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ABSTRACT 
 
Drying of unbleached kraft pulp in the laboratory revealed two main stages in its 
response to increasing temperature of drying.  The first stage was characterized 
by significant decreases in water retention value, capacity to adsorb a cationic 
polymer, dry strength, and apparent density of handsheets formed after re-
slurrying the pulp with no additional treatment.  These changes, which were 
independent of the drying temperature, were attributed to the action of capillary 
forces in the closure of micro-pores in the cell wall during the initial drying.  The 
second stage was characterized by further significant decreases in all of the 
same parameters when drying temperatures became as high as 150 to 175 oC.  
In addition, high-temperature drying also resulted in a loss of molecular mass of 
the cellulose, as revealed by viscosity tests.  Surprisingly, neither cellulose 
molecular mass nor water retention was affected to a significant extent by the 
value of pH prior to drying, within a range of 3 to 8.  The results suggest that 
whereas some irreversible changes in fiber properties are unavoidable during 
conventional papermaking practices, further losses in the bonding ability of 
unbleached kraft fibers can be caused by over-drying. 
 
 
KEYWORDS 
 
Recycling, Hornification, Drying, Dry strength, Unbleached kraft, pH, 
Compression strength, Cellulose viscosity, Water retention 
 
 
INTRODUCTION 
 
Unbleached softwood kraft fiber is among the most widely used natural materials 
for packaging, most notably in linerboard for corrugated boxes.  In 2001 the world 
production rate of containerboard was about 90 billion tons [1], which was about 
28% of the total world production of all paper products.  Unbleached kraft pulp is 
the main component of most of this production.  Another remarkable statistic is 
the recycling rate; approximately 70% of the fiber content of corrugated 
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containers made in the U.S. currently becomes recycled, primarily for the 
production of recycled linerboard and corrugating medium [2,3].    
 
The goal of the present work is to quantify some factors causing the properties of 
unbleached softwood kraft pulp fibers to differ from those of the never-dried 
unbleached kraft pulp (UBK).  This type of fiber is a major component of old 
corrugated container (OCC).  OCC also can contain hardwood kraft and neutral 
sulfite semichemical fibers and various recycled fibers.  A limited amount of 
parallel work related to bleached softwood kraft pulp is also included, for 
comparison.   
 
Many previous studies have demonstrated a significant loss of paper strength 
when one compares recycled kraft fibers to never-dried kraft or sulfite fibers 
under matched conditions of paper forming [4-18].  In industrial practice some of 
the difference between OCC and UBK can be attributed to contamination.  For 
example, the OCC may contain mineral fillers from white-top grades, and these 
fillers will tend to decrease bonding strength between the fibers.  Also, the 
relatively long softwood fibers in conventional linerboard stock become “diluted” 
by the shorter, high-yield hardwood kraft fibers, which are often the main 
component of primary corrugated medium.  However, it also has been shown 
that a significant contribution to the loss of bonding strength between fibers in 
recycled linerboard is due to the drying of the fibers during the initial and possible 
later cycles production [5,10,14-16,18-19].   
 
Conditions of drying also can affect the degree of polymerization of bleached 
kraft fibers [20-22].  Since typical unbleached kraft fibers start with a higher 
degree of polymerization, compared to typical bleached kraft fibers, it is of 
interest to know whether they are susceptible to the same kind of changes under 
conditions corresponding to the drying of paperboard.  Though it is not known to 
what extent the molecular mass of cellulose relates to paper strength properties, 
it is reasonable to expect that breakdown of the molecular structure of the fibers 
impacts their performance, either in terms of paper recycling or a source of 
feedstock for bleached kraft pulp manufacture [23]. 
 
Previous investigators have proposed a series of physical changes that may 
occur when kraft fibers are dried by heating [11,18,24].  Partly irreversible closure 
of pore spaces within the cell wall of fibers appears to take place relatively early 
in the drying process, as the paper is dried from about 45 or 50% solids (after 
pressing) to about 60% solids [4,11,24-26].   Results of solute-exclusion tests 
have been interpreted as showing that the pore spaces involved in the 
irreversible closing process are of intermediate size, possibly in the range of 5-20 
nm [4,27].  Recently it has been suggested that such estimates of pore size need 
to be revised upwards due to a neglect of consideration of osmotic pressure 
effects and excluded volume effects in the original studies [28].  It also has been 
proposed that further shrinkage of fibers, not associated with observable pores, 
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occurs nearer to the end of the drying process as the last remaining water is 
evaporated [24]. 
 
Some key properties to consider when characterizing pulp slurries with respect to 
their ability to form inter-fiber bonds are their fiber length, degree of swelling in 
water, effective surface area in the wet state, and their flexibility.  A recent report 
showed significant changes in fiber flexibility upon drying a sample of the same 
unbleached softwood kraft pulp considered in the present work [29].  The wet 
flexibility of never-dried fibers was found to depend on such factors as water 
hardness, ionic strength (sodium sulfate), and pH.  Drying and rewetting of those 
fibers to approximately 5% moisture at 105 oC, followed by redispersal in water, 
resulted in a significant loss of wet flexibility.   
 
The water retention value (WRV) test has been widely used to estimate the water 
content of the cell walls of fibers [30-32].  A wet mat of fibers is placed upon a 
porous glass disc within a centrifuge tube and then accelerated under standard 
conditions such as 900 g [30] or 3000 g [33-35].  Though this method provides no 
detail regarding the size or size distribution of pores in the fibers, the tests are 
relatively simple and quick.  One of the main uncertainties in interpretation of 
WRV results is the possible contribution of a film of water associated with the 
external surfaces of the fibers [34-35], a contribution which may depend on the 
amounts of pulp used in replicate tests [36].  It has been proposed that 
polyelectrolytes retained in the paper also can influence the amount of surface 
water on the fibers [34,37].  These uncertainties were minimized in the present 
study, which involved a relatively low level of refining, a relatively low fines 
content, and no polymeric additives. 
 
As shown by some previous work [38-39], relative differences in the externally 
accessible surface area per unit mass of fiber can be evaluated by means of 
polyelectrolyte titrations.  To run this type of analysis one adds a known excess 
of cationic polyelectrolyte to the pulp, mixes it well for a defined time period, 
separates the solid phase from the filtrate, and then evaluates the filtrate for 
residual cationic polymer.  Some prerequisites to be able to apply this type of test 
effectively include (a) the pulp must have been sufficiently washed to remove 
most of the colloidal material, (b) the salt content should be relatively low, and (c) 
the polyelectrolyte should be chosen to be in a suitable size range having a 
mean value relatively near to the size of typical pore spaces in the fibers.  Recent 
work of this nature showed that drying and redispersing of kraft fibers can 
significantly reduce their accessibility to polyelectrolytes [38]. 
 
It has been suggested that a practical way that papermakers can influence the 
loss of paper bonding properties and fiber strength properties during drying or 
aging of paper is to raise the pH into the neutral or weakly alkaline range [40].  
Increased pH is expected to increase the swelling (WRV) of the fibers, even if the 
pH change is implemented after refining [41-42].  It has been shown that the 
strength of unbleached kraft handsheets increases as a function of increased pH 
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before the sheet is formed [41].  A study of carboxylated pulps having unusually 
high negative surface charge density showed that such effects could depend on 
both the pH before drying and the pH at which the fibers are resuspended [43].  
Best retention of bonding ability was obtained when both of these pH values 
were in the alkaline range, corresponding to substantial dissociation of carboxyl 
groups on and within the fibers.  These reported results corresponded to fibers 
that were highly washed and converted to various ionic forms, a practice that 
helps to answer some mechanistic questions.  Questions remain as to whether 
such effects are significant in the case of fibers that are more representative of 
industrial practice. 
 
 
EXPERIMENTAL 
 
Materials 
 
Never-dried, unbleached kraft (UBK) pine pulp was obtained from the Mansfield, 
Louisiana mill of International Paper.  The pulp was screened and dewatered to 
35% solids and refrigerated until use.  The initial value of Canadian Standard 
Freeness [45] before making handsheets was 739 ml (a low degree of refining), 
except where noted otherwise.  This value is higher than typical during 
production of linerboard from virgin kraft pulp, although it is a practice in some 
linerboard operations to maintain as high freeness as practical to maximize 
compression strength and dewatering rates.  In addition, loss of some fines 
during screening is expected to have increased the freeness value.  Never-dried, 
bleached kraft pulp from the Plymouth, NC mill of Weyerhaeuser, Inc. was 
obtained at approximately 10% solids.  No chemical analyses were performed on 
either of the fiber samples. 
 
Poly-diallyldimethylammonium chloride (poly-DADMAC) used to test the polymer 
adsorption capacity of pulp fibers, was Alcofix 169 from Ciba Specialty 
Chemicals.  Reagent grade NaOH and H2SO4 were used for pH adjustment. 
 
Handsheets 
 
Handsheets were made according to TAPPI Method T 205 om-88, with some 
modifications.  Due to the requirements of the STFI compression strength test 
[46], the target mass was changed to 120 g/m2, instead of 60 g/m2 as specified in 
the TAPPI method.   
 
Drying 
   
Handsheet drying conditions followed TAPPI Method T 402 om-94, with the 
following modifications.  The air drying condition (25 oC) involved holding the 
brass drying rings together with a clamping device as the sheets were allowed to 
dry overnight, then the sheets were placed and sealed in a plastic zip-loc bag.  
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The oven drying condition involved placement in an air-convection oven, set at 
the desired temperature of 90, 105, 120, 150 or 175 oC, with the drying rings 
assembled to prevent the sheets from shrinking.  The sheets were dried for 
fifteen minutes in the oven, and then allowed to cool for five minutes.  The sheets 
in the drying rings were then allowed to equilibrate over night under standard 
conditions.  The dried sheets were then placed and sealed in plastic zip-loc bags.  
Parallel experiments showed that the final moisture contents of the paper 
samples, at the end of the drying cycle, were as follows:  9.32% after 12 hours of 
air-drying under TAPPI conditions; 2.11% after 15 minutes oven drying at 90 oC, 
2.07% after 15 minutes at 105 oC, and essentially zero after fifteen minutes of 
oven drying at 120 oC or above.  The condition of zero moisture was calibrated 
relative to a two-hour drying treatment at 105 oC. 
 
To add perspective regarding the drying conditions specified above, it should be 
noted that final moistures below about 5% represent cases of significant “over-
drying.”  For this reason the temperature conditions of 90 degrees and higher 
used in the present work may result in greater than typical losses in fiber bonding 
ability.  Linerboard is more typically dried to 7 to 9% moisture at the reel of the 
paper machine.  In a future study it would be worth considering the more 
experimentally challenging aim of using different temperature conditions to dry 
the fibers to a selected final moisture content.  A separate study compared the 
effects on pulp viscosity and water retention when kraft pulp was heated to 
different temperatures with or without drying [22].  Another issue for future 
consideration is whether rapid drying will cause significant surface hardening of 
fibers before the interior of the same fiber have become dry, possibly affecting 
the overall results. 
 
Water Retention 
  
Water retention value tests (WRV) were conducted according to TAPPI Useful 
Method 256 [30], with some modifications.  Prior to measurement, the pulp 
samples were disintegrated for 5 minutes (15,000 revolutions, TAPPI Method 
205), thoroughly washed in a large excess of deionized water, and allowed to 
stand in water over night.  Although loss of fines can be expected, the effects 
were expected to be small in the present work with UBK pulp due to the fact that 
the refining level was low, and the pulp previously had been washed.  Following 
further washing, the pulp was collected on a vacuum filter and dewatered to 25% 
solids.  Moist samples of pulp, equivalent to 0.16 g dry mass, were placed in 
sintered centrifuge tubes (pore size 0.22 µm, volume 3 ml, provided by MSI).  
Samples were centrifuged at 900 g for 30 minutes.  After centrifuging, the 
moisture content was determined by immediate weighing, and also after drying at 
105 oC for 2 hours and cooling in a desiccator jar for 30 minutes.   
 
Cellulose Viscosity 
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Different procedures were used for evaluation of the molecular mass of cellulose 
in the bleached and the unbleached kraft pulps [46].  In both cases the 
consistency of the sample was measured to determine the amount of wet pulp 
corresponding to 0.25 g, oven-dry basis.  The weighed sample was placed in a 
stomacher bag with 25 ml of distilled H2O.  The bag was beat in the stomacher 
for 60 seconds at high speed.  A pipette was used to add 25 ml of 1M 
cupriethylenediamine to the bag, followed by beating for 120 seconds at high 
speed to dissolved the contents.  7.2 ml of this dissolved solution was pipetted 
into a viscometer in a constant temperature bath set to 25 oC.  The solution was 
allowed to equilibrate for five minutes.  After this time period, a suction bulb was 
used to draw the liquid past the top line of the viscometer.  Each measurement 
involved two replicate tests of the time needed for the meniscus to move from the 
top line to a lower line on the viscometer.   
 
In the case of unbleached kraft pulp 15 grams of sodium chlorite were placed into 
a 250 ml flask.  An equivalent of 5 grams of sodium acetate was added to the 
flask, followed by 10 ml of glacial acetic acid.  100 ml of distilled water was 
added, with swirling to mix the contents.  Additional distilled water was used to 
bring the volume to 250 ml.  The volume in ml of sodium chlorite solution to add 
to the pulp, calculated as sufficient to react with all of the lignin, was determined 
from the following equation V = 6.0 κ w, where κ is the Kappa number [47] and w 
is the dry-mass of sample in g.  The necessary amount of distilled water obtained 
after applying the above equation was measured into a graduated flask.  The 
sample was torn into small pieces and placed into a blender with half of the water 
amount.  The sample was chopped in the blender for one minute.  The remainder 
of the distilled water was used to wash the pulp from the blender into a flask.  
The volume of sodium chlorite solution obtained from the above equation was 
added to the pulp in the flask.  The solution was allowed to sit for 24 hours.  
Then, cheesecloth was placed in a Büchner funnel attached to either house 
vacuum or to an aspirator system.  The contents of the flask were poured onto 
the cheese cloth on the funnel under suction.  Distilled water was placed into the 
flask to wash the remainder of pulp onto the cheesecloth.  The flask was filled a 
second time with distilled water and poured over the bleached sample to wash 
the pulp.  The pulp was further washed with two beakers holding 2,000 ml of 
distilled water.  Filter paper was then placed into the funnel and the pulp on the 
cheesecloth was washed onto the filter paper under suction.  The pad formed 
was placed on two sheets of blotter paper and allowed to dry for 24 hours.  After 
this time period expired, the same procedure for bleached pulp was followed to 
measure viscosity. 
 
pH Conditioning 
 
Two handsheets each were made for the pH values of 3, 4.5, 6, and 8.  Pulp was 
disintegrated at 15000 revolutions, followed by pH adjustment with 4 N H2SO4 or 
1% NaOH.  Sufficient water to completely fill the handsheet mold twice (14,000 
ml) was adjusted before making each pair of handsheets at a given pH condition.  
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The handsheet mold was manually filled half way with pH-adjusted water before 
the addition of the treated pulp, followed by additional pH-adjusted water to 
slightly above the fill line.  The sheets were oven-dried at 150 oC for 40 minutes, 
followed by equilibration over night under TAPPI standard conditions.   
 
RESULTS AND DISCUSSION 
 
Effects of Drying Temperature  
 
Figures 1 through 4 show the results of drying handsheets formed from lightly 
refined, unbleached and bleached softwood kraft pulps that had been subjected 
to oven-drying at different temperatures for 15 minutes, and then equilibrated 
over night under TAPPI standard temperature and humidity conditions [48].   
 
Cellulose molecular mass.  As shown in Fig. 1, a significant loss in viscosity 
was apparent after drying unbleached kraft pulp at 150 oC or higher 
temperatures.  The limit bars show 95% confidence intervals for the mean.  
Fifteen minutes of drying treatment at 175 oC resulted in almost a 50% drop.  
Based on the Mark-Houwink equation [49], [ ] 9.021098.0 DP−×=η , this drop is 
consistent with a loss of cellulose degree of polymerization (DP) from 24,000 to 
13,000.  The corresponding change in bleached kraft pulp DP was from 4000 to 
3200. 
 
As shown, there was a substantial difference in initial viscosity, when comparing 
the never-dried unbleached and bleached kraft pulps.  It is worth noting that the 
viscosity determination in the case of the unbleached kraft pulps required 
treatment with sodium chlorite.  Since the oxidizing conditions have the potential 
to cleave cellulosic chains, one cannot rule out the possibility that the true values 
for cellulose DP of the unbleached kraft pulps may have been larger than what is 
indicated in the figure [46]. 
 
The absolute change in cellulose viscosity of the bleached kraft pulp, due to 
increased temperature of drying, was small in comparison to the case of the 
unbleached kraft pulp.  However, the 95% confidence limits for these tests 
involving bleached kraft pulp were of the order of magnitude of ± 0.5 cP, that is, 
only about 0.1 times the corresponding 95% confidence interval for unbleached 
kraft pulp.  On this basis the apparent decrease in viscosity of pulp dried at 175 
oC was statistically significant, representing a relative drop of about 15%. 
 
Based on the results of a related study [22], the mechanism of cellulose viscosity 
loss can be understood as random hydrolytic chain scission.  The extent of 
molecular breakdown of the cellulose depends on temperature, aqueous 
conditions, and the time during which the sample remains wetted during the heat 
treatment.  It would be tempting to conclude from the appearance of Fig. 1 that 
the unbleached kraft pulp is somehow more susceptible to such hydrolysis.  
However, the greater relative change in cellulose viscosity in the case of 



Prog. Paper Recycling 12 (3): 11-20 (2003) 8 

unbleached kraft pulps after drying at the highest temperature (175 oC) cannot be 
taken as firm evidence to support such a hypothesis.  To appreciate this, assume 
on the contrary that the mechanism of chain cleavage occurs randomly and at 
exactly the same relatively low rate per unit monomer in both the unbleached and 
bleached kraft pulp cases.  Based on the calculations with the Mark-Houwink 
equation [49], the ratio of initial masses of cellulose in the two samples was 
approximately 6 in the absence of heating.  It follows that any one cellulose chain 
from the unbleached kraft pulp is approximately 6 times as likely to be cleaved, 
compared to the shorter and more numerous cellulose chains constituting the 
bleached kraft pulp.   According to spreadsheet calculations, allowing chain 
cleavage to occur anywhere in a group of ten initial cellulose molecules of never-
dried unbleached pulp, drying at 175 oC resulted in a frequency of cleavage of 
0.000082, corresponding to the observed 48% decrease in DP.  A similar random 
process of hydrolysis, when applied to the bleached kraft pulp (6 randomized 
calculations), implied DP decreases of about 8 to16%, with an average value of 
11%.  In fact, the observed DP decrease in the case of bleached kraft pulp was 
close to 20%, based on the viscosity values shown in Fig. 1.  This implies a 
somewhat higher rate of chain breakage, per unit cellulose monomer of the 
bleached kraft pulp, compared to the unbleached kraft pulp. 
 
A key finding of the previous cited work [22] was that heating of bleached kraft 
fibers in the wet state (in a pressure vessel) resulted in a much more significant 
loss of cellulose molecular mass, compared to oven drying under low conditions 
of relative humidity.  The difference was attributed to a cessation of the 
hydrolysis once the paper became dry.  To translate these results into practical 
terms, the humid environment of a paper machine can be expected to fall 
somewhere in between the extremes of wet-heating and oven drying.  Gradual 
evaporation of water on the paper machine can be expected to keep the paper 
somewhat cooler, on average, than the dryer can surfaces, but the presence of 
high humidity will tend to keep moisture in the paper for a longer period, 
compared to oven-drying.  Thus it is not possible, based on the present results, 
to rule out significant loss of cellulose molecular mass during drying of products 
composed of unbleached kraft fibers. 
 
Drying temperature vs. water retention.  As shown in Fig. 2, the water 
retention value (WRV) of both unbleached and bleached kraft pulps responded 
similarly to increases in drying temperature.  The figure appears to show two 
main steps during drying at different temperatures.  The first step entails a very 
significant drop in WRV due to drying itself, regardless of the temperature during 
drying.  The WRV of never-dried unbleached kraft pulp was not measured in this 
series; however, a value within 190 to 220% is expected based on other similar 
batches of pulp [50].  There was relatively little change in WRV with increasing 
temperature of drying in the range between about 20 oC and about 120 oC.  The 
second step is represented by a further decline in WRV with increasing 
temperature of drying and heat treatment (15 minutes total) above 120 oC. 
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Care should be taken in comparing results in Fig. 2 to those in Fig. 1.  In one 
case (Fig. 2) the data for the two kinds of pulp lie on top of each other, whereas 
in the other case (Fig. 1) the two types of pulp considered yielded very different 
ranges of values.  The separation of the curves in Fig. 1 can be attributed to the 
fact that the pulp viscosities of the bleached and unbleached pulps started out at 
very different values. 
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Fig. 1:  Effects of drying temperature on 
the degree of polymerization of 
cellulose from unbleached and 
bleached kraft pulps, as indicated by 
viscosity test.  Limit bars represent 95% 
confidence intervals for the data. 
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Fig. 2:  Effects of drying temperature 
on the water retention value of re-
dispersed unbleached and bleached 
kraft pulps.  Limit bars represent 95% 
confidence intervals for the data. 

 
Drying temperature vs. polymer adsorption.  Figure 3 shows how the 
temperature of drying affected the amount of the highly cationic, linear polymer, 
poly-diallyldimethylammonium chloride (poly-DADMAC) remaining on the 
unbleached kraft after exposure to a known excess, following by filtration.  
Replicate tests, i.e. experiments “1” and “2,” are shown as unfilled and filled 
histogram bars.  Again, the largest difference was observed when comparing the 
never-dried fibers to once-dried fibers, regardless of the temperature of drying.  
Between 25 and 150 oC there was no significant dependency of polymer 
adsorption on drying temperature.  At the highest temperature, 175 oC, there was 
a further drop in polymer adsorption.   
 
As in work reported by Gruber et al. [38] the observed changes in polymer 
adsorption are consistent with a reduction in surface area that is accessible to 
the poly-DADMAC molecules.  Such a reduction is expected if the process of 
drying results in closure or significant, irreversible narrowing of pores in the cell 
walls of the fibers [4].  Based on a nominal molecular mass of approximately 
100,000 g/mole of the poly-DADMAC, the critical diameter of pores allowing 
passage of an average poly-DADMAC molecule is expected to be at least about 
5 nm [51].  The reason that this estimate is considered to be a minimum, is that it 
does not take into account the expected expansion of molecular conformation in 
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the case of a charged polymer.  Also, a more detailed analysis would take 
account osmotic effects [29].  Another potential contributing factor to keep in 
mind for future studies is the possibility that results may have been affected by 
changes in the accessibility of fiber lumens due to drying-induced changes in pit 
borders.  The suspected surface-hardening effects mentioned earlier also would 
be expected to affect the accessibility of the fiber cell wall to penetration by 
polymers. 
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Fig. 3:  Effect of drying temperature on 
amount of poly-DADMAC adsorbed by 
unbleached kraft fibers. 
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Fig. 4:  Effects of drying temperature 
on tensile and compression strength 
after reslurrying unbleached pulp and 
formation of secondary handsheets.  

 
 
Drying temperature vs. paper strength.  Results of the recycled paper strength 
tests are shown in Fig. 4.  Tensile and compression strength values are shown 
as a function of previous drying history of the fibers.  Limit bars indicate 95% 
confidence of the mean.  The “control” data, at left of the figure (filled symbols) 
corresponds to paper handsheets formed from the never-dried pulp.  Recycled 
handsheets, and the corresponding controls, were dried under TAPPI standard 
conditions.  Once again, the data can be summarized in terms of (a) an initial 
drop in strength properties due to the drying process, regardless of temperature, 
(b) a range of temperatures up to about 150 in which the strength did not 
decrease much beyond the range of statistical significance, if at all, and (c) a 
further marked decrease in strength due to exposure to drying temperatures 
above about 150-175 oC. 
 
Apparent density of handsheets sometimes can be used as an indication of fiber 
flexibility and conformability, if, as in the present case, all of the sheets were 
subjected to the same conditions of pressing.  Handsheets formed from fibers 
that previously had been dried at room temperature had an apparent density of 
0.57 cm3/g.  Previous drying at 150 or 175 oC resulted in apparent density values 
of 0.54 and 0.52 cm3/g, respectively, of the recycled handsheets.  To put these 
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numbers in perspective, earlier tests with similar never-dried pulp, but a 
somewhat lower freeness, yielded virgin handsheets having an apparent density 
of 0.71 g/cm3 [50].   
 
Mechanisms to explain drying temperature effects.  It is worth noting that the 
functions shown in Figs. 1 through 4 have a similar basic shape.  One way to 
interpret this coincidence is to assume a common set of mechanistic causes of 
the changes in each of the measured properties.   
 
The observed effects of drying itself, independent of temperature, appear to be 
most consistent with a capillary mechanism that has been proposed earlier by 
others [52].  Briefly stated, it is assumed that capillary forces act to close up 
pores in the fiber walls, and some of them fail to reopen.  Thus, pore closure has 
been used to explain drops in either WRVs [8,11,14,18,24,43] or fiber saturation 
points determined by solute exclusion [4,17], caused by drying of kraft or sulfite 
fibers.  The same mechanism seems to be a likely explanation for the decrease 
in adsorption capacity of the fibers for poly-DADMAC.  A possible alternative 
mechanism from the literature [34] involves the fibrils lying down irreversibly onto 
the fiber surfaces, reducing their tendency to interact with water.  This alternative 
explanation appears less useful in the present case, since the refining level and 
external fibrillation were intentionally kept low.   
 
The fact that further significant change in WRV, polymer uptake, and strength 
properties occurred with increasing drying temperature to levels above 120 oC 
[see 24] suggests that thermal softening of the structure may play a role.  The 
glass transition temperatures of dry cellulose, hemicellulose, and lignin have 
been reported as 200-260 oC, 150-220 oC, and 130-190 oC, respectively [53].  
However, it is well known that the presence of water tends to plasticize these 
polymeric materials, substantially reducing the glass transition temperatures [53-
56].  Though such a softening mechanism probably is not required to explain 
results shown in Fig. 1, it is worth considering that increased molecular mobility 
may make cellulose more susceptible to hydrolysis.  Further work is needed to 
confirm that the softening of the cellulosic materials under the given conditions of 
heat and moisture. 
 
A practical concern associated with results shown in Figs. 2-4 is the expectation 
that drying conditions for such grades as linerboard, corrugating medium, and 
other paperboard grades will involve higher sheet temperatures and longer 
drying times, compared to lighter-weight paper products.  On the one hand, the 
surface temperatures of the dryer cans tend to be higher during paperboard 
manufacture, due to the greater thermal resistance of the sheet.  On the other 
hand, the greater thickness of board grades can be expected to limit the drop in 
temperature as the board passes between adjacent dryer can surfaces.  The 
greater hot-wet incubation period implies that loss in WRV, a change sometimes 
called hornification [24], ought to be increasingly significant with increasing basis 
weight of similar products under otherwise similar furnish conditions.  Another 
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implication of these same trends is that “incubation” of paperboard between steel 
belts in a recently commercialized drying technology [56] might possibly affect 
WRV or pulp viscosity values to a different extent, compared to conventional 
drying. 
Effect of pH Before Drying  
 
While typical papermaking practices allow relatively little flexibility in terms of 
drying conditions, the pH at which paper is made can be changed considerably.  
Possible strategies when producing linerboard from unbleached kraft pulp 
include (a) strongly acidic conditions of pH 4 to 5.5 with aluminum sulfate 
(papermakers’ alum) to take advantage of hydrophobic sizing with natural wood 
resins [57], (b) near-neutral conditions, especially in the presence of low to 
moderate amounts of calcium carbonate filler from waste paper, or (c) alkaline 
conditions of pH 7.5 to 9 in the presence of larger amounts of calcium carbonate, 
especially when producing white-top linerboard.   
 
Experiments were conducted to determine the effects of pH before the initial 
drying on subsequent fiber properties.  The initial furnish pH was adjusted with 
either H2SO4 or NaOH.  The procedure and materials were otherwise identical to 
the previously described tests, except that the drying time was extended to 40 
minutes at a temperature of 150 oC. 
 
Cellulose molecular mass vs. initial pH.  As shown in Fig. 5, there was no 
significant effect of the pH conditions before drying on the viscosity test results.  
The practical significance of the results in Fig. 5 is to suggest that even at pH=3 
there was no substantial acceleration of the proposed hydrolysis reaction, and 
that ordinary papermaking practices are not expected to drastically reduce 
cellulose molecular mass, throughout the common pH range of papermaking.  It 
is worth noting, however, that the temperature condition represented by Fig. 5 
(150 oC) was lower than the peak temperatures represented in Figs. 1 and 2; it is 
possible that a pH effect would have been observed under more severe thermal 
conditions. 
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polymerization of cellulose in bleached 
or unbleached kraft pulp, as indicated 
by the viscosity test.  Limit bars 
indicate 95% confidence intervals. 

of bleached or unbleached kraft pulp 
after redispersing the pulp.  Limit bars 
indicate 95% confidence intervals. 

Water retention and strength vs. initial pH.  As shown in Fig. 6, there was no 
significant effect of initial pH on the water retention value of the same fibers after 
they were later redispersed in water at neutral pH.  Given the known tendency of 
kraft fibers to become more highly swollen with increasing pH [43], the lack of 
pH-dependency in Fig. 6 may appear surprising.  However, the results are 
consistent with recent measurements of fiber flexibility [29].  In that work it was 
found that although increasing pH increased the flexibility of never-dried fibers, 
all of the fibers had approximately the same degree of flexibility after drying and 
rewetting.  These observations are consistent with a greater susceptibility of the 
more swollen fibers, at higher pH, to collapse of pores in the cell wall and other 
processes contributing to hornification [58].  The present results continue to 
support those conclusions. 
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Fig. 7 – Effect of pH before drying on 
the STFI compression strength of 120 
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standard TAPPI conditions.  Limit bars 
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the tensile strength of 120 g/m2 
handsheets pressed under standard 
TAPPI conditions.  Limit bars show 
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The next set of experiments was carried out with similar fibers that had been 
subjected to 9000 revolutions of refining in a PFI mill after the optional drying to 
generate bonding ability.  As shown in Figs. 7 and 8, there was no significant 
effect of pH on dry-strength properties, within the range studied.  This lack of pH-
dependency was observed for both compression and tensile strength.  The lack 
of pH-dependency also was observed both in the case of virgin Handsheets and 
when recycled Handsheets were formed after redispersing the virgin sheets at 
neutral pH. 
 
CONCLUSIONS 
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1. Effects of drying of unbleached kraft fibers could be separated into two 
phases, one occurring in response to drying itself, irrespective of temperature, 
and a second phase resulting from exposure to drying temperatures of about 
150 oC or higher.  Cellulose viscosities, water retention values, adsorbed 
amounts of a cationic polymer, and strength properties of the handsheets all 
followed similar trends.  The results are consistent with the action of capillary 
forces during drying, with an additional softening effect at the higher 
temperatures. 

2. Adjusting the pH within the range 3 to 8 before initial drying of unbleached 
kraft pulp did not have any significant effect on either cellulose viscosity, 
water retention value, or strength. 

3. Though some loss of fiber bonding potential appears to be unavoidable, 
within the parameters of conventional papermaking, the present work 
underscores the importance of avoiding the extremes of over-drying, 
especially if sheet temperatures exceed 150 oC. 
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