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ABSTRACT 

The objective of this research was to examine how swelling treatments affect the hydroxyl avail- 
ability and surface chemistry of recycled fibers. It also assessed the use of organic liquids in mitigating 
fiber hornification, the loss of hydrogen-bonding ability in recycled fibers. Hardwood bleached ha f t  
pulp fibers were recycled, swollen, and subsequently analyzed for water retention value (WRV), dy- 
namic contact angle, and hydroxyl number. Results show that the relative swelling powers of the 
liquids were: 12% NaOH > formamide > dimethyl sulfoxide = 2% NaOH = ethylene glycol. These 
liquids resulted in WRVs that were 23-72% higher than the control, i.e. the water-swollen recycled 
fibers (WRV 1 .lo). Swelling increased the hydroxyl number of the fibers except for those treated with 
12% NaOH. Fibers that were swollen to a greater extent had a higher total surface-free energy and a 
lower water contact angle. By swelling the fibers in organic liquids, polar surface-free energy increased 
with an increase in hydroxyl numbers. Such a relationship was obscured for the alkaline treatments, 
which presumably altered the chemical composition of the fibers. These findings promote understand- 
ing for a more effective formulation of treatment methods for recycled fibers. An immediate impli- 
cation from this study is the strong fiber swelling power of formamide whose concentration and cost 
efficiency should be optimized in future studies. 
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~NTRODUCTION permaking process. To recover the bonding ca- 

Swelling of fibers has been a common ap- 
proach to enhance the bonding of recycled 
pulp fibers. Recycled fibers, especially those 
of chemical pulp, lose their swelling ability 
and hence conformability. This phenomenon 
is termed fiber hornification. Fiber hornifica- 
tion is known to associate with fiber cell-wall 
collapse during fiber web consolidation (Katz 
et al. 1981). It is thought to result in the loss 
of fiber bonding capacity in the subsequent pa- 

pacity of recycled fibers, much emphasis has 
been placed on reversing the hornification pro- 
cess: restoring the swelling ability of the fi- 
bers. Swelling treatments are known to result 
in promoting internal stresses in the fiber cell 
wall, thereby breaking the hydrogen bonds be- 
tween the cellulose chains, re-exposing hy- 
droxyl groups, and allowing subsequent bond- 
ing in paper recycling (Katz et al. 198 1). 

Although alkaline swelling is the most com- 
mon treatment for recycled fibers, other un- 
conventional chemicals can possibly be useful 

I Current address: Advanced Engineered Wood Com- for mitigating fiber hornification. The alkaline 
posites Center, 5793 AEWC Building, University of 
Maine. Orono. ME 04469. treatments are commonly carried out in a so- 

t Member of SWST. dium hydroxide solution at a dosage of less 
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than 1.0% based on the oven-dry weight of 
fibers (Howard 1990). This minimal dosage 
leads to only a limited fiber swelling. A higher 
dosage, however, is restricted by alkaline deg- 
radation of cellulose, an undesirable effect that 
weakens the fibers. A possible alternative to 
promote swelling of recycled fibers is by using 
organic liquids. Some of the liquids that swell 
pulp fibers more than water are dimethyl sulf- 
oxide (DMSO), formamide, and ethylene gly- 
col (Mantanis et al. 1995). These liquids are 
comprised of small molecules (molar volumes 
< 100 cubic centimeters), and are high jn both 
hydrogen-bonding capacities and cohesive en- 
ergy density (CED). They do not disrupt the 
structure of cellulose crystalljnity (Mantanis et 
al. 1995), the highly ordered regions that pro- 
vide stiffness and strength to individual fibers. 

Besides the swelling-reduction attribute, the 
strength degradation of recycled paper may 
also be due to changes that occur on fiber sur- 
faces. McKenzie and Higgins (1 955) conclud- 
ed that interfiber bonding is affected mainly 
by the hydrogen-bonding capacity of the fiber 
surface, instead of the degree of swelling. 
They investigated the effects of hydroxyl sub- 
stitution, which was performed using the acet- 
ylation method, on two categories of parame- 
ters: (1 )  sheet thickness, which is related to 
the degree of fiber swelling (fibers that were 
swollen more would conform better to pro- 
duce a denser or thinner sheet of paper), and 
(2) rheological properties, i.e. tensile breaking 
load, extensibility, rupture energy, and 
Young's modulus, which are a manifestation 
of the extent of interfiber bonding. McKenzie 
and Higgins (1955) found that the response of 
sheet thickness to the hydroxyl availability 
was not similar to the rheological response. 
Therefore, they argued that the degree of fiber 
swelling was not a primary factor that influ- 
enced interfiber bonding; instead, the hydro- 
gen-bonding capacity, which varied with the 
degree of hydroxyl substitution (or availabili- 
ty), was the controlling factor. Surface phe- 
nomena may also play an important role in 
causing the strength degradation of recycled 
paper. Fiber surfaces require exposed hydroxyl 

groups to allow for hydrogen bonding. Surface 
wettability of fibers has been reported to de- 
crease (Klungness and Caulfield 1982) upon 
drying, the same phenomenon that causes fiber 
hornification. Conventional wisdom acknowl- 
edges that substrates that have a low wettabil- 
ity or surface free energy are generally not re- 
active in bonding. 

To improve the efficiency of mitigating fi- 
ber hornification, the relationships between 
swelling, hydroxyl availability, and surfac'e 
chemistry should be examined. Swelling has 
been related to the breakage of intrafiber 
bonds between the opposite inner cell walls 
within a fiber (Katz et al. 1981); the restored 
cell-wall flexibility increases bonded areas 
during the subsequent sheet formation. Hydra- 
gen-bonding sites, though only consumed as 
little as 0.5 to 2% for interfiber bonding (Corte 
et al. 1957), are so important that no other 
factors can restore the strength of the resulting 
paper once these bonding sites are lost (Rob- 
inson 1980). Surface-free energy, on the other 
hand, predicts how well a substrate will inter- 
act and bond with another substrate. There- 
fore, the interplay between swelling, hydroxyl 
availability, and surface chemistry needs to be 
understood better to effectively formulate 
treatment methods for recycled fibers. Such a 
possibility is difficult to realize by merely us- 
ing the bulk mechanical property data which 
do not directly reflect the mechanism of fiber 
treatments. 

Little information is available concerning 
the effects of swelling on the hydroxyl avail- 
ability and surface chemistry of recycled fi- 
bers. For lignocellulosics, most studies that 
evaluate such a relationship aimed at exam- 
ining the effect of initial surface chemistry cln 
final swelling-an objective opposite to the 
present study. For example, Nayer and Hoss- 
feld (1949) found that the degree of swellir~g 
is directly related to the intensity of hydrogen 
bonding between the constituents of wood artd 
the swelling agent. Another study discovered 
that the ultimate tangential swelling of wood 
in various organic liquids is independent of the 
specific wettability of the surfaces (Mantanis 
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and Young 1997). For cellulose fibers, the 
swelling study of Mantanis et al. (1995) ex- 
amined the relationship between ultimate 
swelling and the hydrogen bonding capability 
(and other physical properties) of the solvent. 

OBJECTIVES 

The objective of this research was to ex- 
amine how swelling treatments affect the hy- 
droxyl availability and surface chemistry of 
recycled fibers. This study also assessed the 
possible use of organic liquids in mitigating 
fiber hornitication. For reference purposes, it 
also investigated alkaline swelling, an indus- 
trial practice, although data interpretation is 
potentially complicated by alteration of chem- 
ical composition because of the fact that al- 
kaline solution extracts hemicelluloses from 
pulp fibers. 

MATERIALS AND METHODS 

Hardwood bleached kraft pulp was obtained 
from Mead Paper Co., Escanaba, Michigan. 
The pulp slurry was collected after the final 
washing stage of a chlorine-dioxide bleaching 
sequence. These pulps, consisting of mainly 
maple, birch, and beech wood fibers, had a 
residual lignin level of about 0.7 permanga- 
nate number. The collected pulp became the 
material source for this study. 

A pulp slurry containing 1.2 g oven-dry 
weight (0.d.w.) was adjusted to a consistency 
of 0.5%, i.e., 0.5 g 0.d.w. for every 100 ml of 
pulp slurry. The dispersed pulp was decanted 
from water using a funnel and an aspirator to 
produce fiber mats each of 15 cm in diameter. 
The fiber mats were dried in an oven at 105°C 
to 2% moisture content. The resulting paper 
was slushed at a consistency of 0.3% in a 
blender whose blade had been blunted. The 
pulp slurries were then thickened, using a cen- 
trifuge, to 30% consistency for further pro- 
cessing. 

Fiber swelling was carried out using form- 
amide, ethylene glycol, dimethyl sulfoxide 
(DMSO), aqueous sodium hydroxide (2% 
based on oven-dry weight of pulp), and con- 

TABLE 1. Some properties of'the solvetlts or organic liq- 
uids used for ,fiber swelling." 

Solubil~ty 
Solvent or nrpanlc l ~ q u ~ d  Molar volumc parameter" Hydrogen 

for tiher \welltng (cm') (Jlcm')" hond~np ~ n d e x  

Water 18.07 48.1 16.2 
Formamide 39.75 39.3 16.2 
Ethylene glycol 55.77 29.9 9.6 
Dimethyl sulf'oxide 71.29 26.6 5.0 

'Dat;, were adoplcd from Rodr~guet  (1982). parornctcr5 arc for 25°C. 
I (Jlcm")' = 0.489 H~ldchrand = 0.489 (callcm')' 

centrated sodium hydroxide solutions (12% 
based on the weight of water). Some proper- 
ties of these solvents or swelling liquids are 
presented in Table 1. Depending on the swell- 
ing media, water or organic liquid was added 
to the pulp slurries to attain a consistency of 
5% for the swelling experiment. The swelling 
treatments, adapted from Freeland and Hrut- 
fiord (1 994), were performed at ambient tem- 
perature for 2 h at a consistency of 5%. At the 
end of the treatment time, the residual caustic 
(in the case of alkaline swelling) was titrated 
to neutral pH with 50% hydrochloric acid. The 
salts of neutralization products (for alkaline 
swelling) or the residual organic liquids (for 
swelling in organic liquids) were removed 
from the pulp by washing in distilled water 
for five cycles at 3% consistency. 

The swelling degree of fibers was deter- 
mined according to TAPPl Useful Method 
UM 256 (TAPPI 1991). About one gram 
(oven-dry weight basis) of these fibers were 
decanted. These fibers were subsequently cen- 
trifuged for 30 min at a temperature of 21 ? 
3°C and an acceleration of 900 G. The swell- 
ing degree was expressed in water retention 
value (WRV), which is the weight of water (in 
grams) retained by one gram (0.d.w.) of the 
swollen pulp after centrifuging. 

Surface analysis was carried out on fibers 
that were freeze-dried after the swelling treat- 
ments. The analysis was conducted using a 
CAHN model DCA-322 Dynamic Contact 
Angle Analyzer. This analysis, as described by 
Liu et al. (1994), involved immersing single 
fibers at a rate 12 pmls into different probe 
liquids: methylene iodide, ethylene glycol, 
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T A B L ~  2. W u t ~ r  rete~ztr~n V C I I U ~ S  and hjdroxyl numbers of swollen I~ardwood jibers. 
- 

F ~ h r r  lh~\torv Swcl l~ne  agent Water retcntlon valued Hvdroxyl numberh 

Virgin 
Recycled 
Recycled 
Recycled 
Recycled 
Recycled 
Recycled 

Water 
12% NaOH 
Formamide 
Dimethyl sulfoxide 
2 8  NaOH 
Ethylene glycol 
Water 

.' A\crape w,uer rrtenllon \slur\ (wbth st;indard error, in parmthcsc\) that are dcs~gnated the samc alphabet are not different from onc another m ind~cated 
hy Tukcq tc\t 

" V.,lur\ are abcragc hydroxyl numhcrs with \t;ind;lrd error\ ~n p;irenthese\ 

formamide, and water, all of which meet the 
American Chemical Society (A.C.S.) grade of 
over 99% purity. The force exerted on the fi- 
bers was recorded using a microbalance so 
that contact angles can be calculated using the 
Wilhelmy equation (Wilhelmy 1863) as de- 
scribed by Hodgson and Berg (1988). The re- 
sulting contact angle data were used to cal- 
culate various components of surface-free en- 
ergy as performed by Gardner et al. (1999) 
based on the Good-van Oss-Chaudhury 
(GvOC) model (van Oss et al. 1988) and the 
Chang model (Qin and Chang 1995). These 
independent models express the surface-free 
energy, a material property of a solid, as a sum 
of the physical (dispersion) and chemical (po- 
lar or acid-base) interactions. In the GvOC 
model, the chemical component is further bro- 
ken up into Lewis acidic (electron accepting) 
and basic (electron donating) characteristics. 

The hydroxyl number determination was 
performed on freeze-dried fibers that were fur- 
ther dried in an oven at 60°C to insure com- 
plete moisture removal. Dry fibers of 2.5 g 
were analyzed according to Method A of the 
ASTM D4274-94 Standard (ASTM 1996). 
The standard method, primarily used for de- 

liquid was required to ensure that the fiber 
samples had an even chemical coverage. The 
acetylation reaction was carried out at 98 ? 
2°C for two hours after which the amount of 
hydroxyl groups reacted were quantified from 
the concentration of acetic acid, a side product 
of the reaction. The hydroxyl groups available 
for acetyl substitution were quantified in terrns 
of hydroxyl number, which is expressed in 
milligram of KOH per gram of sample. For 
example, a hydroxyl number of 200 would 
mean for every gram (0.d.w.) of fiber sample, 
the hydroxyl groups available is as much as 
the amount of hydroxyl groups contained in 
200 mg of potassium hydroxide. 

Statistical analyses were carried out on the 
swelling, surface-energetic, and hydroxyl data. 
The Tukey test was used to determine the 
rankings of the swelling degrees (WRV) of fi- 
bers treated with different liquids. The t-tests 
were performed to compare the hydroxyl num- 
bers between two fiber samples that were 
swollen differently. Regression analyses were 
carried out to quantify the relationships be- 
tween surface-free energy components and the 
fiber swelling ability. 

termining hydroxyl contents of polyols in the RESULTS AND DISCUSSION 
formulation of polyurethane systems, was 
adopted with a slight modification: instead of Swelling of' recycled $fibers by  chemical 

the specified 20 ml, 50 ml of the acetylation treatments 

reagent (a solution of acetic anhydride in pyr- The swelling powers of the different liqu~~ds 
idine) was used. The modification was made were statistically analyzed and are categorin.ed 
because the bulky, unbonded freeze-dried fi- in Table 2. The results show that all the liqui~ds 
bers absorbed liquid reagent to a considerable swelled recycled pulp fibers to an apprecialde 
extent, and hence a sufficient quantity of the extent, resulting in water retention values that 
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were 23-72% higher than the untreated, water- 
swollen recycled fibers (WRV 1.10). 

Recycled pulp fibers had water retention 
values approaching that of the virgin fibers 
(WRV 1.9 for both fibers) if the hornified fi- 
bers were swollen in a concentrated alkaline 
solution of 12%. A concentration of 12% 
NaOH is the marginal alkaline strength for de- 
crystallizing cellulose, the major component 
i n  bleached kraft fibers. Decrystallization 
modifies the native cellulose into sodium cel- 
lulose (Fengel and Wegener 1984). In this so- 
dium-cellulose lattice, relatively large distanc- 
es occur between the cellulose molecules, and 
the interspaces are large enough to allow water 
molecules to penetrate and stay trapped (Fen- 
gel and Wegener 1984). Therefore, the water 
retention value was high, approaching that of 
virgin fibers. Although excessive alkali will 
adversely degrade cellulose and dissolve 
hemicelluloses, findings of this experiment 
demonstrate an extreme case where swelling 
ability of hornified fibers is restored to that of 
virgin fibers through intracrystalline swelling 
by disrupting the crystalline structure of cel- 
lulose. 

Table 2 also indicates that formamide was 
the best swelling agent among the organic liq- 
uids used in the study. This swelling liquid 
resulted in a water retention value of 1.56, a 
42%-increase compared to the WRV of the 
control (hornified) fibers. Formamide also 
swelled recycled fibers better than the conven- 
tional diluted alkaline solution, which only in- 
creased the WRV of the hornified fibers by 
27%. Notable is the moderate swelling power 
of DMSO (WRV 1.42), which was found ear- 
lier to be a better swelling agent than form- 
amide and ethylene glycol on spruce kraft fi- 
bers (Mantanis et al. 1995). However, in that 
study, the fibers were oven-dried before swell- 
ing treatments, and the swollen fibers were un- 
rinsed when analyzed for swelling, hence 
yielding the centrifuged retention values of the 
organic liquid instead of water. 

The better swelling capacity of formamide 
can be attributed to the greater compatibility 
between the organic liquid and water. Because 

swelling was carried out under aqueous con- 
ditions, the existing water in the fibers should 
be displaced before the organic liquids can 
penetrate the fibers to cause swelling (Stamm 
1964). To displace water, the organic liquids 
should be compatible with water. This com- 
patibility is expressed by how close the solu- 
bility parameters (square root of CED) are be- 
tween the two liquids (Rodriguez 1982). Com- 
pared to the other two organic liquids, form- 
amide has a solubility parameter that is closest 
to water (Table 1). indicating a larger affinity 
to water. Formamide, therefore, should dis- 
place water more efficiently than DMSO or 
ethylene glycol. As more organic liquid mol- 
ecules enter the fibers, the work required to 
displace water molecules becomes so large 
that it is easier to swell the fiber rather than 
displace the water (Stamm 1964). Therefore, 
an additional swelling occurs, making the fi- 
bers swell more than the original swelling in 
water. The additional swelling depends on the 
efficiency of the water displacement, thereby 
making formamide a better swelling liquid 
than DMSO or ethylene glycol under aqueous 
conditions. 

The attribute of waterlliquid compatibility 
to the effectiveness of swelling liquids can 
possibly be complicated by other properties 
such as liquid polarity. Compared to DMSO 
(Table l), ethylene glycol has a slightly larger 
solubility parameter, a considerably smaller 
molecular size (molar volume), and twice as 
large hydrogen-bonding index, all of which in- 
dicate a favorable attribute for swelling cel- 
lulose fibers. However, ethylene glycol 
swelled fibers only as much as DMSO. Rob- 
ertson (1964) commented that the effective- 
ness of a liquid to swell cellulose fibers is de- 
pendent on a number of liquid properties 
(some of which are listed in Table I) ,  but the 
swelling power cannot be assessed by using 
just one or two parameters. The hydrogen- 
bonding capacity of swelling liquids has been 
summarized as the most important factor in 
the fiber swelling process (Mantanis et al. 
1995). We postulated that once this prerequi- 
site is met, as in the case of this study where 
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DMSO 
1 626 

1493 
Formamide /-- 

Ethylene glycol 
1.265 

Std err of Y est. = 0.101 

Dipole moment (Debye) I 
- -  - 

FIG. 1. The relationship between the swelling ability 
of fibers and the polarity ofthe swelling liquid. Note: The 
liquid retention values (LRV) were for spruce kraft pulp 
fibers reported by Mantanis et al. (1995); data distribution 
of the swelling replicates was not known; data reproduc- 
ibility of the LRV measurement, as reported, was within 
5%. The values for dipole moment are 1.85 D (water), 
2.28 D (EG), 3.37 D (FA), and 3.96 D (DMSO). The 
dipole moment for EG was obtained from Katagiri and 
Maekawa (1991); all other values were obtained from 
Anon. (1 997). 

high hydrogen-bonding solvents were used, 
the polarity of the solvent comes into play. 
Liquid polarity is important because a more 
negatively polarized atom of the solvent mol- 
ecules (such as oxygen in formamide and 
DMSO) orients the solvent to form hydrogen 
bonding much more readily with positively 
polarized OH hydrogen of the cellulose. Our 
argument is strengthened by Fig. 1, which 
demonstrates a close correlation of dipole mo- 
ment, a measure of liquid polarity, with the 
liquid retention values of spruce kraft pulp fi- 
bers reported by Mantanis et al. 1995. Because 
Mantanis et al. (1995) used moisture-free fi- 
bers for their swelling study and wet fibers 

TABLE 3. Some comparisons of' hydroxyl numbers." 

were used here, it is further postulated that 
once water is present in organic swelling, the 
role of liquid polarity in swelling is compli- 
cated by the liquidlwater compatibility. Sinn- 
ply stated, ethylene glycol has a higher solu- 
bility parameter (as well as a smaller molec- 
ular size) but DMSO has a higher liquid po- 
larity; the respective favorable features of 
ethylene glycol and DMSO possibly resulted 
in a similar swelling power for both liquids. 

Eflec~ of swelling on the hydroxyl number:? 
of recycled ,fibers 

The hydroxyl numbers of swollen fibers 
were determined by acetylation using acetic 
anhydride with pyridine as the solvent. Pyri- 
dine has been found to swell cellulose 
(McKenzie and Higgins 1955), hence possibly 
inducing an unintended increase of hydroxyl 
sites. However, the results can still serve as a 
relative measure of how easily pyridine pen- 
etrates the swollen structure of differently 
treated fibers to allow hydroxyl substitution by 
acetyl groups. Therefore, the hydroxyl nurn- 
bers discussed in this study are a relative in- 
dicator of hydroxyl availability but not a true 
measure of hydroxyl contents. 

The hydroxyl numbers of the swollen fibers 
are also presented in Table 2. Several useful 
comparisons were selected to assess the rela- 
tionship between swelling and hydrogen- 
bonding site availability. The first comparison 
aims at elucidating the influence of fiber treat- 
ment history on hydroxyl number (Table 3). 
Virgin pulp fibers have a higher hydroxyl 
availability than recycled fibers (hydroxyl 
numbers 261 versus 177). Virgin fibers in the 

Mean 
d~ffer- 

F ~ b e r  hlstory Swelllng agent ence P-valueh Remark 

Virgin versus recycled Water 84 0.02 Significantly different 
Recycled Water versus 2% NaOH 24 0.09 Significantly different 
Recycled Water versus 12% NaOH 20 0.21 Not significantly different 
Virgin versus recycled Water (virgin) versus 12% NaOH (recycled) 104 0.04 Significantly different 

, ' A  eornparlwn y ~ c l d s  a ~ ~ g n ~ t i c a r ~ t  d~fference when the P-value IS not larger than 10'h. 
P-value represents the prohahility of h e ~ n g  wrong In conclud~ng that there 1s a significant difference between two mean\. 
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swollen state, as represented by freeze-dried 
fibers, have many hydrogen-bonding sites. In 
pulp slurries, most hydrogen bonding occurs 
with water. When the fibers are dried during 
papermaking, not only interfiber bonding oc- 
curs but the structural units of the cellulose 
fibers also are hydrogen-bonded to one anoth- 
er to form intrafiber bonding. These intrafiber 
bonds cannot be completely broken upon re- 
cycling (Atalla 1992). Therefore, the hydro- 
gen-bonding sites in recycled fibers are de- 
creased. 

The second comparison verifies the basis of 
dilute alkaline treatments in increasing the hy- 
droxyl availability of the fibers (Table 3). The 
hydroxyl number of 2% NaOH-swollen recy- 
cled fibers was 14% higher than that of water- 
swollen recycled fibers (201 versus 177). Hy- 
droxyl ions from the NaOH solution hydrolyze 
hemicelluloses to yield acidic groups that 
cause water uptake in the interior of the fibers 
(Katz et al. 1981). The penetrating water mol- 
ecules break the intrafiber bonds and form hy- 
drogen bonds with the hydroxyl sites. When 
the fibers are freeze-dried, many of the bond- 
ing sites will remain exposed after the removal 
of water molecules. These exposed bonding 
sites react with the acetylation reagent to allow 
detection of available hydroxyl groups, hence 
yielding a higher hydroxyl number. Likewise, 
the exposed hydroxyl groups, if in a normal 
recycling process, would provide additional 
bonding sites for enhanced fiber bonding. 

The next two comparisons indicate that ex- 
cessive alkali did not contribute to the incre- 
ment of hydroxyl availability. As discussed 
earlier, a concentrated solution of 12% NaOH 
was able to swell recycled fibers to a large 
extent, but comparison 3 (Table 3) shows that 
the hydroxyl numbers (157) of the mercerized 
fibers were not significantly greater than the 
untreated recycled fibers (hydroxyl numbers 
177). A related argument is depicted by the 
final comparison in Table 3: the degraded hy- 
droxyl availability could not be restored even 
though recycled fibers could be swollen as 
much as virgin fibers. Indeed, mercerized fi- 
bers swelled as much as virgin fibers (WRV 

1.90), but their hydroxyl numbers were 40% 
smaller than that of virgin fibers ( 157 versus 
261). The results of these comparisons, ac- 
companied by the detrimental effects of strong 
alkaline solution in degrading cellulose and 
dissolving hemicelluloses (Fengel and Wege- 
ner 1984), once again confirm that concen- 
trated alkaline solutions should not be used for 
remedying fiber hornification. 

The observation of a low hydroxyl number 
in the 12% NaOH-treated fibers can be attrib- 
uted to several phenomena. The first of these 
is the dissolution of xylans and glucomannans, 
the two components of hardwood hemicellu- 
loses. The dissolution of hemicelluloses in 
strong alkaline solution is commonly known 
and has been utilized to obtain samples of high 
cellulose content from holocellulose (Fengel 
and Wegener 1984). If we can assume that 
bleached kraft pulp fibers consist of mainly 
holocellulose, a collective term for cellulose 
and hemicelluloses, their reaction with sodium 
hydroxide can be simplified as illustrated in 
Fig. 2. The backbones of the hemicellulose 
components are comprised of pyranose sugar 
chains that contain hydroxyl molecules (Fen- 
gel and Wegener 1984). The depletion of 
hemicelluloses of the pulp fibers, therefore, re- 
sulted in the loss of hydroxyl availability. 

Another attribute to the depleting hydroxyl 
availability is possibly the transformation of 
OH groups to ONa groups as a result of mer- 
cerization. Kim et al. (1993) discovered that 
cellulose I (natural cellulose fibers), after treat- 
ed with 3.5 M NaOH for 2 h, was transformed 
into different lattices, depending on the tem- 
perature of the water used for post-treatment 
washing. For washing at 20°C, as done in the 
present study, the sodium-cellulose I formed 
after alkaline reaction was hydrated to sodi- 
um-cellulose IV, with some cellulose I and cel- 
lulose I1 coexisting in the washed sample. Kim 
et al. (1993) also reported that washed fiber 
samples had all their sodium-cellulose I con- 
verted to sodium-cellulose IV at very low tem- 
perature (0°C). Therefore, fibers washed at 
20°C with subsequent freeze drying may also 
contain a significant amount of sodium-cellu- 
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isolation 

process: 

No alkali; Mercerizing 

start of process Increasing alkali concentration concentration 

I I Holocellulose 

I I + cellulose) 

Wood 

component: 

group: 

(xylan Glucomannan Sodium- 

+ glucomannan 
II) 

+ cellulose 
+ 

cellulose 

2% NaOH is somewhat in the 

early stage of this transition 12% NaOH 

I this study: I 
FK;. 2. A simplified pathway for the formation of insoluble products during alkaline treatment of hardwood fibers. 

lose IV. In sodium-cellulose lattices, the OH 
groups of the cellulose molecules are trans- 
formed to ONa groups (Fengel and Wegener 
1984). This transformation results in a lower 
hydroxyl accessibility for acetylation, thereby 
yielding a low hydroxyl number even though 
the recycled fibers were swollen as much as 
virgin fibers in water. 

In short, the comparisons involving concen- 
trated alkaline solutions suggest that the ef- 
fects of exposing hydroxyl sites in the opening 
up of crystalline structure are perturbed by the 
loss of hemicelluloses and the transformation 
of the increased hydroxyl sites to ONa groups. 
Investigating mercerized fibers, though prob- 
lematic as it is, helps in elucidating the pitfalls 
of overemphasizing swelling in remedying fi- 

ber hornification. On the other hand, the com- 
parisons involving fiber drying and re-swell- 
ing in dilute alkaline solution indicate that hy- 
droxyl numbers reflect the physical occurrence 
of hornification and its reversal. This indical- 
tion further suggests that hydroxyl numbers 
can be used to reflect the relative hydroxyl 
group availability in recycled fibers. Once the 
validity of the hydroxyl number is established, 
further discussions can be made regarding the 
hydroxyl availability and surface chemistry of 
the swollen fiber samples. 

Effect of swelling on the sur$ace-free energy 
rf recycled jibers 

To explore the possible effect of swelling 
treatments on surface chemistry, the surface- 
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TABLE 4. Average urztl stundurd errors (in purmtheses) r$ the contuct angles ,formed at jiber/liyuid interfiuce. 

F~her Swelling agnlt Methylene iodide 

Contact-angle probc Itquid 

Ethylene glyctd Formam~de Water 

Virgin Water 54.9 (1.3) 
Recycled Water 53.0 (0.9) 
Recycled 2% NaOH 34.9 (2.2) 
Recycled 12% NaOH 5 1.4 (3.5) 
Recycled Dimethyl sulfoxide 53.2 (0.9) 
Recycled For~namide 42.1 (2.1) 

free energy of recycled fibers was determined 
from the contact angles (Table 4) formed with 
a series of probe liquids. In the endeavor to 
evaluate whether and how surface chemistry 
was altered by swelling treatments, fibers 
treated with ethylene glycol (EG) were not an- 
alyzed for surface-free energy. This omission 
was made to avoid redundancy because the 
EG-swollen fibers exhibited water retention 
values and hydroxyl numbers that were com- 
parable to those of NaOH-treated fibers (Table 
2). 

The total surface-free energy of recycled fi- 
bers was increased by all swelling treatments. 
This total free energy, whether calculated us- 
ing the GvOC or Chang model, was linearly 
related to the degree of swelling (Fig. 3). In 
both calculations, an outlier was observed for 
the fibers treated with 12% NaOH. This ex- 

- 
" 50 
E - Formam~de 

12% NaOH $ 40 

$ 35 GvOC's model 
Y = 1 0 0 4 X + 3 0 4 5  

30 R-square = 0  96 

4 20 

1  1 2  1 4  1 6  1 8  2  1 
Water retention value (g waterlg f~bers) I 

Flc, 3 'The relnt~onsh~p between the total surface free 
energy ot \wollen fibers and the extent to whlch the re- 
cycled hbers wcre \wollen Note Error bar? ~ndlcate the 
stnndard error\ ot the respective treatment means Regres- 
\ion analys~s doe\ not Include data polnt for 12% NaOH 

ception indicates that the increase in total sur- 
face-free energy is associated with the inter- 
crystalline swelling of cellulose fibers; the in- 
tracrystalline swelling, which occurred in fi- 
bers treated with 12% NaOH, is accompanied 
by a different incremental behavior of total 
surface-free energy. This behavior is analo- 
gous to the findings of Thode and Guide 
(1959) where amines, which are known to 
penetrate the crystalline regions of cellulose, 
did not follow the linear relationship that other 
organic liquids exhibited when their solubility 
parameters were correlated to the resulting 
volumetric swelling of cellulose fibers. Nev- 
ertheless, the present study suggests that 
swelling treatments result in higher surface en- 
ergetics to provide a more reactive surface for 
fiber bonding. 

The postulation that fiber surface chemistry 
changes favorably during swelling treatments 
is further strengthened by the data depicted in 
Fig. 4, which shows a lower water contact an- 
gle for fibers that are swollen to a greater ex- 
tent. Because swelling treatments were found 
to increase the affinity of fibers to water (low- 
er contact angles), more hydroxyl groups of 
the swollen fibers are expected to orient to- 
ward water. This tendency of hydroxyl group 
orientation suggests that more hydroxyl 
groups should be available for fiber bonding 
once the interfiber water is removed in the 
drying process. Swelling treatments improve 
the surface chemistry of recycled fibers and 
the effect should be favorable for fiber bond- 
ing. An additional point to note is the outlying 
data point of mercerized fibers in Fig. 4; this 
observation is also noted in Fig. 3, hence sug- 
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R-square = 0.90 

2% NaOH 

orrnamide 

20 ~ 1 1  
1 2  1 4  1 6  1 6  2 

~ Water retention value (g waterlg fibers) 
- ---- 1 

Water / 

R-square = 0.89 1 
Std err of Y est. = 3 66 

20 1 I 
1 1 2  1.4 1.6 1 8  2 

Water retention value (g waterlg fibers) 

FIG. 4. The relationship between the surface wettabil- FIG. 5. The relationship between the basic character 
ity of swollen fibers and the extent to which the recycled of swollen fibers and the extent to which the recycledl 
fibers were swollen. Note: Error bars indicate the standard fibers were swollen. Note: Error bars indicate the standard 
errors of the respective treatment means. Regression anal- errors of the respective treatment means. 
ysis does not include data point for 12% NaOH. 

gestjng the consistency of the experimental re- 
sults. 

The basic (electron donating) character of 
the swollen fibers was closely related to the 
degree of swelling. Figure 5 shows the basic 
parameters of the fibers swollen to different 
degrees. Regardless of the swelling agent 
used, the basic parameter increased as fiber 
swelling increased until it exceeded the water 
retention value of about 1.7. The limiting fac- 
tor for the basicity increase, is therefore, most 
likely the intracrystalline swelling. If this in- 
ference is true, a water retention value of 1.7 
is the maximum amount that the recycled pulp 
fibers can be swollen without disrupting the 
crystalline structure of the cellulose. Although 
the surface basicity was observed to be related 
to fiber swelling, no specific pattern was ob- 
served for the correlation between acidic pa- 
rameters and water retention values. 

Relationship between suguce chemistry and 
hydroxyl availubil i~ 

To allow the optimization of both surface- 
free energy and hydroxyl availability in en- 
hancing fiber bonding, the relationship be- 
tween these two parameters needs to be eval- 
uated. Figure 6 presents the relationship be- 
tween polar surface-free energy and hydroxyl 
numbers. To demonstrate the independence of 

fiber history or hornification level, the data for 
virgin fibers are also included in the plot. Fig-. 
ure 6 indicates that as the hydroxyl number 
increases, the polar surface-free energy also 
increases regardless of chemical treatment. 
This observation can be explained by the high- 
ly electronegativity of oxygen atom in holo-- 
cellulose hydroxyl molecules; the oxygen at.- 
oms contain lone-paired electrons having no 
attached atoms to neutralize the negative 
charges. Fibers treated with 2% and 12%~ 
NaOH, however, did not follow the correlation 

0 1- 
150 175 200 225 250 275 300 

Hydroxyl number (mg KOHIg fiber) 

- 
E 
5 - E 7.0 
>. 

15 
0 
a 
2 - 
a 10 

$ 5 5 - 
0 P 

FIG. 6. The relationship between the surface polarity 
and hydroxyl availability of swollen fibers. Note: Error 

12% NaOH 
-w fl E:: fibers), 

Water Y = 0.053 X + 7 2 
2% NaOH R-square = 0 92 

Std err of Y est. = 0 66 

Chang's model (not plotted here) 
Y=O.O46X+ 11.76 
R-square = 0.79 
Std err of Y est. = 1.00 1 

bars indicate the standard errors of the respective treal- 
ment means. Regression analysis does not include data 
points for NaOH. 
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125 150 175 200 225 250 275 300 1 
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I 

FIG 7 The relat~onsh~p between the ac~d-base work 
of adhe\~on tor tormamldelfibe~ ~ntertace and the hydrox- 
yl ava~ lab~ l~ ty  of swollen fiber\ Note Error bars ~ndlcate 
the standard error\ of the respective treatment means Re- 
gresslon andly\~s does not Include data point\ for NaOH 

trend. These outliers were commonly ob- 
served when the polar surface-free energy was 
calculated using both the GvOC and Chang 
model. 

To confirm the anomalous behavior of al- 
kaline-treated fibers, an attempt was made to 
indicate surface polarity without using the sur- 
face-free energy models. This involved cal- 
culating the acid-base contribution to the work 
of adhesion for the fiberlliquid interface using 
the contact angle and the total surface tension 
of a non-polar liquid and a polar liquid as de- 
scribed by Berg (1993). Because bleached 
kraft pulp fibers have been reported to have 
more acidic than basic functional groups (Ja- 
cob and Berg 1993), formamide, a basic probe 
liquid, was chosen for determination of the 
work of adhesion (W,). This work of adhesion 
was then subtracted from the work of adhesion 
between fibers and methylene iodide, a non- 
polar liquid. The resulting acid-base work of 
adhesion (WAAB), when correlated to the hy- 
droxyl numbers, showed similar patterns as 
discussed in the previous paragraph: a linear 
relationship with outlying data points corre- 
sponding to the alkaline-treated fibers (Fig. 7). 

Assuming that 2% NaOH treatment was 
able to dissolve some xylans that contain polar 
functional groups such as acetyl (-OCH,) and 

carboxyl (-COO) groups (Fig. 2), the treat- 
ment is expected to result in a lower polarity 
of the insoluble reaction products (the swollen 
fibers). Although alkaline treatments disrupt 
the hydrogen bonds of holocellulose (fiber) 
units through swelling, and the free OH 
groups should increase the polarity of the 
treated fibers, such a slight increase (from hy- 
droxyl number 177 to 201) may not be suffi- 
cient to compensate for the loss of polar func- 
tional groups resulting from alkaline degra- 
dation. This postulation possibly explains why 
the 2% NaOH treatment reduced the polarity 
of the fiber surfaces, although the treated fi- 
bers had increased hydroxyl sites. The loss of 
polar functional sites such as acetyl and car- 
boxyl groups, though led to the decrease in 
fiber surface polarity, was not accounted for 
in hydroxyl number determination. As a con- 
sequence, the 2% NaOH-treated fibers had a 
polar surface-free energy that was lower than 
predicted at a given hydroxyl number. There- 
fore, an outlying data point exists below the 
correlation trend in Fig. 6. 

On the other hand, fibers treated with 12% 
NaOH behave towards the other extreme be- 
cause their polar surface-free energy was 
found to be higher than the untreated fibers 
(Fig. 6). This different behavior can possibly 
be attributed to the formation of cellulose- 
ONa during intracrystalline swelling as ex- 
plained earlier. Oxygen-containing functional 
groups, such as ONa, contribute to polarity of 
the fiber surfaces (Liu et al. 1998). Although 
the hydroxyl availability is low in the 12% 
NaOH-treated fibers, it is only because the in- 
creased hydroxyl sites formed ONa complexes 
upon mercerization. Although mercerized fi- 
bers had fewer OH groups, these fibers had 
more polar sites (summative of OH and ONa 
groups) compared to the untreated fibers. 
These abundant polar sites also rendered the 
fiber surfaces more polar than fibers that de- 
pended on intercrystalline swelling to increase 
their free hydroxyl groups. Therefore, a rela- 
tively higher polar surface-free energy was ob- 
served in the 12% NaOH-treated fibers al- 
though the hydroxyl groups were not abun- 
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dant, giving a data point above the correlation 
trend (Fig. 6). 

No specific correlation was obtained be- 
tween either the acidic or basic parameter and 
the hydroxyl number. This observation did not 
agree with the molecule structure of a hydrox- 
yl group that contains a proton-donating hy- 
drogen atom (Lewis acid) and a lone-paired 
oxygen atoms (Lewis base); such a structure 
should exhibit a close relationship with Lewis 
acid-base. The lack of correlation can be ex- 
plained by (1) the unselective detection of 
electron accepting or donating sites of func- 
tional groups other than the hydroxyl groups 
or (2) the possible flaw of the GvOC model 
in defining acid-base parameters (Berg 1993), 
causing the parameters to not relate to hy- 
droxyl availability on a one-to-one basis. Fur- 
ther details for the second explanation were 
discussed in Tze and Gardner (2001). 

From the relationship between surface 
chemistry and hydroxyl availability, several 
postulations can be made for further verifica- 
tion in future studies. These postulations are: 
(1) In the alkaline treatment of recycled fibers, 
the effects of re-exposing hydrogen bonding 
sites (e.g., the increased conformability during 
sheet formation) plays a more important role 
than surface polarity in improving the strength 
properties of recycled paper. (2) In treatments 
with organic liquids, where no chemical 
changes occur, the increase of polar surface 
free energy possibly further enhances the fa- 
vorable effects of increased hydroxyl sites for 
improving recycled-paper strength. 

CONCLUSIONS 

This paper examined the swelling ability, 
hydroxyl availability, and surface chemistry of 
recycled fibers that were treated with alkaline 
solutions or organic liquids. Swelling was 
found to increase the hydroxyl availability of 
the fibers, except for those treated with 12% 
NaOH, which presumably caused the disso- 
lution of hemicelluloses and formation of ONa 
groups i n  many hydroxyl sites of the cellulose. 
With the exception of mercerized fibers, swell- 

ing also increased the water wettability and 
total surface free energy of the fibers regarcl- 
less of what swelling agents were used. Fibers 
swollen in organic liquids have polar surface- 
free energies that increased with an increase 
of hydroxyl numbers. Such a relationship wals 
obscured for the alkaline treatments which 
presumably altered the chemical structure of 
the fibers. 

Future studies should evaluate the strength 
properties of paper made of fibers swollen 
with organic liquids such as formamide, which 
is a stronger swelling agent than the 2% 
NaOH solution. In parallel to such an effort, 
the concentration of formamide in pulp slur- 
ries should be optimized bearing in mind that 
a large amount of formamide ($1.96/kg; Anon. 
2000) was used in this study to dilute a 30% 
pulp consistency to 5%. The cost efficiency 
currently favors swelling with sodium hydrox- 
ide ($3.75kg; Anon. 2000) whose dosage, as 
little as 1-2% of the fiber content, is minimztl 
in 5% pulp consistency. 
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