
COAGULATION AND 
FLOCCULATION



Coagulation and flocculation are 
designed to

• Remove infectious agents,

• Remove toxic compounds that have adsorbed 
to the surface of particles,

• Remove precursors to the formation of 
disinfection byproducts, and

• Make the water palatable.



• Colloidal particles are in the size range between dissolved 
substances and suspended particles.

• They are in a solid state and can be removed from the liquid by 
physical means such as very high-force centrifugation or by 
passage of the liquid through filters with very small pores.

• Colloidal particles are too small to be removed by 
sedimentation or by sand filtration processes. 

• The object of coagulation (and subsequently flocculation) is to 
turn the small particles into larger particles called flocs, either 
as precipitates or suspended particles.



CHARACTERISTICS OF PARTICLES

1.Electrical Properties: This charge arises in four 
principal ways:

• Ionization:

• Adsorption: A solute becomes bound to the solid 
surface, for example, a humic acid or natural color on 
a silica surface. These large macromolecules have 
carboxylic acid groups that dissociate at pH values 
greater then 5 to form negative ions.



• Isomorphous replacement: Under geologic conditions, the 
metal in a metal oxide is replaced by a metal atom with a 
lower valence. For example, if, in an array of solid SiO+2 
tetrahedra, an Si atom is replaced by an Al atom (Al+3 has one 
less electron than Si+4), the lattice becomes negatively 
charged.



• Structural imperfections: In the formation of the 
mineral crystal, bonds are broken on the edge of the 
crystal. These lead to development of surface 
charge.



2. Electrical Double Layer:





3. Zeta Potential

The electric potential 
between the shear plane 
and the bulk solution is 
called the zeta potential.
•Empirically, when the 
absolute value of the zeta 
potential is reduced 
below 20 mV, rapid 
flocculation occurs.



4. Particle Stability: Because the particles have a net negative 
charge, the principal mechanism controlling stability is 
electrostatic repulsion.

• Van der Waals forces arise from magnetic and electronic 
resonance when two particles approach one another. Because 
the double layer extends further into solution than the van 
der Waals forces, an energy barrier is formed that prevents 
particles from aggregating.





COAGULATION THEORY

Coagulants characteristics:

• They are nontoxic at the working dosage.

• They have a high charge density.

• They are insoluble in the neutral pH range.







Physics of Coagulation

There are four mechanisms employed to destabilize natural 
water suspensions:

• Compression of the electric double layer,

• Adsorption and charge neutralization,

• Adsorption and interparticle bridging

• Enmeshment in a precipitate.

Although these mechanisms are discussed separately, in practice 
several mechanisms are employed simultaneously.



Compression of the Double Layer

• If the electric double layer is compressed, the repulsive force 
is reduced and particles will come together as a result of 
Brownian motion and remain attached due to van der Waals 
forces of attraction. Both the ionic strength and the charge of 
counterions are important in the compression of the double 
layer.

• If the double layer can be reduced to less than 1nm, a rapidly 
flocculating suspension is formed.







Adsorption and Charge Neutralization

• Hydrolyzed metal salts, prehydrolyzed metal 
salts, and cationic polymers have a positive 
charge. They destabilize particles through 
charge neutralization.



Adsorption and Interparticle Bridging

• Schematically, polymer chains such as poly-
DADMAC and epi-DMA adsorb on particle 
surfaces at one or more sites along the 
polymer chain. 



• The adsorption is a result of (1) coulombic, 
charge-charge interactions, (2) dipole 
interaction, (3) hydrogen bonding, and (4) van 
der Waals forces of attraction. Other sites on 
the polymer chain extend into solution and 
adsorb on surfaces of other particles, thus 
creating a “bridge” between the particles. This 
bridge results in a larger particle that settles 
more quickly and forms a more dense sludge.



Enmeshment in a Precipitate

• With doses exceeding saturation for the metal 
hydroxide, aluminum and iron salts form 
insoluble precipitates and particulate matter is 
entrapped in the precipitate. This type of 
destabilization has been described as sweep 
coagulation.

• In water treatment applications the mechanism is 
hypothesized to be nucleation of the precipitate 
on a particle surface followed by growth of an 
amorphous precipitate that entraps other 
particles.



CHEMISTRY OF COAGULATION

• The chemistry of coagulation is extremely 
complex.

• Because metal coagulants hydrolyze to form 
acid products that affect pH that in turn 
affects the solubility of the coagulant, it is 
useful to begin with a review of a few basic 
concepts that will help explain the interaction 
of coagulants and pH.



Buffer Solutions

• A solution that resists large changes in pH when an 
acid or base is added or when the solution is diluted 
is called a buffer solution. A solution containing a 
weak acid and its salt is an example of a buffer. 
Atmospheric carbon dioxide (CO2) produces a natural 
buffer through the following reactions:





Alkalinity

• Alkalinity is defined as the sum of all titratable bases down to 
about pH 4.5. It is found by experimentally determining how 
much acid it takes to lower the pH of water to 4.5. In most 
waters the only significant contributions to alkalinity are the 
carbonate species and any free H  or OH.

• In most natural water situations (pH 6 to 8), the OH  and H  
are negligible, such that









Aluminum







Iron



pH and Dose

• Two important factors in coagulant addition are pH 
and dose. The optimum dose and pH must be 
determined from laboratory tests. The optimum pH 
range for alum is approximately 5.5 to 7.7 with 
adequate coagulation possible between pH 5 and 9 
under some conditions.

• Ferric salts generally have a wider pH range for 
effective coagulation than aluminum, that is, pH 
ranges from 4 to 9



Jar test



Jar Testing Procedure

Jar tests can be used to evaluate the coagulation 
efficiency of a coagulant.  

It consists of six 1-Liter beakers or 2-Liter square 
jars and a gang mixer. 

A jar test is performed by first adding the same 
alum dose and varying the pH in each jar.  

The test can be repeated by holding the pH and 
varying the coagulant dose.



Jar Testing Procedure



Jar Testing Procedure





Jar Testing Procedure

Example - In this example, two sets of jar tests 
were conducted on a raw water containing 15 
NTU and an HCO3

- alkalinity of 50 mg/L 
expressed as CaCO3. Given the data below, find 
the optimal pH, coagulant dose, and the 
theoretical amount of alkalinity that would be 
consumed at the optimal dose.



Jar Testing Procedure
Jar Test 1 

Test number 1 2 3 4 5 6 

pH 5.0 5.5 6.0 6.5 7.0 7.5 

Alum dose (mg/L) 10 10 10 10 10 10 

Turbidity (NTU) 11 7 5.5 5.7 8 13 

 
Jar Test 2 

Test number 1 2 3 4 5 6 

pH 6.0 6.0 6.0 6.0 6.0 6.0 

Alum dose (mg/L) 5 7 10 12 15 20 

Turbidity (NTU) 14 9.5 5 4.5 6 13 

 

Solution:  The above results are plotted in the 
following figures.  



Jar Testing Procedure

pH



Jar Testing Procedure

Alum Dose, mg/L



Jar Testing Procedure

Solution:  Base on the plots of the data, the 
optimal pH was chosen as 6 and the optimal 
alum dosage was about 12 mg/L.  

The experiments may be repeated using a pH of 
6 and varying the alum dose between 10 and 15 
mg/L to pinpoint the optimal conditions.  



COAGULATION PRACTICE 

The selection of the coagulant and the coagulant dose 
is a function of the characteristics of:

• coagulant (including its price)

• concentration and type of particles

• NOM

• water temperature

• alkalinity and phosphorus
There is no formal approach to incorporate this collection 

of variables in the selection process. Jar test experiments 
and experience play a large role in the selection process.



Overview

• High turbidity, high alkalinity water is the easiest to coagulate. Alum, 
ferric chloride, and high molecular weight polymers have been used 
successfully for these waters.

• Control of the pH is of utmost importance in coagulating high turbidity, 
low alkalinity water. Polymers function well. Addition of a base may be 
required for alum and ferric chloride.

• Alum and ferric chloride at high doses can coagulate low turbidity, high 
alkalinity waters. A combination of alum followed by polymer often 
works well. For this system, that is, low turbidity and high alkalinity, 
polymers cannot work alone. Coagulant aids may be required.

• Low turbidity, low alkalinity waters are the most difficult to coagulate. 
Neither polymers nor alum/ferric chloride work alone when the turbidity 
and alkalinity are low. pH adjustment is required. Direct filtration should 
be considered for this type of water.

• Coagulation of color is very pH dependent. Alum, ferric chloride, and 
cationic polymers are effective at pH values in the range of 4 to 5. The 
floc that are formed in coagulating color are very fragile.



Polymer

• In rare instances, usually when the turbidity and alkalinity 
are high, cationic polymers (poly-DADMAC and epi-DMA) 
have been used as primary coagulants, but their use 
typically has been in conjunction with a metal salt. The 
main advantage of using polymers in conjunction with 
metal salts is the ability to reduce the metal salt 
concentration and resulting sludge production by 40 to 80 
percent.

• The epi-DMA dose generally decreases as the pH increases. 
The dose for poly-DADMAC is only slightly affected by pH.
Typical dosages are on the order of 1 to 10 mg/L.

• Polymers are not effective in removing NOM.



Coagulant Aids

• Insoluble particulate materials such as clay, 
sodium silicate, pure precipitated calcium 
carbonate, diatomite, and activated carbon have 
been used as coagulant aids. They are used in 
waters that have low concentrations of particles 
and, thus, have few nucleating sites to form 
larger floc. Because their density is higher than 
most floc particles, floc settling velocity is 
increased by the addition of coagulant aids. The 
dosage must be carefully controlled to avoid 
lowering the water quality.



Flocculant Aids

• Uncharged and negatively charged polymers 
are used as flocculant aids. Their purpose is to 
build a stronger floc. They are added after the 
coagulants are added and the particles are 
already destabilized.

• Activated silica and sodium silicate are 
common flocculant aids. 



FLOCCULATION THEORY

• Smoluchowski (1917) observed that small 
particles undergo random Brownian motion 
due to collisions with fluid molecules and that 
these motions result in particle to particle 
collisions.

• Langelier (1921) observed that stirring water 
containing particles created velocity gradients 
that brought about particle collisions. 



Microscale Flocculation

• The flocculation of small particles (less than 0.1 
µm) is caused by diffusion. The rate of 
flocculation is relative to the rate at which the 
particles diffuse. Thus, the primary mechanism of 
aggregation is through Brownian motion. 

• This aggregation is called microscale flocculation 
or perikinetic flocculation. After a period of 
seconds, the microflocs range in size from 1 to 
about 100 µm in diameter.



Macroscale Flocculation

• Mixing is the major flocculation mechanism 
for particles greater than 1 µm in diameter. 
This mechanism is known as macroscale
flocculation or orthokinetic flocculation. 
Mechanical mixing is employed to achieve 
orthokinetic flocculation.



• Mechanical mixing causes unequal shearing 
forces on the floc, and some of the floc are 
broken up. After some period of mixing, a 
steady state distribution of floc sizes is 
achieved and formation and breakup become 
nearly equal.



Differential Settling

• Because the floc particles are of different size, 
they settle at different rates. Differences in the 
settling velocities cause the particles to collide 
and flocculate.



Chemical Sequence

• The addition of multiple chemicals to improve 
flocculation is common practice. The order of addition 
is important to achieve optimum results at minimum 
cost. Typically, the addition of a polymer after the 
addition of hydrolyzing metal salts is most effective. 
Ideally, the polymer addition should be made 5 to 10 
min after the addition of the hydrolyzing metal salt. 
This allows for the formation of pinpoint floc that is 
then “bridged” by polymer.

• In conventional water treatment plant design this is 
rarely possible because of space limitations.



MIXING THEORY

• The crux of efficient coagulation is the 
efficiency of mixing the coagulant with the 
raw water. Efficient flocculation requires 
mixing to bring the particles into contact with 
one another.

• The following discussion includes the 
theoretical considerations in mixing 
coagulants, flocculation, and the practical 
aspects of selecting a mixing device.



Velocity Gradient (G)



Velocity Gradient: relative velocity of the two fluid particles/distance

G = dv/dy = 1/0.1 = 10 s-1

Mixing and Power

 The degree of mixing is measured by Velocity Gradient (G)

 Higher G value,  intenser mixing  

0
.1

 m

1 m/sIn mixer design,  the following equation is useful

G= velocity gradient, s-1;

P = Power input, W
V = Tank volume, m3;         
 = Dynamic viscosity, (Pa.s)



Mixing Time





Selection of G and Gt Values

• Both G and the product of the velocity 
gradient and time ( Gt ), serve as criteria for 
the design of mixing systems.

• The selection of G and Gt values for 
coagulation is dependent on the mixing 
device, the chemicals selected, and the 
anticipated reactions.



Coagulation occurs predominately by two 
mechanisms: 

1. Adsorption of the soluble hydrolysis species on 
the colloid and destabilization 

2. Sweep coagulation where the colloid is trapped 
in the hydroxide precipitate. 

Jar test data may be used to identify whether 
adsorption/destabilization or sweep coagulation 
is predominant using the following procedure:



Determination the coagulation mechanism 

• Determine the optimum pH and dose from 
plots of settled turbidity.

• Plot the optimum pH and dose on a Figure.

• Determine which is the predominant 
mechanism from the plotted position.





Determination the coagulation mechanism 

• Determine which is the predominant 
mechanism from the plotted position.







Recommended G and t value for 
coagulation

Mechanism G (1/s) T (s)

adsorption/destabilization 3,000 -5,000 0.5

sweeping 600 -1,000 1 -10



MIXING PRACTICE

Mixing equipment may be divided into two 
broad categories: 

1. Equipment that is applicable to dispersion of 
the coagulant into the raw water (flash 
mixing or rapid mixing). 

2. That used to flocculate the coagulated water. 



Flash Mixing Design Criteria

• This equipment is designed to produce a high
G. 

• The order of preference in selection of 
equipment type is based on effectiveness, 
reliability, maintenance requirements, and 
cost.



Common alternatives for mixing when the mechanism 
of coagulation is adsorption/destabilization are:

1. Diffusion mixing by pressured water jets.

2. In-line mechanical mixing.

3. In-line static mixing.



Common alternatives for mixing when the mechanism 
of coagulation is sweep coagulation are

1. Mechanical mixing in stirred tanks.

2. Diffusion by pipe grid.

3. Hydraulic mixing.



In-Line Mechanical Mixing

Criteria: (1) G in the range 3,000 to 5,000 1/s , 
(2) t of about 0.5 s, (3) head loss of 0.3 to 0.9 
m



In-Line Static Mixing

• this mixer consists of a pipe with in-line helical vanes that 
rotate and split the flow to increase turbulence.

• The element size is specified in terms of the diameter of the 
pipe they are in, that is, the length of element divided by the 
pipe diameter (L/D).



Mechanical Mixing in Stirred Tanks

• When the predominant coagulation mechanism 
is sweep coagulation, extremely short mixing 
times are not as important, as in adsorption-
destabilization.

• A typical CMFR or CSTR will perform well for 
sweep coagulation. 

• Detention times of 1 to 7 s and G values in the 
range of 600 to 1,000 1/s are recommended.

• The volume of a rapid-mix tank seldom exceeds 8 
m3.



Mechanical Mixing in Stirred Tanks



Mechanical Mixing in Stirred Tanks

• The mixing equipment consists of an electric motor, 
gear-type speed reducer, and either a radial-flow or 
axial-flow impeller.



Flocculation Mixing Design Criteria

• The objective of flocculation is to bring the particles 
into contact so that they will collide, stick together, 
and grow to a size that will readily settle or filter out.

• Too much mixing will shear the floc particles so that 
the floc is small and finely dispersed.

• Heavier floc and higher suspended solids concentrations 
require more mixing to keep the floc in suspension. For 
example, softening floc is heavier than coagulation floc and, 
therefore, requires a higher G value to flocculate.



• Although GLUMRB (2003) specifies a minimum 
detention time of 30 min for flocculation, current 
practice is to use shorter times that are adjusted 
by temperature. 

• With water temperatures of approximately 20C, 
modern plants provide about 20min of 
flocculation time at plant capacity. 

• With lower temperatures, the detention time is 
increased. At 15C the detention time is increased 
by 7 percent, at 10 C it is increased 15 percent, 
and at 5  C it is increased 25 percent.



Flocculation Basin

• The flocculation basin should be divided into at least 
three compartments. The velocity gradient is tapered 
so that the G values decrease from the first 
compartment to the last. 

• GLUMRB (2003) recommends flow through velocities 
be not less than 0.15 m/s nor greater than 0.45 m/s.

• Water depths in the basin range from 3 to 5 m



Baffle Wall

• A baffle wall is used to 
separate the 
flocculation basin 
compartments.






