Chapter 8
Direct Flocculation Process for Wastewater
Treatment

Mei Fong Chong

Notations

Ap, Am, A Hamaker constant of the solids, solvent and polymer respectively, J

am Effective monomer size, nm

br Fitting parameter in Eq. 8.10, dimensionless

CL Aggregate structure prefactor, dimensionless

dam Arithmetic mean floc diameter, um

dp Fractal dimension, dimensionless

d_i Arithmetic mean diameter of flocs in size class 7, pm

D Impeller diameter, m

Dy Scaling length, nm

e Elementary charge, C

Ey Fluid collection efficiency of an aggregate, dimensionless
G Global average fluid velocity gradient or shear rate, s™!
ho Minimum separation distance between particle surfaces, nm
H ) Unretarded geometric functions, dimensionless

K Debye-Hiickel parameter, J/m>C

Kg Boltzmann constant, J/K

m; Salt concentration, mol/m>

n Number concentration of particles or aggregates, m ™

N Rotational speed, rpm

Nav Avogadro’s number, mol™!
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N; Number concentration of particles or aggregates in section i, m ™
Np Power number of impeller, W

Teiy Tej Floc collision radius, pm

T Particle radius at size class i, pm

To Composite radius of a particle with adsorbed polymer layers, pm
Tois Toj Primary particles radii, um

i3 Mass mean aggregate radius, pLm

s Distance between particles centers, nm

S Specific rate constant of fragmentation, s~

t Flocculation time, s

T Suspension temperature, K

v, u Particle or aggregate volumes, m?

|4 Volume of the suspension, J

Vr Net interaction energy between two primary particles, J
Veal Electrical double layer repulsion, J

Vs Energy of steric repulsion or bridging attraction, J

Vidw Van der Waals energy, J

Ze Valence of counterion, dimensionless

Zi Valence of electrolyte ions, dimensionless

Greek Letters

o Collision efficiency factor, dimensionless

osc Numerical constant, dimensionless

B Collision frequency factor, m3/s

y Breakage distribution function, dimensionless

&0, &r Dielectric constant of a vacuum and the solvent, C/mV
€ Average turbulent energy dissipation rate, m?/s?

0 Density of the suspension, kg/m?

Pp Particle density, kg/m?

7 Fluid dynamic viscosity, kg/ms

v Kinematic viscosity, m?/s

V; Floc volume fraction in size class i, dimensionless

) Adsorbed polymer layer thickness, nm

AR Characteristic wavelength of interaction, nm

Yoi» Vo Surface potential, mV

r Total amount of polymer adsorbed on a single surface
I Adsorbed amount at saturation

(O Polymer volume fraction at a single saturated surface, dimensionless
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8.1 Introduction

Chemical treatment is one of the most utilized treatment methods in any water and
wastewater treatment process. Chemical treatment, often being termed as primary
treatment, involves a process of coagulation and flocculation. In this process, the
colloidal particles brought about are destabilized while the soluble constituents are
precipitated, both into microflocs by the addition of a chemical reagent called as
coagulant. This is then followed by flocculation where the destabilized particles
agglomerate and form bulky floccules, which can be settled, called flocs. The
addition of another reagent called flocculant or a coagulant aid may promote
the formation of the flocs [1]. The aim of applying coagulation and flocculation
treatment is generally to remove the colloidal matters such as suspended solids
present in the wastewater.

The most common coagulants used are hydrolyzable metal cations such as lime,
aluminum sulfate (alum), ferric chloride, and ferrous sulfate whereas polymers are
employed as flocculants. These coagulants and flocculants are employed extensively
in water and wastewater treatment [2—4]. Although inorganic coagulants are inex-
pensive and readily available, their usage requires high chemical cost due to high
dosage. It also generates excessive volumes of phytotoxic sludge and cannot be
readily disposed. A large amount of caustic soda is needed to alter the solution pH
to achieve its isoelectric point and coupling with flocculation is needed to improve
the efficiency [5].

The flocculants of organic macromolecules polymers offer significant advantages
in coagulation-flocculation process. The concentrations needed are only a few
milligrams per liter and they generate small quantity of nonhazardous sludge for
easy disposal. On a price-per-weight basis, they are much more expensive than
inorganic coagulants, but overall operating cost is lower because of a reduced
dosage, elimination of pH-adjusting chemicals, and reduced sludge disposal costs
due to lower sludge volumes [6].

With the wide availability of flocculants or more precisely polyelectrolytes
at variety of type, charge density, and molecular size, complete elimination of
coagulation by using direct flocculation is gaining its popularity and importance.
The major reasons to its gaining application are its biodegradability, simplicity,
and it is also inexpensive. This chapter provides some useful information on
direct flocculation which consists of the detailed description on the basic principle
of flocculation, the difference between conventional coagulation-flocculation and
direct flocculation, process modeling and simulation for flocculation process based
on Population Balance Model (PBM), type of flocculants and their applications,
industrial applications of direct flocculation, and finally, a special case study on the
adsorption-flocculation for boron removal from wastewater.
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8.2 Basic Principle of Flocculation

Coagulation and flocculation are often used interchangeably and ambiguously, as in
reality most coagulants often enable the formation of agglomerates by bridging and
thus helping to flocculate. At the same time, the cationic or anionic charge carried
by the flocculants will simultaneously destabilize the colloidal particles and bridge
them together. However, in this chapter, the terms coagulation and flocculation carry
distinguish meanings as:

1. Coagulation is the process of destabilization of colloidal particles brought about
or precipitation of soluble constituents as complex metal hydroxide by the
addition of a chemical reagent called as coagulant which is mostly metal salts,
e.g., alum, ferric chloride, and polyaluminum chloride (PAC). The destabilization
of colloidal particles takes place when the DLVO (Derjaguin, Landau, Verwey,
and Overbeek) energy barrier is effectively eliminated thus lowering the energy
barrier.

2. Flocculation is defined as the agglomeration of destabilized particles due to
bridging, by the addition of long chains polymers called flocculants, when they
are driven toward each other by hydraulic shear forces in the rapid mix, into
bulky, visible floccules which can be settled as flocs.

8.2.1 Stabilized Colloidal Suspensions

The agglomeration of destabilized colloidal suspensions by polymer flocculants,
which undergo an irreversible process controlled by hydrodynamic and physic-
ochemical conditions, is gaining its popularity in terms of scientific interest and
industrial importance [7]. The understanding of the mechanisms of flocculation is
the key to successful treatment performance while successful flocculation should
start with the understanding of the type of contaminants/constituents present in
the wastewater. Industrial wastewater treatment experts always relate flocculation
process to water clarification as a means of suspended solids removal or turbidity
reduction. In other words, the contaminants/constituents present in the wastewater
must be in the form of stabilized insoluble colloidal suspension so that effective floc-
culation can be initialized. Contaminants in soluble form should be preconditioned
into precipitated microflocs by means of coagulation and pH adjustment prior to
flocculation.

The insoluble stabilized colloidal suspensions especially range from 0.01 to 5 pm
in size, which contributing to water turbidity, pose great challenge in wastewater
treatment due to their unsettle-ability. The stability of the colloidal suspensions is
strongly influenced by their electrokinetic or simply surface charge, which in nature
is usually negative. The surface charge, as shown in Fig. 8.1, causes the adjacent
particles to repel each other and as a result, they tend to remain discrete, dispersed,
and in suspension [6].
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Fig. 8.1 (a) Stabilized particles which repel each other due to the surface charge. (b) Uncharged
particles which tend to agglomerate during collisions (Reprinted from [6]. With kind permission
of © Zeta-Meter Inc)

The tendency of the colloids to destabilize from their stabilized form is dependent
on the balance between two opposing forces of electrostatic repulsion and van der
Waals attraction. The classical DLVO theory [8, 9] stated that the net interaction
energy of the colloids is equal to the sum of van der Waals attraction and electrical
double layer repulsion. The net interaction can be attractive or repulsive depending
on the distance between the colloidal particles and if it falls at the repulsive section,
then the region is called the energy barrier as shown in Fig. 8.2. In order to
agglomerate, the energy barrier has to be lowered or completely removed so that
the net interaction energy is always attractive.
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Fig. 8.2 Representation of DLVO theory (Reprinted from [10]. With kind permission of
© Elsevier)

8.2.2 Mechanisms for Flocculation

The generally accepted mechanisms for flocculation are charge neutralization,
charge patch neutralization, and bridging [11]. More than one mechanism may
operate at the same time depending on the nature of the particle surface and the
polymer conformation at the solid-liquid interface. The dominant mechanism during
flocculation can be possibly identified from the rate of flocculation as the rate of
flocculation by bridging is several orders of magnitude higher than that by either
charge-patch neutralization or simple charge neutralization. The rate obtained from
charge patch neutralization is about two to three times greater than that by simple
charge neutralization [12].

Bridging flocculation takes place when the polymer with long chains adsorbs
onto the surface of the colloidal particles following several elementary processes
which occur simultaneously under turbulent flow as schematically illustrated in
Fig. 8.3, which are [7]:

. Dilution of the flocculation into homogeneous solution.

. Collision between colloidal particles.

. Transportation of polymer flocculant toward the surface of colloidal particles.
. Reconformation of adsorbed polymer on the surface of colloidal particles.

. Formation of a bond (or bridge) between colloidal particles.

. Rearrangement and breakup of the structure of a floc.

AN AW =
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Fig. 8.3 Schematic diagram of adsorbing polymer on colloidal particles (Reprinted from [7]. With
kind permission of © Elsevier)

Depending on the affinity of the polymer to the surface, polymer chains can
have any one or a combination of the three conformations: trains or thin layers
(starched flat on the surface), loops or coils, and dangling tails that are starched into
the solution, at some angle to the surface [13, 14]. Figure 8.4 shows a schematic
representation of the three different polymer conformations at the solid-liquid
interface.

When the long chains polymer adsorbing on the colloidal particles conveys a
charge, especially in most of the occasions where polyelectrolyte is used, the factor
of charge neutralization must be considered. Only simple charge neutralization will
be considered in this chapter and it often applies to cationic polymer besides the
typical inorganic coagulants due to the opposite surface charge of the colloidal
particles. Charge neutralization is simply lowering the DLVO energy barrier when
a positively charged polymer adsorbs onto the surface of the colloidal particles. The
positively charged coating neutralizes the negative charge of the colloidal particles,
resulting in a near isoelectric point or zero net interaction energy.

8.3 Coagulation-Flocculation Versus Direct Flocculation

The conventional chemical pretreatment for wastewater often involves coagulation-
flocculation process where inorganic coagulants (metal salts) are first added into
the system to alter the physical state of dissolved and suspended solids to obtain
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Fig. 8.4 Schematic representation of the three different polymer conformations at the solid—liquid
interface. (a) thin layers, (b) coils, and (c¢) trains, loops, and tails. §c is adsorbed layer thickness
(Reprinted from [15]. With kind permission of © Elsevier)

complex precipitates of metal hydroxides at the desired pH to facilitate sedimen-
tation. This is followed by the addition of flocculants or often being termed as
coagulant aids to enhance the treatment efficiency and sedimentation rate by the
mechanical bringing of the microflocs into visible, dense, and rapid settling flocs. In
this case, long chains nonionic or anionic polymers are usually used and the major
flocculation mechanism involved is bridging.

The direct flocculation (i.e., without addition of coagulants) using cationic
and/or anionic polymers offers the possibility to completely replace the inorganic
coagulants with water-soluble organic polymers in chemical pretreatment under a
constant applied shear. The direct flocculation process can be classified into the
single and dual polymer systems. The single polymer system utilizes the medium
charge density with high molecular weight cationic polymer. The cationic polymer
serves as double acting polymer by first neutralizing the negative charge of the
particles (charge neutralization) and then visible flocs formation by bridging. The
dual polymer system is employed when the single polymer system failed to achieve
the desired flocculation. In this system, the cationic polymer is first added for charge
neutralization and bridging. The bridging-type long chain anionic polymer is then
added to further enhance the bridging effects by mechanically bridging the flocs into
larger and rapid settling flocs.

Although direct flocculation can be used to completely replace the inorganic
coagulants without the need of pH alteration and with less sludge generation, which
eventually lead to lower operational cost; the conventional coagulation-flocculation
process still remains for its attractiveness especially for the wastewater with
dissolved inorganic constituents which can only be precipitated as metal hydroxide
at the present of suitable coagulants. Thus, the selection between conventional
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coagulation-flocculation and direct flocculation is highly depending on the type
of wastewater and the understanding of the mechanism of flocculation is also
important to ensure successful treatment. Table 8.1 provides a brief overview on
the differences between coagulation-flocculation and direct flocculation which is
useful as a preliminary selection guideline between the two processes.

In this following section, the pretreatment of palm oil mill effluent (POME)
by using conventional coagulation-flocculation and direct flocculation is analyzed
as a case study to evaluate their differences. The direct flocculation of single and
dual polymer systems are also discussed to provide further insight on how dual
polymer system can improve the treatment efficiency of the single polymer system.
A preliminary cost analysis was also conducted to give a direct cost comparison
between the two systems.

8.3.1 Coagulation-Flocculation for POME Pretreatment

POME is a colloidal suspension of 95-96% water, 0.6—-0.7% oil, and 4-5% total
solids including 2—4% suspended solids originating from the mixture of a sterilizer
condensate, separator sludge, and hydrocyclone wastewater [36]. In the coagulation-
flocculation for POME pretreatment, alum (Envifloc 40L) and flocculant (Envifloc
20S), obtained from Envilab Sdn. Bhd., Malaysia, were used throughout the study
conducted by Ahmad et al. [16].

The coagulation results obtained from Ahmad et al. [16], which were plotted
in Fig. 8.5, shows that water recovery and the supernatant turbidity decreased at
the increasing pH from 4.5 to 9 when a constant coagulant dosage of 15,000 mg/L
was used. It is interesting to note that even though minimum turbidity value of the
supernatant at pH 9 was found, higher volume of sludge was generated due to the
weak flocs formation which led to the poor sedimentation and water recovery. This
indicates that further flocculation was required to enhance dense flocs formation for
improved sedimentation and water recovery.

Figure 8.6 depicts the effects of flocculant dosage on the coagulated POME
with the alum dosage of 15,000 mg/L at the pH of 6.5. The results show that the
flocculation enhanced the treatment efficiency by increasing the water recovery with
at least 10%. However, the water recovery and turbidity had a slight decrease with
an increasing flocculant dosage.

8.3.2 Direct Flocculation for POME Pretreatment

In the study of the direct flocculation process for POME pretreatment, the perfor-
mance of different type of cationic and anionic polymers at different dosage was
evaluated based on the selected operating parameters of temperature, stirring speed,
and stirring time. The efficiency of the direct flocculation process was evaluated
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Table 8.1 Differences between coagulation-flocculation and direct flocculation

Process Coagulation-flocculation Direct flocculation

Ability Able to remove highly soluble Able to remove the suspended and
solids and metals from the stabilized colloidal particles. It is
wastewater besides the only suitable when the removal of
insoluble portion the soluble portion is not the major

concern
Type of More suitable for inorganic Only suitable for organic-based
wastewater wastewater, e.g., wastewater wastewater with considerate

from semiconductor, metal suspended solids concentration,
plating, mining industries, e.g., food, paper, and pulp,
though it is also applicable to dyestuff, slaughtering house
organic based wastewater. Also
suitable for portable water
treatment where the water
source can be from river or
underground basins

Type of Addition of coagulants (metal Addition of flocculants (usually

chemicals for
the initial
stage

Type of chemical
for the
subsequent
stage

Other
requirements

Chemicals

Sludge generated

Overall treatment
cost

Operation

salts) to precipitate the
dissolved constituents into
complex metal hydroxide and
to neutralize the surface charge
of the suspended particles.
Relatively weak flocs will form

Addition of flocculants (usually
anionic polymers) for bringing
of the microflocs into visible,
dense, and rapid settling flocs

Requires additional chemicals of
caustic and acid for pH
adjustment due to the acidic
behavior of the coagulants
added and the desired
isoelectric point for
precipitation

Inorganic, inexpensive (per weight
basis), and readily available

Generates excessive volumes of
phytotoxic sludge and cannot
be readily disposed

More expensive due to the high
dosage of coagulants and
phytotoxic sludge disposal at
excessive volume

More complicated as it involves
more chemicals (coagulants
and flocculants), handling of
corrosive chemicals (acids and
caustics), and the need for an
exact pH adjustment

cationic polymers depending on
the surface charge of the particles)
to neutralize the surface charge and
mechanical bridging of the
suspended particles. Strong and
dense flocs can be readily formed
at this stage

Sometimes (quite rare) it requires the
addition of opposite charge
polymers (usually anionic
polymers) to further enhance the
dense flocs formation by bridging

No requirement for pH adjustment due
to the near neutral behavior of the
flocculants and its dependant on
charge neutralization without
undergoing precipitation

Organic, more expensive (per weight
basis) and readily available

Less sludge generation and readily for
disposal as the polymers are
organic in nature. However, it still
depends on the type of wastewater
treated

Less expensive due to the low dosage
of flocculants and nontoxic sludge
disposal at small volume

Easy as it usually involves only dosing
of one chemical (cationic polymer)
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Fig. 8.5 Effects of pH on the water recovery and supernatant turbidity for the coagulation of
POME (Reprinted from [16]. With kind permission of © Elsevier)
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Fig. 8.6 Effect of flocculant dosage to supernatant turbidity and water recovery (Reprinted from
[16]. With kind permission of © Elsevier)

based on the important responses in terms of suspended solids removal, chemical
oxygen demand (COD) removal, ratio of suspended solids concentration in the
filtrate to the supernatant, and water recovery. The study of these responses is
adequate to evaluate the overall performance of the direct flocculation process.
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Table 8.2 The supplier and price of cationic polymer

Type of cationic polymer Supplier Price* (RM/kg)
KP1200H Euro Chemo Pharma Sdn. Bhd. 19.80
Polyfloc KP9650 Dia-Chemical Sdn. Bhd. 13.50
KP7000 Euro Chemo Pharma Sdn. Bhd. 33.00
Envifloc 70KS Envilab Sdn. Bhd. 16.50
FO 4190SH Exotic Chemical Sdn. Bhd. 16.00

*The prices quoted as per private communications in 2004 are for reference only
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Fig. 8.7 Effect of cationic polymer dosage on (a) suspended solids removal and (b) COD removal
of POME for different type of cationic polymers

Other responses such as the removal of biological oxygen demand (BOD), and oil
and grease were not discussed in detail as the removal of BOD and oil and grease
showed a similar trend as the removal of COD and suspended solids, respectively.

8.3.2.1 Single Polymer System

In the single polymer system, only cationic polymer was added in the flocculation
process. Five types of cationic polymers (KP 1200H, Polyfloc KP 9650, KP 7000,
Envifloc 70KS, and FO 4190SH) as shown in Table 8.2 were evaluated. The
experiment was done on-site so that the experimental data were representative.
The performance of all the cationic polymers was evaluated at the dosage range of
100-600 mg/L while the other parameters of temperature (71°C, the on-site tem-
perature) and pH (4.1, the on-site pH) remained constant. The POME was stirred at
150 rev/min for 1 min after the addition of cationic polymer.

Figure 8.7a shows the effect of dosage for the cationic polymers on the suspended
solids removal. For all the cationic polymers, the highest suspended solids removal
(>99.4%) with the concentration less than 100 mg/L was achieved at the dosage
of 300-600 mg/L. However, Envifloc 70KS gave poorer performance in terms of
suspended solids removal compared to other polymers. The COD removal as shown
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Fig. 8.8 Effect of cationic polymer dosage on (a) Rg/s and (b) water recovery of POME for
different type of cationic polymers

in Fig. 8.7b was highest for all cationic polymers at the dosage of 300—600 mg/L
except for Polyfloc KP 9650. For Polyfloc KP 9650, the COD removal increased
as the dosage increased to 500 mg/L and slightly decreased at 600 mg/L. However,
the range of COD removal was small as it varied only from 53% to 61% for all the
cationic polymers.

The flocculation efficiency based on filtration study is measured in terms of the
water recovery and the ratio of suspended solids concentration in the filtrate to the
supernatant, Rg/s. An efficient flocculation should have Rg/s ~ 1. If Rg/s > 1, this
indicates that some fine flocs have been carried over to the filtrate, the flocs obtained
are easy to break, and thus it is not suitable to be dewatered.

Figure 8.8a shows the effect of cationic polymers dosage on the Rp/s value.
For all the polymers, the filtrate-suspended solids concentration at the dosage of
200 mg/L and below increased tremendously with Rg/s from 6 to 61. The filtrate-
suspended solids concentration increased tremendously at all dosages for KP 1200H
and FO 4190SH. This indicates that flocs generated were soft, weak, easy to break,
and were not suitable for dewatering process. Thus, KP 1200H and FO 4190SH
were not suitable in this system. For Polyfloc KP 9650 and Envifloc 70KS, the Rg/s
value at the dosage of 300 mg/L and above was close to unity (filtrate suspended
solids remained below 100 mg/L) and this indicates that flocs breakage did not occur
during filtration. This shows that the flocs were dense and therefore, suitable for
dewatering. Based on the observed results, the dosage of 300 mg/L was the optimum
dosage for the cationic polymer flocculation.

Figure 8.8b shows the water recovery for the cationic polymers at the dosage of
300 mg/L. Polyfloc KP 9650 gave the highest percentage of water recovery (56%)
at 10 s. The Envifloc 70KS and FO 4190SH achieved the maximum water recovery
of 56% after 60 s. This shows that Polyfloc KP 9650 had the best dewatering
capability followed by Envifloc 70KS. The FO 4190SH should not be considered
as it generated weak flocs as discussed in Fig. 8.8a. Between Polyfloc KP 9650 and
Envifloc 70KS, Polyfloc KP 9650 was chosen for the cationic polymer flocculation
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Table 8.3 The supplier and price of anionic polymer

Type of anionic polymer Supplier Price* (RM/kg)
AN 350M Euro Chemo Pharma Sdn. Bhd. 16.00
Polyfloc AP 8350 Dia-Chemical Sdn. Bhd. 12.70
Polyfloc AP 8300 Dia-Chemical Sdn. Bhd. 12.70

*The prices quoted as per private communications in 2004 are for reference only

system as it offered lower price. Though Polyfloc KP 9650 demonstrated the best
dewatering capability, the water recovery of 56% was still very low compared to
the desired water recovery of 75%. In addition, though the maximum suspended
solids removal of >99.4% with the concentration of <100 mg/L was achieved, the
performance was still poor compared to the desired suspended solids concentration
of <50 mg/L. Therefore, addition of anionic polymer flocculation was needed to
enhance the suspended solids removal and dewatering capability of the flocculation
system.

8.3.2.2 Dual Polymer System

In the dual polymer system, the cationic polymer was first added and followed
by anionic polymer to enhance the performance of flocculation process. The
flocculation of POME by using anionic polymer was aimed to achieve the suspended
solids concentration of less than 50 mg/L and water recovery of more that 75% to
meet the physical constraint of the subsequent treatments. The anionic polymers of
AN 350M, Polyfloc AP 8350, and Polyfloc AP 8300 as shown in Table 8.3 were
evaluated. This experiment was also done on-site so that the experimental data were
representative. The performance of the anionic polymers was evaluated at the dosage
range of 10-60 mg/L at the fixed parameters of cationic polymer dosage (300 mg/L),
cationic polymer type (Polyfloc KP9650), temperature (71°C, on-site temperature),
and pH (4.1, on-site pH). The POME was stirred at 150 rev/min for 1 min after the
addition of cationic polymer and 50 rev/min for 1 min after the addition of anionic
polymer.

Figure 8.9a shows that the suspended solids removal increased when the anionic
polymer dosage increased. The suspended solids concentration of less than 50 mg/L
with the removal of more than 99.7% was achieved at the dosage of 50-60 mg/L for
AN 350M and Polyfloc AP 8350. Polyfloc AP 8300 showed the lowest performance
in terms of suspended solids removal and failed to achieve the desired concentration
of 50 mg/L for all the dosage. Figure 8.9b shows that the COD removal increased
when the anionic polymer dosage increased with the Polyfloc AP 8350; it also gave
the highest COD removal. However, the range of COD removal was small as it was
varied only from 53% to 61% for all the anionic polymers.

Figure 8.10a shows that the Rg/s remained at the value close to unity for the
dosage of 50-60 mg/L. This indicates that the floc breakage during filtration at the
dosage of 50 mg/L and above was very minimal. It shows that, the floc formed
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Fig. 8.10 Effect of anionic polymer dosage on (a) Rr/s and (b) water recovery of POME for
different type of anionic polymers

was dense and suitable for the dewatering process. Based on these findings, the
anionic polymer dosage of 50 mg/L was recommended. Figure 8.10b shows the
water recovery of the anionic polymers at the dosage of 50 mg/L. Both AN 350M
and Polyfloc AP 8350 gave the highest water recovery with 78% achieved in just
10 s while Ployfloc AP 8300 gave poor water recovery. Based on the price of anionic
polymers shown in Table 8.3, the Polyfloc AP 8350 was cheaper than the AN 350M.
Therefore, the anionic polymer chosen was Polyfloc AP 8350.

8.3.3 Preliminary Cost Analysis

A preliminary cost analysis presented in Table 8.4 was carried out to evaluate
and compare the treatment costs between the direct flocculation of POME and
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Table 8.4 Comparison of the treatment costs between the direct flocculation of POME and the

conventional coagulation-flocculation process

Conventional
Parameters Direct flocculation pretreatment®
Ist stage Type of coagulant/flocculant Cationic polymer Alum
Dosage of coagulant/flocculant 300 mg/L POME 15,000 mg/L POME
treated treated
Unit cost of coagulant/flocculant RM 15.50/kg RM 1.00/kg
Total cost of coagulant/flocculant ~ RM 4.65/m* POME RM 15.00/m*
treated POME treated
2nd stage  pH adjustment Not needed Needed
3rd stage Type of flocculant Anionic polymer Cationic polymer
Dosage of flocculant 50 mg/L. POME 300 mg/L. POME
treated treated
Unit cost of flocculant RM 9.00/kg RM 11.00/kg

Total cost of flocculant
Total treatment cost

Suspended solids removal
COD removal

Oil and grease removal
Water recovery

RM 0.45/m> POME
treated

RM 5.10/m> POME
treated

99.66%

55.79%

99.66%

80.78%

RM 3.30/m> POME
treated

RM 18.30/m?
POME treated

>99%

>50%

>99%

78%

“The literature data obtained from Ahmad et al. [16, 17]

the conventional coagulation-flocculation process [16, 17]. The cost estimates were
based on the current market price in Malaysia for all the materials as quoted by
suppliers. Based on the comparison of treatment efficiency between direct floccula-
tion and conventional pretreatment of POME in terms of water recovery, suspended
solids, COD, oil and grease removal, the direct flocculation showed comparable
treatment efficiency if it was not better. However, without even considering the
cost of chemical used in pH adjustment for the conventional pretreatment, the total
treatment cost of conventional pretreatment was 3.6 times higher than the total
treatment cost of direct flocculation. Therefore, direct flocculation was more cost
effective than the conventional pretreatment of POME.

8.4 Process Modeling and Simulation
for Flocculation Process

PBM of Smoluchowski [18] is commonly used for modeling aggregation phenom-
ena in colloidal suspensions. In the aggregation-fragmentation processes, fragmen-
tation is generally assumed to take place only due to fluid stress and not due to
collisions between different aggregates, though it is also possible. The incorporation
of both aggregation and fragmentation kinetics in the PBM is given by the following
partial integral-differential equation [18]:
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oo

—/ot(v,u)ﬂ(v,u) n(v,t) n(u,t) du

0

an (v,1)
o

v

+%/a(v—u,u),3(v—u,u) n(v—u,t) n(ut) du

0

—SW)yn,t)+ / S(u)y (v,u) n(u,t) du (8.1)

where 7 is the number concentration of particles or aggregates, v and u are particle
or aggregate volumes, ¢ is flocculation time, « is collision efficiency factor, B is
collision frequency factor, S is the specific rate constant of fragmentation, and y
is breakage distribution function. The first term in the Eq. 8.1 accounts for loss
or disappearance of particles or aggregates of size v due to their interaction with
primary particles or aggregates belonging to all sizes. The second term represents
the growth of aggregates due to the interaction between primary particles and
aggregates belonging to smaller size classes. The third term accounts for the loss
of aggregation due to fragmentation while the last term represents generation
of primary particles or smaller aggregates due to breakage or erosion of larger
aggregates.

Equation 8.1 is a stochastic model. It is necessary to employ numerical solution
after discretizing the equation with respect to size into a set of nonlinear ordinary
differential equation (ODE). Based on the geometric discretization techniques
[19], the rate of change of particle or aggregate number concentration during the
simultaneous aggregation and fragmentation is given by the following discretized
and lumped PBM:

dN; 1 =2

2 i
T 2 ®i—1,i—1Bi—1.i—-1 N;_y + Ni—i ;2] oy jBic1 N
i—1 maxi maxy
—Ni 22]_'0li,j,3i,ij—Ni Zai,jﬁi,ij — SiN; + Z Yij Sj Nj
j=1 j=i j=i

(8.2)

where N; is number concentration of particles or aggregates in section i, max
is maximum number of sections used to represent the complete aggregate size
spectrum, and max, corresponds to the largest section from which flocs in the
current section are produced by fragmentation. The first and second terms on the
right of Eq. 8.2 account for growth, while the third and fourth terms account for loss
of aggregates by aggregation, fifth term accounts for the loss of aggregates due to
fragmentation, and the last term account for generation of smaller aggregates due
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to breakage or erosion. The flocculation can be visualized as a three-step process:
aggregate transport represented by the collision frequency factor, B; ;, attachment
given by the collision efficiency, «; ; and aggregates breakage represented by the
specific rate constant of fragmentation, S;, and breakage distribution function y; ;.

8.4.1 Collision Frequency

In the wastewater treatment system, orthokinetic aggregation (aggregation due to
applied shear) is often preferred. Shear is applied by the stirring motion of impeller
to accelerate aggregation process. The collision frequency factor of orthokinetic [15]
is given by:

4 3
,Sl; = gG( Egire + ‘/Efjrcj) (8.3)

where G is the global average fluid velocity gradient or shear rate, r; or r¢; is
the floc collision radius, and Ey is the fluid collection efficiency of an aggregate.
The Ef is in the range of 0 < E; < 1. The collision frequency factor for permeable
aggregates can be reverted to those for rigid spheres (rectilinear model) by setting
E;equal to 1. If the Ef is less than 1, it is curvilinear model [20, 21]. The shear rate,

G can be obtained as [22]:
Npp N3D> €
G = Nep N7 = \/E (8.4)
\/ |47} v

where Np is the power number of impeller, p is density of the suspension, N is
rotational speed, D is the impeller diameter, V' is the volume of the suspension, u is
the fluid dynamic viscosity, € is the average turbulent energy dissipation rate, and v
is the kinematic viscosity. The flocs collision radius of an aggregate, r.; containing
n, primary particles is given by [23]:

1/dr
Noi
ci — To\ ~ 8.5
T T (CL) (8.5)

where C| is the aggregate structure prefactor, r, is composite radius of a particle
with adsorbed polymer layers, and dr is the fractal dimension. The collision
frequency of Eq. 8.3 can be computed by assigning appropriate values of dp. The
fractal dimension is an indirect indicator of the flocs structure and its openness. The
fractal dimension is used to incorporate the qualitatively analysis of flocs structure
into the PBM which is quantitative (number and radii of flocs).
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8.4.2 Collision Efficiency

The collision efficiency factor is computed as the reciprocal of the Fuchs’ stability
ratio, W between the primary particles [15]:

eXP(VT/KBT)

5 (8.6)

o0
Wij = (roi + o) /

Toi +roj

where V7 is net interaction energy between two primary particles of radii ro; and r,;,
s is the distance between particles centers (s = ro; + oj + ho), ho is the minimum
separation distance between particle surfaces, Kp is the Boltzmann constant, and 7'
is the suspension temperature.

In the DLVO (Derjaguin Landau Verwey Overbeek) theory [15, 24, 25], the net
interaction energy between two primary particles, V7 is equal to the sum of Van
der Waals energy Vyq4w, electrical double layer repulsion V.q, and energy of steric
repulsion or bridging attraction V.

Vr = Vigw + Vear + Vs (8.7)

8.4.2.1 Van der Waals Energy

In the case where inorganic coagulant is used as the coagulant, the van der Waals
energy of attraction between bare particles, V2 should be considered [15].

vdw
s?— (roi + roj)2
5 s+ ——=
$2 = (roi +710j)" 82— (roi — roj) 52— (roi — 1oj)
(8.8)

no_ 4
vdw 6

2r0ir0j 2r0,-r0j

where A is the Hamaker constant of solids across the solvent medium. However, in
the case where polymer is used, the adsorbed polymer layers on the particles should
be considered. The expression for the Van der Waals energy for the case of two
solids of the same kind with equal adsorbed polymer layer thickness is [15, 26]:

—12V5, = Hay (407 = A32) (A7 = A2) + Hypy (4} = 4)7)

vdw pi si
% <A1/2 A1/2) + leS] (Al/z A1/2) (Al/z Al/z)

+ Hyjo (47 =A%) (4 = ay?) (8.9)

PJ sJ
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where A,, Ay, As is the Hamaker constant of the solids, solvent, and polymer
respectively across vacuum, H( ,) is the unretarded geometric functions. The
retardation effect is incorporated by multiplying the unretarded van der Waals
energy between the polymer coated particles with a correction function, fre,) [27].

brho AR
=1- In{1 1
fR(ho) AR n( + thO) (8 0)

AR is the characteristic wavelength of interaction, 100 nm and by is a fitting
parameter of 5.32.
8.4.2.2 Electrical Double Layer Repulsion

The interaction energy due to the electrical double layers between two spheres of
radii, (ro; and r,;) and surface potentials, ¥,; and v/, ; is given by [28]:

KgT\* Toj : :
Vear = 647T808r( 2 ) ( ToiTo) ) tanh (Zcellfm ) tanh (Zcelﬂw ) exp (—K )
Zc€e Foi + roj 4KBT 4KBT

8.11)

where e is the elementary charge, z. is the valence of counter ion, &,, & are the
dielectric constant of vacuum and the solvent, and K is the Debye-Hiickel parameter
which is defined as [29]:

2 2
_ Nave' ) miz;
SOSrKBT

K (8.12)

where N,y is the Avogadro’s number, m; is salt concentration, and z; is valence of
electrolyte ions. The 7 in Eq. 8.12 refers to an electrolyte species in solution.

8.4.2.3 Bridging Attraction

The interaction energy due to bridging attraction (V;) is dependent on the adsorbed
polymer layers. It is important to understand the electrochemical changes brought
by the adsorbed polymer on particle surfaces. The scaling theory [30, 31] is used
to compute forces due to adsorbed polymer layers. It was chosen because it permits
derivation of analytical formulas for interaction between spherical particles. The
scaling theory is based on minimization of a surface free energy functional subject
to the constraint that total amount of polymer adsorbed is fixed in the region
between two surfaces having adsorbed layers. The interaction energy due to bridging
attraction between two unequal polymer-coated spheres can be computed as [25]:
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276l asc KgT
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where § is adsorbed polymer layer thickness, s, is numerical constant which can
be obtained from osmotic pressure and light scattering experiments on polymer
solution, ay, is effective monomer size, I" is total amount of polymer adsorbed on
a single surface, Dy is the scaling length, @y, is polymer concentration at a single
saturated surface, and I',, is adsorbed amount at saturation.

The proposed scaling theory of Eq. 8.13 is based on flocculation in the absence of
shear. When shear is applied, there will be lateral sliding and friction forces besides
the normal forces. Due to the lateral shear stress, the adsorbed polymer chains may
swell or stretch because of the fluid velocity gradients and osmotic pressure can
increase as the fluid tries to squeeze out of the gap between particle surfaces. The
chain may get desorbed if the shear rate is too high. However, shear forces between
surfaces covered with adsorbed polymers have not been studied, either theoretically
or experimentally [25]. Due to current limitations, the scaling theory is being applied
in the modeling of flocculation under applied shear by ignoring the sliding and
friction forces on the adsorbed layer.

8.4.3 Aggregates Breakage

The increase of collision frequency by applying shear does not necessary result in
high rates of flocculation. Aggregates breakage or fragmentation often occurs due
to shear stress especially at high stirring speed. The parameters used to compute
the aggregates breakage is the specific rate constant of fragmentation, S; and the
breakage distribution function, y; ;. The specific rate constant of fragmentation, S;

is defined as [15, 23]:
PENVEN
_ € —Eb.i
S’_(lsn) (v) eXp( z ) (8.14)

where ¢, ; is the critical turbulent energy dissipation rates at which floc breakage
takes place. The breakage distribution function, y; ; is a fitting parameter.

8.4.4 Dynamic Scaling

As aggregation proceeds, flocs develop as porous object with highly irregular and
open structures. PBM represent aggregation process quantitatively (number and
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radii of flocs); however, it does not compute the aggregates quality in terms of flocs
compactness. Flocs quality, besides having large aggregate radii, and compactness
of the flocs is also crucial to assist sedimentation and liquid-solid separation. The
fractal dimension, df is a simple parameter to represent the complex structure of
aggregates. The fractal dimension falls in the range of 1 <dr <3 [32]. The formed
aggregates are more compact when the system has high fractal dimension. The
fractal dimension of polymer flocculated flocs ranges from 1.7 to 2.5 [21]. The
fractal dimension can be computed by using the scaling law for mean aggregate
size as a function of time [33]:

7ot/ (8.15)

where 7 is the mass mean aggregate radius. A plot of log (7) against log (¢) will be
a straight line and dr can be obtained as the reciprocal of the slope.

8.4.5 Solution of the Model

Equation 8.2 of discretized PBM forms the governing equation for the flocculation
process. The time evolution floc size distribution data can be predicted from Eq. 8.2
once the parameters of collision frequency factor, B; ;, collision efficiency, «; ;, and
specific rate constant of fragmentation, S; are specified. The collision frequency
factor, B; ; can be calculated from the Eqs. 8.3, 8.4, and 8.5 once the value of
fractal dimension, dp is obtained from the dynamic scaling based on Eq. 8.15. The
collision efficiency, o; ; can be obtained from the Egs. 8.6, 8.7, 8.8, 8.9, 8.10, 8.11,
8.12, and 8.13 which accounts the effects of van der Waals energy, VV‘C/IW, electrical
double layer repulsion, Vg and bridging attraction, V;. The specific rate constant of
fragmentation, S; can be obtained from Eq. 8.14. The discretized PBM of Eq. 8.2
forms a set of nonlinear ODEs and can be solved numerically by the orthogonal
collocation technique [34]. The Eq. 8.2 coupled with Eqs. 8.3, 8.4, 8.5, 8.6, 8.7,
8.8,8.9,8.10,8.11, 8.12, 8.13, and 8.14 can be solved using any computer software
package, e.g., Matlab 7.0 following the algorithm as shown in Fig. 8.11.

8.5 Type of Flocculants and Their Applications

It is always a challenging task to select an appropriate polymer for a specific
wastewater treatment due to its wide availability from the manufacturers. The
characteristics in terms of type of charge, molecular weight, molecular structure,
and charge density are always used for the polymer’s classification. The knowledge
on the polymer characteristics as shown in Table 8.5 will aid in polymer selection;
however, preliminary bench testing of polymers by using standard jar tests is the
most important part of the selection process to identify the specific polymer, its
dosage, and mixing requirements.
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Operating Parameters Physical Parameters
polymer dosage, initial particle concentration and
flocculation time, stirring mean diameter, suspension
speed, temperature, etc. density, viscosity, etc.
[ |
Collision Frequency Factor Specific Rate Constant Collision Efficiency
Egs. 8.3-8.5 Eq. 8.14 Egs. 8.6-8.13
Fractal Dimension Surface Potentials
dynamic scaling Eq. 8.15 fitting parameter
A

Initial guess of the number concentration
of particles/aggregates, N;

|

| Calculation of N; .uiaeq USING PBM of Eq. 8.2 |

.

|Ca|cu|ation of volume fraction, V; .. cutarea USING N,

!

Comparison between V; and V;

i,calculated i, experimental

i.calculated|

No

Fig. 8.11 Flow diagram of the algorithm for solution of the governing equations

To date, there are some world’s leading manufacturers of flocculants for water
and wastewater treatment, which include SNF, Inc., a subsidiary of SNF Floeger,
France, Ciba Specialty Chemicals Corporation, Germany, BASF-The Chemical
Company, Germany, Dia-Nitrix Co., Ltd., Japan, Stockhausen, Inc., Germany,
Sanyo Chemical Industries, Ltd., Japan, Mitsui Chemical Aqua Polymer Inc., Japan,
CYTEC Industries, USA, Kolon Industries, Inc., and Korea. There are also many
more other manufacturers especially from China and Korea. Table 8.6 provides
some general rules on polymer selection based on the experience obtained from
SNF Floerger. Looking at the great diversity of the flocculants, this could offer
some limited helps to narrow the flocculants selection prior to the jar test. Even
s0, there are no specific rules of thumb to give systematic guidelines on flocculants
selection but cumulated experience in hands-on flocculation experiments is the most
important key to instant selection of the right flocculants.
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Table 8.5 Characterizing polymers based on their classification

Type

Nonionic

Very low charge density, typically known as polyacrylamide, flocculates through bridging
Anionic

Negatively charged, and normally used for bridging

Cationic

Positively charged, double acting ability: charge neutralization and bridging

Amphoteric

Exhibit both cationic and anionic behavior

Physical form*

Powder

Advantage: Contains 100% active matter

Liquid

Advantage: Simplicity of use

Emulsion

Advantage: Easy to use and an increased efficiency on certain applications due to the specific
molecular structures

Beads

Advantage: Absence of dust and rapid dissolution

Dispersion

Advantage: Ability to be directly fed inline without any expensive makeup equipment or aging
time. They have also been found efficient in phase separation of flotation processes

Molecular weight

Very high >10,000,000 g/mol

High 1,000,000-10,000,000 g/mol
Medium 200,000-1,000,000 g/mol
Low 100,000-200,000 g/mol
Very low 50,000-100,000 g/mol
Very, very low <50,000 g/mol

Charge density

Very high

High

Medium

Low

Very low

4Data obtained from SNF FLOERGER

8.6 Industrial Applications of Direct Flocculation

Ever since the introduction of flocculants, industrial applications of direct floc-
culation in water and wastewater treatment is very minimal compare to the
conventional coagulation-flocculation though it is widely applied in sludge con-
ditioning and dewatering. One of the major reasons is the inadequate knowledge
and understanding of the water chemistry, colloidal particles surface behaviors,
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Table 8.6 General rules for polymer selection

Industries Nonionic flocculants Anionic flocculants Cationic flocculants
Agri foodstuff

Sludge treatment Vi

Water treatment v Vi

Dyeing

Sludge treatment Vi

Water treatment

Paper making
Sludge treatment
Water treatment

Chemical industry
Sludge treatment
Water treatment VA
Effluent with oil

D S SO

Mechanical industry
Sludge treatment 4/
Water treatment VA
Effluent with oil

NN

Municipal effluent
Sludge treatment
Water treatment Vv

Note: data obtained from SNF Floerger

S G S U NG NG U O

<

and flocculation mechanisms. In some cases, the wastewater treatment plants are
designed, constructed, and commissioned together with the processing plants by a
team of engineers who are not environmental engineers.

Tables 8.7 and 8.8 provide some examples of successful cases where the
conventional coagulation-flocculation processes were completely replaced by direct
flocculation processes in Malaysia. The treatment efficiencies were evaluated by
focusing only on suspended solids reductions as the major role of direct flocculation
was to remove the stabilized colloidal particles. Table 8.7, which summarizes the
industrial applications of direct flocculation for single polymer system, shows that
cationic polymers with very high molecular weights indicating long chains type
were used in majority to flocculating the suspended solids regardless on their
influent concentrations. As a general rule, the higher influent suspended solids
concentration, the higher cationic polymer dosage required. However, it is not
always applicable as the polymer dosage required still depends highly on the
wastewater characteristic. In certain occasions, dual polymer system as in Table 8.8
was used to enhance the treatment efficiency, where cationic polymers were always
added for charge neutralization and bridging, followed by anionic polymers for only
mechanical bridging. It is important to note that the direct flocculation was able
to achieve high suspended solids removal with more than 90% at reasonable cost
reductions as compared to the conventional coagulation-flocculation process.
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8.7 Adsorption-Flocculation for Boron Removal
from Wastewater

A novel adsorption-flocculation method proposed for the removal of boron and
clarification of ceramic wastewater is an innovative approach for direct flocculation
application. In ceramic industry, the wastewater is highly turbid due to the existence
of fine solid particles (clay) besides having high boron concentration. The palm oil
mill boiler (POMB) bottom ash was used as an alternative adsorbent and after boron
adsorption on POMB bottom ash, the suspended particles as well as the bottom ash
were flocculated by using the long chain polymer flocculant [35].

The optimum operating conditions for boron removal by using adsorption-
flocculation process was obtained following a standard jar test. The optimum
operating conditions and the quality of the treated wastewater are shown in
Tables 8.9 and 8.10 respectively. At the proposed optimum operating condition
as shown in Table 8.9, the boron concentration was reduced from 15 to 3 mg/L
which was lower than the legislation requirement by Malaysia Department of
Environment (DOE) in Standard B, 4 mg/L. (Environmental Quality Act 1974).
Standard B is classified corresponding to the location of the industrial area, which
is the downstream region of the water reservoir. The suspended solids concentration
of the wastewater was also greatly reduced. The suspended solids concentration of
the wastewater was reduced to less than 5 mg/L. This was well below the DOE
requirement in Standard B of 100 mg/L.

Table 8.9 Optimum operating conditions for adsorption-flocculation

Process Parameter Optimum conditions
Adsorption pH 8
Dosage (g bottom ash/ 300 mL wastewater) 40
Residence time (h) 1
Mixing speed (rpm) 100
Flocculation  Flocculant type® KP1200B AP 120C
Dosage (mg flocculant/L wastewater) 100 50
Mixing speed (rpm) 200
Mixing time (min) 1

Reprinted from [35]. With kind permission of © Elsevier
4Supplied from Dia-Chemical Sdn. Bhd.

Table 8.10 Boron, suspended solids, and COD values before and after treatment
compared to DOE standards

Parameter Raw wastewater  Treated wastewater =~ DOE Standard B
Boron (mg/L) 15 3 4

Suspended solids (mg/L) 2,000 5 100

COD (mg/L) 46 22 100

pH 6 9 5-9

Source: Chong et al. [35]
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The COD concentration and pH level of the treated wastewater was tested in
order to ensure that the treated wastewater was in the allowable range for discharge.
The COD concentration was 22 mg/L with the pH of 9.0. Thus, no further treatment
for COD was required but a final pH adjustment was needed.

Nonetheless, looking at the optimum dosage of 40 g of bottom ash/300 ml
of wastewater, this will result in applying 133 kg of bottom ash to purify every
cubic meter of wastewater. This implies that the proposed treatment scheme is
only suitable for the industries having small volume or low concentration of boron
contaminated wastewater. The bottom ash is dosed directly into the adsorption
tank or readily available tank without major (or any) modification in their existing
treatment plant and this is the major benefit of the proposed adsorption-flocculation
mechanism. In the case of high volume or concentration of boron contaminated
wastewater, column operations should be considered.
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