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bstract

The flocculation kinetics of kaolin particles induced by two polyelectrolytes is studied by using small-angle laser light scattering (SALLS).
wo different methods, image analysis and SALLS, are used to calculated the fractal dimensions of flocs formed under different flocculation
echanisms. For a high charge density of polydiallyldimethylammonium chloride (PDADMAC), the initially flocculation rates are slow due to the

uite low molecular weight. Smaller and more compact flocs are in the particle–particle connections, and restructuring of the flocs occurs in the
occulation process. With cationic polyacrylamide C498 of very high molecular weight and low charge density, however, the initially flocculation
ates are much higher due to its rapid adsorption on kaolin particles, but it will take the adsorbed polymer a much longer time to reach equilibrium
ue to re-conformation. High potentialities of adsorption prevent the particles from entering the interior of the floc structure or rearrangement,

hich results in a more open floc structure. Different underlying flocculation mechanisms are evident for these two kinds of polyelectrolytes,

n which charge neutralization is mainly involved for the low molecular weight and high charge density polymer of PDADMAC while polymer
ridging is suggested to be the dominant mechanism for the high molecular weight polyelectrolyte of C498.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

The synthetic organic polymers have been widely used in the
ndustrial solid–liquid separation process. Practical examples
nclude applications in water and wastewater treatment, mineral
rocessing, paper making, etc. [1–3]. While most of flocculation
ractices are still depended on the experiences, considerable
rogress has been made in the understanding of the particle
occulation mechanisms induced by polymers recently [4–7].
he polymers can destabilize the colloidal particles through
harge neutralization, electrostatic patch, bridging, or depletion
occulation. The electrostatic patch was first introduced by
regory [8] to explain the coagulation of low charge density

articles with oppositely charged polymers of very high charge
ensity. The net residual charge of the polymer patch on one
article surface can attach to the bare part of an oppositely

∗ Corresponding author.
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harged particle. Depletion flocculation is induced by the low
dsorption polymers with high concentrations, where exists
he osmotic pressure between polymer-rich and particle-rich
hases due to the difference of polymer concentration [9–11].

It has been accepted that the bridging mechanism is oper-
ting in the flocculation by nonionic polymers. However, the
ituation becomes more complex in the systems containing col-
oids and polyelectrolytes of opposite charges. For example,
he aggregation kinetics and aggregate structures of hematite
ave been studied in the presence of polyacrylic acid of differ-
nt molecular weights, polyacylamide and partially hydrolyzed
olyacrylamide of high molecular weight [4–6]. These results
how that, regardless of polyelectrolytes with low charge den-
ity or high molecular weight, the aggregation kinetics can be
ell explained by the charge neutralization mechanism, and

here is no evidence of polymer bridging. However, Yu and

omasundaran [12] and Fan et al. [13] investigated the floccu-

ation of alumina particles with a dual polymer combination,
nd found that polymer bridging contributed to the primary
oc formation for the system. Furusawa et al. [14] found that

mailto:mailyujf@hotmail.com
dx.doi.org/10.1016/j.colsurfa.2006.05.040
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n the low concentration polyelectrolytes, the anionic latex
as flocculated by the bridging effect of cationic polyelec-

rolytes. In recent literature, bridging flocculation is believed
o be the most common aggregation mechanism in the system
f colloidal particles and opposite polymers [15–17]. Although
ontroversies still exist, the results obtained under the given
onditions can shed light on these two mechanisms in the
odel systems, respectively. It is therefore important to make

urther and more extensive studies on the difference between
he polymer bridging and charge neutralization, especially for
he above mentioned colloidal particles with opposite charge
olymers.

In the previous research, the mechanisms of flocculation of
olloidal particles were mostly based on the final results of floc-
ulation, e.g., the residual turbidity, the settling rates and the
iscosity [12–14]. However, little work has been focused on
he flocculation kinetics and floc structure [18–20]. Dynamic
ight scattering and static light scattering have been applied
o monitor the size evolution of aggregate process. For exam-
le, the aggregation kinetics of hematite and aluminum oxides
as studied using dynamic light scattering commonly referred

o as photo correlation spectroscopy (PSC) [4–6,21]. Recently,
tatic light scattering, such as small-angle laser light scatter-
ng (SALLS), has also been employed to determine on-line
oc size of the alum-polystyrene flocculation [22], the sludge
occulation [23–24], the salt-latex flocculation [25–26], and

he coagulation of raw water with rich natural organic matter
27–28]. Furthermore, SALLS has also been extensively uti-
ized in acquiring information on the aggregate structures in
erms of the mass fractal dimension. This method has been
uccessfully used to rapidly determine the fractal dimension
f the sludge floc structure [24,29–31], the salt-particle floc
tructure [25,26,32,33], and the polymer-alumina floc structure
9–11,15–17]. In addition, the traditional technique of image
nalysis was also used to determine the floc structure by fractal
ethod [34–36].
Cationic polymers, such as polyacrylamide and polydial-

yldimethylammonium chloride (PDADMAC) are widely inves-
igated in synthetic colloidal systems and in water treatment.
n in-depth study of their flocculation kinetics and floc struc-

ures in aggregation can help to a better understanding of the
occulation mechanisms. In this investigation, the flocculation
inetics of the negative kaolin particles induced by these two
olyelectrolytes is compared using SALLS. Their floc struc-
ures are studied using two different methods, image analysis
nd the mass fractal dimension of SALLS, and the floccu-
ation mechanisms are also discussed. The optimum dosages
re determined by the residual turbidity and zeta potential
easurement.

. Materials and methods

.1. Materials
.1.1. Kaolin suspension
Kaolin clay was used as a model suspension. The stock sus-

ension of kaolin particles was prepared in deionized water,

p
t
t
e
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hich was similar to Yukselen and Gregory [37]. The solid con-
ent was determined gravimetrically and found to be 68.75 g/l.
he test suspensions were prepared by diluting the stock suspen-
ion to a desired concentration of 100 mg/l. All working suspen-
ions contained 1 mM of NaNO3 and NaHCO3, respectively, to
rovide fixed concentrations of electrolyte and alkalinity. The
article size distribution of the kaolin suspension was measured
y Mastersizer 2000 (Malvern Co., UK). The particles had a
(50) diameter of about 1.0 �m with a relatively narrow size
istribution. The zeta potential was measured by Zetasizer 2000
Malvern Co., UK). The clay suspension was negatively charged
t about −60 mV. These results were easily reproduced in all
xperiments.

.1.2. Polyelectrolytes
Two commercial cationic polyelectrolytes, polydial-

yldimethylammonium chloride and polyacrylamide, were used
n flocculation tests based on their typical molecular sizes and
harge density. PDADMAC (Taicang Floc Company, China)
as low molecular weight of about 1.2 million and high charge
ensity of 100%. C498 (Cytec industries Inc, USA) was a
ationic copolymer of acrylamide and acryloxyethyltrimethy-
ammonium chloride with high molecular weight of around
ight million and low charge density of 55%. The cationic
olymers were all prepared in a concentration of 0.1% (W/W)
olution according the method provided by the companies.

.2. Methods

.2.1. Flocculation procedure
All the flocculation experiments were conducted at room tem-

erature. The test suspensions were contained in 1-l beakers.
sing standard jar tests, including rapid mix at 200 rpm for
min, slow stirred at 40 rpm for 20 min, and settling for 10 min,

he optimum amounts of polyelectrolytes were determined. Dur-
ng this procedure, a small sample was taken after the 1 min rapid

ix period for the determination of zeta potential, and after floc-
ulation samples were withdrawn from about 25 mm below the
ater level for residual turbidity measurements (Hach 2100N

urbidimeter, USA).

.2.2. Floc size measurement
Mastersizer 2000 was used to monitor the dynamics of floc

ize as the flocculation proceeded. Jar tests were conducted in a
imilar fashion except that the slow stirring at 40 rpm for 30 min
as applied for a better understanding of the flocculation kinet-

cs and the floc structures. The suspension was measured by
ontinuous recycle of water flowing through the sample cell of
he instrument. A peristaltic pump (BT00-300, Longer Preci-
ion Pump, China) with 5 mm internal diameter at a flow rate of
.0 l/h was used to draw the suspension. The pump was located
ownstream of the instrument to prevent disturbing the flocs
rior to measurement. Samples were withdrawn from the same

osition in the jar, where was located between the impeller and
he top of suspension. The above conditions were maintained
hroughout all the tests, so that the results could be compared to
ach other.



2 hysicochem. Eng. Aspects 290 (2006) 288–294

2

S
a
o
s
Q
a
w

Q

w
s
r

n
l

I

T
c
l
l
p
p

u
o
i
a
e
s
l

A

3

3

p
c
t
a
t
o
w
d
b
T
d
h
c
t
a

F
p

t
o
t
fl
t
w
i
m
s
b
t
r
m
fl
(
d
f
i
l

3
k

w
r
t
i
t

90 J. Yu et al. / Colloids and Surfaces A: P

.2.3. Floc structure determination
Details in the theory of the mass fractal dimension using

ALLS have been reported in a few literatures [30,31,38], and
brief overview will here be given in order to provide a basis
n our experiment. The light scattering technique involves mea-
urement of light intensity I as a function of the scatter vector
. The vector is defined as the difference between the incident

nd scattered wave vectors of the radiation beam in the medium,
hich is given by [30]

= 4πn sin(θ/2)

λ
(1)

here n, θ, and λ are the refractive index of the medium, the
cattered angle, and the wavelength of radiation in vacuum,
espectively.

The mass fractal dimension Df can be determined from the
egative slope of a plot of log scatter intensity as a function of
og scatter vector:

∝ Q−Df (2)

his relationship exists provided that [30]: (i) the primary parti-
les making up the flocs is smaller than the wavelength of scatter
ight and can be considered to be independent scatterers; (ii) the
ength scale of investigation is much larger than the primary
articles and much smaller than the floc aggregates; (iii) the
olydispersity effects are not significant.

The two-dimensional fractal dimension D2 was measured
sing the technique of image analysis. The system was consisted
f digital charge coupled device camera (CCD), monitor, and
mage capture and analysis software. The procedures of image
nalysis were adapted from Chakraborti et al. [34,35] and Kim
t al. [36]. The two fractal dimension can be determined by the
lope of a plot of log projected area A as a function of log largest
ength l:

∝ lD2 (3)

. Results and discussion

.1. General flocculation behavior of polyelectrolytes

The effects of cationic polymer concentration on the zeta
otential and residual turbidity are shown in Fig. 1. For highly
harged and low molecular weight polyelectrolyte, PDADMAC,
he zeta potential of the kaolin particles increases significantly
s this polymer is added, and the charge reversal is observed at
he concentration larger than 0.15mg/l. The maximal removal
f the turbidity is achieved at the optimum dosage of 0.15 mg/l
hile the zeta potential is close to zero. Further increasing the
osage of PDADMAC, the zeta potential and residual turbidity
oth increase, which means that the system is restabilized again.
he flocculation induced by PDADMAC occurs at the narrow
osage ranging from 0.10 to 0.20 mg/l. For polymer C498, with

igh molecular weight and relatively low charge density, the
hanges of the zeta potential and residual turbidity are similar
o PDADMAC, but with a higher optimum dosage of 0.40 mg/l
nd much broader flocculation zone from 0.20 to 0.80 mg/l.

o

i
r

ig. 1. Effects of the polymer dosage on the residual turbidity and the zeta
otential: (a) PDADMAC; (b) C498.

It shows that the charge density and molecular weights of
he cationic polymers play important roles in the coagulation
f negative particles. For oppositely charged polymers and par-
icles, two main mechanisms can be involved in the particle
occulation, i.e., charge neutralization and bridging floccula-

ion. The optimal dosage of PDADMAC with low molecular
eight is found to occur near the point of zeta potential, which

s most likely attributed to simple charge neutralization. With
ore polymers added, the charge is reversal, implying an electro-

tatic repulsion between the particles. The flocculation induced
y C498, however, cannot be explained simply by charge neu-
ralization mechanism. This argument is based on the following
esults: (i) there is no proportional relationship between the opti-
al dosage of the polymers and their charge density; (ii) the
occulation zone by C498 is much broader than PDADMAC;
iii) flocculation kinetics and floc structures are distinguishingly
ifferent, which will be given in the later section. Hence, dif-
erent mechanisms, including polymer bridging, are probably
nvolved in the flocculation with C498 due to the high molecu-
ar weights.

.2. Effect of different mechanisms on the flocculation
inetics

Fig. 2 demonstrates the floc size of kaolin particles changing
ith the time. The data presented are throughout the period of

apid mixing and flocculation. Both polymers show a typical
ransformation from destabilization to restabilization with the
ncrease of polymer dosage. However, significant differences in
he flocculation kinetics are evident for the two different types

f polyelectrolytes.

In all the range of PDADMAC concentration, the floc size
ncreases laggardly at the beginning of flocculation. The initial
ates of the floc growth in the flocculation by C498, however, are
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ig. 2. Comparison of the flocculation kinetics of kaolin particles by: (a) PDAD-
AC; (b) C498.

reater, and no lag time is found, indicating the faster aggregate
ormation rates. At the optimal dosage of 0.15 mg/l PDADMAC,
he floc size increases to the maximum value of about 100 �m
n 15 min and retains a steady state. Moreover, the flocculation
ate of 0.15 mg/l PDADMAC is larger than that at other dosages.
he floc size grows much slowly with the time at the dosage of
.10 mg/l and even does not reach equilibrium after 30 min of
occulation time. Compared with PDADMAC, the changes in
oc size for C498 are different. Besides the longer time to reach
quilibrium, the final equilibrium size of 150 �m at the optimal
ose of 0.40 mg/l C498 is also larger than that of PDADMAC. An
nteresting phenomenon is that the flocculation rate is increased
ith the dosage of C498 in the initial 7 min, while the maximum

ate is obtained at the optimal dose of 0.40 mg/l on the whole.
his indicates that different flocculation mechanisms might be

nvolved.
It is well known that the flocculation kinetics with polymers

epends on several factors such as the mixing condition, adsorp-
ion on the particles, re-conformation of the adsorbed polymers,
ollision efficiency and breakage of flocs [39]. The differences
n the flocculation kinetics for the two polyelectrolytes may be
ue to a different mechanism. No matter what mechanism is
nvolved, the extent of adsorption and conformation is impor-
ant in flocculation with polymers. As have been discussed by
regory [19,39], the time required to adsorb a fraction of the

dded polymer on the surface of particles in the shearing floc-
ulation is mainly depended on the radii of the particle and the
olymer. In this experiment, the effect of particle size and the

hear rate are unchanged. The difference in the adsorption time
etween PDADMAC and C498 may come from their different
olecular sizes and the fraction of added polymers adsorbed on

he particles.
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The initially slow rates of aggregation with PDADMAC may
e explained by its low molecular weight and a large fraction
f the added polymer to neutralize the kaolin surface charge
17]. Highly charged PDADMAC, tends to adsorb in a flat state.
nce adsorbed, the low molecular weight polyelectrolyte has

ittle segments and short chains, and hence the time required
o conform on the particle surface is very short and the floc-
ulation equilibrium reaches in a relatively short time. Thus,
here is less probability for bridging between particles. On the
ther hand, the collision radii of the kaolin particles with the
dsorbed PDADMAC polymer are almost unchangeable, and
onnections between the destabilized particles due to charge
eutralization are in direct contact, leading to a slow floccula-
ion rate by PDADMAC.

As shown in Fig. 2(b), the floc size grows immediately as
oon as the C498 polymer is introduced into the kaolin suspen-
ion. Unlike in the kaolin-PDADMAC flocculation system, the
498 polymer takes a much longer time to reach its maximum
oc size. This can be interpreted based on the polymer bridg-

ng mechanism, which is involved with the adsorbing polymer
n a transient state and in the nonequilibrium flocculation [2].
nitially, due to the adsorption of C498, the collision radii of
articles increase and the polymer chains are in extended con-
ormation, which may enhance the flocculation rate via bridg-
ng. It is therefore reasonable to consider the conformational
hange of the adsorbed polymers determining the flocculation
ate [2,12,40]. The adsorbing polymers may change their shapes
rom a coiled conformation in solution to a flattened one on the
urface, resulting in a longer time to reach the equilibrium.

Furthermore, the images of kaolin flocs induced by PDAD-
AC and C498, as shown in Fig. 3, clearly indicate that the flocs

n the kaolin–PDADMAC system are smaller and more compact
han those of C498. Thus, on the basis of the above analysis, it
an be concluded that charge neutralization is mainly involved
or PDADMAC while polymer bridging is suggested to be the
ominant mechanisms for C498.

.3. Effect of different mechanisms on the floc structures

Direct information about the floc structures can be obtained
y analyzing the data from static light scattering. Fig. 4 demon-
trates the log–log plot of I against Q for the flocs at different
imes, and the floc size distribution is shown in Fig. 5. To elim-
nate the polydispersity effect, the mass fractal dimension Df
n Table 1 is restricted to the same range of Q values, as have
een reported by other researchers [24,31]. The mean values of
2 calculated from image analysis according to Eq. (3) are also

ncluded in Table 1 for comparison.
As shown in Fig. 4(a), slight changes are apparent in the

cattering data of PDADMAC–kaolin flocs. Since the frac-
al dimension represents aggregates of all sizes [41], we here
iscuss the shape of scatter data in detail. At lower length
cale of flocs (Q > 6 ×10−4 nm−1), the slopes of intensity ver-

us Q remain unchanged regardless of the flocculation time.

small upturn of the scatter data profile is apparent when
< 6 × 10−4 nm−1, and the profiles at different flocculation

imes become intersectant with the scatter intensity almost equal
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Fig. 3. Images of the flocs after the slow mixing: (a)

Fig. 4. The log–log plot of I as a function of Q in the flocculation process at the
optimal dosage: (a) PDADMAC, 0.15 mg/l; (b) C498, 0.40 mg/l.

Table 1
The fractal dimensions based on the small-angle light scattering and the image
analysis

Polymers Time (min) Fractal dimensions

Df D2

PDADMAC
10 1.83 ± 0.01
20 1.91 ± 0.01
30 2.09 ± 0.01 1.92 ± 0.06

C498
10 1.79 ± 0.01
20 1.78 ± 0.01
30 1.77 ± 0.01 1.85 ± 0.07

a
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(

PDADMAC, 0.15 mg/l; (b) C498, 0.40 mg/l.

t about Q = 4 × 10−5 nm−1. Therefore, the slope slightly
ncreases from 1.83 at 10 min to 2.09 at 30 min in the Q range of
× 10−5 nm−1 to 10−3 nm−1. This phenomenon has also been
bserved by Selomulya et al. [26] except that the range of Q in
ur experiment is boarder.

A drop in scatter intensity for C498 at the optimal dosage of
.40 mg/l (Fig. 4(b)) is observed after the aggregate size remains
table, which can be attributed to the average mass decrease of
he particles due to the sedimentation of flocs in the slow mixing.
owever, the reduction of the apparent volume fraction does not

ffect the shape of the curves. The fractal dimension Df is main-
ained at 1.78 ± 0.02 in the Q range of 4 × 10−5 to 10−3 nm−1

Fig. 4(b)), indicating a stable floc structure in the process. Cal-

ulated values of D2 based on the image analysis are 1.92 ± 0.06
nd 1.85 ± 0.07 for PDADMAC and C498, respectively, which
re in accordance with the results of mass fractal dimension
ethod.

ig. 5. The floc size distribution in the flocculation process at the optimal dosage:
a) PDADMAC, 0.15 mg/l; (b) C498, 0.40 mg/l.
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As the aggregate size increases over time, the fractal dimen-
ion usually decreases and the floc structures become more open
35]. In the flocculation with PDADMAC, however, the slope of
he scatter patterns increases slightly at the intermediate scale,
mplying an increase in the fractal dimension. It is partly pos-
ible that the large scale flocs are joined together to form more
ompact and stable structures due to restructuring and rearrange-
ent [26]. The structure of the small aggregate remains intact in

he flocculation, which is consistent with the changes in floc size
istribution. As shown in Fig. 5(a), the volume of the intermedi-
te flocs slightly increases and their distribution scope becomes
arrowed after 15 min, indicating a floc structural rearrangement
uring the flocculation process. On the other hand, the negative
aolin particles are destabilized due to charge neutralization.

steady state size of flocs is obtained because of the balance
etween the weak force to form efficient collision and the break-
p due to mixing-induced shear conditions. Thus, more compact
ocs will be likely formed as compared with those that attach
ith ease.
The floc structures by high molecular weight polymer of

498 are more open in comparison with those by PDADMAC.
s discussed in Section 3.2, the flocculation rates by C498
olymer are faster compared with those in PDADMAC. High
robability of adsorption between kaolin particles and C498 pre-
ents the particles from further entering into the interior of the
luster or the rearrangement, resulting in a more opened floc
tructure. As is indicated by Fig. 5(b), the floc size distribution
o longer changes except that the volume fraction of the peak
ize is decreased at 30 min, also indicating that a steady state has
een attained after 15 min. Fractal dimensions at the lower end
f the Q range (Q < 4 × 10−5 nm−1) are associated with larger
ssemblages, which are believed to form via diffusion limited
luster–cluster aggregation [30]. The invariable value Df indi-
ates diffusion limited process with no reconstruction and no
earrangement, which has been proved by Biggs et al. [16] in
ridging flocculation with latex particles.

. Conclusions

For the flocculation of kaolin particles by polyelectrolytes,
ifferent mechanisms can be involved based on the polymer
haracteristics. With the low molecular weight and high charge
ensity polymer of PDADMAC, the flocculation rates are slow
ue to the slow adsorption and the direct contact between the
estabilized particles. The floc structures via charge neutral-
zation are more compact, and the rearrangement and recon-
truction of flocs occur in the flocculation process. With high
olecular weight and relatively low charge density polymer

f C498, however, polymer bridging is the dominant floccu-
ation mechanism. The rapid adsorption of the polymer on
he kaolin particles in a transient state results in instant high
occulation rates. The C498 polymer takes a much longer

ime to reach equilibrium due to undergoing re-conformation.

he floc structure induced by high molecular weights is more
pen and retains unchangeable via bridging flocculation mech-
nism. These results that the mechanisms are differentiated
n the flocculation through the floc growth and structure may

[

[
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ave significance for the applications of the polymers in
ractice.
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