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Coagulation and Rapid Mixing 
Coagulation is the process by which particles become destabilized and begin to clump together. 
Coagulation is an essential component in water treatment operations. Evaluation and 
optimization of the coagulation/rapid mixing step of the water treatment process includes a 
variety of aspects. Optimal coagulant dosages are critical to proper floc formation and filter 
performance. Maintaining the proper control of these chemicals can mean the difference between 
an optimized surface plant and a poorly run surface plant. Inadequate mixing of chemicals or 
their addition at inappropriate points in the treatment plant can also limit performance.   
 
Effect on Turbidity 
Coagulation by itself does not reduce turbidity. In fact, turbidity may increase during the 
coagulation process due to additional insoluble compounds that are generated by chemical 
addition. The processes of flocculation, sedimentation, and filtration should be used with 
coagulation to reduce suspended solids and turbidity. 
 
Coagulants and Polymers 
The coagulation process includes using primary coagulants and may include the addition of 
coagulant and/or filter aids.  The difference between these two categories is as follows: 
   

1. Primary coagulants: Primary coagulants are used to cause particles to become 
destabilized and begin to clump together (California State University, 1994). Examples of 
primary coagulants are metallic salts, such as aluminum sulfate (referred to as alum), 
ferric sulfate, and ferric chloride. Cationic polymers may also be used as primary 
coagulants. 

 
2. Coagulant Aids and Enhanced Coagulants: Coagulant aids and enhanced coagulants 

add density to slow-settling floc and help maintain floc formation (California State 
University, 1994). Organic polymers, such as polyaluminum hydroxychloride (PACl), are 
typically used to enhance coagulation in combination with a primary coagulant. The 
advantage of these organic polymers is that they have a high positive charge and are 
much more effective at small dosages. Even though they may be more expensive, a 
smaller amount may be needed, thereby saving money. Organic polymers also typically 
produce less sludge. 

 
Typical coagulants and aids are discussed in further detail below: 
 
Chemicals commonly used for primary coagulants include aluminum or iron salts and organic 
polymers. The most common aluminum salt used for coagulation is aluminum sulfate, or alum. 
Alum may react in different ways to achieve coagulation. When used at relatively low doses (<5 
mg/L), charge neutralization (destabilization) is believed to be the primary mechanism involved. 
At higher dosages, the primary coagulation mechanism tends to be entrapment. In this case, 
aluminum hydroxide (Al(OH)2) precipitates forming a “sweepfloc” that tends to capture 
suspended solids as it settles out of suspension. The pH of the water plays an important role 
when alum is used for coagulation because the solubility of the aluminum species in water is pH 
dependent. If the pH of the water is between 4 and 5, alum is generally present in the form of 
positive ions (i.e., Al(OH)2+, Al8(OH)4+, and Al3+). However, optimum coagulation occurs when 
negatively charged forms of alum predominate, which occurs when the pH is between 6 and 8. 
When alum is used and charge neutralization is the primary coagulation mechanism, effective 
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flash mixing is critical to the success of the process. When the primary mechanism is 
entrapment, effective flash mixing is less critical than flocculation. 
 
Ferric chloride (FeCl3) is the most common iron salt used to achieve coagulation. Its reactions in 
the coagulation process are similar to those of alum, but its relative solubility and pH range differ 
significantly from those of alum.  
 
Both alum and ferric chloride can be used to generate inorganic polymeric coagulants. These 
coagulants are typically generated by partially neutralizing concentrated solutions of alum or 
ferric chloride with a base such as sodium hydroxide prior to their use in the coagulation process 
(AWWA and ASCE, 1990). The resulting inorganic polymers may have some advantages over 
alum or ferric chloride for turbidity removal in cold waters or in low-alkalinity waters. 
 
Organic polymers tend to be large molecules composed of chains of smaller “monomer” groups 
(AWWA and ASCE, 1990). Because of their large size and charge characteristics, polymers can 
promote destabilization through bridging, charge neutralization, or both. Polymers are often used 
in conjunction with other coagulants such as alum or ferric chloride to optimize solids removal. 
 
The table below provides some guidelines for selecting the proper chemical based on some raw 
water characteristics. 
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Cost may be a consideration when selecting chemicals. The system should perform an economic 
analysis when comparing chemicals and not just compare unit cost. For instance, a polymer may 
cost more per unit than alum, but less polymer may be needed than alum. Therefore, the total 
cost for polymer may not be much different than the total cost for alum. The following issues 
may be evaluated as options to consider for treatment process enhancement. 
 
Chemicals 
An evaluation of the chemicals used in the treatment process can identify the appropriateness of 
the coagulation chemicals being used. A thorough understanding of coagulation chemistry is 
important, and changes to coagulation chemicals should not be made without careful 
consideration. The following items should be considered when evaluating chemicals and 
coagulation: 

1. What is the protocol for low-turbidity water? The primary coagulant should never be shut 
off, regardless of raw water turbidity. 

2. Are chemicals being dosed properly with regard to pH, alkalinity, and turbidity? Is dose 
selection based on frequent jar testing or other testing methods such as streaming current 
monitoring, zeta potential, or pilot filters? Relying exclusively on past practice may not 
be enough. The system may want to consider doing a jar test while the plant is running 
well to see how floc in the jar should look (see Appendix F for jar test information). 

3. Do standard operating procedures (SOPs) exist for coagulation controls? Systems should 
develop SOPs and establish a testing method that is suited to the plant and personnel. 
SOPs should be based on the consensus of all operators to ensure shared knowledge and 
experience. Also, all processes should be documented as they are performed so they may 
be reproduced in the future. An example SOP is provided in Appendix G. 

4. Are the correct chemicals being used? Is the best coagulant being used for the situation? 
Changing coagulant chemicals or adding coagulant aids may improve the settleability of 
the flocculated water and in turn optimize performance. Coagulants may also be changed 
seasonally. The system should be carefully evaluated before full-scale plant changes of 
chemicals are made. If the system does change chemicals and needs an immediate 
response, the operator may need to purge the chemical feed line, particularly if the 
chemicals are far (several hundred feet or more) from the point of application. 

5. Does the pH need to be increased through supplemental alkalinity? Adding a 
supplemental source of alkalinity, such as lime or soda ash, may be necessary for proper 
floc formation. However, adding lime (or other alkali supplements) and iron- or 
aluminum-based coagulants at the same point can degrade turbidity removal 
performance. The coagulant works on the high pH lime, the same as it does with 
naturally occurring turbidity or alkalinity. Therefore, the addition of lime typically 
creates the demand for more ferric- or alum based coagulant and the operator will 
probably add more coagulant in response to this demand. More coagulant can cause the 
pH to decrease, and more lime is typically added to compensate. Although finished water 
quality may be adequate when the raw water is stable, the plant pays a high cost in 
chemicals and sludge removal. This particular procedure is not foolproof and may not be 
effective at all when raw water characteristics change rapidly. One solution to this issue 
is to shift the feed line locations. Moving the coagulant line as far downstream as 
practicable from the lime addition point may allow the turbidity from the lime to fully 
dissolve. Placing the lime line well downstream of the coagulant addition point may 
allow for the coagulation of DBP precursors at a lower, more efficient pH before the lime 
addition elevates pH (Lind and Ruehl, 1998). Note that this mode of operation will not 
work for lime softening plants. 
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6. Do operators have the ability to respond to varying water quality conditions by adjusting 
coagulation controls? Systems should provide operators with learning opportunities so 
that they are able to react to unusual situations quickly and appropriately. Heavy rains or 
lake turnover may happen rarely, but noting indicators of these events will help with 
planning. For example, a sudden drop in pH may occur prior to the first heavy rain 
reaching the intake. Systems should use this as a trigger to change the coagulant dosage. 

7. Are chemicals used before manufacturer recommended expiration or use-by dates? Does 
the chemical supplier operate an ISO 9000 production facility and provide quality 
certification? Chemical purity is important in all treatment systems. 

8. Are chemicals being added in the correct order? The order of chemical addition is very 
important, because certain chemicals interfere with others. Jar tests should be used to 
develop optimal sequences. The system may also want to consider changing the location 
of chemical feed points. For instance, some utilities have found that optimum water 
quality was achieved when a coagulant was fed in raw water and a polymer was fed prior 
to filtration. 

9. Is the chemical feed system operating properly? Operators should consider checking the 
accuracy of chemical feed systems at least once daily or once per shift. The system may 
want to install calibration columns on chemical feed lines to verify proper dosage or 
provide some other form of calibration. Systems should not set the chemical feed pumps 
to operate at maximum stroke and feed rates, which can damage the pumps. 

10. Are chemicals properly mixed, particularly chemicals that are diluted? The system may 
want to consider an automatic mixer in the chemical tank to provide thorough mixing. 

 
 
Jar Testing 
The raw water characteristics will affect the type and amount of chemicals used. Changes in raw 
water pH, temperature, alkalinity, total organic carbon, and turbidity will affect coagulation and, 
subsequently, filtration and finished water quality. Jar tests are an excellent way to determine the 
best type and amount of 
chemical (or combination of 
chemicals) to use for 
varying raw water 
characteristics. Appendix F 
provides information on jar 
testing. Also, documenting 
actual plant operations on a 
daily basis will give 
operators a resource for 
information about past 
treatment for various raw 
water conditions.  
 
Jar tests are a valuable tool to determine types and amounts of chemicals to use for optimum floc 
formation. Jar tests allow a system to experiment with different coagulants, polymers, pH 
controllers, and oxidants. The jar test should simulate actual plant operating conditions, such as 
mixing rates and detention times. The information obtained from the jar test can prove invaluable 
as a system considers different treatment techniques. The most important part of the jar test is to 
document the procedures used to enable replication in the future. The following worksheets can 
be used for the jar test. These worksheets are from EPA’s Handbook Optimizing Water 
Treatment Plant Performance Using the Composite Correction Program, 1998 Edition (EPA 
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625-6-91-027). An operator who has never performed a jar test may want to seek technical 
assistance. 
 
Procedures for the actual jar test are not presented due to the volume of information required.  
The following references are recommended for detailed instructions for performing a jar test:  
 

1. AWWA. 1992. Operational Control of Coagulation and Filtration Processes. M37. 
American Water Works Association. Denver, Colorado. 

2. California State University. 1994. Water Treatment Plant Operation, Volume 1. Third 
Edition. California State University. Sacramento, California. 
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Feed Systems 
 
Feed systems are another important aspect of the coagulation step in typical treatment processes. 
The figures below show examples of chemical feed systems.  
 

         
 

Polymer Feed Pump                             Alum Feed Pump 
 
Feed systems need to deliver coagulants into the treatment system at rates necessary for optimal 
performance. The following aspects of feed systems should be evaluated: 

1. Is redundancy a consideration? Redundancy should be built into the feed systems so that 
proper feeding of chemicals can be maintained if primary systems fail or malfunction. 

2. Do chemical feed pumps have sufficient dosage range? Feed systems should be sized so 
that chemical dosages can be changed to meet varying conditions. 

3. Are chemical feed systems and solution piping checked regularly? Preventive 
maintenance is critical for avoiding process upsets due to equipment breakdown. 
Coagulant lines should be flushed out frequently to prevent buildup. Where possible, 
chemical feed lines should be easy to take apart for quick replacement or simpler 
maintenance. 

4. Is a diaphragm pump used? A continuous pump allows coagulants to be added in a way 
that avoids pulsed flow patterns. 

5. Does the plant stock repair parts for all critical equipment? Repair parts with a long lead-
time for delivery should be reordered as soon as possible after removal from inventory. 

 
The following is an example of an operating procedure for the chemical feed practices when raw 
water turbidity is between 10 and 20 NTU. It may be used as a standard operating procedure 
(SOP) and is an example that may provide valuable guidelines for systems. However, be careful 
when conducting any of the procedures contained in the following example operating procedure. 
Each system is unique and what works well for one system may not work for another. Chemical 
feed SOPs should be developed based on specific filtered water turbidity goals, jar testing, 
experience, and other site-specific conditions. 
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Satisfactory Dispersal/Application Points 
Coagulation and mixing also depends on satisfactory dispersal of coagulation chemicals and 
appropriate application points. Coagulants should be well-dispersed so that optimal coagulation 
may occur. Enough feed points should be used so chemicals are able to mix completely. The 
system should evaluate the following items: 

1. Is dispersion taking place? Coagulation reactions occur rapidly, probably in less than 1 
second. When injecting at hydraulic jumps, weirs, or flumes, the coagulant should be 
distributed uniformly across the width of the flow. 

2. Where are coagulants being added? Generally, metal salts should be introduced at the 
point of maximum energy input. Low-molecular weight cationic polymers can be fed 
with metal salts at the rapid mix or at second stage mixing following the metal salt. High-
molecular weight nonionic/anionic floc/filter aids should be introduced to the process 
stream at a point of gentle mixing. Most polymer feed solutions should be provided with 
a “cure time” or “aged” before use. Use of an inline blender with carrier water aids in 
further dispersal at application. Most polymers have specific preparation instructions and 
should not be added directly in the raw, concentrated form in which they are received. 

3. Is rapid mixing equipment checked frequently? Systems should check the condition of 
equipment and ensure that baffling provides for adequate, even flow. 

 
Rapid Mixing 
Mixing distributes the coagulant chemicals throughout the water stream. When alum or ferric 
chloride is used to achieve destabilization through charge neutralization, it is extremely 
important that the coagulant chemical be distributed quickly and efficiently because the 
intermediate products of the coagulant reaction are the destabilizing agents. These intermediate 
species are short-lived and they must contact the solids particles in the water if destabilization is 
to be achieved. When other mechanisms are predominant in the coagulation process, or when 
organic polymers are being used as the coagulant chemical, immediate distribution of the 
coagulant chemical is not as critical and less-intense mixing may be acceptable, or even 
desirable. In some cases, excessive mixing may serve to break up coagulant molecules or floc 
particles, thereby reducing the effectiveness of subsequent solids removal processes. 
 
The time needed to achieve efficient coagulation varies depending on the coagulation mechanism 
involved. When the mechanism is charge neutralization, the detention time needed may be one 
second or less. When the mechanism is sweep floc or entrapment, longer detention times on the 
order of 1 to 30 seconds may be appropriate (Kawumara, 2000; AWWA and ASCE, 1998; 
Hudson, 1981). 
 
In general, the lower the coagulant dosage, the faster the mixing should occur because chemical 
reactions happen very quickly at low dosages. Rapid mixing disperses a coagulant through the 
raw water faster than the reaction takes place. When alum or ferric chloride are used in lower 
dosages (for charge destabilization; not sweep floc development), it is important to ensure that 
they mix very quickly with the raw water to be effective. Engineers have developed methods of 
determining appropriate mixing rates, called “mixing intensity values” or “velocity gradient” 
abbreviated as the letter “G.”  This value is used to size various mixing mechanisms such as 
static mixers, impellers, and blades and depends upon the type of mechanism used.   
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Examples of various types of rapid mix mechanisms, impeller power numbers, and an example 
of a velocity gradient curve are shown below*: 
 
 

 
 

 
 

 
 
 

 
*Source of information, equations, and images: Mixing in Coagulation and Flocculation, 
AWWARF 1991 & Water Works Engineering, Qasim & Zhu, Prentice Hall PTR 2000. 
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 Conversion Factors and Equations for Determining Coagulant Dose 
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