
Zhang et al., Proc. TAPPI 2001 Papermakers Conf., digital doc. 1 

EFFECT OF CHEMICAL PRETREATMENTS OF NEVER-DRIED PULP ON THE STRENGTH 
OF RECYCLED LINERBOARD 
 
Min Zhang    Martin A. Hubbe 
Dept. of Wood & Paper Science  Dept. of Wood & Paper Science 
North Carolina State University  North Carolina State University 
Box 8005; Raleigh, NC  27695  Box 8005; Raleigh, NC  27695 
mzhang@unity.ncsu.edu    http://www4.ncsu.edu/~hubbe  
 
Richard A. Venditti   John A. Heitmann 
Dept. of Wood & Paper Science  Dept. of Wood & Paper Science 
North Carolina State University  North Carolina State University 
Box 8005; Raleigh, NC  27695  Box 8005; Raleigh, NC  27695 
richard_venditti@ ncsu.edu  heitmann@ncsu.edu  
 
ABSTRACT 
 
According to the American Forest and Paper Association (AF&PA) the recovery rate of corrugated boxes 
used in the US now exceeds 75%.  In principle the recycling of boxes saves fiber resources and requires 
less total energy.  However, further progress in old corrugated container (OCC) recycling faces a potential 
barrier.  It is known that recycled kraft fibers have a reduced bonding ability.  The approach taken in this 
study was to pre-treat the never-dried fibers before the first cycle of papermaking.  New data have been 
obtained with never-dried, refined, unbleached kraft pulp.  Simple drying, low-shear disintegration, and 
forming without further refining yielded a loss in compression strength in the range 19 to 26%, depending 
on the pulp batch.  Pretreatment with various chemical agents was able to compensate for some of the 
strength loss.  Two general classes of treatment agent were identified that were able to favorably affect the 
strength of recycled sheets.  Certain low-molecular weight materials such as sucrose appeared to interfere 
with the mechanism of pore closure during the initial drying.  In contrast, certain high-mass 
polyelectrolytes such as guar gum products, cationic starch, and polyelectrolyte complexes appeared to 
affect the adhesiveness of the fiber exteriors of the repulped fibers. 
 
INTRODUCTION 
 
With increases in the recycling of waste paper and paperboard there has been increased interest in the 
changes of fiber properties during recycling.   Previous work has shown a deterioration of paper strength 
properties due to recycling [1-7].  In many cases it has been shown that the main factor contributing to this 
change in sheet properties is a reduced bonding ability of the fibers.  The process leading to reduced 
bonding has been described as irreversible hornification, which implies a stiffening or hardening of the 
fiber [8-10].  Using the water retention value (WRV) as measuring the internal fiber swelling capacity [11], 
recycled pulp has a less swollen nature in comparison with the never-dried pulp [1,3,8,9,12-14].  This 
closure of the pore structure has also been demonstrated by the fact that the fiber surfaces become less 
susceptible to enzymatic attack [15]. 
 
Ellis and Sedlachek found that the fiber-fiber bond strength of recycled fiber per unit of optically bonded 
area is equivalent to virgin fiber [8].  Both virgin and recycled pulp yielded the same unbonded scattering 
coefficient if the recycled fiber received no additional refining.  This implies that the weakness of the 
recycled paper sheet is due largely to the inability of the fibers to develop bonded area. 
 
Lundberg and de Ruvo found that higher drying temperatures during drying of papers resulted in less 
swelling when the fibers were placed back into water [14].  Pulp prepared from the sheet dried at higher 
temperature could not achieve as high a level of WRV as the virgin pulp, even after prolonged beating.  In 
the mechanism proposed by Stone and Scallan, it was suggested that slit-like pores in the cell wall closed 
up preferentially during drying [16].  The relative significance of this effect increases with increased 
refining [6, 17].  It appears that drying may lead to some sort of plastic flow at the crack interface that 
results in strain hardening of the fiber [8,18]. 
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Bovin et al. [2] and others [3-4] found that recycling caused a greater decrease in the properties of chemical 
pulps than in those of groundwood paper.  Also, the properties of unbleached sulfite pulp were less affected 
by recycling than those of bleached sulfite pulp.  Mechanical pulp fibers have a pore size distribution that is 
dominated by 1 nm pores [19].  By contrast, kraft and bleached kraft fibers have a substantial population of 
pores in the 5-20 nm diameter range.  An increase in mean pore size is consistent with the removal of lignin 
and hemicellulose from cell walls during pulping and bleaching.  
 
The surface chemical composition of fibers can have a major effect on their ability to develop bonding 
strength when recycled.  Cao et al. [13] observed a strong correlation between the pentosan, or 
hemicellulose content and the strength of recycled paper made from those fibers.  Lindström and Carlsson 
[12] reported that pulps having higher carboxyl content yielded stronger recycled sheets.  The most 
promising results were achieved under alkaline papermaking conditions, favoring dissociation of the 
carboxyl groups.  In addition, chemical derivatization of pulp fiber surfaces can produce large benefits in 
the ability of fibers to maintain their bonding ability when recycled [20-21]. 
 
Previous work to overcome strength deficiencies of recycled kraft fibers has focused on ways to increase 
the bonding ability of fibers after they already have been recycled.  One approach is to apply additional 
refining [22].  Another approach is to add dry-strength agents to the recycled fiber to increase the bonded 
area or the strength per unit area of bonds between adjacent fibers [23].  A third approach is to subject the 
fibers to increased pH, temperature, or pressure, conditions that favor rehydration [24-25].  All of these 
approaches tend to add cost to the process each time that the paper is recycled.  In addition, refining of 
recycled pulp tends to yield a relatively high level of fiber fines, making the furnish more difficult to drain. 
 
The approach taken in the present work was to add chemicals to the refined, never-dried fibers before the 
first cycle of sheet forming [26-28].  The intent is to compare and understand the effects of various non-
reactive, water-soluble materials.  In principle such materials have the potential for low-capital 
implementation in existing paper machine systems.  Results from treated pulps were compared to recycled 
controls that had not been chemically pretreated before the initial cycle of papermaking.  WRV tests were 
conducted as a means of clarifying the mechanism by which various chemicals affected recycled paper 
strength.  The objective was to find out if there is a correlation between chemicals’ effects on the water-
swelling ability of recycled fibers versus recycled paper’s strength.  Such a relationship would tend to 
support pore closure as a key mechanism responsible for strength loss during recycling. 
 
Tests with chemical additives of relatively high molecular mass were carried out to determine if significant 
strength gains could be achieved by mechanisms unrelated to pore closure.  Past work has shown that 
molecules having molecular mass values much higher than 20,000 g/mole tend to remain externally on the 
fiber surfaces during the time scales associated with the addition of paper chemicals before paper is formed 
[16,29-30].  In principle such additives would be expected to increase either the relative bonded area or the 
bond strength per unit of bonded area [31-32].  An advantage of adding polymeric materials to the virgin 
fibers is a possibility of improving properties of the virgin paper.  However, the focus of the work reported 
here was to find out to what extent the dry-strengthening effects of chemicals were carried over to the 
recycled paper, made from the same virgin paper without further chemical addition. 
 
EXPERIMENTAL 

Materials 
 
Pulp.  Never-dried, unbleached pine kraft pulp was obtained from the Mansfield, Louisiana mill of 
International Paper Company.  The sample was obtained from high-density storage after it had passed 
through the blowline and de-shive refiners. Upon its receipt from the mill the pulp was screened and 
centrifuged to 30% consistency.  The fibers were fluffed and then refrigerated during storage.  These 
procedures made it possible to carry out experiments from highly consistent master batches of fiber. 
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Chemicals.  Reagent-grade sucrose (Fisher, Lot. 701806) and anhydrous α-D-glucose (Aldrich) were used 
without further purification.  Guar products were obtained from Hercules, Inc.  These included an 
unmodified neutral guar, Supercol, having a molecular mass of approximately 2,000,000 Daltons, and a 
depolymerized, neutral guar 30 M1F, having a molecular mass of approximately 250,000 Daltons.  The 
carboxymethylcellulose (Hercules CMC 7M) had a medium molecular mass and a degree of substitution of 
0.7.  The poly-diallyldimethylammonium chloride (poly-DADMAC) was Alcofix 169, provided by Ciba 
Specialty Chemicals.  The molecular mass is approximately 300,000 Daltons.  All chemicals were used on 
a dry-mass based. 
 
Procedures 
 
Sub-batches of centrifuged  pulp were taken from cold storage and refined with a laboratory Hollander-type 
beater (Valley Machinery, Inc.), following the procedure of TAPPI method T-200.  The pulp was dispersed 
in the beater for 30 minutes (zero load) then refined for 20 minutes.  The pulp then was screened, 
centrifuged to approximately 30% consistency, fluffed, and then refrigerated again until use. 
 
Before making handsheets the refined pulp was dispersed in a disintegrator for 5 minutes.  As shown in 
Fig. 1, chemicals were added to slurry samples of refined pulp.  Addition levels were based on the added 
amount of chemical solid compared to the mass fiber (dry basis).  The pulp samples were mixed with 
chemicals for 12 hours with stirring.  The procedure of TAPPI Standard Method T-205 was used, with the 
following modifications.  Instead of the standard slurry pulp consistency 0.3%, a 0.6% consistency was 
used.  As a result the basis weight of handsheets was 120 g/m2, not 60g/m2.  At the higher basis weight the 
samples are not expected to fail in a "buckling" mode during STFI compression strength tests [33-34].  
Instead, they are expected to fail by the desired shear/internal bond failure.  Rather than drying the sheets 
under a constant humidity condition, the handsheets with drying rings were placed in an oven at 105 °C for 
eight minutes in order to simulate the effect of drying on a paper machine.  After that the handsheets were 
stored in a TAPPI standard condition room for 12 hours before testing.  The procedure of making recycled 
handsheets was the same as primary handsheets, except without further chemical addition.  
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Fig. 1.  Procedure for tests involving pretreatment Fig. 2.  Procedure for tests in which the virgin pump 
of never-dried, refined pulp, followed by   was dried in the presence of  concentrated sugar  
sheet forming and recycling   solutions 
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Water retention value (WRV) is an important index in this experiment because WRV measures the internal 
fiber swelling capacity.  The higher the value, the more is the swelling capacity.  The procedure followed 
TAPPI test UM 256 with some modifications.  Prior to measurement, the pulp was dispersed in a 
disintegrator for 5 minutes [15,000 revolutions], thoroughly washed in a large excess of de-ionized water, 
and allowed to stand in water overnight.  Following further washing the pulp was collected on a vacuum 
filter and dewatered to 25% solids.  Moist samples of pulp (equivalent to 0.16g dry weight) were placed in 
sintered centrifuge tubes (pore size 0.22µm, volume 3ml, provided by MSI).  Samples were centrifuged at 
900g for 30 minutes according to TAPPI UM 256.  After centrifuging, the moisture content of the samples 
was determined by weighing immediately and also after drying at 105 °C for 2 hours and cooling in a 
desiccator jar for 30 minutes. 
 
The procedures used to evaluate effects of sugars were different from those used with other chemicals.  As 
shown in Fig. 2, instead of forming primary handsheets, a pad of fibers was formed on a Büchner apparatus 
with vacuum applied.  The fibers were dried under TAPPI standard conditions, instead of oven-drying.  As 
noted in an extended abstract from an earlier presentation of our work [35], sugar had a positive effect on 
tensile strength.   
 
RESULTS AND DISCUSSION 
 
Table 1 summarizes the results for refined virgin pulp without chemical treatments.  The Canadian 
Standard Freeness of the pulp used in the experiment was 675ml.  Although this is high for many paper 
grades, it is typical for making virgin unbleached linerboard.  
 
Compression strength of the linerboard is a key predictor for corrugated containers that will be stacked to a 
certain height during storage and shipping [33-34].  As shown in Table 1 the STFI compression strength of 
handsheets formed at 675 ml freeness dropped by approximately 17% when the dried handsheets were 
dispersed to form recycled handsheets under same forming and drying conditions.  The breaking length of 
the handsheets decreased as well. 
 
Table 1- Properties of Untreated, Refined Pulp vs. Once-Oven-Dried Pulp 
 
Test Items               Units Never-Dried Recycled Change % 
Canadian Std. Freeness     ml 675 642 
Basis Weight g/m2 130.5 128.8 
Caliper (thickness) 10-3 in 7.3 7.7 
Apparent Density g/cm3 0.71 0.66 

 

Elmendorf Tear Strength gf 388.0± 35.8 488.4±94.7 12.6 
Tensile Strength KN/m 7.512±0.470    5.599±0.250  
Breaking Length Km 5.868±0.367    4.431±0.198       -24.5 
STFI Compression Klbf-ft/lb 8.749±0.603    7.297±0.543       -16.6 
Water Retention Value % 212.6 ± 5.6      166.7 ± 3.3        -21.6 
 
The water retention value, which indicates the fiber water-holding ability [11], fell by approximately 22% 
after oven drying.  This implies that the fiber pores shrunk or closed during drying and failed to open even 
after dispersing.  From this evidence it is reasonable to infer that the closure of fiber pores contributed to 
strength loss.  
 
Effects of Treatment with Sucrose 
 
One hypothesis for the mechanism of strength loss is that pore closure increases the degree of 
crystallization at the fiber surface and so decreases fiber-fiber bonded area.  If this mechanism is true, then 
it ought to be possible to inhibit pore closure during drying by the addition of chemicals that are small 
enough to fit into pores.  Sucrose was chosen for this experiment because the molecular diameter of sucrose 
is approximately 1.5nm [36], which is less than the characteristic pore sizes of kraft fibers [16].  Fibers 
were soaked in a solution of 20% sucrose by mass for 12 hours, formed into pads on a Büchner funnel, and 
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dried.  Then they were formed into “recycled” handsheets.  As shown in Fig. 3, it was found that adding 
sucrose to virgin refined pulp increased the tensile strength of recycled handsheets, relative to the recycled 
control.  This observation is consistent with a hypothesis that sucrose inhibited the closure of pores and 
helped to preserve the bonding ability of the fiber surfaces.   
 
A puzzling aspect of the results shown in Fig. 3 was the fact that there was no corresponding benefit in 
terms of the compression strength of the recycled paper, when the fibers were dried in the presence of 
sucrose.  This observation of a tensile strength without a compression strength increase suggests that 
something may have changed relative to the paper structure or the predominant failure mechanism.  Work 
is under way to determine whether the divergence in strength property effects might be due to residual 
sugar in samples prepared in the described manner.  Preliminary results suggest that 0.34% sucrose (dry 
basis on dry fiber mass) was present in the recycled sheets made from paper that had been dried in the 
presence of 20% sucrose solution.  It is possible that the residual sugar made the structure more pliable and 
more prone to compressive failure at a given level of tensile strength. 
 
Evidence in support of the mechanism related to pore closure was provided by the results of water retention 
value tests, comparing the effects of sucrose and glucose.  Glucose is comprised of one hexose sugar unit, 
whereas sucrose has two hexose units joined together.  The molecular diameter of glucose is only about 
0.8nm [36].  From Fig. 3, the water retention value of fibers dried in the presence of glucose solution was 
186%, compared with 182% for a fibers dried in the presence of sucrose.  However, the strength of 
recycled handsheets made with the glucose-treated pulp, without further chemical addition, was lower 
compared with sucrose at the same condition.  Our hypothesis is that sucrose is better able to affect 
processes happening in the size range of pores that dominate the fiber surface properties.  Because the kraft 
pore diameter is 5-20 nm, it is reasonable to infer that chemicals having 5-20 nm molecular diameter will 
benefit paper strength.  As discussed by Allen and Ko [37], this class of pores may be especially 
susceptible to irreversible closure.  Further tests are to be carried out with a dextran having a molecular 
diameter about 5-20 nm to clarify the hypothesis; these results will be discussed in a future article. 
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Effects of Guar 
 
As shown in Fig. 4, adding 2% depolymerized neutral guar gum 30M1F solution (based on the OD. Pulp) 
to virgin refined pulp furnish improved paper strength not only for primary handsheets but also for 
secondary handsheets.  In this case the water retention value did not improve compared with the control 
experiment.  This observation is consistent with reasonable estimates of the molecular size of dissolved 
guar molecules.  Assuming a molecular mass in the range 100,000 to 2,000,000 Daltons, work with 
dextrans would predict values in the range 14 to 56 nm for the effective diameters of the dissolved 
molecules [36].  Therefore it is unlikely that guar would be able to enter 5-20 nm pores in sufficient 
quantity to prevent their closure.   
 
Our hypothesis to explain increasing paper strength in this case is that guar prefers to stay on the fiber 
surface.  The affinity between natural guar and cellulose has been attributed to a similar molecular structure 
and hydrogen bonding ability [38-41].  These attributes also are consistent with increased relative bonded 
area or strength per unit area [31].   
 
Results of further tests are consistent with the explanation that most of the guar still remains on the fiber 
surface even after dried paper is redispersed.  Thus, when the recycled handsheets were formed without 
additional guar, the benefits of the original treatments were passed on to the recycled handsheets.  Tests 
comparing two un-derivatized guar products of differing molecular mass helped to confirm this hypothesis.  
The natural, non-depolymerized neutral guar (Supercol) has higher mass than 30M1F.  As shown in Fig. 
5, adding 1% of the natural guar increased the strength of recycled handsheets, especially the tensile 
strength.  By comparison with Fig. 4, this increase was greater than in the case of the lower-mass guar, 
30M1F.  The proposed reason is that the higher molecular mass product is more capable of filling the void 
areas between fiber surfaces, increasing the relative bonded area and increasing bond strength. 
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Effects of Carboxymethyl Cellulose 
 
As shown in Fig. 6, a 2% addition level of carboxymethyl cellulose (CMC 7M) benefited recycled paper 
strength relative to an untreated control.   At an 80% level of confidence pretreatment of the fibers with the 
CMC increased the compression strength of the recycled sheets relative to the sheets made from recycled 
fibers that had not been pretreated.  This effect is consistent with the reported effect of carboxyl groups at 
the surfaces of fibers promoting strength of recycled papers [12], except that in the present case these 
carboxyl groups belong to polyelectrolytes that may adsorb onto the fiber surfaces.   
 
Figure 7 shows another strategy to increase the paper strength.  The low molecular mass poly-DADMAC 
did not have a significant effect on fines retention.  Evidence regarding fines retention came from the fact 
that the addition of 1.3% poly-DADMAC (based on OD pulp) caused no significant change in paper mass.  
However, the chemical had a significant negative effect on the strength of the recycled handsheets.  By 
contrast, addition of 2% CMC7M after adding 1.3% low molecular mass poly-DADMAC to the virgin pulp 
slurry, the recycled paper strength was increased markedly compared with control experiment.  This was 
especially true for breaking length.   
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Fig. 7.  95% confidence intervals for a 
control, for a sample pretreated with just 
poly-DADMAC, and for a sample pretreated 
with polyDADMAC, followed by CMC. 
 
To explain the beneficial combination of poly-DADMAC and CMC it was inferred that the cationic 
DADMAC stayed on the fiber surface by electrical attraction.  The negatively charged CMC then could use 
the charged patches of poly-DADMAC to anchor itself to the fiber surfaces.  Fibers were connected not 
only through direct hydrogen bonding, but also through the anionic CMC.  A similarity of structure implies 
an affinity of the CMC with fibers.  As a consequence it is reasonable to assume high bond strength per unit 
of bonded area.  Before forming another generation of handsheets, the handsheets were soaked for 4 hours 
and dispersed with a disintegrator.  The fibers were easy to disperse, suggesting that the fiber-fiber bonds 
formed by the CMC were very reversible.  It is assumed that the poly-DADMAC helped to hold the CMC 
on the fiber surface during repulping, allowing its benefits of the dry strength agent to pass on to the 
recycled handsheets.   
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This proposed mechanism for poly-DADMAC and CMC differs from what is expected for very high 
molecular mass cationic polymers, i.e. retention aids.  Retention aids are expected to function as bridges 
between adjacent fibers.  Such bridges are strong enough, in many cases, to cause persistent flocculation of 
fibers, which hurts the uniformity of the paper.  By contrast, the poly-DADMAC is not expected form 
strong bond strength with fibers or CMC because of its lower molecular mass.  It can be assumed that at a 
certain ratio of DADMAC and CMC will optimize the effect.  The different levels and charges of 
DADMAC and CMC may produce different results.  Further work is planned to clarify this point. 
 
The findings reported in this article have prompted additional questions related to the effects of other 
additives, the relative proportions of additives, and the effects of process conditions such as refining.  
Follow-up research will be addressed in future publications. 
 
CONCLUSIONS  
 
This report shows that pretreatment of refined, never-dried kraft fibers provides benefits for paper strength 
over primary and recycled handsheets.  Evidence is consistent with three hypotheses of how chemical 
pretreatment can benefit the strength of recycled paper, depending on the type of chemicals used in 
pretreatment. 
 
1. Drying of refined, never-dried kraft fibers in the presence of sucrose appeared to benefit the strength of 

recycled sheets by protecting the fibers from pore closure during drying. 

2. Neutral guars appeared to benefit recycled paper strength by increasing the affinity between fibers.  
This effect may be attributed to a similar molecular structure and hydrogen bonding ability between 
the polymer and the fiber surfaces.  Results are consistent with guar remaining on the fiber surfaces 
during recycling. 

3. Treatment of the fibers with low molecular mass poly-DADMAC, followed by CMC appeared to 
benefit the strength of recycled paper to a degree that could not be explained by the effects of the 
individual additives alone.  The proposed mechanism is that the bonding between the low molecular 
mass DADMAC, the CMC, and the fiber surfaces is reversible.  The bonds are not difficult to break 
during dispersing so that the chemicals are free to act as strength aids during manufacture of recycled 
handsheets.  Again, results are consistent with the chemicals remaining on the fiber surfaces during 
recycling. 
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