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ABSTRACT

Previous work has shown that drying of chemical pulps
results in lower inter-fiber bonding when the fibers are sub-
sequently redispersed and formed into recycled handsheets.
It was also found that the strength loss could be decreased
if the initial drying was carried out in the presence of rela-
tively concentrated sugar solutions.  The present research
was undertaken to determine whether or not the effects of
drying and or sugar treatment still remain significant after
the fibers are subsequently refined.  Unbleached kraft fi-
bers were optionally subjected to oven drying in the pres-
ence or absence of 10% dextrose solution and then subjected
to various levels of refining in a PFI mill.  Although signifi-
cant differences in fiber flexibility were still apparent after
6000 revolutions of PFI refining, there was no residual ef-
fect of either drying history or the presence or absence of
sugar on the strength of recycled paper subsequently formed
from those fibers.  While it is understood that application of
additional refining energy to recycled fibers can be expected
to produce additional fine material, reducing the freeness of
the stock, the present results suggest that such refining
can play a critical role in overcoming the adverse effects on
strength when kraft fibers are dried.
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INTRODUCTION

Recycled paper made from dried chemical pulp fibers is
known to have inferior strength compared to paper made

from never-dried, virgin fibers [1-4].  Paper researchers have
attributed this effect to a loss of inter-fiber bonding ability
during drying, and the term “hornification” has been used
to indicate the changes occurring within the fibers as a
result of drying.  The initial definition of the term was re-
lated to the loss of water retention value (WRV), which is
determined by centrifugation of the fibers to remove exter-
nal water [5].  Today, people use the term hornification to
describe the broad range of physical and chemical changes
that occur in pulp fibers during drying.  Hornification has
been identified with fiber shrinkage and formation of inter-
nal hydrogen bonds; a significant portion of these effects
is irreversible [6].  It was found that the phenomenon of
hornification involves irreversible pore closure in the fiber
wall.  Whereas some researchers use WRV as a measure of
this effect [7], others [8] prefer to evaluate the fiber satura-
tion point, which involves measuring the swelling of a fiber
by a solute exclusion technique [9].  In addition to the sim-
plicity of the WRV test method, Robertson considered that
using WRV is also closer to the reality of papermaking prac-
tice than the method of solute exclusion [10].

Two practical procedures used to improve the strength of
recycled paper made from recycled chemical fibers involve
either adding dry strength agents to recycled fibers [11] or
beating recycled fibers [12] after they are redispersed in
water.  The drawbacks of these methods include the chemi-
cal cost increase and increased energy usage.  Also refin-
ing fibers results in shorter fibers and additional fines.  These
changes bring new problems, such as slower drainage dur-
ing the formation of the sheet, which may reduce the rate of
paper production.  It has been proposed that the genera-
tion of additional fines results from the brittleness of the
recycled fibers and their breakage during subsequent refin-
ing [12-14].

It would be considered desirable if one could reverse the
cited effects of drying.  One approach to reversing
hornification involves mechanical beating, since it has been
shown that beating can restore the swelling capacity of
hornified fibers [15-16].  Some researchers have disagreed
with this approach, saying that beating cannot reverse
hornification, based on the idea that hornification is caused
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by crystallization and that there could be no change in the
degree of crystallinity of fibers during beating [17-18].
Another approach involves chemical treatments.  It has been
noted that mechanical pulps experience less hornification
compared to chemical pulps [19].  In the former case, lignin
and hemicelluloses are embedded between cellulose mac-
romolecules.  The higher level of lignin in the high-yield
pulp appears to interfere with the formation of inter-hydro-
gen bonds between microfibrils during drying.  Based on
this view, some earlier research focused on preventing the
formation of new hydrogen bonds or making the new hy-
drogen bonds broken easily in the processes that follow
[20-23].

In light of studies showing the collapse of fiber pores dur-
ing drying of chemical pulps [8-9], our previous work [24]
focused on adding low molecular weight chemicals to vir-
gin pulps.  The idea was to prevent complete pore closure
during drying or to facilitate the opening of pores during
rewetting.  Results [24] showed that both glucose and su-
crose, when present as 2-10% solids solutions at the begin-
ning of the drying step, were able to reduce the loss of
inter-fiber bonding ability when the same fibers were washed
and formed into recycled handsheets.

Fiber flexibility tests were used to provide direct evidence
to support the claim that sugars may modify fiber stiffness
and indirectly modify pore collapse [24].  Over the past
forty years many techniques have been devised to measure
wet fiber flexibility [25-32].  Steadman and Luner [32] devel-
oped a method to measure flexibility by observing fibers
pressed against thin wires.  This method was used here due
to the relative simplicity of the measurement and the fact
that the technique measures the wet flexibility of a rela-
tively large number of fibers more quickly and reproducibly
compared with other techniques.

The objective of the present study was to determine whether
the effect of sugar present during the drying of the kraft
fibers, would still be apparent after the same fibers were
subjected to refining.  As a working hypothesis it was as-
sumed that the fibers dried in the presence of sugar would
be more flexible, less subject to breakage during refining,
and for these reasons those fibers might also differ with
respect to the strength properties of the resulting paper,
relative to untreated, dried fibers.  In this study both a gentle
mechanical action with a TAPPI disintegrator and a higher
energy refining treatments with a PFI mill were utilized.

EXPERIMENTAL

Materials

Pulp: Never-dried, unbleached pine kraft pulp was obtained
from the Mansfield, Louisiana mill of International Paper.

The sample was obtained from high-density storage after it
had passed through the blowline and de-shive refiners.
Upon its receipt from the mill the pulp was screened and
centrifuged to 30% consistency.  The fibers were fluffed
and then refrigerated during storage.

Chemicals: Dextrose (D-glucose) anhydrous was obtained
from Fisher (cat. No. D16-3) and used without further puri-
fication.

Equipment: Fiber characteristics were evaluated with a Fi-
ber Quality Analyzer (FQA, OpTest Equipment Inc).  Mi-
croscopic observations and digital images were obtained
with an Olympus BH2-UMA microscope with Sony 3CCD
Color Video Camera (Model: DXC-970MD).  The images
were captured and evaluated using Image-Pro Plus (Ver-
sion 4.0, Media Cybermetrics) on a personal computer (Win-
dows® 98).  Also, micro glass slides (75mm x 50mm x 1mm,
Fisher catalog number 125535B) and stainless steel wire
(25.4 µm, California Fine Wire Company) were used to pre-
pare wired slides for fiber flexibility tests [32].

Procedure

Effect of Dextrose:  The main experimental approach was
adapted from our previous work [24, 33], which, however,
did not involve additional refining after fibers had been
dried.  As shown in Figure 1, sub-batches of centrifuged
pulp were taken from cold storage and refined with a labora-
tory Hollander-type beater (Valley Machinery, Inc.), follow-
ing the procedure of TAPPI method T-200.  The pulp was
dispersed in the beater for 30 minutes (zero load) then re-
fined for 45 minutes to a freeness of approximately 600 ml.
Fiber fines then were removed via a 100-mesh screen by a
Bauer-McNett classifier, following the procedure of TAPPI
method T-233 with respect to the flow rate and batch size.

A dextrose solution was added to the fines-free slurry (ca.
0.6% consistency), and then extra water was added in order
to reach a final concentration of dextrose of 10% (weight of
dextrose to weight of water).  The mixture was stirred for 12
hours before making fiber pads on filter paper (Whatman
#4).  The fiber pads were dried in an oven for 30 minutes at
105 °C and then kept in a TAPPI conditioning room for 48
hours.  The dried fiber pads were soaked for at least 4 hours
and then refined by a PFI mill for a specified time (0, 3000,
6000, 9000 revolutions), following TAPPI method T-248,
before making handsheets.

Four features of the procedure need to be emphasized.  First,
to amplify the effect of sugar treatment, fibers were refined
by the valley beater.  This was done because refining can
be expected to open up fiber pores, possibly allowing more
sugar molecules to enter and remain in the pores during
drying.  Second, in order to determine the exact amount of
the fines generated during PFI refining, the primary fines
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were removed by 100-mesh screen of a Bauer-McNett clas-
sifier.  Third, in order to maximize the effect of drying on
fiber properties, thirty-minute oven-drying at 105 °C was
adopted [24].  Last, the effect of washing on the dextrose-
treated and dried fibers before refining was also consid-
ered, as shown in Fig. 1.  In this case, the fiber slurry was
washed by a large excess of deionized water.

It should be noted that in this study the basis weight of the
handsheets was 120 g/m2, not 60 g/m2, which is specified in
the TAPPI Method.  Also the handsheets were kept in a
TAPPI conditioning room for 48 hours before paper physi-
cal properties tests.  At the higher basis weight the samples
are not expected to fail in a “buckling” mode during STFI
compression strength tests [34, 35].  Instead, they are ex-
pected to fail by the desired shear/internal bond failure.

Fiber Flexibility:  Before measuring fiber flexibility, the pulp
slurry was washed thoroughly with excess deionized water
and then kept in deionized water overnight.

In the fiber flexibility test a sparse layer of fibers, mainly
lying separate from each other, was formed on the wire of a
standard handsheet apparatus.  Around 5 ml of pulp slurry

Fractionation (100 mesh)

Valley beater (freeness 600ml)

PFI Mil ( 0K, 3K, 6K, 9K rev)

Handsheet

Fiber pad

Dextrose  (10%)

Freeness, FQA,
Flexibility

UBKSP

Fines

Oven dry (30 minutes @105oC)

Soaking (4 hrs)

TAPPI Disintegrator (15000 rev)

PFI Mill (0K, 3K, 6K, 9K rev)

 Handsheet

Washing

Freeness, FQA, Flexibility

Figure 1. Procedure for optional drying of kraft fibers in the
presence or absence of dextrose.

(1% consistency) is used to make the fiber network.  The
network is then couched onto a #4 Whatman filter paper,
using the standard sheet forming technique corresponding
to TAPPI Method T-205.  A glass slide having several thin
stainless steel wires (∅ =25 mm) attached across its surface
in the form of a parallel grid is laid onto the filter paper.  The
filter paper and slide are then pressed against each other
between two sets of water-saturated blotters in a regular
handsheet press.  After a two-minute pressing at 50 psi, the
glass slides are separated from the blotters and filter pa-
pers.  The fibers adhere to the slide and are viewed in a
microscope under incident light.  The areas of intimate con-
tact between the fibers and the glass appear dark, and the
areas that are not in contact, for instance, as the fibers
cross over the wire, are less visible.  The explanation of the
incident light image is based on the theory of thin film inter-
ference [36].  It makes sense that the no-contact length is
related to the flexibility of the fiber, and as the fiber becomes
more flexible, this distance will decrease.  The detailed pro-
cedure for preparing slides appears in the literature [32].

Images were captured by a camera attached to a microscope.
Image analysis software (Image-Pro Plus 4.0) was used on
the digital images to measure the fiber widths and the lengths
of the less-visible sections of the fibers crossing over the
wires.  Around 400~600 fibers were chosen for each experi-
mental condition during standard flexibility testing.

Figure 2 is a schematic diagram of the components used for
the fiber flexibility test. Figure 3 shows an enlarged picture
of a fiber crossing over a wire.  Image analysis software was
used to capture the pictures and measure the width and the
less-visible length (L) of the fibers.

The flexibility can be expressed as follows:

 (1)

where E is the modulus of elasticity (Nm-2), I is the moment
of inertia (m4), d is the wire diameter (m), P is the pressing
pressure (Nm-2), W is the projected fiber width (m), and S is
a mathematical estimate of the loaded fiber span (m).

A correct form to calculate the loaded fiber span S, based
on the Pythagorean Rule, is given by Cresson [37]:

  (2)

where L is the less-visible length (m).

A detailed derivation of equation (1) can be found in a
paper by Steadman and Luner [32].  In the present study the
geometric mean was used to represent the fiber flexibility of
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samples instead of the median used by Steadman and other
researchers [28, 30, 32].  Since the maximum may be 1000
times the minimum in the data, according to Dickey [38]
when the data is in such a range, a good approach is to
analyze the results using logarithmic plots.  He suggested
reporting the geometric mean, which is somewhat like the
median.  Researchers are able to perform statistical model-
ing on the log scale and test hypotheses, whereas the dis-
tributional results and inferences for medians are not so
well developed.  In this study, a t-test can be used when
determining the effect of sugars on fiber flexibility because
the distribution of data on the log scale fits a normal distri-
bution.

RESULTS AND DISCUSSION

Effect of PFI Refining on Recycled Paper Made from Dex-
trose-Treated Fibers

As described previously [24], paper made from recycled
fibers that had been sugar-treated before drying, but with-

out any additional refining treatment, had higher tensile
and compression strength compared to paper made from
recycled untreated fibers.  This effect was confirmed by the
present results shown in Figs. 4 and 5.  For instance in Fig.
4, if one considers just the data for pulp having no addi-
tional refining after it was dried (zero PFI revolutions), dry-
ing of untreated fiber caused the breaking length of
subsequent paper to decline to 2.7, compared to 4.4 in the
case of paper made from the corresponding never-dried fi-
bers.  When drying was carried out in the presence of sugar,
in the absence of a washing step, there was an apparent
decline in strength to 4.0 km, which was not a significant
change at the 95% level of confidence.  Very similar results
were obtained if the sugar-treated fibers were washed to
remove residual sugar before the recycled handsheets were
formed.  Figure 5 shows similar results for compression
strength at the zero level of post-refining, confirming a
strength advantage due to the presence of sugar during a
drying step.

microscope

TV camera

computer
glass slide w/ wire

Figure 2. Schematic diagram of flexibility test equipment
and procedure.

L

metal wire

fiber

Figure 3.  Light micrograph of a kraft fiber crossing a 25 µm
wire on a glass slid during an evaluation of wet-fiber flex-
ibility.

Figure 5. Effect of PFI refining on the compression strength
of recycled paper.
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Different conclusions follow, however, if one considers all
of the results shown in Figs. 4 and 5, including the results at
three different levels of refining.  Results corresponding to
3000, 6000, 9000 revolutions of PFI refining showed no sig-
nificant effect of sugar-treatment.  In other words, the ap-
parent advantage of drying in the presence of sugar, with
respect to the strength of the recycled paper, was elimi-
nated.  In fact, the strength of paper made from the different
pulp samples appeared to be independent of differences in
both drying history and in previous exposure to sugar.

Effect of PFI Refining on Freeness, Fines, and Fiber Length

Freeness and fiber-length tests were undertaken in order to
determine whether changes in these variables could help
explain some of the mechanisms responsible for the strength
results just described.

As shown in Fig. 6, there was no significant difference in
freeness among the different conditions of sugar treatment
and drying, at any given refining level.  The scatter among
the results is within experimental error expected for free-
ness tests.  A set of supplementary tests was conducted to
make sure that the freeness tests were not biased by an
effect of the sugar on solution viscosity, given the fact that
freeness tests involve flow of filtrate through a capillary
[39].  Different levels of glucose were added to a default
suspension of fibers.  No difference in measured freeness
was observed when the concentration of glucose was var-
ied from zero to the highest level corresponding to the
present work.

As shown in Figs. 7 and 8, there were no significant differ-
ences in either the fines contents or the fiber lengths ob-
served by the optical method (FQA), in the case of refined
fibers.  Only in the absence of post-refining (first sets of
histogram bars) was there any indication of a difference
due to drying history; fibers dried in the absence of sugar

yielded a higher apparent fines content and reduced appar-
ent length.  It is not known why the greater apparent fines
content in that case did not result in a significant drop in
freeness (Fig. 6), except that, in general, increasing severity
of drying conditions, in the absence of post-refining, is
expected to reduce swelling of the fibers [40-41].

Effect of Dextrose Treatments on Fiber Flexibility

The next set of tests was designed to find out whether there
were any residual differences in fiber flexibility when fibers
with different histories of drying and sugar treatment were
subjected to refining.  Our previous work [24], in which
refining was applied to the fibers only before drying, showed
that refined fibers were more flexible than unrefined fibers,
and never-dried fibers were more flexible than dried fibers.
In the present study, fibers with 6000 revolutions of PFI
refining after drying were chosen to observe such effects.

Figure 9 shows that sugar-treated (dextrose) fibers main-
tained higher flexibility, compared to untreated fibers that
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were dried in parallel tests and then subjected to the same
level of post-refining.  The error bar shows a 95% confi-
dence level.  A t-test showed that there is a significant
difference in fiber flexibility between the samples untreated
and treated with sugar at a 95% confidence level.  Also a t-
test showed that the washing process for the samples that
had been sugar-treated had a significant effect on fiber flex-
ibility at a 90% confidence level.  Again, dried fiber had
lower flexibility compared to a control experiment that did
not involve drying.

To put the flexibility tests into perspective, a logarithmic
difference of 0.11 units (i.e. 1012.36 vs. 10 12.25) represents a
scalar flexibility difference of 26%.  This is the largest differ-
ence in the average values represented in Fig. 9.  If one were
to assume a proportional change in local conformability of
the fibers, leading to a proportional increase in relative
bonded area, then one would have expected to see a corre-
spondingly reduced breaking length and compression
strength in Figs. 4 and 5 for the case of drying in the ab-
sence of sugar followed by 6000 revolutions of refining.  No
such relationship was observed.  This new result calls into
question an earlier hypothesis that paper made from more
flexible fibers can be expected to have greater strength com-
pared to paper made from fibers having lower relative flex-
ibility [24].    It appears that the measured differences in
fiber flexibility of our samples were not a dominant factor
governing final paper strength in cases where there was
additional refining after drying.  The process of refining
increases external fibrillation.  External fibrillation enhances
sheet consolidation and this enhances inter-fiber bonding
[42].  Compared to the change in external fibrillation, the
change in fiber flexibility contribution to the bonding be-
tween fibers may be less significant, based on the present
results.

Though higher flexibility of fibers might be expected to re-
sult in a higher relative bonded area after paper is dried,
such an effect could not be detected with statistical confi-
dence, by means of light-scattering analysis, under the
present conditions of testing.  Diffuse reflectance tests with

572 nm light [43] failed to show any consistent changes in
light scattering coefficients resulting from different drying
histories.  A substantial increase in relative bonded area
would have been expected to decrease the scattering of
light [44].

Although the present results show that refining was a more
dominant factor than sugar treatment, obscuring the ef-
fects of previous drying history on paper strength, it is
worth bearing in mind that refining is not always an attrac-
tive option; refining can cause other problems such as low
freeness or excessive fines.  These issues need to be con-
sidered when determining the optimum combination of
physical and chemical treatment strategies for recycled fi-
bers.

CONCLUSIONS

1.  The presence of sugar solution, having an initial concen-
tration of 10%, during drying treatment of virgin unbleached
kraft fibers produced recycled paper that was significantly
stronger, compared to similar fibers that had been dried in
the absence of sugar, confirming previous results.

2.  There were no residual effects of drying history or sugar
treatment on the strength of recycled sheets when refining
was included in the recycling step.  Refining during recy-
cling was able to restore the recycled paper to the same
strength as paper made from the virgin fibers.  In other
words, refining had a dominant effect, obscuring any differ-
ences due to drying history or the presence of sugar during
the initial drying.

3.  Fiber flexibility was decreased upon drying and rewetting,
an effect that was observable even after the pulp had been
further refined.  Sugar treatments before drying caused the
fiber flexibility to be higher relative to untreated fibers after
refining.  However, the results were inconsistent with a hy-
pothesis that the observed greater fiber flexibility of those
fibers that had been dried in the presence of sugar would
lead to increased relative bonded area and bonding strength.
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