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ABSTRACT: One of the most challenging aspects of recycling is
understanding the cause of loss in potential fiber bonding when
[fibers are dried. Since mechanical pulps do not seem to suffer
from the same problems as chemical (low yield) pulps,
difficulties in paper recycling seem to be related to the structure
of the lignin-free cell wall. The damage usually manifests isself

in hornification and surface inactivation of the fibers. Various

ideas proposed on the cause of hornification and surface
inactivation in predried cellulosic materials are reviewed, and
the importance of the hornification is pointed out. Areas of
necessary further research on cellulose (fiber) are outlined.
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t is assumed that the need for

recycling of fiber sources will in-
crease in the future. Such pressure
is primarily due to a rapid decrease
in the number of suitable landfill
sites, need for sustainable develop-
ment and public awareness of these
problems. Most likely, this will cre-
ate situations of temporary post-con-
sumer paper oversupply, which may
also lead to a deterioration of raw
material quality and have a negative
impact on the competitiveness of the
recycled paper industry. To effec-
tively deal with the problem, a com-

bination of the falents in recycling
partnerships will be required to gen-
erate new processes, and products.
The practical effects of recycling
on papermaking properties of fibers
have been discussed thoroughly by
different workers (1-17), and an ex-
cellent review on this subject was
recently published by Howard (15).
These investigations showed a dra-
matic loss of tensile and bursting
strengths on repeated remaking of
low-yield chemical pulp into paper
(Fig. 1). Furthermore, recycled fi-
bers beecome more brittle and break

like match sticks when beaten (18).
It is thus predicted that due to these
limitations the useful recycled fiber
content in paper should be limited
and a surplus of recycled paper will
become available that will need to be
disposed of by incineration or in co-
generation facilities, as suggested by
Gottsching (19).

In spite of the considerable
amount of work on upgrading of re-
cycled paper (20-25), only limited
improvements have been achieved
in this field. Therefore, the problem
of upgrading recycled fibers is still
unsolved. For instance, there was a
patent issued in 1954 to Schlosser
(25) which described the addition of
a series of soluble substances to
pulps in order to suppress
hornification after drying. The best
results were obtained with wetting
agents, but they were found to work
for only one eyele (25).

The refining process, which could
constitute an efficient method for
regenerating the papermaking prop-
erties of recycled pulps, causes at
the same time further worsening of
their drainage properties. For in-
stance, Szwaresztajn and Przybysz
(9) attempted to upgrade recycled
papers by refining. They refined the
recycled pulp during each cycle till
the maximum breaking length was
achieved. The fines content of the
pulp (in spite of losses in the con-
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1. Changes in strength properties of kraft paper due to recycling
(17). The original pulp was never dried, beaten (310 mL CSF), and

2. Change in flexibility of fiber by acidity of paper. The fiber retains
its flexibility when it is in a neutral or slightly alkaline environment
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secutive formation processes) in-
creased during recycling by about
70% (9). Such a result could severely
limit traditional methods for regen-
erating the papermaking capacity of
recycled pulps by refining. The nega-
tive effect of refining as a tool for
upgrading of recycled fibers has been
confirmed by many others (4, 6, 7,
26-28). Therefore, traditional meth-
ods of upgrading of recycled paper
material are not adequate, and the
need for developing the necessary
mechanical properties of recycled fi-
bers still remains an enigma. It will
be necessary to develop and imple-
ment new systems which will up-
grade recycled papers without
worsening their papermaking prop-
erties.

Understanding the causes of such
inferior fiber quality in recycling is
at the heart of a number of key op-
erations in upgrading recycled fibers.
Such findings point the way forward
to probably effective methods that
could bring about considerable im-
provements in recycled paper qual-
ity, thus diminishing the flow of waste
streams to landfills, and thereby re-
strain exeessive depletion of the for-

172 September 1994 Tappi Journal

est resource by reducing the amount
of virgin fiber required for maintain-
ing paper quality for most grades.

Postulated mechanisms for loss
of strength in recycled paper

The review of the literature on recy-
cling of chemieal pulps (1-17) clearly
reveals that the losses in paper
strength are brought about by loss
of bonding or, in other words, a re-
duction in the resistance of bonds to
an applied force. This is in agree-
ment with previous reports (4, 7, 9,
15-17). On the other hand, the loss of
bonding, could be a function of two
parameters (9, 29): fiber flexibility
and surface condition. Flexibility in
this context refers to the wet-plas-
ticity of pulp fibers. It is defined as
the inverse of the product of the mo-
ment of inertia of the body and the
modulus of elasticity of the material
from which the body is made.

It is not yet certain why loss of
surface condition or flexibility of fi-
bers occurs during recycling. Fur-
thermore, it has not been established
which of the above factors in recy-

cling plays the major role in recycled
paper strength loss. The following
sections elaborate on these two pa-
rameters.

Fiber flexibility

The effect of drying of pulp fibers
has been reported by many workers
(30-35). The consensus is that the
swelling capacity of fibers is lost, and
irreversibility of their swelling prop-
erty is increased with the level and
duration of drying. This irreversible
fiber swelling property is called the
loss in flexibility of wet pulp fibers,
or “hornification.” The effect of dry-
ing on high-yield mechanical pulp fi-
bers is minor (7, 35, 36). On the other
hand, low-yield chemical pulp fibers
show a progressively greater loss in
recovery of associated water with the
extent of drying (1-17, 20, 21, 36~
45). The mechanism responsible for
hornification has been the subject of
a long debate and is not resolved
satisfactorily, as yet.

Irreversible pore closure. The ir-
reversible changes of cellulosic cell
walls upon exposure to drying has
historically been attributed to the clo-
sure of pores and cracks (38, 89, 42,
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72). Thode et al. (38, 72) reported
that the hornification is caused by
the irreversible closing-up of
micropores and cracks during dry-
ing,

Stone and Scallan (39, 42) carried
out comprehensive studies on the ef-
fect of drying on the structure of the
cell wall. Solute exclusion was used
in characterization of the structural
changes in the cell wall. It was ob-
served that the large and intermedi-
ate size pores were reduced upon
drying. This concept was also dis-
cussed by Jayme and Hunger (43).
Hornification by both groups were
defined as irreversible changes in the
capillary system of the fiber cell wall.
However, many questions remain
still unanswered in the area of fiber
science. For instance, no explanation
is offered as to why the cell wall pores
are lost and do not open again when

the fibers are rewetted (20). The ef-
fects of wood components, such as
hemicelluloses, in the closing up of
the pores were not detailed compre-
hensively. Furthermore, the solute
exclusion technique suffers from
some practical difficulties. For in-
stance, the lower molecular weight
polymer could be adsorbed easily on
the fiber surface (46). Aside from
this problem, molecules or particles
in the size range 1000-10,000 A are
not easy to handle (47). These short-
comings could also cloud the final
conclusions proposed for changes at
the structural level.

Crosslinking. The auto-cross-
linking hypothesis, as an origin of
fiber hornification during recyeling,
was supported by several workers
(48-55). Back and his co-workers
(48-50) believe that natural aging or
heating in an acid environment (ac-

celerated aging) of the paper mainly
promote hemiaeetal type crosslink-
ing between cellulose and hemicellu-
lose chaings. Such bonds can restrict
the swelling and make the fibers
brittle.

Lundberg and de Ruvo (56), by
examining the equilibrium moisture
content of commercial never-dried
bleached kraft pulp of 44% yield, con-
cluded that the hindrance to swell-
ing, after drying, in the fiber was not
due to occurrence of erosslinking or
the formation of sites inaceessible to
water. The change in swelling was
not reflected by changes in the equi-
librium moisture content. Scallan and
Tigerstrom (57) observed that, for
low-yield bleached kraft pulp, the
elastic modulus of the wet fiber is
doubled during recycling. However,
they could not attribute this change
to any chemical mechanism other
than increased hydrogen bonding be-
tween the microfibrils.

Cellulose chain cleavage. Paper
acidity, which may be present in pa-
pers because of the processes or
chemicals used in their manufacture,
is a major factor in the hydrolysis of
cellulose (58). Acid penetrates the
open amorphous regions of the fiber
and cuts the carbon-oxygen glyco-
sidic bonds that link the glucose units
in the cellulose chain (18). Oxidation,
a reaction between oxygen and the
cellulose unit, can break earbon-hy-
drogen bonds, as well as carbon-oxy-
gen bonds (58). These reactions
simultaneously liberate the portion
of the fiber plasticized by humidity,
lower the overall degree of polymer-
ization, and make the fiber more frag-
ile and more susceptible to breakage
during subsequent beating (18).
McComb and Williams (18} con-
cluded that recycled fibers from al-
kaline paper behave more like virgin
paper and can make better recycled
products (Fig. 2).

Stockman and Teder (59) studied
the effect of drying on the degree of
polymerization (DP) of different
chemical pulps. They did not observe
any significant change on the DP of
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chemical pulps on heating in the
range of 70°C to 140°C. The bleached
kraft pulp, however, was very sensi-
tive to temperatures exceeding
140°C.

Other factors have been observed
to influence chain cleavage, Burgess
(60) reported that tap water or cal-
cium sulfate washed fibers exhibited
less degradation after accelerated
thermal aging (70°C, 50% RH, 70
days) than distilled-deionized water
washed fibers. However, it is not cer-
tain to what extent chain scission of
cellulose contributes to the
embrittlement of fibers at regular
conditions of coramereial recycling.

Reorganization in the fiber
(cell) wall. Reorganization and co-
crystallization of cellulose chains
during drying, as a source of
hornification, was discussed by some
authors (62—68). Such possibility ini-
tiates from the fact that upon dry-
ing, bonding forces which develop
are sufficiently large and regular to
unite two or more crystalline regions
as one (62), thus resulting in a swell-
ing restriction in dried fibers (Fig.
3). This implies that, the possible
increase in crystallite size and/or or-
der in the fiber cell wall could be
responsible for the hornification ef-
fect and consequently for brittleness
and loss in flexibility of the recycled
fibers. It is worth to mention that,
the smaller the crystallite in the fi-
ber wall, the larger will be the sur-
face area capable of hydrogen
bonding and, therefore, the greater
will be the moisture sorption for a
given weight fraction of polycrystal-
line material (69).

Clark (65) suggested that, when
the fiber is dried, adjacent surfaces
of cellulose and hemicellulose, pre-
viously separated, may come to-
gether. If parts of the areas coming
into direct contact match sufficiently
well in composition and orientation,
they could weil form additional erys-
tallite zones and consequently re-
strict swelling on rewetting. This
coneept was also suggested by
Peterlin et al. (66) and examined by
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Ehrnrooth et al. (62) on paper recy-
cling, in order to evaluate the pos-
sible co-crystallization of the fibers
during recycling. The method which
they developed was acetylation, by
which recovery of fiber properties
was enhanced after drying. This
method was assumed to prevent co-
crystallization of fiber crystallites
during drying. However, the method
thus adopted was indirect and did
not allow formulation of accurate
conclusions because acetylation at
high degrees of substitution could
convert the cellulose to a hydropho-
bic material with concomitant loss in
bonding (70). Due to the possible
induction of hornification by struc-
tural changes in the cell wall during
drying, a systematic investigation is
required. In fact, removal of lignin
and hemicelluloses from the cell wall
should make the fibers particularly
vulnerable to such “secondary crys-
tallization” taking place on drying.
Bond strength. A strong hydro-
gen bond is defined as a hydrogen
bond in which both members of the
H-bonded complex experience sig-
nificant structural changes. Thus,
when H-bonded eomplex in its mini-
mum energy structure demonstrates
a structure not too dissimilar to iso-
lated monomers, the bond is called a
“weak” hydrogen bond. According
to this theory, weak hydrogen bonds
are least firmly held and could be
easily opened upon moisture uptake.
Milichovsky (73) suggested two or
three types of qualitatively differ-
ent hydrogen bonds. He proposed
that these different types of hydro-
gen bonds are responsible for ori-
ented (crystalline), less oriented, and
unoriented (amorphous) zones in na-
tive cellulose. It was suggested that
(78) the reason water causes cellu-
lose to swell rather than dissolve it,
lies in the existence of strong hydro-
gen bonds in its oriented zones. How-
ever, this does not mean that the
water does not penetrate the ori-
ented zones without causing any sub-
stantial changes (73). Therefore, the
ability to destroy hydrogen bonds

4. Diagram showing the adhering solvent
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with water will depend not only on
their strength but also on the nature
of the hydrogen bonds. Higgins (71)
interpreted the irreversibility of
bonding on recycling to occurrence
of stronger hydrogen bonds rather
than recrystallization and/or co-crys-
tallization. He proposed that exist-
ence of weak and strong hydrogen
bonds are the basis of the whole
question of recycling, and suggested
that irreversible changes during re-
cycling were brought about by the
latter type of hydrogen bonds.

In general, elucidating the me-
chanical properties of paper from the
existence of different types of bond-
ing mechanisms has not been dis-
cussed thoroughly in the literature
and remains speculative. Therefore,
more extensive work will be required
to substantiate why certain hydro-
gen bonds in cellulose H-bonding are
stronger than others.

Surface condition of fibers

Theories in the field on the surface
condition of fibers are diverse. They
originate from observations on fiber
surface accessibility and extend to
the mutual relation of fiber and wa-
ter. The investigations focus on rela-
tively few fundamental problems
relating to the surface condition of
recycled fibers and fiber-water in-
teractions. For instance, the pres-
ence of accessible hemicelluloses on
fiber surface, and their abundance
in the cell wall, enhance both fiber-
to-fiber bonding and wet-flexibility
of the fibers. Disappearance of these
bonding agents, either through re-
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distribution of fatty acids on the fi-
ber surface or inactivation of the hy-
droxyl groups by any other
mechanism during drying, may re-
verse the end-use performance of
the recycled fibers. Surface condi-
tions could also bhe affected by in-
duction of microcompressions or a
diminished surface area. It is also
suggested that, perhaps, the forma-
tion of hydrophobic molecules is re-
sponsible for fiber surface
inactivation. What happens to the
surface bonding capacity of the fi-
bers during drying should be estab-
lished. Does the surface bonding
capacity disappear from a fiber sur-
face during recycling, or does the
interaction with water create a shield
around the bonding agents? Hypoth-
eses in this field are abundant, but
little is known on the real nature of
the problem.

Hemicelluloses-loss effect. The
role of hemicelluloges in the manu-
facture of strong paper sheets has
been known to papermakers for a
long time. The precipitation of hemi-
celluloses on the pulp fiber surface
in the final stages of alkaline cook-
ing improves the paper-forming
properties of fibers. Precipitation of
the hemicelluloses on the fiber sur-

face also oceurs during beating (120).
Thus, some authors attributed deac-
tivation of fiber surfaces to the loss
of hemicelluloses from the fiber sur-
face. Simultaneous hornification on
drying of fibers high in hemicellulo-
ses was also observed (82).

Hillis (64) speculated that
strength loss of wood is caused by
hemicellulose losses or conversion
during high-temperature drying.
Meller (83) observed on drying fi-
bers at high temperatures that the
solubility of the hemicelluloses in al-
kali decreased substantially. These
findings were also confirmed by
Davis and Thompson (119) by heat
treatment of different woods. Stamm
(80) suggested that hemicelluloses
in wood are converted to a furfural
polymer at high temperatures, which
has less affinity to swelling.

Eastwood and Clarke (29) pro-
posed that the effects of recycling
on the flexibility and surface condi-
tion of the fibers is possibly brought
about by loss in hemicelluloses. They
determined the loss of hemicellulo-
ses quantitatively and considered
them as an indicator for loss in fiber
flexibility. Nevertheless, their re-
sults were not conclusive, because of
the complicated behavior of hemi-

celluloses in the strength develop-
ment of paper (74-77).

Indeed, it is possible to remove a
certain amount of the hemicellulo-
ses from the fiber matrix without
any detectable changes in the
strength of paper (77-79). That is so
because hemicelluloses in fibers have
an optimal concentration (77) at
which maximum paper strength is
obtained. Higher than that amount
will not contribute to strength de-
velopment, but it can inversely af-
fect the strength properties of the
paper (76) due to lowering the pro-
portion of large molecule populations
in the fiber cell wall. Therefore, such
complexities in the behavior of hemi-
celluloses in paper strength devel-
opment make formal conclusions
regarding their effect on the surface
properties of fibers more difficult.

Inactivation of the fiber surface.
It was suggested that aging and
high-temperature drying cause the
migration of extractives to the sur-
face (110-115). The migration of
fatty acids, or some extractive com-
ponent, was suggested as a main
cause of surface inactivation in dried
cellulosic materials. Back (61) sug-
gested that the loss in surface acces-
sibility of fibers upon recycling is
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due to redistribution of fatty acids
initially present in the pulp. Addi-
tionally, such effect may also origi-
nate from rosin size and resin acids
which may have been added to the
paper during the sizing operation.
Nissan (81) confirmed this hypoth-
esis, and added that these reactions
occur very fast on the fiber surface
at paper drying temperatures.

Troughton and Chow (116) did not
find any correlation between fatty
acid concentration and quality of
wood surface. It was suggested that
fatty acids have a catalytic role in
the inactivation process (116).

A critical review of the literature
on over-drying of wood and fiber was
published by Christiansen (117). The
review suggested that surface inac-
tivation by heat-treatment or aging,
caused basically by exudation of ex-
tractives to the surface, deactivated
the fiber surface and prevented the
surface from hydrogen bonding. The
other mechanisms, such as reorien-
tation of wood surface molecules and
closure of large and intermediate
pores in cell walls during drying,
which reduce surface activation and
decrease the internal bonding points,
was also confirmed.

Reports (118) on mechanical
pulps, in contrast with chemical
pulps, did not show any distinguish-
able loss on bonding capacity of dried
fibers. This does not coincide with
reported data on wood. The disagree-
ments could be due to the conditions
of drying or many other parameters
involved in defining the pulp and the
process of recycling. Furthermore,
the question remains as to the sig-
nificance of surface inactivation dur-
ing drying. If the reason is the
migration of extractives to mask the
fiber surface area, mechanical pulps
should be more susceptible than
chemical pulps. Therefore, larger
reductions in fiber quality should be
observed for mechanical pulps than
chemical pulps. This is not the case
inrecyeling. It seems more plausible,
therefore, to state that, recycling
mostly suffers from changes in the
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fiber structure (stiffening) rather
than changes in surface condition.

Microcompressions. It was sug-
gested that recycling could cause
microcompressions (15), which could
alter the surface condition of the fi-
bers. This expectation arises on ac-
count that the fibers shrink between
20% and 30% transversely and 1-
2% longitudinally. Fiber length in
paper has been observed to shorten
by as much as 20% during drying
(84-85). According to literature ci-
tations (86-88), sheets containing
large proportions of longitudinally
compressed fibers were found fo
demonstrate superior extensibility,
high tear, and impact resistance, but
reduced elastic modulus. These prop-
erties already contradict some of the
findings reported on recycling. For
instance, on recycling, impact resis-
tance, stretchability, and elongation
decreased and elastic modulus in-
creased (4, 5, 12, 57). Furthermore,
fiber length shortening has not been
detected inrecycling (89, 90). There-
fore, the possibility of changes in
occurrence and intensification of
microcompressions in the fibers
upon recycling must diminish con-
siderably. There remains the ques-
tion of permanency of microcomp-
ressions in recycled fibers.

Fiber-water interactions. For a
breakthrough in the improvement
of recycling, a detailed knowledge of
fiber-water interactions is required.
These interactions could be inter-
preted to dominate the role played
by the fiber surface in defining the
structure and properties of the wa-
ter, as well as influence of water in
imposing a structure on the fiber
(73, 91, 95, 96, 98).

Studies on the properties of lig-
uid water revealed that water is not
a homogeneous solvent system, but
rather it exists in a dynamic equilib-
rium between the ice-like and non-
ice-like forms which are present in
room-temperature water (109). (The
term ice-like is used in describing
the extent of hydrogen bonding in a
liquid water at room temperature.
It does not necessarily imply that

the associated water molecules have
the tridymite-like arrangement of
ordinary ice.) Indeed, the cellulose
surface is very sensitive to this equi-
librium (95) and can be influenced
profoundly by the addition of any
third component such as additives.
Thus, the reactivity of any surface
agents on fiber interfaces depends
on the mutual effect of water on the
property of the agent. The subse-
quent section will concentrate briefly
on exploring the significance of pro-
posed theories on fiber—water inter-
actions.

The electric charge of paper sur-
faces in water. Many authors (92,
99-104) discussed the problem of fi-
ber surface accessibility in terms of
interfacial potential differences of
fiber—water compositions. Generally,
most substances acquire a charge
when immersed in water and migrate
under an applied electric field. This
is usvally interpreted in terms of an
ionic double layer adjacent to the
adsorbing surface. The zeta poten-
tial is defined as the potential at the
surface between the freely mobile
liquid and the liquid firmly adhering
to the particle surface (92) (Fig. 4).
According to the double layer theory,
the thickness of the double layer
should be reduced by the presence
of electrolytes; consequently, the
forces of repulsion will decrease and
the potential for fiber surface ad-
sorption will increase. Furthermore,
at higher repulsion forces, a signifi-
cant portion of the added fillers and
some of the fines will disappear from
the wire section and become part of
the white water. The main drawback
of this theory in experimentation re-
sults from the vague location of the
plane of shear. Generally, zeta po-
tential is useful in the case of mas-
sive particles with a well-defined
impenetrable surface, but loses a
good deal of its meaning with swol-
len gels (92). In addition, the elec-
trostatic interactions are not the only
forces governing the fiber—water in-
teraction phenomenon (95).

Changes in water structure due



to fiber-water interactions. Mutual
effects of fiber and water were dis-
cussed by different authors (91, 95,
96, 97, 105-107), but because of the
complexity of the interactions, the
subject is not well understood.

Goring (91) considers the prob-
lem of surface condition to be due to
the changes in the hydrophobic
bonding system in cellulose. It was
suggested that in cellulose thereisa
hydrophilic and hydrophobic bond-
ing system (73) and that, perhaps,
changes in the hydrophobic bonding
system play an important role in the
formation of an irreversible fiber
surface condition. Furthermore, by
measuring the thermal expansion of
cellulose in different states (i.e., wet
and dry), he concluded that a carbo-
hydrate surface disturbs the adja-
cent bulk water in such a way that
cellulose acts as a structure breaker
(96) (Fig. 5). This is actually the ex-
tension of Kauzman (938) and
Nemethy and Scheraga’s (94) work
on proteins. The result of calcula-
tions of hydrophobic bonding in pro-
teins confirmed that a considerable
part of the free energy arose from
changes in the water structure,
whereby the van der Waals interac-
tions themselves contributed only
part of the total energy of formation
of the hydrophobic bond (94).

The role of hydrophobic bonds in
fiber—-water interactions on the fi-
ber surface condition was also em-
phasized by Dobbins (95). He
suggested that the increase in floc-
culation of cellulose by rising tem-
perature is only compatible with
hydrophobic bonding, rather than
hydrogen bonding, which is an exo-
thermic process. Thus, he concluded
that the addition of simple solutes to
a cellulose—water system often pro-
duces effects that are difficult to ex-
plain in classical terms of coulombic
association between positively
charged ions and the negatively
charged cellulose interface. He sug-
gested that there is a third class of
ions that have hydrophobic charac-
ter, which could explain swelling un-

der neutral or alkaline conditions in
terms of one unified mechanism.

The problem with hydrophobic
bonding in cellulose remains specu-
lative and arises from unknown
sources of those bonds. For instance,
35-45% of protein is made up of non-
polar side-chains which have low af-
finity for water. In an aqueous
environment, the nonpolar groups
adhere to one another forming hy-
drophobic bonds (98-94), whereas
the possible source of such hydro-
phobic bonds in cellulose is unknown.
Nissan (708) questioned the method
of evaluation of the interaction of
cellulose surfaces with water by Gor-
ing. He proposed that a higher ther-
mal expansion for cellulose might
have resulted from its higher de-
gree of freedom due to breaking
down of its hydrogen bonding net-
work in water. Caulfield (98) sup-
ported the idea that water near a
cellulose surface is restructured by
the cellulose surface rather than de-
structed by it. He suggested that
such a model cannot explain a frac-
tional decrease in tensile modulus,
which is constant up to the fiber satu-
ration point on adding water to a
moisture content equivalent to about
eight layers of absorbed water (Fig.
6). Both Goring (91) and Caulfield
(98) based their hypothesis on Frank
and Wen’s (109) “flickering cluster”
theory in aqueous solutions. (The
term flickering cluster is used to ex-
plain the cooperative nature of clus-
ter formation and dissolution in a
liquid water at room temperature,
and it is governed by local energy
fluctuations.)

Milichovsky (73) emphasized that
the water molecules rather than the
solute are the actual swelling agent.
He coneluded that swelling which
occurred on beating is a result of the
changes in the composition of the
phase interface between the pulp and
water medium rather than the strue-
tural changes in the fiber. This
theory is based on the dipole nature
of water molecules and on their two
possible orientations in hydration

spheres. The enigma with Mili-
chovsky’s approach to the problem
of cellulose swelling is in understand-
ing the possible causes of different
orientations of water molecules on
the surface of the fiber.

It now appears that the bonding
problems experienced in low-yield
chemical paper recycling are due to
a number of physico-chemical fac-
tors, of which the fiber-water inter-
action may predominate. More
explicitly, the change in surface con-
dition could not only be brought
about by loss in surface accessibility
of the fibers, but also by the changes
in the nature and organization of the
hydrophobic and hydrophilic bond-
ing of the fiber-water vapor system.

Considerable work remains to be
carried out in the area of fiber-wa-
ter interactions as it may hold, at
least in part, the key to resolving the
problems associated with free sur-
face inactivation in recycling and in-
deed papermaking itself.

Areas of further study

Some hypotheses which should be
explored in this regard are as fol-
lows:

¢ Whatis the role of chemical com-
ponents of mechanieal pulps
(hemicelluloses, lignin, extrac-
tives) in preserving the original
physical properties of fibers? The
process could be traced by
gradual delignification of the cell
wall and monitoring the changes
in hornification and surface inac-
tivation.

& What cell wall structural changes
are responsible for hornification
of fibers during recycling?

¢ Does the fiber amorphous phase
experience any reorganization
during recycling?

¢ s there any secondary aggrega-
tion of crystallites during recy-
cling?

* Is disappearance of internal or
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external fibrillation of the fibers
during recycling a major issue in
manifesting the inferior proper-
ties of recycled fibers?

* Which parameter (fiber surface
area or accessibility) undergoes
drastic changes during recycling?

* What physico-chemical evolutions
oceur on the fiber surface during
recycling of fibers?

o What is the impact of fiber—water
interactions on fiber surface de-
activation in recyecling?

* Do fiber hydrophilic agents expe-
rience any changes in regard of
reorganization as a result of fi-
ber-water interactions?

"o What is the feasibility of direct
measurement of changing hydro-
phobicity of fiber surfaces?

Our laboratory is conducting some
parallel experiments on evaluating
some of these hypotheses.

Conclusion

The importance of this study arises
from the view that the lack of scien-
tific basis for explaining the causes
of strength loss (bonding capacity)
on recycling of fibers prevents pa-
permakers from developing an ef-
fective method for upgrading and,
indeed, widespread use of recycled
fibers to avoid burning post-con-
sumer paper as “nonrecyclable” or
converting it into pulp and paper
“sludge.”

This review suggests that strength
loss in recycling is brought about by
the loss in flexibility and/or changes
in surface condition of the recycled
fibers by emphasizing hornification.
It is plausible for the cell wall of
chemical pulps (low yield) that dry-
ing, perhaps, creates new and more
perfectly aligned lamellae through
hydrogen bonds, as in crystalline cel-
lulose. However, little information is
available on the cause of these
changes. In other words, any expla-
nation for the cause of strength loss
requires an understanding and eluci-
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dation of structural evolution of the
fibers and fiber surface inactivation
during recycling. Furthermore, a
comprehensive study of the surface
inactivation of fibers requires the un-
derstanding of the phenomena related
to both fiber surface and fiber-water

interactions.

Literature cited

1. Pfaler, E. and Brox, A. J., Papier Zeitung
58(76): 1281(1933).

2. Brecht, V. W., Das Papier Heft 1/2,
16(July 1947).

3. Klye, R. C., Appila 14(6): xxi(1961).

4. McKee, R. C. Paper Trade J.
156(21):34(May 24, 1971).

5. Cildir, H. and Howarth, P., Paper
Technol. 13: 333(0ct. 1972).

6. Wahren, D. and Berg, B., Svensk
Papperstid. 75: 125(1972).

7. Bovin, R. H. and Teder, A., Paper
Technol. 5: 261(Oct. 1973).

8. Horn, R. A, Paper Trade J. 159(7/8):
78(Feb. 17, 1975).

9. Szwarcsztajn, E. and Przybysz, K., Cel-
lulose Chem. Technol. 10: T37E (1976).
10. Cardwell, R. D. and Alexander, S. D.,

Appita 30(4): 327(Janvary 1977).

11. Clarke, B., ¢t al, PIRA Report PB 9 (R),
1(1978).

12. Koning, J. W. and Godshall, W. D., Tappt
58(9): 146(1975).

13. Wyk, W. V. and Gerischer, G., Paperi ja
Puu 9: 526(1982).

14. Bobalek, J. F. and Chaturvedi, M., Tappi
J. T2(6): 123(1989).

15. Howard, R. C., Paper Technol.
32(4):20(April 1991).

16. Nazhad, M. M. and Paszner, L., a review,
unpublished (1990).

17. Nazhad, M. M. and Paszner, L., unpub-
lished (1992).

18. MeComb, R. E. and Williams, J. C., Tappi
64(4): 93(1981).

19. Géttsching, L., Paperi Ja Puu-Paper and
Timber 4(3): 209(1992).

20. Lundberg, R. and de Ruvo, A., Svensk
Papperstid. (11): 355(1978).

21. Lindstrom, T. and Carlson, G., Svensk
Papperstid. 85(3): 14(1982).

22, Putz, H., Torok, 1. and Gottsching, L.,
Pagper Technol. 30(6): 14(1989).

23. Fellers, C., Htun, M., and Kolman, M., et
al., Svensk Papperstid. 81(14): 443(1978).

24. Reynolds, F. W., Ed., Dry Strength Ad-
ditives, TAPPI PRESS, Atlanta, 1980.

25. Hunger, G., Discussion, Trans. Symp. on
Fiber-Water Interactions in Papermak-
ing, BPBIF, London, Vol. 2, p. 913.

26. Leopold, B., “Consolidation of the Paper
Web”, Trans. Symp. London (F. Bolam,
Ed.), 1966, p. 86.

27. Gallay, W., Tappi 33(9): 425(1950).

28. Naito, T., Usuda, M., and Kadoya, T., 1983
International Paper Physics Conference
Proceedings, p.197.

29. Eastwood, F. G. and Clarke, B., Trans.
Symp. Oxford, 1977, Vol. 2, p. 835.

30, Andersson, O. and Fablin, B., Svensk
Papperstid. 59: 503(1956).

31. Giese, E. and Link, D., Zellstoff u. Papier
6: 269(1957).

32. Hatekeyama, H., Hatekeyama, T., and
Nakano, J. Appl. Polym. Symp. 28:
743(1976).

33. Jayme, G. and Hunger, G., in Fundamen-
tals of Papermalking Fibers, (F. Bolman,
Ed.), BPBMA, Kenley, Eng., 1958.

34. Kiye, R. C., Appita 14(6): xxi(1961).

35. Robertson, A. A., Svensk Papperstid.
66(12): 477(1963).

36. Marton, R., Trans. Symp. Oxford, Vol. 2,
Discussion, 1977, p. 875.

37. Jayme, G. and Hunger, G., in Formation
and Structure of Paper, (F. Bolman, Ed.),
Technical Section, BPBMA, London, 1962,
p. 135.

38. Thode, E. F., Chase, A. J., and Hu, Y.,
Tappi 38(2): 88(1955).

39. Seallan, A. M., Trans. Symp. Oxford, 1977,
Vol. 1, p. 9.

40. Jayme, G. and Hunger, G., Mikroskopie
13(1/2): 24(1958).

41. Clarke, B., Eastwood, F. G., and Granville,
R. A, PIRA Report, PBIR, 1978.

42. Stone, J. E. and Scallan, A. M., Cell. Chem.
and Tech. 343(1968).

43, Jayme, J. and Hunger, G., Das Papier11:
7(1961).

44, Beiser, W., Kolloid Z. 65: 203(1933).

45. Schwalbe, C. G. and Beiser, W., Papier-
Fabr. 50: 655(1933).

46. Gray, D. G., Trans. Symp. Oxford, 1977,
Vol. 1, p. 31.

47. Page, D. H., Trans. Symp. Cambridge,
(C. F. Baker and V. W. Punton, Eds.),
1989, Vol. 1, p. 121.

48. Back, E. L. and Klinga, L. O., Tappi 46(5):
284(1963).

49. Back, E. L. and Klinga, L. O., “Reactions
in dimensional stabilization of paper and
fibre building board by heat treatment,”
Proc. EUCEPA, 1963, Paper No.17. p. 1.

50. Back, E. L., Thoung Htun, M., Jackson,
M., et al., Tappi 50(11): 542 (1967).

51. Hechler, E., Allg. Papier-Rundschau 17:
566(1966).

52. Graminski, E. L., “The Stress-Strain Be-
havior of Laboratory and Naturally Aged
Papers,” National Bureau of Standards,
Report 9940, Nov. 1, 1968,

53. Steele, R., American Dyestuff Reporter
Vol.: 19(Jan. 1965).

54. Back, E. L., Pulp Paper Mag. Can. Vol.:
T165(April 1967).

55.Back, E. L. and Klinga, L., Svensk
Papperstid. 66: 745(1963).

56. Lundberg, R. and de Ruvo, A., Svensk
Papperstid. 11: 355(1978).

57. Scallan, A. M., and Tigerstrom, A. C,,
Recycling Forum Vol.: 149(1991).

58. Roberson, D. D., Tappi 56(12): 63(1976).
59. Stockman, L. and Teder, A., Svensk
Papperstid. Part 11, 66(21): 822(1963).

60. Burgess, H. D., ACS Historic Textile and
Paper Materials 20: 363(1986).

61. Back, E. L., Discussion, Trans. Symp.
Oxford, London, 1977, Vol. 2, p. 873.

62. Ehrnrooth, E., Htun, M., and de Ruvo,
A., Trans. Symp., Oxford, London, 1977,
Vol. 2, p. 899.

63. Zeronian, 8. H. and Ellison, M. S., J. Appl.
Pol. Sci. 24: 1497(1979).



64. Hillis, W. E., Wood Sci. Technol., Part 1,
18: 281(1984).

65. Clark, J. d’A, Pulp Technology and Treat-
‘ment for Paper, Miller Freeman Publica-
tions, San Francisco, 1985, p. 615.

66. Ingram, P., Woods, D. K., Peterlin, A., et
al., Textile Res. J. Vol.: 96(1974).

67. Kulshreshtha, A. K., Patel, K. F., Patel,
A. R, et al., Cell. Chem. Techol. T:
343(1973).

68. Morosoff, N., J. Appl. Polym. Sci. 18:
1837(1974).

69. Kast, W., Z. Electrochem. 57: 525(1953).

70. Giertz, H., Trans. Symp. Oxford, London,
1977, Vol.2, p. 912.

71. Higgins, H. G., Discussion, Trans. Symp.
Oxford, 1977, Vol. 2, p. 913.

72. Thode, E. F., Chase, A. J., Majumdar, S.
S., et al., Tappt 36(11): 498(1953).

73. Milichovsky, M., Tappi J. 73(10):
221(1990).

74. Nissan, A. H., Lectures of Fiber Science
in Paper, Joint Textbook Committee of
the Paper Industry (CPPA/TAPPI),
TAPPI PRESS, Atlanta, 1977, p. 123.

75. Akim, E. L., Cellulose Chem. Techol., ACS
Symp. Series, Washington, DC. 48:
153(1977).

76. Ross, J. H., Pulp Paper Mag. Can. 51(1):
93(1950).

77. Cottral, L. G., Tappi 33(9): 471(1950).

78. March, R. E., Paper Trade J. 127(17):
51(1948).

79. Centola, G., Burruso, E. D., and Moruzzi,
P., Paper Technol. 2: 395(1961).

80. Stamm, A. J., Wood and Cellulose Sci-
ence, Ronald Press, New York, 1964.

81. Nissan, A. H., Discussion, Trans. Symp.
Oxford, 1977, Vol. 2, p. 875.

82. Jappe, N. A, Tappt 41(5): 224(1958).

83. Meller, A., Paper Trade J. 125(11):
57(1947).

84. Page, D. H. and Tydeman, P. A, Trans.
Symp. Oxford (F. Bolam, Ed.), Technical
Section, London, 1961.

85. Van den Akker, J. A., Trans. Symp. Ox-
ford, (FF. Bolam, Ed.), London, 1962, Vol.
1, p. 205.

86. Dumbleton, D. F., Tappi 55(1): 127(1972).

87.Page, D. H., Pulp Paper Mag. Can.
67(1):T2(1966).

88. Page, D. H., Seth, R. S., Jordan, B.D., et
al., Trans. Symp. Oxford, M.C., (V.
Punton, Ed.), London, 1985, p. 183.

89. Yamagishi, Y. and Oye, R., Japan TAPPI
35(9): 787(1981).

90. Jones, G. L., Recycling Paper: From Fi-
ber to Finished Product, pp. 152-160
(1991).

91. Goring, D.A.I, Trans. Symp. Oxford Lon-
don, 915 (1977).

92. Verwey, E.JW. and Overbeek, J.T.G,,
Theory of the Stability of Lyophobic Col-
loids, Elsevier, Amsterdam, 1948.

93. Kauzman, W., Advances in Protein Chem-
istry 14: 1(1959).

94. Nemethy, G. and Scheraga, H., J. Phys.
Chem. 66: 1773(1962).

95. Dobbins, R., Tappi 53(12): 2284(1970).

96. Morrison, J. L. and Dzieciuch, M. A., Can.
J. Chem. 37: 18379(1959).

97. Goring, D.A.1, Trans. Symp. Oxford,
1977, Vol. 1, p. 43.

98. Caulfield, D. F., Trans. Symp. Oxford,
1977, Vol. 1, p. 63.

99. Sennet, P., Olivier, J. P., and Morris, H.,
Tappi 52(6): 1153(1969).

100. Lidstrom, T., Soremark, C., Heingard,
C., et al., Tappi 57(12): 94(1974).

101. Strazdins, E., Taeppi 57(12): 76(1974).

102. Jaycock, M. J. and Pearson, J. L., Svensk
Papperstid. 5: 167

108. Tanaka, H. Tachiki, K. and Sumimoto,
M., Tappi 62(1): 41(1979).

104. Peitschker, D. A., Tappi 68(4): 84(1985).

105.Henry, F., Brandt, A.-Ch., and Noe, P.,
Das Papier 42(9): 499(1988).

106. Ostberg, G. and Salmen, L., Nordic Pulp
and Paper Research :33(1991).

107. Weichert, L., Holz Roh Werkst. 21(8):
290(1963).

108. Nissan, A.H., Discussion, Trans. Symp.
Oxford, V.1, 60 (1977).

109. Frank, H. S. and Wen, W. Y., Faraday
Soc. Vol.(Issue): 24133(1957).

110. Swanson, J. W., and Cordingly, S., Tapp?
42(10): 812(1959).

111. Sinclair, G. D., Evans, R. S., and Sallans,
H. R., Pulp Pap. Mag. Can. 62(1):
T23(1960).

112, Gray, V. R., Forest Prod. J. 12(9):
452(1962).

113. Hancock, W. V., Forest Prod. J. 13(2):
81(1963).

114. Hancock, W. V., “The influence of native
fatty acids on the formation of glue bonds
with heat-treated wood,” Ph.D. thesis,
University of British Columbia,
Vancouver, Canada, 1964.

115. Wellons, J. D., Forest Prod. J. 30(7):
53(1980).

116. Troughton, G. E. and Chow, S. Z., Wood
Sei. 3(3): 129(1971).

117. Christiansen, A. W., Wood and Fiber
Seci., Part 1 22(4): 441(1990).

118. Howard, R. C. and Bichard, W., J. Pulp
Pap. Sci. 18(4): J151(1992).

119. Davis, W. H. and Thompson, W. S., For-
est Prod. J. 14(8): 350(1964).

120. Gallay, W., “Fundamentals of Paper
Making Fibers,” Tech. Sect. BPBMA,
1958, p. 58.

The authors gratefully acknowledge the advice
and guidance of R. S. Seth (PAPRICAN) dur-
ing the development of this study. The authors
are also grateful to the Natural Science and
Engineering Research Council of Canada
(NSERC) for a grant to carry out this study.

Received for review July 8, 1993.

Accepted Feb. 1, 1994.

Vol. 77, No. 9 Tappi Journal 179



