonable agree-
ment with the accepted value of 1.55
g/cmé,

The fiber-wall thickness obtained
from EqQ. 2 seems to be in agreement
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with that obtained from CLSM,
except for RMP, as seen in Fig. 6b.
Note that Eq. 2 tends to overestimate
the wall thickness for an uncollapsed
fiber (8),since the fiber width (W)—
the distance measured between the
edges of the fiber—would be smaller
for an uncollapsed fiber than for a
fully collapsed fiber. Nevertheless,
both methods showed that fiber-wall
thickness decreased with increasing
refining energy.

Fiber width as measured with
CLSM is higher than that obtained
with image analysis, as shown in Fig.
6¢. This difference is due to the fact
that in CLSM, fiber width is defined
as the longest Feret diameter (D, in
Fig. 3), whereas in image analysis,
fiber width is measured from the
projected image of the fiber (W in
Fig. 3). The projected width is
expected to be smaller than D__.

Figure 6d shows D . of the fiber
cross-sectional images vs. fiber thick-
ness as measured by profilometry.
The D, measurements were larger
than the average fiber thickness
obtained with the profilometer. This
result can be ascribed to two factors.
First, D, —defined as the shortest
Feret diameter—measures the thick-
est part of fiber. Second, pressure

applied by the profilometer stylus
can deform the fiber, thus reducing
the measured thickness.

Aspect ratio, defined in CLSM as
D,,in/D 0 Was larger than the aspect
ratio obtained by conventional mea-
surement with a profilometer, as
seen in Fig. 6e. The difference was
mainly because of the different mea-
surements of fiber thickness ob-
tained using CLSM and profilometry.
Nevertheless, both methods con-
firmed that fiber thickness and
aspect ratio decreased with increas-
ing specific energy.

The collapse index associated
with fiber thickness (Eq. 3) was
higher than that obtained by CLSM,
as seen in Fig. 6f. The higher collapse
index for the conventional method is
directly related to the underlying
assumption that untreated fibers are
cylindrical. Such an approach overes-
timates the initial fiber thickness,
thus inflating the calculated degree
of fiber collapse (8). Still, both meth-
ods show that the degree of collapse
increased with increasing specific
energy.

CONCLUSIONS
Confocal laser scanning microscopy
(CLSM) was used to measure the
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changes in transverse fiber dimen-
sions of mechanical pulp fibers pro-
duced under different refining condi-
tions. The results show that increas-
ing the specific energy of refining
results in a decrease of mean fiber
cross-sectional area, fiber-wall thick-
ness, fiber thickness, lumen area, and
aspect ratio. These effects become
more pronounced with high-inten-

sity refining. The decrease in fiber-
wall thickness with increasing
energy and intensity promotes fiber
collapsibility. During high-intensity
refining, fiber collapse appears to be
further enhanced by a decrease in
the rigidity of the fiber wall.

Measurements of fiber transverse
dimensions obtained using conven-
tional methods were in fair agree-
ment with the results obtained using
CLSM. However, the fiber cross-sec-
tional images generated by CLSM
provide a more reliable means of
measuring any fiber transverse
dimension. TJ
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