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a b s t r a c t

Rheological characteristics of linear copolymers of acrylamide (AM) and acryloyloxyethyltrimethyl ammonium chlo-

ride (Q9), differing in molar mass and chemical composition, have been studied in distilled water (DW) and industrial

water (IW) obtained from a paper mill. For all copolymers, the shear viscosity, �, was much lower as the ionic strength

of the water increased, with near Newtonian behaviour observed at high ionic strengths. In DW, the polymer solu-

tions were yield pseudoplastic. Comparison of the behaviour of all flocculants at the same shear rate in the two

media was accomplished by modelling the rheological data.

The characteristics of the copolymers could be related with their flocculation performance in IW. The rate of

flocculation in the IW was generally higher than in the DW. In general, flocculants with higher charge density were

effective at lower concentrations exhibiting a lower value for the optimum PEL dosage. The flocculation data were

supported with zeta potential measurements. In all cases flocs break under shear with an inability to recover the

floc size with time. Overall, the polyelectrolyte behaviour in flocculation as a function of molar mass, charge density

and quality of the medium could be correlated. This is of particular importance for papermaking due to the modern

tendencies for water closure.

© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Flocculants are preferably charged polymers used to facil-
itate separation processes. Cationic and anionic polymers,
generally with molar masses above 106 g/mol, cause col-
loidal matter to aggregate, forming particles large enough
to sediment under gravity or submitted to other driving
forces. The overall environmental impact of flocculation is
important for global sustainable development since the down-
stream burdens associated with the water life cycle are
also influenced. Cationic polymers usually involve quaternary
ammonium compounds and protonated amines (Bourdillon
et al., 2006; Kemer, 1988; Chen, 1993; Mortimer, 1991; Ayol et al.,
2005).

In papermaking, the addition of flocculants is vital for con-
trolling the equilibrium between the retention of fillers and
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the drainage of water on the wet-end of the paper machine.
Usually, these flocculants are cationic polyelectrolytes, which
can also be combined with non-ionic polymers or inorganic
micro particles. The entire process of papermaking is typi-
cally performed under extremely harsh conditions. Thus, the
initial properties of the flocculants could be subjected to mod-
ification. Such severe conditions include turbulence, which
could cause high shearing, temperature, pH and ionic content
of the circulating water (Gregory, 1985; Berlin and Kislenko,
1995; Berlin et al., 1997; Biggs et al., 2000). Hence, there is an
important need for evaluating the behaviour and stability of
polyelectrolytes under real process conditions. Such an evalu-
ation was the aim of the study reported here, following studies
from other authors which tried to relate the rheological prop-
erties of PEL solutions with the cationic content of the aqueous
media (Lauten and Nystrom, 1999; Rashidi et al., 2010).

0263-8762/$ – see front matter © 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Fig. 1 – Chemical structure of the
acrylamide/acryloyloxyethyltrimethylammonium chloride
(AM/Q9) copolymers.

The behaviour of some commercially available flocculants
was studied as a function of their chemical compositions
and macromolecular characteristics not only in distilled water
(DW), but also in a real industrial water (IW) from a paper
mill, since it is well known that the polyelectrolyte confor-
mation depends on the ionic content of the media (Jachimska
et al., 2010). Subsequent to the rheological characterization,
flocculation tests were performed in DW and IW. To sup-
port the correlation of the polymer solution flow behaviour
with flocculation performance, the chemical compositions,
macromolecular and electrochemical characteristics of the
copolymers were analysed.

2. Experimental

2.1. Materials

The cationic flocculants: Alpine-FlocTM E1, Alpine-FlocTM E2,
Alpine-FlocTM E4, and Alpine-FlocTM G1, all copolymers of
acrylamide (AM), and acryloyloxyethyltrimethyl ammonium
chloride (Q9) were supplied by AQUA + TECH (Switzerland) as
emulsions. The E series are linear copolymers obtained by
copolymerizing monomer batch weight compositions AM:Q9
in 1:1 ratio while G1 was obtained from AM:Q9 in 4:1 ratio. The
chemical structure of the copolymers is schematically shown
in Fig. 1.

The median size of the precipitated calcium carbonate
(PCC) particles was 0.5 �m, measured with Laser Diffraction
Spectroscopy (LDS) (Mastersizer 2000, Malvern Inst., UK).

2.2. Copolymer isolation and solution preparation

For the copolymer macromolecular characterization by
dilution viscometry and composition analysis, the poly-
electrolytes were isolated from the emulsions by repeated
precipitation in acetone and re-dissolution in water. After
complete evaporation of acetone, the samples were gently
dried retaining about 10% residual humidity. The sample
humidity was considered for the final precise solution con-
centration. The dry content was determined gravimetrically
by vacuum drying a portion of each sample for 72 h at 45 ◦C in
the presence of P2O5.

Solutions for dilution viscometry were prepared with
0.05 M and 0.1 M NaCl as solvents. To avoid basic hydrolysis
of the ester group (Babazadeh, 2006; Ochoa et al., 2007), the
samples were dissolved in acidic water (pH 3.5 adjusted with
HCl) and then mixed with double concentrated NaCl acidic
solution (volume ratio1:1).

2.3. Methods

2.3.1. Dilution viscometry
The intrinsic viscosity, [�], of samples dissolved in 0.05 M and
0.1 M NaCl was determined at 20 ± 0.1 ◦C using a Viscologic
TI1 capillary viscometer, capillary 0.58 mm (Sematech, Nice
France). [�] was obtained as the intercept from plots according
to Schulz and Blaschke (1941) and Huggins (1942).

2.3.2. Analysis of the copolymer composition
The compositions of the copolymers were analysed by
argentometric titration using a 736 GP Titrino (Metrohm,
Switzerland). Potentiometric titration of AM/Q9 copolymer
solutions of known copolymer dry content directly yields the
copolymer composition.

2.3.3. Characterisation of the industrial water
The composition of the IW collected from the paper mill was
analysed by the Atomic Absorption technique (PerkinElmer
3300, USA).

The conductivity and pH were measured with a conductiv-
ity meter (Crison Inst., Spain, Basic 30) and pH meter (Hanna
Inst., USA, 8417), respectively.

2.3.4. Samples for flocculation tests
Solutions containing 1 wt.% of the flocculants were prepared
from the original emulsions with DW and IW. Prior to use,
the IW was filtered under vacuum using a 0.2 �m pore size
membrane, to remove traces of suspended material. For all
media, the flocculants were added drop-wise, first to half of
the total volume and shacken vigorously. Subsequently the
remaining half of the water was added gradually, shaken till
the solution became homogeneous, and left over night before
use. Solutions were freshly prepared daily.

Suspensions of 1 wt.% of the PCC were prepared in DW and
IW. The suspensions were first mixed by magnetic stirring
and subsequently sonicated at 50 kHz for 15 min to obtain a
good dispersion of the PCC particles. The pH of the PCC sus-
pensions, prepared under these conditions, was 7.5. The zeta
potential was measured with a Zetasizer ZS (Malvern Inst.,
UK) and the values were −30 mV and −37 mV in DW and IW,
respectively.

2.3.5. Rheological measurements
Temperature controlled rheological characterizations of all
flocculants were carried out using a Brookfield programmable
viscometer DV-II+ with coaxial cylinders configuration. Spin-
dle 18 was used for all measurements, which were repeated
five times. Each experimental set involved measuring the solu-
tion viscosity at 25 and 40 ◦C for a shear rate range from 5 to
264 s−1.

2.3.6. Flocculation experiments with E1 and G1 in distilled
and industrial water
The flocculation, deflocculation and reflocculation using E1
and G1 as flocculant, both in DW and IW were carried out fol-
lowing the same procedure reported by Rasteiro et al. (2008a,
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Table 1 – Chemical composition and intrinsic viscosity of the flocculants according to Huggins and Schulz–Blaschke: [�]H
and [�]SB (kH: Huggins parameter, kSB: Schulz–Blaschke parameter).

Sample Q9 (wt.%) 0.05 M NaCl 0.1 M NaCl

[�]H (mL/g) kH [�]SB (mL/g) kSB [�]H (mL/g) kH [�]SB (mL/g) kSB

E1 45.5 2505 0.12 2515 0.11 1679 0.26 1692 0.21
E2 46.2 1558 0.20 1564 0.17 1304 0.30 1312 0.25
E4 46.5 1250 0.08 1250 0.08 808 0.28 810 0.25
G1 19.0 1510 0.51 1547 0.35 1154 0.81 1188 0.53

2008b). LDS was used to monitor the flocculation process.
The PCC suspension was used for the flocculation tests in
DW and IW with a concentration of 0.05% (w/w). Floccula-
tion was conducted under turbulence, the stirring conditions
having been kept constant throughout the tests, with an aver-
age shear rate in the vessel of 312 s−1. The volume of the
suspension in the LDS equipment vessel was 700 ml. The floc-
culation kinetic curve, optimum flocculant concentration, floc
structure and floc resistance were determined with the LDS
equipment (Rasteiro et al., 2008a, 2008b).

3. Results and discussion

3.1. Intrinsic viscosity and copolymer composition
analyses

Table 1 summarizes the chemical composition of the copoly-
mers and the results of the dilution viscometry.

The analysed cationic monomer content of the E series
copolymers is approximately 46 wt.%. It is slightly lower than
what the supplier indicated (50 wt.%). The reason could be
incomplete quaternization of the cationic monomer used to
produce the copolymers. The same holds for the G1 sample
for which 20 wt.% cationic monomer content was indicated.

As intended for the E series, the intrinsic viscosity, [�],
which correlates with the molar mass according to the rela-
tion: [�] = K�Ma

� , is in the order E1 > E2 > E4 for the two ionic
strengths (0.05 and 0.1 M NaCl). However, as expected for such
polyelectrolytes, [�] is lower at higher ionic strength. Neverthe-
less, the Schulz–Blaschke and Huggins coefficients, kH and kSB,
confirm good solubility in 0.1 M NaCl. Comparing these coeffi-
cients for G1 in 0.05 and 0.1 M NaCl, the decrease of the solvent
goodness with increasing ionic strength becomes visible.

It should be noted that the ionic strengths of the dilution
viscometry (0.05 and 0.1 mol/L) are much higher than the ionic
strength of the IW, as will be presented in a subsequent sec-
tion.

3.2. Chemical analysis and characteristics of the media

Table 2 presents the results of the chemical analysis, the con-
ductivity and the pH of the DW and IW. The much higher
conductivity of the IW results from the ionic content of the
circulating water in the papermaking process.

3.3. Rheological behaviour of the flocculants in
distilled water at 25 ◦C

Figs. 2 and 3 show the rheograms (shear stress versus shear
rate and apparent viscosity versus shear rate) of all flocculants
in DW at 25 ◦C. All flocculants displayed a yield pseudoplas-
tic behaviour, exhibiting a lower apparent viscosity at higher
shear rates. The apparent viscosity of a shear thinning fluid
decreases with rising shear rate from the zero shear viscos-
ity to the infinite shear viscosity. With increasing shear rate,
the macromolecules are progressively aligned, instead of the
random intermingled state which exists when the fluid is at
rest. The major molecule axes are brought into line with the
direction of flow and the viscosity decreases (Chhabra and
Richardson, 1999).

E1 and G1 exhibited higher viscosity and more clearly yield
pseudo-plastic behaviour than E2 and E4. Despite the lower [�]
of G1 compared to E2, the solution viscosity of the G1 copoly-
mer is higher. This likely results from the lower charge density
along the G1 copolymer chains (see Table 1), which leads to
less extended coils in 0.05 and 0.1 mol/L NaCl solution, while
in DW the chain is more extended reflecting better the molar
mass when compared to the E PEL series, since less interaction
between the chain charges is present.

For the E series, the viscosity decrease of E1 as shear rate
increases was most pronounced decreasing from 311 to 58
mPa s, followed by E2, from 89 to 29 mPa s, and then E4 from 40
to 19 mPa s. Thus, for E2 and in particular for E4, the behaviour
was close to Newtonian.

3.4. Rheological behaviour of the flocculants in
industrial water at 25 ◦C

All flocculants demonstrated much lower viscosity in the IW
(Fig. 4) in comparison to the DW (Fig. 3). In general, the rhe-
ology of all polymer solutions was still yield pseudo-plastic,
though in the case of E2, E4 and G1, the behaviour was closer
to Newtonian. The presence of not quantified colloidal com-
ponents, in addition to the inorganic salts in the IW (Rasteiro
et al., 2008b) may further influence the copolymer confor-
mation and interaction and consequently, the viscosity (see
Lauten and Nystrom, 1999). The influence was more impor-
tant for E1, the polymer with higher [�]. E2 and E4 behaved
similarly in both media. So, lower molar mass PELs proved to
be less affected by the medium composition.

Table 2 – Ionic content, conductivity and pH of industrial water (IW) and distilled water (DW).

Water Ca2+ Mg2+ K+ Na+ (mg/L) Al3+ Cl− SO4
2− � (�S/cm) pH

IW 46 6 4 101 0.4 153 32 734 7.8
DW 15.1 5.9
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Fig. 2 – Shear stress versus shear rate: E1, E2, E4 and G1 in the distilled water at 25 ◦C.

Fig. 3 – Viscosity versus shear rate: E1, E2, E4 and G1 in the distilled water at 25 ◦C.

Fig. 4 – Viscosity versus shear rate: E1, E2, E4 and G1 in the industrial water at 25 ◦C.
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Fig. 5 – Viscosity versus shear rate: E1, E2, E4 and G1 in the distilled water at 40 ◦C.

3.5. Temperature dependence of the viscosity

The viscosity of most fluids decreases with increasing tem-
perature. Accordingly, the viscosity of the flocculants studied
decreased for the highest temperature (compare Figs. 3 and 5
and Figs. 4 and 6). All flocculants were tested in DW and IW
at 25 and 40 ◦C. In all cases, a simultaneous decrease in yield
stress and viscosity at infinite shear rate was observed at the
higher temperature. The differences were more pronounced
in the DW. At 40 ◦C, the apparent viscosity of E1 in DW var-
ied from 290 to 50 mPa s, as shear rate increased, lower than
the values at 25 ◦C, 311–57 mPa s, for the same shear rate span.
For E2 in DW, the effect of temperature was more prominent.
For a shear rate interval between 25 and 65 s−1, the apparent
viscosity varied from 46 to 29 mPa s at 25 ◦C and 17–12 mPa s at
40 ◦C. E4 likewise displayed a significant decrease of the viscos-
ity at higher temperature. For a shear rate interval between 45
and 95 s−1, the apparent viscosity varied from 25 to 19 mPa s at
25 ◦C and 10–8 mPa s at 40 ◦C. The effect of temperature on the
rheological behaviour of G1 was also significant. For a shear
rate interval between 30 and 50 s−1, the apparent viscosity

varied from 80 to 72 mPa s at 25 ◦C and 16–14 mPa s at 40 ◦C,
as shear rate increased.

Due to equipment limitations, the shear rate interval could
not be kept constant for all measurements because a certain
level of signal to noise ratio must always exist for an accu-
rate measurement (torque percentage should always be above
10%).

The major observable feature in Figs. 3 and 5 is that
increasing the temperature from 25 to 40 ◦C led to an almost
Newtonian behaviour of the solutions of the flocculants E2,
E4 and G1 in the DW. The influence of temperature was much
less evident for E1, which is the copolymer with the highest
[�].

For the solutions in IW, the decrease of the viscosity, with
increasing shear rate, of all flocculants at 40 ◦C, was slightly
less than at 25 ◦C (Figs. 4 and 6). As in DW, the behaviour of E2,
E4 and G1 became closely Newtonian at higher temperature.
Moreover, the influence of temperature was less pronounced
in IW than in DW. This was because the initial viscosity at
25 ◦C was already much lower than in DW and the rheological
behaviour of E2, E4 and G1 almost Newtonian.

Fig. 6 – Viscosity versus shear rate: E1, E2, E4 and G1 in the industrial water at 40 ◦C.
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Table 3 – � and � of all flocculants in the two media:
distilled water (DW) and industrial water (IW) at two
shear rates 10 s−1 and 100 s−1 and 25 ◦C.

Sample DW IW

� (s−1) � (N/m2) � (mPa s) � (N/m2) � (mPa s)

E1 10 2.05 0.205 0.16 0.016
100 4.37 0.044 0.47 0.0047

E2 10 0.61 0.061 0.10 0.01
100 2.21 0.022 0.33 0.0033

E4 10 0.48 0.048 0.11 0.011
100 1.75 0.018 0.37 0.0037

G1 10 1.15 0.115 0.11 0.011
100 6.06 0.061 0.33 0.0033

3.6. Mathematical model for the yield pseudoplastic
fluid behaviour

To compare the shear stress (�) at the same shear rate (�̇)
for all flocculants in the different media, the rheograms were
adjusted to an equation using the Herschel–Bulkley model
(Herschel and Bulkley, 1926)

� = �y + k�̇n (1)

The yield stress (�y) was first extrapolated from the
rheogram by fitting a polynomial of 2nd order. Afterwards, the
rheogram was fitted to Eq. (1) using the Curve Expert 1.3 soft-
ware. Knowing the values of �y, k (consistency index) and n
(flow behaviour index), the shear stress at �̇ 10 and 100 s−1

were calculated for each flocculant in the three media. Like-
wise the apparent viscosity (�) was calculated for these shear
rates (Table 3).

From Table 3, the values of � and � at a shear rate of 10 s−1

in the DW decreased in the order: E1 > G1 > E2 > E4 according to
the previous observations, whereas in the IW, the � and � of
E2, G1 and E4 were almost the same with only that of E1 being
significantly higher.

At 100 s−1 in the DW, all the flocculants exhibited very sim-
ilar values for both � and �. This was already apparent from
the rheograms since the major difference in the rheological
behaviour, mainly between E1 and G1, is in the yield stress
and not in the viscosity at infinite shear rate.

For the IW, the � and � of E1 were higher, followed by that of
E2, E4 and G1, which show similar values of � and � at 100 s−1

as at 10 s−1.

3.7. Flocculation of PCC with E1 and G1 in distilled
and industrial water: relationship with viscosity

Here, previously reported data on the flocculation of E1 in both
the DW and IW (Rasteiro et al., 2008b) will be used for com-
parison with G1. In both media, the correlation between the
viscosity of the copolymer solutions of E1 and G1 and floccu-
lation performance is the subject of discussion.

Fig. 7 shows the flocculation kinetic curves of PCC with E1 in
both DW and IW. The optimum polymer concentration, which
is defined as the one leading to the largest flocs, was much
higher in IW than in DW (20 and 4 mg of copolymer/g of PCC
respectively).

For the lower charged G1 (Fig. 8), the same tendency was
observed, with the optimum polymer concentration being
50 mg/g of PCC in IW and only 10 mg/g of PCC in DW. There-

Fig. 7 – Flocculation of PCC with E1, deflocculation and
reflocculation after sonication (at 15 min) in the distilled
and industrial water (Rasteiro et al., 2008b).

Fig. 8 – Flocculation of PCC with G1, deflocculation and
reflocculation after sonication (at 15 min) in the distilled
and industrial water.

fore, in this particular system, the optimum concentration
increases as the charge on the polymer is reduced.

This is reasonable since the IW contains several con-
taminants, the surface charge of the precipitated calcium
carbonate particles in the IW will be more negative than in
the DW and so more copolymer is required to neutralize those
charges (Vanerek et al., 2000). The difference of the zeta poten-
tial of the PCC in DW and IW can be observed in Figs. 9 and 10.

In IW the polymer becomes more coiled (Jachimska et al.,
2010). Subsequently, in the IW, a larger amount of poly-
electrolyte was required to obtain the same particle surface
coverage with the copolymer. Higher concentration was
required for G1 than for E1 because of the lower content of
cationic monomer units in G1. Nevertheless, it is interesting

Fig. 9 – Zeta Potential of precipitated calcium carbonate
suspension during flocculation with E1 in DW and IW:
three different times after addition of flocculant (Rasteiro
et al., 2008b).
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Fig. 10 – Zeta Potential of precipitated calcium carbonate
suspension during flocculation with G1 in DW and IW:
three different times after addition of flocculant.

to notice that the optimum dosage increased by a factor of five
for both copolymers.

Moreover, polymer adsorption is enhanced by reducing the
salt concentration (Stoll and Chodanowski, 2002; Shubin and
Linse, 1997; Bremmell et al., 1998). Thus, for both flocculants,
flocculation was faster in IW than in DW and this was more
apparent for E1. This must be also related to the fact that
repulsion between the particles decreased in the IW due to the
depletion of the electric double layer resulting from the higher
cationic content. This also agrees with the different viscosities
of the flocculant solutions in both media since E1 and G1 had
lower viscosities in the IW, especially E1.

The lower viscosity of the copolymer solutions in the IW
is related to the reduced Debye length and to the resulting
lower hydrodynamic radius of the copolymers in the medium.
Hydrolysis of the copolymer molecules at the relatively high
pH could also have an impact. Due to the lower hydrody-
namic radius (Jachimska et al., 2010), the degree of coverage
is reduced hence requiring higher polymer concentration for
flocculation, as referred previously. Though higher polymer
concentration was used for flocculation, the zeta potential was
lower in IW (see Figs. 9 and 10) as already shown by Rasteiro
et al. (2008b).

Regarding the size of the flocs there is an increase of the
size in IW with E1, while the size decreases, comparing the
results in DW and IW, with G1. The increase of the cationic
content of the media can have a double effect: on the one
hand reduction of the electric double-layer thickness favours
aggregation and larger flocs are expected, on the other hand
flocs can be more compact and become smaller. Thus, there is
not a monotonic trend regarding the variation of the flocs size
with the ionic content of the medium, in line with the results
presented in Figs. 7 and 8. This tendency can be observed
either if we compare results for the optimum PEL concentra-
tion for each medium or for a common concentration value
(Figs. 7 and 8). Moreover, when the charge density is low the
polymer conformation becomes less extended in IW. This cor-
responds to a lower hydrodynamic radius and, thus, smaller
flocs are obtained.

Additionally, because of the relatively high pH of the IW,
hydrolysis of the copolymer chains can occur. This effect is
expected to be more significant in the case of G1, having
an intrinsic lower number of charges per chain, resulting in
a lower activity of this polymer in IW and leading, then, to
smaller aggregates.

Floc resistance was also studied based on the methodol-
ogy discussed in Rasteiro et al. (2008b) applying ultrasound
(20 kHz) to the flocs at 15 min over a period of 30 s. Sonication

Table 4 – Floc break up percentage for E1 and G1 in
distilled water (DW) and industrial water (IW).

Polymer Concentration (mg/g) Break up % at 20 kHz

DW IW DW IW

E1 4a 8 39 40
8 20a 43 55

G1 10a 14 82 48
14 50a 55 47

a Refers to the optimum flocculant dosage.

leads to floc fragmentation. Figs. 7 and 8 show the break-
age and reflocculation stages after sonication. The effect of
sonication was similar in both media and flocs break up was
mainly related to flocs size. Larger flocs are more suscepti-
ble to breakage (Table 4). In the case of E1, floc break up was
higher in IW since these flocs are larger, while for G1 the oppo-
site was the case because larger flocs were obtained in the
DW.

Reflocculation was generally low for both flocculants, espe-
cially in the DW, possibly because bridging is the main
flocculation mechanism. Hence, floc breakage resulted from
the detachment of the copolymer chains from the particles
leading to rupture of bonds between the particles in the aggre-
gate. However, reflocculation was somewhat higher in the IW
for both E1 and G1 though more prominent in E1. The lower
viscosity of E1 in the IW, which can be related to the more
coiled conformation of the polymer, and a decrease in the
significance of the bridging mechanism, explains the more
extensive reflocculation of E1 in the IW.

4. Conclusions

The influence of the medium quality on the solution viscosity
and rheological behaviour was quantified for four flocculants
varying either in regards to the molar mass or the charge den-
sity. The differences observed when using DW and IW likewise
governed the optimum flocculant dosage and the performance
during the PCC particles flocculation.

A good correlation between copolymer composition,
macromolecular characteristics, solution behaviour, and
performance in flocculation was identified. Furthermore,
analyses of the performance of E1 and G1 in the floccula-
tion of precipitated calcium carbonate in both the DW and
IW showed that larger dosages of E1 and G1 were required in
the IW. Focculation was faster in the IW due to the attenua-
tion of the repulsive forces between the PCC particles. In IW
the viscosity of the copolymer solutions decreased remark-
ably, approaching an almost Newtonian behaviour. The effect
was more pronounced for the copolymer of higher intrinsic
viscosity and cationic charge content (E1).

The strategy of testing the rheological behaviour of the floc-
culants in different media proved to be important in assessing
their performance during flocculation. It was confirmed that
for proper evaluation of flocculant performance testing only
in DW is insufficient. Instead, the medium intended for the
practical flocculation should preferably be used in the tests.
This can be particularly important in the case of papermak-
ing, which was taken here as example, since water closure
strategies contribute to dramatic changes in the suspend-
ing medium characteristics which influence the flocculation
processes. Nevertheless, characterization in DW can provide



Author's personal copy
1044 chemical engineering research and design 8 9 ( 2 0 1 1 ) 1037–1044

preliminary information which remains useful in flocculant
evaluation.
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