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ABSTRACT: Soy protein flour, isolate, and their derivatives
were investigated to enhance the dry strength properties of
paper. The soy systems were applied in aqueous suspensions
consisting of lignin-free and recycled fibers to investigate their
adsorption and interaction effects. Experiments using soy flour,
soy protein isolate and its hydrolysates, cationized soy flour,
and dual systems consisting of soy flour combined with
cationic starch or chitosan were pursued. Improved paper
strength was obtained when soy protein flour was utilized in
combination with conventional treatments based on cationic
polymers. For example, increases in ultimate tensile and compressive strength of lignin-free fiber paper of 23% and 10%,
respectively, were measured when dual systems consisting of soy flour and cationic starch were applied relative to the fibers with
no additive. In the case of lignin-containing recycled fibers, improvements of 52% and 56%, respectively, were obtained for a soy
flour−chitosan dual system (compared to fibers without additive). The results confirm that an opportunity exists to valorize
residual soy products that are inexpensive, environmentally friendly, and offer an alternative sustainable option for paper
performance enhancements relative to conventional (nonsustainable) dry strength additives.
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■ INTRODUCTION

A wide range of chemical additives have been applied to
papermaking furnishes to facilitate the formation of wet webs
and potentially enhance the mechanical strength of the final dry
fiber network. Although on average approximately 10% of the
total cost of papermaking can be attributed to the broad class of
paper strength additives, they nonetheless achieve significant
enhancements in both chemical and physical properties that are
otherwise not attainable if fibers only were used.1 Among the
conventional chemicals in papermaking, dry strength agents
maximize the mechanical robustness of the final products while
preserving other properties such as opacity, bulk, and
printability; indeed, they have attracted wide consideration in
view of the increased use of recycled fibers, which display
compromised mechanical properties when compared to virgin
fibers. In addition, their application continues to be attractive
because they allow for a reduction in the weight per unit
volume (basis weight) for a given dry strength target (lower
weight material that retains the same mechanical performance)
and thus lower operational and production costs.
The most conventional papermaking dry strength additives

on the market are based on starches (unmodified, cationic, and

anionic derivatives), polyacrylamides, guar gums, carboxymeth-
yl cellulose, and methyl cellulose.2,3 Even though these widely
used polymers generally exhibit good performance, other
macromolecules have been considered for economic and
performance reasons, including soy proteins (SPs) and
residuals from soy oil production when used alone or in
combination with other polymers.4,5 Additives for papermaking
applications must be chosen with regard to a number of factors
that dictate final paper performance and include economics,
government compliance (if required for food/contact grades),
biodegradation, environmental compatibility, and overall
physicochemical performance of the final dry web.
Soy-derived products constitute a low cost, sustainable, and

environmentally friendly option that find high value applica-
tions in the formulation of adhesives,6−8 films,9−12 gels,13,14

foams,15−18 emulsions,19−21 and aerogels.22 On average, soy
beans are composed of proteins (36%), carbohydrates (28%),
oil (19%), moisture (13%), and minerals (4%). After soy oil
extraction (defatting), the main byproduct is a protein-rich
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mixture that can be further purified into soy flour (about 50%
protein), soy protein concentrate (about 70% protein), and soy
protein isolate (about 90% protein).23 Obtaining high purity
protein products requires extensive purification methods and
can be quite cumbersome and economically demanding, and as
a consequence, soy flour is often the most attractive product for
deployment in industry due in part to its relatively low
manufacturing and processing costs.
In the current formulation of dry strength agents, two soy

grades have been used so far: (1) denatured soy protein isolates
(SPIs), which can augment up to 26% of the dry strength of
paper produced from sugar cane bagasse fibers4 and (2) soy
flour (SF) and SPI soluble fractions (after centrifugation,
yielding about 10% of the total product mass) that have shown
improvements in dry strength of up to 15% and exhibit a
synergistic effect when combined with cationic starch (dry
strength gains up to 26%).5

It is already known that although SPs can interact with both
hydrophobic and hydrophilic materials, they adsorb onto lignin
to a higher extent as compared to cellulose;24 therefore,
different performances are expected if fibers with different
amounts of lignin are used. Thus, a fundamentally exciting part
of the current research was investigating the dynamics of the
surface interactions of soy flour with lignin and how such
interactions could ultimately affect fiber−fiber bondability. Dry
strength additive experiments were therefore done on bleached
and lignin-containing recycled fibers, an important class of
papermaking furnish that is seeing increased usage on a global
market due to a relatively scarcity of virgin fiber.
From a fundamental molecularity perspective, the use of

polyelectrolyte complexes (PECs), obtained by a mixture of
cationic and anionic polymers, have been shown to improve the
mechanical properties of paper through increased electrostatic
networking mechanisms among the PECs and fiber charged
surfaces.25−29 The synergistic effect observed from SP and
cationic starch suggest the formation of polyelectrolyte
structures and motivated the current study of systems where
SPs are combined with cationic macromolecules.
Other proteins have been used in papermaking in the past;

the use of casein in particular for coatings since the 1890s is
well known and still in use today.30,31 Although proteins
constitute a wide family of products that have the ability to
interact with different substrates and improve bonding, they
have not been used in wet-end chemistry to any high extent.
Several engineered proteins with induced cellulose binding

domains have been used for protein immobilization to produce
sensors, catalyzers, and purification systems,32,33 and although
similar products rich in cellulose binding domains have been
used to improve the mechanical properties of paper,34 the high
cost of these alternatives is still too prohibitive to be able to
feasibly consider their application within the papermaking
industry.
The current contribution to the literature is principally

focused on the characterization and rigorous analysis of the
properties of SP-based formulations for their potential in
papermaking dry strength applications. Thus, SF without
further purification was used alone or in combination with
cationic polymers and other SPs derivatives, as a potentially
new generation of dry strength agents for papermaking.

■ MATERIALS AND METHODS
Two different wood fiber sources were used, namely, lignin-free virgin
bleached softwood and recycled liner with 8% residual lignin (kappa

number of 53). Commercial soy flour, SF (7B defatted, > 53% protein
and 32% carbohydrates) and soy protein isolate, SPI (Pro Fam 955, >
90% protein) were generously supplied by ADM (Decatur, IL). SF is
typically produced by milling dehulled and defatted soy beans or soy
meal, while SPI is produced by alkaline extraction followed by
precipitation at a mildly acidic pH of dehulled and defatted soybean
flakes.

A 60% solution of (3-chloro-2-hydroxypropyl) trimethylammonium
chloride (CTA) in water from Aldrich was used for SF cationization.
Cationic starch “Charge+310”, generously supplied by Cargill
(Minneapolis, MN), was used after cooking at 4% solid concentration
(95 °C, 15 min). Polyaluminum chloride (PAC) Eka ATC 8210 with a
10.2% active content (Al2O3) was kindly supplied by Akzo-Nobel
(Arnhem, The Netherlands). Low molecular weight chitosan with a
degree of acetylation between 75% and 85% (Sigma-Aldrich) was used
after dissolution in 1% acetic acid solution (8 h mixing at room
temperature) at 1% solid concentration.

A 20% solution of poly(diallyldimethylammonium chloride) (poly-
DADMAC) with a Mw between 100 and 200 kDa (charge density on
dry basis: 6.19 mequiv/g) from Sigma-Aldrich was used to prepare
0.001 N solutions and later to perform charge demand titrations as a
polycationic titrant. A 0.0025 N poly(vinyl sulfate) potassium salt
(PVSK) with aMw of about 200 kDa (charge density on dry basis: 6.16
mequiv/g) was obtained from Nalco and was used as an anionic titrant
for charge demand titrations.

Protein Quaternization. A total of 200 g of SF dispersion (15%)
was loaded in a closed glass reactor equipped with a mechanical stirrer
and temperature control to which 67.6 g of CTA solution (60%) was
added and was stirred, while 24.25 g of NaOH solution (50%) was
incorporated. The temperature was raised to 60 °C for 30 h to obtain a
homogeneous, yellow, and turbid solution.

Hydrolysis. The SPI aqueous dispersion (5% solids) was subjected
to acid hydrolysis with 0.1 N HCl at 70 °C. Samples were removed
from the hydrolysis reaction at different times to obtain SP
hydrolysates at different degrees of hydrolysis. The samples obtained
were cooled to room temperature, neutralized to pH 7 using 1N
NaOH, and subsequently freeze-dried for further use.

Recycled Fiber Furnish Preparation. Linerboard clippings were
soaked in water for 30 min and disintegrated in a standard TAPPI
disintegrator (Testing Machines, Inc., New Castle, U.S.A.) for 15,000
cycles at 3000 rpm at 2% solids content according to TAPPI standard
T-205. A furnish with a final Canadian standard freeness (CSF) of 550
mL was obtained. Approximately 2% calcium carbonate based on dry
fiber was added, and the conductivity was adjusted to 1000 μS/cm
using sodium sulfate. The pH was adjusted to 8.

Bleached Pulp Furnish Preparation. A Valley beater (Valley
Iron Works, Wisconsin, U.S.A.) was used to beat the pulp at 2% solids
content following the TAPPI-200 standard method. The CSF of the
furnish was monitored during the process according to TAPPI-227
standard method until a final CSF of ≅550 mL. Calcium carbonate
(2% based on dry fiber) was added to the furnish, and the conductivity
was adjusted to 1000 μS/cm using sodium sulfate. The pH was
adjusted to 8.

Handsheet Making. At least five handsheets were prepared for
each condition using both bleached and recycled fibers following
TAPPI standard method T205 sp-95 (cylinder mold Robert Mitchell,
Inc., Quebec, Canada). Approximately 450 g of suspension of fibers at
2% solids were diluted to 0.3% with water, and the additives were
added and stirred for 15 min, after which the pH was adjusted to 8−
8.5. The resultant suspension was titrated for polyelectrolyte
concentration and poured into a forming cylinder half filled with
water. The resultant handsheets of 60 g/m2 dry basis weight were
pressed (Herman Manufacturing Co. Press, Ohio, U.S.A.) for 5 min
first and then for 2 min at 50 psig. After pressing, the handsheets were
dried using a Formax 12 in. drum dryer from Adirondack Machine
Corp. (New York, U.S.A.), operating at 105 °C at a residence time of 1
min 45 s. The handsheets were conditioned under controlled
conditions (50 ± 1% relative humidity and of 23 ± 2 °C) overnight
before testing. At least five handsheets were prepared using recycled
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and bleached fibers without any additives (controls) and different SP-
derived products alone and in combination with other additives.
Charge Demand. The negative charge density on the surface of

the fibers in the given furnish was determined by reverse titration using
streaming current to determine the end neutralization point. A total of
100 g of fiber suspension was used to prepare the handsheets (after
additive addition) and was mixed with approximately 25 mL of 0.001N

poly-DADMAC solution; after mixing for 5 min, the solution was
centrifuged (30 min, 10000 rpm). Finally, 10 g of the supernatant was
titrated revealing an excess of poly-DADMAC in solution and thus the
density of negative charges on the original fibers.

Mechanical Properties. The tensile properties of the handsheets
were determined using the TAPPI-494 standard method. To evaluate
the tensile strength, an Alwetron TH1 manufactured by Lorentzen &

Figure 1. Effect on the mechanical properties of handsheets from the addition of soy flour (SF), SF + polyaluminum chloride (PAC), soy protein
isolate (SPI), SPI hydrolysates (SPIH) obtained at two different hydrolysis times, and cationic soy flour (CatSF) used in combination with SF.
Different mechanical tensile indices (a,b) and STFI (c,d) are presented. The electrostatic charge obtained by polyelectrolyte titration is shown in
panels (e,f). The “control” represents a handsheet in the absence of any of the additives.
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Wettre (Kista, Sweeden) was used. Probes (105 mm × 15 mm) were
placed between the clamps with an initial gap of 100 mm and pulled
until failure. The force was recorded as a function of elongation, and
the ultimate tensile strength was determined. In order to evaluate the
short span compression strength (STFI), a compression strength
tester (App, 52; Type, 3-2) manufactured by Lorentzen & Wettre
(Kista, Sweeden) was used. Samples of 70 mm × 15 mm were placed
between two clamps at a 0.7 mm gap and operated under compression
mode until failure caused by disruption of the internal structure of the
sheet. For each condition, at least one sample from the five different
handsheets was tested.

■ RESULTS AND DISCUSSION
Soy flour (SF) and soy protein isolate (SPI) are not completely
water soluble, but aggregate in aqueous media, depending on
pH. In earlier work, it was observed that when SF and SPI were
added to a furnish in which no control of the aggregation
behavior was exerted, lower mechanical properties of the
handsheets resulted compared to control samples (fiber furnish
with no additive). The particular behavior witnessed arises from
poor intermolecular interactions between the agglomerated soy
derivatives and cellulosic fibers,3 thus resulting in poor sheet
formation. It was incumbent, therefore, at the onset of the
research, to centrifuge SP dispersions to remove the aggregated
components before any application of the soy as a dry strength
additive.5 These centrifugations, however, resulted in an
unfortunate ∼90% of the soy product being discarded.
A simple solution to avoid wasting SPs during the

purification processes was realized through a meticulous
analysis of the soy composition. The high intrinsic levels of
aspartic and glutamic acid in the soy amino acid composition
(≈ 31% of the total soy protein mass) are able to dramatically
reorganize the protein macromolecular structure upon
increasing pH, a finding that resulted in substantially increased
SP solubility. Thus, the solution to minimizing SP aggregation
was to generate an alkaline condition (pH 12, 2%
concentration), giving rise to a translucent dispersion that
was adequate for addition to fiber furnishes and thus avoid
agglomeration and resultant poor sheet formation. However,
addition of the translucent dispersion to the already basic (pH
8−8.5) initial fiber slurry caused an unacceptable increase in
final pH; thus, HCl (0.5 N) was necessary to maintain the pH
of the fiber slurry.
A series of physical testing methods ascertain various

product-specific properties that included burst, folding
endurance, tear strength, bending stiffness, and breaking length,
among others. The two principal physical methods to evaluate
the effect of the additives are tensile strength index, a quotient of
the maximum stress a material can sustain prior to ultimate
failure divided by its basis weight (vide supra), and short span
compression strength (STFI), an important physical property for
packaging useful to predict the delamination of corrugated
boxes when they are stacked.
The tensile indices and STFI values of handsheets that were

consequently obtained are presented in Figure 1(a−d). Though
the obtained results are very similar, several trends can be
observed. In the case of lignin-free fibers (Figure 1(a)), only
SPI addition appears to improve the tensile strength, whereas a
modest improvement in the tensile indices of paper from
recycled fibers was observed in Figure 1(b). Interestingly, the
STFI of handsheets from lignin-free fibers was reduced after
using both soy derivatives. SF application also resulted in a
reduced STFI value in the case of recycled fibers, while SPI
improved the STFI for the same fiber system. The results are in

agreement with earlier work that indicated that SPs interact
strongly with lignin24 and consequently interfere with
maximum fiber−fiber bonding. The change in anionic charge
of the furnish was characterized after the addition of SF and
SPI; as expected, the addition of anionic SP derivatives
increased the anionic charge density of the fiber suspension
(Figure 1(e,f)).
The concept of introducing two opposing charged

polyelectrolytes to improve fiber bonding is useful to
implement for achieving maximum benefits for sheet
formation.26,27,35 Therefore, to improve fiber affinity with the
anionic additives, polyaluminum chloride (PAC), a polycationic
flocculant, was added to both fiber systems before protein
addition. The strong flocculating effect of PAC induced poor
paper formation, and as a result, no major improvement in the
mechanical properties of the handsheets was obtained (Figure
1).
SPI hydrolysis is a technique that has been shown in this

laboratory to improve the protein water solubility and their rate
of sorption.36 SPI hydrolysates (SPIH) were therefore
generated after 4.5 and 9 h of acid hydrolysis and were
added to examine if such an approach could be of benefit. It
appears in all cases (Figure 1) that the 9 h SPIH were more
beneficial for tensile strength than the 4.5 h hydrolysates,
demonstrating a higher surface activity.17 Hydrolysis improves
the STFI performance in both fibers, while compared to
nonhydrolyzed SPI, the best results were obtained when 9 h
SPIH were used on bleached fibers. In the case of lignin-
containing recycled fibers, optimal results were obtained with
4.5 h SPIH, exhibiting higher surface hydrophobicity and
thereby better interactions with lignin.

Cationic Soy Flour. SF was cationized by allowing the
epoxide form (right structure, Figure 2(a)) of 3-chloro-2-

hydroxypropyl trimethyl ammonium chloride (CTA) to react
with the hydroxyl (Figure 2(b)) and amine groups (Figure
2(c)) in proteins. The charge demand for the various products
that resulted from the epoxide ring opening reaction was
determined by polyelectrolyte titrations that yielded 0.078 and
0.085 mequiv/g at pH 10.5 and 8.2, respectively. The pH
dependence of SP surface charge is explained by the presence
of reactive carboxylic and amino groups in SP whose state of
protonation (and hence, charge) is pH dependent. Compared
with starch cationization, commonly used for papermaking, SF
cationization displays several fundamental differences: (1) SF
exhibits anionic behavior before being modified; therefore, the
derivatization has to generate enough positive charges to
neutralize the initial negative charges before the material
exhibits a net cationic behavior. (2) Not all residues in SF have

Figure 2. Protein cationization using CTA. CTA (a, left) is activated
to form an epoxide ring in alkaline conditions (a, right). The resulting
epoxide can react with amino acids with hydroxyl (b) and amine (c)
groups.
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cationizable groups, while starch is abundant in reactive
hydroxyl groups. For these reasons, a high degree of
cationization is more difficult to obtain in SPs compared to
carbohydrates. The charge of the CatSF used was 0.347
mequiv/g.
The mechanical properties of the handsheets prepared using

CatSF are shown in Figure 1. It is easily observed that CatSF
gave rise to improved handsheet dry strength for the recycled
fibers but not for lignin-free fibers, a result highlighting the
importance of nonionic interactions when SP derivatives are

used “that is” in agreement with the results obtained when SF
and SPI were used in recycled fibers.

Complexes of Cationic Starch and SPs. In previous
reports, SF and SPI soluble fractions were obtained by
centrifugation and later used as dry strength additives, showing
synergistic effects with cationic starch (CS).5 Mixtures of SF
and cationic starch were prepared and evaluated as dry strength
additives to evaluate if nonpurified SF exhibits the same
behavior. After preparation of the mixtures, it was found that SF
can be easily dispersed in cooked CS suspensions, likely
because of formation of polyelectrolyte complexes (PECs) and

Figure 3. Effect of the addition of cationic starch (CS) used alone or in combination with soy flour (SF) and chitosan (Ch). The effect on the tensile
index is illustrated in panels (a,b). The effect on STFI is illustrated in panels (c,d), and the charge of the system is illustrated in panels (e,f).
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protein rearrangement induced in the anionic SF by the
cationic media.28

The properties of the handsheets obtained using CS and SF
at various ratios are observed in Figure 3. A synergy was
observed from using SF and CS in the handsheets of lignin-free
fibers (a 23% increase in tensile index was observed), whereas
in recycled fibers no appreciable effect was observed, although
the addition of SF is not detrimental, i.e., up to 25% of CS can
be replaced with SF, which lowers the cost of the wet-end
additive.
Compared with other additives, the use of CS reduced the

surface anionic charge of the fiber considerably (Figure 3e).
The addition of SF tends to increase the surface anionic charge
because in the formation of CS−SF complexes, the cationic
groups of CS are partially neutralized. It is interesting to note
that the best results for mechanical properties do not coincide
with the minimum surface charge, as often happens when PECs
are used in papermaking, a result opposed to conventional dry
strength additives.35

PECs have been intensively studied since their discovery in
the 1930s.37 These structures, resulting from the mixture of
polyanions and polycations, possess intriguing physical,
chemical, and electrostatic properties between those of ionic
crystalline solids and amorphous organic polymers, which can
be exploited over a host of practical applications like drug
delivery, filtration membranes, and dry strength additives in
papermaking. Specifically, they act as bonding agents when the
paper is dried forming nonuniform distributions of charged
segments with maximum effectiveness when one of the charges
is in excess, generating attractive collisions between PEC and
the fibers.35 The synergistic effect observed when CS and SF
are used in combination can be explained by the formation of
PECs that are especially operative in bleached fibers that exhibit
the highest obtained improvement.
Complexes of Chitosan and SPs. Chitosan is a

biomacromolecule that has drawn significant attention as of
late because of its antibacterial effects, hemostatic properties,
composites, hydrogels, etc.38 In essence, it fulfils several of the
primary requirements of a paper dry strength additive because
it is composed of linear molecules, has a high molecular mass,
can form films, is polycationic, and is capable of forming
hydrogen bonds with cellulosic fibers. Moreover, it possesses
low toxicity, is biodegradable and biocompatible, and acts as an
antimicrobial and antifungal agent.39

Chitosan is characterized as a linear polymer chain of β-(1-
4)-D-glucosamine and N-acetyl-D-glucosamine residues. The
amine group in the D-glucosamine becomes cationic at low pH
and thus is water soluble and has a good affinity for anionic
cellulosic fibers ultimately manifesting good performance as dry
strength agent. Nevertheless, its performance is not optimal
when it is applied in alkaline conditions typical in industrial
papermaking.39,40 An acidic solution of 1% of chitosan in 1%
acetic acid was added to the fiber furnish, and later the pH was
adjusted with 1 N NaOH to 8−8.5 to prepare the handsheets.
A total of 2% of chitosan based on the dry weight of fiber was
used. The obtained handsheets were very adhesive and were
damaged when they were removed from the screen used in
paper formation and metallic plates used in pressing. Compared
to the case of recycle fibers, this behavior was more pronounced
when lignin-free fibers were used. It is well known that chitosan
has adhesive properties.41 Nevertheless, stickiness in paper-
making has not been reported in the past. At an industrial scale,
this behavior may potentially lead to sheet break, downtime,

and consequently, inefficient operation. When the chitosan
dosage was reduced, the stickiness of the paper was also
reduced such that experiments using 1% chitosan as a dry
strength additive could be carried out without considerable
sheet damage. The obtained results can be observed in Figure
3. Complexes of chitosan−SF were also used after adding SF
and chitosan solutions to the fiber suspension at 0.75% and
0.25%, respectively. In the case of the chitosan−SF complexes,
the results for handsheets from lignin-free and recycled fibers
were very different but both demonstrated important improve-
ments in the mechanical strength of the handsheets. The
addition of SF reduced the adhesiveness of the handsheets on
the papermaking screens and press plates. This effect was
particularly pronounced when lignin-free fibers were used. Such
reduction in stickiness prevented damage of the sheet during
formation and therefore preserved the mechanical properties of
the paper obtained using the mixed additives. In the case of
lignin-containing recycled fibers in which the stickiness
problem was less pronounced, the addition of chitosan
improved the mechanical properties (improvements of 50%
and 57% TI and STFI, respectively). When SF was added as a
complex with chitosan, further improvements were observed in
the mechanical properties.
The charge of SF and chitosan in the fiber suspension should

be highly dependent on the pH of the media, and in turn, the
formation and behavior of formed PECs will be determined by
the charge of the individual molecules. At pH 8, chitosan is not
charged and thus loses its water solubility. Therefore, it is
expected that chitosan would precipitate onto the surface of the
fibers, even though the adsorption of chitosan in these
conditions is not necessarily driven by electrostatic interactions.
Chitosan and its gel-forming abilities can coagulate fibers
improving interactions among them to increase the mechanical
properties. Unfortunately, the swollen state of chitosan on the
fiber surfaces also promotes their adhesion to other surfaces. It
is expected that when chitosan and SF are in contact with the
furnish, before pH adjustment, PECs can be formed, forming
less swollen compact structures that adsorb easily on the fibers
to avoid adhesion onto other materials. This effect is
particularly pronounced in lignin-containing recycled fibers
that have a high affinity toward SF, which obtain improvements
in tensile indices up to 57%, the highest improvement obtained.

■ CONCLUSIONS

Soy protein (SP) and its derivatives constitute effective dry
strength additives that exhibit good performance and
synergistic effects when combined with cationic polymers
such as chitosan or cationic starch. It is not necessary to have a
highly purified product for improved fiber−fiber bonding;
nevertheless, some fiber qualities such as the lignin content
highly affect the additive performance. The obtained results
highlight the promising performance that can be attained when
SP-based polyelectrolyte complexes are used as dry strength
agents in papermaking.
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