Secondary Treatment

Coagulation Flocculation

Introduction

· Conventional water treatment as a secondary treatment was originally developed for the removal of suspended solids and colloidal solids from raw water together with limited removal of the soluble organic responsible for the natural color in water from upland catchments.

· The standard unit processes that make up a conventional water treatment plant are coagulation (rapid mix) flocculation (slow mix) , sedimentation, filtration and disinfections.

Coagulation and Flocculation

· Many impurities in water are present as colloidal solids, which will not settle.

· Their removal can be achieved by promoting agglomeration of such particles by flocculation with or without the use of a coagulant followed by sedimentation or floatation and filtration

Colloidal Suspensions

· Sedimentation can be used to remove suspended particles down to a size of about 50 m depending on their density, but smaller particles have very low settling velocities so that removal by sedimentation is not feasible.

· Smaller particles have virtually non-existent settling velocities and if these particles or colloidal can be persuaded to agglomerate they may eventually increase in size to such a point that removal by sedimentation become possible.

Table 1: Settling Velocities for Particles of SG 2.65 in 

  Water at 10 oC

	Particle size, m
	Settling Velocity, m/h

	1000
	6 x 102

	100
	2 x 101

	10
	3 x 10-1

	1
	3 x 10-3

	0.1
	1 x 10-5

	0.01
	2 x 10-7


· In a quiescent liquid fine particles collide because of Brownian movement and also when rapidly settling solids overtake more slowly settling particles.

· As a result larger particles, fewer in number, are produced. Growth by these means is, however, slow.

· Collisions between particles can be improved by gentle agitation, the process is called as flocculation, which may be sufficient to produce settleable solids from a high concentration of colloidal particles.

· With low concentration of colloids a coagulant is added to produce bulky floc particles which enmesh the colloidal solids.

Flocculation

· Agitation of water by hydraulic or mechanical mixing causes velocity gradients and the intensity of which controls the degree of flocculation produced.

· The number of collisions between particles is directly related to the velocity gradient and it is possible to determine the power input required to give a particular degree of flocculation as specified by the velocity gradient.

· Consider an element of fluid undergoing flocculation (Figure 1). The element will be in shear and thus

Power input  =  
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    where = shear stress

Power unit volume = P =  
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P =  
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but by definition  =  
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where  = absolute viscosity, thus

P =  
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putting  G =  
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P =  G 2
· For hydraulic turbulence in a baffled tank,
P = 
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 = mass density of the fluid

g = gravity

h = head loss in tank

t = retention time of tank

 kinematics viscosity

G = 
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· In the case of a mechanically stirred tank,

P = 
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D = drag force on paddles

v = velocity of paddles relative to fluid (usually about three-quarters of peripheral blade velocity)

V = volume of tank, A = paddle-blade area

D = CD 
[image: image16.wmf]2

2

v


P = CD 
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· For good flocculation G should be in the range (20-80)/s. Lower values will give inadequate flocculation and higher values will tend to shear the floc particles.

· The normal retention time in flocculation tanks is 30-40 minutes.

· The degree of completion of the flocculation process is dependent on the relative ease and rate by which the small micro-floc aggregate into large floc particles and on the total number of particulate collisions.

· Thus the degree of completion is dependent on the floc characteristics, the velocity gradient, G, and the value of product G x t.

· The magnitude of the dimensionless parameter, Gt, is related to the total number of collisions during aggregation in the flocculation process.

· A more accurate parameter is GCt, where C is the ratio of the floc volume to the total water volume being flocculated.

Table 2: Design Criteria for Flocculation

	Parameter
	Criteria

	Gradient velocity (G)
	(20-80)/s

	Detention time (t)
	30-40 minutes

	G x t
	10.000-100.000

	G x C x t
	constant

	Drag Coefficient for Various Paddle Dimensions

	Length-width ratio
	Drag coefficient, CD

	5
	1.20

	20
	1.50
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Coagulation

· Flocculation of dilute colloidal suspensions provides only infrequent collision, and agglomeration does not occur to any marked extent.

· In such  circumstances  clarification is best achieved using a chemical coagulant followed by flocculation and sedimentation.

· Before flocculation can take place it is essential to disperse  the coagulant  throughout  the body  of  water in a rapid mixing chamber with high speed turbine or by adding the coagulant at a point of hydraulic turbulence

· The coagulant is a metal salt, which reacts with alkalinity in water to produce an insoluble metal hydroxide floc, which incorporates the colloidal particles.

· This fine precipitate is then flocculated to produce settleable solids.

· The most popular coagulant for water treatment is aluminium sulphate (alum), Al2(SO4)3 and the complex reactions which take place following its addition to water are often simplified as follows.

Al2(SO4)3 + 6 H2O 
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 2 Al(OH)3 + 3 H2SO4
3 H2SO4 + 3 Ca(HCO3)2 
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 3 CaSO4 + 6 H2CO3
6 H2CO3  
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 6 CO2 + 6 H2O

i.e., overall,

Al2(SO4)3 + 3 Ca(HCO3)2 + 2 Al(OH)3 + 3 CaSO4 + 6 CO2
· When using commercial alum Al2(SO4)3.14 H2O, it is found that 1 mg/L alum destroys 0.5 mg/L alkalinity, produces 0.44 mg/L carbon dioxide (both as CaCO3).

· Thus for satisfactory coagulation sufficient alkalinity must be available to react with the alum and also to leave a suitable residual in the treated water.

· The solubility of Al(OH)3 is pH dependent and is low between pH 5 and 7.5; outside this range coagulation with aluminium salts is not successful.

· Other coagulants sometimes used are ferrous sulphate (copperas) FeSO4.7H2O, ferric sulphate Fe2(SO4)3, and ferric chloride FeCl3.

· Ferric salts give satisfactory coagulation above pH 4.5, but ferrous salts are only suitable above pH 9.5. Iron salts may be cheaper than alum but unless precipitation is complete residual iron in solution can be troublesome particularly due to its stain-producing properties in washing machines.

· With very low concentration of colloidal matter floc formation is difficult and coagulant aids may be required, e.g., clay particles or polyelectrolytes – heavy long-chain synthetic polymers, which added in small amounts.

· Because of the spongy nature of floc particles they have a very large surface area and are thus capable of adsorption of dissolved matter from solution.

· This surface-active effect results in coagulation the removal of dissolved color as well as colloidal turbidity from water.
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Jar test Procedure

It is not possible to calculate the dose of coagulant required nor the result it will produce, so that laboratory tests must be carried out using the jar-test procedure.

· Set up a series of samples of water on a special multiple stirrer rig and dosing the samples with a range of coagulant, e.g., 0, 10, 20, 30, 40, and 50 mg/L,

· Stir the samples vigorously with a glass rod,

· The samples are then flocculated for 30 minutes and allowed to stand in quiescent conditions for 60 minutes,

· The supernatant water is then examined for color and turbidity, and the lowest dose of coagulant to give satisfactory removal is noted,

· A second set of samples is prepared with pH adjusted over a range, e.g., pH 5.0, pH 6.0, pH 6.5, pH 7.0, pH 7.5, and pH 8.0,

· The coagulant dose determined previously added to each beaker followed by stirring, flocculation and settlement as before,

· It is the possible to examine the supernatant and select the optimum pH and if necessary recheck the minimum coagulant dose required,

· Because of the effect of pH on coagulation it is necessary in chemical coagulation plants to make provision for the control of pH by the addition of acid or alkali.
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Mechanism of Coagulation

· Although chemical coagulation is a widely used process the mechanisms by which it operates are not fully understood in spite of considerable research effort.

· Basic colloid stability considerations have been applied to coagulation in attempts to offer explanations for the observed results.

· The stability of hydrophobic colloid suspensions can be explained by consideration of the forces acting on the particles (see Figure 5).

· Mutual repulsion arises from electrostatic surface charges but destabilization can be achieved by the addition of ions of opposite charge to reduce the repulsive forces and permit the molecular attraction forces to become dominant

· In that context the value of the zeta potential, the electrical potential at the edge of the particle agglomerate, is of some significance.

· In theory a zero zeta potential should provide the best conditions for coagulation.

· However, when dealing with the heterogeneous suspensions found in water it seems that there are many complicating factors and zeta potential measurements are not always of much value in operational circumstances.

Low suspended solids concentration
· In the case of relatively low suspended solids concentration, coagulation usually occurs by enmeshment in insoluble hydrolysis products formed as the result of a reaction between coagulant and the water.

· In this “sweep coagulation” the nature of the original suspended matter is of little significance and it is the properties of the hydrolysis product, which control the reaction.

Higher suspended solids concentration
· With higher suspended solids concentrations the colloidal theory can provide a basis for explaining the observed reactions. 

· Destabilization of a colloidal suspension occurs due to the adsorption of strongly charged partially hydrolyzed metallic ions.

· Continued adsorption results in charge reversal and re-stabilization of the suspension which does occur with high coagulant doses

Coagulation for color removal

· When coagulation is used to remove color from water the reaction appears to depend upon the formation of precipitates from the combination of the soluble organics and the coagulant.

· There is thus generally a direct relationship between color concentration and the dose of coagulant required for removal of the color.
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Coagulant aids

· The value of coagulant aids can be related to the ability of large molecules in the form of long-chain structure to provide a bridging and binding action between adjacent suspended particles thus promoting agglomeration and preventing floc-break-up under shear

· With ionic coagulant aids, charge neutralization will also occur as with primary coagulants although at the normal doses employed for coagulant aids this effect is not likely to be very important.

Table 3: Design Criteria for Coagulation

	Detention Time

(sec.)
	Velocity Gradient, G

(sec-1)

	20
	1000

	30
	900

	40
	790

	50 or more
	700


Design Example

Flocculation: 
A cross-flow horizontal shaft, paddle-wheel flocculation basin is to be designed for a flow of 25,000 m3/d, a mean velocity gradient of 26.7/s (at 10 oC), and a detention time of 45 minutes. The G x t value should be from 50,000 to 100,000. Tapered flocculation is to be provided, and three compartments of equal depth in series are to be used. The G values determined from laboratory test for the three compartments are G1 = 50/s, G2 = 20/s, and G3 = 10/s. These give an average G value of 26.7/s. The basin should be 15.0 m in width to join the settling basin. The speed of the blades relative to the water is three-quarters of the peripheral blade speed.

Determine:

1. The G t value.

2. The basin dimensions

3. The paddle-wheel design

4. The power to be imparted to the water into each compartment

5. The peripheral speed of the outside paddle blades in m/s

Solution:



G t = 26.7 x 45 x 60 = 72,100



Basin volume  

V = Q t = 25,000 m3/d x 45 / (24 x 60)

V = 781 m3
Profile area = 781 m3 / 15.0 m = 52.1 m2 (square 

Profile with w is the compartment width and depth).

Thus,

3 w2 = 52.1 m2; w = 4.17 m; 3 w = 12.51 m

Assume in each compartment has 4 paddle-wheel consisting of 24 blades; and assume the blades are 15 cm width and 3.0 m long (see Figure 6).
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Blade area per compartment = 0.15 x 3 x 24 = 10.8 m2


Percent of cross-sectional area 
= 10.8/(15x4.17)            

= 17.3%



Percent of cross-sectional area = (15-20)% , OK !



The power, P, given by:

P = G2V

Absolute viscosity, ,  at 10 oC is 0.00131 N-s/m2, thus the power for the first compartment is:

P = 0.00131 (50)2 (781) / 3

P = 853 N-m/s = 853 watt

Power per wheel = 853/4 N-m/s = 213 N-m/s

P = ½ CD A v3
he length-width ratio is 3.00/0.15 = 20; thus CD = 1.50

The blade velocity relative to water is:

v = (rps) (
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D is wheel-paddle diameter which can be designed equal to, e.g., D1 = 3.35 m (should be less than 4.17 m).

v1 = (rps) () (3.35) (0.75) = 7.893 m (rps)

In a like manner, v2 = 5.749 m (rps), v3 = 3.581 m (rps)

Assumed wheel-paddle diameter D2 = 2.44 m, and wheel-paddle diameter D3 = 1.52 m

Thus the power per wheel is:

P = ½ CD A1 v13 + ½ CD A2 v23 + ½ CD A3 v33
Since A1 = A2 = A3, and all CD values are equal,

P = ½ CD A1 (v13 + v23 + v33)

213 N-m/s = ½ 999.7 kg/m3 (1.50) (0.15x3.00) x 2 {(7.893)3 + (5.749)3 + (3.581)3}rps3 m3/s3
213 N-m/s = (674.8 kg-m2/s2)(1 N-s2/kg-m){727.6}rps3
rps = 0.076 and rpm = 0.076 (60) = 4.55

Peripheral speed =  D rps

For outside blade,

Peripheral speed =  (3.35 m) (0.076) = 0.80 m/s

1:4 variable-speed drives are employed. Since the maximum rotational speed is 4.55 rpm, therefore the minimum rotational speed = (1/4) (4.55) = 1.14 rpm.

Rotational speed for 1:4 drive = 1.14 to 4.55 rpm.

In a like manner, the power, rotational speed, peripheral blade speed, and rotational speed range are computed for the second and third compartments. Following is the summary of the computation.

First compartment:


P = 853 N-m/s = 853 watt


Rpm = 4.55; range 1.14 to 4.55 rpm


Peripheral speed = 0.80 m/s

Second compartment:


P = 137 N-m/s =137 watt


Rpm = 2.46; range 0.62 to 2.46 rpm


Peripheral speed = 0.43 m/s

Third compartment:


P = 34.2 N-m/s = 34.2 watt


Rpm = 1.56; range 0.39 to 1.56 rpm


Peripheral speed = 0.27 m/s

Coagulation: 
A square rapid-mixing basin (coagulation), with a depth of water equal to 1.25 times the width, is to be designed for a flow of Q = 7570 m3/d. The velocity gradient is to be 790/s, the detention time is 40 sec, the operating temperature is 10 oC, and the power for rapid-mixing is a hydraulic turbulence from water fall.

Determine:
1. The basin dimension


2. The power required


3. the head loss (water fall) required

Instead of hydraulic turbulence from water fall a propeller-impeller mixer will be used. Determine the required power if the efficiency of energy transfers from motor driver to propeller is around 75%.

Solution:


The volume is:

V = Q t = {7570/(24x60x60)} x 40 = 3.50 m3
The dimensions are given by:

W x W x 1.25 W = 3.50 m3
Width basin, W = 1.41 m

Depth of water, H = 1.25 x 1.41 = 1.76 m


The power required for V volume of water is:

P = ( g h / t) V =  G2 V


Absolute viscosity, ,  at 10 oC is 0.00131 N-s/m2, thus

P = {0.00131 N-s/m2 (790)2 /s2}x 3.5 m3
P = 2861.5 N-m/s = 2861.5 watt


he head loss (water fall) required is :

h = 2861.5 N-m/s : {1000 x 9.8 x 3.5 / 40}N/s

h = 3.34 m


Power required for motor driver is given by:

P = 2861.5 / 0.75 = 3815 watt = 5.12 HP
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