
Results recently reported by Garland et al. and Leib 
et al. showed significant promising improvements 
in paper strength, while at the same time maintain-

ing dewatering rates, when treating papermaking furnish 
with combinations of nanofibrillated cellulose (NFC), cat-
ionic starch, colloidal silica, and a cationic retention aid 
(cPAM) [1,2]. Notably, the results showed strong dependen-
cies on the amounts added, as well as their order of addi-
tion. The present article will attempt to interpret such ef-
fects in the light of further experimental findings, with a 
focus on likely mechanisms. 

The present work fits within a broader context of efforts 
to increase the bonding strength within paper products. 
Papermakers are able to achieve a wide range of strength 
properties by selecting high-quality wood material, carrying 
out appropriate pulping operations, optimizing conditions 
of mechanical refining, and using conventional dry-strength 
additives [3]. The NFC and related highly-fibrillated cellulose 
products offer a potential way to go beyond what can be 
achieved by such means [4,5,6]. Such options might be con-
sidered, for instance, when a papermaking operation uti-
lizes recovered fibers that already may have been subjected 
to heavy refining and still are deficient with respect to in-
terfiber bonding ability. 

Though there have been reports pertaining to the po-
tential benefits of adding NFC to paper furnish as a means 
of achieving higher strength, there has been a need for 

more research considering the interactive effects of other 
papermaking process additives relative to the performance 
of the NFC. For example, NFC particles are very small, and 
without the use of some kind of retention aid system, the 
NFC may tend to accumulate in the white water rather than 
being efficiently retained in the paper sheet [7]. Fine mate-
rial within papermaking furnish that is unattached to fibers 
can be expected to plug up drainage channels within the 
wet web of paper, thereby negatively affecting the dewater-
ing process [8]. In addition, there was a need to follow up 
on some previously reported findings showing a highly 
synergistic relationship between cationic starch and NFC 
in increasing strength properties of the resulting paper [9].

As background, it is known that the retention of fine 
particles during papermaking can be achieved with addi-
tion of different chemical additives [7,10,11]. For example, 
one option is to treat the furnish solids by adsorption of a 
highly cationic polymer and then following up with an an-
ionic flocculant, i.e., a very high mass copolymer of acryl-
amide and acrylic acid [12,13]. In such cases, the high-
charge cationic additive creates anchoring sites that can be 
used by the anionic additive. Another kind of dual system 
was employed in the present work, involving combinations 
of a cationic copolymer of acrylamide (cPAM) and very 
small negatively charged particles, colloidal silica. Studies 
involving such additive systems, when suitably optimized, 
can strongly accelerate the release of water during paper 
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formation [14]. Such additives programs were selected for 
the present work because NFC often slows the dewatering 
of papermaking furnish [6]. 

As a starting point for understanding the various dosage 
dependencies and apparent optimal treatment combina-
tions reported in the previous articles in this series [1,2], it 
is reasonable to assume that the interactions among NFC, 
cationic starch, colloidal silica, cPAM, and fiber surfaces 
may be dominated by ionic charges. In other words, the 
effects on fine-particle retention, dewatering, and even the 
development of increased paper strength can depend on 
charge-induced adsorption of polyelectrolytes [15], as well 
as the formation of polyelectrolyte complexes [16,17]. It will 
be further assumed that the measured zeta potential of the 
system can be used to predict the degree to which charged 
substances adsorb onto fiber surfaces [18].

The fact that both fine-particle retention and dewatering 
rates can depend on a balancing of ionic charges has been 
shown in earlier studies. For example, Strazdins found that 
the efficiency of fine-particle retention was highest when 
the zeta potential of the system was near zero [19]. Studies 
have shown that the fastest rates of water release from pa-
permaking fibers suspensions are when the amounts of 
different chemical additives had been adjusted to achieve 
a zeta potential near to zero [20,21]. Of particular relevance 
here, studies involving the use of colloidal silica in combi-
nation with cationic particles in papermaking systems have 
also found that near-neutral zeta potential corresponded to 
the highest dewatering rates [22].

Not all evidence, however, supports the expectations 
previously outlined here. In particular, it has been reported 
that the bridging mechanism of fine-particle retention, 
brought about by the action of a cationic retention aid (e.g., 
cPAM), can show maximum effects when zeta potential is 
not near zero [23]. The likely explanation for some such 
results is that retention aid polymers are so large (e.g., 5 to 
20 million g/mol) that their effects can be dominated by 
hydrodynamic and physical aspects rather than charge.  
Various mechanistic questions, as outlined here, were con-
sidered in the present work.

EXPERIMENTAL
Chemicals and materials

The chemicals and materials employed in this work were 
all the same as those specified in a previous article [1]. 
Briefly stated, the main fiber furnish was prepared by 
repulping of a 100% recycled copy paper product, trade-
marked Boise ASPEN 100 Multi-use Recycled Copy Paper 
from Packaging Corporation of America, Boise Paper Divi-
sion. The NFC consisted of the spray-dried, freeze-dried, 
and TEMPO-oxidized products supplied by the University 
of Maine (Orono, ME, USA). In addition, a less highly re-
fined product, microfibrillated cellulose (MFC), was includ-
ed in some of the work. This was obtained from Stora Enso 
Oyj (Helsinki). The cationic starch was Chargemaster L340 

from Grain Processing Corp. (GPC; Muscatine, IA, USA). 
The colloidal silica type used in most of the work was Fen-
nosil 2180, a product of Kemira Oyj (Helsinki). The cat-
ionic retention aid was Accurac® 90, a very-high-mass cat-
ionic copolymer of acrylamide (American Cyanamid). 
Dilution and other preparation steps were the same as re-
ported earlier [1].

Procedures
The basic procedures used for the reported work were the 
same as reported earlier [1]. As in the cited work, reported 
results were selected from a larger set of completed tests. 
Criteria for selection included the following: a) the quality 
of the work, as indicated by the statistical agreement of 
replicate runs; (b) showing effects that would be interesting 
to readers of the journal; and (c) showing results that were 
generally representative of the findings as a whole. 

Tests involving NFC were carried out at a 5% level, based 
on furnish solids. Due to the high amount of refining en-
ergy required to produce NFC, papermakers may be moti-
vated to minimize the amount of NFC, perhaps opting for 
relatively low addition levels such as 1% or 2%. The rela-
tively high level of 5% was selected for the current series of 
work with the goal of achieving statistically significant ef-
fects. 

RESULTS
Fiber suspension characteristics

Table I presents cationic demand results for two types 
of experiments. The term “direct titration” means that the 
listed substance was added to deionized water, followed 
by a titration with the standard cationic polymer, 
poly(diallyldimethylammonium chloride) or the standard 
anionic polymer, the potassium salt of poly(vinyl chlo-
ride). The term “titration of filtrate” means that the sub-
stance being evaluated was added to the default paper-
making furnish, then filtered through a 200-mesh screen, 
and the filtrate was titrated. In each case, there were four 
replicate tests.

Results of the direct titrations showed some distinct dif-
ferences within each class of additive. For example, the 
TEMPO-oxidized nanofibrillated cellulose (TONFC) had a 
cationic charge demand that was almost 100-fold greater 
than that of the freeze-dried version (FDNFC). This is con-
sistent with the relatively low content of carboxyl groups 
that would be present on ordinary bleached softwood kraft 
pulp of the type used to prepare FDNFC [24,25]. By con-
trast, TEMPO-oxidation, depending on the details of treat-
ment, can provide as much as one negatively charged car-
boxylate group per exposed anhydroglucose unit of the 
cellulose [26]. The highest charge density colloidal silica 
happened to be the high-structure type. The term “struc-
ture” is used here in a qualitative sense, indicating the de-
gree of gel structure, in which primary particles of colloidal 
silica are joined together as chains [22].
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Two notable observations were made when comparing 
the results for filtrate titrations with the direct titrations. 
First, there was a relatively small but significant contribu-
tion to cationic demand coming from the default furnish. 
This is especially evident when comparing the results for 
FDNFC and MFC in the two titration modes. In both of 
these cases, the filtrate had a higher cationic demand com-
pared to the highly fibrillated cellulose by itself in deion-
ized water. The negative charge of typical papermaking 
furnish can be attributed to such components as hemicel-
lulose present in the fibers. In addition, anionic polyacry-
lates are widely used as dispersants for mineral additives 
[27,28]. Because the fibers employed in this study were from 
100% recycled copy paper, such anionic substances may 
have come from a variety of paper grades. By contrast, 
when the substance being added had a relatively high cat-
ionic demand by itself (direct titration), then the corre-
sponding cationic demand for the filtrate was much lower. 
Such results suggest that some of the TONFC or colloidal 
silica was being retained on the fibers. Thus, less of it was 
present in the filtrate that was titrated.

Figure 1 shows results of follow-up tests in which col-
loidal silica was added to the default fiber suspension that 
had been optionally treated with cationic retention aid 
(cPAM). Each mixture contained 10 mL of default furnish 
(0.5% consistency), 1 mL of NFC (1% solids), and 1 mL of 
cationic starch (Chargemaster 340). The colloidal silica was 
Fennosil 2180, and the addition levels shown are based on 
the total solids. Charge titrations were carried out with fil-
trates obtained by passing the furnish through a screen. 
Though there was some scatter in the data, the addition of 
silicon dioxide (SiO2; high-structured) to untreated furnish 
generally resulted in a linear increase in cationic demand. 
This is consistent with the negative character of colloidal 
silica, as was shown in Table I. Two effects were evident in 

the systems where cPAM had been added to the system 
before the SiO2. First, consistent with the cationic charge 
of cPAM, the cationic demand values were generally lower 
than in the absence of cPAM. In addition, there was a min-
imum in cationic demand when the SiO2 addition was in 
the range of 0.1% to 0.3%. These results are tentatively at-
tributed to a maximizing of retention efficiency at a favor-
able ratio of cationic starch to SiO2 [22]. Retention of col-
loidal material, including nanocellulose, colloidal silica, or 
cationic starch, onto fiber surfaces can be expected to de-
crease the amount remaining in suspension. Such retained 
material, depending on its net charge, can be expected to 
affect results of cationic demand titrations of the filtrate. It 
is not known why, in the absence of colloidal silica, the 

1. Effect of increasing colloidal silica addition on the cationic 
demand of the default furnish that was either untreated 
(triangles) or treated with cationic retention aid (squares).

I. Comparing results of direct cationic demand titrations (in deionized water) with titrations of filtrate when the same amount of 
each substance was added to the default furnish.

Direct Titration,  
μeq/L

Titration of Filtrate,  
μeq/L

Additive Mean 95% C.I. Mean 95% C.I.

Default furnish - - 54.6 29.1

FDNFC 9.8 7.6 18.8 6.5

TONFC 828 83.7 524 114

MFC 6.0 4.7 18.5 5.6

SiO2 low structure 608 23.5 353 27.5

SiO2 medium structure 717 12.4 396 35.1

SiO2 high structure 1238 8.5 553 65.6

C.I. = confidence interval; FDNFC = freeze-dried nanofibrillated cellulose; TONFC = TEMPO-oxidized nanofibrillated cellulose;  
MFC = microfibrillated cellulose; SiO2 = silicon dioxide.
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mean value of cationic demand was higher in the case 
where cPAM had been added, though the apparent differ-
ence was not statistically significant.

Dewatering tests
Some uncertainty has remained, following the publication 
of results by Rice et al., about the most suitable level of cat-
ionic starch [9]. In the cited work, high levels of stiffness 
and tensile strength were achieved at high reported levels 
of cationic starch. To follow up, Fig. 2 shows results of 
modified Schopper-Riegler dewatering tests that were car-
ried out over a very wide range of addition of both cation-
ic starch and colloidal silica. Consistent with common pa-
permaking practices, the most favorable results were 
achieved with a modest addition level of cationic starch 
(0.25% on dry fibers) and a modest dosage of colloidal sil-
ica (0.2% on dry fibers). By contrast, relatively high levels 
of the cationic starch (represented by diamond symbols) 
yielded substantially slower drainage. Notably, even with 
addition of correspondingly high levels of colloidal silica, 
the dewatering rate remained well below what had been 
achieved with lower amounts of cationic starch. This could 
be related to plugging of drainage channels by agglomer-
ated colloidal materials, which hinders the flow of water 
though the fiber mat. It can be concluded from this finding 
that an excess of complexed cationic starch and colloidal 
silica does not necessarily contribute to faster drainage; 
rather, it is necessary to employ dosage levels that are op-
timized for each type of furnish.

Figure 3 considers drainage results for a series of sys-
tems in which FDNFC was treated with cationic starch at 
the levels shown, followed by colloidal silica, mixing with 
the default furnish, and then optional treatment with cPAM 
retention aid as the final additive. Drainage was monitored 
by recording the mass of filtrate collected 20 s after open-

ing the sealing cone of the BTG DFR-05 device (BTG In-
struments; Éclépens, Switzerland). When the retention aid 
(cPAM) was added to the furnish containing NFC that had 
been pretreated with cationic starch and silica, a significant 
enhancement in drainage was obtained. As shown in Fig. 
3, addition of cPAM into a system containing silica and cat-
ionic starch at the same concentration (0.25%) led to a 30% 
increase in drainage when compared to a control without 
silica or cationic starch. Significant drainage enhancements 
were also obtained under conditions where the cPAM was 
present in combination with cationic starch. A possible hy-
pothesis to explain these results could be due to the differ-
ent conformations that might be adopted by the retention 
aid, cPAM, in contact with the fibers. Coiling and entangle-
ment of the cPAM on fiber’s surface might tune the interac-
tion of positively charged silica particles with fiber surface, 
leading to a reduction in pore clogging and therefore en-
hancing dewatering. However, there is an issue of concern. 
Sometimes an increased level of flocculation of fibers can 
be a cause of more rapid initial dewatering [29], as repre-
sented by the 20 s filtrate amounts shown in the figure. This 
issue will be considered later when discussing some results 
of flocculation tests.

Figure 3 also provides some insight regarding optimiza-
tion of addition levels. Note that the 0.25% level of cationic 
starch addition provided the highest drainage mass 
amounts. In addition, the 1:1 mass ratio of cationic starch 
and colloidal silica provided significantly higher dewater-
ing than when the colloidal silica was at half of that level 
for specific cases. These results are consistent with the idea 
that a system involving colloidal silica that has well-bal-
anced charges is likely to provide higher dewatering rates 
[22,30]. However, as was noted earlier, decreased opera-

2. Effect of colloidal silica addition level on the drainage amount 
(evaluated at 20 s) of default furnish pretreated with different 
levels of cationic starch. Note the logarithmic horizontal axis.

3. Dewatering results obtained for systems in which freeze-
dried nanofibrillated cellulose (FDNFC) was pretreated with 
cationic starch, then colloidal silica (SiO2) at the indicated 
levels, and then added to the default furnish, with optional 
addition of cPAM retention aid, as noted in the legend.
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tional performance can be expected when there is an ex-
cess of cationic starch or colloidal material beyond what 
can be well accommodated by the solid surfaces that are 
present.

Retention tests
The order of preparation and mixing of ingredients shown 
in Fig. 4 is essentially the same as that shown in Fig. 3. 
Treatment of the paper furnish with the retention aid cPAM 
as the final additive led to a significant reduction in turbid-
ity of the system when compared to the system based on 
just addition of pretreated NFC to the default furnish. As 
before, the level of NFC was 5% on furnish solids, and it 
was treated at the indicated levels of cationic starch and 
colloidal silica before being added to the default furnish. 
This highlights the effect of the cPAM on fines retention. 
The same level of retention obtained with the cPAM alone 
was not achieved for the systems containing silica and cat-
ionic starch. Interestingly, in all cases the retention was 
enhanced at equal concentrations of cationic starch and 
silica in the presence of cPAM. Without addition of cPAM, 
the retention efficiency was poor. These results provide 
further insights into the mechanism of enhanced drainage 
generated by the combined action of NFC, cationic starch, 
colloidal silica, and addition of a retention aids. A substan-
tial enhancement in dewatering is obtained when fine par-
ticles are efficiently retained in the paper furnish.   

Flocculation tests
In an ideal world, papermakers would prefer to achieve 
high levels of first-pass retention and rapid dewatering 
while still enjoying a very high uniformity of the paper. In 
other words, the presence of fiber flocs is undesirable. As 

indicated in Fig. 5, addition of NFC to the default furnish 
in the absence of cationic starch did not by itself lead to any 
significant change in the level of flocculation. The second 
histogram bar shows that cationic retention aid addition 
(shown for the system with 5% NFC) yielded a small in-
crease in flocculation. This is consistent with the expected 
bridging type of flocculation caused by the cPAM [31,32].

The final set of three histogram bars (light blue color) 
in Fig. 5 correspond to systems in which the NFC had been 
pretreated with cationic starch at the indicated levels. No 
cPAM was used in these specific tests. Thereafter, the mix-
ture was added to the default furnish. It is notable here that 
the level of flocculation reached a maximum at the 0.5% 
level of cationic starch in the system. Whether or not such 
flocculation will be of concern in a papermaking operation 
depends greatly on the kind of paper forming equipment. 
Modern, high-speed paper machines typically have such 
high levels of hydrodynamic shear that typical fiber flocs 
become well dispersed [33,34]. However, certain cylinder 
formers can be very sensitive to even moderate levels of 
chemical-induced flocculation of fibers.

Handsheet properties
An ideal outcome, from a papermaker’s perspective, would 
be to increase paper strength using relatively low amounts 
of selective additives. Handsheet data for tests involving 
TONFC showed the most consistent effects, based on sta-
tistical significance, so those results are reported here. 
Similar trends (not shown) were obtained when using 
FDNFC. As shown in part A of Fig. 6, a mean value of 
about 2.9 kN/m was achieved at a 5% level of TONFC when 
the cationic starch treatment was at its lowest level, 0.25% 
on sheet solids. Note that the TONFC has a much higher 
negative charge in comparison to the FDNFC shown in 
other tests [1]. The TONFC content was 5% relative to total 

4. Retention test (Britt jar) results obtained for systems in which 
FDNFC was pretreated with cationic starch, then colloidal silica  
(SiO2) at the indicated levels, and then added to the default 
furnish, with optional addition of cPAM retention aid, as noted 
in the legend.

5. Flocculation tests comparing an untreated default furnish with 
other systems to which 5% FDNFC (either treated or untreated) 
had been added.
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solids. At higher cationic starch levels, in the presence of 
TONFC, no further significant gains in strength were real-
ized. One way to interpret these results is to envision the 
cationic starch acting partly as a retention aid for the 
TONFC. It is well known that for purposes of first-pass re-
tention, only a small amount of cationic polymer is needed. 
Interestingly, however, the plotted squares in part A of the 
figure show a progressive increase in tensile strength with 
increasing cationic starch. In fact, the tensile strength with 
only 5% cationic starch addition (no TONFC) showed a sig-
nificant increase relative to the strength at lower starch lev-
els. These findings highlight the synergistic action between 
the two kinds of bonding agents. 

When materials such as plastics are reinforced by the 
addition of solid particles, which sometimes include nano-
cellulose, a common finding is that the plastic materials 
become more brittle. In other words, the stretch to break-
age tends to decrease with increasing addition of the rein-
forcing particles to a continuous plastic phase [35]. Results 
in part B of Fig. 6 are related to this issue in the case of 
TONFC, in combination with starch, being used as a paper 
strengthening agent. A general trend shown by the mean 
values is that stretch to breakage, upon addition of TONFC 
at the 5% level to the paper, gave stretch-to-breakage values 
that were generally as high or higher than those in the ab-
sence of TONFC but at the same levels of cationic starch. 
However, considering the 95% confidence intervals shown, 
it is clear that none of the plotted points were statistically 
different from each other. Thus, it can be concluded that 
the incorporation of TONFC in the paper did not contribute 
to any loss of elongation ability.

Figure 7 shows some selected data from tests that were 
similar to those just discussed, but colloidal silica was the 
final additive. The colloidal silica was added in two differ-
ent modes, generally corresponding to the two options 

described by Leib et al. [2]. A stem-and-whisker plot was 
used in this case to highlight the fact that the median val-
ues did not necessarily correspond to the mid-point of the 
range of data. The default furnish (with no NFC or other 
additives) achieved an average tensile index of about  
445 kN/m. Addition of 5% FDNFC that had been pretreat-
ed with cationic starch (at the 0.5% level, based on final 
sheet solids), increased the mean value to almost  
500 kN/m. Interestingly, however, further addition of col-
loidal silica (at the 0.25% level) after the cationic starch, but 
before addition of the FDNFC to the default furnish, caused 
a significant decrease in tensile index. An even larger de-
crease in tensile index was observed when the colloidal 
silica was added to the system after the treated FDNFC had 

7. Effect of FDNFC, cationic starch, colloidal silica, and order of 
addition on the tensile strength of handsheets.

6. Effect of TEMPO-oxidized nanofibrillated cellulose (TONFC) on (A) tensile strength and (B) stretch to breakage of handsheets 
pretreated with cationic starch at the specified levels. 
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been added to the default furnish. These results are con-
sistent with the flocculation test results shown in Fig. 5.  
It is well known that laboratory tests are prone to over-
flocculation of fibers, leading to poor paper uniformity in 
some cases [29,36]. Though such issues are often overcome 
by the higher hydrodynamic shear levels often present dur-
ing full-scale papermaking, it is ultimately necessary to 
carry out on-machine trials of additive systems that show 
promise during laboratory work.

DISCUSSION
The research examples described in this paper highlight 
two critical issues. As emphasized in the research by Gar-
land et al. [1], the first area of concern is the balancing of 
ionic charges. The nanocellulose materials, as well as the 
fiber furnish employed in this work, clearly had net-nega-
tive surface charges in aqueous suspension. The cationic 
starch and retention aid (cPAM) had positive ionic charge. 
Accordingly, the addition of colloidal silica, which has a 
strong negative charge, can be envisioned as a way to bal-
ance the charges. One might envision the negatively 
charged colloidal silica particles diffusing to within the 
loops of charged cationic starch molecules. Such a neutral-
ization interaction would be expected to cause a crimping 
of the polymer chains, resulting in a dewatering action. One 
can think of a papermaking system as being like an im-
mense titration experiment involving the formation of poly-
electrolyte complexes [37]. The titration analogy is consis-
tent with various studies that have shown the most favorable 
results, in terms of such issues as retention, drainage, and 
paper strength, when the positive and negative charge con-
tributions to the system have been approximately balanced 
[20,22,30]. A recent review article highlighted studies show-
ing how polyelectrolyte complexes can be used as the basis 
for preparing effective barrier coatings for packaging ap-
plications [17]. Those systems likewise tend to be optimized 
when the positive and negative additives are in a suitable 
balance.

However, the examples provided in this article, as well 
as in the preceding article by Leib et al. [2], make it clear 
that the balancing of ionic charges is not the whole story. 
The charge interactions by themselves do not explain the 
prominent role played by orders of addition. It is proposed 
here that kinetic issues are responsible for the observed ef-
fects of orders of addition. Certain interactions between 
polyelectrolytes, surfaces, and colloidal matter have irre-
versible character. Due to the multiple interactions between 
opposite charges on opposing polymers or colloidal par-
ticles, the charged entities can become stuck in positions 
that depend on their initial conformations when they first 
came into contact, i.e., trapped non-equilibrium states [38]. 
Once polyelectrolyte bridges connecting solids together in 
a papermaking system become broken, the attachments 
cannot become reattached with equal strength after the 
high levels of hydrodynamic shear abate [39].

The interplay between charge interaction issues and ki-
netically-dominated issues can be seen in several of the ex-
amples featured in this article. For instance, the results in 
Table I showed strong differences in charge titration results, 
depending on whether the tests were done directly or by 
titration of filtrate, after the same mixtures had been added 
to the default furnish. Because the default furnish would 
have always contributed the same cationic demand, regard-
less of what had been added to it, one might have expected 
that the results of the two different methods compared in 
Table I to differ by a fixed amount, but they did not. Like-
wise, in Fig. 1, one would have expected that the addition 
of a fixed amount of cPAM would have had a fixed effect 
on the cationic demand. These two examples suggest that 
trapped non-equilibrium interactions were sufficiently im-
portant to overcome the tendency of many polyelectrolyte 
mixtures to interact in a 1:1 stoichiometric relationship [37].

The deterioration of dewatering results at high levels of 
cationic starch, as shown in Fig. 2, represents a way in 
which physical-type issues can overpower the expected ef-
fects of charge interactions. Many studies have shown that 
systems comprising cationic polyelectrolytes and colloidal 
silica tend to give the highest dewatering when sufficient 
colloidal silica has been added to neutralize the charges 
[22]. However, Fig. 2 shows that dewatering actually slowed 
down even more with increasing addition of colloidal silica 
when the cationic starch level was 1% or higher. These re-
sults suggest a mechanism in which the polyelectrolyte 
complexes formed between the cationic starch and colloidal 
silica can block the drainage channels within the wet web 
of paper. Results in Fig. 3 and Fig. 4 add further support for 
such an interpretation. Further testing would be needed to 
confirm the suggested mechanism.

Results shown in Fig. 5 and Fig. 6 suggest that a third 
aspect needs to be emphasized, in addition to charge bal-
ancing and kinetics. That is the critical importance of hy-
drodynamic shear. Figure 5 shows increased flocculation, 
especially at the 0.5% level of cationic starch addition, but 
there was only a low level of hydrodynamic shear involved 
with those experiments. The relatively large sizes of the 
95% confidence limits for the mean values in Fig. 6 might 
be interpreted as evidence of nonuniform formation in the 
handsheets, possibly attributable to a relatively low level 
of hydrodynamic shear under the standard conditions of 
handsheet formation. As was shown by Roberts et al. [36], 
application of a sufficiently high amount of hydrodynamic 
shear can completely change the results of adding cation-
ic starch to papermaking furnish. At low shear, their labo-
ratory tests yielded large decreases in the strength of the 
resulting paper sheets. The effects were attributed to ex-
cessive flocculation of fibers, leading to poor uniformity 
of the paper. However, at high shear, the cationic starch 
provided a strong increase in paper strength. Because such 
results can be dramatic, one needs to be careful to avoid 
an excessive number of trials of different additive strate-
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gies at the production scale level of papermaking. Instead, 
it is advantageous to carry out preliminary tests in the 
laboratory. Such laboratory experiments need to be care-
fully designed, using sufficiently vigorous agitation to 
mimic what would be experienced on the paper machine. 
Because of the importance of these issues, relative to the 
additive systems described in this article, follow-up ex-
periments are being planned.

CONCLUSIONS
Laboratory tests were carried out to probe some mechanis-
tic issues related to papermaking wet-end systems employ-
ing combinations of NFC, cationic starch, colloidal silica, 
and cationic polyacrylamide-type retention aid when added 
to a furnish comprised of 100% recycled copy paper. 
Though the results showed the importance of the net ionic 
charge, as evidenced by effects of changing dosages of 
charged additives, some other observed effects appeared 
to be controlled by kinetics. The interactions among the 
studied additives appeared to be somewhat irreversible in 
character, such that their order of addition to the system 
affected papermaking operations (retention, drainage, and 
flocculation), as well as paper properties. Though the pres-
ent work did not specifically focus on hydrodynamic shear, 
some of the results highlighted the importance of agitation 
conditions. Results showed that favorable retention, drain-
age, moderate fiber flocculation, and paper strength can be 
achieved with NFC that has been treated with an optimized 
level of cationic starch and with judicious usage of colloidal 
silica as a drainage-promoting additive. TJ
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A mechanistic understanding 
sometimes can lead to improve-
ments in procedures, as well as 
future opportunities to improve 
papermaking efficiency and 
product attributes. This research 
paper helps to interpret results 
of fresh lab tests, in addition to 
results presented in two other 
papers in this set of three that 
were previously published in 
TAPPI Journal [1,2]. The authors were motivated to 
carry out this work as a follow-up to earlier promis-
ing research results, with the help of some newly ac-
quired equipment for automated evaluation of dewa-
tering rates. This article focuses on the mechanisms 
involved.

A wide variety of test results needed to be studied 
and compared in order to find explanations that 
were consistent with all of the observations, as well 
as past research.  It was surprising to discover how 
laboratory-based findings are often more interesting 
than one could have imagined at the start of a proj-
ect. Of particular interest was to find that by careful-
ly balancing the ratio between charged additives, it 
may be feasible to employ rather high levels of cat-

ionic starch in combination with nanocellulose and 
colloidal silica.

For mills, wet-end addition of nanocellulose will 
always involve potential problems associated with 
retention of the nanomaterials and slow drainage. 
Both of these problems can be overcome. The au-
thors expect that researchers and papermakers will 
continue with testing of nanocellulose, in combina-
tion with various chemical additives, to find best fits 
for the technology.
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