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Assessing the effect of flow fields on flocculation of
kaolin suspension using microbial flocculant GA1
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In this work, the effect of flow fields on flocculation efficiency in a kaolin suspension using microbial
flocculant GA1 (MBFGA1) was studied. The flow fields were controlled via mechanical mixing of a
Rushton turbine in a fully baffled flocculation reactor and simulated by a three-dimensional
Computational Fluid Dynamic (CFD) model. Good agreement between experimental and simulated
results confirmed the validity and applicability of the CFD model. By integrating flocculation tests with
CFD simulations, it was shown that the impeller with different speeds generated different flow fields, and
hence offered different efficiencies for flocculation. Flow fields of rapid mixing at 400 rpm then slow
mixing at 80 rpm, which formed the largest flocs (538 + 18 um), achieved the optimum flocculation
efficiency, i.e. the lowest residual turbidity (3.03 £ 0.10 NTU) and the maximum flocculation rate (98.2
+ 0.8%). The two-loop flow pattern associated with the distribution of velocity magnitude, local shear
rate and turbulent kinetic energy provided an improved understanding of flow behaviors within the
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1. Introduction

In modern water treatment technology, flocculation has been a
long-established and well-known method of drinking water
purification as well as sewage treatment.* As ineffective floccu-
lation results in poorer quality feed water to downstream
treatment processes, potentially jeopardising treated water
quality and increasing operational costs, flocculation turns out
to be a fairly important component of the overall suite of water
treatment systems.”> Generally, there exist two main aspects
governing the efficiency of flocculation: physicochemical
conditions and hydrodynamic conditions. Physicochemical
conditions are related to the flocculant type and dosage, particle
concentration, solution pH, and so on.* Hydrodynamic condi-
tions depend on both the geometry of the flocculation reactor in
which the process is performed and the impeller speed and
type.*

In terms of physicochemical conditions, the flocculant type
possesses an important status during the flocculation process.*
With the advantages of high-efficiency, non-toxicity and biode-
gradability over traditional flocculants, microbial flocculants
(MBFs) have shown a great potential in industrial applications
and attracted much attention recently.*™ Most of the
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flocculation mechanisms of MBFGAL.

investigations on MBFs concentrate on the screening of
microorganisms, culture conditions, characterization of MBFs,
and flocculation properties.”** Nevertheless, the effect of flow
fields, i.e. hydrodynamic conditions within the flocculation
reactor, on flocculation performance of MBFs is rarely involved.
In general, the flocculation process consists of two stages. The
first stage is the rapid dispersal of the flocculant into the
wastewater followed by an intense agitation, which is
commonly defined as rapid mixing, and the second stage is slow
mixing at the flocculation step which is in charge of the growth
of flocs.*** Previous reports have proved that flow fields of rapid
mixing and slow mixing exhibit significant control over the
effectiveness of flocculation.***'* It is becoming increasingly
important to evaluate the role of flow fields in the flocculation
performance of MBFs.

With the introduction of Computational Fluid Dynamics
(CFD) technique, modern CFD software make it possible to
predict fluid flow, heat and mass transfer, chemical reactions
and other related phenomena by solving a set of appropriate
mathematical equations.” Recently, Samaras et al. carried out
the CFD-based simulations, instead of expensive post-
construction field tests, of flow fields in the full scale floccula-
tion reactor and presented the dominant mechanism for the
actual successful operation of the flocculation system.' A
quantitative analysis between floc growth/breakage and hydro-
dynamics can also be made by CFD simulations to improve the
flocculation efficiency. Bridgeman et al. combined CFD and jar
test data for a specific raw water and coagulant dose and the
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breakage threshold found, then a proposed flocculator could be
modelled using CFD to determine the likelihood of floc
breakage via analysis of the velocity gradients distribution
within the vessel. The CFD investigation on flocculation con-
ducted by Prat and Ducoste demonstrated the influence of the
type of impeller on the spatial heterogeneity for the steady-state
floc size and on the transient spatial evolution of the mean floc
size."” Consequently, performing a CFD study to figure out the
flow characteristics within the reactor provides useful insights
into the design/optimization of flocculation processes.
Proceeding from actual engineering, CFD visualization and
analysis eliminate the painful realization that a system is inef-
ficient after installation.™ Visualization of fluid velocity vectors,
streamlines, shear rate and turbulent kinetic energy can help
the researcher understand the mixing mechanisms and identify
possible problems in advance. At the present time, utilization of
CFD to simulate flow fields in the flocculation reactor is still in
its infancy.

As a kind of MBFs, MBFGAL1 is harvested from the fermen-
tation liquid of Paenibacillus polymyxa GA1.° In this work,
MBFGA1 was used for flocculation of kaolin suspension in a lab-
scale flocculation reactor. The objective was to assess the effect
of flow fields in the reactor on flocculation efficiency of MBFGA1
by integrating experimental investigations with CFD simula-
tions. A series of flocculation tests were performed and a three-
dimensional CFD model with a standard k-e¢ model was
employed to simulate flow characteristics of the reactor. In
addition, the flocculation mechanisms of MBFGA1 were also
discussed.

2. Materials and methods

2.1. Reagents

The kaolin was chemically pure grade (Sanpu Chemicals,
China), and its suspension was prepared at the concentration of
3 g L% CaCl,, analytically pure grade (Sanpu Chemicals,
China), was prepared at the concentration of 10 g L™ '. The pH
was adjusted by NaOH and HCI, which were prepared at the
concentration of 0.5 mol L.

2.2. Bacteria strain and culture conditions

GAL1, flocculant-producing strain CCTCC M206017, which was
identified as Paenibacillus polymyxa by 16S rDNA sequence and
its biochemical and physiological characteristics, was screened
from the soil collected in the Yuelu Mountain Changsha,
China.® The seed medium was prepared as follows: peptone 10.0
g, beef extract 3.0 g and NaCl 5.0 g were added into 1 L distilled
water with the pH adjusted to 7.0. The steam sterilization lasted
30 min at 121 °C. After the inoculation of the seed medium, the
GA1 was cultured on the roundabout shaker at 150 rpm and
30 °C for 24 h. The fermentation medium was prepared by
dissolving sucrose 40.0 g, yeast extract 4.0 g, K,HPO, 5.0 g,
KH,PO, 2.0 g,NaCl 0.1 g and MgS0O, 0.2 g into 1 L distilled water
with the pH adjusted to 7.0. The steam sterilization lasted 30
min at 115 °C. This cultivated process was divided into two
stages. In the first 24 h, the medium was incubated at 30 °C and
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was shaken at 150 rpm. In the following 48 h, the rotating speed
of shaker was decelerated to 100 rpm and the temperature was
decreased to 25 °C. After 72 h of cultivation, the fermentation
liquid with 15.56 g L ™" effective components was stored at 4 °C,
and it would be utilized directly in the flocculation tests.

2.3. Flocculation tests and analysis

2.3.1. Flocculation tests. As shown in Fig. 1(a), a lab-scale
flocculation reactor with a Rushton turbine was designed for
the flocculation of kaolin suspension dosed with MBFGA1.
Provided that D = 50 mm for the impeller diameter, the other
dimensions such as reactor diameter (7), liquid height (H), and
width of each baffle (B) can be determined with T= 3D, H = T,
and B = 7/10. The impeller was centrally fixed 50 mm above the
bottom of the reactor.

The pH of kaolin suspension was adjusted to 8.0. The
dosages of CaCl, and MBFGA1 were optimized to 4 x 10 °%
(w/w) and 4.34 x 10 %% (w/w), respectively. Then CaCl, and
MBFGA1 were added into 2.5 L kaolin suspension (3 g L™") in
the reactor, orderly. The flocculation test was divided into two
stages. The first stage began with 1 min rapid mixing at five
different impeller speeds, i.e. 200, 300, 400, 500 and 600 rpm,
after adding CaCl, and MBFGA1. The second stage with 10 min
slow mixing was conducted at six different impeller speeds of
50, 60, 70, 80, 90 and 100 rpm, respectively. After the two stages,
the mixture went through gravity settlement procedure for
30 min, and then the upper phase and flocs were used for the
experimental tests. The influence of flow fields in the reactor on
flocculation was systematically investigated in terms of the key
parameters, including the floc size, residual turbidity, floccu-
lating rate and zeta potential of the flocculation system. All the
batch experiments were carried out in triplicate.

2.3.2. Floc size analysis. For Reynolds numbers less than
1.0, viscosity is the predominant force governing the settling
process. The settling velocity (u;,) of spherical particle is given by

eqn (1):
Up = g(pp - pw)dpzl(l&u) (1)

where p;, and p,, are the density of floc and water, respectively; g
is acceleration due to gravity; u is dynamic viscosity and dj, is the
diameter of floc.*

Assuming that flocs are spherical particles with the same
density, we can put forward a conclusion that flocs in various
diameters will differ in settling velocity. According to this
theory, a transparent rectangular container (17 X 2 x 60 cm)
was applied to separate the flocs huddling together. And a CCD
camera was placed on the base of the container where the flocs
were separated completely, thus ensuring the camera to capture
each of the flocs clearly. A black background, at low level of
reflection, was also needed to provide high-quality images. The
diameters of flocs were analyzed from the images by software
named Image-pro Plus 6.0 (Media Cybernetics Inc., USA), and
they were sequenced according to their numerical magnitude in
each group. The top 50 will be used to calculate the mean value.®

2.3.3. Flocculating rate analysis. Flocculating activity was
evaluated by flocculating rate (FR) according to eqn (2):
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Fig. 1 Schematic of (a) geometry of the flocculation reactor; and (b) tetrahedral computational grid used for the simulation.

FR = (b — a)/b x 100% )

where a and b are the optical densities (OD) of the sample and
control at 550 nm, respectively. And the OD of the upper phase
was measured by the spectrophotometer (7230G, Shanghai,
China).

2.3.4. Turbidity and zeta potential analysis. The turbidity
was measured by the turbidimeter (XZ-0101S, Shanghai, China).
The variation of zeta potential during the flocculation process
was monitored by Zetasizer (Nano-ZS90, Malvern, England).
Samples were taken at different time points: kaolin suspension
(at pH 8) without additives, after adding CaCl,, and after adding
MBFGAL.

2.4. Methodology for CFD model generation

2.4.1. Hydrodynamic model. Mechanical mixing by the
Rushton turbine in the flocculation reactor created turbulence.
The standard k-¢ model was used to account for the turbulence,
which has been widely applied and validated to simulate mixing
because of its simplicity, low computational requirement and
good convergence for complex turbulent flows."” Governing
equations of the standard k-¢ model for turbulent kinetic
energy (k) and kinetic energy dissipation rate (¢) are expressed
as:

9 9 9 w ok

a—t(pk) + o, (pku;) = o, [(u + Uk) ax]] +Gi—pe  (3)
d d 9 n\ Oe € &
dt (pe) + ax; (pew;) = dx; K,u + a€> ax]} + Clk G — Gop k (4)

where the turbulent viscosity, u, is calculated according to: u; =
pCukz/e, Gy is the generation of turbulence kinetic energy due
to mean velocity gradients, ¢; and ¢, are the effective
Prandtl numbers for k and ¢, respectively. The empirical model
constant values are generally accepted as C, = 0.09, C; = 1.44,
C, =1.92,0;= 1.0 and g, = 1.3.

Simulating mechanical mixing in the reactor requires that
the model should be divided into a rotating zone, as shown in
green color in Fig. 1(b), and a stationary zone, as shown in gray
color in Fig. 1(b). The inner zone includes the impeller which is

40466 | RSC Adv., 2014, 4, 40464-40473

responsible for the motion of fluid in the reactor. The outer
zone without moving parts is passively driven by the impeller.
To ensure a precise modeling of the impeller effect on the
hydrodynamic behavior, a steady-state modeling method called
multiple reference frames (MRFs) was employed as it provided
accurate prediction and demanded less computational
resource.*

2.4.2. Numerical considerations. In this work, the full
computational geometry and tetrahedral unstructured grid,
shown in Fig. 1(b), were generated for CFD calculations to
capture more accurate results. The grid-independent test was
conducted to determine the minimum grid resolution that
achieved a solution independent of the mesh quantities. Three
different mesh sizes including (a) 158 322 (coarse mesh), (b)
323 910 (fine mesh) and (c) 899 355 (very fine mesh) were
evaluated using the mean velocity magnitude. Difference of
mean velocity between case (a) and (b) was 16.5%, while this
difference between case (b) and (c) was only 1.2%. As a result,
the grid of 323 910 cells was selected for the simulation.

The water-free surface, shown in yellow color in Fig. 1(b), was
modeled as a fixed surface, and this plane of symmetry was
characterized by zero normal gradients for all variables. No-slip
boundary conditions were imposed on all wall surfaces. The
method to judge convergence was to monitor the magnitudes of
scaled residuals, which were defined as the imbalance in each
conservation equation following the iteration. The solutions
were said to have converged when the scaled residuals went
below values of 10~*.

3. Results and discussion

3.1. Effect of flow fields on flocculation performance

An analysis of experimental results indicated the effect of flow
fields in the reactor on flocculation performance of MBFGAL1.

3.1.1. Characterization of flow fields. Flow fields in the
reactor were generated by the Rushton turbine at different
impeller speeds during the flocculation process. G (s™'), the
average shear rate throughout the reactor, is now used world-
wide to characterize the global flow field, which is calculated as
follows:*!

This journal is © The Royal Society of Chemistry 2014
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G = (eavel?)'? (5)
where v is the kinematic viscosity of the suspending fluid and
€ave 1S the average turbulent energy dissipation rate, which was
given by:*

eave = NpN’DIV (6)
where N, is the impeller power number (here for the Rushton
turbine, Nj, = 5),® N is the impeller speed, and V is the stirred
tank volume.

In addition, an estimate of the frequency of exposure of the
particles to the high shear impeller zone can be obtained from
the circulation time, T, presented as:

T. = VIINgND?) (7)
where N is the dimensionless impeller pumping capacity: for
the Rushton turbine Nq = 0.9.*

Table 1 showed the average shear rate (G) and circulation
time (7.) at the different impeller speeds of rapid mixing and
slow mixing. As the rapid mixing speed increased from 200 rpm
to 600 rpm, the value of G got an increase of 420%, while the
value of T, was just decreased by 66%. However, increasing the
slow mixing speed from 50 rpm to 100 rpm made the value of 7.
decrease by 50%, under the condition of which the value of G
was just increased by 178%. Consequently, at the stage of slow
mixing, the change in the value of G made bigger differences in
the value of T, that is to say the frequency of exposure of the
particles to the high shear zone was more related to the flow
field generated by slow mixing. The use of the constant G and T.
offered a good basis for characterization of small reactors such
as the lab-scale flocculation reactor used here, which was
consistent with previous works of Spicer et al.*

3.1.2. Effect of rapid mixing on flocculation performance.
In flocculation tests, rapid mixing of kaolin suspension was
carried out to guarantee homogeneous dispersion of CaCl,
solution and MBFGA1 fermentation liquid. The CaCl, solution
provided Ca** for the flocculation process as a kind of coagulant
aid which decreased the negative charge of the kaolin particles
and charge neutralization occurred immediately after the
addition of Ca®".° The active species, i.e. Ca*'~kaolin complexes,
formed by the reactions promoted the destabilization of kaolin
suspension and the collision between suspended particles and
MBFGA1 was also enhanced through high shear flow. Table 2
showed the effect of rapid mixing on flocculation performance.
The initial pH was 8, and the slow mixing was 80 rpm. The
maximum decrement of zeta potential from —48.45 £ 0.64 mV
to —14.48 + 0.12 mV was achieved at G = 402 s~ " (N = 400 rpm).

RSC Advances

Zeta potential of the sample can determine whether the parti-
cles tend to flocculate or not in the liquid, and the more closely
zeta potential gets to zero, the more beneficially flocculation
occurs.?* Therefore, it can be seen in Table 2 that the best final
flocculation efficiency, ie. 3.03 £ 0.10 NTU for the lowest
residual turbidity and 98.2 £ 0.8% for the highest flocculating
rate, was also achieved at G = 402 s~ .

In the case of charge neutralization, rapid mixing is espe-
cially important since poor mixing can lead to local overdosing
and restabilization of some particles. MBFGA1 dispersed slowly
under the condition of low shear rate, such as G =142 s (N =
200 rpm) and G = 261 s~ (N = 300 rpm). As a result, the
collision probability between MBFGA1 and suspended particles
was relatively low with a few primary aggregates of poor quality
generated. On the contrary, high shear rate, i.e. G =562 ' (N =
500 rpm) and G = 739 s~ ' (N = 600 rpm), could cause damage to
the primary aggregates, which had adverse influence on aggre-
gates to further grow up in the subsequent slow mixing stage.
Therefore, rapid mixing had a strong influence on final results
of flocculation, which was also found in the previous research of
Rossini et al.'> Their bench-scale studies evaluating the opti-
mization of rapid mixing parameters showed that turbidity
removal performance was considerably improved by optimiza-
tion. Dharmappa et al. claimed that the most important
parameters for the whole optimization of flocculation were the
rapid mixing parameters.”® Based on the above analysis, 400
rpm (G = 402 s ') was chosen as the rapid mixing speed
throughout this work.

3.1.3.
Followed by rapid mixing at 400 rpm, slow mixing at six
different impeller speeds was allowed for 10 min. After the
flocculation process, the flocculation performance of MBFGA1
was evaluated by the mean floc size, residual turbidity and
flocculating rate as shown in Fig. 2. The addition of MBFGA1
and Ca®" brought about a change in the nature of small kaolin
suspended particles, rendering them unstable, whilst floccula-
tion encouraged particle agglomeration via gentle mixing and
the formation of irregularly-shaped, loosely-connected mass
fractal aggregates, known as flocs.”® In Fig. 2, flocs mixed at
speeds less than 80 rpm (G = 36 s~ ') exhibited an increase in
size when the speed accelerated. And in these instances, the
modest inertial increases emerged when the shear rate was up,
making the floc size jump from about 486 um to 538 pm and
causing the small degree of breakage. The floc was observed to
diminish in size from about 538 um to 496 um, when mixed at
speeds in excess of 80 rpm (G = 36 s ). Jarvis et al. also reported
that the kaolin flocs demonstrated a constant rate of

Effect of slow mixing on flocculation performance.

Table 1 Average shear rate (G) and circulation time (T,) at different impeller speeds

Rapid mixing (rpm)

Slow mixing (rpm)

Characterized

parameters 200 300 400 500 600 50 60 70 80 90 100
G (571) 142 261 402 562 739 18 23 29 36 43 50
T. (S) 7.1 4.7 3.5 2.8 2.4 28.3 23.6 20.2 17.7 15.7 14.1

This journal is © The Royal Society of Chemistry 2014
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Table 2 Effect of rapid mixing on flocculation of kaolin suspension
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Zeta potential (mV)

Average shear

rate G (s7) Without additives After adding Ca** After adding MBFGA1 Residual turbidity (NTU) Flocculating rate (%)
142 —48.45 £ 0.64 —21.27 £ 0.15 —22.12 £ 0.14 8.56 £ 0.14 85.7 £ 1.8
261 —48.45 £ 0.64 —19.32 £ 0.16 —21.04 £ 0.07 7.89 £ 0.21 86.8 = 2.3
402 —48.45 £ 0.64 —13.96 £ 0.09 —14.48 £ 0.12 3.03 £ 0.10 98.2 + 0.8
562 —48.45 £ 0.64 —15.81 £ 0.14 —16.41 £ 0.08 4.25 £0.18 93.6 £ 0.8
739 —48.45 £ 0.64 —16.20 £ 0.13 —16.63 £ 0.12 6.47 £ 0.11 90.5 + 1.2
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Fig.2 Effect of the slow mixing speed on flocculation performance of
MBFGAL.

degradation upon exposure to increased mixing speeds (and so
increased shear rate).””

Flocs grew initially at a rate that was determined mainly by
the applied shear. Table 1 showed that when the impeller of the
reactor rotated at different speeds (N = 50-100 rpm), flocs were
exposed to a range of shear rate (G = 18-50 s~ '). Moreover, the
circulation time, T., was decreased from 28.3 s to 14.1 s as the
shear rate increased, which increased the frequency of exposure
of flocs to the high shear zone. As a result, the flocs breakage
frequency was also increased. As flocs became larger, further
growth was restricted by the applied shear. In order to resist the
breakage, flocs must be able to withstand shear energy applied
to them in the flocculation reactor. But when the degree of shear
exceeded a threshold value, flocs breakage occurred until a new
steady state was reached.”® A dynamic balance between floc
growth and breakage led to a steady-state floc size distribution.
Therefore, the constant floc size distribution was found under
the given shear conditions in Fig. 2, demonstrating a trend of
increasing first and then decreasing.

In an operational sense, the floc size causes a critical effect
on the solid/liquid separation process. Small flocs generally
settle more slowly than lager flocs of similar density, which
leads to a lower particles removal efficiency.” Yu et al. found
that the residual turbidity after settling was mainly determined
by the small flocs, and the lower the frequency of small flocs,
the lower the residual turbidity."* Consequently, it can be seen
in Fig. 2 that the floc size was consistent with the relative

40468 | RSC Adv., 2014, 4, 40464-40473

residual turbidity and flocculating rate, i.e. the larger the flocs
were, the better them settled resulting in lower residual
turbidity and higher flocculating rate. Both the lowest residual
turbidity (3.03 £ 0.10 NTU) and the maximum flocculating
rate (98.2 + 0.8%) were achieved at the impeller speed of 80 rpm
(G=365").

The results of flocculation tests demonstrated that the
hydrodynamic environment of the reactor, induced by rapid
mixing at 400 rpm (G = 402 s~ ') then slow mixing at 80 rpm
(G = 36 s71), was the most efficient for flocculation. Like other
flocculating factors, the mixing conditions should also be
optimized, and MBFGA1 showed a talented flocculating capa-
bility for kaolin suspension under the conditions of the suitable
flow fields in the flocculation reactor.

3.2. CFD simulation

In principle the mixture of water with flocs in the flocculation
reactor should be treated as a two-phase flow mathematical
problem. Nevertheless, according to the experimental observa-
tion the volume fraction of the dispersed phase (flocs) was less
than 5%, and therefore, it could be safely assumed that the
presence of the flocs did not affect the flow field. Furthermore,
the size and density of the flocs were such that their Stokes
numbers (St) were much less than 1. For St < 1, the flocs will
closely follow the flow field, which implies that there is no need
to consider flocs as a second phase.*® From the above analysis,
the simulation can adopt the single-phase flow model to
represent the mixture reducing the computational effort. Six
steady state simulations, at the impeller speeds from 50 rpm to
100 rpm at the interval of 10 rpm, were conducted. The velocity
field, local shear rate, and turbulent kinetic energy were evalu-
ated in certain planes passing through the reactor.

3.2.1. Model verification. The profiles of the mean radial
and tangential velocities normalized with the impeller tip
velocity (Ugp) were plotted in Fig. 3 at the impeller discharge
boundary (r/R = 1.07). As far as the CFD model validity was
concerned, the velocity components were compared with results
of earlier works.*** If the numerical errors and the measure-
ment inaccuracies were taken into consideration, the CFD
simulated results were in reasonable agreement with the
measurements. The relative error between the simulated and
measured data was within 10% indicating that the present
model provided a good overall description of the flow behaviors
in the flocculation reactor.

This journal is © The Royal Society of Chemistry 2014
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3.2.2. Visualization of flow fields. To gain an insight into
the flow pattern in the flocculation reactor, taking the case of
the rapid mixing at 400 rpm (G = 402 s~ ') as an example, the
flow pathlines colored by the velocity magnitude released from
the impeller and the global velocity vectors in the vertical plane
midway between two baffles were depicted in Fig. 4. The well-
known two-loop flow pattern, characteristics of the radial flow
impeller, can be clearly identified. The liquid agitated by the
impeller travelled towards the radial direction and then split
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into two streams near the wall of the reactor. One stream above
the impeller created an upward circulation loop near the
surface of the mixture; the other below the impeller created a
downward circulation loop towards the bottom of the reactor.
Under this rapid mixing condition, MBFGA1 and Ca*>* could be
dispersed as quickly as possible. The left contour bar repre-
sented the velocity scales ranging from zero (blue area) to the
maximum value (rea area) in which the velocity magnitudes
were greater than (or equal to) the maximum value specified.
These representations can be approximately applied to all the
contour figures in this study. The 3-D visualization of the flow
pathlines showed a high velocity along the impeller discharging
direction, while a low velocity emerged near the wall, which
corresponded to the velocity contours presented in Fig. 5. The
global velocity contours in the vertical plane midway between
two baffles with respect to six impeller speeds were given in
Fig. 5. From this figure, it can be observed that all the flow
patterns were symmetrical to the centrally-located shaft and the
highest velocities were limited within the paddle tip zone. The
velocity of the mixture was found to increase with increase in
the impeller speed. Area-weighted average of velocity magni-
tudes in the plane at six impeller speeds from 50 rpm to 100
rpm were 0.0138, 0.0170, 0.0203, 0.0235, 0.0268 and 0.0302
ms~ ', respectively. Changes to the slow mixing speed did
impose a significant impact on the local velocity magnitude
distribution. The uniformity of velocity distribution was ach-
ieved as the impeller speed increased, and a well-proportioned
velocity magnitude, such as the case of N = 80 rpm, meant
effective use of the volume of the reactor for flocculation.

In theory, the average shear rate (G) shown in Table 1 can be
used to characterize the global flow field in the flocculation
reactor. In practice, however, the flow characteristics vary within
the reactor from point to point and it's flawed to represent a
complex flow field within a single number. Consequently, it is
important to describe the fluctuations adequately in local shear
to which the flocs were subjected. Fig. 6 displayed the local

Fig. 4 Flow pattern at the rapid mixing speed of 400 rpm: (a) pathlines colored by velocity magnitude; and (b) velocity vectors in the vertical

plane.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Velocity contours in the vertical plane midway between two baffles.

shear rate (Gi) contours of four horizontal planes across the
reactor. The four planes were orderly named by plane 1, plane 2,
plane 3 and plane 4 from top to bottom. Each plane was at an
interval of 40 mm along the vertical direction and plane 4 was
10 mm above the bottom. It can be seen that the value of Gy, in
plane 1 and plane 2 were all below 10 s and nearly unchanged
with variation in the impeller speed except for areas near the
wall. While obvious changes in the value of Gy, in plane 3 and
plane 4 could be clearly observed. It was evident that the fluid
hydraulic shear stress in the areas across or below the impeller
was higher than that in the areas above the impeller. Especially,

5.00e+01
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4.50e+01
4.25e+01
4.00e+01
3.76e+01
3.51e+01
3.26e+01
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7.71e+00
5.22e+00
2.74e+00
2.50e-01

[s1]

the impeller zone owned the highest fluid hydraulic shear stress
in the reactor. Areas of high value of Gy were also typically areas
where the highest mixing existed, but the associated high shear
stress could cause damage to flocs, and should be avoided.*®
When the flocs were subjected to an increased shear rate,
breakage would occur. Furthermore, the short circulation time
resulting from increasing shear rate increased the frequency of
exposure of the flocs to the high intensity shear in the impeller
zone (Table 1). The flocs size decreased obviously when slow
mixing speed exceeded the threshold value, i.e. 80 rpm (Fig. 2).
Proper controlling of the shear rate undoubtedly becomes

Fig. 6 Local shear rate contours in four horizontal planes across the flocculation reactor.
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crucial for the efficient operation of flocculation. Integrating the
results in Section 3.1.3 with CFD predictions, it can be
concluded that the Gy, at the impeller speed of 80 rpm not only
satisfied the optimum hydrodynamic conditions of flocs growth
for flocculation but also guaranteed the small degree of damage
to flocs.

After the two stages of mixing, gravity settlement of the flocs
was sustained for 30 min. Fig. 7(a) showed the distribution of
flocs accumulation at the bottom of the reactor after the
settlement procedure, from which it was found that the
uniformity of flocs accumulation distribution was improved
with an increasing impeller speed. This can be explained by the
distribution of turbulent kinetic energy (k) in the horizontal
plane (3 mm above the bottom) shown in Fig. 7(b). It can be
seen that with an increase in the impeller speed, the value of k at
the bottom of the reactor went up and uniformity of the k
distribution was achieved. According to the two-loop flow
pattern in the reactor shown in Fig. 4, a part of the energy
supplied by the impeller, which was associated with the lower

N=50 rpm

RSC Advances

loop, was available in the bottom region for performing various
functions such as flocs suspension. Since all the energy given to
the fluid was converted to k, the regions with higher value of k
were more beneficial for flocs suspension, and the regions with
lower value of k were easier for flocs sedimentation.®* In
Fig. 7(b), k with the value of 2.73 x 10~° m® s> was the least
possible to promote flocs suspension at this plane. As a result,
the flocs would not likely to settle down to the bottom during
the flocculation process at a relatively high impeller speed, such
as 80, 90 and 100 rpm, until the mixing procedure came to the
end. Hence, the flocs collision frequency could be enhanced by
flocs suspension at a suitable impeller speed (80 rpm) resulting
in an improved level of flocs growth. Moreover, Fig. 7 showed
that the shapes of the simulated turbulent kinetic energy
contours and the distribution of flocs accumulation were
similar at the corresponding impeller speed, once again
demonstrating that the simulated results were acceptable.

The analysis was performed using conventional and typical
CFD software, readily available to the practicing engineer, and

N=90 rpm =100 rpm

N

1.00e-06 4.90e-06 8.80e-06 1.27¢-05 1.66e-05 2.05¢-05 2.44¢-05 2.83e-05 3.22¢-05 3.61e-05 4.00e-05 4.39¢-05 4.78e-05 5.30e-05 [mZS'Z]

Fig. 7
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Fig. 8 Proposed flocculation mechanisms of MBFGAL.
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its completion was significantly more efficient than post-
construction field tests. According to the results of CFD simu-
lations and flocculation tests, a qualitative and quantitative
relationship between flow fields and flocculation efficiency of
MBFGA1 can be obtained.

3.3. Mechanism of flocculation

As shown in Table 2, the zeta potential of kaolin suspension (at
initial pH 8) was —48.45 & 0.64 mV. After adding Ca®", it turned
to be —13.96 & 0.09 mV (at G = 402 s~ ). Addition of MBFGA1 to
kaolin suspension had negative effects on reducing the surface
charge of kaolin particles. This was due to the fact that both the
MBFGA1 fermentation (—16.9 + 0.12 mV) and kaolin suspen-
sion were negatively charged. Therefore, charge neutralization
was achieved by the addition of Ca®>" during the process of rapid
mixing. Ca®" could increase the initial adsorption capacity of
MBFGAL1 by decreasing the negative charge on both the polymer
and the particle. It also reduced the absolute values of zeta
potential in the flocculation system, which was consistent with
the results of some researchers.® In addition, MBFGA1 had a
linear long chain molecular structure mainly composed of
rhamnose, xylose, mannose, galactose, glucose, and appeared
to have a molecular weight of 1.18 x 10° Da.** It could seize
OH" from kaolin suspension at pH 8 competitively, making the
molecules stretch to form a linear structure so that more of the
active binding sites emerged.®> These
promoted by rapid mixing accompanied with the high shear
rate (G = 402 s~ ). During the process of slow mixing, MBFGA1
acted like a bridging agent of Ca®**~kaolin complexes formed in
the rapid mixing stage. Many Ca*‘-kaolin complexes were
absorbed onto the long molecular chains, and they could be
absorbed simultaneously by other polymer chains in MBFGAL1,
leading to the formation of three-dimensional flocs with a
better settling capacity. The slow mixing speed played an
important role in this process. The best performance of floc-
culation occurred at 80 rpm (Fig. 2). The befitting hydrodynamic
flow field allowed the aggregates to bridge two or more flocs to
form lager floc particles, which increased the particle removal
efficiency. The mechanisms of flocculation were presented in
Fig. 8. It could be concluded that the flocculation of kaolin
suspension using MBFGA1 was completed by charge neutrali-
zation occurred at the stage of rapid mixing and adsorption
bridging occurred at the stage of slow mixing.

interactions were

4. Conclusions

This study reported the first systematic investigation on the
effect of flow fields on flocculation of kaolin suspension using
MBFGA1. The flocculation tests were conducted in a fully
baffled flocculation reactor and the CFD model was built to
assess the flow characteristics within the reactor. By integrating
flocculation tests with CFD simulations, it was shown that flow
behaviors of the reactor significantly affected the flocculation
capacity of MBFGA1l. The impeller with different speeds
generated different flow fields, and hence offered different
efficiencies for flocculation. Despite the simplifications, CFD

40472 | RSC Adv., 2014, 4, 4046440473
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simulations showed a good agreement with literatures. It was
found that the two-loop flow pattern in the reactor guaranteed
homogeneous dispersion of Ca>* and MBFGA1 at the stage of
rapid mixing (N = 400 rpm) and promoted flocs suspension
resulting in an improved level of flocs growth at the stage of
slow mixing (N = 80 rpm). Based on the experimental obser-
vations, charge neutralization and adsorption bridging were
likely the main flocculation mechanisms of MBFGA1. This work
also revealed the possible application of the CFD simulation to
examine flow fields for flocculation of MBFs.
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