
C
F

E
a

B
b

a

A
R
R
2
A

K
C
F
F
P
S
L

1

W
m
p
f
c
n
t
j
c

t
t
c
t
b
t
r

1
d

Chemical Engineering Journal 156 (2010) 83–91

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

oagulation of bentonite suspension by polyelectrolytes or ferric chloride:
loc breakage and reformation

. Barbota, P. Dussouillezb, J.Y. Botterob, P. Moulina,∗

M2P2 UMR 6181, CNRS, Aix-Marseille Université, Laboratoire de Mécanique, Modélisation et Procédés Propres, Europôle de l’Arbois, BP 80,
âtiment Laennec, Hall C, 13545 Aix en Provence Cedex 04, France
CEREGE UMR 6635, CNRS, IRD, Aix-Marseille Université, Collège de France, Europôle de l’Arbois, BP 80, 13545 Aix en Provence Cedex 04, France

r t i c l e i n f o

rticle history:
eceived 5 January 2009
eceived in revised form
2 September 2009
ccepted 2 October 2009

eywords:
oagulation

a b s t r a c t

Coagulation process usually involves different hydrodynamic conditions, in particular when it is followed
by a filtration step. In this study, coagulation performance was investigated under a wide range of shear
stress. Floc behaviour was followed in-line by laser granulometry to determine size distribution and
structure. Synthetic suspension of bentonite in tap water was used as a reference for mineral solids in
surface water. Three cationic polymers (polyamine based and polyDADMAC) and ferric chloride were
tested using different coagulation reactor geometries. Jar-test indicated coagulation performance under
mild hydrodynamic conditions and Taylor–Couette reactors were used to create shear stresses up to
locculation
erric chloride
olyelectrolytes
hear stress
aser granulometry

8 Pa. Flocs formed with ferric chloride are not able to grow under middle shear stress like 1.5 Pa. On the
contrary, polyelectrolytes lead to large flocs, dense (Df = 2.6) and resistant to shear stress. A qualitative
comparison of floc resistance to shear depending on hydrodynamic conditions and coagulant type is given
through the calculation of the strength factor. Fractal dimension measurements indicate a mechanism of
particle erosion when flocs are subjected to a higher shear stress in Taylor–Couette reactor. Floc re-growth
is also investigated, and breakage appears to be non-reversible regardless of coagulant and conditions

experimented.

. Introduction

Coagulation processes remain ubiquitous in water treatment.
ithin these systems floc characteristics dictate treatment perfor-
ance. Amongst these size, structure, and settling velocity have

rimary importance. It is well established nowadays that floc
ormation and breakage depends on several parameters such as
oagulant type and concentration, coagulation time and hydrody-
amics in the reactor given its geometry and mixing type. During
he effluent treatment process (mixing and filtration), flocs are sub-
ected to a wide range of shear stresses that lead to a change of their
haracteristic with time.

Thus, during the past decade, studies have focused on coagula-
ion in stirred tanks and the evolution of floc characteristics during
he process [1–9]. Spicer et al. presented different works on floc
hange depending on the impeller type and the rotating speed of

he impeller [2,3]. During the coagulation of polystyrene particles
y alum in a baffled standard tank equipped with a rushton turbine,
hey found a decrease of steady-state floc size with increasing shear
ate. An increase of fractal dimension with an increase of the veloc-
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ity gradient G is generally found [4,10]. Li et al. found that fractal
dimension varies with G following a power law, independent on
the coagulation mechanism [10].

However, shear stresses cannot be accurately controlled in these
reactors. Spicer et al. highlighted that the floc size depends on
the gradient velocity but also on the circulation time, varying
depending on the impeller type (radial or axial) [2]. Bouyer et al.
determined experimentally the local hydrodynamic conditions in
a jar and focused on the relation between those and floc size [8].
Taylor–Couette reactors offer a solution to this problem by utilizing
two concentric cylinders where the rotation of the inner cylinder
involves a shear of the fluid contained in the annular space [11–13].
In this geometry rotation speed controls shear rate and it can be
maintained homogeneously throughout experiments.

Even though mineral coagulants remain the most used in indus-
trial processes, polyelectrolyte flocculants were developed because
of several advantages [14]. For example, the use of such compounds
leads to a high turbidity, COD and BOD5 removal [15]. Additionally,
efficiency does not depend on effluent pH and sludge volume is

reduced in comparison to processes utilizing mineral coagulants.
However, because of the high cost of polyelectrolytes, combina-
tions of metal salts and polymers are often used to converge the
advantages of both types of coagulant [15–17]. Another advan-
tage of organic coagulants versus mineral ones results from the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:philippe.moulin@univ-cezanne.fr
dx.doi.org/10.1016/j.cej.2009.10.001
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Nomenclature

D impeller diameter (m)
Df fractal dimension
Dmodal modal diameter (�m)
F(q) form factor
G shear rate (s−1)
I(q) scattered intensity
n0 refractive index
ns refractive index of the scatterer
n̄ mean optical index
P0 power number of the impeller
q wave vector (nm−1)
R1 external radius of the inner cylinder (m)
R2 internal radius of the external cylinder (m)
Re Reynold number
S(q) structure factor
Ta Taylor number
ε turbulent energy dissipation rate (m2 s−3)
�0 wavelength (nm)
� kinematic fluid viscosity (m2 s−1)
� scattering angle (rad)
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�p shear stress (Pa)
˝ rotating speed (rad s−1)

ifference in aggregation mechanism, which imparts different floc
tructure. With metal salts, the main coagulation mechanisms are,
epending on pH, formation of amorphous hydroxide precipitate
r charge neutralization characterized by the formation of short
ridges [18]. Charge neutralization is also involved when poly-
lectrolytes are used, but the polymeric chains create a bridging
etween particles through generally longer bridges [19,20]. This
pecific mechanism confers to the floc a better resistance to shear.
i et al. calculated floc strength for flocs formed under three coagu-
ation mechanisms. They found that bridging coagulation give the
trongest flocs, while floc strength formed under charge neutral-
zation is the weakest [10]. Jarvis et al. experimented the effect
f the addition of polyDADMAC to ferric chloride for the coagula-
ion of reservoir water. The polymer leads to the formation of more
esistant flocs to shear stress [9]. Floc reformation after breakage is
lso highly correlated to coagulant type and therefore coagulation
echanism [7,9].
In the present work, the suspension studied is bentonite in

ater. Amongst the wide range of applications of clay minerals,
entonite is used to create synthetic suspensions in membrane
ouling studies. This clay is chosen to achieve 100% parti-
le rejection with fouling solely due to cake deposit [21–23].
oreover, bentonite represents natural surface water turbid-

ty appropriately, and its colloidal and rheological properties
re well defined [24]. Results of cross-flow ultrafiltration of a
uspension of bentonite in tap water are presented in a for-
er study [25]. This former work focuses on performance of a

oagulation–ultrafiltration hybrid process in terms of membrane
ouling.

The aim of the current paper is to determine more specifi-
ally coagulation performance of bentonite suspension in terms
f floc behaviour. Several hydrodynamic conditions are inves-
igated to reproduce the different shear stresses that flocs
an encounter during a membrane filtration process. Coagula-

ion is performed in different reactors to create a wide range
f shear stresses. Mineral and organic coagulants are tested,
ith floc structure and size being determined in-line by light

cattering. Floc behaviour is followed during breakage and refor-
ation.
ng Journal 156 (2010) 83–91

2. Materials and methods

2.1. Apparatus

The raw water was a mixture of tap water and bentonite (CECA,
Clarsol) at 0.2 and 1 g L−1 (turbidity = 80 NTU and 300 NTU, respec-
tively). Bentonite pellets aggregates due to the ionic strength of the
tap water. This suspension is thus characterized by floculi around
30 �m in size. The tap water is characterized by a pH of 7.5–7.9,
and a conductivity of 0.035 mS cm−1. The calcium concentration
is about 62 mg L−1, the magnesium concentration is at 4.8 mg L−1

and sodium is at 20.4 mg L−1. Such a suspension was chosen to
simulate conditions found in natural surface water where clay par-
ticles are already aggregated. Four coagulants were tested. The
suspension at 1 g L−1 was also used for the determination of coag-
ulant performance toward turbidity removal. Ferric chloride (13%
Fe) was selected as the most used and well-known coagulant in
drinking water production. Three cationic polymers C577, C591
and C595 (Cytec) were also tested. The first is polyamine based
(dimethylamine epichlorohydrin ethylenediamine polymer) with
a medium molecular weight. The two other polymers contain poly-
DADMAC (polydiallyldimethyl ammonium chloride) and C591 and
C595 have molecular weight high and very high, respectively. They
were diluted 1:100 in distilled water before utilization, and the
diluted solution was kept only 1 week, in order to avoid any degra-
dation. pH control was achieved by addition of hydrochloric acid.

Three different coagulation reactors were utilized in this study:
a Jar and two Taylor–Couette reactors. Jar-tests were performed in a
flocculator (type 10008, Fisherbrand), with four blades 2.5 cm large
and 7.5 cm length. The mixing velocity ranged from 20 to 200 rpm.
One-litre beakers were used, each one measured 13 cm high with an
internal diameter of 10 cm. The coagulation was performed in three
steps: a rapid mixing at 200 rpm for 2 min, floc growth at 40 rpm for
10 min and floc breakage at 200 rpm for 3 min. The average velocity
gradient G, or shear rate, is calculated as follows (1):

G =
(

ε

�

)1/2
(1)

where � is the kinematic viscosity of the suspending fluid, and ε is
the average turbulent energy dissipation rate (2):

ε = P0˝3D5

V
(2)

where P0 is the impeller power number, ˝ the rotating speed, D
the impeller diameter and V the tank volume. At 40 rpm, the flow
is laminar whereas it is turbulent at 200 rpm.

The two Taylor–Couette reactors are composed of two concen-
tric cylinders where the inner cylinder (radius R1) rotates and the
outer one (radius R2) is stationary. Their characteristics are given
in Fig. 1. Their external dimensions are the same, but they present
different gap width and rotating speed ˝, which enable different
shear stresses to be examined.

In the reactor A, coagulation was performed under a turbulent
flow at the maximum rotating speed, creating a shear stress of
1.5 Pa. In the reactor B, shear stress reaches 7.8 Pa for a maximal
rotating speed of 330 rpm. Table 1 details shear stress and shear
rate for each reactor and each rotating speed. Gap width in reactor
B (eB = 0.2 cm) is considerably smaller than in reactor A (eA = 1.5 cm)
to limit the turbulence involved by the high rotating speed. Infor-
mation is given about the hydrodynamic condition through the
calculation of the Reynolds (3) and Taylor number (4):
Re = ˝R1(R2 − R1)
�

(3)

Ta = R1˝2(R2 − R1)3

�2
(4)
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Table 1
Hydrodynamic conditions in each coagulation reactor (*shear rates in this reactor have not been determined).

Geometry Rotating speed (rpm) Shear rate (s−1) Shear stress (Pa) Reynolds number Taylor number

Jar-test 40 30 0.3
200 260 –

Taylor–Couette reactor A 100 250 1.5 15,700 37,011

Taylor–Couette
60 * 0.6 1,400 35,700

100 * 1.3 2,400 99,100
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B

150 *
200 *
330 *
400 *

or the lowest rotating speeds, the flow is laminar. When the Taylor
umber reaches a critical value (Tac), the flow becomes unstable. A
ood approximation of Tac is given by Taylor [26]. For the conditions
xperimented in this work, the flow is turbulent. More information
bout the Taylor–Couette reactor A can be found in the work of
oufort et al. [13].

.2. Analyses

Floc size and structure are determined using a laser granulome-
er Mastersizer S (Malvern Instruments). It measures particle size
rom 50 nm to 900 �m and results are presented in volume per-
entage. The suspension is introduced in the granulometer cell
y a peristaltic pump placed after the cell. Floc geometry is now
ommonly described as fractal, implying that aggregates are self-
imilar and scale invariant. The fractal dimension (Df) defined in
hree dimension ranges 1–3, and gives information on aggregate
tructure. Fractal dimensions close from 1 characterize open and
ighly branched structures, whereas fractal dimensions close from

reveal very compact and spherical aggregates. Fractal dimension

s often determined by light scattering, which enable rapid and
n-line measurement. This method involves measurement of light
ntensity I as a function of the wave vector q, where q is defined as

Fig. 1. Dimensions of Taylor–Couette reactors A and B.
2.4 3,500 223,100
3.6 4,700 396,500
7.8 7,800 1079,600

10 9,500 1586,200

follows (5):

q = |�q| = 4�n0

�0
sin

(
�

2

)
(5)

where n, � and � are the refractive index of the medium, the scat-
tered angle and wavelength of radiation in vacuum, respectively. It
has been shown that for a mass fractal aggregate, which satisfies the
conditions for Rayleigh–Gans–Debye (RGD) regime, its scattered
intensity I is described by the following equation (6):

I(q) ∝ q−Df (6)

Fractal dimension of flocs is calculated using the method developed
by Lambert et al. for initial particles whose size is close to the scat-
tering wavelength [27]. Multiple scattering is taken into account
by introducing the mean optical index n̄. This index characterizes
the mean optical environment of particles belonging to the fractal
object. A scatterer mean optical contrast is therefore defined as the
optical contrast between scatterers and their mean environment:
ns/n̄. The angular scattered intensity is given by (7):

I(q) ∝ F(q).S(q) (7)

F(q) is the form factor and can be calculated as the Mie angu-
lar scattered intensity by a primary particle in a fractal geometry
characterized by the scatterer mean optical index n /n̄. S(q) is the
s

structure factor and depends only on the spatial arrangement of the
particles in the aggregate. S(q) is therefore proportional to q−Df . The
fractal dimension is then calculated using this structure factor, as
the slope of the log S(q) versus log (q) curve (Fig. 2).

Fig. 2. Variation of structure factor versus wave vector on a log-log scale [Jar-test,
C595, 0.39 ppm].
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ig. 3. Variation of floc size versus time depending on the protocol [Jar-test, C595,
.39 ppm].

.3. Coagulation protocols

Different coagulation parameters (coagulant injection mode and
ffect of shear in the peristaltic pump) were carefully studied to
chieve a good reproducibility, depending on the type of reactor
sed. In Jar-test, coagulant is classically injected into the suspen-
ion under high rotating speed to perform a rapid mixing. However,
his protocol is not necessarily the best when Taylor–Couette reac-
or is used. The specific geometry of this type of reactor coupled
ith the use of a polymeric coagulant may involve reproducibility

ssues. Two injection modes were investigated. Coagulant can be
ntroduced in the reactor after the suspension as it is performed
uring Jar-test, or on the contrary a solution of coagulant is poured

nto the reactor and a small volume of concentrated suspension is
hen introduced. The first method involved a difference in floc size
bout 50 �m, whereas the second method gave highly reproducible
esults. However, the dimensions of reactor B, in particular the
mall gap width, did not allow this protocol to be followed. Exper-
ments with this reactor B were multiplied two times to insure
eproducibility.

After the measurement in the granulometer, suspension can
e either reinjected in the reactor or thrown away. This second
ethod obviously limits the number of measurements but the first
ethod involves a possible floc breakage by the peristaltic pump.

ffect of suspension recycling was investigated for the three reac-
ors. In Jar-test, there was no difference between the two protocols
uring the first step of the experiment (rapid mixing at 200 rpm).
hen rotating speed was decreased, an important floc breakage

ccurred if the suspension was recycled, and floc size was decreased
f 100 �m compared to the protocol without recycling (Fig. 3). In
aylor–Couette reactor B, effect of recirculation was tested at dif-
erent rotating speed. Volumic floc size distributions after 30 min

f coagulation under 150 and 200 rpm are presented in Fig. 4. The
ffect of shear by the pump can be neglected compared to shear
hat occurs in the reactor. Consequently, the protocol chosen for
xperiments in Taylor–Couette reactor implies a recirculation of

able 2
ptimal coagulant concentration and supernatant turbidity after 30 min of decantation.

Coagulant Bentonite at 0.2 g L−1

Concentration (ppm) Turbidity (NTU

C577
0.196 2
0.49 4

C591 0.19 4

C595
0.15 2
0.39 4

FeCl3 2.6 8
Fig. 4. Floc size distribution depending on the protocol: (�) without recycling of
suspension and (�) with recycling. (a) 150 rpm and (b) 200 rpm [reactor B, coagulant
C595 at 0.15 ppm, t = 30 min].

the suspension after measurement. Thus, a specific protocol was
selected for each reactor, considering the imposition due to their
geometry.

3. Results and discussion

3.1. Coagulant performance

Jar-tests were performed to determine coagulant optimal con-
centration in terms of turbidity removal. After the slow mixing step,
suspension was poured into a 1 L graduated cylinder to follow floc
settling. Considering the low bentonite concentration, no interface
between sludge and supernatant was visible, making the establish-
ment of Kynch’s curves impossible. To compare settling velocities
at different concentrations of coagulant, 10 mL samples of super-
natant were collected during the decantation and turbidity was
monitored versus time. Table 2 gathers supernatant turbidity after
30 min of decantation for each coagulant. For two polyelectrolytes,

two concentrations were selected due to their high performance
in terms of both turbidity removal and settling velocity. For the
two bentonite concentration tested, each coagulant gives excellent
results in terms of turbidity removal, which ranges 70–99%.

Bentonite at 1 g L−1

) Concentration (ppm) Turbidity (NTU)

0.98 8
1.47 4

0.76 8

0.39 4
0.78 3

5.2 11
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Table 3
Floc strength factor for the different coagulants in Jar-test, calculated after 1 min of
breakage at 200 rpm.

Coagulant and concentration (mg L−1) Floc strength (%)

C591, 0.19 ppm 63.1
C577, 0.19 ppm 51.0
C577, 0.49 ppm 58.6
ig. 5. Variation of floc size distribution with time [Jar-test, C595 at 0.15 ppm].

.2. Coagulation in Jar-test

Floc size distribution was only performed on 0.2 g L−1 bentonite
uspension. In fact, higher concentrations raised the obscuration
bove acceptable levels for measurement. Fig. 5 represents floc size
istribution during coagulation in Jar-test. The curve at t = 0 s cor-
esponds to the bentonite aggregates formed in tap water before
ddition of coagulant. Due to the effect of ionic strength, ben-
onite particles aggregate to form floculi. When coagulation starts,
oc size distribution remained monomodal. The modal diameter
Dmodal) was consequently chosen to define floc size variations in
his paper. Flocs reach their maximum size after 6 min and then
he polydispersity of the suspension decreases. For each coagu-
ant, two phases of growth are noticed (Fig. 6). During the two first

inutes of rapid mixing when polyelectrolytes are tested, floc size
ncreases and starts to stabilize. Then when the rotating speed of the
mpeller is reduced, flocs are able to grow even further until their
ize reaches a maximum value. With ferric chloride, a difference in
oc size is noticed during the first step of the Jar-test. First of all, the
oc growth is more rapid then when polymers are used, certainly
ue to the coagulation mechanism involved. After a rapid increase,
oc size decreases until the mixing speed is reduced, and then flocs
row slowly. This behaviour is also mentioned in the literature
hen another mineral coagulant, alum, is used to coagulate latex

eads [3]. Organic coagulants rapidly lead to the formation of large
ocs, ranging 400–500 �m depending on the type of coagulant and

ts concentration. Ferric chloride forms smaller flocs (350 �m) that
row more slowly.
A good parameter to quantify floc strength is the floc strength
actor, defined as the ratio of floc size after and before breakage
t a particular shear rate [28]. Strength factors can only be com-
ared for similar breakage conditions, but it is a simple evaluation

ig. 6. Variation of modal diameter with time in Jar-test: (a) ˝ = 200 rpm, (b)
= 40 rpm and (c) ˝ = 200 rpm.
C595, 0.15 ppm 61.0
C595, 0.39 ppm 58.0
FeCl3 34.0

of the resistance of flocs to shear. In the review written by Jarvis
et al., the authors mentioned the lack of information found in lit-
erature about this parameter [29]. Though, it appears as a good
parameter to quantitatively compare the performance of the dif-
ferent coagulants and flocculants in each reactor presented in this
study. Table 3 gives the strength factor obtained in Jar-test for an
increase of shear rate from 30 to 260 s−1. Polyelectrolytes lead to
the formation of flocs presenting a strength factor from 51 to 63%.
Flocs formed with polyelectrolytes C591 and C595 are the more
resistant. Flocs formed with C577 seem to be more fragile. How-
ever, flocs formed by ferric chloride are the less resistant, since
they are characterized by a 34% strength factor.

Differences between organic coagulants and ferric chloride are
also noticed in terms of structure. Fractal dimensions of flocs
formed by polyelectrolytes are higher than for flocs formed with
ferric chloride (Table 4). This result is in agreement with floc resis-
tance. When the rotating speed is finally increased (200 rpm) after
the 10 min of slow mixing, flocs formed with organic coagulants are
less broken than flocs formed with ferric chloride. Thus polyelec-
trolytes enable the formation of larger, more compact and more
resistant flocs than ferric chloride.

Information on coagulation mechanism can be obtained from
the log(I)–log(q) curves. When ferric chloride is used, curves in the
q range of [−4; −1.8] does not change (Fig. 7a). It means that floc
structure remains constant during coagulation. When polymers
are used, these curves show a significant evolution (Fig. 7b). The
initial concave curve obtained by light scattering of a bentonite
suspension slowly becomes convex after polyelectrolyte addition,
showing that floc structure is highly modified during the coagu-
lation process. Final structure is clearly different from the initial
structure of bentonite floculi formed by action of the ionic strength
of tap water. Ferric chloride only gathers floculi without modify-
ing them, whereas polyelectrolytes seem to destabilize floculi and
form flocs of complete different structure.

3.3. Coagulation in Taylor–Couette reactor

Coagulation in Taylor–Couette reactor A was performed at a con-
stant rotating speed of 100 rpm and a shear stress of 1.5 Pa. A rapid
floc growth occurs regardless of coagulant, and a difference in floc
size between ferric chloride and polyelectrolytes is only noticeable
after 2 min (Fig. 8). Polyelectrolytes lead to large flocs, whose size
reach a plateau at 300 s. When ferric chloride is used, flocs grow
until they reach a size for which breakage is no more negligible.
After a rapid growth until 200 �m, floc size decreases slowly, as it
occurred during the Jar-test. Flocs formed by ferric chloride are not
allowed to grow under a high shear stress. In contrast, a shear stress
of 1.5 Pa is not a limiting factor to growth for flocs induced by poly-
electrolytes. Results obtained in this reactor are in agreement with
preliminary observations during Jar-test. In particular, ferric chlo-

ride creates more porous flocs, easily breakable at a medium shear
stress of 1.5 Pa. Structure of flocs formed in the Taylor–Couette reac-
tor is clearly different from structure of flocs obtained during the
Jar-test. For coagulant C591, fractal dimension can reach the max-
imum value of 3 (Table 4). Generally, flocs formed under a shear
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Table 4
Fractal dimension depending on coagulation reactor and shear stress [Jar-test, after 10 min at 40 rpm; Taylor–Couette reactor B, after 5 min at 60 rpm;
Taylor–Couette reactor A, after 25 min at 100 rpm].

Coagulant Df ± �

Jar-test �p = 0.03 Pa Reactor B �p = 0.6 Pa Reactor A �p = 1.5 Pa

C591, 0.19 ppm 2.5 ± 0.13 2.71 ± 0.03 3.03 ± 0.02
C577, 0.19 ppm 2.63 ± 0.01 2.70 ± 0.10 2.72 ± 0.01
C577, 0.49 ppm 2.60 ± 0.07 2.82 ± 0.04 2.67 ± 0.01
C595, 0.15 ppm 2.65 ± 0.05 2.75 ± 0.01 2.71 ± 0.01
C595, 0.39 ppm 2.64 ± 0.06 2.81 ± 0.05 2.71 ± 0.01
FeCl3 2.23 ± 0.03 – 1.76 ± 0.02

Fig. 7. Variation of log(I) versus log(q) during coagulation in Jar-test: (a) FeCl3 and
(b) C595 at 0.15 ppm.

Fig. 8. Variation of flocs modal diameter versus time [Taylor–Couette reactor A,
˝ = 100 rpm, � = 1.5 Pa].
Fig. 9. Shear schedule in Taylor–Couette reactor B.

stress of 1.5 are more compact than those formed under mild con-
ditions in the jar, except for ferric chloride. The shear may induce
a rearrangement of particles in the floc, which can lead to denser
aggregates through restructuration [30].

Taylor–Couette reactor B was used to first create large
flocs under soft hydrodynamic conditions and then follow their
behaviour under different shear stresses by increasing the rotat-
ing speed. Fig. 9 represents schematically the different steps of the
experiment. Floc formation protocol was identical to Jar-test, in
the sense that rotating speed of the inner cylinder was set up at a
high rate for mixing and then decrease to enable floc growth. Thus
bentonite suspension and coagulant were mixed at 150 rpm dur-
ing a short period. Then the rotating speed was decreased at 60 rpm
(� = 0.6 Pa) during 5 min to allow floc formation and avoid decanta-
tion in the reactor. A first measurement by light scattering was
performed at t = 0 s just before the increase of rotating speed. A first
comparison can be made between the floc characteristics obtained

in this reactor B with results obtained during Jar-test and in reac-
tor A (Fig. 10). Even though the reactors have different geometries,
evolution of floc size is consistent with shear stress increase. Flocs
formed under 0.6 Pa are smaller than those formed under 0.03 Pa
and larger than these formed under 1.5 Pa. Fractal dimensions of

Fig. 10. Variation of flocs modal diameter versus shear stress [Jar-test, after 10 min
at 40 rpm; Taylor–Couette reactor B, after 5 min at 60 rpm; Taylor–Couette reactor
A, after 25 min at 100 rpm].
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Table 5
Floc strength factor after 1 and 30 min and of breakage and floc re-growth after 30 min of breakage depending on shear stress in Taylor–Couette reactor B.

Coagulant Shear stress (Pa) Strength factor (%) after 1 min of breakage Strength factor (%) after 30 min of breakage Reformation after 30 min (%)

C591,
0.19 ppm

1.3 88.0 38.1 47
2.4 64.8 17.8 28
3.6 54.0 9.3 23
7.8 26.0 9.3 13

C577,
0.19 ppm

1.3 64.3 25.1 35
2.4 41.3 12.4 29
3.6 28.0 7.8 24
7.8 10.0 6.1 15

C577,
0.49 ppm

1.3 – 31.2 52
2.4 – 18.5 –
3.6 – 10.1 30
7.8 – 2.5 18

C595,
0.15 ppm

1.3 68.1 26.5 32
2.4 53.6 16.1 25
3.6 37.5 8.3 20
7.8 13.1 8.0 14
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C595,
0.39 ppm

1.3 96.6
2.4 77.1
3.6 65.0
7.8 23.5

ocs formed during the Jar-test and in Taylor–Couette reactor B
elong to the same range (Table 4). This validates the flocs forma-
ion protocol, and enables the study of their behaviour under higher
hear stress.

.3.1. Floc breakage
After floc growth during 5 min at 60 rpm, rotating speed was

ncreased at 100, 150, 200 or 330 rpm, corresponding to a shear
tress of 1.3, 2.4, 3.6 or 7.8 Pa, respectively. For each shear stress,
oc size decreases with time (Fig. 11). Floc breakage increases
ith shear stress, and time to reach steady state decreases when

hear stress increases. Thus, initial kinetic floc breakage depends
n shear stress but also on the coagulant (Fig. 11a and b) used
nd its concentration (Fig. 11 b–e). A variation of concentra-
ion implies great difference in floc behaviour, even though no
ifference in size was noticeable during the Jar-test. However,
ehaviour differences disappear when time and/or shear stress

ncrease.
Coagulant C577 (polyamine) forms flocs which are rapidly bro-

en even at low shear stress. Floc breakage kinetic variation with
hear stress shows only a slight increase. On the contrary, coagu-
ants C591 and C595 (polyDADMAC) form more resistant flocs at
he lowest shear stress.

Calculations of strength factors at two times during floc break
p in the Taylor–Couette reactor B are gathered in Table 5. It is cal-
ulated based on the ratio between the floc size after 1 or 30 min
f breakage and the size at t = 0 s before the breakage. During a fil-
ration step, flocs can be subjected to a high shear stress but only
or a short time, for instance when the suspension passes through
pump. The strength factor calculated after 1 min provides infor-
ation of the floc size after such a step in the treatment line. When

hear stress increases, the strength factor decreases invariably. The
ifference between the two concentrations studied for C595 is obvi-
us and 0.39 ppm appears as the optimal concentration, which
id not appear clearly during the Jar-tests. At this optimal con-
entration, the coagulant C595 creates more resistant flocs than
591. This is likely due to the difference of molecular weight. Even
f these polyDADMAC coagulants are highly charged and formed
ocs mainly by charge neutralization or electrostatic patch mecha-
ism [20], results indicates that a phenomenon of bridging occurs.
595 has the highest molecular weight, and therefore leads to more
esistant flocs.
44.2 53
21.2 34
13.0 29

3.2 18

It is interesting to compare floc size with the Kolmogorov
scale 	. Coufort et al. [13] highlighted the strong correlation
between floc size and Kolmogorov scale for a bentonite suspension
coagulated with alum in a Taylor–Couette reactor. For the same
geometry than our reactor A, they found the floc size to be between
	 and 2	. The same result was obtained in our case when ferric
chloride was used. The floc size after stabilization reaches 80 �m
for a corresponding Kolmogorov scale about to 55 �m. However,
when polyelectrolytes are used, floc size remains larger than the
Kolmogorov scale, since the floc size ranges from 300 to 500 �m.

3.3.2. Mechanism of floc breakage
The mechanism of floc breakage can be analyzed from Fig. 12

and particularly looking at the curves around q value of 10. When
aggregation increases the curve intensity at large angle decreases.
As the floc breakage is occurring the intensity tends to increase up
to the un-aggregated bentonite one. This behaviour is modelized
through the multiple scattering theory [26,27], by using the approx-
imation of the mean field Mie scattering by fractal aggregates [31].
This approximation is validated by a comparison of the scattering
and extinction cross sections values calculated using, on the one
hand, Mie theory with a mean optical index (n̄) and, on the other
hand, the mean field approximation. By introducing the scatterers’
mean optical index (ns/n̄) which varies during aggregation and floc
breakage it is possible to modelize the form factor F(q).

In this case Fig. 12 shows a ‘reversibility’ of the aggregation
and the floc breakage corresponds to a continuous decreasing of
the number of subunits (pristine bentonite particle) around each
subunit without destabilizing the primary bentonite subunits.

3.3.3. Floc reformation
After breakage, the rotating speed was decreased to 60 rpm to

determine floc re-growth capacity (Fig. 12). Floc re-growth kinetic
is rapid and 3–5 min are sufficient to obtain a stabilized size. It
appears that, for the operating conditions investigated, floc growth
is never reversible. The percentages of reformation range 13–53%
(Table 4). The re-growth percentage decreases when the shear

stress that was applied to break the flocs increases. This may be
due to polymer reconformation. For coagulant C577 and C595, con-
centration that gives the larger flocs is also the one that allows
the best floc reformation. The polymer of highest molecular weight
(C595) induces a slightly better reformation rate than C591, indi-
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Fig. 11. Variations of floc modal diameter and fractal dimension versus shear stress
in Taylor–Couette reactor B: (a) C591 at 0.19 ppm, (b) C577 at 0.19 ppm, (c) C577 at
0.49 ppm, (d) C595 at 0.15 ppm, and (e) C595 0.39 ppm.
Fig. 12. Variations of log(I) versus log(q) during deaggregation in Taylor–Couette
reactor B at different rotating speed [C595 at 0.39 ppm].

cating that polymer chain length could influence floc reformation
capacity. However, authors have shown that even mineral coag-
ulants inducing only charge neutralization do not enable a total
reformation of flocs after their breakage, even when shear stress is
maintained during a short period [4,9].

4. Conclusion
A protocol was developed to determine aggregate behaviour
under a wide range of shear stresses. The study of coagulation
during Jar-test and in Taylor–Couette reactors shows a clear dif-
ference between organic and mineral coagulants. Early age floc
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rowth kinetic for ferric chloride is more rapid than for polyelec-
rolytes. However, flocs formed by the metal salt are more easily
roken by shear. They cannot resist to a medium shear stress equal
o 1.5 Pa. Moreover, their fractal dimension is smaller than fractal
imension of flocs formed with polyelectrolytes, which can explain
heir less resistance to shear. Polyamine and polyDADMAC coagu-
ants react differently to shear stress. A coagulant whose molecular

eight is more important leads to the formation of more resistant
ocs, certainly due to the bridging phenomenon that appears dur-

ng coagulation. However, when the shear stress is increased to
igh value of 7.8 Pa, floc breakage is almost instantaneous for each
oagulant, at each concentration. Floc re-growth after breakage
anges the same performance for each coagulant, but is depen-
ant on coagulant concentration. However, reformation is never
omplete, and reformation percentage decreases when the applied
hear stress increases. Fractal dimension measurements for coag-
lation induced by polyelectrolytes indicate that floc breakage
echanism in Taylor–Couette reactor is mainly particle erosion.

olyelectrolytes as polyamine and polyDADMAC have shown a
trong ability to shear resistance compared to ferric chloride, for
n equivalent efficiency to remove particulate matter. This type
f coagulant would be more convenient for processes where high
hear stress can occur. The study of a model bentonite suspen-
ion provides a good base for a better understanding of coagulation
rocess. Bentonite flocs are subjected to different mechanical and
ydrodynamic constraints, which lead to a change in their charac-
eristics.
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