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bstract

Flocculation studies of precipitated calcium carbonate induced by cationic polyacrylamides (C-PAMs) were carried out using light diffraction
cattering (LDS). The effect of both polymer charge density and concentration on the flocculation process and on flocs density was investigated. As
xpected, results show that high charge density C-PAM induces flocculation by bridging and patching mechanisms simultaneously, while medium
harge density C-PAM acts mainly according to the bridging mechanism. Consequently, the mass fractal dimensions of the flocs produced by
igh charge density C-PAM are higher. Results also show the effect of flocculant concentration: flocculation rate decreases and denser flocs are
btained as flocculant concentration increases. The results obtained so far allowed a preliminary quantitative evaluation of flocculation kinetics.
n the flocculation curve, two regions corresponding to different kinetics were identified: a first region dominated by particle aggregation and a

econd region dominated by flocs stabilization. Therefore, LDS is considered a useful tool to evaluate flocculants performance. A strategy was
eveloped that resulted in the use of LDS to retrieve, in a single test, information on the evolution with time of flocs dimension and structure, flocs
esistance and flocculation kinetics. All the tests were performed under turbulent conditions similar to the ones prevailing in process equipment.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aggregation of particles is fundamental for improving the
erformance of many solid/liquid separation processes. Aggre-
ation can be induced by different means one of the most
ommon being based on the addition of polymeric additives,
amely polyelectrolytes. Flocculation by polyelectrolytes is of
mportance to many industrial areas, namely in food manufac-
uring, pharmaceuticals and also in papermaking, and is well
ocumented in the literature [1–6].

In the case of the papermaking process, flocculants are used
s retention or drainage aids and, therefore, flocculation plays
n important role on runnability, product quality and economy
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

f the process. Thus, it is important to know, for each floccu-
ant, the predominant interactions and mechanisms of fines and
ller retention, in order to optimize the corresponding floccula-

ion process [7]. Though the strategy developed with the present
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tudy is not restricted to a specific application, it is mainly
irected to flocculation in papermaking.

Various processes occur simultaneously during flocculation:
dsorption of polymer molecules at the particles surface; re-
rrangement (or re-conformation) of adsorbed polymeric chains;
ollisions between destabilized particles to form aggregates
flocs); and break-up of flocs [1,2,4]. The importance of each
rocess depends on the flocculant characteristics, like struc-
ure, molecular weight, charge density and concentration; on the
haracteristics of the suspended particles, like size and charge
ensity; on the characteristics of the suspending medium, like
H, conductivity and ionic charge; and, finally, on the contact
ime and turbulence intensity, among others [2,3,8,9].

One of the aforementioned parameters that most affects floc-
ulation is the charge density of the polyelectrolyte, because it
etermines its conformation when adsorbed on the particle sur-
ace, and, therefore, the predominant flocculation mechanism
9,10]. In general, if molecular weight is high and charge den-
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

ity is low, the polymer adsorbs on the particle surface in such a
ay that tails and loops are extended far beyond the surface and

an interact with other particles – in this case the flocculation
rocess is dominated by bridging bonds [4,8]. When the charge

dx.doi.org/10.1016/j.cep.2007.04.009
mailto:mgr@eq.uc.pt
dx.doi.org/10.1016/j.cep.2007.04.009
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ensity is high, the bridging capability is reduced because there
s a tendency for the polymer chains to adopt a flatter confor-

ation on the particle surface, which results in the formation of
ationic patches that attract the polymer free surfaces of other
articles [8,11]. In this case, the adsorption rate becomes lower
nd the conformation rate becomes faster as the cationic charge
f the polymer increases.

The concentration of the flocculant is also a key parameter,
ince the rate of adsorption depends on the amount of poly-
er adsorbed per unit area of the particle surface. Tadros [12]

roposed the “diffusion-controlled adsorption kinetics model,”
tating that the flux of adsorption dominates when the surface
oncentration of polymer is lower than the equilibrium con-
entration, whereas desorption is the ruling phenomena when
he surface concentration is higher than the equilibrium con-
entration. Moreover, the flocculant concentration also affects
he conformation rate: polymers re-arrange relatively fast at low
urface concentration but rather slowly on crowded surfaces,
ince neighbouring molecules interfere with the re-arrangement
4,13]. In addition, for flocculation to occur, polymer molecules
ave to collide with the fine particles in order to be adsorbed, and
he polymer-coated particles have also to collide with each other
1]. Thus, mixing is essential to promote flocculation. However,
s flocs become larger, further growth is restricted by the applied
hear that erodes or breaks down the flocs depending on their
ize [14]. In fact, the hydrodynamic forces that tend to disrupt
he flocs become greater as their size increases and the colli-
ion efficiency of the particles becomes lower. Therefore, there
s a limiting size for flocs growth, determined by the balance
etween aggregation and breakage [1,2,15,16].

Despite the enormous amount of information already existing
n flocculation processes promoted by polymeric additives, this
s still an area of continuous debate and research. On one hand,
here are still no general models that allow the prediction of
occulation characteristics, namely floc properties, as a function
f all the different parameters that influence flocculation. On
he other hand, it is not yet available a standard experimental
trategy, widely accepted, that could be used to test the new
occulants that are continuously being developed, as will be
iscussed in the next paragraphs. This is commonly admitted
n the reports of researchers active in this field, even in recent
ublications [4,5].

Traditional methods for optimizing the polymer dosage are
ased on the DVLO theory, which relates the optimum dosage
o the zero zeta potential (ζ) [12]. This theory is valid when floc-
ulation occurs by charge neutralization, but does not fit when
edium or high molecular weight polymers are used and the

ridging or patching mechanisms dominate [7,9,17,18]. Con-
equently, the methods based on electrokinetic parameters or
olyelectrolytes titration should be used with great caution. Nev-
rtheless, zeta potential has been used to monitor flocculation,
he decrease in this parameter corresponding to a decay of the
urface charge during the flocculation process (as a result of
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

he transition from the bridging to the charge neutralization
echanism) [19,20].
Another traditional technique to monitor flocculation and to

ssess the performance of flocculants is based on settling tests in
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(
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he absence of turbulence, monitored by different means [5,6],
hich can supply indirect information on flocs average size

nd structure [21] (namely the mass fractal dimension) for the
onditions prevailing in a sedimentation system.

As an alternative, Blanco et al. [7,8] developed a method for
ptimizing the polymer dosage based on monitoring the growth
f the particle aggregates during flocculation: the mean floc
ize increases when polymer is added, but when the total added
osage is higher than the optimal one no more aggregation takes
lace and the mean size can even decrease due to steric stabiliza-
ion and/or electrostatic repulsion. To measure the particle size
f the aggregates, a focused beam reflectance-measuring probe
FBRM) was used to get information about the average chord
f the aggregates and the number of counts.

On the other hand, recent studies have shown that light
iffraction scattering (LDS) is a useful technique to monitor
he dynamics of flocculation and to evaluate the influence of the
occulant characteristics and dosage [22]. LDS not only allows

he determination of the aggregate mean size and size distri-
ution, but gives also the mass fractal dimension of the flocs,
F [4,21,23]. The mass fractal dimension provides a mean of
xpressing the degree to which primary particles fill the space
ithin the nominal volume occupied by an aggregate and is,

herefore, a convenient parameter to characterize the density
f the flocs [24]. For solid non-porous particles dF = 3 and for
orous particles 1 < dF < 3 [25].

It is well reported in the literature that floc strength depends
n floc structure and density. Tang found that the mechanical
trength of the floc depends on both the particle forces and
n how the particles are packed within the aggregate [24]. The
tronger the bonding force between the particles, the higher the
oc strength. Similarly, the more compact the floc structure, the
igher the number of interparticle bonds resulting in stronger
ocs. Therefore, the prediction of floc strength as a function of
occulant type and operating conditions is very important for

ndustrial applications. LDS allows also an evaluation of flocs
esistance at the end of the flocculation process, for different
hear rates. The tests can be programmed so that the dynam-
cs of aggregation, the resistance of the fully stabilized flocs and
heir reflocculation ability can altogether be evaluated in a single
xperiment.

In this study, after a preliminary analysis of the techniques
vailable to follow flocculation processes, it was decided to
elect the LDS technique to monitor flocculation. In fact, the
esults obtained prove that LDS possesses the capability to allow
n integrated evaluation of flocculants performance, by sup-
lying, simultaneously, information on flocs size distribution,
verage size and mass fractal dimension, in a continuous way,
s time elapses, if the equipment is pre-programmed for continu-
us data acquisition. Moreover, flocculation can be processed in
he equipment dispersion unit in controlled turbulent conditions
hat can simulate more easily what is happening in the process
tself.
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

Results obtained for assessing the flocculation mechanism of
wo different high molecular weight cationic polyacrylamides
C-PAMs) are presented and discussed in this paper. The effects
f the flocculant charge density and concentration on the flocs

dx.doi.org/10.1016/j.cep.2007.04.009
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ize and structure and on the flocculation process, including floc-
ulation kinetics and mechanism, were investigated. Because
f the importance of filler retention for papermakers the floc-
ulation of precipitated calcium carbonate (commonly used as
ller in papermaking), under turbulent conditions, has been
tudied. With this study, the capacity and added value of the
DS technique to evaluate in an integrated way (single pro-
rammed test) the size, structure and strength of the flocs, as
ell as the flocculation mechanism and kinetics, are clearly
emonstrated.

. Experimental

.1. Materials

An aqueous suspension of a commercial PCC, at 1% (w/w),
roduced in a satellite unit of a paper mill, was used throughout
his work. In order to obtain a preliminary good dispersion of the
articles, the suspension was submitted to magnetic stirring at
00 rpm during 40 min and then to sonication at 50 kHz during
5 min. After this treatment, the median size of the particles was
pproximately 0.5 �m and the suspension pH 7.5.

Two new C-PAM emulsions of high molecular weight, devel-
ped and supplied by AQUA + TECH, were used in this study:
lpine-FlocTM BHMW, a linear polyacrylamide with a molec-
lar weight around 7.2 × 106 g/mol and 80% (w/w) of groups
harged, and Alpine-FlocTM E1+, a low branched polyacry-
amide with a molecular weight of 13 × 106 g/mol and 50%
w/w) of groups charged. The cationic monomer of both poly-
ers is dimethylamino ethyl acrylate. For the experiments,
HMW was diluted to 0.05% and E1+ to 0.1% in distilled
ater. In order to guarantee the effectiveness of the flocculants,

he diluted solutions were prepared everyday and the distilled
ater conductivity was controlled between 5 and 8 �S/cm, since

ignificant variations of this parameter strongly affect the floc-
ulation process.

.2. Methods

The flocculation of the PCC particles was monitored by
easuring the size of the aggregates by LDS in a Malvern
asterziser 2000 equipment (Malvern Instruments). The LDS

echnique is based on the analysis of the light scattered by the
articles when they interfere with a coherent light beam, in the
resent case a He/Ne laser beam. If the scattered light can be
elated mainly to the diffraction mechanism, then the angle of
iffraction is associated with the size of the particles, larger par-
icles diffracting light for smaller angles and smaller particles for
arger angles [26]. In the Malvern Mastersizer 2000 the scattered
ight is collected, in the forward direction, by 52 concentric pho-
odiodes. The scattering patterns obtained are processed using
n appropriate optical model in order to calculate the particle
ize distribution. Traditionally, two different models are used:
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

he Fraunhofer approximation and the Mie theory [27]. In this
tudy, we use the Mie theory, since it provides a more rigor-
us solution for the calculation of particle size distribution from
ight scattering data, mainly when particles smaller than 10 �m

m
s
d
c
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re considered. The scattering data allows also one to calcu-
ate the mass fractal dimension from the negative slope of the
og–log plot of the scattered light intensity as a function of the
avenumber [28].
The 1% (w/w) PCC suspension was added to 700 mL of dis-

illed water until 30% obscuration of the laser beam was reached
total solids concentration around 0.02%, w/w), and the tests
ere carried out by setting the pump speed to 1400 rpm. Obscu-

ation is a good control parameter to evaluate the signal quality
nd, according to the manufacturers, it must be kept, ideally,
etween 5 and 20%. However, as obscuration decreases during
he measurements, due to the reduction of the number of scat-
ering entities, the initial obscuration was set to 30% so that, at
he end of the flocculation test, obscuration was always above
% in order to guarantee the validity of the results [22]. Previ-
us studies have shown that the tests could be conducted in a
ilute state in the equipment dispersion unit, since similar results
ere obtained when flocculation was conducted at a higher con-

entration in an outside beaker and a sample was then rapidly
ransferred to the dispersion unit of the LDS equipment and anal-
sed [22]. The reported values of the median particle size (dp50)
epresent an average of at least four replications and, in each
ase, the measured values lied within a range that was less than
3 �m around the central value; for the reported highest median

izes (dp50 > 80 �m), the interval of variation was slightly larger
ut still below ±5 �m.

Both flocculants were tested with different concentrations,
lose to the optimum dosage. This optimum was determined
ollowing the methodology developed by Blanco [7] but using
DS instead of FBRM to monitor the aggregates size. For that,

he flocculant stock solution was previously diluted again to
.01% and 1 mL of the resulting working solution was added to
he PCC suspension every minute, until the floc size began to
ecrease.

The size of the PCC particles was measured before the addi-
ion of the flocculant to the suspension. When the tests were
esigned to monitor the flocculation evolution for a fixed con-
entration of flocculant, this was added to the PCC suspension
t once in the equipment dispersion beaker, and the flocs size
as measured every minute during 14 min (after 14 min the
ocs size seemed to be stabilized). The mass fractal dimension
f the flocs during the flocculation process was also com-
uted from the scattering pattern used to determine the particle
ize, with the objective of evaluating the compactness of the
ocs. The individual particles could be considered to follow the
ayleigh–Gans–Debye approximation [21] (particles smaller

han 1.0 �m and refractive index 1.572).
In addition, the zeta potential of the suspensions was also

easured using the Zetasizer NanoZS equipment (Malvern
nstruments), at three moments: 1 min after the addition of the
occulant, 7 min after the addition of the flocculant and at the
nd of flocculation (14 min).

Optical microscopy with image analysis (Olympus BH-2
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

icroscope with analysSIS 2.11) was used to visualize the flocs
hape, at the end of the flocculation process, in order to vali-
ate the results obtained by LDS. Only tests for the flocculant
oncentration optimised by LDS were performed.

dx.doi.org/10.1016/j.cep.2007.04.009
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. Results and discussion

.1. Optimum flocculant dosage tests

Fig. 1 shows, for both flocculants, the dp10 and the median
dp50) equivalent spherical diameters of the flocs as a func-
ion of the amount of polymer added to the PCC suspension
expressed in terms of mg of polymer/g of PCC). These tests
nabled the selection of a range of flocculant concentrations for
he subsequent experiments.

Data show a complete different behaviour of the two C-
AMs. In the case of E1+ the optimum dosage was obtained for
pproximately 9 mg/g, as can be concluded from the evolution
f both the dp10 and dp50 diameters, which show a clear maxi-
um. For BHMW, these sharp maximums are not observed and

he decrease of dp50 is not so pronounced, but since dp10 starts to
ecrease at approximately 10 mg/g we have considered that this
as the optimum dosage for this flocculant. Moreover, the flocs

ize at the optimum dosage is considerably larger with E1+ than
ith BHMW.
Considering that E1+ is a C-PAM with a high molecular

eight and medium charge density, the aggregation process
akes place mainly by the bridging mechanism, as confirmed
y the fast flocculation rate (Fig. 2). Concerning BHMW, which
as a higher charge density, there is a tendency for the polymer
hains to adopt a flatter configuration on the particle surface
hat produces a reduction of the bridging capability in favour
f patching, thus aggregation occurs by bridging and patching
imultaneously. As a consequence, the bonds between the par-
icles are shorter, the flocs are smaller and the flocculation rate
s in general slower (Fig. 3) [12]. Nonetheless, for low concen-
rations, the flocs obtained with BHMW are larger than those
btained with E1+. When we start adding the polymer aggrega-
ion with BHMW takes place more rapidly than with E1+ since,
ue to the high charge density, the adsorption rate is higher [29].
fter this rapid aggregation, because of the flatter conforma-
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

ion of the polymer on the particle surface, the adsorption of
urther flocculant becomes slow [29] and flocs size increases
ery slowly. For E1+, the flocs size decreases abruptly after the
aximum that defines the optimum dosage, as consequence of

Fig. 1. Optimum flocculant dosage for BHMW and E1+.

t
i
t
w

F
c

ig. 2. Median flocs size as a function of flocculation time for several E1+
oncentrations.

teric and electrostatic repulsion. For BHMW this decrease is
ot observed. This explanation is in agreement with the values
f the mass fractal dimension of the flocs at the point of optimal
osage. In fact, for that point, dF = 1.74 and dF = 1.66 for BHMW
nd E1+, respectively, confirming that the flocs produced with
HMW are more compact.

.2. Monitoring of the flocculation process

For monitoring the flocculation process, the values of the opti-
um flocculant dosage were used in order to define the adequate

ange of flocculant concentration: the new tests were performed
ith 2, 6, 10 and 14 mg/g of BHMW and with 10, 15, 20 and
5 mg/g of E1+ but, contrary to the preliminary trials, the floc-
ulant was added to the suspension all at once, in the equipment
ispersion beaker.

Figs. 2 and 3 illustrate the flocculation process carried out
ith E1+ and BHMW, respectively, in terms of the evolution
f the floc median size with time as a function of polymer con-
entration. As it was expected, flocculation rate decreases as
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

he flocculant concentration increases. Since the stirring speed
s the same for all the tests, this decrease can be explained by
he diffusion-controlled adsorption kinetics model, in such a
ay that the higher the amount of polymer, the lower the poly-

ig. 3. Median flocs size as a function of flocculation time for several BHMW
oncentrations.

dx.doi.org/10.1016/j.cep.2007.04.009
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ig. 4. Flocs size distribution evolution during flocculation process with 10 mg/g
HMW.

er adsorption rate on the particle surface [12]. Therefore, the
quilibrium point is reached more rapidly when the flocculant
oncentration is lower and, as a consequence, the final flocs size
s reached earlier.

However, at high dosages the optimum coverage rate is higher
han the optimum, flocculation is slower and floc size increases
ery slowly. For very low concentrations of BHMW (2 mg/g) the
ocs size reaches rapidly a maximum and then starts to decrease.
his decrease must be due to the fact that, with the rapid floccu-

ation at the beginning, the polymer has no time to adopt a flat
onformation. Only after reaching the equilibrium the polymer
hains start to reorganize themselves, resulting in flocs com-
action, and thus size reduction. For BHMW it may also be
oncluded that the formation of patching bonds increases with
he flocculant concentration and, thus, a better organization of
he polymer chains occurs at the beginning. Furthermore, Fig. 4,
hich refers to a concentration of 10 mg/g of BHMW, shows

hat the particle size distribution evolves rapidly from bimodal
o monomodal distributions being displaced towards higher par-
icle sizes values. This confirms that large and stable flocs are
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

ormed. In the case of BHMW, the evolution of dp10 with floc-
ulation time leads to the same conclusions withdrawn from the
nalysis of dp50, as we can see in Fig. 5.

ig. 5. dp10 evolution as a function of flocculation time for optimum flocculant
osage.

t
E

F
o

ig. 6. Data and fitting curve based on Mie theory at the end of flocculation for
0 mg/g of BHMW.

The flocs size distribution was determined using the Mie the-
ry and a very good agreement of the fitting of data with the
ptical model was found, as can be seen in Fig. 6. This agree-
ent confirms the accuracy of the LDS technique and of the

cattering model used.
Assuming that the flocs size at the end of flocculation is the

arameter that defines the optimum flocculant dosage, Fig. 7
hows that for BHMW the maximum floc size was obtained with
flocculant concentration of 10 mg/g, as already anticipated by

he preliminary optimum dosage tests. On the contrary, for E1+,
he maximum floc size was obtained for 15 mg/g (Figs. 2 and 7)
hereas the previous dosage tests have indicated as optimum

oncentration 9 mg/g (Fig. 1). It is, nevertheless, reasonable that
he optimum flocculant dosage is smaller for BHMW since, due
ts tendency to adopt a flatter conformation on the particle sur-
ace, the same polymer chain fills a larger area of the free particle
urface and thus the saturation point is reached with a lower poly-
er quantity. Fig. 8 shows, as well, that only for 15 mg/g of E1+

r higher concentrations the particle size distribution of the flocs
eaches a monomodal configuration.
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

The flocculation kinetics and the floc stability are the charac-
eristics that most distinguish the two flocculants. In fact, with
1+, the floc size reaches a maximum, followed by a slight

ig. 7. dp10 and dp50 floc sizes at the end of the flocculation process as a function
f flocculant concentration for both C-PAM flocculant.

dx.doi.org/10.1016/j.cep.2007.04.009
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Table 1
Median floc size at the end of flocculation process calculated for optimal floc-
culant dosage (comparison between LDS and optical microscopy)

Flocculant dp50 by LDS (�m) dp50 by image analysis (�m)
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tion tends to stabilize. For both polymers, obscuration is always
ig. 8. Flocs size distribution at the end of flocculation process for several E1+
oncentrations.

ecrease until a final situation of stability is achieved (Fig. 2).
his is a consequence of the predominance of the bridging
echanism during the first stage, when conformation is not

o important as aggregation and the polymer adsorbed at the
article surface produces bonds with a completely extended
onfiguration [1]. After the maximum floc size, conformation
ominates and the flocs tend to become more compact, thus
ith a smaller mean size.
Comparing now the flocs size distributions at different times

fter the polymer addition (10 mg/g) during the polymer con-
ormation stage, the amount of the small flocs increases with
ime (Fig. 9). These results suggest that floc size decreases after
eaching the maximum size (Fig. 2) both as a result of the break-
ge of the flocs by the hydrodynamic forces and of the change of
he conformation of the adsorbed polymer. For this flocculant,
he 10 mg/g dosage is low (below the optimum dosage identi-
ed previously) and, therefore, coarser flocs with fewer bonds
er floc are formed, resulting in flocs that are too weak and
usceptible to break down due to the shear forces.

This agrees with the evolution of the dp10 with time (Fig. 5).
hen E1+ is studied, it can be seen that dp10 decreases after
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

he maximum flocs size but then increases again, during the
onformation stage. Smaller flocs that resulted from the break
p of the larger ones, continue to flocculate during this period

ig. 9. Flocs size distribution during conformation phase for 10 mg/g E1+.

h
o

F
t

HMW 55 54
1+ 65 61

nd tend to behave in a different way than the coarser flocs.
his phenomenon is again more pronounced as the flocculant
oncentration increases, due to the existence of an excess of
olymer available in the suspension. These results demonstrate
he relevance of monitoring the complete particle size distribu-
ion to detect the end of the flocculation process or, at least, the
nterest of associating information on both dp50 and dp10 for that
urpose. In fact, for E1+, the study of the dp50 diameter evolu-
ion alone has proven to be insufficient to define the end of the
occulation process.

From Table 1 it may be concluded that LDS and optical
icroscopy with image analysis, although being different tech-

iques, give similar results for the median size of the flocs.
owever, it should be emphasized that, besides being labori-
us and time consuming image analysis considers just a few
articles (between 100 and a 120 for the samples analysed) and,
hus, the sample is always less representative than the one tested
n LDS.

.3. Obscuration control

As mentioned before, the quality of the signal obtained by
DS is closely related to the obscuration parameter. As flocs
row, the number of scattering entities decreases and obscura-
ion decreases as well (Fig. 10). Besides, in the beginning of
he flocculating process, when the rate of flocs growth is higher,
bscuration decreases rapidly, whereas in the end, when the rate
f flocs growth is small and flocs reach a steady state, obscura-
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

igher than 5% until the end of flocculation, and so the validity
f the results is guaranteed.

ig. 10. Obscuration as a function of flocculation time for BHMW concentra-
ions.

dx.doi.org/10.1016/j.cep.2007.04.009
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ig. 11. Mass fractal dimension during flocculation process for several BHMW
oncentrations.

.4. Mass fractal dimension

Figs. 11 and 12 show the mass fractal dimension (dF) vari-
tion during the flocculation process induced by BHMW and
1+, respectively, and Table 2 summarizes the corresponding
ass fractal dimensions at the end of the flocculation process,

or all the concentrations studied.
For both flocculants, the mass fractal dimension decreases

bruptly during the first minutes of flocculation, when a rapid
rowth of the floc median size occurs. In fact, as the flocs grow,
orosity increases and the number of primary particles occu-
ying a fixed volume of the aggregate decreases, resulting in
decrease in the mass fractal dimension [24]. This decrease

s higher during the first minutes of flocculation because then
he solid single PCC particles (high mass fractal dimension) are
urning into particle aggregates, as a consequence of the polymer
onds. In any case, by looking at the scattering intensity pattern
t can be said that only primary aggregation is obtained [4] and
ot secondary aggregation (aggregation of smaller aggregates),
robably due to the fact that flocculation is being conducted in
turbulent environment. The fitting of the scattering intensity
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

ata is very good and thus, the Rayleigh–Gans–Debye theory
an be used to extract the mass fractal dimension [4,21].

ig. 12. Mass fractal dimension during flocculation process for several E1+
oncentrations.
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For BHMW, dF decreases until stabilization whereas for
1+, dF decreases and then increases slightly. Additionally, for
HMW, the mass fractal dimension increases as the flocculant
oncentration increases over 6 mg/g. This is in agreement with
he fact that the patching mechanism is more pronounced for
igher flocculant concentrations, thus producing denser flocs.

For E1+, the final value of dF does not vary notably with floc-
ulant concentration because bridging is the single mechanism
hat takes place, whereas for BHMW there are two competing

echanisms dependent on the flocculant concentration. How-
ver, during the first minutes of flocculation induced by E1+, dF
ncreases slightly with the flocculant concentration, as expected
onsidering the flocculation behaviour described before: when
oncentration decreases, the flocculation rate is faster and the
egree of polymer conformation is lower, increasing the dis-
ance between the particles and thus producing more porous
ocs. The slight increase of dF during the final phase of the floc-
ulation process is a consequence of the compaction of the flocs
y polymer flattening. The highest value of dF at the end of the
occulation process occurs for the lower polymer concentration
10 mg/g), since these flocs break down more easily resulting
hereafter in denser aggregates.

Comparing now the mass fractal dimension of the two floc-
ulants (Table 2), it is possible to observe that, for the optimal
oncentration, BHMW produces denser flocs than E1+, confirm-
ng that the flocs obtained by the patching mechanism, usually
ssociated with higher polymer charge density, are denser than
hose obtained by the bridging mechanism.

.5. Zeta potential measurements

Fig. 13 shows the results of the zeta potential measurements.
he optimum dosage of BHMW, 10 mg/g, corresponds to a value
f the zeta potential of 25 mV, whereas the optimum dosage
f E1+, 15 mg/g, corresponds to a value of the zeta potential
f 15 mV. Therefore, since the flocculation process occurs for
alues of zeta potential far from the isoelectrical point (0 mV),
t may be concluded that flocculation is not occurring by the
harge neutralization mechanism.

Due to the cationic character of the polyelectrolytes, the PCC
articles, initially negatively charged (−27 mV), become posi-
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

ively charged with the addition of flocculant. The larger zeta
otential values obtained with BMHW are a result of its higher
harge density. The reduction of the zeta potential during the
occulation process is an indication of polymer conformation

able 2
ass fractal dimension at the end of flocculation process for the two flocculants

oncentration (mg/g) BHMW E1+

2 1.63 –
6 1.38 –
0 1.46 1.48
4 1.58 –
5 – 1.38
0 – 1.35
5 – 1.36

dx.doi.org/10.1016/j.cep.2007.04.009
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Fig. 14. Evolution of measured values and fitting curves of dp50 with BHMW
concentration (—: calculated by Eq. (1); · · ·: calculated by Eq. (2) and for 2 mg/g
by Eq. (3)).

F
c

l
E
t
not accounted for in the proposed empirical modelling strategy.
In fact, the approach followed is based on the thesis that during
the flocculation process there are two distinct kinetic behaviours
as a result of the predominance of different mechanisms in each
ig. 13. Zeta potential at different phases of flocculation process for the optimum
osage.

20,22,30]. However, for both flocculants, this parameter can-
ot be used to determine the optimum flocculant dosage since it
oes not allow assessing neither the mechanism nor the kinetics
f the flocculation process.

.6. Flocculation kinetics

Flocculation kinetics was evaluated by the evolution of the
edian floc size with flocculation time. Eq. (1) stands for the

eginning of the process, when aggregation dominates and the
oc size increases:

p50
= Aek1t (1)

here A is a pre-exponential factor (�m), t is the time (min)
nd k1 is the kinetic constant (min−1), which depends on the
olymer concentration.

When the aggregation starts to decrease as flocculation pro-
eeds, two-distinct kinetics can be identified depending on the
ype of polymer. For BHMW, the experimental data can be
djusted to Eq. (2), identical to Eq. (1) but where the values
f the kinetic constant k2 (min−1) are much smaller because the
ocs growth rate decreases significantly and the flocs size tends

o stabilize:

p50
= Aek2t (2)

s for E1+, the evolution of the median flocs size with time is
etter described by Eq. (3) since, as seen before, the size of the
ocs decreases after reaching a maximum, due to several factors,

ike polymer conformation and compaction or break-down:

p50
= Ae1/k2t (3)

his Equation also stands for very low concentrations of
HMW since, again, as aggregation was very fast, conformation
ccurred only after the maximum floc size was reached.

Figs. 14 and 15 show again the evolution of the median floc
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

izes with time (as in Figs. 2 and 3) and the fitting lines obtained
ith the kinetics equations (for BHMW at 2 mg/g, Eq. (3) was
sed for the second part of the curve). The corresponding kinetics
onstants k1 and k2, for the distinct concentrations of each floccu-

F
a

ig. 15. Evolution of measured values and fitting curves of dp50 with E1+
oncentration (—: calculated by Eq. (1); · · ·: calculated by Eq. (3)).

ant, are plotted in Figs. 16 and 17, respectively for BHMW and
1+. It must be stressed that for both polymers, there is always a

ransition zone, more pronounced in the case of BHMW, which is
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

ig. 16. Kinetics constants of the two flocculation regions for BHMW (*:
djusted with Eq. (3)).

dx.doi.org/10.1016/j.cep.2007.04.009


ARTICLE IN+Model
CEP-5354; No. of Pages 10

M.G. Rasteiro et al. / Chemical Engineerin

z
a
t
b

p
o
p
v
s
o
p
t
c
p

e
t
l
t
s
y
p
v
m
fl
t
F
c
l
fl
t
f

t
s
o
e
e
a
b

k
t
i
c
i

t
c
d
t
d
t
m
a
e
d
t
(
t
p
t
o
t

4

o
c
d
g
t
fl
t
o
w
i
d
o

t
t

o
L
t
s

s
o
i
o

Fig. 17. Kinetics constants of the two flocculation regions for E1+.

one. In the first zone (first minutes of the flocculation process),
ggregation predominates; in the second zone (after reaching
he maximum floc size), reconformation of the polymer or floc
reakage predominate.

From Figs. 14 and 15 it can be seen that the fitting of the pro-
osed models to the experimental data is very good. In the case
f E1+ it is easy to define the two regions for the flocculation
rocess and the transition from the first to the second region is
ery sharp. For BHMW, on the contrary, it is more difficult to
eparate the two regions because aggregation and break-up can
ccur simultaneously, mainly at the middle of the flocculation
rocess. In this case, the transition region is smooth and, due
o this, Eq. (1) was only adjusted to the first points of the floc-
ulation process, whereas Eqs. (2) or (3) were used for the last
oints.

For BHMW, k2 is related to the stability of the flocs at the
nd of the flocculation process. However, since, at the end of
he aggregation stage, the flocs were already very stable, k2 is
ow. The flocs stabilization rate decreases as polymer concen-
ration increases, meaning that at higher concentrations the flocs
tabilization is delayed by the aggregation process that has not
et finished. For E1+, k2 represents predominantly the rate of
olymer chains conformation after the aggregation step and high
alues of k2 correspond to a higher degree of polymer confor-
ation at the end of that stage (indeed, as discussed before, the
ocs size stabilizes more rapidly as the flocculant concentra-

ion increases and this is represented by a high value of k2).
or this polymer the increase in the values of k2 with flocculant
oncentration is in agreement with the fact that the flocs stabi-
ization rate also increases. Because of a slower aggregation,
ocs at the end of the aggregation phase have a configura-

ion already closer to the final one, and so stabilization was
aster.

The kinetic constant k1 decreases as the flocculant concentra-
ion increases due to the fact that aggregation takes place more
lowly because at dosages higher than the optimal to cover 50%
f the particle surface, the possible orientations of particle to
Please cite this article in press as: M.G. Rasteiro et al., The use of LDS
(2007), doi:10.1016/j.cep.2007.04.009

fficiently collide decreases. Since the values of k1 are, in gen-
ral, larger for BHMW than for E1+, it may be concluded that
ggregation induced by BHMW is faster than the one produced
y E1+, as a consequence of its higher charge density.

t
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p
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In general, for the two polymers, a comparison between
1 and k2 values shows that the aggregation process is faster
han the stabilization process. As the flocculant concentration
ncreases flocculation becomes limited by the aggregation pro-
ess, which is slower, and the stabilization process becomes less
mportant.

This study shows that the kinetic model depends strongly on
he type of polymer and different empirical equations have to be
onsidered for distinct polymers. In the present study, the charge
ensity of the polymer is the parameter that influences most
he flocculation process. Due to the different polymer charge
ensity, different mechanisms were involved in the floccula-
ion process and, therefore, the kinetic model reflected those

echanisms. Nevertheless, since no general theory is yet avail-
ble to describe flocculation by polymeric additives [2] these
mpirical models are of high importance, for instance to the
esign of process equipment where flocculation takes place. In
he case of systems involving the flow of flocculated suspensions
pipes, mixing tanks, headboxes in papermaking, etc.) floccula-
ion kinetics have to be considered in the flow model or in the
opulation balance model. Thus, to be able to obtain experimen-
ally, practical information on the kinetics of those processes is
f utmost importance and that can be easily obtained by using
he LDS technique.

. Conclusions

The results obtained in this study demonstrated the advantage
f using the LDS technique to evaluate and understand the floc-
ulation process and to determine the flocs characteristics. The
eveloped experimental methodology allows, in a single inte-
rated test, the acquisition of information on the evolution with
ime of flocs dimensions and structure and also the evaluation of
ocs resistance and flocculation kinetics. This led to the defini-

ion of the optimum flocculant dosage and to the understanding
f the flocculation mechanisms involved that could be correlated
ith the mass fractal dimension of the flocs. With this method,

t was possible to study the influence of polyelectrolyte charge
ensity and polymer concentration on the flocculation process
f PCC, used in papermaking, and on flocs properties.

Thus, it is legitimate to conclude that LDS is a valuable tool
o assess the performance of polymeric flocculants, being par-
icularly suited to study flocculation in a turbulent environment.

The results obtained by image analysis confirmed the validity
f the LDS results. Furthermore, it was demonstrated that the
DS technique is a better tool to determine flocs characteristics

han other traditional techniques like image analysis or hindered
ettling.

The comparison of two polymers with high molecular weight
hows that for medium charge density the flocculation process
ccurs by bridging mechanism while when the charge density
s very high the patching mechanism becomes important and
ccurs simultaneously with bridging. As the flocculant concen-
as a tool to evaluate flocculation mechanisms, Chem. Eng. Process.

ration increases the flocculation rate decreases. The flocculation
oncentration also affects the flocs size stabilization rate.

The zeta potential measurements indicate the existence of
olymer conformation during the flocculation process but they

dx.doi.org/10.1016/j.cep.2007.04.009
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id not allow obtaining information about the optimal dosage,
he flocculation mechanism or the flocculation kinetics.

It was possible to quantify the initial flocculation kinetics, the
alues obtained for the kinetic constants agreeing with the con-
lusions mentioned previously and having proved that charge
ensity affects strongly the flocculation process. This informa-
ion can be most important, for instance when modelling the flow
f suspensions undergoing flocculation in process equipment.
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