
PEER-REVIEWED DRY STRENGTH ADDITIVES

Papermakers can face considerable challenges in meet-
ing dry strength requirements, depending on the fur-

nish composition and the paper grade.The need to meet
tensile strength requirements can be especially challenging
when the furnish includes secondary fibers or high-yield
pulp that has inferior ability to form interfiber bonds.
Typical dry strength additives such as cationic starch typi-
cally reach a point of diminishing effectiveness when used
above 1–1.5% on a dry weight basis [1]. One approach to
achieving even higher strength gains is to combine addi-
tives [1-4].

The best addition sequence for two polymers is to add
the cationic polymer in a fiber slurry, mix, and add the
anionic polymer [1,3-4]. More strength is gained when the
cationic polymer is added in a dose that exceeds the
adsorption capacity of the fibers. Apparently, polyelec-
trolyte complexes are formed between the anionic poly-
mer and the excess cationic polymer, and these complexes
deposit onto the already treated fiber surface.

Poly-DADMAC is a highly cationic polymer of high
molecular mass. Papermakers often use it to control pitch
and neutralize charges. As previous studies have shown,
poly-DADMAC forms complexes that lead to increased
strength properties when used in conjunction with an
anionic polymer such as CMC [3-4,6].The order of addition
of these additives can affect how the strength-contributing
complexes are formed [1,4-5,7].

An intriguing finding of an earlier study [1] was that
tensile properties increased seemingly without limit with
increasing net amount of polymer addition. The highest
treatment level considered was a polymer addition of 10%,
and one would expect to find a point of diminishing
returns in terms of increasing paper strength. Practical
problems such as reduced drainage and the formation of
stickies could prove to be limiting factors as well. In this
study, we took up the work of exploring polymer addition
levels greater than 10% to discover this limit.

BACKGROUND
In an earlier study involving virgin unbleached kraft pulp,
the maximum effectiveness of a two-component dry-
strength treatment was reached when the amount of the
first additive was just sufficient to saturate the surfaces of
fibers in the suspension [6]. At saturation, tails of the
adsorbed polymer chains would be expected to extend
away from the fiber, increasing the possibility of interaction
with other molecules [3,6,8-9]. It has been proposed that
sub-optimal dosages would not result in this extension of
the polymer tails.

At dosages above the optimal range, the excess poly-
DADMAC would be expected to stay in the slurry solution.
When not absorbed onto the fiber, the poly-DADMAC
would remain in solution and could later be incorporated
into other polymer complexes [10].When the fiber was sat-
urated with poly-DADMAC, CMC was added to the solu-

Effects of high treatment levels in a 
dry-strength additive program based on
deposition of polyelectrolyte complexes:

How much glue is too much?
MARYN L. HEERMANN, SARA R. WELTER, AND MARTIN A. HUBBE

ABSTRACT: Paper dry strength increased considerably when polyelectrolyte complexes
deposited on fibers in large amounts. Substantial gains in breaking length were achieved through the
sequential addition of balanced amounts of positively and negatively charged polymers to bleached
kraft fibers. Strength increased strongly with increasing dosages up to 40%. The polymers were
retained efficiently on the fibers even up to a level of equal amounts of polymer and fiber. The stick-
iness of undried paper handsheets increased with increasing polymer dosage, indicating practical
upper limits. Other problems encountered at polymer dosages of 40% or more included polymer
deposition onto the forming fabric, reduced dewatering rates, and reduced opacity of the paper.
Results were affected primarily by the ratio of the two polymers and the manner in which the poly-
electrolyte solutions were added.

Application: Poly-DADMAC and CMC can be added in sequence to achieve stronger paper than
possible with cationic starch.

VOL. 5: NO. 6  TAPPI JOURNAL 9



10 TAPPI JOURNAL  JUNE 2006

DRY STRENGTH ADDITIVES

tion.The negatively charged CMC was
attracted to the positively charged
poly-DADMAC already adsorbed on
the fiber surface.

In other experiments, researchers
explored the effects of adding poly-
DADMAC beyond the saturation levels
for paper made from recycled fibers
[4,9].Results were consistent with the
formation of polyelectrolyte complex-
es at high dosages. Polyelectrolyte
complexes were formed by two basic
techniques, sequential addition and
pre-mixing. In sequential addition, an
excess of poly-DADMAC is first added
to the fiber slurry, beyond the amount
that can be adsorbed onto the fibers,
and the excess combines with CMC,
added second. In the second tech-
nique, poly-DADMAC is mixed with
CMC, and the mixture is added to the
slurry. In both cases, the polyelec-
trolyte complexes were able to
deposit onto the fibers, increasing
strength properties. The strength
properties for fibers that had been
treated sequentially by oppositely
charged polyelectrolytes were found
to be greater than the strength prop-
erties for fibers when polyelectrolytes
were pre-mixed.

Experiments have also been con-
ducted with glass micro-fibers [1].
Glass micro-fibers do not lose mass
upon incineration,which makes it pos-
sible to evaluate the polymer uptake
accurately by gravimetric analysis.
Also, because paper sheets formed
from untreated glass had almost zero
strength, essentially all of the strength
could be unambiguously attributed to
polymer addition. Results showed that
polyelectrolyte complexes provided
better strength characteristics when
formed by the sequential addition
rather than by pre-mixing.

Based on related studies, we can
expect that there is an optimal range
of charge ratio between the cationic
and anionic polymers [2-14]. In the
case of glass fibers, the range of opti-
mal charge ratio was between 2:3 and
3:2 [1]. As mentioned, a particularly
intriguing finding was that tensile
properties increased without any
apparent limit as polymer was added
to a mass level of 10%, but 10% was
the highest treatment level consid-
ered. In our study, we explored poly-
mer addition levels greater than 10%.

EXPERIMENTAL
Bleached hardwood and softwood
kraft fibers were used in a ratio of 70%
to 30%.The fibers were repulped from
dry-lap sheets of market pulp accord-
ing to TAPPI T-200. The pulp mixture
was refined in a laboratory Hollander
beater (Valley Machinery Co.,
Appleton,WI) to a freeness of 400 mL
CSF (TAPPI T-227).

To make it easier to interpret data,
we removed fines from the stock
using a Bauer McNett classifier (TAPPI
T-233). Since the goal was just to get
rid of fines, we deviated from the
TAPPI method somewhat.A 200-mesh
stainless steel screen was placed in
the final position of the classifier.After
the water and agitators were turned
on, the pulp slurry was poured into
the final vessel of the device until it
was three-quarters full. For each sub-
batch of fibers, the classifier was run
for 15 min, allowing most of the fines
to be removed.

We tested the consistencies of the
refined fiber batches again before
preparing each handsheet series, with
the consistencies adjusted to 0.3%.
The electrical conductivity was adjust-
ed to 1000 µS/cm with sodium sul-
fate, and the pH was adjusted to 7.0.
Chemicals were added to the slurry
and mixed, and the mixture was
added to a handsheet mold, according
to TAPPI T-205.

The cationic polyelectrolyte used
in the experiments was Alcofix® 169,
a polymer of diallyl dimethyl ammoni-
um chloride (poly-DADMAC) from
Ciba Specialty Chemicals.The anionic
polyelectrolyte was CMC 7M, a car-
boxymethylcellulose product with a
content of 0.7 carboxyl groups per
anhydroglucose unit (Aquasol division
of Hercules).

We evaluated results over a matrix
of 35 experimental conditions.
Independent variables included the
ratio of the two oppositely charged
polyelectrolytes, their manner of addi-
tion, and the net level of addition
based on the dry mass of fibers.Three
mass-ratios of the polyelectrolytes
were selected, based on conditions
that yielded near-optimum results in a
previous study [1].We evaluated three
polymer ratios, rather than just one,

because minor imbalances of colloidal
charge could possibly have severe
consequences at the high addition lev-
els used.

An initial series of handsheets was
prepared according to the pressing
procedure as set forth in TAPPI T-205,
with drying on polished plates,held in
rings. However, difficulties arose from
the stickiness of the handsheets creat-
ed at high dosage levels, and we mod-
ified the procedure to prepare addi-
tional handsheets.

In this modification, instead of plac-
ing the damp sheets in the pressing
device, we dewatered them with the
roller, using two blotter sheets and a
metal plate.The roller was passed back
and forth five times. The damp sheets
were labeled, peeled from the blotter
sheets,and fed with the wire-side facing
the heated surface into an Adirondack
rotary drum dryer, (Model E-100,
Adirondack Machine Corp.). The tem-
perature setting was 76.7°C, and the
speed was set to 11.After the first pass
through the drier, each sheet was
flipped over and passed through a sec-
ond time.Sheets were allowed to equil-
ibrate at 50% RH for 48 h before testing.

Equilibrated handsheets were pre-
pared for paper testing according to
TAPPI T-494, which lays out the speci-
fications for cutting test samples.
Areas of the handsheet were chosen
that were free of abnormalities. Six
samples were cut to a width of 15
mm. We performed tensile tests with
an Alwetron Th1 Autoline Compatible
tester (Lorentzen and Wettre, Sweden)
using the default settings.

RESULTS AND DISCUSSION
Stickiness of the wet sheets

In creating the initial set of hand-
sheets, we noticed that the damp,
undried sheets became sticky to the
touch when the net addition of poly-
electrolytes was over 10% based on
fiber mass. At the three highest addi-
tion levels,40%,65%,and 100% on o.d.
pulp, the paper became so adhesive
that the blotter paper would become
permanently incorporated into the
sheet when we followed the TAPPI
handsheet procedure.

Individual handsheets were
ranked on a stickiness scale of zero to
three, with zero corresponding to the
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behavior of sheets formed from
untreated fibers.A test sheet received
a stickiness rank of 1 if no more than
25% of the test sheet was covered by
the blotter paper as a result of delam-
ination.A sheet was given a rank of 2
if 25–50% was covered with a layer
from the blotter paper. A stickiness
value of 3 indicates that more than
half of the sheet was covered with a
layer of the blotter paper.

For the second drying method
(rotary drum dryer), a rating of 1 indi-
cates a few, isolated patches of orange
fibers from the dryer felt.A rating of 2
indicates that sufficient felt fibers had
transferred to affect the overall color
of the test sheet.A rating of 3 indicates
a high concentration of felt fibers,
such that the test sheets were dis-
tinctly orange.

The manner of addition of poly-
electrolytes significantly affected the
stickiness of the sheets. Tests carried
out at the 10% level of net polymer
addition resulted in a stickiness rating
of 1 in cases where the two polyelec-
trolytes were pre-mixed before being
added to the furnish. Sequential addi-
tion of the polymers yielded a rating
of 0 at the same level of addition.The
same ratings were obtained during
handsheet preparation by each of the
two addition sequence procedures.

Table I shows the results of addi-
tional tests, all involving the polyelec-
trolytes sequentially added to stirred
fiber suspensions.As shown,stickiness
became more severe with increasing
net dosages of polymer.

Dewatering rates
As anticipated, high levels of dry-
strength polymers caused noticeable
reductions in dewatering rates. At
least part of the drainage rate reduc-
tion appeared to be caused by the
accumulation of polymeric material
on the forming screen. Thus, after
each set of handsheets involving high
levels of treatment, the forming
screen was noticeably sticky and part-
ly plugged.

Similar observations have been
described by others [15-16].
Kekkonen et al. found that at higher
polyelectrolyte concentrations, sticky
polyelectrolyte particles would pre-
cipitate out of solution [10].

With each successive preparation
of a set of handsheets, polymeric

material accumulated on the fabric.
This build-up made it difficult for us to
quantify the effects that individual
dosages had on drainage.

Translucence
Handsheets were markedly translu-
cent when prepared at polymer treat-
ments of 65% and 100% with pressing
in blotter paper, according to TAPPI T-
205. Optical measurements were not
possible in those cases, because the
damp sheets were so sticky that they
could not be separated from the blot-
ter paper.The drum-dried handsheets,
despite their lower levels of pressing,

also exhibited some translucency at
high levels of polymer treatment.

Tentatively, the reduced opacity
was attributed to the filling in of void
areas in the paper large enough to
contribute to the scattering of light.
Optical measurements were not
attempted because the sticky sheets
tended to pick up orange fibers from
the dryer felt.

Strength test results
Table II shows the results of four
experiments in which the addition
order was varied at two different poly-
mers ratios while the net polymer

I. Stickiness ratings for handsheets produced by two kinds of drying

methods at three polymer balances

Polymer Balances (DADMAC, CMC)

Polymer, 38.6% 61.4%, 43.5%, 56.5% 48.5%, 51.5%

% Press Drum Press Drum Press Drum

0.0 0 0 0 0 0 0

0.2 0 0 0 0 0 0

0.5 0 0 0 0 0 0

1 0 0 0 0 0 0

2 0 0 0 1 0 1

5 0 1 0 1 0 1

10 0 1 0 2 0 2

20 0 2 1 2 0 2

40 0 2 1 3 1 2

65 2 3 2 3 2 3

100 3 3 3 3 3 3

Ratings: Control = 0 . Most sticky = 3.
Press drying by TAPPI T-205. 
Drum drying with a rotary drum dryer.

II. The effect of addition order on handsheet properties.

Breaking
Addition Strength, Stretch, Work, length,

order kN/m % J/m2 km

38.6%, 61.4%

Pressed Sequential 4.35 3.12 93.79 6.54

Pre-mixed 3.98 2.62 70.54 5.78

Drum dried Sequential 2.63 2.28 41.61 5.05

Pre-mixed 2.35 2.01 32.07 3.47

43.5%, 56.5%

Pressed Sequential 5.32 3.24 115.1 7.42

Pre-mixed 3.85 2.46 65.77 5.32

Drum dried Sequential 2.53 2.1 35.45 3.81

Pre-mixed 2.13 1.59 22.24 3.03
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addition level was kept constant at
10% on a fiber mass basis. In certain
cases, the fiber slurries were first
mixed with poly-DADMAC solution,
then mixed with CMC. In other cases,
the two polyelectrolyte solutions
were mixed together first before
being mixed with the fibers. As
shown, the sequential addition of the
polymers always resulted in greater
strength gains.

The relatively poor strength per-
formance resulting from the pre-mixing
of the polyelectrolytes was tentatively
attributed to a poor distribution of addi-
tives in the furnish. Numerous polymer
flocs could be seen during the creation
of the handsheets in such cases. The
polymer flocs also were evident in the
dried sheets because of their translu-
cent nature.The formation of polymer
flocs is consistent with the findings of
Kekkonen et al. [10]. The translucent
spots were also stickier than the rest
of the sheet, as evidenced by the adhe-
sion between the blotter and felt fiber
that occurred preferentially in these
areas. Because of the lower strengths
obtained with pre-mixing, along with
the spotting that occurred, we used
sequential addition for the rest of the
experiments.

For all but a few cases,the deviation
of strength test results was less than 9%,
with random scatter throughout the

range of addition levels.These statistics
allow relative certainty with regard to
the trends.

Figure 1 shows the tensile break-
ing length results for handsheets
pressed and dried by the TAPPI
method,and Fig. 2 presents the results
for the drum drying method. As the
vertical scales on the graphs reveal,
sheets prepared with the TAPPI
method had higher inherent strength
at zero polymer treatment. The hori-
zontal scale of Fig. 1 ends at 40%
because the sheets prepared at higher
levels of polymer treatment could not
be separated from the blotters.

As these figures show, paper
strength rose most rapidly with
increasing dosages up to 1% or 2% in
all cases. Beyond that point, although
breaking length values continued to
rise, there was some divergence in the
results,depending on the mass ratio of
the oppositely charged polymers and
on the methods used for pressing and
drying. The most favorable mixing
ratios of the two polymers yielded
strong gains in dry strength with
increasing polymer dosage up to
about 40%, based on the dry mass of
fiber.The increased strength was also
apparent in the rattling sound made
during the shaking of handsheets pre-
pared at high polyelectrolyte addi-
tions.

A hypothesis to explain the drop-
off in breaking length response is that
no more polymer was able to deposit
onto the fibers beyond 40%. To test
this hypothesis, we consider the
increases in mass. Figure 3 plots the
mass of the handsheets correspon-
ding to the strength results in Fig.2.As
shown, for two of the polymer ratios
considered, the mass continued to rise
in an almost linear manner from zero
addition up to 100%, meaning that
there was an equal net mass of poly-
mers added,compared to the dry fiber
mass. Thus, the hypothesis must be
rejected.

The fall off in breaking length at
polymer additions above 40% might
be attributed to an insufficient pro-
portional content of fibers, compared
to the optimum needed for strength
development.The basis weight results
also help to explain why the ratio of
0.385 cationic polymer to 0.614
anionic polymer gave inferior
strength results in Fig. 2, at net poly-
mer additions above 10%. Apparently
the proportion of the cationic poly-
mer was not sufficient in those cases
to retain polymer complexes efficient-
ly on the fibers, especially at the high-
er overall levels of treatment.

Stretch to breakage
Figure 4 show the results of tests on
the percentage of stretch to breakage.

1. Breaking length results for sheets prepared by

sequential addition of poly-DADMAC and CMC at the

mass ratios shown and at the given levels of total poly-

mer on dry fiber, after TAPPI pressing and air drying.

2. Breaking lengths of sheets prepared by sequential

addition of poly-DADMAC and CMC at the mass ratios

shown and at the given levels of total polymer on dry

fiber, after roller pressing and heat drying.
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Trends were similar in most respects
to the breaking length tests shown in
Fig. 2. Thus, in the case of the two
most favorable polymer ratios, the
strength results rose strongly up to
40% net addition, based on dry fibers.
The increasing levels of stretch indi-
cate that the polymeric additives up
to that level increased the toughness
and extensibility of the paper.

CONCLUSIONS
Very high levels of dry strength were
achieved through the sequential addi-
tion of a cationic poly-DADMAC solu-
tion and an anionic CMC solution to
bleached kraft furnish. Tensile break-
ing lengths continued to increase
strongly up to a net content of 40%
polymer, based on the dry mass of
fibers. Results were dependent on the
mass ratio between the two polymers.

In addition to the high cost of very
high levels of dry-strength chemicals,
the development of stickiness in the
wet paper may set a practical upper
limit on treatment dosages.The onset
of sticky behavior was observed
between 2% and 20% net polymer
addition, depending on the details of
sheet preparation and pressing.
Problems related to stickiness were
the least significant when the poly-
meric additives were separately added
to a stirred suspension of fibers.

Decreased dewatering rates were
observed after polymer treatment at

the highest addition levels studied.
Such decreases were attributed to vis-
ible plugging of the forming fabric.

Polymer treatment levels above
40%, on a dry fiber basis, caused the
paper to be translucent, consistent
with the filling in of void spaces by
the polymer.
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4. Stretch results at different addition levels for drum-

dried handsheets.
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INSIGHTS FROM THE AUTHORS
We chose this topic because previous results
looked intriguing, and we wanted to find out how
far we could push the limits of this technology. The
new results help to bring the earlier, somewhat
fundamental research down to a practical level. The
kind of system we have studied could have practi-
cal applications.

In terms of the difficulties we faced, we didn’t
know what to expect, so it was hard to define the
best range of experimental conditions to evaluate.
Also, procedures needed to be revised continually,
since we encountered new issues that made
accepted procedures ineffective. What surprised us
most was the extremely high level of polymer
addition that was reached before the strength ben-
efits really fell off.

Not every paper mill can benefit from the kind of
system we studied. However, the technology offers
a way to raise the bonding strength of paper to

much higher levels than can be achieved with con-
ventional approaches.

As with much work done at the laboratory level,
the next step probably would involve mill trails. We
hope that others are interested in various applica-
tions of the strategies we have investigated.
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