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SUMMARY 
 
Polyampholytes yielded superior dry strength increases following their addition to 
slurries of papermaking fibres.  The bi-ionic polymers achieved greater tensile 
strength, compared to similar polymers having ionic groups of only positive or 
negative charge.  Dry-strength efficiency increased with increasing charge 
density of the polyampholyte.  Strength results were consistent with turbidity data, 
showing that the polyampholytes generally became less soluble at intermediate 
values of pH.  In contrast to simple polyelectrolytes, the adsorbed amphoteric 
macromolecules imbibed significant amounts of water of hydration.  Though high 
levels of polyampholytes added to the furnish tended to reduce the rate of gravity 
dewatering, such effects tended to be lower than the drainage inhibition caused 
by single-charge polyelectrolytes.  The effects of polyampholytes were achieved 
without the adverse effects often associated with refining, e.g. decreased 
dewatering rates, fibre shortening, or changes in the conformability of the fibres. 
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INTRODUCTION 
 



Laboratory tests showed that effects usually associated with mechanical refining 
of kraft fibres can be achieved just by adding polyampholytes, which are 
polymers that contain both positive and negative groups.  Though the superior 
ability of polyampholytes to impart dry strength to paper has been reported (1-6), 
many questions remain regarding the mechanism by which such effects are 
achieved.  For instance, it has been suggested that the advantage provided by 
polymers that have both positive and negative ionic groups is due to the fact that 
more can be added to a paper machine system without disrupting the balance of 
colloidal charges or over-flocculating the system (7-8).  Alternatively, it has been 
proposed that interactions between the ionic groups of opposite charge make a 
significant contribution to the overall bonding mechanism, when the 
polyampholytes are positioned between a pair of fibres in a dry sheet of paper (9-
10).  Another possibility is that adsorption of charged polymers, including 
polyampholytes, at the fibre surface may increase the amount of surface-
associated water, and that the hydrated layer may help to facilitate formation of 
hydrogen bonds when the paper is dried.   
 Yet another idea is that higher amounts of polyampholytes can adsorb, 
due to self-association (3), and that the adsorbed amount of water-loving polymer 
is the most important factor in achieving improvements in dry strength (11). 
 Experimental (3,12-15) as well as theoretical studies (13,16-17) have 
shown that polyampholyte molecules tend to self-associate when the pH 
conditions favour ionization of both the positive and the negative groups within 
the macromolecules.  In light of such findings it would be reasonable to expect 
some degree of multi-layer adsorption of polyampholyte molecules on surfaces 
coated with a “prime” layer of the same polyampholyte.  Indeed, other work has 
shown that polyampholytes tend to adsorb at relatively high amounts, 
considering their charge densities and molecular mass (5,18-20).  These 
considerations provide additional support for the reported superior bonding ability 
of polyampholytes. 
 When considering the characteristics of polymeric additives that provide 
more effective dry-strength of paper, a number of common features are apparent.  
These include a water-loving nature, a molecular mass in the range of hundreds 
of thousands to a few million grams per mole, and an optimal ionic character (21-
23).  While cationic dry-strength agents can adsorb directly onto the generally 
negatively charged surfaces of untreated cellulosic fibres, anionic dry-strength 
additives can be retained by means of suitable cationic fixatives (21).  An 
intriguing study by Yoshizawa et al. (5) provided evidence that a polyampholyte, 
amphoteric starch, was retained on fibre surfaces as if it were a simple cationic 
molecule.  Furthermore, it was shown that derivatization of the fibre surfaces to 
remove the carboxylate groups resulted in a sharp drop in the amount of 
adsorbed amphoteric starch. 
 In studies of untreated, virgin fibres, a high correlation often has been 
observed between the water-swollen nature of fibres in solution and the resulting 
conformability of the fibres or dry-strength of the paper that is then formed (24-
26).  The water associated with the cell walls of fibres can be quantified by 
comparing the mass after centrifuging a moist plug of fibres under specified 



conditions, versus the mass after oven drying (27-28).  The water-swollen nature 
of cellulosic fibres also has been correlated to the conformability of fibres, making 
it possible to achieve higher relative bonded areas in the resulting paper.   
 Though fibre swelling helps to explain the strength improvements that 
accompany refining, refining also tends to increase the apparent density of paper, 
a change that is not always desired in the end product.  In principle it would be 
advantageous if the effects of refining, including the increase in water retention 
value, could be decoupled in such a way as to increase paper strength without 
losing calliper at a given basis weight and smoothness after calendering. Another 
adverse effect of refining is a decrease in the rate of dewatering (29).  The 
connection between the extent of refining and the decrease in dewatering rates is 
so pronounced that papermakers commonly use freeness tests as a basis for 
controlling the energy input of refining equipment, per unit flow of fibre mass (29).  
Because dewatering of the papermaking furnish is sometimes the rate-limiting 
step in a manufacturing system, especially on so-called “drainage-limited” paper 
machines, papermakers have yet another motivation to seek strength-promoting 
strategies that do not rely solely on refining of the fibres.  The objective of this 
work is therefore to provide a fundamental explanation of the mechanism by 
which addition of polyampholytes increases paper’s dry strength while allowing 
advantageous operational conditions during fibre processing. 
 
EXPERIMENTAL 
 
Materials 
 
Experiments were conducted with deionized water (ion-exchange system from 
Pureflow, Inc.).  Inorganic chemicals were of reagent grade.  Polyampholyte and 
simple polyelectrolyte samples were prepared by free-radical polymerization, 
following the molar make up of charged monomers indicated in Table 1.  The 
cationic monomer was N-[3-(N’,N’-dimethylamino)propyl]acrylamide (DMAPAA), 
a tertiary amine.  The anionic monomer was a dicarboxylic acid, itaconic acid (IA).  
In each case a sufficient amount of neutral acrylamide monomer was added to 
comprise 100% on a molar basis.  The compositions of the synthesized random 
polymers are shown in Table 1.  Also shown are the results of 1H and 13C nuclear 
magnetic resonance (NMR) tests, which showed close agreement with the 
synthesis recipes.  The viscosity results, as shown, were obtained with a 
Brookfield Model B8L viscometer (Tokimec, Inc.) at approximately 15% solids at 
25 oC.  
 
Table 1.  Acrylamide-based polyampholytes and simple polyelectrolytes used in 
this study 
Sample Polymer 

type 
DMAPAA 
(mol %) 

IA 
(mol %) 

Viscosity* 
(mPa⋅s) 

Mw  ** 
(106 Daltons) 

A 2.5 1 5300 2.95 
B 5 2 4900 2.85 
C 

Ampho-
teric 

10 4 4000 2.90 



D  20 8 2400 2.93 
F Cationic 5 0 3600 2.98 
G Anionic 0 2 5300 3.23 

*  Evaluated at 25 oC; 100 s-1.  **  Mass-average molecular mass evaluated by 
SEC-LALLS-VIS (TDA-302, Viscotek). 
 
For purpose of comparison, certain experiments were carried out with 
commercially available chemicals that are commonly used as retention aids for 
paper manufacturing.  One of these was a cationic acrylamide copolymer 
Percol® 175, from Ciba Specialty Chemicals, which had a nominal content of 
about 10% quaternary amine monomeric groups and a molecular mass of 
several million grams per mole (denoted hereafter as cPAM).  The anionic 
copolymer used in the work was Percol® 155, from the same source, with a 
content of approximately 15% carboxyl-group-containing monomer units by mass 
and a similarly high molecular mass (denoted hereafter as aPAM).  In the case of 
tests identified in the text as “dual” systems, the pulp was first treated at the 0.1% 
of dry-mass level with poly-diallyldimethylammonium chloride (poly-DADMAC) 
from Sigma-Aldrich (identified as “Low Mass,” 100,000 – 200,000 grams per 
mole, catalogue number 40,901-4). 
 
Handsheet Preparation 
 
Handsheet tests were performed with bleached hardwood kraft fibres that had 
been beaten for 5.67 minutes with a laboratory Hollander refiner (Valley 
Machinery Co., Appleton, WI, USA) to a Canadian Standard Freeness value 
(TAPPI Test T227) of 440 ml.  The refined fibres were then placed in the final 
chamber of a Bauer-McNett classifier apparatus (TAPPI Method T233) fitted with 
a 200-mesh screen.  The classifier was run for 15 minutes, per batch, to 
substantially remove fibre fines from the fibre suspension.  The decrilling 
procedure was carried out to simplify interpretation of results to be presented 
later, since any polymer becoming adsorbed onto fibres would be retained in the 
paper.  The decrilled suspension had a freeness of approximately 600 ml CSF.   
 The fibres then were resuspended as a 0.5% slurry in 10-4 M sodium 
bicarbonate solution, to which sufficient sodium sulphate had been added to 
reach an electrical conductivity of 1000 µS/cm at 23 oC.  Polyampholyte solutions 
were added with constant stirring at selected levels to the 0.5% solids 
suspension.  In order to maintain the same salt concentration during formation of 
the paper, 50 ml sodium sulphate was added to the handsheet mould just before 
fibre slurry was added to make a sheet.  Handsheets were prepared with a 
British sheet mould, following TAPPI Method T205.  For strength analysis, TAPPI 
Method T494, “Tensile breaking properties of paper and paperboard,” was 
selected, due to the sensitivity of the method to changes in inter-fiber bonding.  
Given the interesting nature of the results to be shown, other tests, such as 
internal bond strength, stiffness, and tear strength would be of interest to be 
included in future studies related to the present work. 



 Some supplementary tests were performed with glass microfibres C-50-R 
from Lauscha Fibre International of Sommerville, SC, USA under similar 
conditions of use.  These non-porous glass micro-fibers had a nominal length 
and thickness of about 4 mm and 4 µm, respectively.   
 
Turbidity Tests 
 
Turbidity tests were carried out to assess the effect of pH and macromolecular 
composition on the tendency of the polymers to form structures having sufficient 
size and density to scatter light with increased efficiency.  Turbidity has been 
used effectively in previous work as a criterion to define regions of colloidal 
stability, as well as to understand effects of pH and electrolytes on the 
associative properties of polyampholytes in solution (13,30-31).   
 Tests were carried out by adding 0.25 ml of 0.1 N HCl to 45 ml of 
deionized water, followed by 5.0 ml of a 1% solids solution of the polymer of 
interest.  The mixture was stirred gently at a pre-selected speed with a magnetic 
stirrer for at least 30 seconds prior to testing.  Turbidity measurements were 
carried out with a DRT-15CE Turbidimeter.  Four replicate measurements were 
made for each mixture.  Incremental addition of 0.1 N NaOH was used to adjust 
the pH upwards within the range 3<pH<11, with at least 30 seconds of stirring 
before each turbidity reading. 
 
Water Retention 
 
The amount of water associated with adsorbed ionic polymers was determined 
with glass microfibers, as mentioned earlier, by using a modified test based on 
the concept of water retention values (27-28).  The glass fibres were selected for 
the tests because they are non-porous and they have a negatively charged 
surface, as do papermaking fibres.  Samples were prepared starting with 200 ml 
aliquots of 10-4 M sodium bicarbonate solution, to which sufficient sodium 
sulphate had been added to reach an electrical conductivity of 1000 µS/cm at 23 
oC.  The solution was stirred, and the pH was adjusted to a desired value by 
addition of 0.1 N HCl or 0.1 N NaOH.  One ml of a 1.0% solution of the selected 
polymer was then added, in order to provide a 1% level of treatment based on 
fibre solids.  After an additional 60 seconds of stirring, 1.0 oven-dried gram of 
glass microfibres were added.  The fibre slurry was stirred for at least 30 seconds, 
but not more than 60 seconds before placement in a Millipore filter device fitted 
with a 100-mesh stainless steel screen.  The moist fibres were then placed in a 
pre-weighed Millipore Amicon Utral 15 centrifuge insert fitted with a 100,000 
molecular weight cut-off (MWCO) membrane filter.  The wet mass of the contents 
were adjusted to 7.7 to 8 grams, giving a solids content of about 13% before 
centrifugation.  An IEC Centra CL3R centrifuge, fitted with a 958 horizontal rotor, 
6x50 ml, was run at 2500 rpm for 30 minutes, giving an acceleration of 900 
gravities.  The centrifuged contents were placed into tared glass weighing dish, 
with cover, that had been dried in the oven over night and allowed to cool in a 
desiccator.  The mass of the content was recorded as “M1.”  Next, the weighing 



dish and its contents were placed in a 105 oC oven over night, followed by 
cooling in a desiccator and reweighing to determine the final mass of the 
contents, “M2.”  The water retention value was determined from 
 
 WRV =  (M2 – M1) / M1   =  (M2 / M1) – 1     (1) 
 
Drainage Rate Tests 
 
Evaluation of dewatering rates by gravity was carried out in the same Millipore® 
filter device fitted with a 100-mesh stainless steel screen.  Each test involved 200 
ml of 0.5% solids decrilled bleached hardwood kraft fibre suspension prepared 
from 10-4 M sodium bicarbonate solution, to which sufficient sodium sulphate had 
been added to reach an electrical conductivity of 1000 µS/cm at 23 oC.  The time 
required for the liquid to drain from the slurry through the screen was used to 
determine the drainage rate. 
 
RESULTS AND DISCUSSION 
 
Dry Strength 
 
Figure 1 shows effects on tensile strength of handsheets resulting from different 
levels of addition of polymers having approximately the same molecular mass 
and the same charge density of either positive or negative ionizable groups (see 
Experimental).  As shown, the polyampholyte, having both positive and negative 
groups, achieved the highest increases in strength.  The strength continued to 
increase with increasing polymer addition when the amount of polyampholyte 
was increased from 1% to 3% based on the dry mass of fibre.  By contrast, the 
purely cationic polyelectrolyte, which contained the same type and relative 
amount of amine groups as the polyampholyte, did not show further strength 
gains when the addition level was increased above 1%.  The negatively charged 
polyelectrolyte showed no significant effects on strength; this lack of 
effectiveness as a strength agent is consistent with an expected inefficient 
adsorption onto the predominantly negative surfaces of the fibres. 
 Figure 2 compares strength results for a series of polyampholyte samples 
all having approximately the same mass and ratio of charges.  The charge ratio, 
as indicated in Table 1, was 5 mole % of basic groups to 4 mole % of acidic 
groups.  The density of ionizable monomeric groups increased by the ratios of 
1:2:4:8 for samples A through D.  The plotted results show a large positive step 
in performance when comparing the lowest-charge sample (having 2.5% cationic 
groups and 2% anionic groups on a molar basis) to the other samples.  A slight 
increase in effectiveness is observed with continuing increase in charge density, 
especially at relatively low levels of polymer treatment. 
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Fig. 1.  Effect of charged polymers 
having equal basic or acid group 
content on the tensile strength of 
handsheets formed from bleached 
hardwood kraft fibres at neutral pH. 
The respective polymers are 
represented by squares 
(polyampholyte B), diamonds (purely 
cationic polyelectrolyte) and, circles 
(the purely anionic polyelectrolyte).  
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Fig. 2.  Tensile strength of handsheets 
formed from bleached hardwood kraft 
fibres at neutral pH after treatment with 
polyampholytes having a fixed 5:4 
molar ratio of basic to acidic groups. 
The respective breaking length is 
increased with total charge density 
going from polyampholyte A (bottom 
curve) to polyampholyte D (top curve). 

 
 
Turbidity of Polymer Aqueous Mixtures 
 
To provide a basis for understanding the superior strength gains associated with 
polyampholyte addition to papermaking fibres, a series of turbidity tests was 
carried out for polymers in aqueous solution.  Turbidity was evaluated as a 
function of pH, with HCl and NaOH being used to make pH adjustments.  As 
shown in Fig. 3, the turbidity-pH behaviour of the polyampholyte samples were 
completely different from that of polyelectrolytes having only positive or negative 
groups at the same molar levels.   
 The shape of the curve corresponding to the poly-acid (Sample G, as 
described in Table 1) is consistent with increasing protonation of the carboxyl 
groups with decreasing pH, causing the polyelectrolyte to be less soluble at low 
pH values.  As solubility decreases, the dissolved polymers are expected to 
begin to associate, forming assemblages that are large and dense enough to 
scatter light more effectively (30).  Indeed, the mixture of sample G acquired a 
grainy appearance at low pH values, consistent with the beginning of a 
precipitation process.  Similarly, the shape of the curve corresponding to sample 
F, the poly-base, is consistent with progressive deprotonation of amine groups 
with increasing pH, resulting in a loss of positive charge and decrease solubility 
at the limit of high pH.   
 The M-like shape of the turbidity curve for the polyampholyte, sample B, is 
consistent with self-association of ionic groups, and also association between 
adjacent polyampholyte molecules.  Thus, the generally higher values of turbidity 



in the pH range between 5 and 8.5 are consistent with ionic interactions between 
positive and negative groups that would be expected to be important at pH 
values between the respective pKa values of carboxyl groups and pKb values of 
tertiary amine groups (12-13,15,32).  Such interactions result in a net 
neutralization effect that increases the likelihood that the polymer will begin to 
precipitate.  The dip in the curve centred at about pH=6.5 was associated with 
phase separation (precipitation) of the polyampholyte, which was clearly evident 
by direct observation.  Such gross precipitation left less material either dissolved 
or suspended within the turbidity measurement cell. 
 As shown in Fig. 4, the tendency for the polyampholytes to come out of 
solution and scatter light within certain pH ranges became increasingly evident 
with increasing density of ionic groups (noting that charge density increases in 
the order A through D).  Except for the lowest-charge-density sample (A), gross 
precipitation could be seen by eye at near-neutral pH values of the 
polyampholyte mixtures. 
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Fig. 3.  Turbidities of 0.1% polymer 
(salt-free) aqueous solutions at various 
pHs.  The polymers tested correspond 
to polyacid sample G (triangles), 
polybase sample F (circles), and 
polyampholyte sample B (squares).  
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Fig. 4.  Turbidities of 0.1% 
polyampholyte (salt-free) aqueous 
solutions of increasing density of ionic 
groups (in the order A through D).  See 
caption of Fig. 2 for monomeric 
compositions. 

 
Because industrial applications usually contain significantly higher concentrations 
of various ions, compared to the experiments just described, a matched set of 
experiments was carried out in the presence of sodium sulphate, bringing the 
electrical conductivity to 1000 µS/cm.  Results closely matched those shown in 
Figs. 3 and 4, through there were some minor differences in detail. 
 
Water Retention Values 
 
Figure 5 shows the relative amounts of water retained on the surfaces of glass 
fibres after adsorption of various ionic polymers, followed by centrifugation.  The 
water retention value is defined as the percent ratio of water mass to dry fibre 
mass (28).  For sake of reference, the unfilled circles at pH=7 indicate the water 



retention value in the case of untreated glass fibres exposed to the same 
aqueous solution in the absence of macromolecules.  It is apparent that addition 
of either of the polyelectrolyte samples (F or G) to the glass fibres at an addition 
level of 1% based on fibre mass did not significantly affect the water retention 
value.  By contrast, addition of polyampholyte sample B at the same level 
significantly increased water retention within the pH range from 9 down to below 
4.  The fact that water retention was maximized at about pH=4 is consistent with 
the moderately positive net ionic charge of the macromolecule, which causes a 
net attraction to the net negative charge of the glass surface at that pH.  
Separate tests showed that the negative zeta potential of the glass fibres 
decreased in absolute value with decreasing pH, reaching zero at about pH=3. 
 Figure 6 provides evidence of similar increases in water retention for the 
four polyampholytes (A-D) having different densities of ionic charge.  Water 
retention generally increased with increasing charge density.  Results 
corresponding to the lowest-charge polyampholyte A, were not significantly 
different from those of the blank (unfilled circles), except in the case of tests 
carried out at pH=4 and pH=5.  The dewatering tests also provided circumstantial 
evidence of self-association of polyampholyte molecules, especially in the case 
of the higher-charge-density samples C and D.  In these cases there was an 
indication of membrane plugging.  As noted by Ye et al. (3), such observations 
confirm that the polyampholyte molecules form associative structures large 
enough to block the membrane pores. 
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Drainage Rates 
 
As shown in Fig. 7, the time required for a set amount of aqueous solution to flow 
through a forming pad of decrilled hardwood fibres was not greatly affected by 



the addition of polyampholytes until the amount added became larger than about 
0.2% on a mass basis.  These results correspond to tests carried out at neutral 
pH and in the presence of sodium sulphate for a total conductivity of 1000 µS/cm. 
 Figure 8 shows corresponding results for the two polyelectrolyte samples 
having the same charge amounts of acidic or basic groups as polyampholyte B.   
In each case addition of 0.2% polyelectrolyte based on the dry mass of fibre in 
the suspension resulted in an increase in drainage rate by about 5 to 6 seconds.  
The anionic polyelectrolyte had a greater adverse effect on dewatering, 
consistent with a number of other published studies (33-34).  To our knowledge 
this is the first time that a slowing effect on dewatering, due to high-mass 
polyelectrolytes, has been demonstrated in the absence of fines. 
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Fig. 7.  Dewatering time of suspensions 
of bleached hardwood kraft fibres 
following their treatment with different 
levels of polyampholytes of differing 
ionicities (A-D). 
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Fig. 8. Dewatering time of bleached 
hardwood kraft fibre suspensions 
treated with polyelectrolytes having the 
same levels of basic (F) or acidic (G) 
groups as sample B 

 
The drainage results (Figs. 7 and 8) together with breaking length results (Figs. 1 
and 2), all of which were obtained as a function of polymer dosage level, are 
similar to what might be expected in the case of formation of adsorbed polymer 
multilayers (35-36).  This suggestion is made based on the fact that a sudden, 
steep increase in these properties is observed at polymer addition of about 0.1 % 
(on dry fibre basis) and higher.  The much higher water retention values for 
polyampholytes (as opposed to simple polyelectrolytes) also indicates that these 
adsorbed structures are more likely to occur due to the ability of polyampholyte 
segments of opposite charge to interact cooperatively.  While in the bulk solution 
there was evidence of maximum association at intermediate pH (between the 
respective pKa and pKb values), the water retention was maximized only at a low 
pH (about pH 4).  This observation is related to the effect of the surface charges 
and their interactions.  At low pH the polyampholytes bear a more positive 
character, which is effective in neutralizing the negatively charged substrate.  As 
a result, maximum association at the surface occurs at lower pH as compared to 
that in the bulk solution.  



 For sake of comparison, Fig. 9 shows related results for some 
commercially available retention aid products used in papermaking applications 
(aPAM and cPAM).  The vertical scale of the figure is higher by a factor of about 
20 compared to the scales of Figs. 7 and 8.  It is evident from these results that 
the negatively charged anionic acrylamide-based retention aid copolymer 
(aPAM) slowed down dewatering considerably, especially at the higher addition 
levels.  Related effects of drainage inhibition by high-mass anionic polymers 
have been reported by others (33-34).  By contrast, the cationic retention aid 
product (cPAM) increased the dewatering time only moderately, though much 
more so compared to the polyampholyte results shown in Fig. 7.   
 Effects of a “dual” system are also shown in Fig. 9.  In this case, poly-
diallyldimethylammonium chloride (poly-DADMAC) was added at the 0.1% level 
based on solids, followed by treatment with the anionic acrylamide retention aid 
(aPAM).  It is apparent that the use of the poly-DADMAC in the dual addition 
scheme merely delayed the onset of rapid increase in drainage time.  The fact 
that these drainage times are so much larger than those for polyampholyte G, the 
anionic polyelectrolyte in Fig. 8, is tentatively attributed to the much higher 
molecular mass of commercial anionic retention aid samples, often in the range 
10-20 million grams per mole, compared to about 3 million grams per mole in the 
case of sample G. 
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Fig. 9.  Times required for the 
dewatering of bleached hardwood kraft 
fibre suspensions treated with 
commercial retention aid polymers 
(cPAM, diamond and aPAM, squares) 
and a dual-polymer retention aid 
sequence (triangles). 
 
 
CONCLUSIONS 
 
1. Polyampholytes showed unique promise as dry-strength additives when 

added to slurries of papermaking fibres.  The resulting increases in tensile 



strength were superior to those that could be achieved with simple 
polyelectrolytes of similar charge density. 

2. Results of turbidity tests suggest that the superior bonding ability of the 
polyampholytes is related to their tendency to associate in aqueous solution 
and precipitate onto fibre surfaces, especially if the pH is such that both 
positive and negative ionic groups are present on the macromolecule. 

3. Water retention values of pre-treated glass microfibres suggest that the 
superior bonding ability of adsorbed polyampholytes also may be due to their 
tendency to hold onto much more water, compared to when fibres are treated 
with polyelectrolytes of similar charge density and molecular mass. 

4. Dewatering rates indicate that although the polyampholytes eventually 
decreased drainage, if the added amounts were high enough, such effects 
were generally less than with simple polyelectrolytes. 

5. The combined results support the view that polyampholytes can provide an 
“instant refining” effect, meaning that certain benefits expected from refining 
are achieved just by adding something. Increased strength can be achieved 
without danger of shortening of fibres, making them more conformable, 
increase the paper’s apparent density, or significantly increasing the 
resistance to dewatering.  Any increase in water retention is related to 
material at the fibre surfaces, helping to explain the superior effectiveness of 
polyampholytes as dry-strength additives. 
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