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ABSTRACT Orne impediment to the wider use of recycled fibers is the loss of KEYWORDS
strength that occurs when these materials are repulped. This report examines Cellulose fibers
the effects of several techniques for enbancing the strength of secondary fiber.  Freeness
Repulping under alkaline conditions and refining are the most commonly Kraft pulps
used methods to improve the strength of secondary fibers. High-shear-field Mechanical
(HSF) treatment produces an effect similar to refining while producing less strength

Jines. The best results were obtained using a combination method of alkali Pulp properties
treatment followed by HSF treatment. Strength properties were bigher than Reclaimed fibers
refining and were comparable with virgin pulp in some cases. The report also  Recycling
shows that enzymes can be used to increase the freeness of secondary fiber Refining
without affecting its mechanical properties. Swelling

Annual consumption of recycled fiber
has been predicted to grow at a rate
of 3-4% per year, from 20.5 million
tons in 1989 to 26-30 million tons per
year by the year 2000 (1-3). Two of
the main areas of predicted growth
include the use of secondary fiber as
a pulp substitute in container board
and as a deinked chemical-fiber
substitute in tissue grades. Environ-
mental pressure and, in many cases,
legislation are also stimulating very
strong efforts to recycle old newsprint
to supply 20-40% of the 16-million-ton/
year newsprint market, thus divert-
ing a significant volume of newsprint
from the solid-waste stream. Until
recently, recycled newsprint account-
ed for only about 10% of the newsprint
market. Finally, public awareness of
environmental issues is creating pres-
sure to recycle office papers and
create a new category of recycled fine
papers. This 12-million-ton/year
market has traditionally used only
about 11% secondary fiber because of
concerns about product quality.
Secondary fibers are defined as
fibers that have been through at least

one papermaking cycle. Recycled
fibers have lower strength and higher
drainage resistance than virgin fi-
bers. The mechanical properties of
fibers as well as their ability to swell
are diminished after they are exposed
to the pulping and drying conditions
imposed during the papermaking
cycle. The reduction in swelling and
the loss of fiber flexibility after drying
reduce the strength potential of re-
covered fibers. Contamination and
age degradation also contribute to the
reduced strength of secondary fiber.
When a fiber is dried, physical
discontinuities in the cell wall are
collapsed by high surface-tension
forces that pull the surfaces together.
These surfaces become hydrogen
bonded, which reduces swelling in the
next cycle. In subsequent beating
stages, the recycled fiber will not be
able to delaminate and swell as well
as virgin fiber. This mechanism is
confirmed by experimental work
where hydroxyl groups on the cellu-
lose fiber were blocked by derivatiza-
tion, thus reducing the amount of
irreversible shrinkage during drying.

With irreversible shrinkage reduced,
there were fewer differences between
the properties of sheets made from
once-dried and never-dried pulp (4).
Freeness reduction during beating
is much faster for secondary fibers.
For equivalent beating times, a sheet
containing recycled fiber is less dense
and usually more absorptive than
virgin fiber stock. The fines created
when secondary fibers are beaten
consist largely of microfibrils that
were strongly coupled to each other
when they were originally dried on
the paper machine. When liberated
during refining, they increase the
specific surface area of suspension
more than the swelling potential.
They start to behave as fillers, with
a small effect on strength but a large
effect on the drainage properties (4).
In general, the greater the degree
of refining of the virgin fibers, the
lower is the recovery potential of sheet
properties that are a direct function
of fiber bonding, e.g., burst strength
and tensile strength (5). Folding
endurance of recycled paper is also
considerably lower than for sheets
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made from virgin stock. Sheet density
decreases each time the fibers are
recycled. These strength losses may be
the result of a loss in bonding poten-
tial, either in the strength of the
interfiber bonds or in their number
(6). Sheets made from repulped fiber
are also slightly lower in brightness
than virgin fiber sheets.

Improving the strength of
recycled fiber

Strength loss generally can be re-
gained by refining (7). Unfortunately,
this usually reduces drainage and
production capacity. Increased refin-
ing also limits the amount of strength
that can be regained by refining in
future cycles.

The use of chemical additives,
which improve the strength proper-
ties without changing the repulping
requirement, can provide an alterna-
tive method to refining (8). Two resins
often used are an anionic polymer (8),
which is capable of facilitating hy-
drogen bonding, and a cationic poly-
mer, which is capable of forming
strong electrostatic bonds between
fibers and fines. These resins improve
the dry strength of paper by increas-
ing both the strength and the area of
the interfiber bonds (9).

Treatment of wastepaper with so-
dium hydroxide increases the freeness
and the strength properties of re-
cycled fiber (10). Sodium hydroxide
treatment promotes fiber swelling,
thereby increasing fiber flexibility
and surface conformability. Both
alkaline treatment and delignifica-
tion can improve the papermaking
potential of recycled fibers.

Oxygen-alkali delignification has
recently been studied as a means of
improving strength properties in old
corrugated container recycled pulp
(11). The delignification treatment
was found to improve bonding and
strength characteristics, probably
because of softening, swelling, and
lignin removal. The strength im-
provement in the fiber is especially
noticeable in the higher burst value
and strain-to-failure value at a given
drainage rate (12).

This paper presents the results of a
study that was carried out to evaluate
the effects of various mechanical and
chemical treatments on the strength
properties of handsheets prepared
from recycled fibers.
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1. Experimental design
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Experimental

Pulp preparation

The virgin pulps used in this study
included bleached and unbleached
kraft softwood pulps. Unbleached
kraft pulp of kappa no. 78 with an
initial freeness of 758 mL CSF was
obtained from an integrated paper
mill. The bleached kraft pulp was a
once-dried commercial pulp supplied
in the form of air-dried sheets. Pulp
brightness was 79 and freeness was
689 mL CSF.

The bleached pulp sheets were
repulped in a hydrapulper, and the
pulp was centrifuged to 30% consisten-
cy. The bleached and unbleached
pulps were shredded and stored in
plastic bags in a cold room at 4°C.

Both the bleached and unbleached
kraft softwood pulps were refined to
450 mL CSF in a laboratory beater.
Handsheets made from these pulps
were tested for strength properties
using TAPDPI test methods. A freeness
of 450 mL CSF was chosen for study
because many commercial paper
machines operate at or near this level
of freeness.

Preparation of recycled pulp
The samples used in this recycling

study were obtained by forming
handsheets and then repulping the
handsheets. With this approach, the
pulps could be dried by a controlled
and reproducible technique. The
severity and degree of drying were
held constant for all pulp types and
drying cycles. The paper suffered no
‘“use” (supercalendering, printing,
folding, or handling) between manu-
facture and repulping. Recycling by
this method made it possible to control
precisely the nature of the recycled
fiber.

The study was carried out through
two stages of recycling, Recycle 1 and
Recyele 2. Throughout this discussion,
Cycle 0 refers to the first time fibers
are processed and dried to make
paper. Recycle 1 represents fibers
that were repulped for the first time,
and Recycle 2 refers to fibers that
were repulped for a second time.

For each recycle, pulp was refined
to 450 mL CSF in a laboratory beater.
The refined pulp was then made into
pulp sheets of comparable weight on
cheese cloth in a Buchner funnel. The
sheet was then pressed at 50 psig and
dried in an oven for 6 h at 105°C. Sheet
forming, pressing, and drying were
all held constant while generating the
recycled fiber.
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Refining. Pulp was refined to 450 mL
CSF in a laboratory beater. Hand-
sheets were made and tested for
strength properties using the appro-
priate TAPPI test methods.

Alkali treatment. Repulped, re-
cycled pulp was mixed with 3% NaOH
(o.d. pulp basis) in a plastic bag after
adjusting the consistency to 10%. The
sealed plastic bag was kept in a water
bath at 70°C for 30 min. The pulp was
then washed thoroughly. Handsheets
were formed and tested for strength
properties.

High-shear field treatment. A
Quantum Technologies Mark II high-
intensity mixer/reactor was used to
provide the high-shear-field (HSF)
treatment. The recycled pulp was
treated in the high-shear mixer bowl
at 10% consistency and 70°C. The pulp
was given HSF treatment for two min
at 2400 rpm. Handsheets were formed
and tested for strength properties
using the appropriate TAPPI test
methods.

Alkali and HSF treatment. Pulps
were also treated with a combination
of alkali and HSF treatments. The
recycled pulp was mixed with 3%
NaOH (o.d. pulp basis) in a plastic bag
containing pulp at 10% consistency.

bath at 70°C for 30 min. After 30 min
of alkali treatment, the pulp was
placed in the Quantum mixer bowl.
Mixer temperature was maintained
at 70°C. The pulp was subjected to
HSF treatment for 2 min at 2400 rpm.
The pulp was then washed and
handsheets tested for strength
properties using the appropriate
TAPPI test methods.

Enzyme treatment. Pulps were
treated with Liftase A 40, a com-
mercial product that is a blend of
enzymes from Trichoderma longi-
brachiatum. The product is composed
mainly of cellulase and hemicellulase
enzymes (13). Both unbleached and
bleached kraft softwood pulps were
studied in Recycle 1 and Recycle 2
stages. Recycled fibers were first
treated with alkali and HSF treat-
ments. The details of the treatment
conditions are the same as described
previously, except for the time of
mixing in the reaction chamber.
Pulps were subjected to different
levels of HSF treatment to obtain
different freeness levels. The alkali-
treated pulp was mixed in a Quantum
mixer for 30, 60, 80, 100, or 120 s.
After the alkali and HSF treatment,
the pulp was washed with water to

The washed pulps were adjusted to
pH 5.0 with sulfuric acid and then
mixed with the enzyme [0.2% or 0.4%
wt./wt. (0.d. pulp basis)] in a plastic
bag at 3% consistency. The bag was
sealed and kept in a water bath at
45°C with intermittent mixing. After
30 min of reaction time, the pulp was
washed thoroughly with hot water at
70°C to denature the enzyme. The
freeness of the enzyme-treated pulp
was measured and compared with
control pulps (no enzyme treatment).

The experimental design is outlined
in Fig. 1. The strength properties
studied were burst index, breaking
length, folding endurance, tear index,
and ring crush. The Concora flat
crush test was also studied for
unbleached kraft softwood pulp. The
results reported are the means from
two duplicate sets of experiments.

Results for treatment of
recycled pulps

Chemimechanical treatmmemnts

The effectiveness of the various chemi-
mechanical treatment methods was
evaluated by measuring strength
(burst, tear, fold, breaking length, ring
crush) following each treatment and
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comparing it with the value obtained
with the corresponding virgin pulp.
However, the Recycle 1 and Recycle
2 pulps were not necessarily at the
same freeness level following each
treatment, even though all pulps were
refined to 450 mL CSF prior to each
recycling simulation. Freeness can be
considered to be a measure of the
drainage rate, which is influenced by
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the degree of fibrillation. In turn,
fibrillation varies depending upon the
nature, duration, and intensity of
treatment. In this study, each treat-
ment was carried out under constant
conditions (reaction time, concentra-
tions) for both Recycle 1 and Recycle
2 fibers. The main goal was to compare
the effect of each treatment rather
than comparing the strength proper-

ties at the same freeness.

Figure 2 shows the burst index
recovery following treatment of the
recycled pulps. Refining provides
greater recovery than the separate
alkali and HSF treatments. The
combined alkali/HSF treatment pro-
vided about the same recovery as
refining for the unbleached Recycle 1
pulp. For the other three pulps (un-
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bleached Recycle 2 and bleached
Recycle 1 and 2), the combined alkali/
HSF treatment provided the greater
recovery of burst index. It is interest-
ing to note that burst recovery for the
Recycle 2 pulps was equal to or higher
than that of the Recycle 1 pulps after
combined alkali/HSF treatment.
However, burst index for the refined
Recyecle 2 pulps was lower than for the
refined Recycle 1 pulps. This decline
in strength for recycled pulps that
have previously been refined can be
explained by the cutting action in the
refiner, which we believe produces
more fines than HSF treatment.
When refined Recycle 1 handsheets
are recycled and refined again (re-
fined Recycle 2), the resultant hand-
sheet is weaker because the Recycle
2 pulp has more fines and fewer long
fibers than the Recycle 1 pulp. Burst
index for Recycle 2 pulps was retained
better by a combination of alkali/HSF
treatment. In this treatment, we
hypothesize that the swollen fibers are
flexed to delaminate and open the cell
wall and that the cutting effect is
reduced. Strength properties are thus
retained or even increased when
alkali/HSF-treated fibers are re-
cycled a second time.

Figure 8 presents the tensile
strength (breaking length) data for
bleached and unbleached Recycle 1
and 2 kraft softwood pulps. Recovery

of breaking length shows the same
trends as were observed for burst
index.

Figure 4 presents the folding en-
durance recovered by different treat-
ments. Folding endurance attained
after either alkali treatment or HSF
treatment was lower than that for
refining and for the alkali/HSF com-
bination treatment. For the Reeycle 1
pulps, folding endurance after the
combination treatment was compar-
able with that for the refining treat-
ment. For the Reeycle 2 pulps, how-
ever, the folding endurance recovered
after the combination treatment was
much higher than that for the refining
treatment. As in the case of burst
index, this phenomenon can be ex-
plained by the cutting action in the
refiner.

Figure 5 shows the tear index
recovered following the different
treatments for Recycle 1 and 2 pulps.
For unbleached pulps, there was a
significant strength loss of the same
magnitude regardless of treatment.
In the case of bleached pulp, strength
was increased, with alkali treatment
showing the greatest effect. The alkali
treatment was the least effective of the
investigated treatments in promoting
fiber flexibility and interfiber bond-
ing. Thus the tear strength can be
attributed to weakened bonding, in
agreement with current theory on

tear strength.

Ring crush attained by different
treatments on Recycle 1 and Recycle
2 pulps is shown in Fig. 6. Recovery
of ring crush following the combina-
tion treatment was higher than that
for refining in the case of unbleached
recycled fiber. For the bleached
pulps, recovery was comparable with
the refining treatment. The ring
crush test is a very important test for
container board, since it reflects
stacking strength. Because recycled
fibers are increasingly used in board
manufacturing, the alkali/HSF com-
bination treatment may be a useful
alternative to refining.

Concora flat crush was measured
for the unbleached kraft softwood
pulp. This is an important test for the
corrugated container industry. Fig-
ure 7 shows the Concora flat crush
recovered with different treatments
for Recycle 1 and Recycle 2 pulps. Flat
crush attained by the combination
treatment is much higher than that
for refining in Recycle 1 and even
exceeds that for the virgin pulp. In
Recycle 2, about 85% of the virgin pulp
flat crush value is recovered using the
combination treatment. Thus, the
combined alkali/HSF treatment ap-
pears to be a better alternative for the
corrugated container industry, since
it would allow manufacturers to
maximize the use of secondary fiber.
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The remaining figures show burst
index as a function of pulp freeness
for enzyme-treated (0.2% and 0.4%)
recycled pulps. The various freeness
levels were obtained by varying the
HSF treatment in the Quantum mix-
er from 30 s to 120 s. Each point on
the curve represents the freeness
obtained for a particular mixing time
and after enzymatic treatment.

The results for unbleached Recycle
1in Fig. 8 show that the control pulp
(no enzyme) has a freeness of about
512 mL CSF corresponding to a burst
index of 8 kPa'm?/g. At the same
burst index, the 0.2% enzyme treat-
ment increases the freeness to 548 mL
CSF, while the 0.4% treatment in-
creases it further to 565 mL CSF.
Thus the enzymatic treatment can
increase the freeness at the same burst
index, in accordance with the findings
of Pommier et al. (13).

Figure 9 shows the results for
enzyme treatment of unbleached
Recycle 2 pulp. For the control pulp,
the burst index corresponding to a
freeness of 450 mL CSF is 2.05 kPa*

_m?/g. At the same freeness, the burst
index increases to 2.95 kPam?/g for
the pulp treated with 0.2% enzyme
and to 3.5 kPa'm?/g for the pulp
treated with 0.4% enzyme. The results
show that the enzyme increases pulp
strength without loss of freeness.

Figures 10 and 11 show the burst
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pulps in Recycle 1 and Recycle 2,
respectively. Again, these figures
show that higher freeness can be
obtained without loss of strength
properties by treating the pulps with
enzyme. Enzyme treatment of
bleached and unbleached recycled
pulps showed similar results for
breaking length, folding endurance,
ring crush, and Concora flat crush.
(Data not shown.)

The increase in freeness by en-
zymatic treatment has been explained
by Pommier et al. (13) as follows. The
enzymes act on the surface of the
fibers, producing a “peeling” effect
(14, 15). Fiber fines and fibrils are
acted on preferentially, since they
have an extremely high specific sur-
face area (16), although they contrib-

~ute very little to the hydrogen-

bonding potential of the fiber slurry.
Thus, with the fines removed, the pulp
drains more easily without suffering
a loss in mechanical properties.

As observed in Figs. 8-11, the
freeness increase is greater for the
bleached softwood pulp than for the
unbleached softwood pulp. This is
probably because the cellulose in the
bleached pulp is more accessible to
enzymes. The lignin in the unbleached
pulp may hinder the attack of enzyme
on cellulose, thereby reducing the
peeling effect. In any event, the
enzyme is less efficient in removing

unbleached pulp, and the increase in
freeness is not as emphatic.

The magnitude of the increase in
freeness was found to depend on the
initial freeness of the pulp. If the
freeness is low initially, the freeness
increase is greater. A low initial
freeness corresponds to more fines in
the stock and more cellulose frag-
ments and surface areas accessible to
the enzyme. Thus, the rate of freeness
increase is higher, which results in a
higher freeness gain after a fixed
period of time.

The relative gain in freeness is not
as large when going from 0.2% to 0.4%
enzyme as when going from no en-
zyme to 0.2% enzyme. Thus the 0.2%
enzyme concentration seems to be the
most economical way to obtain the
desired freeness increase. This sug-
gests that increasing the enzyme
concentration will yield diminishing
returns in terms of freeness gain.
Furthermore, it has been demonstrat-
ed that high enzyme concentrations
can cause fiber damage and strength
loss (17).



Summary

Recycled paper loses strength mainly
because of the fiber stiffening and
hornification that occur when virgin
fibers are dried during their initial
papermaking cycle. This phenomenon
is difficult to reverse. Some of the lost
strength can be regained by making
the recycled fiber more flexible,
thereby increasing the surface area
for bonding. Repulping under alka-
line conditions and refining are the
most commonly used methods to
improve the strength of secondary
fiber.

Alkali treatment helps to swell the
secondary fiber, which increases the
surface area available for bonding. A
3% NaOH treatment at 10% pulp
consistency for 30 min at 70°C is
typical of conditions commonly used.
High-shear-field (HSF) treatment, in
a pulp consistency range of 10-20%,
can be used to produce an effect
similar to refining. We hypothesize
that the fiber wall structure is mod-
ified by the brushing and bending
action, which increases the bonding
area. The HSF treatment produces
less fines than refining, and this
results in less freeness loss.

A combination of alkali and HSF
treatment may be a better alternative
to obtain high product quality from
secondary fiber. The strength proper-
ties of the recycled paper obtained by
the combination alkali/HSF treat-
ment are higher than those obtained
by refining and, in some cases, are

comparable with the virgin pulp. The
combination treatment seems most
effective in restoring ring crush and
Concora flat crush strength. This
treatiment offers a potentially valu-
able, practical method of increasing
the use of secondary fiber in boxboard
as well as corrugating medium.

Enzymes can be used to increase the
freeness of the secondary fiber with-
out affecting the quality of the final
product. A preparation of cellulase
and hemicellulase at 0.2% enzyme
econcentration, 30 min, 10% pulp
consistency, pH 5, and 45°C was the
most economical and practical level
examined for the pulps investi-
gated.[
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