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ABSTRACT: Laboratory tests were conducted to evaluate effects of hydrodynamic shear levels on papermaking
process variables and paper handsheet properties. The furnish was from 100% recycled copy paper, to which was
added nanofibrillated cellulose (NFC) at the 5% level following its optional pretreatment with cationic starch. A
cationic copolymer of acrylamide (cPAM) was used as the retention aid. Different levels of hydrodynamic shear were
applied both after mixing the NFC with the cationic starch (pre-shearing) or after all the furnish components had
been combined (final shearing). The presence or absence of pre-shearing was found to have little effect on the
measured outcomes. By contrast, increasing final shear hurt filler retention and made the resulting paper more
uniform. However, the final shear level did not have a significant effect on the tensile strength of the resulting
handsheets. Medium-charge density cationic starch, used in pretreating the NFC, consistently gave greater strength
in comparison to a high-charge cationic starch. The significance of these findings is that though the relatively high
hydrodynamic shear levels associated with modern paper machines can have some beneficial effects, they do not
necessarily overcome all challenges associated with wet-end addition of nanocellulose in combination with other

additives.

Application: Modern papermaking systems, including pressure screens, additive injection systems, and
headbox systems, can affect the levels of hydrodynamic shear to which the furnish is exposed after the addition of
different chemical agents. A laboratory device called the Wet End Process Simulator (WEPS) can help predict the
effects of different shear levels on retention, dewatering, and paper properties.

apermakers have some limited, but low-cost, op-
Ptions regarding the intensity and time of hydrody-

namic shear to which papermaking fiber suspen-
sions are exposed after the successive injection of different
dissolved or dispersed chemical agents. For example, they
can inject an acrylamide-type copolymer retention aid so-
lution either before or after a pressure screen [1]. They also
can make use of modern devices that allow excellent mix-
ing of additives very soon before the headbox of the paper
machine [2,3]. Alternatively, a retention aid solution can be
injected using a ring header or simple flange fitting con-
nected to the approach flow piping of a paper machine.
Such options make it meaningful to consider how changes
in hydrodynamic shear might be incorporated into a paper-
making strategy. By such means, one might aim to achieve
an optimum balance between the rate of dewatering (which
sometimes limits the production rate on a paper machine)
and various aspects of paper quality.

As has been shown by Britt and Unbehend [4,5], the in-
tensity of agitation of papermaking furnish before and dur-
ing the formation of a paper sheet can have large effects on
fine particle retention. Such effects have been attributed to
the progressive breakdown of polymer bridges holding fine

particles onto the fiber surfaces in the fiber suspension
[5,6,7]. Such bridges result from the injection of chemical
additives to the furnish, including very high molecular mass
copolymers of acrylamide. Cationic starch also has been
shown to play a role in the retention of fine particles [8].
However, what is beneficial for retention of fine particles
sometimes has adverse effects on other outcomes of paper-
making practices. Thus, it has been shown that some con-
ditions of retention aid chemical usage can negatively affect
the rate of water removal by vacuum [9]. In principle, a
heavily flocculated furnish, in which many of the fibers are
clustered together, provides easy paths for water to flow
between the flocs, giving rise to rapid initial dewatering,
as shown in the cited work. At later stages of vacuum de-
watering, air likewise passes around the fiber flocs, with
the wastage of vacuum pumping energy. Water remaining
within the flocs appears to explain why poor vacuum de-
watering may be observed in such cases. As shown by Rob-
erts et al. [10] even treatment of pulp furnish with cationic
starch can create sufficient flocculation such that very weak
paper results at low levels of agitation. In fact, follow-up
work by Britt and Unbehend [9] showed that more effective
water removal by vacuum was achieved by application of
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hydrodynamic shear, after the addition of a flocculant and
before the headbox, in preparation for the forming the
paper.

Questions regarding effects of hydrodynamic shear had
arisen in the course of earlier research carried out at North
Carolina State University regarding the preparation of
paper handsheets from recycled copy paper with the addi-
tion of cationic starch, nanofibrillated cellulose (NFC), cat-
ionic acrylamide copolymer retention aid, and some other
optional additives [11-13]. In some of that work, it had been
suggested that certain observed effects might have been
different in a full-scale papermaking operation [12,13]. It
had also been suggested that the hydrodynamic shear
would likely have been higher than the levels that were
employed in the cited laboratory studies. However, the lab-
oratory work described in the cited articles did not explic-
itly compare different levels of agitation.

At TAPPT’s 2023 PaperCon conference, the Sam Bo Sci-
entific Co. Ltd. (Seoul, Republic of Korea) demonstrated its
Wet End Process Simulator (WEPS) device. The WEPS can
vary applied agitation over a very wide and reproducible
range, while enabling formation of handsheets with highly
reproducible uniformity and freedom from fiber orientation
problems. Earlier publications based on the WEPS device
appeared in 2002 and 2017 [14,15]. The WEPS incorporates
several innovative design features. The furnish is agitated
by six impellors, three rotating in one direction and three
in the other. At the moment of release of the furnish onto
the forming fabric, there is a pool of water resting on the
surface of the forming fabric; this feature provides for about
one second in which the fibers can stop swirling and adopt
random orientations. Then, during vacuum dewatering, the
device is subjected to a vertically oriented “shake,” which is
analogous to procedures used for many centuries by skilled
hand papermakers [16,17]. In addition to the handsheets, the
WEPS device provides information about rates of vacuum-
induced drainage, as well as the final permeability of the
wet handsheet at the end of the drainage process.

The present work involved not only the WEPS device,
but also some parallel tests to quantify the retention of fines,
the intensity of fiber flocculation in the slurry, the unifor-
mity of formation in the resulting handsheets, and various
other properties of the paper. Independent variables, in ad-
dition to hydrodynamic shear, included the levels of cat-
ionic starch (with two different charge densities of starch
considered); the type of NFC (ordinary freeze-dried NFC or
TEMPO-oxidized NFC, with a default addition of 5 parts per
100 parts of furnish solids); and the optional usage of cat-
ionic acrylamide copolymer (cPAM) retention aid.

Based on previous work (though different from the pres-
ent work in many details), the authors considered the fol-
lowing hypotheses: It is proposed that increasing levels of
hydrodynamic shear, before formation of the paper sheet,
will make the resulting paper more uniform and less floc-
culated. It is further proposed that the more uniform paper
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will have a higher resistance to passage or water or air
through it at different stages in the process. In other words,
a decreasing freeness with increasing levels of hydrody-
namic shear in the course of paper preparation was antici-
pated, and the resulting sheets were expected to be less
porous. Finally, it is proposed that the strength of the paper
would increase with increasing hydrodynamic shear levels
as a result of increased uniformity. This is the first time a
study has been devoted to the effects of hydrodynamic
shear on papermaking outcomes involving addition of
nanocellulose pretreated by cationic starch that uses equip-
ment able to form paper and to measure dewatering rates
over a very wide range of shear.

EXPERIMENTAL

Fiber sources and pulp preparation
The fiber source was Boise Aspen recycled multi-use paper
(Boise Paper; Boise, ID, USA), which has 100% recovered
fiber content. Past work has shown that the paper (all from
the same carton) contains 22.7% of calcium carbonate
(CaCOy) filler by dry mass [18]. The pulp was dispersed in
tap water using a laboratory Hollander beater (Voith;
Heidenheim, Germany) with no load applied, such that the
mixture having a consistency of about 2% was “brushed”
for 30 min. The pulp was then diluted to slightly more than
0.5% solids. The electrical conductivity was raised to 1 mS/
cm by addition of sodium sulfate (Na,SO,) solution at about
5% solids content.

Chemical preparation
Chemicals employed in this work included two cationic
starch products: 1) a non-commercial corn starch sample
from an anonymous source with a medium charge density
and a nominal degree of substitution of about 0.03; and 2)
Grain Processing Corp.s (Muscatine, IA) Chargemaster
L340, a starch sample with high charge density and a de-
gree of substitution around 0.20. The two starches were
prepared for use by dissolution in hot water to a solids con-
tent of 1%. After stirring for 1 h, the starch solutions were
allowed to cool to room temperature before use.

Two types of nanofibrillated cellulose (NFC) were ob-
tained from the University of Maine, namely freeze-dried
(default) and TEMPO-oxidized, both in dry form. Suspen-
sions were prepared at a solids content of 0.5% and an elec-
trical conductivity of 1 mS/cm, which was achieved by add-
ing Na,SO, as an approximately 5% aqueous solution.

The cationic acrylamide copolymer retention aid (CPAM)
in dry-bead form was a product of American Cyanamid
Corp. (Wayne, NJ, USA). It was prepared at the 0.1% solids
level in deionized water with 1 h of brisk stirring.

Typical chemical addition sequence
Figure 1 describes the sequence of a typical experiment
from the standpoint of chemical treatments. Conditions
such as types of additives, dosages, and orders of addition
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1. Typical example of a sequence of chemical addition and
levels of hydrodynamic shear used in the present work (NFC:
nanofibrillated cellulose; cPAM: cationic polyacrylamide;
WEPS: Wet End Process Simulator; LMH: low/medium/high).

were in many cases the same for sets of experiments car-
ried out with the three devices used to prepare and analyze
samples, which are described in the following sections.
These include devices to analyze dewatering rates and pre-
pare handsheets; evaluate fine particle retention; and de-
gree of fiber flocculation in the suspension.

In Fig. 1, the order of addition is represented by the di-
rection of top to bottom, whereas the horizontal direction
indicates different optional conditions for each indicated
variable. Thus, in a typical experiment, the NFC was first
treated at the 5% (by solids) level with a selected cationic
starch product. In the series of tests represented in Fig. 1,
the cationic starch-NFC mixture was either not exposed to
high hydrodynamic stirring (only being mixed gently) or
placed in a 250 mL Waring blender unit (Waring Products;
Stamford, CT, USA) and exposed to 30 s of blending at the
high level. Next, the treated NFC was added to the default
fiber furnish such that the amount of NFC represented 5
parts per 100 parts of furnish solids. Each of the resulting
mixtures was then optionally treated with cPAM at the 0.1%
level based on solids. Finally, in the course of the test pro-
cedure, the pulp suspension was subjected to either low,
medium, or high shear, as specified later in graphs or ta-
bles. While Fig. 1 gives an overall idea of the sequences
employed, it does not include all of the options considered,
such as some tests in which cationic starch was omitted.

Wet-end process simulator (WEPS)
Evaluation of vacuum-induced dewatering rates, resistance
to air permeation after dewatering, and a range of tests of
the resulting paper handsheets were carried out using the
Wet End Process Simulator (WEPS) device supplied by Sam
Bo Scientific Co. Testing followed the instructions provid-
ed in the manual for the device. An 80-mesh plastic screen
was employed as the forming fabric. The chemical addition
sequences were arranged with selected “low” (400 rpm),
“medium” (1000 rpm), and “high” (1700 rpm) agitation lev-
els. Each addition of a chemical was followed by 10 s of
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agitation at a planned level. The WEPS device was pro-
grammed to record the slope representing the rate of
drainage, as well as a final vacuum level indicating resis-
tance to air flow through the damp paper sheet at the end
of the dewatering cycle.

Once sheet formation was completed, the sheets were
peeled from the forming screen, placed between sheets of
blotter paper, covered with a smooth rigid stainless-steel
sheet, and rolled against a hard, flat laboratory bench with
the type of roller described in TAPPI Standard Test Method
T 205 “Forming handsheets for physical tests of pulp.” The
handsheets were next pressed against polished chrome
discs with the use of blotter paper, again following TAPPI
T 205. The same standard was used for drying the sheets
under tension using the stacked rings, noting that the sheets
were somewhat larger (diameter 19.5 cm) than those de-
scribed in the TAPPI T 205 method.

Retention tests

The efficiency of fine-particle retention during paper for-
mation was evaluated using a Britt jar [4,5]. A 200-mesh
screen was employed. For a typical set of experiments, the
agitation was adjusted in different tests to “low,” “medium,”
and “high” levels, which will be specified later when results
are presented. The high level was achieved by using a
kitchen blender, after which the furnish was poured into
the Britt jar. Further details about the procedure for evalu-
ating retention efficiency have been described by Garland
et al. [11].

Flocculation tests

The level of flocculation in fiber suspensions, both before
and after treatment with different chemical types, dosages,
and orders of treatment, as well as with consideration of
hydrodynamic shear levels, was determined using a pho-
tometric dispersion analyzer (PDA), which was the low-gain
version distributed by Rank Brothers (Newbury, UK). Root-
mean-squared values related to the fluctuation of transmit-
ted light passing through a 6-mm internal diameter Tygon
tube were evaluated using both gain constants set to 1.000
and with the filter option active.

Tensile testing
Tests of the tensile properties of the formed handsheets
were done in accordance with TAPPI T 494 “Tensile prop-
erties of paper and paperboard (using constant rate of elon-
gation apparatus)” and TAPPI T 220 “Physical testing of
pulp handsheets.” The paper was equilibrated for at least
24 h at 23°C and 50% relative humidity. A horizontal tensile
tester, Model 84-56-00-003 from Testing Machines Inc.
(New Castle, DE, USA), was used to break sets of 15-mm-
wide strips of paper cut from the centers of the handsheets.
The clamps of the device had an initial span of 100 mm.
The device reported the breaking length (theoretically, the
length sufficient to cause self-breakage by gravity), the per-
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2. Vacuum dewatering rates determined as the negative values of the slopes reported by the WEPS device for 0.5% suspensions of
default furnish optionally containing either (a) conventional freeze dried NFC or (b) TEMPO-oxidized NFC at the 5% level on furnish
solids, or with further optional treatment with cationic retention aid.

cent stretch to breakage, and some other related quantities.

Air permeability of the dry paper
TAPPI T 460 “Air resistance of paper (Gurley method)” was
used to assess the permeability of the handsheets to air.
Results of such tests can be important when attempting to
develop or manufacture paper products to meet barrier
performance targets. Even if the final barrier properties
depend on one or more coating layers, the pore structure
of the base paper can be expected to play an important
role. In the present work, the Gurley densometer test results
also served as a way to corroborate observed effects on the
final vacuum level of the damp paper, as described earlier.

Formation uniformity of the paper
The uniformity of the paper in a size range of 6.7-13 mm
(range C7) was assessed with a Paper PerFect Formation
Analyzer from OpTest Equipment Inc. (Hawkesbury, ON,
Canada). This setting was selected because it is distinctly
longer than the longest individual wood pulp fiber, making
it possible to attribute such features to flocs of fibers.

Filler content
The ash content of the handsheets was tested and used to
compute the filler content. As described in TAPPI T 413
“Ash in wood, pulp, paper and paperboard: combustion at
900°C,” the handsheets were weighed and put in tared cru-
cibles in an oven that was then heated to 900°C and held
for at least 1 h and then removed and weighed again after
cooling. Results were calculated based on an assumption
that CaCO; was the only mineral present in the air-dried
paper (which had a moisture content of approximately 5%
to 6% at 50% relative humidity). The ignition factor was cal-
culated based on the molecular masses of calcium oxide
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(CaO) at 56.08 g/mole and CaCO; at 100.08 g/mole, which
implies the following relationship:

Filler (%) = 100 * (100.08/56.08) * (Ash mass/Paper mass)

RESULTS

Dewatering rate
Vacuum-induced dewatering rates were calculated by the
WEPS device using the slope of the dewatering line mea-
sured during the handsheet making process. In Fig. 2, the
dewatering rates of control samples, samples with only NFC
or cPAM, and samples with NFC and cPAM are compared
at three different levels of shear. The NFC was added at a
5% level, and the cPAM was added at a 0.1% level based on
solids for both experiments represented.

Figure 2a shows the dewatering rates when freeze-dried
NFC (FDNFO) was used. Each point represents the average
dewatering rate of three replicates. As expected, the control
had the fastest drainage results. It can be observed that the
addition of FDNFC slowed the drainage significantly, but
further addition of the cPAM along with the FDNFC did not
have much effect, except at the low shear level. The drain-
age was likely recovered in that case due to the tendency
of cPAM to overflocculate the system at low agitation.

Figure 2b shows the dewatering rate results when TEM-
PO-oxidized NFC (TONFC) was used. Each point repre-
sents the average dewatering rate of four replicates. Once
again, the control resulted in the highest dewatering rate,
and the addition of only cPAM had little effect. When only
TONFC was added to the system, it again resulted in a much
slower dewatering rate. Adding TONFC had a slightly great-
er effect than FDNFC, which was most noticeable at the
medium shear level. This difference could be attributed to
the narrower fibrils in TONFC.
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3. Vacuum dewatering rates for systems in which NFC had been pretreated with cationic starch at the 5% level on NFC solids,
followed by optional blender shearing, before being added to the default furnish, with other conditions being the same as the

previous figure.

The largest change in the dewatering rate occurred
when both TONFC and cPAM were added to the system.
The presence of both components strongly suppressed
the drainage at a medium level of shear. At a higher level
of shear, some of the drainage loss was recovered. This
could be due to an interaction between cPAM and TONFC
in which the TONFC particles are made into bigger clus-
ters and are more effective in choking drainage channels.
It could also be explained if the NFC in the system was
retained in the sheet rather than just passing through.
This would be consistent with the fact that filler particles
do not seem to have much effect on dewatering because
they are too small to be effective in blocking drainage
channels. It was found that a high shear level was able to
break down whatever was responsible for slowing down
the drainage.

Figure 3 shows another experiment performed using
the WEPS device, where the type of cationic starch, level
of initial shear, cPAM addition, and level of final shear were
varied among samples with TONFC present. Medium- or
high-charge cationic starch was added at a 5% level based
on solids, and the samples were either blended or stirred
before being added to the WEPS device. The same agita-
tion rates were used, and cPAM was added at a 0.1% level
based on solids if included. Two replicates of each condi-
tion were tested.

Figure 3a shows the vacuum dewatering rate found for
each condition. When comparing specific conditions, the
effects of the level of flocculation on drainage can be ob-
served. Certain conditions, such as the inclusion of high-
charge cationic starch, blending during preparation, and
cPAM, can lead to a high level of flocculation in the system.
Under these conditions, application of medium shear im-
proved the dewatering rate to be the highest of all the con-

ditions tested. Conversely, application of high shear led to
a much lower dewatering rate and very poor drainage. This
suggests that there may be an optimum degree of floccula-
tion in a system relative to dewatering performance.

In most cases, a medium level of shear improved the
dewatering rates compared to a low level of shear, which
was consistent with the results of Britt and Unbehend [9].
However, a couple of curves in Fig. 3 showed the opposite
trend. In both conditions, the samples had been stirred in-
stead of blending during preparation. For one condition,
medium-charge starch was used, and for the other, high-
charge starch was used. For both curves, the dewatering
rate was shown to decrease with the application of medium
shear, but increase and recover some of the drainage with
the application of high shear.

Figure 3b shows the final air resistances in millimeters
of mercury (mm Hg) measured by the WEPS device after
vacuum dewatering. The final air resistance results showed
a high correlation with the vacuum drainage rate results.
An coefficient of determination (R2) value of 0.747 shows
that approximately three-quarters of the variance in the
data can be explained by the close relationship between
the two variables.

The strong correlation between the vacuum dewatering
rate and final air resistance that was apparent from Fig. 3
can be more clearly observed in Fig. 4. The highest drain-
age was found when the final air resistance was the lowest.
This is consistent with the principle that the highest rates of
dewatering tend to be correlated with a lower final air re-
sistance. One might expect that a faster drainage rate would
be associated with bigger channels through the paper for
both water and air, and a lower air resistance could be mea-
sured. Indeed, correlations between drainage rates and per-
meability have been reported in a few cases [19,20].
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5. Filtrate turbidity from Britt jar tests, depending on the charge density of cationic starch (see depth of blue color), and the severity
of agitation following NFC treatment with the cationic starch (with hatch pattern indicating blender treatment).

The cause of this dependency can be further investi-
gated by observing the trends present in Fig. 4. Increasing
the final shear on the WEPS did not have a consistent
trend, and initial stirring vs. blending did not have a sig-
nificant effect. It was found that high shear after cPAM
addition gave slow dewatering and high final air resis-
tance, and that some of the high-charge cationic starch
conditions resulted in the highest drainage and lowest
final air resistance. Overall, it was shown that high-
charge starch was more effective than the medium-charge
starch in promoting drainage and air permeability of the
wet web.
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Retention
Britt jar testing was performed to evaluate the fine-particle
retention under different conditions. Figure 5 shows the
results of an experiment in which the agitation level dur-
ing Britt jar testing and the charge of cationic starch added
were varied. For all cases, FDNFC was present and treated
with either medium- or high-charge cationic starch at a 5%
level based on solids. The FDNFC was then added to the
stock. For half of the conditions, the FDNFC and starch
mixture was blended before addition. The other half re-
ceived no initial blending before addition to the stock. The
agitation levels during the testing included low, medium,
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and high. Turbidity readings were collected ten times at
each condition.

As shown in Fig. 5, increasing the shear in the Britt jar
clearly increased the turbidity of the filtrate tested for all
conditions. This was true regardless of cationic starch
charge used or application of pre-shearing. It can be ob-
served that high-charge cationic starch was more shear-
sensitive and the turbidity readings increased more drasti-
cally at the intermediate level than for the medium-charge
starch. This suggests that the high-charge cationic starch
was functioning as a weak bridging agent, and the effects
were more readily disrupted by increasing shear. It is
worth noting that CaCO; filler has a much more major light
scattering ability than NFC or fiber fines, on a weight basis.
For these tests, there was more CaCOj; present in the sus-
pension than NFC or fiber fines.

Flocculation and formation uniformity
Figure 6 shows the results of an experiment in which the
level of flocculation was measured for a control stock with
no additives. Low, medium, and high levels of shear were
used. These levels were achieved through gentle stirring
with a magnetic bar, Britt Jar stirring at 1000 rpm, and a
blender, respectively.

All the reported values were within the low-to-moder-
ate range for flocculation. From the results, there was no
cause for concern about over-flocculation. There was a
slight downwards trend for the PDA output as the shear
level increased, and the lowest PDA outputs were found at
the highest level of shear. This would be consistent with
the effect of shear breaking up flocs in the suspension, but
the effect of shear was not statistically significant for this
measurement.

Sheet porosity
Figure 7 shows the Gurley densometer results for hand-
sheets made in the same experiment represented in Fig. 2b.
This includes control samples, samples with only FDNFC
or cPAM, and samples with FDNFC and cPAM; these are
compared at three different levels of shear. The FDNFC was
added at a 5% level, and the cPAM was added at a 0.1% level
based on solids for both experiments represented. The
agitation rates used during the process were 400 rpm (low
shear), 1000 rpm (medium shear), and 1700 rpm Chigh
shear).

The porosity of the control group was not significantly af-
fected by the level of applied hydrodynamic shear. However,
the addition of FDNFC to the sheets greatly increased the
Gurley seconds, therefore reducing the sheet porosity. This
was true at all levels of shear for conditions with FDNFC
added alone and for conditions with FDNFC and cPAM added
together at higher levels of shear. The results for FDNFC
added alone are consistent with the Kozeny-Carman explana-
tion, where the idea is that NFC filled voids in the sheets with
strands laying across passages and created friction against
the air as it passed [21,22]. The effect of the cPAM is consistent
with a bridging mechanism that makes the NFC lie down on
fiber surfaces and prevents it from blocking the passages in
the sheet [23]. With increasing shear, the effect of that mech-
anism was lost. These results are consistent with the breaking
of bridges at higher agitation levels.

The porosity of sheets for a wider range of conditions
was also tested. For the data represented in Figs. 8-11,
the charge of cationic starch added, application of pre-
shearing, cPAM addition, and WEPS agitation level were
varied when creating the handsheets tested. Two replicates
of each condition were evaluated.
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densities) at the 5% level based on solids, followed by optional cPAM treatment (zero or 0.5% levels), and finally, different levels of

agitation before sheet formation.

A few important trends can be observed in Fig. 8. For
example, for conditions with medium-charge cationic
starch and no cPAM, the highest Gurley densometer sec-
onds measured were at a medium level of shear. Further-
more, higher Gurley densometer seconds were measured
when the initial mixture of medium-charge cationic starch
was stirred rather than blended. It can also be seen that the
addition of cPAM tended to decrease the Gurley densom-
eter measurement moderately. It could be inferred that this
is because a less uniform sheet resulting from flocs created
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by the cPAM would be less effective in blocking air with all
other conditions equal.

Handsheet uniformity
It can be observed in Fig. 9 that for tests involving medium-
charge cationic starch, increasing shear consistently im-
proved formation uniformity. The effects of shear for tests
involving high-charge cationic starch were mixed. The
combination of high-charge cationic starch, with no pre-
shearing but with cPAM addition, had particularly poor
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uniformity at high shear. This was likely due to an excess
of cationic flocculation if the high-charge cationic starch can
be counted as contributing to the action of the cPAM, espe-
cially in the absence of pre-shearing. For both the medium
and high-charge starch, adding cPAM consistently hurt for-
mation uniformity.

Paper moisture and filler content
As shown in Fig. 10, among almost every successive group
of three, with increasing WEPS shear in each set, a consistent
trend in filler content of the paper can be observed in which

the filler content decreased with increasing shear level. This
trend is consistent with Britt jar findings. Notably, there was
one group of three that instead showed the opposite trend.
For handsheets made with high-charge cationic starch, no
pre-shearing, and cPAM added, the filler content increased
with increasing shear. In this case, it may be possible that
there was so much “cationic flocculant” present (if the high-
charge cationic starch is considered as a flocculant) that the
high shear condition was more optimum.

When the moisture at every condition was investigated,
it was found that there was a correlation between the paper
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moisture and filler content. The lower the filler content, the
higher the moisture content of the paper. This was likely
due to the fact that filler does not absorb significant mois-
ture. However, there were clearly other factors involved
based on the amount of variation in results. It is possible
that the amount of hydrophilic NFC in the sheet could be
correlated with some of the other factors promoting reten-
tion of the filler in different ways.

Paper strength properties
Figure 11 shows the breaking length data collected for the
varying conditions. The most significant difference can be
seen when comparing the results when using medium-
charge vs. high-charge cationic starch. The medium-charge
starch was much more beneficial for strength overall.

The effects of other variables were not as notable. Both
increasing WEPS shear level and pre-shearing the NFC and
starch mixture had no significant effect on the breaking
length. The handsheets made with high-charge cationic
starch, no pre-shearing, cPAM added, and a high shear level
were observed to be outliers when considering these trends.

Furthermore, the use of cPAM did not appear to have
any significant consequences on strength. If adding cPAM
had resulted in more filler or higher flocculation, then the
effect must have been compensated by higher retention of
bonding agents such as NFC and cationic starch in the
paper, rather than just filler. If filler alone had been re-
tained, the strength of the sheet would have been hurt.

When correlating the breaking length of the paper to
filler content, it could still be shown that the biggest influ-
ence on the data was the charge density of the starch. The
regression of the data showed an R2 value of 0.2582, but it
seemed that most of the effect could be attributed to the
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strength differences caused by the charge of the starch. It
was found that the conditions that maintained good
strength at a higher range of filler content were with medi-
um-charge cationic starch, use of cPAM, and a medium
WEPS shear level. There was also a moderate preference
for not pre-shearing the cationic starch and NFC before ad-
dition to the stock.

It was also found that there was a very weak dependen-
cy of breaking length on formation uniformity. Only the
very worst formation in each set of conditions with the
same starch used gave a lower breaking length than the
rest. The high-charge cationic starch data points were all
below the regression line created, indicating lower strength,
and the medium-charge cationic starch data points were all
above the regression line, indicating higher strength. This
is consistent with the other data collected.

DISCUSSION
Setting a challenge
From the papermaker’s standpoint, the present work con-
sidered a set of challenging circumstances. A 5% level of
very highly fibrillated cellulosic material (the NFC) can be
expected to greatly suppress dewatering on a paper ma-
chine [24,25]. The approximately 22% of mineral content
present in the default furnish (repulped 100% recycled fiber
content copy paper) placed a severe test on the ability of
different combinations of additives to act as retention aid
systems. The pretreatment of the NFC with either of two
types of cationic starch, followed by optional application
of intense hydrodynamic shear, provides a novel aspect to
this work. In general, the dosages of additives, including
the dosage of cationic retention aid (0.1% cPAM on furnish
solids, dry basis) were intentionally selected to be on the



high side in this work, with the goal of yielding statisti-
cally significant differences in various outcomes. Thus, a
disclaimer is in order: One should not regard the recipes
presented in this work as templates for industrial produc-
tion. Rather, the goal here has been to consider the extent
to which some well-established principles regarding paper-
making technology continue to hold true during paper for-
mation when introducing such innovative features as cat-
ionic starch-pretreated NFC; strongly different charge
densities of cationic starch; and widely different levels of
hydrodynamic shear.

Textbook examples
A textbook example can be defined as a set of circumstanc-
es that conform to some well-established theory. Based on
that definition, the present work has provided several text-
book examples as follows:

As shown in Fig. 9, increasing hydrodynamic shear tend-
ed to make the resulting paper more uniform, in most
cases. This is consistent with the breakage of polymer
bridges, such as those expected when papermaking furnish
is treated with cPAM [6,7,26], as well as general dispersion
of suspended matter by shearing [27,28].

As was shown in Fig. 5, increasing hydrodynamic shear
also decreased fine particle retention, as indicated by in-
creasing turbidity of filtrate in Britt jar tests. This trend was
confirmed by a decreasing content of mineral in the result-
ing paper (Fig. 10). Again, the findings can be explained by
the breakage of polymer bridges and general dispersion of
particles by shear [27,28].

As shown in Fig. 2, the presence of NFC dramatically
slowed the rates of dewatering. As noted earlier, this is
consistent with theories of the blockage of drainage chan-
nels [23]. It is also consistent with the Kozeny Carman
theory [21,22], which predicts slower drainage in cases
where a filter medium (i.e., the paper) has a higher spe-
cific surface area.

As shown in Fig. 4, there was a very strong correlation
between water permeability (i.e., the vacuum drainage rate)
and air permeability (as represented by the final vacuum
level in the WEPS test cycles). Though this makes logical
sense, such a relationship has seldom been reported in
scholarly studies.

Unexpected findings
Learning can take place when there are unexpected ex-
perimental results, or especially when results fail to con-
form to widely-held rules of thumb. One such unexpected
finding was a strong dependency of paper strength on the
charge density of cationic starch that had been used to pre-
treat the NFC. Earlier tests had shown highly promising
results when a high-charge cationic starch had been used
to pretreat NFC before addition to a bleached kraft pulp
suspension prepared with low levels or lack of mechanical
refining [29]. However, as was shown in Fig. 11, pretreat-
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ment of the NFC with medium-charge cationic starch (hav-
ing a degree of substitution of 0.03) invariably provided
higher handsheet tensile strength in comparison to similar
treatment with the high-charge cationic starch (degree of
substitution 0.2). As a possible way to explain this differ-
ence, it is tentatively proposed that the high-charge starch
is expressing behavior similar to that of a cationic retention
aid, which it more closely resembles in terms of its charge
density. Such behavior would include a greater flocculation
tendency in comparison to the other cationic starch, which
is more typical of what papermakers employ as a bonding
agent. A more flocced structure within paper would be ex-
pected to make it weaker [30]. However, such an explana-
tion does not explain all of the results of the present study.
For instance, as noted earlier, there was almost no correla-
tion between the breaking length of handsheets prepared
in this work and the formation uniformity of the paper.

A second way to possibly account for the same observa-
tions became apparent in work published by Rao et al. [31].
The cited authors studied effects of adding either cationic
or conventional anionic precipitated calcium carbonate
(PCO) particles to NFC suspensions, followed by dewater-
ing, to form a film. As in the present work, it was found
that the cationic PCC promoted dewatering. Also, in paral-
lel to the present work, the addition of cationic PCC yielded
lower strength when compared to similar NFC films pre-
pared with the same amounts of anionic PCC. The cited
authors suggested that the electrostatic interactions be-
tween the cationic PCC and the anionic NFC may have been
effectively replacing potential hydrogen bond formation
within the films, which would be a way to account for the
lower strength.

Another unexpected finding was that it did not appear
to matter whether or not blending action (i.e., pre-shearing)
was applied immediately after pretreating NFC with cat-
ionic starch. As was shown in Fig. 1, one of the goals of the
study was to demonstrate such effects. The plan was to at
least allow the possibility for redispersion of clumps of NFC
and cationic starch if their initial mixing had caused floc-
culation or entanglement. In theory, an excess of cationic
starch could alternatively act as a stabilizer for the NFC, al-
lowing it to remain in an extended form, rather than being
clumped up. Different hypotheses to explain why pre-
shearing did not seem to matter can be listed as follows: a)
initial mixing of the cationic starch and NFC actually did
not change the form or degree of clustering of the NFC; b)
initial mixing of the cationic starch and NFC bound them
together in such tight flocs that they remained clustered
regardless of later application of intense hydrodynamic
shear; or ¢) any effects that might have been produced by
pre-shearing were overwhelmed by subsequent processing
steps, which sometimes included high levels of hydrody-
namic shear applied to the complete furnish in the presence
of all of the additives.

As shown in Fig. 11, a third unexpected finding was the
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fact that increased final application of hydrodynamic shear
just before forming the sheet did not appear to affect the
strength of the paper. This is despite the fact that increased
shearing both made the paper more uniform (Fig. 9) and
decreased the filler content (Fig. 10). Past work has shown
a strong relationship between paper strength and unifor-
mity in systems where the main independent variable was
retention aid type and dosage [30]. In addition, it is well
known that increasing mineral content of paper tends to
hurt its strength [32,33]. In simple furnish systems, a filler
particle would tend to interfere with some of the bonding
between adjacent fibers in paper [34]. A possible hypoth-
esis, attempting to explain the current findings, is that fac-
tors that tend to retain filler in the paper (including lower
shear levels) could also encourage retention of more NFC,
which would be presumed to act as a bonding agent. How-
ever, once again, the present article does not provide suf-
ficient evidence to judge one way or the other on the sug-
gested mechanism.

Needed future work

Unexplained findings in the present work, as just described,
suggest a need to apply additional research tools. In par-
ticular, it would be helpful to have information about what
is happening at a colloidal level [34]. The field of colloids
is concerned with particles spanning the size range from
mineral fillers to cellulosic fines. To this short list, it would
be appropriate to add NFC, which is clearly in the colloidal
size range. The tendencies of colloidal suspensions to co-
agulate or remain in stable suspension are known to be
highly dependent on the ionically charged nature of the
particles, as well as the charged nature of any polyelectro-
lytes or multivalent ions. All of these can be evaluated by
either running titrations of the charge demand or measur-
ing the zeta potential [34]. Tests also are needed to answer
questions about the tendency of particles within a paper-
making furnish to cling to each other on contact or to slide
past each other, which is another aspect of colloidal stabil-
ity. Finally, microscopic imaging is needed to answer ques-
tions already raised in this work about whether the cat-
ionic starch-pretreated NFC becomes clumped up, and if
so, can such clumping be reversed by application of suffi-
ciently intense hydrodynamic shear.

CONCLUSIONS
The foremost objective of this work was to test a hypoth-
esis that changing the hydrodynamic shear at two points
in a papermaking process would significantly affect paper
strength and various other papermaking process outcomes.
The selected furnish presented a set of challenging circum-
stances. The use of 100% copy paper provided a filler con-
tent of about 22% in the mixed furnish, thus making fine
particle retention a challenging issue. By adding 5% of cat-
ionic starch-pretreated NFC to the furnish, dewatering be-
came a serious issue. In addition, the whole series of tests
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was repeated for two different charge densities of the cat-
ionic starch used to pretreat the NFC.

With respect to the tensile strength of the paper, by far
the most influential variable was the charge density of the
cationic starch used to pretreat the NFC. All twelve of the
experimental conditions involving the medium-cationic
starch gave higher values of the tensile breaking length as
compared to matched conditions with the high-charge cat-
ionic starch.

Variations in hydrodynamic shear gave mixed results.
None of the output variables, including paper strength, was
significantly affected by different levels of pre-shearing. By
contrast, application of increased hydrodynamic shear to
the complete furnish, just before forming the sheet, made
the paper more uniform and decreased fine-particle reten-
tion. Despite these effects, which might have been expect-
ed to give stronger paper, there was no significant effect on
the paper’s tensile strength. Thus, more research is needed
to be able to explain some of the results. TJ
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