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Abstract:

Dynamics of ortho-kintetic flocculation of PSL particles with long chain polycation of

low charge density was studied together with the adsorption process of

polyelectrolyte near isoelectric point as a function of ionic strength. Within the

range of investigation, the initial rate of flocculation was found to take the maximum

value immediately after the onset of mixing, but the flocculation gradually slows

down with the progress of adsorption. The initial rate of flocculation goes through

the minimum as ionic strength increases. Without salt-addition, the rate of

flocculation is about three times faster than that of salt induced rapid coagulation.

With slightly increasing ionic strength the rate of flocculation slows down because of

the reductions of the stiffness and the size of polymer coil in solution and also of the

smooth rearrangement of adsorbed chains. The adsorption process monitored by

the electrophoresis demonstrates that the zero mobility appears much earlier than

the time predicted by collision process in the presence of salt (KCl 100mM). This

trend can be explained by the concept of electrokinetically stagnant layer and by

smooth spreading of polyelectrolyte on the colloidal surface. The kinetics of

adsorption is in good accordance with the change in the flocculation rate.
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1. INTRODUCTION

Polyelectrolytes dissolved in water usually interact with immersed substrates and

thus modify the surface properties and particle-particle interactions. For this reason,

they are conventionally used to promote flocculation in various application fields

such as water/wastewater treatment [1, 2], mineral separation [3] and paper industry

[4]. Recently, usage of more than two species of polyelectrolyte has attracted

extensive interest to induce more effective flocculation [5]. The dynamics of

polymers at interface significantly affects flocculation performance. Thus the

dynamics of single polyelectrolyte at interface should be understood much more

clearly. The charge neutralization of colloidal particles [6] and the formation of

bridges between more than two colloidal particles [7] are recognized as the main

mechanism to induce flocculation. In either case, the dynamics of polyelectrolyte

adsorption is critically important. So far, numerous researchers have addressed the

topic and substantial efforts have been devoted to analyze the adsorption of polymer

at interface in equilibrium state [8, 9]. It should be noted, however, that most

processes involving the flocculation occur essentially at non-equilibrium state [10].

For instance, just after the start of mixing operation of colloidal dispersion with

polymer flocculants, the elementary events like dilution of polyelectrolyte flocculants,

transport of polyelectrolyte onto the surface, particle-particle collisions,



re-conformation of polyelectrolytes at the interface, etc., take place simultaneously

at non-equilibrium state [11].

However, it is not easy to obtain snapshots in this stage, and also, under such

chaotic condition, extraction of any elementary event is notoriously difficult. Our

approach to cope with the difficulty is to analyze the flocculation in the standard

mixing flow normalized in terms of the collision frequency [12]. The comparison of

the rate of flocculation with/without polymer flocculants will reveal the effects of

polymer flocculants on the flocculation process. This method has been applied to

investigate the flocculation process of colloidal particles with neutral polymer/ high

charge density polyelectrolytes [13, 14]. It was found that the rate of flocculation in

the mixing flow greatly relates to the polymer conformation in solution [15-19].

Since Gregory [6] reported that the flocculation of polystyrene latex particles with

oppositely charged polyelectrolytes proceeds faster than that of salt-induced rapid

coagulation under low ionic strength, a great interest has been aroused and a series

of studies have revisited the similar system [20-26]. It was clarified that the

heterogeneous electrostatic attraction accelerates the rate of flocculation at medium

polymer dosage and that the fastest flocculation generally occurs at the isoelectric

point. This effect has been extensively reported in various oppositely charged



systems such as amidine latex particle with poly(styrene sulfonate) (PSS), sulfate

latex particle with linear poly(ethylene imine) (LPEI), sulfate latex particle with

PAMAM dendrimers. The existence of the additional attraction was further

demonstrated by colloid-probe  AFM measurements. The importance of

heterogeneous attractive interaction was also confirmed flocculation in the flow field

[27-29].

It is recognized that polyelectrolytes with low charge density will act as bridging

agent [30-32]. In our previous study, Brownian flocculation of negatively charged

particles with low charge density polycation (charge density of 4%) demonstrates

that the maximum rate of flocculation observed near the isoelectric point is smaller

than that of salt-induced rapid coagulation [33]. The detected layer thickness of

adsorbed polymers demonstrates that enhanced flocculation by “bridging” is

canceled by steric hindrance effects, even at the optimum dosage of flocculation.

That is, the bridging flocculation should be dynamically reconsidered by taking the

re-conformation process of adsorbing polymer into account [34,35].

It can be easily imagined that the mixing operation greatly influences the

competition of “bridging” and steric effect, because the hydrodynamic mixing will



enhance the collision rates not only between colloidal particles but between colloidal

particles and polymer chains. However, there is no data which stand for the

qualitative analysis of the rate of collisions under optimal dosage of polymer

flocculants. In the present study, we design the measurement of the kinetics of

bridging flocculation induced with low charge density polymer in the mixing flow to

clarify the effect of ionic strength which will dramatically induce the change of

conformation in solution as well as interface and presumably re-conformation

process at interface. The concept of idea is schematically illustrated in Fig.1. The

rate of flocculation was measured at the isoelectric point as a function of ionic

strength and analyzed together with kinetics of adsorption of polyelectrolyte.

2. RATE OF COLLISION IN A TURBULENT MIXING

A theory of collision process of droplet in a turbulent flow is applied to the analysis

of the rate of flocculation and the estimation of the rate of polymer adsorption in the

present study. It was worked out by Saffman and Turner [36] based on the concept

of local isotropy of turbulent flow. Higashitani et al. [37] pointed out the significant

role of hydrodynamic interaction. On the basis of these considerations, the rate of

rapid coagulation of particles in turbulent flow can be expressed as [14],
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where N(t) denotes the total number of particles or flocs per unit volume; a,, the
radius of a primary particle; &£, the rate of energy dissipation per unit mass; v, the
kinematic viscosity; and o , the capture efficiency taking into account the Van der
Waals attractive force and the hydrodynamic interactions. The value of o without

any electrostatic repulsions can be approximately expressed as,
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where A denotes the Hamaker constant and p is the viscosity of the fluid [38]. At the

early stage of coagulation, Eq.(1) can be approximately integrated by assuming
N(t)a® = N(0)a,’ = Const. (3)
The coagulation progress in the early stage can be written as follows,
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The validity of this expression was confirmed by the measurements of the rate of salt

induced rapid coagulation as a function of a, [12, 14, 16, 17].

When polymer molecules are added, the rate of flocculation might be enhanced by

the increase of collision radius. Immediately after the attachment of polymer to the

colloidal particle, the effective thickness of polymer layer, 6 , can be obtained from



the ratio of the rate of flocculation with and without polymer molecules as,

p=8rD ©

o a,
In this derivation, the hydrodynamic interaction between particles with adsorbing
polymers can be assumed to be negligibly small because of highly permeable
structure of polymer layer.

If one assumes the adsorption process is limited by the transport of polymer
molecules to the surface, the rate of adsorption can be obtained from the collision
rate of colloidal particles and polymer molecules. Usually the size of polymer
molecule is not sufficiently small to neglect the contribution of Brownian motion.

Therefore, the flux of polymer molecules to one colloidal particle, J_ , can be

p )
expressed by the sum of diffusion flux by Brownian motion and the collision induced

by turbulent flow. That is,
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The first term represents the contribution of Brownian motion, D, the relative

op’

diffusion constant between colloidal particles and polymer molecules, is defined as,
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Rop ,is the collision radius defined as,
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Rp=238+a, . (8)
Where a,, kT, n, Np are the radius of polymer molecules, Boltzmann constant,

the viscosity of water, the number concentration of polymer molecules, respectively.

The applicability of Eq.(6) has been confirmed by our previous investigation [17].
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3.EXPERIMENT

3.1 Materials

Latex: The employed polystyrene latex (PSL) was prepared by the standard

emulsion polymerization of styrene in the absence of surfactant [39]. The diameter of

particle, determined by electron microscopy, was found to be 1.36+0.01 um. The

surface charge density was calculated from the measured electrophoretic mobility as

a function of ionic strength on the basis of Ohshima’s theory and Gouy-Chapman

theory [40,41] and found to be about - 50 mC/m2. The PSL suspension was

sonicated for 20 minutes to eliminate the aggregates before each experiment. In all

flocculation and adsorption experiments, the initial number concentration of primary

particles was adjusted to be 5X 107 [1/cm3].

Polymer: A linear copolymer, acrylamide-2-(dimethylamino) ethyl -methacrylates

methyl chloride (kindly supplied by Kaya Floc Co. Ltd.) was employed as the

flocculant. The structure formula of the copolymer is shown in Fig.2. The molecular

weight and the ratio of charged segment in the chain are 5.2 Mg/mol and 0.04,

respectively. Hereinafter this polycation will be referred as ADEMO004. The effective

size in the dissolved state was determined by viscometry on the basis of Einstein’s
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equation, as shown in Table 1. Stock solution of ADEMO004 (100 mg/L) was prepared

in pure water or in potassium chloride solution and used up within one week. All

solutions were filtered through 0.2 ym millipore filters prior to use.

3.2 Electrophoretic mobility

Electrophoretic mobility was measured by laser Doppler velocimetry setup

(Zetasizer Nano-ZS, Malvern, UK). After mixing colloidal dispersion with polymer

solution for 5 min, the electrophoretic mobility of particles was measured. The

measured electrophoretic mobility at different ionic strengths is plotted against

polymer dosage in Fig.3 (some data is from Ref. [33]). Experiments of flocculation

and adsorption are designed based on the data of electrophoretic mobility. It should

be noted that the isoelectric point decreases with increasing ionic strength. The

possible cause is that the slipping plane of electrophoresis shifts from the surface of

colloidal particle due to the formation of adsorbed polymer layer. Some part of

counter ions will be included in the proximate stagnant region. This effect will be

enhanced by increasing ionic strength which induces the compression of electric

double layer. This effect was discussed qualitatively Ref.[33] and will be revisited

later (section 4.1).

3.3 Mixing and Flocculation Procedure
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Flocculation experiment was performed in a mixing flow generated by a
homemade end-over-end rotation apparatus. The detail information was described
elsewhere [14]. In the beginning, 5 mL aqueous PSL suspension is put into one side
of forked flask, and 5 mL polyelectrolyte solution or KCI solution is put into the other
side. Then, colloidal suspension and polyelectrolyte solution or KCI solution were
mixed end-over-end with the frequency of 1 Hz until the predetermined mixing time
was reached. Then, the coagulation or flocculation was monitored by counting the
total number concentration of clusters, N(t), by means of Coulter Counter (Multisizer
3, Coulter Co. Inc.). By assuming 4 = 6 x 10721 J, one can estimate the value of ¢
and a;: &€ = 7.06 x 10°cm?/s® and a; =0.32[14, 17]. Then, one can calculate
the flux of polymer, J » » Dy putting these values and the size of polymer indicated in
Table 1 into Eq. (6).

In order to clarify the adsorption of ADRM004 on the colloidal particle, the
electrophoretic mobility of PSL particles adsorbing polycation was also monitored as
a function of mixing time without salt addition and at 100 mM KCI. Colloidal
suspension and polyelectrolyte solution were mixed using the standard mixing
apparatus until the predetermined mixing time was reached. Then the sample was

quickly injected into the cell and the electrophoretic mobility was measured. It takes



additionally less than 2 min.by the end of this measurement after sampling.
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4. RESULTS AND DISCUSSIONS

4.1 Kinetics of Adsorption of Polyelectrolytes

Electrophoretic mobility of PSL particles adsorbing polyelectrolytes (near the

isoelectric point) at two different ionic strengths (no-salt addition and 100 mM KCl) is

plotted as a function of mixing time in Fig.4. Upon mixing polyelectrolyte solution and

colloidal dispersions, polyelectrolytes start to adsorb onto the surface of colloidal

particles. But kinetics of adsorption is rather different at two ionic strengths.

At 100 mM KCI, the absolute value of electrophoretic mobility decreases

instantly and reaches the plateau in five seconds. Probably, the presence of small

amounts of salt induces ion condensation of polyelectrolyte chain and weakens the

rigidity of polyelectrolyte chain [42]. As a consequence, polymers take shrunk

conformation and only weak interaction acts between polymer chains and the

surface [43]. Both effects will bring about the smooth rearrangement of attached

polymer chains on the surface [44].

Adsorption of polyelectrolyte can be regarded as transport-limited process.

However, the plateau of electrophoresis does not always correspond to the

saturation of adsorption. On the basis of Eq. (6), one can roughly estimate there are
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fifty polyelectrolyte chains reaching the particle surface in five seconds. The total
positive charges of these polyelectrolyte chains are not enough to neutralize all
negative charges of particles. From the mobility data, the total amount of charge on
one latex particle is roughly estimated as 2.9x10™* [c]. The amount of charge in
one polymer chain is estimated to be 4.5x107* [c]. With these values,
approximately 650 chains are necessary to neutralize the charge of one latex
particle. Therefore, we can estimate that the amount of positive charge in the
adsorbed chains is ten times less than that of surface charge of particle. Probably,
the shift of slipping plane toward the bulk solution [45] induces the charge screening
by the contribution of counter ions, as depicted in Fig. 5. All charged segments of
adsorbed polyelectrolyte chains are located in the stagnant zone between the
slipping plane and the particle surface. Negative charged of colloidal particle are
compensated by positive charges of adsorbed polyelectrolytes and by counter ions
provided from bulk solution. This picture can qualitatively explain zero mobility of
colloidal particle covered with low charge density polyelectrolytes [33].

The conjecture discussed above can also be supported by the number of
adsorbed polymers, namely fifty. If one believes that the adsorption had mostly

completed in the first five seconds, only one percent of added polyelectrolyte chains
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are adsorbed even though there are potentially available sites for polyelectrolytes in
terms of electrostatic stoichiometry. This is not realistic. On the one hand, if one uses
the number of fifty to calculate the surface area occupied by one chain, it is
estimated to be a circle with a radius of 108 nm. This value is close to the
hydrodynamic radius of the polymer (94.8 nm). One can generally regard that the
particle surface is softly covered with polyelectrolyte chains. Since the Debye length
of particle is about 1 nm at 100 mM KCl, it is reasonable to assume that stagnant
layer is essentially extended by the presence of adsorbed polyelectrolytes.
Therefore, we can conclude that the data of electrophoresis does not always provide
the quantitative information on polyelectrolyte adsorption.

Without salt addition, the conformation of the polyelectrolyte chain in solution is
extremely swollen and bulky, as indicated in Table 1. J is estimated to be about
five times larger than that at 100 mM KCI. Probably the jump of electrophoretic
mobility in the beginning corresponds to this estimation. The adsorption proceeds
instantly upon mixing and the process is overall transport limited. However, the
larger flux of bulky swollen polymers approaching the surface is preferable to induce
“kinetically controlled adsorption” [46]. Since the electrostatic repulsion acts strongly

between segments of polyelectrolytes in the long range, the attachment of new
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comers will be easily interfered by pre-adsorbed segments and the adsorbed chains

are also restricted to rearrange freely [47]. These actions certainly retard the

sequential adsorption. However, strong attraction also acts between polymer

segments and oppositely charged surfaces, and it ensures that the adsorption can

proceed relatively fast. The electrostatic attraction between newly approaching

chains and the surfaces will gradually decrease with continuous adsorption of

polymers. Meanwhile, steric effect of adsorbed polymer chains might set in and

interfere the futher attachment of chains onto the surface. Therefore, the overall

driving force for adsorption will gradually weaken and eventually vanish. In the

present case, the duration of this period was found to be approximately 40 s as

indicated Fig.4.

4.2 Flocculation Behavior

Flocculation behavior is important for its own purpose but also provides

supplemental information on the conjecture discussed above. The flocculation

behavior of PSL particles with polyelectrolyte was monitored at various ionic

strengths. We will firstly introduce flocculation kinetics without salt addition and then

discuss the effect of ionic strength on the bridging flocculation.

Temporal evolution of the total number concentration of PSL particles with
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ADEMO004 without salt addition is plotted against mixing time in Fig. 6. On the basis

of conductivity measurement, the ionic strength is estimated to be an order of 0.001

mM and the Debye length is several hundred nanometers. Fig.6a shows the

flocculation behavior near the isoelectric point (0.6 ppm) and Fig. 6b at excess

dosage (1.5 ppm). General trends can be interpreted qualitatively in the same

manner. The flocculation takes place immediately upon the onset of mixing and

initially proceeds in a constant rate. The initial slope of the plot is steeper than that of

salt-induced rapid coagulation; the rate of flocculation is faster than that of

salt-induced rapid coagulation. The fact convinces that initially adsorbed polymer

chains stretch out far enough over the effective range of electric double layer. It

possibly takes place in the transient stage of polymer adsorption. This transient

condition continues for a while so that the rate of flocculation can be accelerated by

“bridging”. The picture is close to non-equilibrium flocculation proposed by Pelssers

et al. [48]. However, in our case, the charge of segments is opposite to the surface,

as depicted in Fig. 7, even though the amount of charge is small, these charges will

reduce the effective region of electrical double layer and give rise to more effective

bridging flocculation.

However the InN(t) vs. time curve becomes upward bending in the subsequent
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stage. It means the flocculation process is retarded. The retardation can be
considered as a result of the formation of steric layer of adsorbed polyelectrolytes. If
we compare the onset of retardation of flocculation with kinetics of adsorption
indicated in Fig. 4, one can conclude that the adsorption of polyelectrolyte has been
inhibited by pre-adsorbed chains before the steric effect sets in. It should be noted
that the timescale of arrangement is much shorter than complete equilibrium time (a
few days or more) [49].

Ascribing the enhancement of the initial rate of flocculation to the increase of
collision radius, one can deduce the effective collision radius by the comparison of
the slopes of InN(t) vs. time on the basis of Eq. (5). Since the value of B was found
to be 3.2, the estimated value of & by assuming a; =0.32 is estimated as 5.4 nm.
This value is not the same order of the polymer size in solution (665 nm). Probably,
the attachment of particles is inhibited by thick electric double layer. That is, when
we imagine the situation that only one polymer chain is attached on the surface of
particles as depicted in Fig.8, the direction indicated in Fig.8a leads to the successful
collision to form a bridge and other direction such as indicated in Fig.8b will be failed
by the repulsive interaction of electric double layers. If we take into account this

effect as a new factor of Eq.(5), we can obtain more realistic value that is close to the
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size of polymer in solution. If we assume to use the value of 2.0 for this factor, the

value of o is estimated as 183 nm.

In Figs. 9a-d, temporal evolution of the total number concentration of PSL particles

with ADRMO004 at various ionic strengths is plotted against the mixing time. General

trend is the same as that observed in Fig.5; the initial fast rate of flocculation and the

subsequent retardation of flocculation. Two characteristic trends should be noted

here. Firstly, the duration of the initial flocculation in the presence of salt is longer

than that observed without salt addition. It means swollen chains are more effective

to induce steric effects. If we regard the onset of the retardation corresponds to the

end of adsorption, the interpretation of adsorption process can be rationalized in

terms of collision flux. That is, the amount of adsorbed polymers can be crudely

estimated by the product of the flux of collision and the duration of initial flocculation.

The other noticeable trend is that the initial rate of flocculation goes through a

minimum against ionic strength, as indicated in Fig. 10. Higher ionic strength would

reduce the size of polymer coil in solution and induce the smooth rearrangement of

polyelectrolyte chains on the particle surface, both of which would make

polyelectrolyte less effective as bridging flocculant. However, increasing ionic

strength will reduce the electric repulsion between particles so that even short
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chains protruding on the surface can easily form bridges spanning particles, which

will certainly enhance the bridging flocculation. The compromise of two competing

effects results in a minimum rate of bridging flocculation at medium ionic strength.
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5. CONCLUSIONS

Flocculation behavior of PSL particles with low charge density

polyelectrolyte near the isoelectric point was studied together with

polyelectrolyte adsorption process as a function of ionic strength. The

accelerated rate of flocculation observed immediately after the start of mixing

demonstrates the role of protruding conformation of polyelectrolyte chains in

the formation of bridges. The initial rate of flocculation takes the maximum

value without salt addition reflecting the non-flexible and bulky nature of

polyelectrolyte chain. The increase of ionic strength induces smooth

spreading of polymer chain on the surface. The initial rate of bridging

flocculation goes through a minimum as the ionic strength increases. This is

probably because the conformation of polyelectrolyte on the surface and the

electrostatic interaction between particles are influenced by the presence of

these small ions.
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Fig.1 Schematic concept of bridging flocculation in the initial stage. Bridging

flocculation in the initial stage can be regarded as sort of competing process of

collision between particles and between particles and polymer chains, and their

re-conformation. Collision process is largely influenced by the conformation of

polymer chain in solution as well as its transient behavior during adsorption. In the

case of polyelectrolytes, ionic strength dramatically influences the conformation in

solution and re-conformation process on the surface. Hydrodynamic shear is an

essential factor since the rate of collision is proportional to the third power of collision

radius. Adsorbing behavior is evaluated by the rate of flocculation and

electrophoresis.

Fig.2. Chemical structure of the linear copolymer of acrylamide

-2-(dimethylamino)ethyl -methacrylates methyl chloride (ADEMO004) used as

flocculant.
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Fig. 3 Electrophoretic mobility of PSL particles coated with ADEM004 as a function

of polymer dosage at different ionic strengths.

Fig. 4 Temporal variation of electrophoretic mobility of PSL particle in the process of

adsorption of ADEM004 near the isoelectric point. Without salt-addition (<&, C,=0.65

ppm) and 100 mM KCI (o, C,=0.4 ppm)

Fig. 5 Landscape of negatively charged colloidal surface covered with low charge

density polycation. Diffusive counter ions are located in the stagnant zone between

the shifted slipping plane and the surface of colloidal particle. Negative charges of

PSL particle are compensated by charges of adsorbed polyelectrolyte chains and

counter ions provided by bulk solution.

Fig. 6 In N(t)/N(0) vs t without salt addition. (a) The experiment carried out near the

iep (Cp=0.65 ppm). (b) The experiment carried out at excess dosage (C,=1.5 ppm).

The result of salt-induced rapid coagulation is also plotted as the reference. The Cp

refers to the concentration of polyelectrolyte.
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Fig. 7 Concept of non-equilibrium flocculation modified by the counter charge

located in the chain of active polymer.

Fig.8 Typical directions of two approaching particles. If one particle will approach to

the other particle with an orientation of the adsorbed polymer, the bridge will be

successfully formed (a). Vice versa, the two particles can not be bridged due to the

repulsive interaction of electric double layers.

Fig. 9 In N(t)/N(0) vs t at different ionic strengths: (a) 1 mM KCI (C,=0.6 ppm), (b) 10

mM KCI (C,=0.45 ppm), (c) 100 mM KCI (Cp=0.4 ppm), (d) 500 mM KCI (C,=0.8

ppm).

Fig.10 The initial rate of bridging flocculation as a function of ionic strength.



36

Tablel Viscosity and hydrodynamic radius of polyelectrolytes at different ionic

strengths

KCI [mM] 0.05 0.1 10 100 500
Intrinsic viscosity [L/g] 358 69.2 13.7 10.3 6.4
ap®[nm] 665 179 104 94.8 64
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