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Flocculation

Mixing requires energy input!

Number of collisions depends on: 
a) Mixing energy

b) Detention time

– In water treatment, mixing intensity is referred to as 
the velocity gradient, or G-value:

G = , units of (or sec-1)



Surface Loading Rate

Incoming Flow

• MGD
• gpm
• cfm

(expressed as)

Sedimentation Basin

Surface
Area
(Sq.ft)

Circular
Sedimentation Basin

𝟐

1. Divide flow (gpm) by area (sq.ft) = gpm/sq.ft
Surface Loading Rate = Overflow Rate

2. Divide flow (cu.ft/min) by area (sq.ft) = ft / min
Liquid Velocity =  (Vo)

• Convert  feet to centimeters (cm) = cm /min



Credits

• John Hanchak, Sr.

• Zeta-Meter, Inc.

• Malvern Panalytical

• Dr. Bill Knocke, VT

Also draw heavily from:
• AWWA Water Supply Operations texts

• AWWA Manual of Water Supply Practices, M37



Ten Common Problems in Treatment
1. No (or inadequate) coagulant control strategy

2. Inadequate rapid mix

3. Lack of individual filter effluent monitoring

4. Inadequate or no filter-to-waste

5. Turbidimeters not calibrated

6. Improper chemical doses

7. Inadequate operation and maintenance

8. Starting up dirty filters

9. Inadequate process monitoring

10. Filter Run Time as only criterion for backwashing









• Jar Tests

• Zeta Meter

• Streaming Current Monitor

• UV254/TOC/Specific Ultraviolet Absorbance

• Trends (turbidity, headloss, particle counts)

Coagulation Evaluation Tools



JAR TESTS

Jar testing is the most economical and most common tool for 
evaluating the coagulation process for a water treatment plant.
(Water Operator Certification Exam Prep p. 101)



JAR TESTS

Jar Testing is a means of simulating conventional treatment 
steps that occur in the full-scale plant at a bench-scale….

For the purpose of evaluating:

1) changes in chemical doses or points of application

2) alternative coagulants and/or coagulant aids

3) alternative pre-oxidation strategies

4) variations in mixing intensities, detention times, or 
loading rates 



“Standard” 6 Jar – Tester

• Allows for multiple 
evaluations to be 
performed 
simultaneously

• Provides visual 
observation of floc 
development

• Can be used to 
simulate  plant 
operating 
characteristics



JAR TESTS

Floc Wagner Jars

• 4.5 inches – square top

• 2 liter capacity

• Sampling port  located 
10 cm below water level

Water Surface

10 cm

Sampling Port 



My WTP doesn’t look anything like this jar!



JAR TESTS (MIXING CONDITIONS)

• Mixing makes a difference – both rapid mix and 
flocculation

→ Mixing intensity (velocity gradient),

→ Detention time

• Both should match the full-scale as much as 
possible (if trying to mimic full-scale)

 Especially if time dependent reactions such as 
oxidation with permanganate are being evaluated

# of collisions 
depends on Gt



JAR TESTS (SETTLING CONDITIONS)

Jars do not mimic full-scale! 

To evaluate sedimentation in a jar, we need to consider 
the loading rate (overflow rate) of the full-scale basins, 
not the detention time!

Particle removal in sedimentation basins depends on 
individual particle settling velocities. 

What about detention time?  1 – 2 hrs?



JAR TEST: Velocity gradient, G

Q: How know if 
mixing intensity in 
jar matches full-
scale basins?

Need similar 
velocity gradients



Settling Velocity
• Settling velocity depends on particle density and size

(and temperature/viscosity)

Surface Loading Rate = Overflow Rate   (Vo)

Particle Velocity  (Vs)

General Rule: If Vs > Vo , then Particles are “Captured”

Vs < Vo , then Particles “Escape”



Surface Loading Rate: 
Upflow Clarifier

Settled Solids

Liquid flow Rate = Overflow Rate   (Vo)

(Surface Loading Rate)

Particle Settling 
Velocity = (Vs)

Vs
Vo

Vs
Vo

Rule: If Vs > Vo Particles  Settle

Vs < Vo , Particles   Rise



Developing a Settling Velocity Graph

• Select Sample time (1, 4, 10) minute

• 10 cm Port (distance) divided by
Sample time = cm/min (example: 10cm/10 min)
= 1 cm/min  (Particle Settling Velocity) = (Vs)

Plot Turbidity Value (Sample) vs. Settling Velocity 

Turbidity Value represents  (Vs)
Therefore Turbidity Value (Vs) @ Overflow Rate (Vo) 



JAR TESTS
What do we measure?

1) Removal of particles (turbidity), NOM (color/TOC/ 
UV254), or any other water quality parameter of concern.

2) Floc size, visual appearance

3) Settling velocity

4) Filterability

What you measure depends on your study goals 

Need to define what question you are trying to answer!!



Typical Jar Test 
Results
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Typical Jar Test 
Results
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JAR TESTS

Before we begin:

1) Need good handle of stock dosing solutions 

 how much of each chemical to add
(WSO Water Treatment, Grade 2; AWWA Manual M37)

2) Need plant operating conditions

 Detention times, mixing intensity (velocity gradient), 
loading/overflow rates

3) Need a defined procedure (AWWA Manual M37)



Water Treatment Math Practice #1
Jar tests

Q: How many µL of alum must be 
added to a 2L jar to achieve an alum 
dose of 10 mg/L?

Assume:

1) Product is 48.5% as dry alum

2) Product has a specific gravity of 1.32



Math Practice:
Coagulation

How much alum do we need?

ଵ଴ ௠௚ ௗ௥௬ ஺௟௨௠

ଵ ௅

ଶ ௅ 

 ଵ ௝௔௥

ଶ଴ ௠௚ ௗ௥௬ ௔௟௨௠

ଵ ௝௔௥ 

Tricky part: How many µL of liquid alum equals 20 mg dry 
alum?

 need solution strength!

With information given, we can calculate lb (dry alum)/gal:

If liquid alum has specific gravity of 1.32, then 1 gallon of 
liquid alum weighs 1.32 times more than a gallon of water.

଼.ଷସ ௟௕  ௪௔௧௘௥

ଵ ௚௔௟ 

ଵ.ଷଶ ௟௕ ௟௜௤௨௜ௗ ௔௟௨௠

ଵ.଴ ௟௕ ௪௔௧௘௥

ଵଵ.଴ ௟௕  ௟௜௤௨௜ௗ ௔௟௨௠

ଵ ௚௔௟ 

Q: How many µL of alum 
must be added to a 2L jar 
to achieve an alum dose 
of 10 mg/L?

Assumptions:

1) Product is 48.5% as 
dry alum

2) Product has a specific 
gravity of 1.32



Math Practice:
Coagulation

If liquid alum weighs 11.0 lb / gal and the liquid product is 
48.5% dry alum, then:

ଵଵ.଴ ௟௕  ௟௜௤௨௜ௗ ௔௟௨௠

ଵ ௚௔௟ 

଴.ସ଼ହ ௟௕ ௗ௥௬ ௔௟௨௠

ଵ ௟௕ ௟௜௤௨௜ௗ ௔௟௨௠

ହ.ଷସ ௟௕  ௗ௥௬ ௔௟௨௠

ଵ ௚௔௟ ௟௜௤௨௜ௗ ௔௟௨௠

ହ.ଷସ ௟௕ ௗ௥௬ ௔௟௨௠

ଵ ௚௔௟ ௟௜௤௨௜ௗ ௔௟௨௠

ଵ ௚௔௟

ଷ.଻଼ହ ௅

ଵ ௅

ଵ଴଴଴ ௠௅ 

ସହସ ௚

ଵ ௟௕ 

ଵ଴଴଴ ௠௚

ଵ ௚ 

= 640 mg/mL  = 0.640 mg/µL (dry alum / liquid alum)

ଶ଴ ௠௚ ௗ௥௬ ஺௟௨௠

ଵ ௝௔௥

ଵ  µ௅ (௟௜௤௨௜ௗ)

 ଴.଺ସ଴ ௠௚ (ௗ௥௬)

ଷଵ.ଶ µ௅ ௟௜௤௨௜ௗ ௔௟௨௠

ଵ ௝௔௥ 

Q: How many µL of alum 
must be added to a 2L jar 
to achieve an alum dose 
of 10 mg/L?

Assumptions:

1) Product is 48.5% as 
dry alum

2) Product has a specific 
gravity of 1.32

Answer: 31.2 µL for every 10 mg/L alum



JAR TESTS

1% stock solution (by weight) = 10,000 mg/L

Every 1 mL of 1% solution added to 2 L jar = 5 mg/L

To make 1% solution, need: 

• Specific gravity and % active ingredient, or 

• Solution strength: e.g. active lb/gal. 

 Convert solution strength to mg/mL

 Divide 10,000 by solution strength in mg/mL = number 
of mL of chemical to add to 1L to make 1% stock



JAR TESTS

1% stock solution (by weight) = 10,000 mg/L

From previous example, the solution strength of bulk 
alum is 5.34 lb dry alum/gal or 640 mg/mL

Divide 10,000 by solution strength in mg/mL = number 
of mL of chemical to add to 1L to make 1% stock

Every 1 mL of 1% solution added to 
2 L jar = 5 mg/L



Water Treatment Math Practice #2
Jar tests

Q: What is the settling velocity in cm/min 
corresponding to an overflow rate of 
0.25 gpm/sf?



Example Jar Test data sheet

M37: Operational Control of Coagulation and Flocculation Processes



JAR TESTS
Don’t try to do too much!

1) Jar tests will not accurately predict residual turbidity 
because flocculation and settling are scale dependent.  
Rather, focus on trend of turbidity as a function of 
coagulant dose.

2) Jar tests do accurately predict DOC and UV254 
removals because removal of NOM is a chemical 
reaction so NOM removal does not depend on 
separation by clarification or filtration.

3) Chemistry is independent of scale so the optimum 
dose and pH in a jar test will also be the optimum for 
the full-scale plant. (Mixing disclaimer!)



Zeta Meter



Zeta Meter
– Effectively measures the repulsive force 

between colloids  “Zeta Potential”

– Provides immediate results

– Can be used in conjunction with Jar Tests to 
quickly evaluate coagulant performance

Coagulation Evaluation Tools



Zeta potential is the natural repelling electrical force between 
any two particles of like charge that keep them suspended. 

(Water Supply Operations)

Most naturally occurring 
particles have a net 
negative surface charge

Coagulation reduces or 
neutralizes the particle charge 
so particles will aggregate



Negative Colloid with Electrostatic Field



Zeta Potential

“Electrical Potential Curve” indicates 
strength of repulsive forces between 
particles and distance at which they 
come into play.



Zeta Potential
• Approximates the electrical 

potential (i.e. charge) at the 
particle surface.

• The greater the zeta potential, 
the greater the repulsive forces 
between particles  and 
therefore, more stable the 
suspension.

• Zeta potential can be measured 
fairly easily whereas the surface 
potential cannot.

• Changes in zeta potential 
indicate changes in the repulsive 
force between colloids.



Van der Waals Attractive Force

• Result of forces between 
individual molecules in 
each colloid.

• Attractive forces are large 
near the particle surface, 
but decrease quickly at 
greater distances.



Repulsive and 
Attractive 
Forces 



Net Interaction 
Curve

• Formed by subtracting 
the attraction curve from 
the repulsion curve



Charge Reduction

• Coagulant addition 
lowers the surface 
charge and repulsive 
energy curve



Zeta Meter



Zeta Meter



Zeta Potential – Rule of Thumb

Avg. ZP in mVCoagulation Level

-40 to -31Moderate Stability

-30 to -21Plateau of Slight Stability

-20 to -11Threshold of Agglomeration

-10 to -5Fair Agglomeration 

-4 to -1Excellent Coagulation

0 to +3Maximum Coagulation 
Source unknown

Gregory and Carlson reported that a zeta potential 
between +1 and +4 was optimum for their study (2002)



Zeta Potential Operating Range



Using ZP  to optimize operation

Direct filtration plant

• Increasing polymer dose 
from 3 to 7 mg/L lowered 
filtered turbidity, but 
increased filter headloss
substantially.

• Optimum polymer dose 
near ZP = 0 mV

Source: Everything you wanted to know about 
Coagulation & Flocculation, Zeta-Meter, Inc.



Alum dose and Zeta 
Potential
• Increasing alum dose 

resulted in more 
positively charged 
particles (increasing ZP)

• In this case, minimum 
finished water turbidity 
coincided with slightly 
negative ZP  (~ -4mV)

• Chart also shows impact 
of overdosing alum

Source: Everything you wanted to know about 
Coagulation & Flocculation, Zeta-Meter, Inc.



Visual Rating of
Jar Test

Limitations of Visual 
Evaluation
• Be careful not to rely 

solely on visual 
observations

• In this case, optimum 
alum dose coincided with 
ZP < 0 mV

Source: Everything you wanted to know about 
Coagulation & Flocculation, Zeta-Meter, Inc.



Zeta Potential
– Do not need to measure zeta potential everyday 

unless source water quality changing quickly.

• Measure more frequently when evaluating 
coagulants or changing doses

– Some degree of variability  Collect enough 
data to identify trends and outliers.

– Do not make coagulant dose changes based on 
one data point; look for confirmation and trends.

Coagulation Evaluation Tools



HM Zeta: coagulant and dose change



Test Prep:

Q:  In coagulation, once the zeta potential forces are 
reduced below the ___________, the particles in 
suspension will start to coalesce.

a. Molecular forces

b. Van der Waals forces

c. Ionic forces

d. Covalent

Answer: b. Van der Waals forces

Water Operator Certification Exam Prep: page 85, #184



Streaming Current Monitor
– Useful as an in-line “Pseudo-Zeta 

Potential”

– Provides immediate results

– Only an indicator of Net Ionic 
Charge – output is nondimensional 
(i.e. no units)

– Can be calibrated with a Zeta 
Meter and used in conjunction  
with Jar Test to quickly control 
coagulant performance

Coagulation Evaluation Tools



How do they work?
• Most have a reciprocating 

piston that causes the water 
sample to flow up and down 
in the space between the 
piston and cylinder.  

• Tight clearance (0.010”) 
forces the water to move 
rapidly across the surfaces 
of the electrodes.

• AC current produced by the reciprocating action is 
detected by the electrodes and amplified and 
conditioned to produce the streaming current signal.

Streaming Current Monitors



How do they work?
• Water flowing through a 

tube induces an electric 
current and voltage 
difference between the 
ends of the tube.

• Charged particles in the 
water loosely adhere to 
the tube wall and affect 
the zeta potential of the 
wall.

Streaming Current Monitors



Key Point:
• Streaming current is 

affected by, but not a 
direct measurement of 
particle charge.

• Therefore, SCMs provide 
only a relative indication 
of particle charge.

Streaming Current Monitors

 Changes in streaming current are 
relevant although the actual value is not.



Whereas, we use Zeta Potential to help find optimum 
coagulation conditions, Streaming Current is used to 
maintain it.

•  First find/define optimum coagulation and then 
set SCM reading to a value of zero (baseline).

•  Subsequent variations in streaming current can 
be used to adjust chemical dosing.

» Trending positive = over dosing

» Trending negative = under dosing

Streaming Current Monitors



Impact of pH:

• Any change in pH will affect streaming current 
reading even if the coagulant dose has not been 
changed.

Recall: pH affects surface charge of particles and 
functional groups on NOM.

Streaming Current Monitors



Flocculator Settling Basin FiltersMixing 
Unit

Sample right after thorough 
mixing has been achieved.

Sensor Location

 Key advantage: allow continuous 
monitoring and automated feedback 
control of coagulant dosing.



Streaming Current is related to Zeta 
potential but is not the same value



Test Prep:

Q:  What type of instrument will help operators improve the 
coagulation process the most?

a. Turbidimeters at raw water, sedimentation, filters

b. Accurate venturi or magnetic flow meters

c. Streaming current monitors

d. Particle counters

Answer: c. Streaming current monitors

Water Operator Certification Exam Prep: page 21, #150



Test Prep:

Q:  What does a streaming current detector measure on a 
continuous basis? 

a. The negative and positive charges

b. The net positive charge

c. The colloidal surface charge

d. The net ionic charge

Answer: d. The net ionic charge

Water Operator Certification Exam Prep: page 77, #133



Water Quality Challenge: Confluence
of Two Rivers – Different WQ Characteristics

Streaming Current Monitors



Intake Location – WQ Influence

Intake Location
16 ft Below Water 
Surface
Max Tide Elevation 3 
to 4 ft



Manual or Automatic

Before:
• Coagulant feed pump flow paced, but 

• Manual adjustments to coagulant dose 
required frequently due to changing source 
water quality.

After:
• Automatic Control: takes SCM signal and sets 

dosage based on charge demand; Coagulant 
feed based on charge demand AND flow 
variation.

SCM and Automated Control



GOOD LUCK!
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Jar Test: Settling Rates

Bench Scale Coagulation / Settling Rates
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Bench Scale Coagulation / Settling Rates
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Jar Test: Settling Rates



Jar Test Results
Enhanced Settling Evaluation
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Effect of pH on Zeta Pot. Effect of Overdosing

Alum dose constant

Source: Everything you wanted to know about 
Coagulation & Flocculation, Zeta-Meter, Inc.


