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Preface

This book is unique because of the following (at least) three features:
1) It is unique that one book covers fours sectors at once with common fundamen-

tals: potable water treatment, municipal wastewater treatment, industrial water
treatment, and industrial wastewater treatment.

2) The classification of water contaminants is unique – contaminant-based and not
treatment-based.

3) It contains not only theoretical-based rule of thumbs but also experienced-based
rule of thumbs.

In this book you will see no difference between water and wastewater. Therefore,
you are learning both how to treat water and how to treat wastewater at once. In this
book, there will also be no differentiation between municipal and industrial water.
Other sources of information for water treatment may want to make municipal and
industrial its own category. With that being said, there would be four categories to
discuss: municipal water (potable water), municipal wastewater (sewage system),
industrial water (water used in an industrial process), and industrial wastewater
(water produced as a by-product in an industrial process). This book will cover all
four categories together, and as a result, through studying this book, you will be able
to learn all relevant areas at the same time.

The whole purpose of water or wastewater treatment is converting one analysis
(source water) to the goal water analysis (Figure 1). This is the whole purpose of
water treatment. For example, sources of water can be from wells, lakes, or seas, and
the goal water analysis is water that is suitable for human consumption. This concept
is known as water treatment. Another example is water treatment of wastewater (the
source) that you want to release to the environment (goal analysis, which is deter-
mined by environmental regulatory bodies). This concept is known as wastewater
treatment. It shows that, fundamentally, there is no difference between water and
wastewater. We simply want to learn how to convert source water analysis to goal
water analysis.

Contrary to most other sources that are methods classified, this book will be using
a contaminant-classified approach. In general, books on water and wastewater treat-
ment will sort chapters based on methods used, for example, filtration, sedimenta-
tion, etc. This is impractical for most situations as that means that you will need to
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Water analysis

of

source water

Acceptable

water analysis

for a consumer

***  ANALYTICAL LABORATORY REPORT   ***

Client: Client’s name

Sample Identification: Kitchen Tap

Date Collected: 08/28/90

Lab Number: 01000

Time Collected: 7:35 am

Project Analytical Laboratory Services

Collected by: KM

Project Number: CL000001

UnitsResultsAnalysis

Specific Conductance

On the basis of the above test result(s), this water sample DOES NOT MEET PaDER

drinking water standards

The Total Coliform Bacteria exceeded the max. lev. of 1 colony/100ml.

The Iron level exceeded the limit of 0.3 mg/l.

Laboratory Manager

Submitted by:

The following notes apply to this sample:

Chloride
Sulfate Sulfur
Hardness as CaCo3
Iron

Total Coliform Bacteria 50 #/100ml
mg/l

mg/l
mg/l
mg/l
mg/l
umhos/cc

units7.50
0.55
280
32.0
25.4
344

4.55Nitrate-Nitrogen
pH

Water Treatment

WHO guidelines 1993

ww Treatment

Parameter mg/l

0.01

0.01

0.001

1000

100

≦ 8.0

≦ 1
≦ 5

0.01

50

1.5

0.05

2

–

–

–

–

–

–

–

Aluminum

Arsenic

Chloride

Copper

Fluoride

Hydrogen sulphide

Iron

Lead

Manganese

Mercury

Selenium

Sodium

Sulphate

Total dissolved solids

Hardness (as CaCO3)

Turbidity (median)2

Turbidity (single sample)2

Zinc

PH

Nitrate (as NO–
3)

Figure 1 Water and wastewater treatment both talk about converting source water analysis to goal water analysis.
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Preface xiii

study all the methods before you are able to determine which method you need to
use to remove your contaminant. The more logical approach is to sort by contami-
nants as the first step to water treatment is to always identify the consumer and the
contaminants that need to be removed to satisfy the end user. Once your contami-
nants are known, you can simply refer to the chapter that teaches you how to deal
with that particular contaminant.

Through my many years in the water and wastewater industry, I have developed
and gathered many rules of thumb that I will share throughout this book. As there is
not always an exact science to determine the desired values required to develop the
process, the rules of thumb will come in handy to allow you to check whether your
values are in the correct ballpark range.

This book has 19 chapters in three main parts, part “A,” part “B,” and part “C” as
follows.

There are three parts in this book that resemble the three main steps of design of
water and wastewater treatment facilities (Figure 2) . Part “A” covers how to specify
contaminants. Part “B” covers how to select removal methods. Part “C” covers tying
all the removal methods together to produce the process flow diagram (PFD).

In part “A,” specifying contaminants, five different groups will be discussed. First
group is settleables that settle to the bottom of the water. The second group are float-
ables that float to the top of water. The third group is dissolved materials. The fourth
group are colloids that are a mixture in which one substance of insoluble particles
is suspended throughout another substance. Gels are one example of a colloid. The
final group is pathogens. Pathogens belong to a larger group called live organisms.
However, we are only concerned with pathogens as the remaining live organisms
that can even be beneficial to the water treatment process. At the end of this part,
water analyses and their reports are discussed. Chapters 2–7 comprise part “A” of
this book.

Once the contaminants are categorized into one of the five groups, we can move
onto part “B” and begin to select the removal method. For each category, we will
learn several available methods to remove each contaminant. Each of the methods
is the unit operations for the water and wastewater treatment systems. This part
has seven chapters from Chapter 8 to Chapter 14. Removing dissolved materials is
discussed in Chapters 10 and 11 because this topic is huge and could not fit in one
chapter.

5. Pathogens

4. Colloids

3. Dissolved material

1. Settleables

2. Floatables

In 5 different groups:

Specifying

contaminants
Selecting

removal methods

Tying together

removal methods

For 5 different groups of

contaminants

Process development

Figure 2 Three steps of design and three parts in the book.
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xiv Preface

The last part – part “C” – will discuss how to tie all of these methods together. If we
have three unit operations, which unit should be at the beginning and which unit
will be last? We will learn how to combine all these together. This last step is called
process development where the end result is the creation of the PFD. This chapter
talks about process design in Chapters 15 and 16. Nature-based techniques that are
a large group of treatment methods are covered in Chapter 17. Chapters 18 and 19
explain auxiliary systems and peripheral topics in water and wastewater treatment.

29 January 2022 Moe Toghraei
Calgary, Alberta, Canada
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1

1

Introduction

1.1 The natural water cycle is shown in Figure 1.1.
1.2 The human-affected water cycle is shown in Figure 1.2.
1.3 In Figure 1.2, water is extracted from different water resources and is treated

before being consumed by water consumers. Water consumers then generate
wastewater. The generated wastewater (raw wastewater) is treated and is sent
back to the natural water cycle. Another route is that the treated wastewater is
sent back to the water consumer. This alternative route is doable if raw waste-
water is treated to a very high quality.

1.4 The relation of water and water plants is shown in Figure 1.3. Then, water users
are the same as wastewater generators.

1.5 There are four main water resources. They are as follows:
(a) Surface water
(b) Groundwater
(c) Treated wastewater
(d) City potable water

1.6 Surface water and groundwater are primary water resources, while treated
wastewater and city potable water are secondary water resources.

1.7 “Treated wastewater” is economically the most favorite water source for indus-
trial users and irrigation in agriculture.

1.8 Using city potable water from the city’s potable water distribution network
could be acceptable for small industries and small agricultural activities when
the required water is less than 200 m3/h.

1.9 The main differences between surface and groundwater are summarized in
Table 1.1.

1.10 Surface water has less stable flowrates. For instance, river water levels will
rise and fall during different seasons (less water in summer and more water in
spring). If you are using river water as your source of water, you need to account
for the varying water flowrates by adding a water tank to store the water in case
of seasons with low water level. Groundwater, on the other hand, will have a
more stable flowrate.

1.11 Surface water also has less stable temperature. Again, this is primarily depen-
dent on the season changes. Temperature for groundwater is more stable

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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4 1 Introduction
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Figure 1.3

Table 1.1

1 Surface water Groundwater
2 Generally, more expensive intake system Generally, less expensive intake system,

only well pump
3 Less stable flowrate More stable flowrate
4 More fluctuation in water temperature Less fluctuation in water temperature
5 More fluctuation in concentration of

contaminants
Less fluctuation in concentration of
contaminants

6 Generally higher suspended solids Generally lower suspended solids
7 Generally higher turbidity Generally lower turbidity
8 Generally higher dissolved oxygen (DO) Generally lower DO
9 Generally lower alkalinity Generally higher alkalinity
10 Generally lower total hardness (TH) Generally higher TH
11 Generally lower concentrations of iron and

manganese
Generally higher concentrations of iron
and manganese

12 Generally lower chance of silica existence Generally higher chance of silica
existence

13 Generally lower chance of pathogenic
existence

Generally higher chance of pathogenic
existence

14 Generally lower concentrations of dissolved
hydrogen sulfide and dissolved methane

Generally higher concentrations of
dissolved hydrogen sulfide and
dissolved methane

15 Generally lower concentrations of iron
(Fe2+) and manganese (Mn2+)

Generally higher concentrations of iron
(Fe2+) and manganese (Mn2+)

as weather conditions on the surface is unlikely to impact the groundwater
conditions.

1.12 Concentrations of contaminants is also less stable for surface water. This means
that concentrations of contaminants will go up and down. As such, for water
systems designed with surface water, there should be a minimum of four differ-
ent water analysis performed (spring, summer, winter, and fall) to capture as
many variations of the water contaminants as possible to capture the worst-case
scenario. For groundwater, this is not the case as the concentrations found in
groundwater are more stable.
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1 Introduction 5

1.13 Turbidity in surface water is usually high. Turbidity is a parameter that
measures the cloudiness of a fluid caused by particles. Groundwater
conversely has low turbidity.

1.14 Surface water has low alkalinity, while groundwater has high alkalinity.
1.15 Surface water has high dissolved oxygen and groundwater has low dissolved

oxygen. This is the reason that there are more chances of corrosion when using
surface water.

1.16 Surface water has lower levels of iron and manganese, while groundwater has
higher levels of these metals. This is the cause of the scaling (reddish-brown
rust color) around taps/sinks in cabins using groundwater. These two metals
tend to show up together as some ions tend to behave like twins. This is a good
thing to keep in mind as if you know there is iron, there is also a high likelihood
of manganese present as well.

1.17 Surface water has low total hardness (TH) and groundwater has high TH. This
is evident when you see more scaling in tea kettles using groundwater as the
source.

1.18 Surface water has low amount of dissolved gases and groundwater may have
more dissolved gases. For example, there are some sources of groundwater that
contain hydrogen sulfide (H2S) gases dissolved in it, hence the reason for the
rotten egg smell that you may notice. There are also cases of groundwater con-
taining dissolved methane (CH4) gas. It is good to be aware of such possibilities
when evaluating groundwater as they could cause problems depending on its
intended consumer.

1.19 Surface water may have more pathogens. This is the reason it is more critical
to perform disinfection for surface water rather than groundwater that may
contain fewer numbers of pathogens.

1.20 Surface water may have small amounts of silica (SiO2) and groundwater may
have big amounts of silica. Silica is more in volcanic areas and in deeper wells.

1.21 As a general rule we prefer groundwater as a source water because of its
stability. However, when a huge amount of water is needed, not always
groundwater can keep up. As a rule of thumb, when the required water is more
than 1,000 m3/h, it is not easy to find groundwater resources and a surface
water is preferred.

1.22 There are four main water consumers. They are as follows:
(a) Humans
(b) Agriculture (including agronomy and animal husbandry)
(c) Industries
(d) Environment

1.23 The quantity and quality of water for these four consumers depends on the size
and type of them.

1.24 Water for humans covers water used by people for drinking and other human
needs.

1.25 Water for agriculture covers water needed for irrigation and also that used by
animal husbandries. The quality of water required for this consumer is specific
to each plant or to each animal. The agricultural engineers will perform tests

Ali Sadeghi Digital Library 



6 1 Introduction

and research which types of water are good for the plant or animal they are
growing.

1.26 Water is used in heavy and light industries, too. It is rare to find an industry
that water is not used in it at all.

1.27 The other group of consumers is the environment. Many experts do not classify
this as one group of water consumer. However, the author believes this should
be considered a consumer as all water we use eventually finds its way to the
environment as the final destination.

1.28 For each of the four water consumers (human, agriculture, industries, and
environment), there are stakeholders, which are stated in Table 1.2.

1.29 Governmental bodies are the group that specifies the requirements for which
water is consumable by humans. On an international level, this body is the
World Health Organization (WHO). Note that the WHO’s standard for drinking
water is generally more relaxed than governmental body water standards.

1.30 Unfortunately for the environment, it does not have a mouth to say “I like this
water” or “I don’t like this water.” Hence, governmental bodies become the
voice for the environment and regulates what can or cannot be released into
the environment. This is not to say that the governmental bodies always know
what is best and thus there are constant changes to regulations. Changes are
common because the environment is very big but silent and it is not easy to
predict its behavior.

1.31 When we refer to industries, we are talking about the three main users within
industries, namely:
(a) Water for heating
(b) Water for cooling
(c) Water in/for process

1.32 Figure 1.4 shows all water routes in an imaginary industry. In addition to water
specific to industry, we have potable water treatment and sewage treatment
systems, as there are personnel working in each industry. Each industry may
need a storm management system, too.

1.33 Why do we have anything other than “water in process”? Why are we listing
heating and cooling as two other sectors? This is because there are generally

Table 1.2

Stakeholder Specific feature

Water for humans needs Governments Ever-tightening standards
Water for agriculture Farm owners and sometimes

governments
Depends on the type of plants
or animals

Water for industries Industry owners and
sometimes government

May need very pure water

Water for environment Governments Ever-tightening standards,
changing standards, many
local standards
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8 1 Introduction

no process plants where we do a chemical or physical conversion at ambient
temperature. We tend to require either high or low temperatures and such we
need water for heating purposes and water for cooling purposes.

1.34 Water required for heating services is independent of which industry you are
considering. For example, water for a boiler will be the same across the board
whether it is in a Coca Cola® plant or in the oil industry. This solely depends
on the boiler pressure.

1.35 Independency of the required water quality to the industry also applies to water
for cooling. The cooling system/cooling tower for power plant or process plant
will be the same.

1.36 As water is heavily recycled in heating and cooling loops of industries, the need
for water is much less than the “recirculating water.” Then, our need for water
is named “makeup” water:
(a) Boiler makeup water
(b) Cooling tower makeup water
Similarly, in closed loop hot water and cold water circuits, there are exiting
streams that need to exist to prevent accumulation of contaminants in water.
Their names are as follows:
(a) Boiler blowdown water
(b) Cooling tower blowdown water
This concept is shown in Figure 1.5.

1.37 When water is required for a process, the quality of water is dictated by the
process. The water used in process for a soda drink plant would be different
from the quality of water used for an oil processing plant, gas process plant,
pharmaceutical industry, or food industries.

1.38 Water in process is the most complicated sector as heating and cooling
water has a larger pool of resources across industries that can clarify the water
quality specifications. For process, there are many cases where even the water
designer is not fully aware of the best water required for their process system.
Finding help for these processes is harder as there are smaller groups of people
who would be using similar processes, and most of the time, these processes
are proprietary, and hence people are not ready to divulge details of their
specifications.

Make up water Blow down water

Figure 1.5
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1 Introduction 9

Table 1.3

Source of water Required water Users Generated wastewater

Surface water,
underground water

Treated water,
potable water

Water for humans
needs

Municipal wastewater

Surface water,
underground water,
city potable water,
treated wastewater

Irrigation water,
water for animals

Water for
agriculture

In agronomy water is
not generally collected
In animal husbandry
we may have generated
wastewater

Surface water,
underground water,
city potable water,
treated wastewater

Feed water Water for industries Industrial wastewater
Makeup for cooling
towers, makeup for
boilers (and steam
generators and
process users)

Treated wastewater Released water Water for
environment

NA

1.39 Table 1.3 shows a complete journey of water in different sectors.
1.40 The ease of municipal wastewater is that there are mainly two contaminants or

two concerns. These are suspended solids (SS) or biochemical oxygen demand
(BOD), which are organic materials. In the last decades, two more items were
added to the list of contaminants to be removed from municipal wastewater:
nitrogen (N) and phosphorus (P). Note that some areas and countries are still
only concerned about the two contaminants SS and BOD.

1.41 Table 1.4 shows specific issues in each of four sectors of treatment industry.
1.42 In terms of water usage and wastewater generations, there are two sizes of

industries:
(a) Large industries include oil and gas industries, power generation indus-

tries, mining industries (including extraction and mineral processing),
pulp and paper, and metal fabrication industries.

(b) Small industries include food and beverage industries. The food and
beverage industries are the most widespread industries.

As a rule of thumb, in small industries, there is more chance of having organic
matters in their industrial wastewater.

1.43 Table 1.5 shows a non-exhaustive list of different water streams in industries.
1.44 Table 1.6 shows a non-exhaustive list of different wastewaters in industries.
1.45 In municipal sectors the standards for water and wastewater could be stated in

different forms, which are shown in Table 1.7.
1.46 Theoretically, anything other than water (H2O) is considered as a water

contaminant.
1.47 All contaminants whether in water or wastewater are categorized into five

different groups; see Figure 1.6.
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10 1 Introduction

Table 1.4

Municipal Industrial

Water – Flowrates could be higher than flowrates in
industrial sector

– Water flowrate is changing and more likely to
increase gradually

– Existence of contaminants could be impor-
tant even in ppb level

– Color and taste of final product is important
– Needs high efficiency filtration
– Removal of all contaminants down to even

trace could be needed
– Pathogens may exist and should be dealt with
– Less emerging new technologies is employed
– Used chemicals should be food grade
– Economical measures are very important
– Public involvement is needed
– Units are more visible to check
⚬ Regulatory/social issues exist

– Flowrates could be lower than
flowrates in municipal sector

– More challenges regarding remov-
ing non-common contaminants
that exist

– May need high or very high purity
water streams

– Units are generally pressurized
and fully enclosed

Wastewater – Flowrates could be higher than flowrates in
industrial sector

– Wastewater flowrate is changing and more
likely to increase gradually. (One element of
municipal water treatment and wastewater
treatment plant is that you design for a “liv-
ing body.” The population is increased and
you need to forecast the population increase)

– Very high surge in wastewater flowrate. Even
after equalization tank the plant should be
designed for several flowrates

– Sewer network affects the quantity and/or
quality of the wastewater received to treat-
ment facility (dry weather flow, wet weather
flow)

– Tight budget is always an issue
⚬ Ever-developing new technologies aim for

modification of existing plant to meet new
standards, and/or higher populations is a
big part of industry

– Needs many permitting
– Needs public involvement
– Economical measures are very important

– Flowrates could be lower than
flowrates in municipal sector

– Could be highly contaminated
– More challenges regarding remov-

ing non-common contaminants
exist

– Public interest about final destina-
tion of treated wastewater

1.48 Settleables are contaminants that sink to the bottom after a reasonable amount
of time (e.g. less than half an hour). An example of a settleable is sand or clay.

1.49 Floatables will float to the surface of water in a reasonable amount of time (e.g.
less than one hour). An example would be oil. Oil does not only occur in the oil
industry but also in food, municipal wastewater, wastewater from car washes,
airports, etc. The pulp and paper industry also has floatables, which are fibers.
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1 Introduction 11

Table 1.5

Name Consumer

Demineralized water Feed water used in boilers
Ultrapure water Feed water used in pharmaceutical industries and

microchip manufacturing
Boiler makeup water To feed boiler closed circuit
Cooling tower makeup water To feed cooling tower closed circuit

Table 1.6

Name Source of generation

Produced water Oil and gas extraction facilities
(Contaminated) storm water General for all industrial facilities where there are

some outdoor operations
Spent caustic Oil refineries
Sour water Oil refineries, hydrocarbon gas processing facilities
Oily water Oil refineries, meat processing units
Condensate Exists in many industries using close system of steam

heating, examples are refineries, molten sulfur
processing, power plants, and food industries

Ion exchange regeneration
waste

Wherever ion exchange is present in their systems,
water and wastewater industries like power plants

Membrane reject stream Facilities based on membrane separation
Dirty backwash water Wherever depth filters are present in their systems,

water and wastewater industries
Brine Generally, from desalination plants
Flue gas desulfurization
(FGD) wastewater

Uses scrubbing water for removing sulfur gas
compound from flues gas, common in power plants

Dredged water Water released from removed muds from floor of
water bodies

Ash water Contaminated water that is used for transferring
ashes from combustion in coal-fired power plants

Landfill leachate Water released from buried solid/semisolid wastes
Acid mine water Water that went through abandoned mines
Tailing water Mining industries
Ash water Water mixed with coal in some coal-fired power

plants
Boiler blowdown Exiting stream from hot water loops in industries
Cooling tower blowdown Exiting stream from cold water loops in industries
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Table 1.7

Sector Forms of limitations in standards

Water Limits on concentration of
contaminants

Wastewater Limits could be either on concentration
of contaminants or mass flowrate of
contaminants

All water contaminants

Settleables Floatables
Dissolved

materials
Colloids Pathogens

Figure 1.6

1.50 Dissolved materials are those dissolved in water. When they are dissolved, it
cannot be seen in water with the naked eye. The first two groups, settleables
and floatables, can be seen if there are large and/or in high concentrations.
An example of dissolved contaminant is salt in water (which is an inorganic
material dissolved in water) or sugar in water (which is an organic material
dissolved in water). Air is another example of dissolved contaminant when it
is dissolved in water.
Dissolved oxygen in water is what fishes and marine wildlife use to breathe.

1.51 Colloids are a category between dissolved materials and suspended materials
from size view point; see Figure 1.7.

1.52 They possess some characteristics of suspended and some characteristics of dis-
solved contaminants. Generally speaking, any particle larger than 1 μm will be
considered a suspended contaminant. If the density of the particle is higher
than that of water, it will be a settleable, and if it has a lower density than water,
it will be a floatable.

Dissolved Colloids

10–3 μ 1 μ

Suspended

Floatables

or

settleables

Figure 1.7
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1.53 When the particle size of the contaminant is less than 1 nm, it falls under the
category of dissolved contaminant. Colloid sizes are between 10−3 and 1 μ.

1.54 The last category of microorganisms can be considered on its own as it is very
different from the other four categories. Pathogens are living organisms with
tiny sizes.

1.55 Contaminants from the other side can be classified based on their material type.
There could be many types of contaminants in terms of their material type.
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Part A

Water Contaminants
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2

Suspended Solids

2.1 Features of settleable are shown in Table 2.1.
2.2 Numerical values of suspended solid contents for different parties are shown

in Table 2.2.
2.3 When there are suspended solids present, the other contaminants may be hid-

den due to its “masking effect.”
2.4 When you have suspended solids in water/wastewater, it is hard to trust

that removal methods could be effective for other contaminants including
pathogens.

2.5 Pathogens tend to hide themselves inside of suspended solids, and even after
chlorination, they don’t die. As such, the removal of suspended solids is one of
the first stages in water and wastewater treatment plants.

2.6 Before removal of suspended solids, chlorine can be added (prechlorination),
and then after the removal of the total suspended solids (TSS), another dose of
chlorine will be added to ensure the pathogens are cleared.

2.7 The concentration of suspended solid in mid-range is reported as mg/L. For
large particles, it is reported as m3/m3. In very low suspended solid concen-
trations (like in ultrapure water), it is reported as #/m3 or number of particles
per m3.

2.8 The TSS spectrum or range for low concentrations of suspended solids is shown
in Figure 2.1.

2.9 The TSS spectrum or range for high concentrations of suspended solids is
shown in Figure 2.2. It further demonstrates the typical TSS you can find,
shown in percentage for typical solutions.

2.10 At which point does the term flowing paste stop and thick paste take over?
The answer to that would depend on the type of suspended solids. Using the
example of mashed potatoes, the solid is a starch, which acts like a glue, so in
low concentrations, it is a thick paste. If the suspended solid is a sand, in low
concentrations, it would be a flowing paste. Even in higher concentrations, the
sand would still be flowing. Clay on the other hand, even at lower concentra-
tions, would be a thick paste rather than a flowing paste because of its sticky
properties.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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18 2 Suspended Solids

Table 2.1

Parameter Comment

Definition Settleables are basically solid particles. Settleables are
commonly referred to as suspended solids

Parameter to identify Compact approach: Existence of particles in water are
referred to as total suspended solids (TSS)
Exhaustive approach: Particle essay

Units Compact approach: Typical units are mg/L if the
concentration is low, and if it is high, it can be
reported in percentage
Exhaustive approach

Origin Natural sources The origin of the particles could be from soil or from
the surrounding air

Anthropogenic sources Could be from human activities like construction
activities

Impact Treatment equipment Some suspended solids may lead to more
corrosion/erosion. Settleables could also lead to
clogging of equipment
General equipment: <5,000 mg/L, otherwise limits
the function of moving mechanisms and also
decrease the capacity of units
Feed to IX and GAC units: <1–2 mg/L, otherwise
plugs resin/activated carbon particles

Human The importance of particles includes aesthetic or
visual appealing. When water is brown colored or
cloudy, people will not want to consume it even if you
assure them that the water is safe to drink and
disinfected
Another important attribute of suspended solids is its
“masking effect”

Industry Plugging and clogging of equipment
Environment Marine environment: Filling the water body bed

Terrestrial environment: Making the soil structure
impermeable

2.11 Apparent volumetric concentration: In the field, operators tend to use another
unit to describe TSS. It is called apparent volumetric concentration. “Apparent
volumetric concentration” is very common for reporting solid content of sludge
streams.

2.12 Refer to Figure 2.3 for an explanation of the field unit. The operators will take
a sample of water, and they will leave it undisturbed for a specific amount of
time. They measure the volume of the settled solids at the beginning and at the
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Table 2.2

Type Comment

Water resources
content

Surface water Could be as high as 20,000 mg/L

Groundwater Generally, less than 50 mg/L
Water consumer
preferences

Human water preference It is generally reported as the
required turbidity. The required
turbidity is less than 0.5 NTU

Industrial water preference Depends on type of industry.
Generally speaking, less than
1−10 mg/L

Environmental preference Marine environment: <50−60 mg/L
Terrestrial environment: <30 mg/L

Wastewater
streams content

Municipal wastewater Organic TSS = 100−300 mg/L
Inorganic TSS = 30−100 mg/L

Industrial wastewater Depends on the type of industry

0 5 10 300,000 mg/L

Natural

waters

Visible

(in a glass of water)

Invisible

(to the naked eye)

Figure 2.1

Ketchup

Slurry

Depends on SS type
Thick paste

Flowing paste

100%0% 805010

Wet solid

Mashed

potato

Figure 2.2

end of the time span. Then they divide these two volumes together. The time
is typically 10 minutes but could also be 15 or 20 minutes.

2.13 The unit becomes vol/vol (volume of settled suspended solids to volume
of solution at the beginning). For example, if you take a sample that is
100 mL solution, after 10 minutes, the volume of settled solids is 50 mL. Thus,
50 mL/100 mL = 50%.
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t = 10 minutes

TSS (apparent) = 50%

Figure 2.3

2.14 This is a quick method used by water plant operators to analyze TSS without
requesting lab analysis on their sample. It is very important to know how much
time they let the sample sit before measuring the volume of settled solids as this
time can vary company to company.

2.15 There are cases that we are looking for volumetric concentration of solids in
water. Conversion of mass concentration to volumetric concentration can be
done by the following formula:

C v∕v =
C w∕v

𝜌s

where

C v∕v is the volumetric fraction of solids in water
C w∕v is the weight/volumetric fraction of solids in water
𝜌s is the density of solid in g/L.

2.16 Two approaches can be followed to report particles. One is the compact
approach that simply states the TSS value, for example, if you have 10% or
30 mg/L. This is the compact approach because the only thing that you are
reporting is the concentration. In some cases, the compact approach is not
enough, and you need a detailed approach or particle assay.

2.17 Exhaustive approach to suspended solid in water needs three main parameters:
(a) TSS
(b) PSD or “particle size distribution diagram” (or curve)
(c) The material(s) of suspended solid

2.18 To develop a PSD, the water sample should be evaporated and be dried until
we are left with only the solids. These solids are then passed through a stack
of sieves with the top sieve having the largest openings and the subsequent
sieves with smaller and smaller holes. When the sample is placed through the
stack and shaken, the solids are filtered out by particle size, which can then be
weighed. A table can be generated with several rows, each row has the particle
size with the associated weight of particles.

2.19 What is the meaning of “particle size” from sieve test? When you have two
sieves, one with 120 mesh and one with 140 mesh, the particles on the bottom
sieve are smaller than 120 mesh and bigger than 140 mesh. You can go to sieve
table that will tell you that 120 mesh is equivalent to 125 μm and 140 mesh is
equivalent to 105 μm. The average of the two particle sizes is used to predict the
size of the particles on that sieve (refer to Figure 2.4 to see this calculation).
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120 mesh

–120

125 μ

125 μ+105 μ
= 115 μ

2

105 μ

+140 mesh

140 mesh

Figure 2.4

2.20 Meaning of mesh size: If you place a ruler beside a sieve, you can count the
number of wires per one inch and that will give you the mesh number. As
mesh number increases, the particle size decreases. A mesh size of 40 will hold
smaller-sized particles than a mesh size of 4.

2.21 The sieve mesh sizes are standard; however it is important to know that there
are two standards that exist.
(a) One is standard sieve sizes.
(b) The second is Tyler sieve sizes.
These two standards are very close to each other and may only differ when
it comes to big sizes. The table will tell you what particle size you can use at
each mesh.

2.22 As a general rule of thumb, the particle size can be estimated from the mesh
size from this equation: “mesh size× particle size in μm equals to 16,000.” This
rule does not work for very small or very big sizes but is a general formula for
intermediate sizes. For example, if you take 120 mesh, by applying the rule of
thumb, you can expect particle size to be about 133 μm. From the table, the
actual particle size from 120 mesh is 125 μm.

2.23 These results can then be transferred onto a curve showing particle size vs.
weight percentage. The name of this curve is “discrete PSD.”
Example: A typical PSD table is shown in Table 2.3. The weight of sample after
water evaporation is 83 g.

Table 2.3

Average top and
bottom sieve sizes (𝛍m)

Weigh of solids
on the sieves (g)

177 15
250 31
420 21
590 13
840 3
Total 83
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Table 2.4

Average top and bottom
sieve sizes (𝛍m)

Weigh of solids on
the sieves (g)

Percentage of weights
on the sieves (%)

177 15 18
250 31 37
420 21 25
590 13 16
840 3 4
Total 83 NA

W
e

ig
h

t 
(%

)

Particle size (μ)

Discrete

Figure 2.5

The percentage of solids is calculated and an additional column is added
(Table 2.4).
The percentages are transferred to a curve (Figure 2.5).

2.24 The shape of discrete PSD curves is generally bell-shaped. Bell-shaped curve
is very common not only in water treatment plants but also in nature and
socialized systems.

For example, if you draw a curve of people’s wealth vs. population, you will
find that very few people are very poor, and similarly, very few people are very
rich. The bulk of the population will be somewhere in between with a medium
or average amount of wealth.

2.25 In reality, there is potential for curves to be skewed toward the right- or
left-hand side and I have even seen two peaks.

2.26 Both curves are useful as the discrete curve will let me see if the particle sizes
are of a natural nature. When taken from remote areas, particle size distribu-
tion will show this curve, but if you take the sample after merging two different
streams together, the particle size from stream 1 could be different from stream
2, which would result in two different peaks. However, if you take the sample
further down the stream after the merge, the particles will have time to mix
and you will see a single peak.

Ali Sadeghi Digital Library 



2 Suspended Solids 23

Table 2.5

Average top and bottom
sieve sizes (𝛍m)

Weigh of solids on
the sieves (g)

Percentage of weights
on the sieves (%)

Cumulative
percentages (%)

177 15 18 18
250 31 37 55
420 21 25 80
590 13 16 97
840 3 4 100
Total 83 NA NA

2.27 The other curve we can draw is a “cumulative curve” or “s” curve. The
cumulative curve is more practical in understanding the particle sizes.
We continue the previous example. We add another column to generate
cumulative percentages (Table 2.5).
The percentages are transferred to a curve (Table 2.7 and Figure 2.6).

2.28 Each of different presentation of PSDs has some applicability, which is outlined
in Table 2.6.

2.29 In designing systems, we do not use dmax as at 100%, there could be only a
few particles in that range so it would be insignificant in the grand scheme of
things. In engineering terms, d90% is deemed as the maximum case. Another
variable that could be asked is d10% or the minimum size that can be expected.
These two numbers (d10% and d90%) can only be read off a cumulative curve.
For example, when you purchase a pump, the manufacturer may ask you what
your d90% for your particle size. They want to know at 90% on your cumulative

100% Cumulative

W
e

ig
h

t 
(%

)

90%

10%

d10% d90%

Particle size (μ)

Figure 2.6
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Checking the shape of curve; normal, lognormal probability, upper-limit
lognormal probability (ULLN), or Rosin−Rammler distribution

Allocating each area of the curve to be target for each equipment in
a solid removal string and reading cutoff size for each equipment

Guessing the “history” of the oily water and if it treated correctly or not Reading median particle size; d50%
Deciding on the number of pieces of equipment in a solid removal string.
For example, checking applicability of surface vs. depth filtration

Reading major particle size; d90%
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curve, what is the diameter of the particle size. In other words, more than 90%
of the particles in the sample will be smaller than this size.

2.30 That being said, these curves are not always provided by the client as it is expen-
sive to provide the analysis, and they may be requested if it is really needed.

2.31 To put particle sizes into perspective, refer to Figure 2.7 for a particle size
spectrum.
Baby powder is approximately 10 μm and table salt is approximately 100 μm.
Sugar is between 100 and 1,000 μm depending on the granule sizes.

2.32 If the particle is less than 10 μm, they will not be visible unless they are in very
high concentration.

2.33 A high-level Importance approach to particle sizes is shown in Table 2.7.
2.34 Table 2.8 shows detailed importance of some particle sizes.
2.35 The last component of a particle assay is the material analysis. Generally

speaking, the material of the suspended solids is not very important because
in almost all cases, the suspended solids will be removed by physical methods.
As such, it will not matter what the material is if it meets the particle size
requirements for removal.

2.36 In order to complete the material analysis, a sample of the fluid will be sent to
a lab to determine the nature of the suspended solid.

2.37 The first thing is regarding the composition of suspended materials if they are
organic or inorganic. There are at least two reasons for this:
(a) Organic materials are much lighter than inorganic materials, which may

make an impact on the physical removal.
(b) Organic materials could be time-sensitive as they will be septic and smelly

quickly in many cases.
2.38 Sometimes, organic suspended solids are called volatile suspended solids

(VSS).
2.39 Types of solids in water and wastewater can be classified based on their origins

(Table 2.9).

0 10 100 1,000 µ

Sugar

Baby powder Table salt

Figure 2.7

Table 2.7

Particle size Note

<200 μm Process implications
200 μm≪ 1 cm Plugging and clogging
>10 cm Capacity reduction and/or equipment blanketing
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Table 2.8

Particle size Note

<1 μm More economically removed by different types of filters
5 μm Particles less than this can be in the form of colloids
20 μm Maximum size can be handled by spiral wound membranes
50 μm Maximum size can be economically removed by depth filters
100 μm Considered as the minimum size for particles to be settleable

technically and economically
200 μm Generally accepted as the maximum particle size that can be handled

by conventional centrifugal pumps if the particle is hard
6 mm (6,000 μm) Considered as the border between fine particles and coarse particles
35 mm Generally accepted as the maximum particle size that can be handled

by submersible centrifugal pumps
7.5 cm Maximum size can go through toilet hole
15 cm Maximum size expected to see in wastewaters
Larger sizes Can be seen in natural water reservoirs (important in water treatment

not wastewater treatment)

Table 2.9

Solid’s origin Examples

Soil-originated Clay, sand
Plant-originated Leaves, barks
Food residues or food processing
residues

Bone pieces, egg shells, seed hulls, animal
skins, hairs

Residues of man-made goods Cloth, metal powders

2.40 Types of solids in water and wastewater can be classified based on their solidity
(Table 2.10).

2.41 Turbidity: To be able to measure TSS, we need to take a sample and send it
to the lab where they evaporate all the water, weigh the solids, etc. Taking the
sample for TSS measurement is not easy.

Table 2.10

Solid’s type Examples

Soft and breakable Flocculated particles
Soft but not easily breakable Leaves, barks, clay, cloth
Hard Metals, sand
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As if the sampling is from a pipe, if you take the sample from the top of the
pipe, the results will be different from when you take it from the bottom of the
pipe. From a theoretical point of view, samples should be taken from vertical
pipes to give the best results for suspended solids.

As a result of all these variables, engineers have tried to find a parameter to
correlate with TSS and that parameter is turbidity (TU). When we use turbidity,
we are trying to find TSS but do not want to use all the resources to take the
sample and send it to the lab through the stakeholders. The good thing about
turbidity is that there are inline process analyzers that will measure turbidity,
whereas no such device exists to measure TSS.

2.42 Turbidity is a parameter we use as a replacement for TSS. The good thing about
turbidity is that there are inline process analyzers that will measure turbidity,
whereas no such device exists to measure TSS. The unit for turbidity is NTU.
This stands for nephelometric turbidity unit. The meaning of nephelometric is
not as significant as long as you understand this is the way of calibrating this
system.

2.43 Turbidity is a good replacement for TSS because of the following reasons:
(a) It can be measured by online analyzers.
(b) It helps in low TSSs (e.g. less than 1 mg/L) where the lab gravimetric meth-

ods may not be very accurate.
(c) It represents real acceptability of a potable water from turbidity and aes-

thetically view point.
2.44 Even we tried to create a parameter to reflect only the concentration of sus-

pended solids, unfortunately, turbidity is a function of both concentration of
suspended solids and the color of particles. For that reason, there is no direct
correlation to convert turbidity into TSS. Each plant will have their own scale
for turbidity and TSS, but this is unique to the plant and cannot be converted
to a universal formula.

2.45 Turbidity in unit of NTU is generally 1/3 to 1/2 of TSS in mg/L. In some
cases, the value of NTU is the same as the value of TSS in mg/L, and in some
non-common cases, NTU can even be bigger than TSS.

One time we wanted to buy a turbidity analyzer, and in order to do so,
we were to specify the required range whether it be 0–10 NTU, 1–100 NTU,
etc. However, the mass balance of the samples only showed the TSS of the
suspended solids and not turbidity. How would we decide what turbidity range
this would require? Keep in mind that turbidity is a parameter to represent
TSS. Although we do not know the exact correlation, we do know that, roughly
speaking, 10 mg/L is approximately 10 NTU and 20 mg/L is approximately
20 NTU. Note: This estimate is not accurate when we are talking about water
with very low turbidity. For example, 0.1 NTU could equal to 5 or 10 or
15 mg/L. But in general, TSS in mg/L is very similar to turbidity in NTU.

2.46 In many countries, the standard for potable water was a standard of 1 NTU in
older times. Nowadays, the new standard for turbidity is 0.1 NTU. To the naked
eye, the visual difference between 1 and 0.1 is negligible as the water will be
very clear.
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Light

Water sample

Turbidity
Photocell

90°

Figure 2.8

2.47 Turbidity is a more useful measurement when turbidity value is less than
100–500 NTU. More than that, the color of particles may deviate the results.

2.48 The color of water may also impact the result of turbidity meter. However, the
“background color” can be cancelled out by a suitable calibration.

2.49 Colorful samples may be found in the textile industry where dyes are used on
fabrics. In oil and gas, the produced water is light brown.

2.50 One may assume that the measure of turbidity is flawed if the sample is colorful
as the turbidity result will not be accurate.

2.51 How do we measure turbidity? The sample is put into the instrument where
visible light is shown on it, and the amount of light that is reflected at a 90∘
angle from the light source will give you the turbidity.

2.52 In other words, turbidity is the percentage of light that is detected 90∘ from the
initial direction of light source (Figure 2.8).
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3

Floatables

3.1 There are three groups of floatables, namely:
(a) Organic particles and fibers
(b) Oil, grease, and fats
(c) Gas bubbles

3.2 The three groups of floatables can be introduced in terms of density as follows:
(a) Organic particles and fibers with densities slightly higher than water den-

sity or within the range of 1,020 kg/m3
<𝜌 < 1,070 kg/m3.

(b) Oil, grease, and fats with the density smaller than water density or
𝜌< 1,000 kg/m3.

(c) Gas bubbles with densities much smaller than water density or 𝜌≃ 1 kg/m3.
3.3 Examples of organic particles and fibers are fibers in pulp and paper waste-

water, small pieces of animals’ flesh in wastewater of meat processing facilities,
fruits and vegetable trims in fruits and vegetables processing facilities, and
bacteria flocs out of biological wastewater treatment reactors.

3.4 Examples of oil, grease, and fats are fats in wastewaters of industrial kitchens
and food processing facilities, oil in wastewater streams out of oil and gas indus-
tries, and greases in wastewater streams from carwashes and airplane mainte-
nance shops.

3.5 Lastly, gas bubbles are common although not normally considered as they are
easily removed with little to no assistance.

3.6 The mixture of water with oil generates one of the classes of emulsions. These
two classes of emulsions are introduced in Table 3.1.

3.7 The phrases of “emulsion” vs. “invert emulsion” (or reverse emulsion) has less
to do with scientific facts but, rather, with history. In older days, when they
extract oil, they wanted to sell oil with high quality. If the buyer sees water in
the oil, they will deem it lower quality and want to pay less. Thus, emulsion
was W/O because we only cared about water-in-oil emulsion and the quality
of the oil product. As time passed and we wanted to release produced water
back into the environment, we realized that there was some oil in the water.
Because water in oil was already considered an emulsion, the inverse of oil
in water is considered a reverse emulsion. So, the naming does not consider

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Table 3.1

Class Water-in-oil emulsion Oil-in-water emulsion

Name (Normal/regular) emulsion Reverse (invert)emulsion
Acronym W/O (water-in-oil emulsion) O/W (oil-in-water emulsion)
Dispersed phase Water Oil
Continuous phase Oil Water
Schematic

Color Gray, blue-white, milky white,
black

Light yellow to brown

Importance Oil products quality Water reuse, environmental
regulations

Feeling between
fingers

Greasy Creamy

Simple
identification

1. Add water-based dye; the dye
will lie in clump forms

1. Add water-based dye; the dye
will dissolve in the body of
emulsion

2. Dilute the emulsion with
water; if the emulsion does not
mix with the water, it is W/O type

2. Dilute the emulsion with water;
if the emulsion mixes freely with
the water, it is O/W type

Content When oil content is more than
50% v/v (could be created in
lower oil contents depends on
other parameters)

When water content is more than
50% v/v (could be created in lower
water contents depends on other
parameters)

up or down but rather due to historical worth placed on the commodities
of oil and water.

3.8 While theoretically an oil–water mixture is converted from oil in water to water
in oil, when the content of oil goes beyond 50%, but in many cases when the
content of oil goes beyond 10% (10,000 ppm), the mixture will be converted to
water-in-oil mixture.

3.9 In water treatment industries, we generally are dealing will oil content of less
than 10,000 mg/L in water.

3.10 Features of floatable oil are shown in Table 3.2.
3.11 The importance of oil content is similar to suspended solids where it creates

a masking effect that skews other parameters. Oil and grease can also plug up
equipment in various systems.

3.12 Numerical values of oil for different parties are shown in Table 3.3.
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Table 3.2

Parameter Comment

Definition Immiscible liquids that have density less than water

Parameter to identify FOG, TPH

Units mg/L
Origin Natural sources Not common; surfacing of oil from ground

Anthropogenic sources Dealing with oil materials, mineral oils or edible oils
Impact Treatment equipment General equipment: <5,000 mg/L, otherwise limits

the function of moving mechanisms
Feed to precipitation units: <15 mg/L, otherwise
coats inorganic sludge blanket and may hinder its
functionality
Feed to IX and GAC units: <1–2 mg/L, otherwise
coats resin/activated carbon particles quickly
Feed to biological treatment units: <25–100 mg/L,
otherwise may coat biomatters

Human Important from aesthetic view point
Industry General equipment: <5,000 mg/L, otherwise limits

the function of moving mechanisms
Environment Oil content more than 15 mg/L sheen of oil on water

reduces sun ray transmission
Oil content more than 1 mg/L Interferes with natural
percolation of soil

Table 3.3

Type Comment

Water resources
content

Surface water Non-contaminated: Less than
5 mg/L

Ground water Non-contaminated: Less than
1 mg/L

Water consumer
preferences

Human water preference

Industrial water preference

Zero
Zero

Environmental preference Marine environment: <5–15 mg/L
Terrestrial environment: <1–5 mg/L

Wastewater
streams content

Municipal wastewater

Industrial wastewater

About 20–50 mg/L

Depends on the type of industry,
more in meat processing industries
and oil refineries
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Table 3.4

Other names Separation time during lab test

Macroemulsion Free oil in water, temporary emulsion Few minutes
Mesoemulsion Loose emulsions, loosely emulsified oil Few hours
Microemulsion Tight emulsions, tightly emulsified oil Few days (or never)

Table 3.5

Creation
Oil droplet
size (𝛍m)

Macroemulsion No emulsification happened >50
Mesoemulsion Mechanical emulsification happened 20–30
Microemulsion Chemical emulsification happened <1–10

3.13 There are three types of oil-in-water mixtures (Table 3.4).
3.14 Table 3.5 shows oil droplet size in different classes of emulsions.
3.15 As a rule of thumb, larger oil content, larger maximum oil globule size, and

larger maximum oil globule size provide more chance to have all three classes
of oil-in-water mixtures.

3.16 More practically different forms of oil in water are shown in Figure 3.1.
3.17 Figure 3.2 shows all classes of oil-in-water mixtures.
3.18 When oil globule size is larger than 300 μm, we will have oil layer. In such

situations, we do not generally have to do anything to remove the oil, as it will
be separated very quickly.

Dissolved oil (< 5 μ)

Emulsified oil (5–50 μ)

Small oil droplets (50–90 μ)

Free oil (>100 μ)

Oil layer (>300 μ)

Figure 3.1
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0 1–5

Dissolved “oil”

Emulsified oil
Small oil droplet

Free oil
Oil layer

30–40 100 300

Oil globule size μ
500

Figure 3.2

3.19 For oil globule sizes between 100 and 300 μm, we will have free oil. This oil can
be separated easily.

3.20 If the particle sizes range between 30–40 and 100 μm, you will have dispersed
oil globules, which means they are dispersed but they are not free oil and can-
not be separated very easily.

3.21 When we have an oil–water with oil globule sizes between 30 and 100 μm, we
will have small oil globules or dispersed oil. Removing this oil from water is
not easy.

3.22 Emulsified oil is the oil that is tied with water molecule chunks. The sizes of oil
globules in emulsified oil are from 5 to 40 μm. In lower side of range, we have
“chemical emulsions,” and in higher side of the range, we have “mechanical
emulsion.”

3.23 When the oil globule is less than 1 μm, it is dissolved oil. Personally, I do not
consider soluble oil a category because when oil is dissolved in water, it will
record itself as a total organic carbon (TOC). Organic materials found in water
can originate from different sources such as nature or soil. For example, leaves
would be considered organic material as would soil or oil. The origin of the
organic material in water will not matter as the contaminants will be removed
based on the nature of organic materials.

3.24 Table 3.6 shows the importance of some oil globule sizes.
3.25 The subcategories of oil in water are important although many people that

discuss oil content do not mention which category the oil can be classified.
However, free oil is much easier to remove than emulsified oil. And generally

Table 3.6

Oil globule size (𝛍m) Note

<1–5 Generally, it is considered as dissolved organic materials and not
oil in water

50 Generally, oil globules less than 50 μm are considered less fragile
100–150 The cutoff size of secondary gravity separation units
150–250 The cutoff size of primary gravity separation units
>300 Oil globules larger than 300 μm are not important from separation

view point, because they are generally separated very quickly
without any specific design
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speaking, removing emulsified oil is much easier than removing soluble oil. If
the oil content is not classified, we need to ask for clarification. Total oil con-
tent does not give you a real understanding as two plants with the same total
oil content can require completely different water treatment packages. It will
depend on the distribution of oil content in the three subcategories.

3.26 If you have a glass of water with oil concentration less than 10 mg/L, you will
not be able to see any traces of oil. The first footprint of oil is when the oil
content is around 15 mg/L, which is when you can notice a sheen of oil on the
surface of the water.

3.27 In reality, when you have higher concentration of oil, you will have bigger oil
globules. In the lab, you can make high concentrations of oil using very small
globules, but from experience, larger globules indicate higher concentration
of oil.

3.28 We can say that when the oil concentration is greater than 500 mg/L, the oil
globule size will be greater than 250 μm.

3.29 It is common knowledge that oil and water in their natural state do not mix.
However, if you add an emulsifier to the mix, you will form an emulsion. You
may think that if we need an emulsifier to create an emulsion, then there is
no emulsified oil if there is no emulsifier present. This is not true as there are
many natural emulsifiers found in nature that create the emulsion. Clays and
asphaltenes are both natural emulsifiers. When there are samples of oil in water
and there is also a high presence of asphaltenes in the lab report, we know that
there will be emulsified oil, which will not be easy to remove.

3.30 We tend to think that emulsions only exist in the presence of emulsifiers. How-
ever, when oil particles get small, it is easy for them to use anything as a natural
emulsifier. This may not occur in a lab (theory), but in reality, when the oil size
is less than 30–40 μm, there is more than 90% chance of being an emulsion.

3.31 Table 3.7 shows different types of natural emulsifiers in water.
3.32 There are at least two features related to existence of oil in water: the content

and the droplet size.
3.33 The content measurement can be done in any forms of oil in water.
3.34 If you know the values for total oil and grease, free oil, and emulsified oil in a

sample, you will be able to calculate the amount of soluble oil. You can add a
solvent to a sample to extract all the oil and allow the water to evaporate. Once
you are left with only oil, you can weigh it to obtain total oil amount. Once you
know the total oil, you can place the sample into a funnel to separate the oil.
The free oil can easily be removed and weighed at this point. You can then add
HCl (hydrochloric acid) to the remaining raw oil. By adding the acid, you will

Table 3.7

Class Water-in-oil emulsion Oil-in-water emulsion

Emulsifiers Water-wet solids like clay Oil-wet solids like sands
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break up the emulsified oil that converts it to free oil. This new free oil is the
emulsified oil amount, which means the total oil amount minus the free oil
minus the emulsified oil will leave you with the soluble oil amount. In reality,
this is not very important as the soluble oil will be removed along with other
organic materials with specific equipment.

3.35 Measurement of oil content depends on the goal of oil removal process. If
the target of a deoiling system is removing only free oil, only free oil may be
measured.

3.36 The reporting of oil content could be divided to free oil content, emulsified oil
content, and dissolved organic content. The summation of all these parameters
makes “total oil”:
Total oil content = free oil + emulsified oil + dissolved oil

3.37 Measurement of free oil is easy and can be done by a separating funnel
(Figure 3.3). The majority of oil removal systems in the oil industry try to
remove free oil from water to knock down the bulk of oil content. Measurement
of free oil is important for such units.

3.38 If the cleanness requirement of deoiled water is more stringent, the emulsified
oil should also be removed.

3.39 Emulsified oil in water cannot generally be measured by a single test. It can be
measured by doing two “total oil tests.”

3.40 Total oil content measurement should be explained to be able to explain
measurement of oil-in-water emulsion content of a sample.

3.41 Oil-in-water emulsion can be broken in the lab by adding acid (e.g. hydrochlo-
ric acid) to decrease the pH of the sample to pH = 2. Measurement of total oil
once without adding acid and once after adding acid gives two values, which
their difference represents the emulsified oil content of the sample.

3.42 Total oil can accurately be measured by gravimetric method. In one most com-
mon standard for total oil in water, total oil is called hexane extractable mate-
rial (HEM). This method is pictorially shown in Figure 3.4. In the following
schematic, “measurement” refers to weighing of the mass of remained oil.

Free oil

Figure 3.3
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Drop PH to 2

Extraction

Mixing

w/solvent

Solvent

evaporation
Measurement

• CC14

• Freon - 113

• S - 316

• Hexane(n-C6)

Adding HCI

Figure 3.4

3.43 Oil companies use variations of this method. They may use the cheaper solvent
like paint thinners or they do not remove the solvent, and for measurement
they use a photometric method (UV, IR, or vis). These variations can be seen
in Figure 3.5.

3.44 The dissolved oil is also measured not directly but mathematically through the
below formula:
Dissolved organics = total oil content− free oil − emulsified oil

3.45 As discussed in suspended solids, we had particle size distribution (PSD); we
have similar definitions for oil in water. The size distribution for oil globules is
called “oil globule size distribution (OGD).”

3.46 OGD provides the range of different sizes of oil droplets and their concentration
in water.

3.47 The oil particle size distribution curve is not very common because of the fol-
lowing reasons:
(a) It is hard to take oily water samples that are “representative.”
(b) The required lab instruments for generation of OGD are very expensive.
(c) OGD curves are not a very reliable and are “volatile.” It means an oily water

sample from a sample point has a specific OGD diagram, but the same oily
water after going through 100 m of pipe (and few elbows) shows a differ-
ent OGD.

3.48 Because of this uncertainty in OGD, some companies have decided not
to design based on OGD but use experienced-based rules of thumb if the
application is not critical.

3.49 When required, a manual OGD curve will be developed at the beginning of a
project and use that as the basis for the design. Once approval from the client
is obtained, we can move forward. Seldom do we seek the timely and costly
option of obtaining an OGD curve from a lab

3.50 The materials of oil could be any of the following classes:
(a) Mineral oils
(b) Animal and vegetable oils
(c) Synthetic “oils”

3.51 Mineral oils are the oils extracted from the ground. We generally use them
as fuel.
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Figure 3.5
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3.52 Animal oils/fats are taken from animals, and vegetable oils are extracted from
oil seeds.

3.53 All synthetic organic liquids that are not miscible with water can be classified
as synthetic oils.
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4

Dissolved Materials

4.1 There are three groups of dissolved materials. They are as follows:
(a) Dissolved ions
(b) Dissolved molecules
(c) Dissolved gases

4.2 From removal methods view point, dissolved ions can be defined in two ways,
“specific ions” and “total ions.” Specific ions apply to the cases where we have
one or two ions and we want to remove them. Total ions are related to all the
ions as a whole and we want to remove them.

4.1 Dissolved Specific Ions: pH

4.3 One of the most important parameters of water is pH. pH determines if the
cost of your water treatment will be high or low.

4.4 Features of pH are shown in Table 4.1.
4.5 If pH is very low in the acidic area, it means all the equipment will be made

of exotic materials that can handle the acid, thus making the treatment very
expensive. With an acidic pH, we would need to check the compatibility of
our materials. We may need to use plastic-lined metal or us expensive alloys
such as Hastelloy.

4.6 When the pH is in the range of 9, 10, or 11, the material of construction will
not change. Keep in mind that a very basic pH can also cause problems for
the equipment materials such as hydrogen embrittlement.

To put into perspective the various pH levels of liquids that we use on a
daily basis, the pH of shampoo is somewhere around 9 or 10 and the pH
of coca cola (R) is around 4 or 5.

4.7 From high school we have been taught that the pH range is from 0 to 14 with
a neutral pH reading of 7. In practice, if I have a more basic pH, I am more
relieved than if it was more acidic.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Table 4.1

Parameter Comment

Definition Logarithm of concentration of hydrogen ion

Parameter to identify pH

Units Unitless
Origin Natural sources Not very common unless water goes through acidic or basic

bases
Anthropogenic
sources

Discharging acid or bases into water

Impact Treatment
equipment

Acid streams are generally more harmful than bases for
metallic surfaces

Human pH within the range of 6–8 is not very harmful for human
Industry Increase the cost of equipment because they should be acid

resistant if the water is acidic
Environment Generally, pH beyond the range of 6–9 is considered as

harmful for environment

4.8 What is the origin of pH? pH comes from natural sources such as rain in urban
areas that has a pH less than 7. Rain generally has a pH in the range of 5.5–6.
In urban areas we have acid gas in the air as a result of car emissions and CO2
in the air. However, we do not refer to this as acid rain unless the pH drops
to 4 or below. The main importance of pH is that it impacts the materials of
construction.

4.9 The theoretical neutral pH value is 7; however, in practice, a pH range
between 5.5 and 9 is considered neutral water. This range allows for flexibil-
ity when addition of an acid or base is added to neutralize the solution. An
exact target of pH 7 would require a very complicated control system.

4.10 Most of us know that the range of pH is from 0 to 14, theoretically. In reality,
pH analyzers will go up to 15 or 16 for very basic solutions or as low as negative
numbers for very acidic solutions. This wider range is acceptable as this is
possible in practical situations.

4.2 Dissolved Specific Ions: Hardness

4.11 Why do we consider some ions hard and refer to their impact as hardness?
When there is hardness in water, it makes water hard to sud when using soap.
For this reason, we call this hardness.

4.12 It was determined that the reason there is hardness is due to the existence of
non-single-charge cations or metallic ions that carry a charge of 2 or 3. Note
that if they carry a charge of 1, we do not really care, but when they carry a
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charge of 2 or 3, they contribute to hardness. For example, Na+ is sodium,
which carries a charge of 1, and it does not impact hardness. Calcium on
the other hand is Ca2+ and contributes toward hardness because it carries
2 charges. Aluminum in water is in the form of Al3+, and it carries 3 positive
charges and also contributes to hardness.

4.13 In some industrial water, if we have aluminum, we also have to add this to the
calculation of hardness.

4.14 “Hardness” is theoretically summation of all “multiple charged metallic ions”
in water.

4.15 “Hardness” is simply or practically summation of calcium concentration and
magnesium concentration.

4.16 Features of hardness are shown in Table 4.2.

Table 4.2

Parameter Comment

Definition Total hardness (TH = Ca+Mg)

Parameter to identify Total hardness or TH

Units “mg/L of CaCO3” or meq/L
Origin Natural sources Soil components

Anthropogenic
sources

Addition of calcium and/or magnesium salts to water

Impact Treatment
equipment

Scaling if alkalinity exists

Human Controversial opinions about impact of hardness on human
Industry Not a very common issue in industry unless scaling

characteristic of hardness if alkalinity exists
Environment Not very known issue at least at low concentrations

4.17 Hardness is important because it may cause scaling on equipment and media.
4.18 To calculate total hardness, we are saying that we want to add calcium to mag-

nesium, which does not make sense because it is like adding apples to oranges.
In order to be able to add them together, we need to convert them to a com-
mon unit before they can be added. This common unit is mg/L as CaCO3. This
means that we convert the concentration of Ca in water to mg/L as CaCO3 and
we convert the concentration of Mg in water to mg/L as CaCO3 and then we
can add them together. As a result, the unit for TH is always mg/L as CaCO3.

4.19 Many people are under the impression that scaling and hardness are synony-
mous with each other. However, this is incorrect. Hardness causes scaling of
calcium and magnesium where adequate carbonate exists.

4.20 Numerical values of total hardness for different parties are shown in Table 4.3.
4.21 Salty waters can contain more hardness than fresh waters.
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Table 4.3

Type Comment

Water
resources

Surface water 50–150 mg/L as CaCO3 and more
Groundwater 150–400 mg/L as CaCO3 and more

Water
consumer
preferences

Human water
preference

Controversial, apparently it is not very important at least
in not very hard waters

Industrial water
preference

Depends on type of industry. Its limit defined together
with alkalinity limit. Hardness should be very low in
boilers and the higher-pressure boilers; the less hardness
is tolerated

Environmental
preference

Controversial, apparently it is not very important at least
in not very hard waters

Wastewater
streams

Municipal
wastewater

Depends of water used

Industrial
wastewater

Depends on the type of industry but it has been seen
hardness as high as 3,000 mg/L as CaCO3

4.3 Dissolved Specific Ions: Alkalinity

4.22 Alkalinity is the measurement of the buffer capacity of water. Buffer capac-
ity means if you have high alkalinity in water, water is a stronger buffer and
therefore resists pH change more. If you have a low alkalinity water, the water
is less resistant to pH changes.

4.23 Alkalinity is not a specific substance but rather a combined effect of
several ions.

4.24 Is pH resistance good or bad? That would depend. For example, if you have a
lake with high alkalinity, it is good for aquatic life because there are chances
of acid rain if this lake is close to a city. The acid rain should drop the pH of the
water in the lake, but due to the high alkalinity, the pH of the water will not
change, which will not impact the environment for the aquatic life. If there
was no alkalinity in the water, the pH would drop, which could kill a lot of
animals in the water. In an industrial setting, alkalinity may not be a good
thing. During your process, if you want to change the pH of your water, you
would add an acid (e.g. hydrochloric acid) or a base (e.g. caustic), but if there
is high alkalinity in the water, this means that the water is very stubborn to
change the pH. This means that you will have to inject a lot more acid or base
to change the pH by a small margin. This makes the process of changing the
pH of water with high alkalinity very expensive as it requires more chemical
than normal.

4.25 “Alkalinity” is theoretically the difference between summation concentration
of all anions associated with weak acids and hydrogen ion concentration
minus concentration of hydroxide ion.
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4.26 The simplified version of definition of TALK is the summation of hydrogen
carbonate, carbonate, and hydroxide ion minus hydrogen ion as follows:

Alkalinity = concentration of H+ + concentration of CO2−
3

+ concentration of HCO−
3 − concentration of OH−

All the concentrations are in “mg/L as CaCO3.”
4.27 Since we are adding together different species, we need to convert them to a

common unit. This unit is mg/L as CaCO3 (similarly to hardness). Each of the
species will be converted to mg/L as CaCO3 before following the formula to
calculate TALK.

4.28 Features of alkalinity are shown in Table 4.4.

Table 4.4

Parameter Comment

Definition pH buffer resistance of water

Parameter to identify TALK

Units “mg/L as CaCO3,” “meq/L”
Origin Natural sources Alkaline beds, dissolution of CO2 from air

Anthropogenic
sources

Addition of chemicals that have carbonate in their formula

Impact Treatment
equipment

Scaling if hardness exists
If high alkalinity exists, the neutralization of water will be
difficult and more expensive
In some biological treatment units, a minimum alkalinity is
needed

Human Not very known issue for human
Industry Not a very common issue in industry unless scaling

characteristic of alkalinity in hardness exists
Environment A minimum alkalinity in water bodies is necessary to

prevent large pH fluctuation of water caused by acid rain

4.29 Generally speaking, underground water has more alkalinity. This is the reason
for more chances of scaling when using underground water.

4.30 Numerical values of total hardness for different parties are shown in Table 4.5.
4.31 Alkalinity is the only water parameter that could be in negative values in some

cases, e.g. in high pH (very basic) waters.
4.32 There are actually two alkalinity parameters; they are shown in Table 4.6.
4.33 For each water sample both of them can be requested to be measured and be

reported. P-Alk is always bigger than M-Alk for a sample water.
4.34 In older days both P-Alk and M-Alk were used for design of units in water

treatment industries, but these days with spread of more analytical methods,
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Table 4.5

Type Comment

Water
resources

Surface water In the range of 20–200 mg/L as CaCO3

Groundwater Between 200 and 500 mg/L as CaCO3. It has been seen
TALK of underground water up to 5,000 mg/L as CaCO3

Water
consumer
preferences

Human water
preference

Controversial

Industrial water
preference

Depends on the type of industry. Its limit defined together
with hardness limit

Environmental
preference

Controversial

Wastewater
streams

Municipal
wastewater

Depends on water used

Industrial
wastewater

Depends on the type of industry but it has been seen with
hardness as high as 3,000 mg/L as CaCO3

Table 4.6

Parameter Full name Another name

P-Alk Phenol phenolphthalein
alkalinity

Total alkalinity

M-Alk Methyl orange alkalinity x

usage of M-Alk is decreasing, and sometimes M-Alk is used only during
operation.

4.35 The term MALK originated from lab technicians, and TALK is commonly
used by engineers. Alkalinity is also simply referred to as ALK. Regardless
of the name, they are all referring to the same thing.

4.36 Alkalinity is arguably the most misused parameter in water and wastewater
industries.

4.37 A high alkaline water means a water with high alkalinity and not a water with
a basic pH (pH of larger than 7).

4.38 In many cases when water and wastewater practitioners refer to alkalinity,
they are actually looking for carbonate content of water and not really the
alkalinity.

4.4 Dissolved Specific Ions: Iron and Manganese

4.39 Iron and manganese behave like twins, and if one is present in water, it is very
likely that the other is also present as well.
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Recently, I had a project to remove iron but the water analysis did not indi-
cate manganese. I insisted for the sample to be updated with manganese
results as well knowing that the two go hand in hand. The reason I want
to know both is because removing manganese is always more difficult
than removing iron.

4.40 Faucets in cabins that use groundwater tend to have orange/brown stains.
These stains are due to the presence of iron and manganese. When the color
of the scaling is lighter, I know it has less Mn. When the color is darker, it has
more Mn. The reason for this is that manganese is black in color and iron is
orange in color. The amount of Mn and Fe present in the water will result in
various colors ranging from very soft orange to dark orange and dark brown.

4.41 Features of iron and manganese are shown in Table 4.7.

Table 4.7

Parameter Comment

Definition Concentration

Parameter to identify Content of iron or manganese

Units mg/L
Origin Natural sources Contact of water with iron- and manganese-bearing

rocks
Anthropogenic
sources

Not common

Impact Treatment
equipment

Small scaling

Human Mainly impacts aesthetic aspect of water
Industry Small scaling, important in food and beverage industry
Environment Controversial ideas

4.42 In the majority of cases, there could be a large amount of iron but little amount
of manganese. The rule of thumb I use is Mn is approximately 1/3 or 1/2 of the
concentration of Fe. If amount of Fe is 10 mg/L, I can assume Mn is 3–5 mg/L.
However, this rule of thumb is not reliable as different sources of water will
have different characteristics.

4.43 It has even been seen that manganese concentration is higher than iron con-
centration which is not common.

4.44 If the concentration of Fe and Mn are higher than 0.5 ppm, you will start to
notice it as it will have a metallic taste and you will see staining.

4.45 Numerical values of iron and manganese for different parties are shown in
Table 4.8.
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Table 4.8

Type Comment

Water resources Surface water Less than 1 mg/L
Groundwater Less than 10 mg/L, could be up to 60 mg/L or

higher
Water consumer
preferences

Human water
preference

Less than 0.5 mg/L

Industrial water
preference

Depends on the type of industry but generally
less than 1 mg/L

Environmental
preference

Controversial but generally less than 1 mg/L

Wastewater streams Municipal
wastewater

Depends on the type of water used

Industrial
wastewater

Depends on the type of industry

4.5 Dissolved Specific Ions: Nitrate and Nitrite

4.46 While nitrate and nitrite may exist in industrial wastewaters cause by releas-
ing these substances into water, but generally speaking existence of nitrate
(NO−

3 ) and nitrite (NO−
2 ) in natural water shows contamination of water with

human wastes.
4.47 The origin of nitrate and nitrite in water could be from the conversion of other

nitrogen-bearing compounds.
4.48 Nitrite is generally converted to nitrate quickly. In many cases where nitrate

exist, much smaller concentration of nitrite could exist.

Table 4.9

Type Comment

Water resources Surface water Non-contaminated: zero
Groundwater Non-contaminated: zero

Water consumer
preferences

Human water
preference

Very low

Industrial water
preference

Depends on type of industry. Not very
important

Environmental
preference

Terrestrial environment: depends
Marine environment: <15–20 mg/L

Wastewater streams Municipal
wastewater

Very low

Industrial
wastewater

Depends on the type of industry
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4.49 Nitrate and nitrite are nutrient and may need to be removed from treated
wastewater before releasing it into water bodies.

4.50 Numerical values of nitrate for different parties are shown in Table 4.9.

4.6 Dissolved Specific Ions: Silica

4.51 Silica is important and exists in water that comes in contact with volcanic lava.
We can say that the origin of silica is siliceous beds.

4.52 Silica can be in the form of the following:
(a) Suspended
(b) Dissolved material such as silicate
(c) Colloidal silica

4.53 When you have sand in water, it can be named “suspended silica”. This group
of silica is not difficult as you can remove the sand using filtration or sedimen-
tation, thus the chemical structure of this sand does not become a factor.

4.54 Sand, which is categorized as “suspended solid” is basically “impure silica.”
They could be named granular silica, too.

4.55 The second group of silica is dissolved silica. Dissolved silica could be in the
form of ionized H2SiO3.

4.56 In lab analysis, the dissolved silica could be named as “amorphous silica” or
“soluble silica” or “reactive silica.”

4.57 Some may interpret “reactive” silica as silica that is more willing to react and
precipitate out, however, that is incorrect. The term reactive in this case refers
to the silicas’ propensity to react with certain chemicals or indicators that are
added to the sample but does not reflect how easy it would be to remove its’
scaling tendency.

4.58 The third group is colloidal silica. Colloidal silica is basically in the form of
un-ionized H2SiO3 as in compounded form.

4.59 Generally, there is more silica in groundwaters than in surface waters.
4.60 There is more silica in groundwaters in volcanic areas. The reason behind this

is the volcanos that erupted millions of years ago, resulting in many layers of
lava formation below the Earth’s surface. This contact with the siliceous lava
rock underground adds more silica to underground water.

One time I purchased a bottle of water that advertised that it was from
the Fiji area. I was thinking that Fiji area is the volcanic area and if this
was true, the water should have a high amount of silica. With my water
treatment background, I knew that the saturation level of silica would be
in the 180–200 mg/L range. I confirmed my hypothesis by checking the
label that indicated 50 mg/L of silica, which makes sense as it is a high
concentration.

4.61 Silica in water is generally considered as unharmful. Silica is even added as a
filler to some medicines so it is not harmful when eaten.
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4.62 The significance of silica is that it causes scaling. Scaling from silica is differ-
ent than scaling from other ions because it precipitates when the body of the
equipment is hot.

4.63 Removing siliceous scaling is very difficult as it is like glass. You will see
a glassy surface on your metal. The presence of silica in water treatment
becomes critical if you want to send the water to heat transfer equipment
such as boilers, steam generators, etc. In other instances, without heat
transfer equipment, precipitation of silica is not a big problem as it becomes
frothy white substance.

4.64 In smaller towns and villages, the use of geothermal heating systems is
becoming more common. This process involves drilling a hole in the ground
that reaches far depths of the Earths’ surface and then injecting water, which
brings up hot water to circulate through the homes. This water comes into
contact with the lava, thus will contain more silica among other scaling
substances.

4.65 If you speak with specialists in power plants, they believe that silica is even
more harmful than hardness because they send their water to boilers that
form silica scaling on the metal, which is more difficult to remove than hard-
ness scaling. Hardness scaling can be removed using acid wash, and if it is
very stubborn, you can remove it through rodding. Scaling from silica is much
more difficult and takes many hours for operators to remove.

4.66 Silica’s maximum solubility is about 180 ppm at 20 ∘C and neutral pH. The
silica’s solubility is changed in higher or lower pH’s and higher and lower
temperatures.

4.67 Numerical values of silica for different parties are shown in Table 4.10.

Table 4.10

Type Comment

Water resources Surface water Less than 30 mg/L
Groundwater More in deeper underground waters and in

groundwaters from volcanic areas. Generally, between
30 and 100 mg/L in ambient temperature waters with
neutral pH

Water consumer
preferences

Human water
preference

Not a specific preference

Industrial water
preference

Depends on type of industry. More important
industries have heat transfer equipment for their water

Environmental
preference

Not a specific preference

Wastewater
streams

Municipal
wastewater

Depends on silica content of water used

Industrial
wastewater

Depends on the type of industry
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4.7 Dissolved Total Ions: TDS

4.68 When we talk about total ions, we are referring to total dissolved solids (TDS)
in water.

4.69 The term total dissolved solids can be misleading because we tend to associate
the word “solids” with something that we can see in the water. However, a
glass with really high or really low TDS will both appear clear. Whether the
TDS is 200 mg/L or 7,000 mg/L, the water will look the same.

4.70 Now that we have a general range of TDS values, what is the meaning of TDS?
TDSs refer to all the “stuff” in the water that possess the two characteristics:
invisible to the naked eye and inorganic. If it is visible, it would be categorized
as total suspended solids (TSS), and if it was organic, it would be categorized
under total organic carbon (TOC), which would be treated differently.

4.71 How do we determine the value of TDS?
(a) One method is by testing.
(b) The other is by calculation.

4.72 For the testing and measuring TDS, we take the sample, and we remove sus-
pended solids by filtration. The removal of the suspended solids is to leave
only the invisible “stuff” and to ensure that TSS does not interfere with the
test results. Then, the water will be evaporated at 180 ∘C. Knowing that the
boiling point of water is 100 ∘C, why do we want to evaporate the water at
180 ∘C? The reason for the higher temperature is not only to evaporate the
water but also to degrade the organic materials. The organic materials will
convert to volatile materials, which burn out and convert to CO2, thus leaving
behind the inorganic material. This can then be weighted to obtain milligram
per liter of water.

4.73 To calculate TDS, water analysis report is used. If you take the summation of
all the ions concentration (both cation and anions), you will come up with
the TDS. This practice may be strange as it is like adding apples to oranges
(sodium as mg/L as Na, calcium as mg/L as Ca, etc.), but it is acceptable in
this case.

4.74 In theory, the TDS value obtained by testing and calculation of the same sam-
ple should result in the same values; however they are not!

4.75 The reason these two methods will not yield the same number is because
when you perform the test and evaporate the organic material, some of the
inorganic ions such as the bicarbonate (HCO−

3 ) will convert to CO2 and be
removed from the total. As such, the TDS from testing will result in a lower
value than TDS from calculation because we are losing some bicarbonate.

4.76 As a rule of thumb in natural waters, TDS by test is smaller than TDS by cal-
culation by half of concentration of bicarbonate because approximately half
of the bicarbonate will be lost during evaporation:

TDStest = TDScalc. −
1
2
∗
[
HCO−

3
]

4.77 Features of TDS are shown in Table 4.11.
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Table 4.11

Parameter Comment

Definition Concentration

Parameter to identify TDS

Units mg/L
Origin Natural sources From salts in the soil or contamination of fresh water

with seawater
Anthropogenic
sources

Many industrial wastewaters

Impact Treatment
equipment

Depends on the type of ions in TDS

Human TDS <500–1,000 mg/L
Industry Depends on the type of ions in TDS
Environment Depends on the receiving body

4.78 The importance of TDS cannot be discussed unless we know which ion is
present. TDS is a mixed bag of different ions so the specific ions have different
impacts on the water. For instance, iron or Fe ion in water will result in rust
around the sinks. With calcium or magnesium ions, the soap will not lather
well because these ions cause hardness.

4.79 Figure 4.1 shows the TDS spectrum.
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water

0 15 1,000 15,000 30,000 mg/L

Brackish

water

Saline

water

Persian

Gulf

Baltic sea
Indian

ocean“Spotted”

glasses

Figure 4.1

4.80 Numerical values of TDS for different parties are shown in Table 4.12.
4.81 Generally speaking, TDS of up to 1,000 mg/L is considered as “fresh water.”

This is the technical term, but each country/jurisdiction has their own guide-
lines for fresh water. For example, in Canada, <500 mg/L TDS is required for
potable water. Other countries may use TDS of 700, 800 mg/L, etc. Brackish
water is between 1,000 and 15,000 mg/L. Beyond 15,000 mg/L is considered
saline water.
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Table 4.12

Type Comment

Water resources Surface water Less than 5 mg/L to more than 35,000 mg/L
Groundwater Less than 5 mg/L to more than 70,000 mg/L

Water consumer
preferences

Human water
preference

Generally, less than 1,500 mg/L and preferably less
than 500 mg/L

Industrial water
preference

Process water: depends on the type of industry
Water for boilers: depends on the type of boiler and
pressure of generated steam
Water for cooling waters: depends on the type of
cooling system

Environmental
preference

There are fresh and saline water in environment but
we are not allowed to release water with TDS in
environment

Wastewater
Streams

Municipal
wastewater

Depends on the TDS of the water used and the type of
industry

Industrial
wastewater

Depends on the TDS of the water used and the type of
industry

4.82 Some people have a tendency to split the brackish water into two areas: high
brackish water and low brackish water. Low brackish water is considered
between 1,000 and 8,000 mg/L. High brackish water is between 8,000 and
15,000 mg/L. This differentiation for low and high brackish water is because
of the impact of equipment that may be used to treat each area. Note: The
cost of treatment of water in the saline area will be 30% higher than if it was
a brackish water.

When approaching the reverse osmosis (RO) vendor for a quote, the first
question they will ask is if the water is brackish or saline water as the
membranes will be different for each type of water. The low and high
brackish water distinction is not as common, but some companies will
use these categories as they supply different equipment to treat each
category.

4.83 Total classification of water based on their TDS content is shown in Table 4.13.
4.84 We need to be careful because some people think that brackish water is salty

water from underground sources, while saline water is salty water from sur-
face sources. This is the incorrect interpretation as the definition of brackish
and saline only have to do with the TDS content. Thus, it is possible to have
seawater that is brackish because the TDS is between 1,000 and 15,000 mg/L.
Conversely, we can also have well water that is saline type with a TDS above
15,000 mg/L. I have even seen well samples with TDS as high as 70,000 mg/L.
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Table 4.13

Water name TDS (mg/L)

High quality water (HQW) <1
Fresh water <1,500
Low brackish water 1,500–8,000
High brackish water 8,000–15,000
Saline water 15,000–50,000
Brine >50,000

4.85 When TDS reached 15 mg/L and you wash your glassware with this water, you
will see “spots” on the glass from the residual salts. In very high-end hotels
and restaurant, they will use filtration systems such as RO to decrease the TDS
in the water to alleviate the spotted glass effect of the TDS.

4.86 It is good to know that when we are talking about “dissolved salts in water,”
what we have in water is not molecules of salts but ions of components of
the salts. For example, after adding NaCl and K2SO4 to a pure water, you will
have a water with TDS content. The TDS has Na+, Cl−, K+, and SO2−

4 , and
after evaporation you may not get NaCl and K2SO4 again. In the end, we can
get any of or combination of four possible salts: NaCl, K2SO4, NaSO4, and
KCl. The portion of each salt depends on the rate of heat transfer. The rate
of evaporation will make an impact on the salts remaining at the end of the
evaporation process (Figure 4.2).

Evaporation

Salt

NaCl K 2
SO 4

Pure

water

Water

with

TDS

Figure 4.2

4.87 One interesting observation that helps us estimating water analysis is valid
for “open ocean waters” and also produced waters from oil and gas extraction
activities. In these water TDS (in mg/L) is approximately equal to 1.8 times of
chloride concentration (in mg/L).

4.88 Electric conductivity (EC) of water: The process to obtain TDS value can be
time consuming as you need to take a sample and send it to the lab for analysis
or for testing. Another indication of TDS can also be found by measuring the
EC. As the measure of EC increases, the value of TDS is also higher.
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4.89 EC is also a function of temperature (which is not the case for TDS), but stan-
dard measurements of EC are taken at 20 ∘C or 25 ∘C.

4.90 As temperature increases, EC will also increase.
4.91 EC can be reported in micro-Siemens per cm (μS/cm).
4.92 The measurement of EC is easily done using inexpensive sensors. The sensors

have two electrodes that measure the amperage/voltage of the electric current
that passes between them. This is the resistance of the solution between the
electrodes, which is a good indication of how much TDS is in the solution.

4.93 Although there is no direct correlation between EC and TDS, in general, by
dividing EC in 1.8–2, you will yield a rough TDS value. Although the rule of
thumb for TDS is EC/2, when the conductivity is very low, the TDS is about
the same.

On one of my previous projects, we were tasked with purchasing a con-
ductivity meter to evaluate TDS. The vendor asked for the range of EC for
the meter. Another member of my team panicked as we did not have this
value and we only had TDS. He wanted to find formulas to convert the
TDS to electro-conductivity. I reassured him that we could use the rule of
thumb where 2 μS/cm of EC is about 1 mg/L TDS. As the EC meter is used
as an indicator for TDS, a range would be sufficient. Some companies have
created correlations between TDS and EC but those correlations are very
specific to the water that they use.

4.94 The conductivity spectrum is shown in Figure 4.3 based on μS/cm.
4.95 A classification of water based on their EC is shown in Table 4.14.

Ultra pure

water

0.1

Demin.

water

1 100 1,000 μ S/cm0

Potable

water

Figure 4.3

Table 4.14

Water name EC (𝛍S/cm)

Ultrapure water (UPW) 0.01–0.05
Demineralized water 0.1–1.0
Single distilled water 1.0–10
Triple distilled water <0.1
Potable water 100–1,000
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4.96 Ultrapure water is actually not rare. In fact, there is a magazine called
ultrapure water as there are a lot of people interested in this information.
Industries such as microchip manufacturers, pharmaceutical companies,
and companies that use high pressure boilers all use ultrapure water in their
processes.

4.97 The other parameter that relates to TDS is electrical resistivity, R. Electrical
resistivity is generally used when we deal with water samples with electric
conductivities less than one (very small amount of TDS in water).

4.98 R is the inverse of EC and the unit for electrical resistivity could be megaohm
centimeter.

R = 1
EC

where
EC is electrical conductivity in μS/cm.
R is electrical resistivity in MΩ.cm.

4.99 When water is 100% pure with no ions, the resistivity is 18 MΩ.cm.
4.100 When we add some ions into the water, the resistivity will decrease.
4.101 In ultrahigh pure water industry, they discuss water in general terms by call-

ing it water Type I, which refers to resistivity of 18, down to water Type IV
with resistivity of 2.0 MΩ.cm (Figure 4.4).

HQW

Ultra pure
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5 μ S/cm

Resistivity2.0

Type IV

18 M Ω .cm

0 0.1 1 100 TDS mg/L
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Figure 4.4

4.8 Dissolved Organic Materials

4.102 Organics can be in the form of suspended solids, floatables, dissolved, and
colloids.

4.103 All the organics in water can arbitrarily be classified into four groups. They
are shown in Table 4.15.

4.104 Dissolved organics could exist in molecular forms or in ionic forms in water.
Recognition of this, in some cases helps to find a better removal method.

4.105 Organics are primarily materials that contain carbon (C) and hydrogen (H).
4.106 The other organic molecules are the ones that have atoms other than carbon

and hydrogen, most commonly nitrogen (N), phosphorus (P), and oxygen (O).
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Table 4.15

Number Classes Source Types of molecules Example wastewaters

1 Organics from
plant
components

Decaying and
disassociation of
leaves,
branches, barks

Humic acids,
fulvic acids

Surface waters

2 Organics from
processing of
plants and
animals

Processing (or
digesting) of
roots, fruits,
vegetables, or
animal parts

Carbohydrates,
cellulose, protein,
and fat

Residential
wastewaters, food
processing
wastewaters, pulp
and paper
wastewaters

3 Synthetic
organics

Chemicals made
by human

Many chemicals
like glycols,
surfactants,
biocides

Industrial
wastewaters

4 Organics from
fossil fuels

Soluble portion
of oil and gas

High molecular
weight alkanes,
akenes, organic
acids, single and
polynuclear
aromatics

Industrial
wastewaters from
oil and gas
refineries

4.107 There are other materials such as organics containing sulfur (S), but they are
less common.

4.108 Reporting concentration of organics are not as easy as other water contami-
nants. For example, in inorganic material such as iron, we can say you have
10 ppm of Fe.

4.109 The problem with organics is that there are many millions of different organic
materials.

4.110 There are three methods that we can use to specify organic matter in water.
They are shown in Table 4.16.

4.111 In the first method –exhaustive method – you list all the organic materials
found in the water and determine the concentration of each.

4.112 This method requires a very thorough lab analysis, which can be very costly
and upwards of a thousand dollars. It is uncertain if there are methods to test
each organic matter. This exhaustive list may not be very useful in the end
as well.

4.113 The second method to specify organics – functional group method – is the
group method that also requires a lab analysis, but instead of listing each
organic material, the organics are categorized into functional groups. This
method is less expensive than the exhaustive method because you are listing a
few groups instead of each organic material. The organics in each functional
group have the same behaviors, so this categorization is useful.
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Table 4.16

Number Methods Definition Example of report Advantages Disadvantages

1 Exhaustive
method

Specifying each
single organic
molecule and
measuring its
concentration and
reporting it

Octane: 3 mg/L,
8-isopropyl-7,10-
dimethoxy-3-
phenyl-1-oxa-2,6,
9-triazaspiro [4.5]
deca-2,6,9-triene: 5
ppm, etc.

All the organics in
water are reported
in details

A long list of
organic names with
their concentrations

The most expensive
method

Sometimes the long
names of organics
are confusing for
water treatment
person in charge

2 Functional
group method

Similar organics are
“bagged” in similar
categories with
similar functional
groups

Organic acids:
10 mg/L

A short list of
organic
contaminants that
makes it easier to
decide about their
removal methods

More expensive
than general
method

BTX: 2 mg/L, etc. Not all similar
organics are exactly
similar to each
other and bagging
them may hide
some of their
specific
characteristics

3 Nonspecific
method

Categorizing
organics based on
the level they can be
oxidized in different
reactions

Only three main
parameters: total
organic carbon
(TOC): 80 mg/L

The least expensive
method

The type of organics
is not known

Chemical oxygen
demand (COD):
100 mg/L

There is only one,
two, or maximum
three parameters
that make decision
making easier

Biochemical oxygen
demand (BOD):
50 mg/L

4.114 The third method is the nonspecific method. Of the three methods, this
method is most commonly practiced. This method is unlike the exhaustive
method where you list several hundred organic materials nor is it like the
functional group method where you list several functional groups. For the
nonspecific method, we “indirectly” measure organic materials in water.

4.115 In the nonspecific method, we have three parameters: TOC, chemical oxygen
demand (COD), and biochemical oxygen demand (BOD).

4.116 BOD parameter: In lab, when we measure BOD, we will send some bacteria
into the water sample. These bacteria will “eat” the organic materials, and
we can measure the amount of oxygen consumed. If a lot of oxygen is con-
sumed, we can assume that there is a lot of organic material in the sample.
For this reason, BOD is given in the unit of “mg/L as O2” rather than “mg/L
as organics.”
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4.117 Thus, BOD is not a true measure of organics but rather a measure of the
oxygen consumed in the sample, which is a direct relation to the amount of
organics in the sample. Keep in mind that although the unit for BOD is mg/L
as O2, it is more commonly just stated as mg/L.

4.118 BOD is an index of organic matter from a microorganism’s view point. BOD
is the measurement of “edible” organic in mg/L as O2.

4.119 Note that to measure BOD, lab technician does not physically add bacteria to
the sample in the lab. They simply aerate the sample to introduce more oxygen
to make the sample attractive and rely on the bacteria that naturally occurs in
the air.

4.120 Bacteria is a microorganism that eats organic materials. Similar to humans,
when they eat the food, it converts the organics to energy, and also, they repro-
duce. The caveat for this method is that also like humans, bacteria can be picky
about what they like to eat. Unfortunately, we are unable to ask bacteria what
it would like to eat. The only way to determine if the bacteria like the contam-
inant is to perform a test. If BOD is high, it means the bacteria’s favorite food
has a high concentration in the water. If the BOD is low, then it means the
bacteria’s favorite food is in low concentration.

4.121 Again, similar to relation between human and food, when you put organics in
front of bacteria, they eat it within certain time, but the more time, the more
they eat. Then, BOD test is a time-sensitive test. BOD generally is tested in
five days and is reported as “BOD5.”

4.122 If BOD value is given without a subscript, it is safe to assume it is a five-day
result as this is the standard for system designs.

4.123 The subscript for BOD can range from 5, 10, or more. As the number of days
increases, the microorganisms eat more, which results in a higher BOD result.

4.124 BOD for an infinite time period can be measured or calculated for BOD tests
in 20–25 days. The name of these BOD tests is “ultimate BOD” or “BODU.”

4.125 Measurement of BOD for more than five days is not very common because it
is time consuming.

4.126 COD parameter: In this test, instead of using bacteria or microorganisms to
consume the oxygen, COD uses an oxidizing agent to measure mg/L of O2. A
common oxidizing agent is potassium permanganate (KMnO4), and the other
one is potassium dichromate (K2Cr2O7).

4.127 As oxidizing agents used in COD tests, they should be more aggressive than
bacteria in “consuming” organics; in any analysis, the COD value is always
greater than the BOD value for the same sample.

4.128 COD also requires a lab test but it is not as long to perform as the BOD test.
4.129 TOC is another parameter that represents organics. It stands for “total organic

carbon.”
4.130 To measure TOC, we remove all the organic compound and burn it to weigh

the remaining ashes. This value is reported as TOC in “mg/L as C.”
4.131 If you have one liter of a sample with 100 mg/L TOC, if you remove all the

organic materials, the weight of this will not equate to 100 mg/L. As a rule of
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thumb, I assume organic content is double the TOC value. So, in this case, the
organic content is 200 mg/L.

4.132 It makes sense to compare COD with BOD as both share the common unit of
mg/L as O2. It is not logical to compare COD or BOD with TOC as the units
are different.

4.133 Of the three parameters in the nonspecific method, the order of popularity is
BOD, then COD, and TOC.

4.134 If the goal is to remove organic from the water sample through biological treat-
ment methods, the best parameter is BOD because BOD shows the preferred
taste of the bacteria for the organic material.

4.135 We can measure organics concentration in terms of BOD, COD, and TOC. It
is not enough to only give BOD. You need at least BOD and COD or BOD and
TOC to give a more accurate representation of the organic content.

4.136 Generally speaking, for wastewater you specify BOD and COD, and for water
we mainly report TOC.

4.137 In the ratio of COD over BOD, or, in other words, total organics over favored
organics, we know that the lower the number, the more the bacteria will
enjoy the contaminants or food. A higher COD/BOD means there is more
total organics that they do not like relative to the organics that they do like.

4.138 Figure 4.5 shows the relationship between different parameters of organic
matters in water.

Organic content

associated with:

TOC

Non-oxidizable organics
Organic content

associated with:

COD

Non-biologically

oxidizable organics

Organic content

associated with:

BOD

Figure 4.5

4.139 In municipal wastewater the value of COD is almost two times of value of
BOD and the value of TOC is about the same value of BOD.

4.140 Features of organics in terms of BOD are shown in Table 4.17.
4.141 Numerical values of BOD’s for different parties are shown in Table 4.18.
4.142 Sometimes, especially when organic content is low, it is generally reported as

TOC.
4.143 The scale for the TOC spectrum is shown in Figure 4.6.
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Table 4.17

Parameter Comment

Definition Represent content of organic materials in water/wastewater

Parameter to identify BOD5 but more accurately CBOD5

Units mg/L of O2

Origin Natural
sources

From plants and animals

Anthropogenic
sources

Discharge of organic materials into water

Impact Treatment
equipment

May cause organic fouling and biofouling

Human Consider that the foods we are eating are organic material.
Then, a soup may have a BOD of 200 to more than 4,000 mg/L.
However, in water we prefer a minimum BOD because we are
not sure about the type of organics in it

Industry Depends on industry. Small or very small in food and
pharmaceutical industries

Environment Marine environment: <50 mg/L
Terrestrial environment: Depends on the case

Table 4.18

Type Comment

Water resources Surface water Non-contaminated: 1–10 mg/L
Groundwater Non-contaminated: 1–5 mg/L

Water consumer
preferences

Human water preference Less than 1–2 mg/L
Industrial water
preference

Depends on type of industry. Generally
speaking, less than 1 mg/L

Environmental preference <10–20 mg/L
Wastewater
streams

Municipal wastewater Between 200 and 500 mg/L
Industrial wastewater Depends on the type of industry but

could be 2,000–20,000 mg/L or more

Drinking

water

0 2 20 50 mg/L

Ground

water

Surface

water

Figure 4.6
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4.144 Tap water may have 20–25 ppb of TOC.
4.145 The reason the TOC is lower in groundwater is because the water under-

ground percolates though different solids including some absorbents that fil-
ter and reduce the amount of organic in the water.

4.9 Nutrients

4.146 Nitrogen and phosphorus are significant for wastewater and not as much for
raw water. We can expect that raw water from the river and seas should have
very small amounts of nitrogen. Usually if you see raw water with nitrogen
and phosphorus, you can assume that the water is contaminated with wastew-
ater.

You may recognize that both nitrogen and phosphorus are the main ingre-
dients in common fertilizers. Therefore, N and P are nutrients that enrich
the soil. These elements are not desirable in water because they work
similar to fertilizer. Similar to soil, the N and P in water increase the abil-
ity of plants to grow in the water. When plants grow in the water, they
want to breath and they consume oxygen. With the loss of oxygen in the
water, the animals in the water will die. For this reason, releasing waste
with nitrogen and phosphorus into the water is very dangerous.

4.147 The term for the removal of N and P is biological nutrient removal (BNR). We
call organics with a N or P as a nutrient.

4.10 Organic Nitrogen and Other Nitrogen-Bearing
Compounds

4.148 The parameter to report nitrogen is total nitrogen (TN). Total nitrogen has two
components:
(a) Organic nitrogen
(b) Inorganic nitrogen

4.149 In the lab measurements organic nitrogen together with ammonia is mea-
sured. It could be because organic nitrogen is converted quickly (at least in
municipal wastewaters) to ammonia. The combination of organic nitrogen
and ammonia is called total Kjeldahl nitrogen (TKN).

TKN = Organic − N + NH+
4

4.150 The main inorganic species that have nitrogen are nitrate (NO−
3 ) and nitrite

(NO−
2 ). Generally, nitrite is converted to nitrate.

TIN = NHO−
2 + NO−

3
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4.151 The summary is shown in Figure 4.7.

TKN
Inorganic N

TN = (Org-N + NH4
+)  +  (NO2

–+ NO3
–)

Figure 4.7

4.152 Organic nitrogen is more harmful than inorganic nitrogen. In some cities they
only have standards for organic nitrogen or TKN where other cities will have
standards for TKN as well as nitrite and nitrate. Removing organic nitrogen
is easier than removing inorganic nitrogen.

4.153 Features of nitrogen compounds in water are shown in Table 4.19.

Table 4.19

Definition Content of nitrogen-bearing compounds

Parameter to identify TN, TKN, TIN

Units mg N/L
Origin Natural sources Feces and urine of animals and humans. In urine there is urea

that has nitrogen
Dead body of animals

Anthropogenic
sources

Nitrogen may come to water in the form of organic nitrogen from
industrial activities related to meat processing, overfertilization
of gardens, wastewater, laundry detergent, etc.

Impact Treatment
equipment

Not known problem

Human Organic nitrogen may or may not be harmful for human
depending on the type of organic material (consider that the
“foods” we eat are organic materials)
Nitrate and nitrate cause disease in human
Ammonia in water make it pungent

Industry Depends on industry but it could be harmful if water is used in
food, pharmaceutical, and similar industries

Environment Nitrogen-bearing compounds are nutrient and are harmful for
non-terrestrial environments
In non-terrestrial environments, their existence could be toxic for
aquatic animals, too
The presence of nitrogen is undesirable because of its impact on
bio matter growth. Nitrogen is food for microorganisms and
when the microorganisms eat and grow, they breathe and
consume the dissolved oxygen in the water that depletes the
oxygen available in the water for other wildlife, kills the fish, etc.
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4.11 Phosphorus

4.154 Phosphorus could be in water in inorganic or in organic forms.
4.155 Inorganic form of phosphorus in water is always in phosphate form (PO3−

4 ).
4.156 Organic form of phosphorus generally is converted to inorganic form through

biological conversions.
4.157 Features of phosphorus compounds in water are shown in Table 4.20.

Table 4.20

Definition Content of phosphorus-bearing compounds

Parameter to identify TP

Units mg P/L or mg PO4 /L
Origin Natural sources Phosphorus beds

Anthropogenic
sources

Man-made phosphorus can be a result of overfertilization,
wastewater, and laundry detergent

Impact Treatment
equipment

Not very harmful in low concentrations

Human Depends on the type of compounds
Industry Not very harmful in low concentrations
Environment The importance of phosphorus is its impact on bio matter growth

as it is food for microorganisms Acceptable phosphorus in water
is about 1–2 mg/L of P

4.158 Phosphorus may come to water in the form of organic phosphorus from
industrial activities related to meat processing, nut processing, and dairy
industries.

4.159 That total phosphorus (TP) content is from two parameters:
(a) Dissolved phosphorus
(b) Particulate phosphorus

4.160 Dissolved phosphorus is reported in the form of phosphate, i.e. concentration
of 4 ppm of P as PO3−

4 .
4.161 Particulate phosphorus is not as important as it is easily removed by filtration

or sedimentation.
4.162 Numerical values of nutrients for different parties are shown in Table 4.21.

4.12 Dissolved Gases

4.163 There are many gases that can be dissolved in water, some with higher
concentrations such as carbon dioxide (CO2) and some of them with
lower concentrations such as methane (CH4). Some of them are listed
in Table 4.22.

Ali Sadeghi Digital Library 



4.12 Dissolved Gases 63

Table 4.21

Type Nitrogen component Phosphorus component

Water resources Surface water Non-contaminated:
zero

1–2 mg/L

Groundwater Non-contaminated:
zero

Very low

Water consumer
preferences

Human water
preference

Very low or zero Very low or zero

Industrial water
preference

Depends on the type of
industry. Not very
important

Depends on type of
industry. Not very
important

Environmental
preference

In terrestrial
environment may not
be limited

In terrestrial environment
may not be limited

In fresh water
environments could be
limited

In water environments
could be limited to less
than 0.5 mg/L

Wastewater
streams

Municipal
wastewater

20–80 mg/L of “N” 5–15 mg/L of “P”

Industrial
wastewater

Depends on the type of
industry, but could be
as high as 50–100 mg/L
as “P”

Depends on the type of
industry

Table 4.22

More likely exists in:

Dissolved oxygen Exists in majority of natural water
streams

Dissolved carbon
dioxide

Exists in majority of natural water
streams

Dissolved
methane

Exists in groundwaters near oil and gas
fields and some other industrial
wastewaters

Dissolved
hydrogen sulfide

May exist in groundwaters near oil and
gas fields, may exist in tailing water
from mining activities

Dissolved
ammonia

Exist in landfill leachate streams and
some other industrial wastewaters

Dissolved organic
materials

Water contaminated with hydrocarbons
or organic materials
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4.164 The dissolution of all dissolved gases will be decreased by increasing temper-
ature or by decreasing pressure.

4.165 There are at least two forms for dissolved of each gas in water. They are ionized
(non-bound) and ionized (bound) forms. For example, after dissolving 5 g of
gas in water, we may have 3 g of the dissolved gas in ionized form and 2 g in
un-ionized form.

4.166 Ionized and un-ionized forms of several dissolved gases are listed in
Table 4.23.

Table 4.23

Ionized form
(bound form)

Un-ionized form
(non-bound form)

Dissolved oxygen Does not exist Exists: O2(aq)

Dissolved carbon dioxide Bicarbonate and carbonate (HCO3
−

and CO3
2−)

Exists: CO2(aq)

Dissolved methane Does not exist Exists: CH4(aq)

Dissolved hydrogen sulfide Bisulfide and sulfide (HS− and S2−) Exists: H2S(aq)

Dissolved ammonia Ammonium (NH4
+) Exists: NH3(aq)

Dissolved organic materials May or may not exist Exists

4.167 These two forms of some dissolved gases (ionized form and un-ionized form)
have totally different characteristics. One could be toxic and the other one
nontoxic. Removal methods for each of two forms could be different.

4.168 These two forms of some dissolved gases (ionized form and un-ionized form)
are easily interchangeable to each other.

4.169 In stagnant water bodies the content of dissolved gas in water could be lower
or higher than saturation level, but in agitated water bodies, the content of
dissolved gases cannot be higher than saturation level.

4.13 Dissolved Oxygen

4.170 Oxygen exists in water only in the form of O2(aq), no ionized form exists for
dissolved oxygen (DO).

4.171 DO is arguably one of the most common dissolved gas found in water.
4.172 Its origin is mainly contact with air. So based on that, we can guess that if we

have water that has a lot of contact with air like waters agitated in rivers, the
amount of oxygen in water is in very saturated levels. When the water is not
in contact with air such as underground water, the DO would be much less or
in rare cases, much higher than saturated levels.

4.173 DO in water plays a crucial role for animals and microorganisms that live in
the water because it is the source of their oxygen that allows them to breathe.
If we remove the oxygen from the water, these life forms will not survive.
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4.174 From another perspective, DO in water is very important because it causes
corrosion. Generally speaking, if we have higher DO in water, there is more
corrosion.

4.175 In groundwater DO of up to 20 ppm and more is seen.
4.176 DO in water may accelerate corrosion in the equipment; we want to remove

the oxygen.
4.177 Features of DO are shown in Table 4.24.

Table 4.24

Definition Dissolved oxygen molecule (O2) in water

Parameter to identify DO

Units mg/L, ppm (w/w), ppm (v/v), cc/m3

Origin Natural sources Contact of water with air
Anthropogenic
sources

Increasing DO: Aeration, algae
Decreasing DO: Releasing nitrogen and phosphorus into water,
heating water

Impact Treatment
equipment

DO may increase corrosion

Human Not important
Industry DO may increase corrosion
Environment DO is needed to support aquatic life. Generally, more than

5–6 mg/L

4.178 Numerical values of DO content for different parties are shown in Table 4.25.

Table 4.25

Type Comment

Water resources
content

Surface water 4–6 mg/L
Groundwater <3 mg/L

Water consumer
preferences

Human water preference Not important
Industrial water preference Depends on the type of industry
Environmental preference Generally, 4–6 mg/L

Wastewater
streams content

Municipal wastewater Generally, 3–4 mg/L
Industrial wastewater Depends on the type of industry

4.179 For the purpose of the concentration range of DO that can be found in water
(refer to Figure 4.8), we are assuming water at 20 ∘C. When 20 ∘C water comes
into contact with air, about 9 mg/L of oxygen will be dissolved in water. Keep
in mind that when we are talking about air, only 20% of air is oxygen and
the balance is nitrogen and other gases. If water is put into contact with pure
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oxygen, the DO will increase significantly and will be in the range of 50 mg/L.
The air and oxygen in this case is assumed to be atmospheric conditions. If
the pressure of the air and oxygen is increased, the amount of DO will be
increased. When you increase the temperature of the water, the amount of
DO will be decreased. For example, if water was 50 ∘C, the DO can decrease
to around 4 mg/L or to 1–2 mg/L if water temperature is 80 ∘C. When the water
is at 100 ∘C or boiling, the DO will be zero as the pressure in the water is too
high to allow oxygen to penetrate the water.

0 1 and 2 4 9 50 mg/L

Sat.

Saturated in

20 °C and atm.

Figure 4.8

4.180 In biological treatment system, DO of 1 mg/L is considered as the border
between aerobic and anaerobic condition. A DO of less than 1 mg/L rep-
resents anaerobic condition, while a DO of more than 1 mg/L represents
aerobic condition. However, in practice, a DO of 2–3 mg/L is kept for aerobic
condition.

4.181 A 1 mg/L of DO equals to 0.75 mL/L of DO.

4.14 Dissolved Carbon Dioxide

4.182 Carbon dioxide exists in water in both forms ionized (CO2−
3 and HCO−

3 ) and
un-ionized form (CO2aq).

4.183 In atmospheric pressure and general ambient temperature at neutral pH’s, the
majority of dissolved carbon dioxide is in the form of HCO−

3 .
4.184 Features of dissolved carbon dioxide are shown in Table 4.26.
4.185 The origin of CO2 in water is due to its contact with air as there is plenty

of CO2 in air. Underground water may be exposed to alkaline beds, which
is another source of CO2. We may say that there is no impact when there is
CO2 in water because it has a good taste, i.e. carbonated drinks. If you boil
water and drink it, it may not taste as good as not boiled water because of the
presence of dissolved CO2. Having said this, if CO2 concentration increases, it
can cause other problems such as a buffering effect and corrosion. CO2 is an
acidic gas and by dissolving it in water, we have a more acidic water, which is
more aggressive and causes corrosion to occur on equipment.

4.186 You can see from Figure 4.9 that if you put water in contact with pure CO2,
where the CO2 is at atmospheric pressure and water is at 15 ∘C and 1 ATM,
the saturation level of CO2 will be 1,600–2,000 mg/L. Generally speaking, you
will find more CO2 in underground water than surface water. In underground
water, the range of CO2 in water is between 40 and 100 mg/L. In surface water,
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Table 4.26

Definition Dissolved carbon dioxide gas in water

Parameter to identify Concentration of CO2 in water

Units mg/L, ppm (w/w), ppm (v/v), cc/m3

Origin Natural sources In groundwater on alkaline beds, in surface water from CO2 of
air

Anthropogenic
sources

Addition of CO2, carbonate, or bicarbonate salts

Impact Treatment
equipment

It may increase corrosion rate
It contributes in alkalinity and increase it

Human A water lacking of dissolved CO2 has a “flat taste”
A water with high amount of dissolved CO2 is not bad and
actually we enjoy drinking carbonated water

Industry It may increase corrosion rate
It contributes in alkalinity and increase it

Environment Not harmful within a range

the CO2 in water will be less with 5–40 mg/L of CO2 concentration. In indus-
trial water, the concentration of CO2 could be higher and can push CO2 to
become more dissolved in water.

Surface

water

0 1 5 40 100 1,600–2,000 mg/L

Ground

water
Saturated

Saturated in

15 °C and atm.

Figure 4.9

Physical sense for magnitude of dissolved CO2 in water can be obtained
by knowing the dissolved CO2 in soda drinks are about 6,000–8,000 mg/L.

4.187 A 1 mg/L of dissolved carbon dioxide equals to 0.55 mL/L of dissolved carbon
dioxide.

4.15 Dissolved Ammonia

4.188 Ammonia exists in water in both forms ionized (NH+
4 ) and un-ionized form

(NH3aq).
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4.189 In atmospheric pressure and general ambient temperature at neutral pH’s, the
majority of dissolved ammonia is in the form of NH+

4 .
4.190 Summation of concentration of these two forms are called TAN, which means

total ammonia nitrogen (TAN).
4.191 Features of dissolved ammonia are shown in Table 4.27.

Table 4.27

Definition Dissolved ammonia gas in water

Parameter to identify Concentration of NH3 in water

Units mg/L, ppm (w/w), ppm (v/v), or cc/m3

Origin Natural sources Natural nitrogen cycle in environment
Anthropogenic
sources

Release of N-bearing organics, release of NH3-laden wastewaters

Impact Treatment
equipment

Not very harmful in low concentrations

Human Bad odor in water
Industry Not very harmful in low concentrations
Environment Both NH4

+ and NH3aq are nutrients and are bad for environment
They also have toxicity too. However, toxicity of NH3aq for aquatic
animals is higher than toxicity of NH4

+. In marine environment,
ammonia should be less than 5 of mg/L

4.192 A 1 mg/L of dissolved ammonia equals to 1.4 mL/L of dissolved ammonia.
4.193 In some cases concentration of ammonia in water is reported as “mg/L as N”

and is called “total ammonia nitrogen (TAN).” These are cases we focus on
biological removal of nitrogen compounds.

4.16 Dissolved Hydrogen Sulfide

4.194 Hydrogen sulfide exists in water in both forms ionized (HS− and S2−) and
un-ionized form (H2Saq).

4.195 In atmospheric pressure and general ambient temperature at neutral pH’s, the
majority of dissolved ammonia is in the form of HS−.

4.196 Features of dissolved hydrogen sulfide are shown in Table 4.28.
4.197 Dissolved hydrogen oxide is more common in groundwaters than surface

waters.
4.198 The reason that we have H2S in water could be because of hydrocarbon activ-

ities such as oil and gas extraction/processing, mining, or microbial activities.
4.199 Many mines contain sulfate (SO2−

4 ), which is released during mining that
results in the presence of H2S in water. Here microbial activities refer to
microorganisms that can convert sulfate to H2S.
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Table 4.28

Definition Dissolved hydrogen sulfide gas in water

Parameter to identify Concentration of H2S in water

Units mg/L, ppm (w/w), ppm (v/v), or cc/m3

Origin Natural sources Contamination of water with hydrocarbons, microbial activity
in high organic content waters

Anthropogenic
sources

Oil and gas extraction and refining, pulp and paper

Impact Treatment
equipment

May cause corrosion, may deactivate some chemicals,
membranes, or ion exchange resin beads

Human More than 1 mg/L H2S in water is objectionable by human, very
toxic

Industry Creates stress cracking in steel, may deactivate or deteriorate
some materials like membranes, ion exchange resins, and
chemicals. In some industries H2S should be less than 10 ppm
and in some others up to 50 ppm is still acceptable

Environment In marine environment should be less than ppb level

4.200 The main significance of H2S is that it is a very toxic chemical. In very small
amounts, it will kill microorganisms and fish, and at higher levels, it is also
harmful to humans. Similarly, to DO, H2S also accelerates the corrosion pro-
cess.

4.201 When H2S in water is less than 0.3 μg/L, the water is considered as uncontam-
inated.

4.202 H2S in water more than 1–2 mg/L is recognizable by human. The smell is com-
monly described as rotten eggs.

4.203 In natural systems, water is considered to be saturated with H2S at 3,000 mg/L;
however, in industrial water treatment, we may see H2S concentrations much
higher as you are dealing with high pressures.

4.204 Contaminated groundwater with H2S generally have H2S from 2 to 10 mg/L,
but some groundwater has dissolved H2S with the concentration up to
200 mg/L (Figure 4.10).

4.205 In Figure 4.10 you will see some terminology associated with H2S in water.
With greater than 10 mg/L concentration of H2S, water is considered sour.
When it is more than 1,000 mg/L of H2S, it is highly sour water. Stripped sour
water may have H2S between 10 and 50 mg/L.

4.206 A 1 mg/L of dissolved hydrogen sulfide equals to 0.7 mL/L of dissolved hydro-
gen sulfide.

4.17 Dissolved Volatile Organics

4.207 Dissolved volatile organic carbons (VOCs) are gases that are dissolved in
water.
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Polluted ground waters

in oil extraction areas

Polluted ground waters

0 2 10 50 1,000 3,000 mg/L

200

Sour

Highly sour
Stripped sour water

Figure 4.10

4.208 VOC can be considered as the volatile portion of TOC. These are organic mate-
rials that are in gas phase and are dissolved in water. The presence of VOCs
in water are not very common but it does occur.

4.209 For example, if you dissolve sugar (an organic material) in water, you are cre-
ating TOC in water but zero percent of this TOC is in the gas phase and thus
is not a form of VOC. In nature, there are plenty of cases where we have TOC
and also VOC in water. The origin of VOC could be man-made or natural.

4.210 The importance of VOC in water is due to its non-condensing properties.
Keep in mind that non-condensing gases are not exclusive to VOC but also
apply to other gases such as CO2, O2, etc. The term “non-condensing gas”
came to the industry from heat transfer specialists (people who design heat
exchanger, fired heater, or evaporators). When they tried to warm up water,
they realized that if there are some dissolved gases in the water, these gases
will be converted to bubbles that coalesce together to form a bigger pocket of
gases. These pockets of gases attach to heat transfer area and will decrease
the heat transfer coefficient, which in turn decreases the effectiveness of the
heat transfer equipment (especially evaporators or fired heaters). This is the
reason non-condensable gases are not desirable in water that needs to be
heated in a process. If the water does not need to be heated, the presence
of non-condensable gases should not make an impact other than the issues
of TOC.
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5

Colloids

5.1 Contaminants whose particle size falls between dissolved material and
suspended solid material are called colloids.

5.2 Some of the characteristics of colloids are similar to dissolved materials, and
other characteristics are similar to suspended solids (and this make them diffi-
cult for removing).

5.3 Particles within the size of colloids almost always carry an electrostatic charge
on the surface. Then, we can have cationic colloids (with positive charge),
anionic colloids (with negative charge), or neutral colloids.

5.4 Metallic ion colloids always carry positive charges, and organic ion colloids
mainly carry negative charges.

5.5 The chemistry of colloids are not very clear and can be considered mysterious
things in the water.

5.6 Colloid specification requires two parameters:
(a) First is the colloid concentration (mg/L).
(b) Second is the colloid charge (positive or negative).

5.7 Though we like to know the concentration and charge of our colloids in water
“separately,” we only have an instrument that measures the “combination”
effect of colloid’s concentration and charge. The name of this instrument is
“ζ potential meter.”

5.8 As it is difficult to determine these two colloid specifications, when designing
a water treatment system, we always assume that colloids exist in the water.

5.9 Measuring colloid specifications in water is not very easy. So based on experi-
ence we just guess in which cases we can expect colloidal materials.

5.10 As a rule of thumb, all particles with the sizes less than 1–5 μm are most likely
in colloid forms, too.

5.11 Based on experience, surface water has more colloid concentration than
groundwater.

5.12 If dealing with surface water, we can assume higher concentration of colloid
(∼10–15 mg/L) because surface water easily comes in contact with animals’
bodies, leaves, grass, tree branches, etc.

5.13 For groundwater a rule of thumb is colloid concentration of 0–2 mg/L.
5.14 Many dissolved organics specially in high molecular weight (Mw > 10,000)

have some features of colloids.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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5.15 When there are natural organic materials in water, in many cases they exist in
colloidal forms, too.

5.16 Many oxides and hydroxides of metals with valence +2 show some features of
colloids. The famous of them are magnesium oxide and magnesium hydroxide.

5.17 Silica is a famous substance that could be in colloidal form in water.
5.18 When precipitation reactions happen in water, in many cases, in addition to

solid precipitates, colloids are also formed.

For example, in lime softening processes to remove hardness, there are
many metallic hydroxides such as calcium carbonate, magnesium carbon-
ate, etc. Although these metallic hydroxides are mainly in the form of
suspended solids, there is certainty that some of this will also exist as
a colloid in water.

5.19 Table 5.1 shows the two main colloidal systems: hydrophilic and hydrophobic
classification of colloids.

Table 5.1

1 2

Colloidal system Hydrophilic Hydrophobic
Examples Colloids from organic

materials
Colloids from
inorganic materials

Charge Generally negative charge Could be negative or
positive

Impact on water properties Severely affects viscosity
and surface tension of water

Marginal effects

5.20 The organic colloids increase the surface tension of the water, which causes
foaming problem in process units such as evaporators or scum generation in
biological wastewater treatment units.

5.21 Colloids cannot easily be removed by sedimentation because they carry surface
charges and because colloids repel each other.

5.22 Colloids cannot be removed using filters because the solution will be able to
pass through a filter together with dissolved species.

5.23 Emulsions can be considered something similar to colloids. In emulsions the
small “interim sizes particles” are actually small liquid droplets.

5.24 Emulsions are mixture of immiscible liquids in the presence of emulsifier
(Figure 5.1).

Water + emulsifier + oil

Emulsifiers: asphaltenes, clays

emulsion

Figure 5.1
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6

Pathogens

6.1 Pathogens are disease-creating organisms.
6.2 There are at least four groups of pathogenic microorganisms: some bacteria,

viruses, fungi (e.g. yeasts, molds), and protozoa.
6.3 The pathogenic feature of a water sample can be theoretically checked by iden-

tifying existence and number of each type of pathogens.
6.4 As there are many types of pathogens, tests to identify pathogenic feature of a

water sample could be very expensive.
6.5 Index tests are proposed to identify pathogenic characteristics of water where

total coliforms, fecal coliforms, and Escherichia coli (E. coli) are used as indices.
6.6 The relationship between these groups of bacteria is shown in Figure 6.1.

Total coliform

Fecal coliform

E. coli
Pathogenic

E. coli

Figure 6.1

6.7 The pathogens are recorded as “coliforms,” which have very bad reputation.
Although a small percentage of coliform are bad, many are good such as the
coliform found in our intestines that help us to digest food. If the majority of
coliform are good, why do we reference it when we discuss contamination of
food or water? We chose coliform as there are millions of pathogens that can
be recorded, but each of them has very complicated names that are difficult to
understand. Thus, coliforms are chosen, because if they are found in food or
water, people conclude that there is contamination of human feces.

6.8 Fecal coliforms are usually not pathogenic; they are indicator organisms, which
means they may indicate the presence of other pathogenic bacteria. Pathogens
are typically present in such small amounts, and it is impractical to monitor
them directly.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.

Ali Sadeghi Digital Library 



74 6 Pathogens

6.9 Features of pathogens are shown in Table 6.1.

Table 6.1

Parameter Comment

Definition Live disease-creating microorganisms in water

Parameter to identify As an index for all pathogens: total coliforms, fecal
coliforms, and E. coli

Units “MPN/100 mL” ( most probable number [MPN])
“CFU/100 mL” (colony-forming units [CFU])

Origin Natural sources Pathogens exist everywhere
Anthropogenic sources Contact of water with human or animal feces

Improper disposal of hospital wastes
Impact Treatment equipment No impact or not very known

Human Causing diseases
Industry Very important for regulated industries like in food

industry and pharmaceuticals
Environment It will cause disease when the water gets in contact

with humans

6.10 There are at least three ways to show existence of fecal coil forms or E. coli.
They are as follows: presence/absence, concentration of pathogens with the
unit of “MPN/100 mL,” (MPN, most probable number) and concentration of
pathogens with the unit of “CFU/100 mL” (CFU, colony-forming units)

6.11 The numerical value of pathogens in “MPN/100 mL” or “CFU/100 mL” is not
very far from each other. However, “MPN/100 mL” sometimes tends to be
higher values.

6.12 Numerical values of coliforms for different parties are shown in Table 6.2.
6.13 In some standards in addition to coliform bacteria, they have limitations on

viruses, spores, cysts, and pathogenic worms.
6.14 Bacteria form spores when they are in harsh conditions, and with this “trick”

they can survive for long times.
6.15 Protozoa form cysts when they are in harsh conditions, and with this “trick”

they can survive for long times.
6.16 Non-microorganisms like helminth (pathogenic worms) and their eggs or lar-

vae are considered in some standards.
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Table 6.2

Parameter Comment

Water sources Surface water Total coliform: ≤10 CFU/100 mL
Ground water Total coliform: ≤5 CFU/100 mL

Water receivers Human water
preference

Total coliform: ≤1 CFU/100 mL
Fecal coliform: ≤1 CFU/100 mL

Industrial water
preference

Depends on the type of industry

Environmental
preference

For water bodies in contact with humans:
Fecal coliforms: ≤200 CFU/100 mL
For water bodies not in contact with humans:
Fecal coliforms: ≤400 CFU/100 mL

Wastewater
generators

Municipal
wastewater

Total coliforms: Up to and above
1,000,000−100,000,000 CFU/100 mL
Fecal coliforms: Up to and above
1,000,000−100,000,000 CFU/100 mL

Industrial
wastewater

Depends on the type of industry
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7

Water Analysis

7.1 All components of water except for H2O are considered water contaminants,
and their existence and concentrations may need to be recorded and reported
in a list called water analysis report.

7.2 Water analysis is needed for design or troubleshooting of water and wastewater
treatment plants.

7.3 Performing analysis for “all” contaminants is very costly and impractical. The
more items requested on a water analysis, the higher the cost.

To put things in perspective, if we assume analyzing each element is 3
money unit, pH for will be cheaper such as 1 money unit as it is easily
tested. Items like biochemical oxygen demand (BOD) will be more expen-
sive as they require five days to analyze.

With this in mind, I am hesitant to request a full water analysis from
a client from smaller companies. Instead, I will ask questions to narrow
down my best guess at an initial water analysis. That is, what is the source
of water? Is it inland, uphill, etc.? I will try to move forward with my design
until the company is ready to request deliverables in cases that they will
be more inclined to perform a water analysis on the source water.

7.4 There is no real standard for parameters needed to be analyzed and reported
in water analysis. The analysis will depend on the final product specifications
and the type of technology used for the water treatment process. A useful water
analysis will list the components that you are “concerned” about and their con-
centrations in water.

7.5 Determining what to request in a water analysis requires a great deal of knowl-
edge on the limitations for all types of equipment and how each contaminant
will impact them.

As an example, if a membrane system is planned, the water analysis should
include iron and manganese as these ions will precipitate on membranes
and cannot be removed easily, thus impacting the water treatment effec-
tiveness. However, if the equipment included a warm lime softener, the
presence of iron and manganese will not matter as they will precipitate
and be removed.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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7.1 Preparing of Water Analysis

7.6 The most accurate way of checking existence and magnitude of each contami-
nant is doing lab test.

7.7 The string that we need to follow to get a water analysis is shown in Figure 7.1.

Sampling Statistical analysis

of recordings
Analyzing Reporting

Figure 7.1

7.8 Different types of samplings are shown in Figure 7.2.

Sampling

Continuous Discrete

Grab Composite

Figure 7.2

7.9 In continuous sampling a small portion of water flow is diverted into a process
analyzer, and the process analyzer measures the parameter of choice.

7.10 In discrete-grab sampling, several samples are taken from water stream and
will be sent to lab for analyzing.

7.11 In discrete-composite sampling, several samples are taken from water stream
and are dumped into a bucket to create a “composite sample.” Then, the com-
posite sample will be sent to lab for analyzing.

7.12 To get a good “picture” of the water, generally, more than one sampling
is needed. Table 7.1 shows a typical frequency of sampling for different
water/wastewater resources.

7.13 The second step is analyzing what can be done by water labs.
7.14 There are mainly two types of water labs: analyte analysis water labs and func-

tional analysis water labs. There are some labs that have both capabilities.
7.15 Analyte analysis water labs are the ones that test and report contaminants’

concentrations together with other parameters like density, viscosity, tempera-
ture, etc.

7.16 Functional analysis water labs are the ones that perform simulated unit
operations or process units to investigate treatability of water and/or
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Table 7.1

Source Frequency of sampling

Water sources Surface water Once per season
Groundwater Once

Wastewater
generators

Municipal
wastewater

Several samplings to cover all activities
Sometimes, no sampling is performed and
only estimation is used

Industrial
wastewater

Several samplings may be needed
One sampling during regular activity and one
sampling during each irregular activity

troubleshooting. Functional analysis water labs may do jar tests, mixed metal
precipitation tests, etc. BOD test, although one of the functional tests, is done
by many analyte analysis water labs, too.

7.17 When there are several water analyses, statistical analysis may be needed to
summarize all the water analyses to one “design water analysis.”

7.2 Study and Investigating Water Analysis Report

7.18 Do not accept any water or wastewater analysis blindly.
7.19 Theoretically, water analysis reported by labs should be correct as they have

internal quality control system. However, it is not rare to see wrong water
analysis.

7.20 There are quite a few ways to check the correctness of the water analysis.
7.21 One way of checking a water analysis is checking the balance of ions. In the

following formula the equation should be less than 5% or 10%:

error% =
||
∑

cations −
∑

anions||
||
∑

cations +
∑

anions||
7.22 The other way is checking the value of alkalinity by calculating it through the

following formula:

Alkalinity =
∑

cations
(
excluding H+

,CO2−
3 ,HCO−

3
)

−
∑

anions
(
excluding OH−)

7.23 The other way is checking the value of alkalinity by calculating from its defini-
tion formula:

Alkalinity = concentration of H+

+ concentration of CO2−
3 , concentration of HCO−

3

− concentration of OH−
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Checking TALK data
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7.24 A water analysis can be checked based on the minimum theoretically available
alkalinity in each pH (Figure 7.3).

7.25 Water analysis can also be checked by comparing measured total dissolved
solid (TDS) and calculated TDS.

7.26 The organic content can be grossly checked by making sure that the chemi-
cal oxygen demand (COD) value is always higher than (or equal to) the value
of BOD.

7.27 There are three main parameters in a water analysis report that provide a gen-
eral understanding about water. They are pH, TDS (inorganic content), and
BOD or COD (inorganic content).

7.28 The pH shows if the water is acidic or basic. If the water is acidic or basic, it
may need to be neutralized at some point.

7.29 Generally, handling of acidic water could be more expensive than handling of
neutral or basic water.

7.30 From the other side, all water contaminants could be classified into suspended
solids and dissolved substances.

7.31 The water that has high content of dissolved substances is more expensive to
be treated than the water with suspended solids.

7.3 Temperature

7.32 The water temperature should not be confused with the water temperature
reported on the lab report. The water takes time to reach the lab and will vary
in temperature from the original source. Also, it is important to note that the
lab results generally are standardized and reported at 20 ∘C or 25 ∘C.
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7.33 The origin of the temperature could be high or low due to the environment or
human activities. In the northern areas, water is generally lower in tempera-
ture, while near the equator, water temperatures are higher.

7.34 In general, surface water has more changes in temperature than underground
water. Underground water tends to have a fairly fixed temperature. For
example, in Canada, we use 10 ∘C or 15 ∘C, whereas other areas could have
underground water of 22 ∘C.

7.35 Surface water temperature can vary a lot based on seasons and ambient air
temperature.

7.36 In many cases, an equalization tank is placed upstream of the water treatment
plant to hold water. With this tank, water being held will be closer to but less
than the ambient air temperature.

7.37 The favorable temperature range for water and wastewater treatment is
between 20 ∘C and 80 ∘C.

7.38 With increased temperature comes positive characteristics as well as negative
characteristics.

7.39 The minimum temperature is 0 ∘C due to water freezing point. However, the
minimum practical temperature is 4–10 ∘C as this allows for flexibility for the
process.

7.40 When the temperature rises, reactions – including precipitation reaction – will
be faster. One old rule of thumb states that for every increase of 10 ∘C, the reac-
tion rate increases by a factor of 2.

7.41 Another characteristic of increased temperature is increased rate of microor-
ganism growth. For biological treatment for start-up, for example, in cold areas,
it takes two to three weeks. But in warmer areas, the biological treatment will
take one week to start because microorganism growth in warmer climates is
faster.

7.42 Some negative characteristics of higher temperature is that there are fewer
options for material of construction (MOC) and limited choices for membranes
and resins.

7.43 Membranes that are most commonly polymeric membranes can handle tem-
peratures up to 35–40 ∘C. Membranes are used in reverse osmosis (RO) and
ultra-filtration (UF) systems.

7.44 There are resins that can handle up to about 100 ∘C or even higher, but gener-
ally resins are very sensitive to temperature change.

7.45 If the temperature of the water is outside the favorable range, there may be
little that can be done. The reason for this is that in order to change the tem-
perature, you will need a heat exchanger. However, heat exchangers are not
recommended in water treatment systems because there is a tendency for pre-
cipitation to occur in the heat exchanger. As a rule, there is a reluctance to put
heat exchangers in water and wastewater treatment systems.

7.46 Some systems will go as far as to inject steam into the water to raise the tem-
perature of the water rather than through the use of a heat exchanger. Such
idea should be done by specific systems; otherwise two-phase flow will be gen-
erated, which is not good.
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7.4 “Estimation” of Existence of Contaminants in Water

7.47 In the earlier stages of my career, to predict the initial water analysis, I would
even go as far as to taste the water. (Only raw water, not wastewater.) Con-
taminants such as iron and manganese would have a metallic taste, and trace
amounts of H2S would also have a different off-putting taste. Please note that
this method of experimenting is not recommended.

7.48 The type and concentration of contaminants in surface moving waters (e.g.
rivers) could be different where we are closer to source or to the destination.
Upland rivers have less organic content, while downland rivers have more
organic content.

7.49 “Hospital odor” of water generally shows it has phenols as contaminant.
7.50 Marine odor of water represents natural volatile organic carbon (VOC) in water

that sometimes originated from total organic carbon (TOC) content of water.
7.51 The yellow-brownish rust around cookwares shows that water may have iron

and manganese.
7.52 White spots on glassware shows the washed water has TDS more than 20 ppm.
7.53 Surface water streams from upland may have less organics in comparison to

surface water streams from lowland.
7.54 Industrial wastewater streams from industries that use water in recirculated

mode may have higher level of contamination than industries that use water
in once-through mode.

7.55 Industrial wastewater streams from industries that operate in high tempera-
tures may have higher level of contamination than industries that operate in
ambient or low temperatures.

7.56 If a sheen of oil is sheen on water, the water may have oil more than 15 ppm.
7.57 Rotten egg smell of water shows that it most likely has dissolved H2S in it. How-

ever, there could be the other sulfur compounds like mercaptans.
7.58 Take a glass of water and wait until the solids settle. If the top water is light

brown, it has colloids in it, but if the top water is light milky, it may have oil in
emulsion form.

7.59 Marbles can be used to get a qualitative approach of Langelier index. Place
several small pieces of marbles in a glass of sample water. If the marbles are
covered with scale, the water is scaling. If marble pieces get perforated, the
water is corrosive.

7.60 In a glass of water sample, put a piece of camphor; if it buzzes, there is no oil
in water, but if it does not buzz, there is oil in water.

7.5 Units of Concentration

7.61 Some contaminants simply do not have units, pH, for example. Others have
unique units such as temperature, which is measured in ∘C or ∘F.

7.62 The majority of other contaminants are measured by their concentration.
7.63 When the concentration for a contaminant is big, we may choose to provide a

percentage.
7.64 If the concentration is smaller, we can use milligram per liter (mg/L) or parts
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7.65 If the value is even smaller, we may use microgram per liter (μg/L) or parts per
billion (ppb).

7.66 When we are talking about ppm or ppb, there could be at least two interpreta-
tions from them: ppm (wt/wt) or ppm (vol/vol).

7.67 Usage of ppm (vol/vol) is not common unless in expression of dissolved gas
concentrations in water.

7.68 Conversion of mg/L to ppm (wt/wt) is done by the following formula:

Cppm(wt∕wt) =
Cmg∕L

𝜌sol.(kg∕L)
where 𝜌 is the density of contaminated water.

7.69 Concentration in ppm is calculated by dividing the concentration of contam-
inant in mg/L by the density of the solvent in kg/L. In the case of water, the
density of water is 1 kg/L, thereby verifying that mg/L is equivalent to ppm for
dilute water solutions.

7.70 In general, when concentration is less than 15,000 mg/L, we can consider mg/L
equal to ppmw.

7.71 One famous exception of assuming ppmw≃mg/L is for streams of crystallizers.
7.72 Similarly, the numeral values of parameters in μg/L are approximately the same

as ppb (wt/wt).
7.73 If you are given a concentration in percentage, you can obtain the ppm value

by multiplying by 10,000.
7.74 Keep in mind that the maximum value for percentage is 100, and the maximum

value in ppm is 1,000,000.
7.75 There is another unit for concentration, which looks “mysterious.” It is “mg/L

of CaCO3.”
7.76 The unit of “mg/L of CaCO3” can be used for contaminants wherever we

choose to use chemical methods (precipitation, ion exchange, etc.) to remove
contaminants.

7.77 The unit of “mg/L of CaCO3” was invented by wastewater guys long time ago to
get around the lack of knowledge about water chemistry and solving wastew-
ater problems.

7.78 If we want to measure in mg/L, what does that mean? It is mg of the contam-
inant in one liter of the water solution. To be more accurate, when we want to
express the concentration of iron (Fe), we should say 10 mg/L “as Fe.” However,
there are cases where the concentration is not based on the ion of the contam-
inant being measured. The preference could be to express the concentration as
“equivalent” calcium carbonate (CaCO3).

When we eat an orange, the orange contains vitamin C content. Let us
assume there is 50 mg of vitamin C in an orange. If being asked how many
oranges you want, and your response is two, I understand that you want
two oranges. This is very clear. However, it is different when you go to
the doctor and he/she suggests that you should take 10 units of vitamin C
daily. When the doctor asks you how many units you consumed, the doctor
is not interested in the number of oranges but the units of vitamin C. The
same principle applies to water treatment. Instead of reporting based on
the real concentration, we report based on “as CaCO3” concentration.
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7.79 The unit of “mg/L as CaCO3” was invented because the chemistry of CaCO3
was well-known for engineers in older days and they tried to predict the stoi-
chiometry of chemical reactions involved with other ions by “simulating” those
ions with CaCO3.

7.80 The unit of “mg/L as CaCO3” actually shows equivalent amounts of ions (not
real amounts) that behave similar to CaCO3 in chemical reactions.

7.81 These days we may use unit of meq/L (milliequivalents of solute per liter of
solution). This unit is more common in academia.

7.82 Table 7.2 shows factors that should be used to convert “mg/L as ion” to “mg/L
as CaCO3.”

Table 7.2

Ion name Symbol Factor

Aluminum AL3+ 5.56
Ammonium NH+

4 2.78
Bicarbonate HCO−

3 0.82
Barium Ba2+ 0.78
Calcium Ca2+ 2.5
Carbonate CO2−

3 1.67
Chloride Cl− 1.41
Hydrogen H+ 50,000× 10−pH

Hydroxide OH− 0.000025/H+

(mg/L as CaCO3)
Iron Fe2+ 2.69
Manganese Mn2+ 1.82
Magnesium Mg2+ 4.12
Potassium K+ 1.28
Sodium Na+ 2.18
Strontium Sr2+ 1.14
Sulfate SO2−

4 1.04

Example: What is the concentration of 10 mg/L of calcium ion in mg/L of
CaCO3?

It is 25 mg/L CaCO3 (10× 2.5).
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Part B

Contaminants Removal Methods
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8

Settleables Removal

8.1 The first parameter that should be decided by the designer for particle removal
is the “cutoff size” or “Dd,” for each particle removal unit.

8.2 Figure 8.1 gives an idea about the cutoff sizes.

More stringent cut-off size

Larger container size Smaller container size

100 μ 200 μ 300 μ 400 μ 500 μ 600 μ 700 μ 800 μ 900 μ 1,000 μ

Less economical More economical
Wall effects

Less stringent cut-off size

Figure 8.1

8.3 From theoretical point of view, the Dd could be selected in a way to achieve
certain removal efficiency. For example, if 90% of particles are bigger than
200 μm, by choosing Dd as 200 μm, a removal efficiency of 90% can be attained.
A removal efficiency of more than 90–95% for particle removal units is very
common.

8.4 From the other side, the Dd can be decided based on the downstream equip-
ment. If the downstream equipment can tolerate e.g. particles up to 100 μm,
the Dd can select 100 μm irrespective of the required low removal efficiency.
If there is another separator downstream of the separator of interest, the Dd
can be relaxed somehow.

8.5 All types of suspended solid removals can be classified into two main types:
removal of solids from low concentration total suspended solids (TSS) and
removal of solids from low concentration of TSS streams and removal of solids
from high concentration of TSS streams. They are shown in Table 8.1.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Table 8.1

TSS<1–3% TSS>1–30%

Name of operation Clarification Thickening
Application Common in dirty

waters
Common in sludge
streams

Inlet flow Action on feed to
plants

Action on by-product
streams

8.6 All of the methods in removing suspended solids can be categorized into one
of these two principles:
(a) Sedimentation is based on differences in density.
(b) Sieving is based on differences in particle sizes.

8.7 There are two main types of sieving:
(a) Screening
(b) Filtration

8.8 Generally, sedimentation is compared with filtration. When is sedimentation
and when is filtration the best method of separation? A particle diameter less
than 20 μm will use filtration. A particle size greater than 100 μm will use sed-
imentation.

8.9 As the particle size information is not always available, another rule of thumb
that can be used is if TSS< 50 mg/L, use filtration. If TSS> 100 mg/L, use sed-
imentation.

8.10 A simple formula used for sedimentation is Stokes’ formula. Stokes’ equation
can be used to show different techniques for different creaming techniques.
Figure 8.2 shows the following instances:
(a) We can use universal G-force for gravity sedimentation.
(b) We can increase g to higher values of “a” to develop “accelerated sedimen-

tation units” like centrifuges and hydrocyclones.
(c) We can increase the water temperature to decrease the viscosity and then

increase separation rate (this is not generally economical).

Hydrocyclone,

centrifuge Flocculation

V = L =
g d2

o

18 μw

(ρ
P 
– ρ

w
)

t

High temperature
Shallow separation

Figure 8.2
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(d) We can bind small particles together – flocculation – to make larger
particles and quicker separation.

(e) When none of them can be done, the travel distance of particles can be
decreased for a quicker separation. This happens in shallow separation
units.

8.11 The goal of flocculation is increasing the sizes of particles to more than
100 μm. Once the particles are 100 μm, it will be easy for gravity sedimenta-
tion.

8.12 Categorizations of suspended solid removal methods through sedimentation
are shown in Figure 8.3.

SS removal

Sedimentation

Universal G-force
Enhanced G-force

Hydrocyclone
Centrifuge

Decanter
type

Disc
type

Figure 8.3

8.1 Sedimentation

8.13 The most attractive type of sedimentation method is the gravity-type sedimen-
tation. It is because it uses universal gravity of Earth for the separation, which
is free and redundant.

8.14 For particle sizes larger than 100 μm, with concentrations of more than 1%,
and if the flowrate is high (say, more than 200 m3/h), a more attractive option
than filtration is sedimentation.

8.15 Sedimentation basins are not very attractive for flowrates less than
50–100 m3/h.

8.16 Sedimentation is not popular for particles smaller than 50 μm because it takes
a long time.

8.17 Although there is no theoretical limit, but the largest particles that can practi-
cally be removed in a sedimentation basin are around 5,000 μm (5 mm). This
is because the particles removed end up in the sludge on the bottom of the sed-
imentation basin, and if they are larger than 5 mm, they cannot be handled/
conveyed easily by conventional centrifugal pumps. Technically, a sedimen-
tation basin can be used even for particles larger than 5 mm.
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8.18 Sedimentation units can be optimized for the purpose of clarification or for
the purpose of solid dewatering. There are, however, units that are sized to
fairly reach to the both goals.

8.19 In order to size a sedimentation basin, we would first calculate the falling
velocity of the cutoff size particle. This velocity is called terminal velocity of
the particle, overflow velocity, or UT.

8.20 Terminal velocity is calculated in many cases from Stoke’s law. Stokes law is
the valid equation when the Reynold’s number of the falling particle is less
than unity and preferably less than 0.1.

8.21 The general terminal velocities are mentioned in Table 8.2.

Table 8.2

Type of solid
Overflow velocity
(m/h)

Gelatinous fluffy inorganic Less than 0.5
Organic materials About 1
Inorganic materials 2–3
Heavy inorganic materials 3–6

8.22 There are three fundamental types of gravity separation basins and therefore
three methods of sizing them. They are as follows:
(a) Stagnant (or fairly stagnant) water sedimentation
(b) Horizontal stream sedimentation
(c) Vertical stream sedimentation

8.23 Stagnant water sedimentation is done in large ponds when the feed water
flowrate is very small in comparison with the sedimentation pond. In such
units after calculating the terminal velocity of the target particle, the time of
falling can be estimated when the pond’s depth is known. A suitable residence
time can be specified for the pond to have a complete sedimentation. Based on
the residence time of the pond and knowing the ponds depth, the dimensions
of the pond can be calculated.

8.24 A rough required residence time of particles is shown in Table 8.3.
8.25 In mid-sized units, where the feed water flowrate is medium and/or adequate

area is available, horizontal stream sedimentation basins are used.
8.26 In horizontal stream sedimentation basins, the depth of separation is not

important. This concept has a simple proof. Figure 8.4 shows a sedimentation
basin.
where
Q is the feed water volumetric flowrate (e.g. in m3/h)
D is the vessel depth (e.g. in m)
W is the vessel width (e.g. in m)
L is the vessel length (e.g. in m)
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Table 8.3

Type of sedimenting materials Residence time

Gelatinous fluffy inorganic 2–3 hours
Organic materials Up to 12–24 hours
Inorganic materials About one hour
Heavy inorganic materials Less than 2 hours

Sedimentation basin

L
W

Q
D

Figure 8.4

8.27 The design of the separator vessel is determining D, W , and L. The design
should be based on the most difficult case. The most difficult case is remov-
ing a particle at the top of the vessel. If the velocity vector of this particle
(Figure 8.5) lays down on the dashed line (or below that), the particle will
be captured; otherwise it will be escaped from the vessel.

VH

V

Side view of a sedimentation basin

Vv

Figure 8.5

8.28 The velocity vector of “V” can be can be broken up to two components of VH
and VV.
VH is the velocity in the horizontal direction and generated by the feed water
flowrate.
VV is the velocity in the vertical direction and generated natural tendency of
particles to fall vertically. VV is the same as UT.

VV

VH
= D

L
(8.1)
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From the other side as the flowrate comes from D.W side and based on the simple
formula that volumetric flowrate equals velocity to area, we can write

D
W

Q

VH = Q
D.W

(8.2)

By plugging Eq. (8.2) in Eq. (8.1), we will have
VV

Q∕D.W
= D

L
(8.3)

By rearranging we will have

VV = Q
L.W

(8.4)

This formula should be valid to capture the worst located particle getting removed
from the feed water, and there is no “D” (depth of vessel) in it!

The left side of formula has nothing to do with the vessel geometry. It is a function
of different parameters related to particle and water. In the right side of formula,
there are feed water stream flowrate, vessel length, and vessel width.

8.29 The height of such basins is generally about 2–4 m.
8.30 The third fundamental type of sedimentation basins is vertical stream sedi-

mentation basin, which is the most compacted one.
8.31 In vertical stream sedimentation basins, the feed water enters the basin in

vertical and from the bottom of the basin and will exit the basin from the top.
Then a vertical upward direction of flow is created in the basin.

8.32 In order to allow sedimentation, the velocity of vertical feed stream (V V)
should be less than the terminal velocity of target particles (UT).

8.33 Generally, V V is assumed to be half of the terminal velocity.
8.34 After estimating the V V, the cross section of the sedimentation basin (and

consequently its dimensions) can be calculated from the following equation:

VV = Q
Cross section of basin

(8.5)

8.35 Each sedimentation basin consists of five elements (Figure 8.6):
(a) Inlet zone
(b) Sedimentation zone
(c) Outlet zone
(d) Sludge zone
(e) Sludge removal system

8.36 The features of different items of sedimentation basins are mentioned in
Table 8.4.
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Figure 8.6

Table 8.4

Inlet zone Settling zone Outlet zone Sludge zone

Sludge
removal
system

Goal Distributing
the water
flow evenly
through the
whole cross
section of
settling zone

Providing
calm space
for
settlement

Collecting
water from
the whole
cross section
of settling
zone

Compression
settling of
sludge,
collecting and
storing
separated
solids (sludge),
and making
them ready to
be transferred
outside of
basin

Moving the
collected
sludges to
outside of
basin

Types Perforated
sheet,
underflow
weir

Largest
portion of
the basin

V-notch
weir, effluent
launders,
finger
launders

A space with a
suitable
volume and
sloped floor

Manual
removal,
gravitational
removal,
hydraulic
removal, and
mechanical
removal
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Conventional settling basin

Dropping height

(a) (b) Dropping height

Shallow depth settling basin

Figure 8.7

8.37 Some more common types of horizontal flow sedimentation basins are shown
in Table 8.5.

8.38 Solid removal from floor could be done through different mechanisms as fol-
lows:
(a) Manual removal
(b) Gravitational removal
(c) Hydraulic removal
(d) Mechanical removal

8.39 Manual removal is common in pond-type sedimentation units. For manual
sludge removal the unit should be pulled out of operation and get emptied.

8.40 Gravitational solid removal is done by simply sloping the bottom of the sed-
imentation basin. As the installation of sloped bottomed containers is more
difficult than flat bottomed containers, the gravitational solid removal is lim-
ited to maximum length/radius of sloped floor of 4–5 m.

8.41 When the water into a sedimentation basin is less than 20–40 m3/h, gravita-
tional removal could be used.

8.42 Mechanical solid removal is done by moving rakes, rotating rakes in circular
basins, and sweeping rakes in rectangular basins.

8.43 Mechanical sludge removal systems have a bad reputation of frequent jam-
ming and failures.

8.44 Hydraulic removal systems are applicable when the amount of to-be-removed
solids is low. Hydraulic removal systems are not common in sedimentation
basins.

8.45 Hydraulic removal of settled solids can be done by air lift pumps, eductor suck-
ing devices, or other mechanisms.

8.46 Sludge removal systems can also be classified as shown in Table 8.6.
8.47 One improvement in gravity sedimentation basins is shallow depth sedimen-

tation system. In a conventional settling basin (Figure 8.7a), a particle needs
to travel a long vertical distance to the almost floor of the basin to be able to
remove it from a dirty water. In shallow depth settling basins (Figure 8.7b),
the solid needs to travel shorter time, and then less time is needed for the
separation.
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Table 8.5

Schematic
Inlet
zone

Outlet
zone

Rectangular Perforated
wall
(sheet) or
under
weir

End weir,
finger
weirs

C
ircular(orsquare)

Center to
perimeter
flow

Center
well dis-
tributor

Perimeter
weir and
launder or
radial
finger
launders

Perimeter
to center
flow

Launder
and
perimeter
weir

Pipe weir
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Table 8.6

Online Offline

Continuous Rotating rakes or sweeping
rakes

Intermittent Automatic de-sanding
system, cleaning lance system

Manual sludge
removal

8.48 In shallow depth settling basins, the concept of shallow depth can be provided
by a set of sloped, parallel plates (Figure 8.8) or a set of sloped tubes or other
methods.

Figure 8.8

8.49 Shallow depth sedimentation basins can remove smaller particle sizes, and
then they have higher removal efficiencies in comparison with their respec-
tive conventional sedimentation basins.

8.50 Shallow depth sedimentation basins have a bad reputation of clogging in some
services. When the feed water has large suspended solids, high concentration
suspended solids, or sticky suspended solids, shallow depth systems may not
be suitable.

8.2 Hydrocyclones

8.51 Hydrocyclones and centrifuges are both categorized under enhanced G-force
solid removal methods.

8.52 In a hydrocyclone, we convert a portion of the energy of the stream to centrifu-
gal force to remove suspended solids, while in centrifuges elevated G-force is
created by external electrical energy.

8.53 A cyclone is an equipment that is primarily designed to remove solids from
gas streams. It is a very old separation unit. Later, a new version of a cyclone
was invented to remove solids from liquids. This was named a solid–liquid
hydrocyclone or simply hydrocyclone.

8.54 The liquid stream’s energy enters the hydrocyclone, and based on the shape
of the vessel and the path of flow, it will produce a centrifuge effect.
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8.55 In order to use a hydrocyclone, you will need to have a stream with sufficient
energy. Thus, you cannot use this option if you have a low-pressure stream.

8.56 There are rarely scenarios that have sufficient water pressure for use of hydro-
cyclone.

8.57 In low-pressure systems, you may think that you can simply add a pump to
increase the pressure in the system in order to use a hydrocyclone. This will
work; however, if this is the case where you are adding a pump for the sole
purpose of using a hydrocyclone, you are better off using a centrifuge to reduce
the number of equipment, and it will have the same end result. The electrical
energy that you will need for the pump anyway can be directly applied to the
centrifuge instead of the pump to use the hydrocyclone.

8.58 Hydrocyclones are not commonly used due to their limitations. One famous
application of them is removing sands from well water. In such applications
hydrocyclones are installed right downstream of well pump.

8.3 Centrifuges

8.59 In a centrifuge, the external energy (electricity) is injected to the system to
increase the G-force. The two types of centrifuges are as follows:
(a) Scroll-type centrifuges can handle larger quantities of suspended solids.
(b) Disk-type centrifuge can remove small amounts of suspended solids.

8.60 Features of these two types of centrifuges are shown in Table 8.7.

Table 8.7

Disk-type centrifuge Scroll-type centrifuge

TSS in feed
stream

<1% >10–30%

Application Not common in water or
wastewater industries

It is not common to see more
than 3–8 units in one water or
wastewater facility

Goal Water clarification Dewatering sludges

8.61 Figure 8.9 shows the internal of a disk-type centrifuge. Water enters the center
of the centrifuge of the rotating disk, which sends the suspended solids to the
perimeter of the centrifuge, and clean water leaves the top sleeves.

8.62 Disk-type centrifuge can only handle small amounts of TSS before plug-
ging up.

8.63 Figure 8.10 shows the internals of a scroll-type centrifuge.
8.64 In scroll-type centrifuges feed enters the hollow perforated center tube, which

is rotating. The treated water leaves through the perimeter, and suspended
solids are pushed out the opposite direction by the rotating screw conveyer.
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Rotating disk stack

Figure 8.9

Rotating bowl

Feed

Rotating scroll

Rotating mechanism

SolidCentrate

Figure 8.10

8.65 In scroll-type centrifuges, the different levels of water are defined by putting
donut-shaped plates onto the end of the decanter. If the diameter of the donut
hole is bigger, the depth of water is lower. If the diameter of the donut hole is
lower, the depth of water is higher. The vendor will generally provide several
sized plates. The operator can choose which plate they want to use, which
will vary the level of cleanliness of water they want to produce. There is a
compromise as if you want cleaner water, you will have wetter solids leaving
the system. If dirtier water is acceptable, the solids will be drier, so you are
wasting less water.

8.66 The other names of scroll-type centrifuges are decanter, bowl-type cen-
trifuges, or horizontal centrifuges.

8.67 Different sizes of bowl-type centrifuges can be arbitrarily classified as is shown
in Table 8.8.

8.68 In wastewater treatment industries, the bowl-type centrifuges with size from
less than 10–20 m3/h are the most common. However, in chemical industries
bowl-type centrifuges with the capacity of 200 m3/h or more are seen.

8.69 Generally, the minimum number of centrifuges on a service is 2.
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Table 8.8

Capacity
(m3/h)

Power
(hp)

Generated
G-force (g)

Diameter
(cm)

Length
(cm)

Small size <10 <10 >3,500 <20 <75
Mid-size 10–100 10–70 3,500 to 3,000 20–50 75–200
Large size >100 >70 <3,000 50–150 200–250

8.4 Grit Chambers

8.70 Grit removal systems are a specific type of suspended solid removal systems
for removing high density suspended solids in low concentrations from
wastewater.

8.71 Grit chambers are units for large and low-pressure streams in open channels.
8.72 Grit chambers are generally designed to remove solids with density of more

than 2,000 kg/m3.
8.73 Typical solids removed in grit chambers are sands, silts, grits, and eggshells.
8.74 There are at least three types of grit chambers. Their features are shown in

Table 8.9.

Table 8.9

Types Principal of operation Mechanism of operation

Conventional grit
chamber

Similar to gravitational
sedimentation basins

A long channel with specified
dimensions is used to allow
sedimentation of grits

Spiral grit chamber
(or aerated grit
chamber)

Similar to hydrocyclones Several air jets are used to generate a
horizontal helical movement in
water inside of a long grit chamber

Vortex grit chamber Similar to centrifuges A rotating baffle (turbine agitator) is
used to generate a vertical helical
movement in water inside of circular
grit chamber

8.5 Sieving

8.75 Removal of suspended solids based on particle size is referred to as sieving.
8.76 There are three subcategories that fall under the sieving principle. They are

screening, conventional filtration, and membrane filtration (Figure 8.11).

8.5.1 Screening

8.77 The goal of screening is removing particle sizes that are large, have density
lower than water (specific gravity between 0.95 and 0.98), and are floating in
water.
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SS removal

Screening

UF MF

SW P and F HFF Tubular

Fixed Suspended

Conventional

filtration
Membrane filtration

Figure 8.11

8.78 Screens are classified not based on pores size but on “clearance distance” (CD)
or spacing or “slot size.”

8.79 The pore size of screens could be anything from the smallest particle size to
50% or 60% of the smallest particle sizes depending on the solidity of particles.

8.80 Screens are classified into three groups of coarse screens, fine screens, and
micro screens. Their defined range is shown in Figure 8.12. This classification
is based on the pore size of screens

Micro screen Coarse screen
Fine screen

100 μm 6 mm 15 cm

Figure 8.12

8.81 Applications of screens in four main sectors of water industries are shown in
Table 8.10.

Table 8.10

Municipal Industrial

Water Coarse screens can be used where large
pieces of wood or other stuff may exist
in the resource water

Screens are not common

Wastewater Coarse screens are common, especially
in combined wastewater networks
(municipal plus storm water), but fine
screens are not common anymore

Coarse screens and/or fine screens
are common in wastewaters from
industries deal with solids like
some food industries

8.82 The most common coarse screens have CD of 2–3 cm.
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8.83 Corse screens with CD of larger than 10 cm are mainly used in intake struc-
tures of water treatment plants when they are needed.

8.84 The most common fine screens in industrial usages have CD of 0.5–1.5 mm.
8.85 In some cases that the size range of solids are not predictable, one screen with

the size of 6 mm is selected to cover both coarse screen and fine screen roughly.
8.86 Among three types of screens, micro screens are the least common.
8.87 Micro screens were originally built to replace sedimentation basins (which are

large and expensive units). They may still be selected to replace sedimentation
basins if the flowrate is not very high.

8.88 In some cases, we need to place coarse screen and then fine screen in series,
if there are solids with wide range of sizes available in the stream.

8.89 Because of harshness of service for screens, they are generally installed with
minimum two units in parallel. As coarse screens experience harsher envi-
ronments than fine screens, the need for parallel screens for them is more
critical.

8.90 The amount of trapped solid behind the screens is called “screenings.” Screen-
ings are generally reported as volumetric concentration, e.g.
“ppm vol/vol.”

8.91 The density of screenings could be anything from 500 to 1,000 kg/m3 depend-
ing on the type of screen machine and water content of the screenings.

8.92 Screens can handle wastewater streams with solids with concentrations from
5 ppm vol/vol to 100 ppm vol/vol and more up to 1,000 ppm vol/vol.

8.93 Screen machines may do three actions. They are shown in Figure 8.13.

Capturing solids
Moving captured

solids

Washing captured

solids

Figure 8.13

8.94 Manual screens only do the “capturing solids.” Moving and removing the cap-
tured solids is done manually by an operator. After removing the captured
solids, they may need to be washed too.

8.95 Automatic screens do at least both “capturing solids” and “moving captured
solids.” Some automatic screens do the washing of the captured solids too
before dumping them.

8.96 Capturing solids can be done by screen elements. Screen elements could be
in two main forms of sheet type (in straight form or arc form) or basket type.
Basket type screens can be used as internally fed or externally fed types.

8.97 When the size of solid particles in high end of the range is not predictable, the
better choices are straight screen sheets or externally fed basket screens.

8.98 Table 8.11 shows different features of screens.
8.99 As coarse screens deal with large solids, they should be adequately sturdy.

8.100 “Bar screens” or “bar rack screens” are the most robust type of screens.
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Types Applications
Intuitive
explanation Application

Capturing
element

Dislodging
solids element
or mechanism

Moving solids
element or
mechanism

Washing
solids
mechanism

Compacting
solids
mechanism

Bar rack
screens

The only available
type for coarse
screenings

Oldest type of
screens

Available as
coarse screens
and as fine
screns

Fixed parallelly
placed bars or
wedge wires in
straight screens
or arc shapes

Different
mechanisms
are available

Not always
available

Not available

Band
screens

For large
flowrates
(>1,000 m3/h)
with large amount
of screenings
(>50 ppm vol/vol)

Can be considered
as bar screens
with moving
screens

Available as
fine screens

Moving loop of
connected bands
of screens (like
chain tracks in
war tanks)

Water spray Moving as
slurry through
a trough

Not always
available

Not available

Elevating
steps
screens
(escalator
look)

For large
flowrates
(>1,000 m3/h)
with large amount
of screenings
(>50 ppm vol/vol)

Can be considered
as the same bar
rack screens with
a specific solid
moving
mechanism

Available as
fine screens

Fixed parallelly
placed bars

“Galloping” comb Not always
available

Not available

Static
parabolic
screens

Low budget, low
flowrate, low
screening volume,
high-pressure
drop should be
affordable

The simplest
screens with no
moving parts

Available as
fine screens

Fixed wedge
wires

The same feed
water stream

Falling by
gravity

Not always
available

Not available
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Inclined
rotary drum
screens
(flashlight
shape)

For small
flowrates
(<500 m3/h) with
not large amount
of screenings
(>50 ppm vol/vol)

Rotary screens Available as
fine screens

Internally fed
fixed or rotating
basket

Water spray
and brush

Shaftless screw
conveyor

The same
water spray

Available

Rotary drum
screens
(large
cylindrical
basket
shape)

For large
flowrates
(>1,000 m3/h but
available from
100 m3/h) with
not large amount
of screenings
(<20 ppm vol/vol)

Rotary screens Available as
fine screens

Internally fed
fixed or rotating
basket

Water spray or
reverse water
spray and
brush

Shaftless screw
conveyor or
moving as
slurry through
a trough

The same
water spray

Not available

For large
flowrates
(>1,000 m3/h but
available from
100 m3/h) with
medium amount
of screenings
(between 20 and
50 ppm vol/vol)

Externally fed
rotating basket

Water spray
and scraper

Falling by
gravity

The same
water spray

Not available
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8.5.2 Filtration

8.101 All the methods of filtration can be classified as shown in Figure 8.14.

Filtration

Dead-end filtration Cross flow filtration

Depth filtration Skin filtration

Surface filtration Cake filtration
Mainly:

membrane filtrations

Figure 8.14

8.102 There are three main types of non-membrane-type filters, which are depth
filters, surface filters, and cake filters. Their features are shown in Table 8.12.

Table 8.12

Cake filtration Depth filtration Surface filtration

Solid removal
mechanism

Solids are trapped
in the surface of
filtering media and
make a cake

Solids are trapped
in the bulk of
filtering media

Solids are trapped
in the surface of
filtering media

Typical TSS >10%–30% Between 10 and
50 mg/L

<10 mg/L

Required
nonroutine
operation

Continuous cake
removal

Backwashing is
needed

No needed;
generally
disposable

8.103 A common misconception is that if you want to remove a particle size of
50 μm, you want a pore size of 50 μm or less. This is not the case. The pore size
can be bigger than particle size by 10– 30%, but it will still capture the smaller
sizes. The reason for this is because when particles are captured on the sur-
face of the membrane, they block the pores and prevent smaller particles sizes
from going into the treated water.

8.104 In cake filtration equipment, the trapped suspended solids are present in such
high quantities that they build up a thick layer of particles (cake) on the sur-
face of the surface filter; this built-up cake has a good porosity to work as
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secondary filter, and when it is time, the cake can easily be removed from the
filter. If the cake that is generated does not have good porosity and detachment
properties, adding a “filtration aid” as a body feed or as precoating material to
the stream can help.

8.105 A “body feed filtration aid” is a chemical that is mixed with the feed stream
continuously to ensure a good porosity of the cake.

8.106 A “precoat filtration aid” is a chemical that is added to the filter feed only at
the beginning of operation and will discontinue shortly after. The goal of this
action is to build a thin layer on the filter to create a good porosity.

8.107 Cake filtration can be used in sludge streams (waste streams from suspended
solids removal operations), which have higher suspended solid concentration.
In cake filtration removed solids are in the form of a wet cake, whereas the
product removed from filtration and sedimentation is a watery stream.

8.108 Theoretically, cake filtration can be done using the same equipment that is
used for surface filtration but with more space provided for trapped solids.
This is because in both cases the pore size is smaller than the particle size,
and, therefore, the particles will be trapped on the surface of the filter. How-
ever, cake filtration is usually done using specific equipment designed for this
purpose.

8.109 Figure 8.15 shows all the classifications that filtration methods may fall under.

◼ Driving force: pressure vs. gravity

◼ Stream direction: cross vs. dead end

◼ Filtering media: loose material, fixed media

◼ Trapping media: surface vs. depth

◼ No. of media: single media vs. multimedia 

Figure 8.15

8.110 Driving force is one of the criteria for classification.
(a) A pressure filter will have a pump upstream (or downstream) thus pro-

viding pressure as the driving force.
(b) A gravity filter is one without a pump; thus the only driving force for the

fluid to pass the filter is the static head pressure of the liquid on the filter.
8.111 The more economical option is gravity separation. For this reason, gravity sep-

aration is commonly used for large flowrates (say more than 2,000 m3/h) such
as municipal water filtration systems. The other advantage of gravity filters is
the fact they can be inspected easily from the top of the filters.

8.112 Pressure filtration is more common for industrial and low flowrate applica-
tions.

8.113 Depth filters can be built in concrete cubical basins in the cases of gravity
filtrations or metallic cylindrical vessels in the cases of pressure filtration.

8.114 Filters can also be classified based on the stream direction. The two options
are as follows:
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(a) Dead-end filtration
(b) Cross filtration

8.115 In dead-end filtration the direction of feed flow (incoming flow) is perpen-
dicular to the surface of the filter. Dead-end filters always need backwashing
occasionally for removing the trapped solids.

8.116 In cross flow filtration the direction of feed flow (incoming flow) is parallel to
the surface of the membrane filter, and thus the trapped solids are removed
from the surface of the membrane continuously. All membrane filtrations are
cross filtration type. For the membrane filtration, we have a feed stream on
one side with a portion of the flow passing through the membrane, which
becomes the clean product, and at the end of the membrane, we have the
nonfiltered or dirty stream.

8.117 Some people think dead-end filtration systems are better because there is no
dirty stream as an output. However, the dead-end filters will need to be back-
washed to remove the contaminants, so the dirty backwash stream becomes
the dirty output.

8.118 Based on filtering media, we can classify filters as loose material or fixed
media. Loose material filtration is like sand or anthracite filtration where the
media is loose in the filter bed. Fixed media filtration is like cartridge filters
or membrane filters where the media is fixed.

8.119 In loose media filtration, there is a chance that the pore size is changing dur-
ing operation. If there is water hammering in the filter, this may change the
porosity of the filter bed. Another potential problem that can arise when using
loose material filters is if the bed is not distributed homogeneously, the flow
may find a path of least resistance or a bypass route rather than penetrate
through the media. This is referred to as channeling.

8.120 Unlike loose media, fixed media filters are less impacted by water hammering
and will retain the same pore size.

8.121 Loose media cannot be used in cross-type filtration (Table 8.13).

Table 8.13

Loose media

Fixed media

Dead-end filtrationCross filtration

8.122 A wide variety of materials are used to make filtering media and include nat-
ural materials, metals, fabrics, glass and ceramics, papers, polymers, etc.

8.123 Another characterization for filters is the “residence” of trapped solids. You
can have surface or depth trapping. As the name suggests, surface filters will
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hold the contaminants on the surface of the filter and thus can be used when
suspended solids are in low concentration. For depth filtration, the majority of
the filter media is capable of keeping the trapped solids. For higher suspended
solid content, you will want to choose a depth filter, which has a larger “reser-
voir” to hold the particles. In general, if you have TSS< 5 ppm, you can use
surface filter. If the TSS> 10 ppm, you can use depth filters.

8.124 The last characteristic of filters is number of media layers. When we design a
filter, we are not limited to one type of filtering medium. We may choose to
use several media together. Thus, we have single media or multimedia filters.
We can have one layer of sand and one layer of anthracite, etc.

8.125 A perfect depth filter is shown in Figure 8.16.

Figure 8.16

This example shows a mixture of sand with different sized particles, which
are intended to be trapped. If you put the sand on the top of the stack of sieves
and shake the mixture (in left side of the figure), the sand will filter down
the sieves. On the left you can see a distribution of sand through a series of
sieves with different opening sizes. The top sieve has the largest openings, and
the sieves in between gradually decrease in size, and the bottom sieve has the
smallest openings. This type of configuration will capture every size of sand
on one of the sieves. In order to trap suspended solids with different sizes,
your media should have different layers with different opening sizes, which is
shown in the right hand of the figure. A theoretical perfect filter is shown with
the bottom having very small sand particles, and the particle sizes increase as
you move up the layers until you have very large particles at the top of the
media bed. The sand filter is mimicking the stack of sieves.

8.126 This theoretically perfect filter has the two problems as follows:
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(a) First, it is hard to find vendors who can supply this type of sand in a wide
range of sizes.

(b) Second is the fact that after the very first backwashing, the smaller and
lighter media will reside wrongly on the top of media and the larger and
heavier media will fall on the bottom of the bed. So basically an inverted
bed will be obtained right after the very first backwashing operation.

8.127 The issues of a “perfect filter” are alleviated using two or more batches of
media with different grain sizes with different densities. Such filtrations are
called multimedia filtration.

8.128 Multimedia filters could have dual bed or triple beds, but up to seven beds
have been seen.

8.129 Figure 8.17 shows an example of a dual bed filter with the specifications of
their media.

Media

Effective

size

(mm)

Sp.gr

Anthracite

Sand

0.8–1.2

0.35–0.55 2.50–2.65

1.40–1.45

Figure 8.17

8.130 Dual media depth filters are arguably the most common type of multi-bed
filters.

8.131 There are three main natural media, which used to build multimedia beds.
They are as follows:
(a) Sand
(b) Anthracite
(c) Garnet

8.132 Dual bed filter may be the most effective solution for suspended solid removal;
however, when TSS is very low, the suspended solids are generally the same
size, and dual media filters are not really necessary.

In a laboratory, you can create a low TSS sample with varying sized par-

ticles; however, this is very rare in nature. In nature, where there are less
TSS I water, their sizes are more the same.
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This concept is shown in Figure 8.18.

Pure surface filter 

Single

bed

filter

Multimedia

filter

High TSSLow TSS

Pure depth filter

Figure 8.18

8.133 As a rule of thumb, when TSS is less than 20 mg/L, it is recommended to use
a single media filter. When TSS is above 20 and up to 50 mg/L, a multimedia
filter is suggested (Figure 8.19).

Single media filter Multimedia filter

TSS = 20–30 mg/L

Figure 8.19

8.134 In single media depth filtration, the sizes of media are as follows:
(a) In conventional services: 1–2 mm
(b) In highly clean services: 0.5–1 mm

8.135 For pressure filtration, there are two options for configuration as seen in
Figure 8.20. Vertical sand filters are better for lower flowrates generally
<300 m3/h. Horizontal filter vessels are for higher flowrates above 600 m3/h.

8.136 In many cases the stakeholders decide to use vertical depth filter in all situ-
ations including high flowrate situations. There are several reasons behind
that. In a vertical vessel, the flux is always consistent throughout the vessel
because the cross-sectional area is the same. For a horizontal vessel, depend-
ing on the level of liquid, the flux is hard to predict as it changes. For the
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Vertical Horizontal

300 m3/h 600 m3/h

Lower flow rates Higher flow rates

vs.

Figure 8.20

purpose of design, we need to pick an average flux. The second reason why a
horizontal vessel is not as common is because it requires a more skilled oper-
ator to perform the backwash cycle.

8.137 In depth filtration, by choosing a bigger vessel (with a larger volume of media),
we can have fewer vessels and less piping and valves (lower capital cost);
however, this means more frequent backwashing is needed, which lowers the
on-stream factor for the filter. On the other hand, by increasing the num-
ber of filter vessels, the capital investment (the expense of fabrication and
installation) will be higher, but the operating cost will be lower. Therefore, an
economically optimal option for the number of filters can be found. The opti-
mum number of filter vessels can be estimated using the following formula:

N = 1
K
.

√
Q

where
● N is the number of filters
● Q is the feed flow to filters in m3/d
● K is 60 for gravity filters and 20 for pressure filters

8.138 Because of semicontinuous nature of filtration system, minimum of two filtra-
tion vessels is needed for each service. However, when there is a huge flowrate,
we may need several filtration vessels operating in parallel.

8.139 The diameter of depth filter vessels can be specified by “flux.” Flux is the divi-
sion of feed flowrate to the cross section of the filter. Table 8.14 lists some rules
of thumb for sizing depth filters.

Table 8.14

Conventional
service
(gpm/ft2)

High cleanness
services
(gpm/ft2)

Single media Flux: 3–4 Flux: 1–3
Dual media Flux: 6–8 Flux: 4–5
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8.140 The diameter of vessels is selected to meet specific flux rate in the vessel.
8.141 The flux rate of feed stream to filtration vessel should be within a specific

range as follows:
(a) If the flux rate is less than 2 gpm/ft2, short circuiting occurs.
(b) If the flux rate is very high, pressure drop within the bed will be increased

excessively. This constraint limits us to not go beyond 10 gpm/ft2.
(c) If the flux rate is very high, the trapped suspended solids may be escaped

from the bed.
8.142 Vessel diameters can be decided based on the rule of thumbs listed in

Table 8.15.

Table 8.15

Filtration capacity

Vessel
diameter
(ft)

Low flowrate 3–4
Medium flowrate 4–7
High flowrate 7–13

8.143 The depths of the beds should be within a specific range as follows:
(a) Very shallow bed does not allow flow to be fully developed.
(b) If the bed depth exceeds a certain value, the pressure drop within the

bed/vessel goes beyond affordable value. A clean bed should not have any
pressure drop higher than 1 psi. The pressure drop including the pres-
sure drop along with water distributor and water collectors should not
be higher than 5 psi. 10 psi is the maximum pressure drop of a dirty fil-
tration vessel. This is the pressure drop, which shows the requirement of
backwashing.

8.144 The depth of filtration beds is typically 60–70 cm, and the range is 50–90 cm.
The maximum depth is 2 m.

8.145 The majority of depth filters work based on semicontinuous operation. This
means that after a while the bed that is “filled” with the trapped particles
should be pulled out of operation and backwashed. Backwashing is done to
remove the trapped particles from the bed. The operation of depth filters has
two phases: the filtering phase and the backwashing phase.

8.146 As filtration is a semicontinuous operation, a schedule table is needed for each
filtration unit, which shows features of each step. An example of schedule
table is shown in Table 8.16.

8.147 Backwashing is needed to remove the trapped solids from the filtering bed
and make it ready again for trapping solids.

8.148 The first step of backwashing is “expanding” the bed by suspending the grains
to make sure the whole surfaces of grains are in contact with water, and then
water of backwashing can clean the grains and remove any dirt covering them.
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Table 8.16

Filter vessel of interest Other filter vessel

Step
Flow
(m3/h)

Duration
(min)

Volume
(m3)

Flow
(m3/h)

Duration
(min)

Filtration
flux (gpm/ft2)

Filtration 149.3 1,420.0 211,735 149.3 1420.0 4.9
Back wash 505.9 20.0 10,117 199.0 20.0 6.6

8.149 The height of filtration vessels is equal to bed depth plus the required free-
board for backwashing.

8.150 For the required expansion of bed, realistically 15–20% is enough, more con-
servative: 30–50%.

8.151 The required backwash flowrate is calculation from the required flux rate. The
required flux rate can be found from vendor data or accurate calculations.

8.152 When vendor data is not available, the backwash flux rate can be estimated
from the following statement: “the required backwash flux rate of sand media
with the size of 0.5 mm and the specific gravity of 2.6 with water at tempera-
ture of 20 ∘C to get an expansion of 20% is 13 gpm/ft2.”
(a) Each 10 ∘C increase in temperature of backwash water will increase the

required flux rate by 15%.
(b) Each 10% increase in the required expansion percentage will increase the

required flux rate by 15%.
8.153 As depth filtration systems in water treatment industries are generally semi-

continuous systems while the product water needs to be a continuous stream,
some tricks are used to address this issue. They are as follows:
(a) Upsizing filtration vessels in a way to be able to handle higher flowrates

when one vessel is out of operation for backwashing.
(b) Reserving an extra filtration vessel to bring it in operation when one fil-

tration vessel is off for backwashing.
8.154 A schematic of media filter set up is shown in Figure 8.21. For each set of

vessels, you will have four headers; one header for feed, one header for prod-
uct, one header for backwash water, and one header for dirty backwash water.
Each filtration vessel has a “valve nest,” which is a space where all the related
valves are placed close to each other for ease of operation.

8.155 As the filter picks up more suspended solids, the pressure drop across the filter
increases, thus alerting the operator that it is getting fuller. When the filter
needs to be backwashed, we stop the operation, and we begin the backwash
cycle.

8.156 The backwash cycle is initiated when the filter is “filled.” This does not mean
that the filter is at 100% saturation as that would mean there would be plug-
ging in the filter already. We consider the filter as filled when it is 1–5% full.

8.157 “Dirt holding capacity” of depth sand filters depends on the type of removing
suspended solids and could be from 1 to 10 kg of trapped suspended solids per
cubic meter of the bed volume.
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Feed water header

Clean water header

Dirty B/W header

BW header

Filters

Figure 8.21

8.5.3 Cartridge Filters

8.158 The cartridge filter is mainly used when the TSS is low, less than 1–10 mg/L.
8.159 If we have suspended solids with large particle size, but the concentration is

low, cartridge filter may not be an option. In such cases screening could be a
better option.

8.160 Cartridge filters are available in pore size of 0.2, 1, 5, 10, 20, 100 μm, or larger.
A typical pore size found for cartridge filters is in the 5–100 μm range.

8.161 Each cartridge filter element can process a very low capacity, and, as a result,
you will need to supply several cartridges in one vessel to handle the design
flowrate.

8.162 The cartridge filters used standardized sizes, and the most common size for a
cartridge filter is 2.5′′ diameter by 10′′ in length.

8.163 Each standard 2.5′′ diameter by 10′′ length cartridge filter with the pore size
of 5 μm can handle a capacity of 5 gpm. This ratio can be used to determine
how many filters are required to handle a larger flowrate.

8.164 In absence of vendor data, the flowrate of each cartridge element can be esti-
mated from Table 8.17.

8.165 Filter media can range from paper (a very old type of filter element), fiber, and
these days we even use plastic elements.
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Table 8.17

Filter removal
rating (𝛍m)

Flux in:
L/h/in.2

>20 50
10 40
5 15

8.166 There are different types of cartridge filters in terms of their materials. The
most common of them are listed in Table 8.18.

Table 8.18

Family Types Note

Polyester PET, PTT oleophilic Used mainly in residential applications
Poly propylene Oleophilic (hydrophobic) Second common fiber
Nylon 6 (PA6) Amphiphilic The most common fiber
Nylon 66 (PA66) Amphiphilic Stronger version of Nylon6

8.167 Most cartridge filters are surface filters, but some are depth type where the
suspended solids can be trapped inside the body of the filter element.

8.168 Each standard 2.5′′ diameter by 10′′ length cartridge filter can have a dirt hold-
ing capacity of 200–500 g/m2 area of the cartridge filter.

8.169 Bag filters can be considered as cartridge filters with higher dirt holding capac-
ity.

8.170 Bag filters are made in different standard sizes, which are shown in Table 8.19.

Table 8.19

Dimensions Applicability

Size 1 7′′Dia.× 17′′ L Most common
Size 2 7′′Dia.× 32′′ L Most common
Size 3 4′′Dia.× 6′′ L For medium-sized facilities
Size 4 4′′Dia.× 14′′ L For small-sized facilities

8.171 A size one bag filter may be able to hold dirt up to 2 kg.

8.5.4 Membrane Filtration

8.172 Under membrane filtration, there is microfiltration (MF) and ultrafiltration
(UF). MF is for particles with sizes around micrometer in size. UF is for par-
ticles with sizes around 1/10th of micrometer.
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8.173 Membrane filtration is used when particle size is less than 10 μm. Particle size
of <1 μm will warrant the use of a UF, and particle size between 1 and 10 μm
will warrant the use of MF.

8.174 MF has a larger share of the market and are more commonly used than UFs.
Both UF and MF can be found in four different forms/structures. These
include spiral wound (SW), plate and frame (P&F), hollow fine fiber (HFF),
and tubular.

8.175 Both UF and MF membrane filtration can be any of main four types: SW, P&F,
HFF and tubular. We can see membrane-type filtration options in Figure 8.22.

UF MF

SW P and F HFF Tubular

Fixed

In → out out → In

Suspended

Filtration

Membrane type

Figure 8.22

8.176 SW and P&F type are usually made with polymer, and tubular membranes
could be made from polymers or with ceramic.

Balkan or Greek yogurt has a very soft texture. In olden days in Greece, the
last step they do when making yogurt is to filter the yogurt through sheep

stomach lining, which acts like a filter to remove bigger sized particles
leaving a very fine, smooth mixture.

These days you do not need to worry about your yogurt touching stom-

ach lining because they use a UF membrane to make conventional yogurt

into Greek yogurt.

8.177 The most basic type of membrane configuration is the P&F. You have mem-
branes that are laid into a frame. So you can have one plate, one membrane,
one plate, one membrane, etc. These days this is not as commonly used in
industry. They may use them in universities for study purposes.

8.178 The SW also uses a sheet of membrane, but, instead of a plate, it is replaced
with a perforated sheet. You can have a perforated sheet, membrane sheet,
perforated sheet, membrane sheet, etc. Instead of laying this into a frame-like
structure, we put a perforated tube in the middle and wind the sheets around
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the tube. The water will enter the membrane and follow the spiral path, and
the filtered water will leave the center tube, and the reject will exit the side
of the membrane.

8.179 A tubular membrane is casted similar to a tube, so the wall of the tube is basi-
cally the membrane.

8.180 Tubular membrane when the tubes very fine (similar to hair strands) are
called HFF membranes.

8.181 There are two types of HFF in UF and MF applications as follows:
(a) Fixed type
(b) Suspended type

8.182 In fixed-type HFF, the hollow membrane tubes are placed inside a vessel. The
feed water is pressurized inside the fine fiber tubes, and treated water is forced
to the outside of the tube; thus, the flow is from inside out.

8.183 In suspended HFF the fine tubes are suspended in fluid. In a suspended HFF
filter, the tubes are connected to the suction side of a pump, and the feed flow
is on the outside of the tubes, and the treated water will exit from the inside
of the tubes, so the flow is from the outside in.

8.184 A suspended HFF is commonly used in wastewater treatment where there
are large suspended solids. If a fixed HFF were used where flow is from inside
out, the tubes would constantly be plugged with the solids. In the case of a
suspended HFF from the outside in, there will be less blockage. From time
to time, there will be an air scavenging operation where air bubbles are sent
through the tubes to clean the outside surface of the membranes.

8.185 Table 8.20 summarizes the differences between MF and UF.

Table 8.20

Pore size
To-be-trapped
particle size MWCO Applications

MF Nominal: 1.0 μm
range: 0.1–10 μm

0.01–1.0 μm 105–106

but not
important

High cleanness services

UF Nominal: 0.01 μm
range: 0.001–0.01 μm

0.01–0.001 μm
but not important

103–105 Colloidal silica removal,
emulsified oil removal,
pathogen removal, etc

8.186 As UF pore size is very small, we normally do not talk about the particle size
it captures. For UF, instead of particle size, we talk about molecular weight
cutoff (MWCO). To put things into perspective, the molecular weight of water
is 18. Thus, a UF membrane will not stop water, but will only catch much
larger MW particles.

8.187 MF is used in very high cleanness services, for example, upstream of some RO
systems and other applications where we need very clean water.

8.188 UF is used for colloidal silica, emulsified oil, and pathogenic applications.
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8.189 Some people believe the performance of MF is very similar to the performance
of multi-bed conventional filters. Thus, these two units of operation can be
interchangeable. A UF unit may be more expensive, but it has a very small
footprint and is easier to handle. For a very large system, it may not be cost
effective to use a UF. In this case, a multi-bed filter may be preferred.

8.190 The cleaning system for a membrane filter is performed in various intervals
that could be in the range of 6–8 weeks or 2 months. During this washing
cycle, we send clean water in the same route as the water for normal oper-
ation at a higher velocity to remove the collected solids from the membranes.
Sometimes detergents or weak acids may be added to the water to aid in the
cleaning of the membranes depending on the type of fouling or scaling. This
type of system is named as a clean in place (CIP). A common CIP system can
be used for more than one unit, provided that the pump can handle both units.

8.6 Summary of Solid Separation Methods

8.191 In both filtration and sedimentation for suspended solid removal, we are not
actually removing the suspended solids. We are concentrating the suspended
solids into a stream that is disposed. In sedimentation, the suspended solids
leave the system in the concentrate stream, leaving the bottom of the sedimen-
tation basin. The only way to truly remove the suspended solids is to evaporate
the water and remove the suspended solids, but this is not very economical
to do.

8.192 Between filtration and sedimentation, filtration is the more attractive tech-
nology as it is generally cheaper to use. Even with TSS range higher than
the acceptable range for filtration of 80 or 90 mg/L, companies may still lean
toward choosing filtration method. Even with the increased frequency for
backwash, with the automated on and off valves, backwash cycle can be per-
formed very quickly. Keep in mind that about 1–3% of water will be wasted
as dirty backwash water. If the TSS is higher, you can lose up to 10% of water
which is not economical.

8.193 If you have a stream with TSS of 2,000 ppm, based on the rule of thumb, you
should use a clarifier. But if the flowrate of this stream is very low, during
the design development, you could come up with a very small clarifier. With
a small clarifier, the wall effect will be very high. For this reason, another
requirement to use a clarifier is to design for a minimum flowrate of 200 m3/h.
If the flowrate is less than 200 m3/h, regardless of the TSS content, filtration
will be the better option.

8.194 What will happen if these rules are not followed? If I have TSS of 2,000 ppm
and I want to use filtration, yes, this is possible. However, you would need to
backwash your filter frequently, which is time consuming, and a portion of
your water will be wasted each time as dirty backwash water. So technically
it is possible, but, economically, it is not feasible.
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8.195 Is it possible to use sedimentation for water with 10 ppm suspended solids?
Again, technically it is possible, but economically it is not a good idea. Sedi-
mentation basins are very big and would take up a lot of plot space, and they
are very expensive.

8.196 Theoretically, to remove particles with a wide range of sizes in order to pro-
duce a water stream free of any particles, it is enough to install one strainer
sheet with a pore size smaller than smallest particle size. However, this recom-
mendation is not the best solution from a technical or economic standpoint.
By implementing this, we would have a system, which would need frequent
cleaning and, consequently, a great deal of attention.

8.197 A better solution is to arrange a series of strainers with different pore sizes:
starting from the biggest pore size and gradually decreasing to the smallest
pore size (Figure 8.23).

Flow

Figure 8.23

8.198 One variation of arrangement in Figure 8.23 is to replace the last few strain-
ers with a depth filter. As is to be expected, a strainer is a surface filter, which
removes all particles larger than its pore size, while a depth filter removes
particles bigger than its “pore size” and, surprisingly, all other smaller parti-
cles down to a certain size! In other words, a depth filter is not a 3D version
of surface filters (or strainers) from an application viewpoint. Their duties
are completely different, and they are actually complementary to strainers.
In practice, a depth filter is placed at the end (or near the end) of a “suspend
solids removal string.” This means that in upstream of the depth filter, there
could be one or more “strainers.”

8.199 In theory, only one depth filter could be installed to remove all of the particles
(bigger and smaller than its “pore size”) down to e.g. 2 μm; however, because
of this unique capability of being able to remove particle sizes even smaller
than its pore size, in practice, particles that are bigger than the pore size of
the depth filter are removed by strainers as much as possible upstream of the
depth filter. This is in order to off-load the big particles from the depth fil-
ter using less sophisticated systems (strainers), as large particles decrease the
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operation cycle of depth filters. Usually, a depth filter removes particles in the
range of 2–50 μm.

8.200 Whenever a depth filter was mentioned, “pore size” was used loosely because
pore size is well-defined for strainers and fixed media filters, but not for loose
media filters. This is mainly because of the complication of defining pore size
for loose media depth filters. In such cases, media size is used instead to spec-
ify a depth filter.

8.201 Depth filters with conventional designs cannot effectively remove particles
smaller than 2 μm. If this residual suspended solid content is still problematic,
it should be removed via surface filtration.

8.202 A summary of all suspended solid removal unit operations is found in
Figure 8.24.

w/ww treatment

Clarification Thickening

Low Q
Q<50–100 m3/h

0 10 50 mg/L 10,000
mg/L

30% 70% 100%

Dewatering
Drying

Sludge handling

Sedimentation
Filtration

Surface
filtration

Depth
filtration

Scroll centrifuge
cake filtration
pressing

Figure 8.24

8.203 In natural waters, TSS goes up to a concentration of 10,000 ppm. So in water
or wastewater treatment facilities, we deal with TSS up to 10,000 ppm. If there
is water with more than 10,000 mg/L, it is usually in sludge handling systems.
TSS greater than 1% generally is not found in natural waters, but will be in
sludge handling systems such as lime softeners.

8.204 When the suspended solids are less than 10,000 ppm, the name of the oper-
ation is clarification. When TSS is between 1% and 30%, it is referred to as
thickening. TSS between 30% and 70% is called dewatering, and greater than
70% is named drying. At greater than 70% TSS, it is no longer water, but, rather,
a wet solid.

8.205 The bottom of the axis in Figure 8.24 shows some unit operations that can
be used at each level of TSS. Between 0 and 50 ppm, we can use filtration.
Generally, less than 10 ppm will use surface filtration, and greater than 10
and less than 50 ppm will use depth filtration. Sedimentation can be used for
TSS between 50 and 10,000 ppm and upward of 30%. Although the process
is sedimentation, the name of the unit for TSS between 50 and 10,000 ppm
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is called sedimentation basin or clarifier. For sedimentation of TSS between
10,000 ppm and 30%, the unit is called a thickener. Thickeners are mainly in
the mining industry where their wastewater is very thick. Their design basis
is very different than when we are dealing with clarification.

8.206 For TSS between 30% and 70%, we have three options for unit operations. We
have horizontal centrifuge, cake filtration, and lastly pressing.

8.207 Cake filtration and pressing are sludge handling units. They may not be as suc-
cessful as it is highly operator based, and the problem becomes worse when
the sludge is sticky. When they are used, we send sludge between two jaws,
which press them together to remove water. After opening, it is not easy to
drop the cake, and sometimes you will need a mechanical arm or operator to
push the cake out.

8.208 Application of each of these units, horizontal centrifuge, cake filtration, and
pressing, is more economical when the feed flowrate is less than 50–100 m3/h.

8.209 Even if TSS is less than 30%, if the flowrate is less than 50–100 m3/h, the same
horizontal centrifuge, cake filtration, and pressing can be used in thicken-
ing area. These are good alternatives as thickeners can require a very large
footprint.

8.210 Another classification for TSS removal systems based on TSS and particle size
is shown in Figure 8.25.

2000 μ

100 μ

50 mg/L 100 mg/L 1% 30%

Bar rack

Screening Sedimentation

Thickening

Cake

filtration,

centrifugation

Filtration

Figure 8.25

8.211 Sedimentation is the unit operation we can use when TSS is between 100 mg/L
and 1% and particle size is between 100 and 2,000 μm. You may wonder why
the particle size in sedimentation is limited to 2,000 μm. In sedimentation, it
is natural for large heavy suspended solids to settle to the bottom. This limit is
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in place because pumps are used to move the sludge from the sedimentation
basin to the next unit operation. The pumps are unable to handle solids greater
than 2,000 μm (2 mm) in diameter.

8.212 Table 8.21 provides a guideline that can be used to determine which clarifica-
tion method can be used for each level of TSS concentration.

Table 8.21

TSS range Recommended removal unit

100<TSS< 10,000 mg/L Sedimentation or suspended UF
50<TSS< 100 mg/L Conventional depth filtration
1 TSS< 50 mg/L Conventional depth filtration or UF or MF
TSS< 30–40 mg/L UF or MF
TSS< 1–10 mg/L Cartridge filtration

8.213 Table 8.22 shows the methods used for sludge handling.

Table 8.22

TSS range Recommended removal unit

10<TSS< 30% Gravity thickening
30<TSS< 50% Bowl-type centrifugation
50<TSS< 60% Cake filtration
60<TSS< 70% Pressing
70<TSS< almost 100% Drying
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9

Removing Floatable

9.1 The three groups of floatable and their removal strategies can be summarized
as follows:
(a) Organic particles and fibers: These can be removed through sedimenta-

tion, filtration, or screening methods (refer to Chapter 8). They may also
be removed through methods stated in this chapter, too.

(b) Oil, grease, and fats: These can be removed through methods stated in this
chapter.

(c) Gas bubbles: There is no need for any separation; they separate by them-
selves very quickly.

One interesting example of organic particles is bacteria flocs in biological
treatments. They are sometimes removed by sedimentation, sometimes by
flotation, and sometimes by membrane filtration.

9.2 Sometimes it is said that gas bubbles can be removed in a chamber with resi-
dence time of 5–10 minutes.

9.3 Here, we continue this chapter with discussing removal methods for oil,
grease, and fat. The first parameter that should be decided by the designer
for oil removal is the “cutoff size” or “Dd,” for each oil removal unit.

9.4 From theoretical point of view, the Dd could be selected in a way to achieve
a certain removal efficiency. For example, if 90% of globules are bigger than
200 μm, by choosing Dd as 200 μm, a removal efficiency of 90% can be attained.
A removal efficiency of about or more than 90–95% for oil removal units is
common.

9.5 Alternatively, the Dd can be decided based on the downstream equipment. If
the downstream equipment can tolerate e.g. liquid droplet up to 100 μm, the
Dd can be selected as 100 μm irrespective of the required low removal effi-
ciency. If there is no other separator downstream of the separator of interest,
the Dd can be relaxed somehow.

9.6 Selecting a cutoff size less than 0.2 μm is not acceptable, because in sizes
smaller than that, the Brownian motion interferes with separation. From the
other side, choosing a cutoff size bigger than 500 μm is not popular.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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9.7 The cutoff point will not exceed 500 μm in any equipment, because beyond
500, there is no need for any action for the purpose of separation.

9.8 Typical cutoff point for free water knockout (FWKO) drums is 250–300 μm;
for API separators and skim tanks it is 100 or 150 μm.

9.9 Oil removal methods are based on two principles: creaming and filtration:
(a) Creaming is removing floatable based on the difference in density.
(b) Filtration is removing based on difference in globule size.

9.10 Adsorption can be used when oil globules are very small or even in
dissolved form.

9.11 A good oil removal system has the following features: removing oil, taking
care of (and/or removing) suspended solids, taking care of (and/or removing)
tight emulsions (slop oil), providing a good turndown ratio, able to handle the
flow surge (resistant against the surge and quick recovery), and able to handle
the oil content surge (oil excursion).

9.12 From theoretical viewpoint, Stokes’ equation can be used to show different
techniques for different creaming techniques.
Figure 9.1 shows the following instances:
(a) We can use universal G-force for gravity separation.
(b) We can increase “g” to higher values of “a” to develop “accelerated cream-

ing units” like centrifuges and hydrocyclones for oil removal.
(c) We can attach gas bubbles to oil globules to increase the density differ-

ence between water and oil and increase the separation rate in gas-assisted
flotation.

(d) We can increase the oily water temperature to decrease the viscosity and
then increase separation rate (this is not very economical).

(e) We can merge oil globules together – coalescing – to make larger oil glob-
ules before sending the oily stream into separation unit for quicker sepa-
ration.

(f) When none of them can be done, the travel distance of oil globules can be
decreased for a quicker separation. This happens in shallow separation oil
removal units.

9.13 All the methods that can be used to remove oil from water are shown in
Figure 9.2.

9.14 There are three methods that fall under creaming. The first is universal
G-force, which is using gravity. There is enhanced G-force such as centrifuge
or liquid–liquid hydrocyclones (LLHCs).

Shallow separation

g d2
o (ρw – ρo)

t

L
V = =

High temperature

18 μw

Flotation
Coalescer

Hydrocyclone,

centrifuge

Figure 9.1
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Figure 9.2

9.15 Gravity creaming happens in different units including America Petroleum
Institute (API) separators, skim tanks, and oil traps (upstream industries).

9.16 API separators are separators that are designed based on the guidelines devel-
oped by API.

In the olden days, this oil water separator was very common in refineries.
However, there were no established design guides for sizing the separa-
tor, so each refinery had its own variation of a unit with varying degrees
of efficiency. About 60 years ago, the API performed a survey of all the
existing oil water separators, and they collected the data and evaluated
which parameters worked well and which did not. With this information,
they published a set of design criteria that can be used to design oil water
separator known today as the API separator.

9.17 Gas-assisted creaming is sometimes called flotation. Flotation can be consid-
ered a specific type of gravity separation, but, in this case, it is gas-assisted
creaming.

9.18 In gas-assisted creaming gas bubbles are used to lift the oil globules to the
surface.

9.19 There are two forms of gas-assisted creaming. One is dissolved gas type and
the other is dispersed gas type. Two types of dispersed gas creaming are agita-
tor type and eductor type.

9.20 Accelerated creaming consists of LLHCs and centrifuges.
9.21 This hydrocyclone is different from the one in suspended solids removal,

which is S–L for solid–liquid hydrocyclone. LLHC is easy to differentiate as
it is very long and narrow, while solid–liquid hydrocyclone is very bulky.

9.22 There are two types of centrifuges, which are stacked type and horizontal type.
Stacked centrifuges are not very common in water treatment industry. This
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method is also very expensive. Horizontal-type centrifuges are common and
used when oil content is greater than 30%.

9.23 The last oil removal method is adsorption. However, this method is econom-
ical when oil content is very low.

9.1 Gravity Oil Separation Units

9.24 This technology uses universal G-force to separate free and large oil globules
from water. The gravity separators generally are designed to remove oil glob-
ules with the size larger than 150 μm. However, this “cutoff point size” can be
as high as 300 μm and as low as 60 μm.

9.25 The cutoff point size for a gravity separator does not go beyond 300 μm because
it makes the container such small that the wall effects make the operation
almost impossible.

9.26 When the cutoff point goes below 100 μm, the gravity separation will be less
attractive and less economical.

9.27 There are two fundamental types of oil gravity separation basins and, there-
fore, three methods of sizing them. They are as follows:
(a) Stagnant (or fairly stagnant) oil separation
(b) Horizontal stream oil separation

9.28 Stagnant oil gravity separation is done in large ponds when the feed water
flowrate is very small in comparison with the oil gravity separation pond. In
such units after calculating the terminal velocity of the target oil globule, the
time of rising can be estimated when the pond’s depth is known. A suitable
residence time can be specified for the pond to have a complete oil separation.
Based on the residence time of the pond and knowing the ponds depth, the
dimensions of the pond can be calculated.

9.29 In other units, where the feed water flowrate is medium and/or adequate area
is available, horizontal stream oil gravity separation basins are used.

9.30 In horizontal stream sedimentation basins, the depth of separation is not
important. This concept has a simple proof. Figure 9.3 shows a sedimentation
basin.
where
Q is feed water volumetric flowrate (e.g. in m3/h)
D is vessel depth (e.g. in m)
W is vessel width (e.g. in m)
L is vessel length (e.g. in m)

9.31 The design of the separator vessel is determining D, W , and L. The design
should be based on the most difficult case. The most difficult case is removing
an oil globule at the bottom of the vessel. If the velocity vector of this particle
(Figure 9.4) lays down on the dashed line (or above that), the particle will be
captured; otherwise it will be escaped from the vessel.

9.32 The velocity vector of “V” can be can be broken up to two components of V H
and V V.
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Oil separator

Q

L
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D

Figure 9.3

Side view of separator

VH

VV
V

Figure 9.4

V H is the velocity in the horizontal direction and generated by the feed water
flowrate.
V V is the velocity in the vertical direction and generated natural tendency of
particles to rise vertically. V V is the same as UT.

VV

VH
= D

L
(9.1)

From the other side as the flowrate comes from D.W side and based on the simple
formula that volumetric flowrate equals velocity to area, we can write

D
W

Q

VH = Q
D.W

(9.2)

By plugging Eq. (9.2) in Eq. (9.1), we will have
VV

Q∕D.W
= D

L
(9.3)

By rearranging we will have

VV = Q
L.W

(9.4)
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This formula should be valid to capture the worst located oil globule removed from
the oily water, and there is no “D” (depth of vessel) in it.

The left side of formula has nothing to do with the vessel geometry. It is a function
of different parameters related to oil globule and water. In the right side of formula,
there are oily water stream flowrate, vessel length, and vessel width.

9.33 The height of such basins is generally about 2–4 m.
9.34 As there are almost always some solid separations in oil removal systems,

there could be a need for solid handling systems, too.
9.35 Each sedimentation basin consists of seven elements (Figure 9.5):

(a) Inlet zone
(b) Oil rising zone
(c) Outlet zone
(d) Separated oil zone
(e) Oil layer separation system
(f) Sludge zone
(g) Sludge removal system

9.36 The features of different items of sedimentation basins are mentioned in
Table 9.1.

9.37 Oil coalescing always happens in top of gravity oil removal units. Coalescing
is merging of small oil globules to make larger oil globules (Figure 9.6). To
have a good coalescing, quiescent space is needed. An agitated water hinders
oil droplet coalescence and also increases the chance of re-entrainment of oil
from the surface.

Oil layer removal system
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Oil rising zone

Sludge zone
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Figure 9.5
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Table 9.1

Inlet zone Oil rising zone Outlet zone
Separated oil
zone

Oil layer removal
system Sludge zone

Sludge removal
system

Goal Distributing the
water flow evenly
through the whole
cross section of
settling zone

Providing calm
space for oil
globule rising

Collecting water
from the whole
cross section of
settling zone

Allowing to
coalesce the
separated oil
globules

Moving the oil layer
to outside of basin

Compression
settling of sludge,
collecting and
storing separated
solids (sludge) and
making them ready
to be transferred
outside of basin

Moving the collected
sludges to outside of
basin

Types Perforated sheet,
underflow weir

Largest portion
of the basin

V-notch weir,
effluent launders,
finger launders

A space with a
suitable volume

Gravitational
removal and
mechanical
removal

A space with a
suitable volume
and sloped floor

Manual removal,
gravitational removal,
hydraulic removal, and
mechanical removal
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Coalescing

Figure 9.6

9.38 Generally speaking, it is assumed that a coalescing time of 20–30 minutes is
enough to generate a good oil layer on the top of oil separators; however, this
time it can easily be measured in the lab.

9.39 The skimmed oil from skim tanks may have between 50% and 70% water.
Therefore, skimmed oil is not a pure oil.

9.40 When the temperature is low and/or the viscosity of water is high (like in
polymer flooding operation), the required coalescing time is increased.

9.41 Removing the oil layer from the top of water is the last step of deoiling. It is
important to do this as soon as possible and before re-entrainment of already
separated oil droplets. However, the time sensitiveness of removal operation
depends on the level of disturbance and agitation in the container.

9.42 Oil layer removal from the top of basin (i.e. skimming) could be done through
different ways. They are listed in Table 9.2.

9.43 While the best oil removal system theoretically is a continuous oil layer
removal through floating skimmers, but in practice not always such
operation can happen successfully.

9.44 Solids are settled on the bottom of skim tank. To make sure the solid buildup
is not interfered with the oil removal, an additional height for the oil separator
is considered at the bottom.

9.45 The extra volume in the bottom of skim tank is generally sized based on
6–12 months accumulation of solids. This extra height can be translated to a
value of about 1 m.

9.46 Providing a suitable method for solid removal, the settled solids should be
removed preferably with the least interference in operation.
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Table 9.2

Online Offline

Continuous Through float skimmer Not applicable
because no delay
should happen in
removing the
separated oil

Through fixed (or adjustable) skimmer
(peripheral skimming launder, weir box, or
finger skimmer launders)
Surface water spinning paddles
Moving rakes, rotating rakes in circular basins,
and sweeping rakes in rectangular basins

Intermittent Closing the outlet valve and building water
depth up to the skimmer and then skimming

Table 9.3

Online Offline

Continuous Rotating rakes (e.g. in API
separator) and moving paddles
(e.g. in flotation vessels)

Pulling out the oil removal
system out of operation and then
removing the accumulated solids
manually or by small machines

Intermittent Automatic desanding system
(e.g. in FWKO)
Cleaning lance system (e.g. in
skim tank)

9.47 The solid removal systems could be classified as online systems and offline
systems. Each of them could function continuously or intermittently. The
types of each of solid removal systems are brought in Table 9.3.

9.48 Mechanical sludge removal systems have a bad reputation of frequent jam-
ming and failures.

9.49 Figure 9.7 shows one example of a gravity creaming unit, an API separator.
API gravity separators are built in rectangular shapes. While the main purpose
of the API separator is to remove oil from the water, suspended solids are also
removed in the process. The separated oil is actually a mixture of 50% oil and
50% water, roughly speaking.

9.50 There are mechanisms in API separators to remove the separated oil from the
top as well as solids from the bottom.

9.51 The mechanism is a rotating rake, which moves clockwise to move oil to an
open pipe to remove the oil and rakes the solids to a sump on the bottom of
the vessel to be pumped out. The pipe with an open gap at the top collects the
oil. The pipe rotates to give the operator flexibility to increase or decrease oil
collected by the use of the pipe as a weir.
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Figure 9.7

9.52 The guideline for API separator depends on how heavy the oil is. The general
results in API gravity separators are as follows:
(a) A residence time between 45 minutes and 2 hours.
(b) A length of between 30 and 60 m with the minimum of 15 m.

9.53 The API separator design is based on a cutoff point of 150 μm. Thus, the goal
is to remove oil globules equal or larger than 150 μm in size.

9.54 Skim tanks also remove oil from water, but they are not referred to as API sep-
arators. Perhaps API separators by design should be a long channel because
the best way to separate oil from water is using the clock flow regime. Skim
tanks use baffles to create a longer flow path length for oil/water separation.

9.55 The design of oil decantation containers evolved from two different areas: oil
upstream facilities and refineries. In oil upstream facilities the preferred shape
of containers is above ground circular tank and is called “skim tank.”

9.56 In refineries because the oily wastewater streams are gravity flow, the con-
tainer should be “in-ground.” As in-ground containers are commonly con-
crete type, the cheaper option was (is) rectangular basins.

9.57 It means in refineries they – unknowingly – used the better vessel shape,
which naturally supports plug flow.

9.58 Later in upstream operation the companies tried to implement the concept of
plug flow to achieve to better deoiling efficiencies.

9.59 Skim tanks commonly use a cutoff point of 150 μm.
9.60 The skim tanks in upstream operation could arbitrarily classified in three dif-

ferent arrangements (or generations):
(a) First generation: simple round tanks.
(b) Second generation: round tanks with predetermined nozzle orientation

and probably nozzle extensions.
(c) Third generation: round tanks with internal structures.

9.61 In the first-generation tanks (Figure 9.8), a conventional tank is used for oil
separation. In fact, the same type of tanks they used as storage tanks was
used for oil separation. These tanks used to have very low (less than 50%)
oil removal efficiency.

9.62 The industry realized that the inlet nozzle and outlet nozzle should be ideally
180∘ apart from each other to mimic plug flow in round tanks. This is the basis
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Oily water-inlet

Partially deoiled water-outlet

Figure 9.8

Figure 9.9

for the second generation of skim tanks (in Figure 9.9). The arrow shows the
direction of plug flow, which is horizontal and diametrical.

9.63 It can be seen in second-generation skim tank that there are no nozzle
extensions.

9.64 Later by adding some internals as nozzle extensions (distributor and collec-
tor), they moved closer to ideal plug flow (Figure 9.10).

9.65 The third-generation skim tanks have dozens of variations in design.
Figure 9.11 shows a design that has the plug flow in vertical direction and
upward.

9.66 Figure 9.12 shows a design with the radial plug flow. This skim tank is called
as “H” type skim tank.

9.67 In vortex type skim tank (Figure 9.13), a specific type of introducing inlet and
outlet nozzles promotes vortex in the tank, which simulates a plug flow in
radial form.

9.68 The last attempt is made by adding some internal baffles to better manipulate
the direction of flow in the tank and having a better plug flow.

9.69 The baffled skim tanks are built with 3, 4, or 5 baffles depending on the design.
9.70 Figure 9.14 shows a 4-baffle skim tank.
9.71 Although for a container with plug flow, the dominant factor is the “distance”

that flow travels, and not the residence time, but reporting residence time
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Incoming oily water
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Incoming oily water

Outgoing deoiled water

Figure 9.13

Figure 9.14

is very common for comparing different skim tanks. The residence time for
skim tanks is from one hour to six hours depending on different factors.
For example, heavy oil separation from water in 90 ∘C needs about 6 hours
(Alberta oil sand). Another example is lesser heavy oil separation from water
in 90 ∘C needs about 4 hours (Saskatchewan oil sand). Lighter oils need less
residence time, while colder, more viscose water needs more residence time.

9.72 Another conventional creaming method is seen in Figure 9.15, the oil and
grease trap. This is similar to an API separator but on a much smaller scale.
These units are used for facilities such as car washes, airports, industrial
kitchens, etc.
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tr= 2–3 minutes max. 6 min

D = 250–300 μ

Oil = 100–300 mg/L

Oil < 100 mg/L

Figure 9.15

9.73 The goal of oil and grease traps is removing oil and grease down to level the
remaining oil, and grease content is acceptable to discharge water into public
sewer system.

9.74 At the inlet of the trap, you can see 100–300 mg/L, and at the outlet you will
see a number less than 100 mg/L. The residence time in oil and grease traps
is commonly 2–3 minutes to a maximum of 6 minutes.

9.75 The oil globule size is in the range of 250–300 μm. As the cutoff point
increases, the residence time decreases. Even a residence time of 8–10 minutes
is very small compared with typical residence time of 1 hour. However, these
oil and gas traps are not designed for very high efficiency. The goal of these
traps is not to completely remove the oil but simply to reduce oil levels down
to acceptable limits for sewer systems. The standard for the sewer varies from
country to country and could range from 50 to 200 mg/L. Each municipality
will give permits to each industry based on their size. The city will give
permits that give the industry a license to release a certain amount of oil. For
example, in Calgary for smaller industries, they could receive a license to
release up to 50 mg/L of oily water.

9.76 There are shallow route oil separation units available.
9.77 The shallow route oil separation units include shallow distance modules.
9.78 The most common type of shallow distance module is lamella module.
9.79 There are two types of lamella oil separators, downward type and upward type

(Figure 9.16). Upward arrangement is a better choice when our oil has more
suspended solid content.

9.80 The lamella oil separators do not have good reputations in services that have
solid content.

9.2 Gas-Assisted Flotation Units

9.81 This technology can be named as “gas-assisted gravity separation.”
9.82 In flotation systems, gas bubbles, which are generated by different types of

mechanisms, introduced to the bulk of water to help the oil globules get lighter
and to be separated quicker.

9.83 Figure 9.17 shows a gas-assisted flotation system.
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Upward Downward

Figure 9.16

Figure 9.17

9.84 In this system, bubbles are formed in the vessel, and these bubbles naturally
float to the surface of the water. As the bubbles travel upward through the oily
water, oil globules will attach to the surface of the bubbles and get lighter and
float up toward the surface of the water with the bubbles.

9.85 When you want to remove oil globules with a size smaller than 60–70 μm, we
can use gas-assisted flotation (as we know conventional gravity separation or
creaming is not economical).

9.86 The target oil globules for this technology are globules with the size generally
smaller than 70 μm but larger than 10 μm.

9.87 The small oil globules, which are the target of this technology, are mainly in
the form of emulsions. Therefore, injecting reverse demulsifier upstream of
this system to break the emulsion is necessary. By doing this we allow the
system to use its complete capability and remove small oil globules

9.88 Flotation without reverse demulsifier shows only the efficiency of the sys-
tem to less than 50%, but the efficiency of flotation with injection of reverse
demulsifier could be more than 90%.

9.89 Out of flotation vessels there are two streams, one deoiled (or partially
deoiled) water stream) and the froth stream.

Ali Sadeghi Digital Library 



138 9 Removing Floatable

9.90 Froth stream is the stream that contains the removed oil. This stream consists
of 1–10% of oil, about 80–99% water, and small amount of unescaped bubbles.

9.91 Flotation system is combination of conflicting phenomenon. From one side a
good oil removal and separation needs a quiescent bulk of liquid, and from the
other side the bubble generation and even bubble rising up creates some dis-
turbance. That is the reason that flotation cannot easily be upscaled to higher
flowrate and cannot be easily adjusted in new conditions.

9.92 Removing the separated oil in flotation vessels is more important than remov-
ing separated oil in oil gravity separators. The reason is the fact that in flota-
tion vessels there is inherent agitation because rising of gas bubbles and such
movements cause agitation. A less than quick oil separation causes the sepa-
rated oil to go back to the bulk of oily water in the flotation vessel.

9.93 In flotation vessels the removed oil can be separated through natural move-
ment of water or by rotating paddles.

9.94 These bubbles can be made with a number of different gases that are readily
available at the plant. This gas can be as follows:
(a) Air
(b) Fuel gas
(c) Nitrogen

9.95 In refineries, air is typically used as floating gas. However, when air is used as
the flotation gas, you may need to have some systems in place to manage the
potential corrosion to the equipment.

9.96 In upstream oil and gas extraction facilities, due to the fear of corrosion of the
equipment, air is avoided and fuel gas is normally used.

9.97 The gas used in the food industries (such as slaughter houses) can be nitrogen
as it is an inert gas that is a very clean food-grade gas, which is harmless to
humans, but it is more expensive than air.

9.98 For each specific range of oil globule size for removal (with a specific oil den-
sity), a specific gas bubble sizes need to be created and introduced to the
flotation vessel.

9.99 In lower side of spectrum, the smaller size cannot be removed because of low
probability of contacting with gas bubbles, and on the higher side of spectrum,
the bigger size oil globules cannot be removed because the “wake” of their rise
may wander away the gas bubbles, or they could be too heavy to be able to be
carried by bubbles.

9.100 In gas flotation systems, we need to create bubbles in the flotation vessel and
in the bulk of the oily water. Different mechanisms of gas bubble generation
are shown in Figure 9.18.

9.101 There are two main ways to form the bubble in the water. This is either done
by the following ways:
(a) Releasing the pressure from an already gas-saturated oily water
(b) Through dispersion

9.102 The dissolve–release mechanism is to dissolve the gas of choice into the oily
water and then reduce the pressure to atmospheric pressure so all the gas will
convert to bubbles suddenly.
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Eductor dispersion OthersAgitator dispersion

Dispersion mechanism

Gas bubble generation mechanisms

Dissolve and release

mechanism

Figure 9.18

Table 9.4

Pros and
cons

Gas bubble
diameter

Required
residence
time

Required
gas
flowrate

Generated
froth
flowrate

Dissolved
gas flotation

More even gas
bubble presence in
bulk of oily water

Smaller Higher Less Less

Not very effective
when oil globules
are heavy (e.g.
because of the
inclusion of solids
in them)
Not very effective
when oily water
temperature is
higher than 40 ∘C

Dispersed
gas flotation

Effective for heavy
oil globules

Larger Lower More More

Its performance is
independent of oily
water temperature

9.103 In the dispersion mechanism, the bubbles are injected into the oily water
through different devices.

9.104 The differences between the two types of gas-assisted flotation are summa-
rized in Table 9.4.

9.105 In dissolve–release gas, bubbles are spread more homogeneously through the
bulk of the liquid, while in bubble dispersion systems, there are more bub-
bles around injection point and lesser bubbles the further you are from the
injection point (Figure 9.19).

9.106 As gas distribution is not very efficient in dispersed gas systems; more gas is
needed in dispersed gas system.

9.107 Gas bubbles created by dispersed mechanisms are larger and, therefore, can
remove the heavier oil globules. In dissolved systems, the bubbles are smaller
and cannot remove the heavy oil globules.
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Figure 9.19

Figure 9.20

9.108 From a pure theoretical viewpoint to have higher efficiency, flotation vessels
should be designed in four series vessels (or 3–5 compartments). This rec-
ommendation comes from the kinetics of oil separation in flotation vessels,
which is (assumed) order one equation.

9.109 The baffles allow the flow to move through each section before it exits the
vessel (Figure 9.20).

9.110 Additional compartments may be needed in dispersed type flotation vessels
at the beginning and at the end of deoiling compartments for distribution of
oily water and for degassing the deoiled water, respectively.

9.111 In upstream oil and gas industry, we more commonly use the dispersed
method rather than the dissolved method, which is more common in
downstream oil industry (refinery) and the food industry.

9.112 There are two ways to create dispersed gas as seen in Figure 9.21.
(a) The first method is mechanically induced gas flotation.
(b) The second is hydraulically induced gas flotation.

9.113 In mechanical dispersed gas system, there is a motor with a special mixer, and
when this mixer rotates, it sucks the air from above the tank and forces the air
into the tank. This is similar to a cup of tea that you add sugar to. If you stir
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Motor

Mechanically induced gas floatation Hydraulically induced gas floatation

Educaor

Figure 9.21

the tea to dissolve the sugar, you can see air that is pulled into the water with
the mixing.

9.114 In hydraulic dispersed gas system, the oily water goes through an eductor. At
the throat of the eductor, there is a tube where gas will enter the system with
the vacuum that is created. The gas will be sucked into the oily water and will
create bubbles.

9.115 Mechanical dispersed gas system is originally from the mining industry.
Hydraulic dispersed gas system is invented by oil experts and mainly used in
upstream oil industries.

9.116 Table 9.5 summarizes the features of all different types of gas bubble genera-
tion mechanisms.

9.117 In dissolved gas flotation, the residence time could be between 1 and 2 hours,
but in dispersed gas flotation, the total residence time is less than 10 minutes.
Even in a vessel with 4 compartments, each compartment only has a residence
time of 1.5–2.5 minutes; thus even with all compartments, the total residence
time is about 10 minutes. The lower residence time makes dispersed gas sys-
tems much more appealing.

9.118 In dissolved gas system, the requirement of bubble gas or Qg (flowrate of gas) is
much less than dispersed gas per unit of oily water. This is because in dissolved
gas system, bubbles are distributed very efficiently. In dispersed gas system, a

Table 9.5

Dispersed type

Dissolved type Eductor type Agitator type

Residence time 1.5–2 hours <10 minutes <10 minutes
Bubble size 100 μm 1,000 μm 1,000 μm
Flowrate of froth to feed flowrate 2–3% 5–10% 5–10%
Gas requirement 10% of eductor 100 (as basis) 70% of eductor
Oil removal efficiency Highest Medium Lowest
Required energy Highest Medium Lowest
Hydrodynamic Quiescent Moderate Turbulent
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portion of bubble is wasted because the center of the tank where the bubbles
are injected has more bubbles than the outside of the tank. So more bubbles
at the center are wasted, as there is no longer oil there to be removed.

9.119 The bubble diameter (db) in dissolved gas flotation is less than the bubble
diameter in dispersed gas flotation. So dissolved gas systems are not able to
remove bigger and/or heavier oil globules.

9.120 “Vortex flotation units” are developed by some companies, and they have very
small foot print.

9.121 The concepts of “vortex flotation units” are as follows:
(a) A vertical vessel, which oily water introduced to the top of the vessel.
(b) Stream travels downward. The deoiled water is at the bottom, which takes

liquid from the perimeter of the vessel, and froth is from top, through the
core of the vessel.

(c) The oil bubble mechanism is eduction.
(d) Plug flow for separation is provided through rotational plug flow, which

has led to less dead corners.
(e) Separation of oil bubble is not by gravity but by small centrifugal force.
(f) Coalescing is not only natural (and time consuming) coalescing. It is

enhanced by rotational movement, and separated oil is removed from
the system as soon as possible.

9.122 Basically, vortex flotation units are flotation plus some features of LLHC.
9.123 There are three arrangements for dissolved gas flotation units in terms of the

stream of choice to be saturated with gas stream. They are as follows:
(a) Dissolving gas in the full feed stream.
(b) Dissolving gas in a portion of feed stream.
(c) Dissolving gas in the recycle stream.

9.124 Figure 9.22 shows a representation of a full stream pressurization dissolved
gas flotation. If the oily water stream flowrate is very low, you will have a small
saturation vessel with 2–3 minutes residence time where air will be injected
into the stream with the help of a compressor. The outlet of the saturation
vessel is oily water saturated with air. This water reaches the flotation vessel,
which is an atmospheric vessel when all the gas will be converted to bubbles
to separate the oil from the water.

9.125 However, if the flowrate is very large, the compressor required to inject the
air into the saturation vessel will be very big and thus very costly. In that sce-
nario, we can use a split-stream pressurization system. Figure 9.23 shows a
representation of a split-stream pressurization dissolved gas flotation system.
In this system, only a portion of the full flow is saturated with air before being
combined with the rest of the flow to feed the flotation vessel.

9.126 Figure 9.24 shows a representation of a recycle stream pressurization dis-
solved gas flotation system. In this case, a portion of the treated water, which
is about 25–50% of the main flow, will be recycled back to the saturation ves-
sel before it is sent to the flotation vessel. This a very good system, and in oil
industries this system works better for separation as it creates larger bubbles,
which will more readily remove oil from the oily water.
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9.3 Liquid–Liquid Hydrocyclones (LLHCs)

9.127 LLHCs are fairly recent technology (Figure 9.25) for removing oil from water.
9.128 LLHCs are used in offshore oil–water separation popularly. Their popularity

in offshore application is because of their small footprint and the indepen-
dency of their performance to tilting, which happens frequently in offshore
platforms.

9.129 They have poor turndown ratio, and they are prone to plugging if feed stream
has suspended solid content.

9.130 LLHC can be used in two roles: bulk separation and deoiling.
9.131 Deoiling LLHCs are generally designed to remove oil globules with a size less

than 50 μm.
9.132 The feed to hydrocyclone should be at high pressure to operate properly. If

the high pressure is already available, LLHC will be a good choice; otherwise
increasing the pressure by pump – only to satisfy the LLHC requirement – is
not the best option as pump generally exerts shear and breaks the oil globules.

9.133 The main design component of the cyclone is the diameter of the cylindri-
cal portion (Dc). This diameter is generally between 10 and 100 mm. Most
cyclones are typically in the 30–70 mm range.

9.134 There are two useful rules of thumb for sizing deoiling hydrocyclones as
follows:
(a) One general rule of thumb is that X50% in microns is about equal to Dc

in mm. If you have a cyclone with a diameter of 70 mm, it means that
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you will be able to remove oil globules larger than 70 μm. X50% represents
all the particles that can be removed with efficiency of 50%. Larger sized
globules will have a removal efficiency more than 50%, and smaller size
globules will have a removal efficiency less than 50%, but on average, we
can assume 50% efficiency.

(b) The second rule of thumb is if you take the cylindrical diameter in mm
and multiply it by a factor between 1 and 2 (typically 1.3 is used), you
will have the capacity of the hydrocyclone in m3/d. For example, if the
diameter is 70 mm, the capacity of the hydrocyclone is roughly 91 m3/d.

9.135 From these two rules, you can see in order to have a good separation of oil
from liquid, you will need to have very small diameter L–L cyclone. However,
with the smaller L–L cyclones, they will not be able to handle larger flowrates.
The work-around for this problem is to install many small L–L cyclones in
parallel. This gives you the ability to remove small oil globules as well as han-
dle larger flowrates. Thus L–L cyclones are always used as multiclones. The
arrangement is very similar to shell and tube heat exchangers. There is a tube
sheet, and instead of tubes, there are hydrocyclones. These cyclones are very
long and narrow tubes. These tubes are conical, but the angle is very small, so
it is difficult to recognize.

9.136 Multiclones become useful to allow you to take advantage of smaller globule
removal while having higher capacity. An example of a multiclone is shown
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Figure 9.27

in Figure 9.26. From the outside, it can be similar to a vessel, and when you
open it up, you will find a tube sheet with a bunch of cyclones in parallel.
Operators will often refer to the hydrocyclones as “liners.”

9.137 The diameter of multiclone vessels is generally between 8′′ and 48′′.
9.138 The selection of the diameter of multiclone vessels is based on the rule of

thumb mentioned in Figure 9.27.

9.4 Centrifuges

9.139 Centrifuges separate oil from water through the combined effects of two
mechanisms as follows:
(a) More effective separation by exerting several thousands of G-force.
(b) Shallow separation distance by placing discs few millimeters apart from

each other.
9.140 There are two main types of centrifuges as follows:

(a) Stack type
(b) Horizontal type

9.141 Stack type centrifuges are not very common for oil removal. They have very
high G-force, and they may break down the oil globules.

Ali Sadeghi Digital Library 



146 9 Removing Floatable

9.142 The horizontal type centrifuges in oily water services could be as follows:
(a) Two-phase
(b) Three-phase

9.143 Where there are decent amount of suspended solids in addition to oil globules
in water, the centrifuge of choice would be the three-phase type to separate oil
and suspended solids from water.

9.144 Handling solid phase in centrifuges is always a challenging task. There are
three available ways to deal with solids/sludge removal in centrifuges as
follows:
(a) Batch solid/cake removal, which needs centrifuge shut down
(b) Intermittent, online solid removal: In this design the split body of

centrifuge opens intermittently to discharge the accumulated solid. This
design is used in self-opening or self-cleaning centrifuges.

(c) Continuous, online solid removal: In this design solids are removed con-
tinuously by an arrangement of nozzles. This design is used in nozzle
centrifuges.

(d) Continuous, online solid removal by screw conveyor.
9.145 Among these three options the first one is obviously suitable for batch cen-

trifugation when the feed is less than 1 ton/h.
9.146 The self-cleaning option is more suitable for applications, which have small

solid content, e.g. 1–10% v/v and/or applications; they have varying content
of solid, or the solid is sticky.

9.147 The nozzle centrifuges can handle higher solid content up to 25% v/v.
9.148 The third option is applicable only in horizontal sold bowl centrifuges (scroll

type).

9.5 Oil Filters

9.149 One popular type of filtration is conventional filtration. In this application, it
is called oil removal filter or “ORF.”

9.150 The membrane filtration for oil removal is usually ultra filtration (UF), and it
is used mainly for emulsified oil in water streams.

9.151 This technology mainly works as polishing step in deoiling when the inlet
oil content is less than 50 mg/L. ORF generally cannot be used in higher oil
contents as the higher oil content force the system to have more frequent back-
washing, which is not very economical.

9.152 We are familiar with conventional filters for suspended solids removal. How-
ever, these filters can also be used for oil removal.

9.153 ORF technology uses the same concept of sand filters for removing suspended
solids. The main difference is the media, which is a media with some adsorp-
tion effect.

9.154 If we use conventional sand (or anthracite) filters in oily services, the oil will
not be removed effectively because the oil globule is able to change its shape
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and pass through all the pores in the filter. Thus, you can see that removing oil
globules using conventional filters is not easy. In the olden days, they would
use sand or anthracite to remove oil. They were happy with the results even
if the efficiency was less than 50%.

9.155 The solution to the problem of low removal efficiency in oily water services
is to use a filter media that had adsorption effects. The media would adsorb
some of the oil and reduce its chances of escaping the media bed.

9.156 There are many different media that have adsorption effect, but the
most commonly used is nutshell. We use nutshells as filter media for
many ORF’s.

9.157 Many organic materials can be used as media – even coconut shells – as it will
have an adsorption effect, but this is not the main factor in choosing a filter
media. The more important factor is whether or not the media can easily be
backwashed. Some people have used cotton as a media filter, but it is difficult
to backwash although it can successfully be done in a laboratory.

9.158 It should be mentioned that all porous media handle several tasks: filtering
media, coalescing media, and in some cases adsorbing media. Therefore, an
ORF with nutshell works somehow as coalescing media too. Basically “filtra-
tion” occurs because of adsorption, coalescing, and filtration.

9.159 The problem with filtering media with adsorption effect is the fact the con-
ventional backwashing does not effectively remove the trapped oil globules
from the media. In ORF system we need specific types of backwashing with
more aggressive action on the media to force them to let go the trapped and
adsorbed oil globules.

9.160 The implementation of the concept of adsorption for filtering media in ORF’s
generates a problem; the trapped oil globules can be removed from the filter-
ing media (e.g. nutshells) easily and through conventional backwashing. In
ORF’s systems we need “energized backwashing” rather than conventional
backwashing.

9.161 One common types of energized backwashing in ORF systems is “media
agitation backwashing.” A typical ORD with media agitator is shown in
Figure 9.28.

9.162 Typical operation steps of an ORF system is shown in Figure 9.29.
9.163 Table 9.6 lists some rules of thumb for sizing ORFs.
9.164 Another important parameter to the media is the attrition rate. This is the rate

for which the media will break down and be carried out. For media to remove
oil, during backwash cycle, the media will rub among each other, and a por-
tion of the filter media will be lost. This is the reason the media will have to
be topped up from time to time. In most cases, there is a media trap down-
stream of the ORF to catch any media fragments to prevent it from leaving
the system. An attrition rate of less than 5% per year is preferred.

9.165 Both effective backwash capability and attrition rate are more important fac-
tors than adsorption ability when it comes to filter media selection.
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Figure 9.28

9.6 Oil Adsorption Units

9.166 The other method to remove oil from water is through adsorption.
9.167 We use adsorption to remove oil if they are in very small concentrations,

i.e. less than 5 mg/L. Adsorption can be used to remove dissolved and
non-dissolved oil in low concentrations.

9.168 The two characteristics of an adsorbent are as follows:
(a) The material
(b) The form

9.169 Different adsorbent materials are activated carbon, bentonite, and organoclay.
9.170 There are two forms of adsorbents as follows:

(a) Granular form
(b) Powdered form

9.171 The oldest adsorbent material is activated carbon. In some systems they use
activated carbon, but they are not very common as they are not very effective.

9.172 The second material is bentonite, which is a type of clay that can be used to
remove oil. In one oil facility, we use bentonite to remove small amounts of oil
because the client was worried about the oil content. Thus, a bentonite unit
was added downstream of the ORF.

9.173 The next material for absorbent is organoclay. Organoclay is the most effec-
tive adsorbent material, but it also comes at a much higher cost than activated
carbon or bentonite. Organoclay becomes activated by washing it with a spe-
cific chemical. There are companies that produce organoclay. They buy clay
(i.e. bentonite); then they wash the clay with chemicals that make them more
active and more absorbent for the oil. They can resell this for a higher price. If
you have very low amounts of oil, even though it is more expensive, it is best
to use organoclay.
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Table 9.6

Conventional service High cleanness services

Single media Flux: 6–8 gpm/ft2 Flux: 2–6 gpm/ft2

In car washes in remote areas, the waste water will naturally contain oil
from the cars. This oil can be removed simply by adding clay to the water.
The clay adsorbs the oil from the water leaving a clean water.

9.174 Bigger industries that would require a larger volume of adsorbent such as oil
and gas will likely use activated carbon or, in some cases, bentonite due to
the cost.

9.175 The media can be used in granular or powdered forms. If it is in granular
form, we can put it into a bed like a filter in an adsorption vessel. If you are
using the media in a powdered form, you will need to remove the powder
using sedimentation. It is not very economical to add a sedimentation basin
for the sole purpose of removing adsorbent powder. However, it is an option
if a sedimentation basin is already available.

In one project I worked on for an oil sand project, after the ORF, a slurry of
powdered bentonite fed into a lime softener, which acts as a sedimenta-
tion basin. We were able to remove small amounts of oil without having
to add a sedimentation basin as it was already there in the form of the
lime softener unit.

9.176 Granular adsorbent can be regenerated, while powdered adsorbent cannot be
regenerated.

9.177 In general, it is only worthwhile to regenerate an adsorbent if you have huge
amounts of consumption. In many cases, companies that use these adsorbent
materials will use a third party to do the regeneration. If you are not regener-
ating, the adsorbent will be disposed of in landfills.

9.178 The two forms of activated carbon are called granular activated carbon (GAC)
and powdered activated carbon (PAC). They are demonstrated in Figure 9.30.

9.179 Granular form of activated carbon is placed in a vessel and is commonly
referred to as GAC unit. In a GAC, the water will be fed from the top of the
vessel and exit the bottom of the vessel after it passes through the activated
carbon bed.

9.180 The term used to describe the residence time in this type of unit is “empty
bed contact time” or EBCT. The EBCT depends on the type of media such as
activated carbon as well as the contaminant such as oil or chlorine. The vary-
ing factors mean that there is a very wide range for EBCT, but it is common
for EBCT to be about 10–15 minutes. For very good adsorbing material, it can
be as low as 1–5 minutes, but for very bad adsorbing material, it can be up to
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Figure 9.30 Granular form Powdered form

Mixing and removing

GAC PAC

In vessel

one hour. If the water is hot, the EBCT will be even higher because it is more
difficult to remove oil from a hot liquid.

9.181 This is a batch operation, so after a while you will need to regenerate. For
a GAC, you would only need to regenerate once every 6 months or one year.
Because of the lower frequency for regeneration, the valves around the system
are manual valves instead of switching valves. You may need more frequent
backwash if there are suspended solids in the feed because the particles will
be trapped on the surface of the GAC bed, which will need to be removed.

9.182 If there is a sedimentation basin, we can use a PAC. In powdered form, it will
need to be mixed into the water and then removed via sedimentation.

9.7 Coalescers

9.183 Coalescers are not an oil removal unit. Coalescing is a method to grow oil
globule size and make them bigger for easier removal.

9.184 The coalescing is an operation in which small oil globules in tight spaces
merge and coalesce with each other and make them big enough to be sep-
arated later with other methods.

9.185 What named in industry as “coalescer” are “coalescer gravity separator” or
“coalescer filter.”

9.186 Figure 9.31 shows a coalescer-gravity separator.
9.187 The coalescing is very delicate operation. From one side they target the small

oil globules, but from the other side, they are not supposed to be emulsion.
Injecting reverse demulsifier upstream of a coalescer is not a good practice
because the “tight spaces” may plug. The oil globules should have tendency
to coalesce.

9.188 Theoretically oil has tendency to coalesce when the oil/water partition tension
is high. In practice this tendency should be checked in a pilot system.

9.189 The advantage of coalescers lies in their structure. The structure that provides
tight spaces makes coalescers very prone to plugging.
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Figure 9.31

9.8 Summary

9.190 Application ranges of three main oil removal systems are shown in Table 9.7.
9.191 If your oil particle is greater than 200 μm, you can use a vessel type separator.

Both vessel- and tank-type separators are designed based on API separator
handbook. One example of a vessel-type separator is an FWKO drum. A tank
type is like a skim tank. When the oil globules are very big (i.e. >200 μm), the
oil can be removed easily and does not need a high residence time. FWKO
drums are usually designed to remove oil with diameter of 250–300 μm.
Vessel-type separators are for concentrations less than 10,000 ppm.

9.192 If the globule size is less than 150 μm and concentration is greater than 2,000
ppm, a tank type separator can be used. Skim tanks are generally sized based
on 150 μm but can be sized for as low as 100 μm. You do not want to design a
skim tank to remove less than 70 μm as it will result in a very large tank that
is not very economical.

9.193 If the concentration is greater than 10,000 ppm, you will not need to do
anything as the oil will rise to the surface on its own with a very large
concentration.
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Table 9.7

Oil globule
size (𝛍m)

Oil concentration
(mg/L)

Gravity separator Vessel type >200 <10,000
Basin type <150 >2,000

Gas-assisted flotation <50 <1,000

Oil removal filtration <10 <50

w/ww treatment Oil operation

Inversion

Creaming DehydrationORF

0
5 10 100 300 1,000

mg/L

10,000

mg/L
55% 100%

Flotation

Hydrocyclone

Centrifuge

Figure 9.32

9.194 Figure 9.32 shows general applicability of oil removal system.
9.195 Table 9.8 shows different methodologies of oil separations.

9.9 Removal of Meso- and Microemulsions

9.196 Separation methods for different oil-in-water emulsions are listed in Table 9.9.
9.197 Wherever it is decided to remove oil globules smaller than ∼50 μm, a reverse

demulsifier should be injected.
9.198 Breaking of reverse emulsions (demulsification methods) can be done

through methods listed in Table 9.10.
9.199 Similar to colloids, meso-and microemulsions also can be removed directly or

after converting them to free oil globules and then removing them.
9.200 Direct removal of meso-and microemulsions can be done by membrane filtra-

tion.
9.201 Indirect removal of meso-and microemulsions can be done by coalescing

(Figure 9.33).
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Table 9.8

Basis of
separation Separation driving force Available technologies

Mechanical G-force API gravity separators
Gas assisted Gas-assisted flotations
Enhanced G-force Hydrocyclones, centrifuges
Porous media Oil removal filters

Electrical Not applicable for oil in water emulsions
Chemical Attraction and repelling

effect of chemicals
Injection of reverse demulsifier,
acid cracking, TDS adjustment

Table 9.9

Name Oil droplet size Separation method

Macro >100 μm Low residence time gravity
Meso 20 μm≪ 50 μm Gas flotation

Micro filtration
Demulsification methods (in combination with
other methods mentioned previously)

Micro <10 μm Filtration
L–L hydrocyclone
Centrifugation
Ultra filtration
Demulsification methods (in combination with
other methods mentioned previously)

Table 9.10

Physical demulsification Chemical demulsification

Heating Acid cracking
Centrifugation Adding reverse demulsifier
Precoat filtration TDS adjustment
Membrane filtration
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9.10 Handling of Skimmed Oil

9.202 There are three components in skimmed oil: water, oil, and solid.
9.203 The skimmed oil from deoiling operation should be treated to separate oil,

water, and solid.
9.204 The water and oil components of skimmed oil could be oil-in-water emulsion

or water-in-oil emulsion or mixture of both.
9.205 Slop handling system should be able to separate, store, and remove each of

components of solids, oil, and water.
9.206 The macroemulsion and a portion of mesoemulsion is removed within the

main deoiling string. Microemulsion and a portion of mesoemulsion (rag
layer) cannot be removed easily and are sent to slop treatment system.

9.207 Slop handling systems are designed based on existence of each of previously
mentioned emulsion types (Table 9.11).

9.208 A slop handling system may have two main units: slop tank and slop treat-
ment system. In each step it can be decided to send the slop, or partially treated
slop to the third party for further treating.

Ali Sadeghi Digital Library 



156 9 Removing Floatable

Table 9.11

Separation time Separation method

Mesoemulsion Few hours Slop tank with several hours residence
time, typically a batch-wise process

Tight emulsion Few days (or never) Heating, centrifugation, (or less popular
special filtration)

Table 9.12

Centrifugal type Heating type

Advantages Less operating cost More surge resistant
Can break the emulsion with less
help of emulsion breaker

Can handle slops with different
water cut with minimum system
adjustment
Does not need very skillful
operator

Disadvantages More technical risk More operating cost
Less surge resistant
Needs more adjustment for
different water cut

One good design is patented

Needs more skillful operator

9.209 The general rule is that upsizing slop tank can lead to downsizing slop treat-
ment unit.

9.210 A slop tank with high residence time may work for breaking mesoemulsion
if right type and dose of emulsifier (or reverse emulsifier) is added.

9.211 A slop tank generally has heating coil, blanketing system, multipoint sample
system, and different nozzles for separated oil and water (Figure 9.34).

9.212 There could be slop treatment system after slop tank to treat microemulsions.
9.213 There are two popular slop treatment systems as follows:

(a) Horizontal (scroll type) two- or three-phase centrifuge
(b) Heating type slop treatment system

9.214 The following table shows pros and cons of heating type and centrifugal type
slop treatment systems (Table 9.12).

9.215 The heating type slop treatment system is available in different deigns includ-
ing tank plus heating through an external heat exchanger and a recirculation
loop, vessel type with heater, vessel type with fire tube burner (flash type or
evaporative type), etc.

9.216 The flash slop treating system (evaporative type) is most rigorous type of heat-
ing emulsion-breaking system (Figure 9.35).

9.217 Table 9.13 shows different features of oil-in-water emulsions and water-in-oil
emulsions.
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Table 9.13

Class Water-in-oil emulsion Oil-in-water emulsion

Separation
methods

Macro Gravity in high temperature
or gravity in electrostatic field

Low residence time gravity

L–L hydrocyclone
Centrifugation

Meso High residence time gravity:
(slop) tank

Gas flotation

MF
Chemical demulsification (in
combination with other
methods presented
previously)

Chemical demulsification (in
combination with other
methods mentioned
previously)

Micro Slop treatment systems: Filtration
Heating type L–L hydrocyclone
Evaporative type (flash type) Centrifugation
Centrifuge type UF
Chemical demulsification (in
combination with other
methods mentioned previous)

Chemical demulsification (in
combination with other
methods mentioned
previously)

Emulsion stabilizing factors Higher oil density Higher oil density (in some
cases)

Low water content Lower oil content
Higher oil viscosity Smaller oil droplet size
Smaller water droplet size Existence of emulsifier agents
Existence of emulsifier agents Low temperature
Low temperature High PH water
High Ca-to-Mg ratio of water
droplets

Age

Age

Emulsifying agents Solids: fine oil-wet particles
(e.g. fine sands), carboxylic
acids + heavy metals

Solids: fine water-wet
particles (e.g. fine clays),
carboxylic acids + alkali
metals

Semisolid: asphaltenes
Liquids: carboxylic acids

Demulsifying agents Demulsifiers: TDS,
alcohol/aromatic soluble
polymers, emulsion type

Reverse demulsifiers or
deoilers: acids (not always
effective), polyvalent metal
salts, water soluble polymers,
emulsion type (latex) or
solution type
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10

Dissolved Materials Removal Inorganics

10.1 As there are three categories of dissolved materials, there would be three
removal methods available. The first is dissolved gases and volatiles removal
method, then there is dissolved organics removal method, and finally dis-
solved inorganics removal method (Figure 10.1).
In this chapter we will cover inorganic removals; in the next two chapters –
Chapters 12 and 13 – we will cover organic removals and dissolved gas
removals.

10.2 When inorganics are in dissolved form, they are in majority of cases in ion-
ized form. Being ionized means they carry a charge on their surface, either
positive or negative charge.

10.3 The method for which we use for inorganic ion removal depends on the
objective. Figure 10.2 displays the different options for inorganic ion removal
methods.

10.4 If you have a problem with all the ions, this is related to total dissolved solids
(TDSs), then you will need to choose a total ion removal method.

10.5 If the goal is to remove only specific ion(s), there are other removal method
options.

10.6 Removing all the ions from water is a more expensive approach. So, we use
it if we really need to remove all ions.

10.7 If you are looking at removing a specific ion, you can also remove this by
using one of the total ion removal methods. This is correct. However, due to
the higher cost for total ion removal methods, it is better to go with a specific
ion removal method to remove the specific ions you want to remove.

10.8 Under total ion removal method, there are three options: reverse osmosis
(RO), ion exchange (IX), and evaporation.

10.9 The examples of specific ion(s) removals are removing iron ion (Fe3+) from
water and removing hardness (Ca2+ and Mg2+) from water.

10.10 The two methods available to remove specific ions are precipitation and
selective IX.

10.11 Figure 10.3 shows a rule of thumb to select the removal method based on
TDSs.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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10.12 When your TDS is very high, in the range of 30,000 mg/L and up, you can
use evaporation. When TDS is very low (<1,000 mg/L), we go with IX. And
between 1,000 and 30,000 mg/L, we can use RO.

10.13 If you have water with e.g. 2,000 mg/L of TDS and you choose an evaporator
as the removal method, it can be done; however, you will be evaporating a
lot of water. With a TDS of 1,000 mg/L, it is a very dilute water, so it does not
make sense to purify the water with evaporation because the latent heat of
water is very high, and to be able to evaporate this large amount of water,
you need to put in a lot of energy, which is not very economically attractive.

10.14 When your TDS is low, you can choose an ion exchanger for the removal
method. What happens when you have a TDS of 10,000 mg/L and you use an
ion exchanger? Technically it can be done, but you would need very frequent
regeneration of the IX bed, which makes the operation very uneconomical.
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10.15 RO units can be used for TDS removal of waters with very high TDSs like
45,000 mg/L, but the osmotic pressure is such high that makes RO a noneco-
nomical operation. RO is technically applicable up to TDS of 70,000 mg/L
though.

10.16 Between the three total ion removal methods: IX, RO, and evaporator, the
most attractive method is the RO. This is because the evaporator is a high
cost system, so is not chosen unless necessary. The IX system is not a simple
system. You also need a regeneration/backwash system, salty water or acid
regeneration or caustic regeneration, etc. IX systems need a lot of peripheral
systems, which are not preferred by many companies. The RO system is very
attractive. One negative thing about an RO system is that it is a high-pressure
system, so you will need a high-pressure pump in order to operate the RO.
The range for RO in Figure 10.3 is shown between 1,000 and 30,000 mg/L
TDS. However, this range is expanding because more and more people try to
use RO systems rather than IX or evaporators.

10.1 Evaporators and Crystallizers

10.17 Evaporators evaporate water from streams for the purpose of concentrating
them to make the further operations smaller.

10.18 Crystallizers may be needed after an evaporator to separate dissolved inor-
ganic impurities from water.

10.19 There are two main types of evaporators as follows:
(a) Mechanical evaporators
(b) Surface evaporators

10.20 Mechanical evaporators – or simply evaporators – are the ones used when
evaporation happens from the bulk of water, which is inside of a piece of
equipment. Surface evaporators are evaporation ponds (refer to Chapter 17)
in which evaporations occur from their surface.

10.21 Due to the high cost of evaporators and crystallizers, they are usually consid-
ered as the last resort, and when there is no other option available. In water
and wastewater industries, crystallizers are less common than evaporators.

10.22 Mechanical evaporators can be classified based on different criteria. They
can be classified based on the following classification:
(a) Driving force of evaporation
(b) Source of energy for evaporation
(c) Arrangement of evaporative surface
(d) Number of “effects”

10.23 There are two driving forces for evaporation in evaporators. They are as
follows:
(a) Increasing temperature, which happens in “heat evaporation type evap-

orators.”
(b) Decreasing pressure, which happens in “flash evaporation type evapora-

tors.”
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10.24 In heat evaporators, water is evaporated by increasing its temperature.
10.25 Flash evaporation happened because of a decrease in the pressure of water.

After sending water into the flash drum and dropping the pressure, we will
have evaporation.

10.26 Flash evaporators are more common in utility evaporators, which have the
duty of generating fresh water from seawater for communities.

10.27 The second classification is based on the source of energy. When you want
to evaporate water, you need to inject energy. This energy can be from any of
these two sources:
(a) Steam
(b) Compressor

10.28 “Steam evaporators” use steam as the source of heat for evaporation. Other
evaporators use energy from specific type of compressors, which are known
as “vapor compressor evaporators.”

Vapor compressor evaporators may need steam for their start-up, too.

10.29 Evaporators can be classified based on arrangement of evaporative surface.
There are two types of heat evaporation methods as follows:
(a) Kettle evaporation
(b) Thin film/droplet evaporation

10.30 In kettle evaporators, as the name suggests, it is like boiling water in a kettle.
This is not very attractive because evaporating a bulk water is not as easy as
evaporating a thin layer of water. If there are suspended solids in the water,
which prevents us from forming thick layers on the pipe, then the kettle evap-
oration will have to be used. The more technical term for kettle evaporators
is suppressed evaporators.

10.31 In thin film/droplet evaporation, we convert the salty feed water into thin
layers, which makes evaporation easier as surface area is increased.

10.32 This thin film can be created on either of the following:
(a) Vertical tubes
(b) Horizontal tubes

10.33 In vertical tube evaporators, there are three operations as follows:
(a) Falling film
(b) Rising film
(c) Falling–rising film vertical evaporators

10.34 For the falling film vertical evaporators, only a thin film of water goes on the
perimeter of the tubes, and the heat is applied to the outside of the tubes (the
tubes are not flooded). The configuration is very similar to a shell and tube
heat exchanger.

10.35 In horizontal film evaporators feed water (salty water) is sprayed on the bun-
dle of tubes and tricked on them, and evaporation happens because of hot
surface of the tubes.
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10.36 The other classification for evaporators is the number of stages (number of
“effects”). They can be single stage or multiple stages. Utility evaporators are
generally multiple stages. Industrial sectors may only require a single-stage
evaporator. Multiple effect evaporators may have up to 12–25 stages.

10.37 Full classifications of evaporators are shown in Figure 10.4.
10.38 One type of evaporators is shown in Figure 10.5. The specifications of this

evaporator are shown as follows:
(a) Driving force of evaporation: increasing temperature.
(b) Source of energy for evaporation: steam.
(c) Arrangement of evaporative surface: vertical falling film.
(d) Number of “effects”: 1.

10.39 One popular evaporation technology that is very common in industrial
systems is shown in Figure 10.6, the mechanical vapor compressor (MVC)
falling film evaporators. The specifications of this evaporator are shown as
follows:
(a) Driving force of evaporation: compressor.
(b) Source of energy for evaporation: steam.
(c) Arrangement of evaporative surface: vertical falling film.
(d) Number of “effects”: 1.

10.40 The feed is preheated in a heat exchanger by exchanging heat with the
hot distillate. The preheated feed enters the evaporator. The top section of
the evaporator resembles a heat exchanger with multiple tubes, and at the
bottom we have a kettle. In this case, the tube side fluid is the feed water,
and the shell side fluid is compressed water vapor from the compressor.
Because the tubes are hot from the compressed vapor, when the thin film
of water goes down the tube, a portion of the water becomes evaporated.
The evaporated vapor is light and has a tendency to rise, but the feed water
will push it down to the bottom of the tube. The unevaporated brine drips
to the bottom of the kettle, while the distillate is drawn off the bottom of the
tubes. Vapor is sucked into the compressor from the shell side of the tubes.
This special compressor can handle vapor to provide the driving force with
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increased temperature for heating the tubes. For start-up purposes, external
utility steam will need to be supplied before the compressor can use the
vapors from the evaporator.

10.41 The reason the feed water goes down the tubes in a thin film rather than
flooding the tube as you would normally expect is because of a special dis-
tributor at the top of the tubes. The perforated sheet holds the tubes, and
a weir that controls the feed entering the tubes determines the amount of
water that enters the tubes. There is a formula to manufacture the weir in
such a way that the flow is controlled and thin film is created. This formula
is dependent on the diameter of the tubes. The weir controls the water eleva-
tion above the perforated sheet. By changing the elevation between the weir
and the perforated sheet, it will allow more or less flow into the tubes.

10.42 In general, when you want to send a gas to a compressor, you want to make
sure the fluid is dry. Having a wet fluid through a compressor would dam-
age the internals of the compressor. You would need to remove the potential
droplets upstream of the compressor with a scrubber.

10.43 The vapor compressor used in evaporators will have a high chance of
droplets. The reason this is not a problem is because the compressor used
is a special compressor. There are few manufacturers that can make this
compressor. Thus, all evaporator vendors need to source their compressors
through the special manufacturers. The limiting variable for this type of
evaporator is the capacity of the vapor compressor, which is in the range of
4,000–7,000 m3/d.

10.44 The heart of this evaporator is the vapor compressor, which has a limita-
tion on its size due to the complexity of the system. This system is used in
industrial applications because municipal applications require much large
flowrates. It is more common to go with flash evaporation for municipal
applications.

10.45 This is a very popular evaporator in small to medium sized applications. They
are even used on boat decks to convert seawater to potable water for use on
the boat.

10.46 The efficiency of this type of evaporator is about 90%. More than 90% of the
feed can be converted to distillate leaving 10% brine. The factor that limits us
from 100% recovery is the existing salts in the water. As you concentrate the
brine by evaporating the water, the more concentrated the brine becomes;
at some point the salts will begin to precipitate. Precipitation of the salts or
crystallization is not desirable in an evaporator. One of the main differences
between a crystallizer and an evaporator is that there are no crystals in an
evaporator design. In reality, there could be 50–100 mg/L of crystals in the
brine from the evaporator, but this is harmless.

10.47 The last classification for evaporators is based on the number of stages
or effects. You can have a single-stage or multiple-stage evaporator. For
single-stage evaporator, the only option is heat evaporation where you
increase temperature. This is called multiple effect distillation (MED)
evaporator. Flash evaporation for a single stage would have very low
efficiency, and thus is not available in the market.
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10.48 Crystallizers can be used after evaporators if we need to convert the concen-
trated salty water to solid bearing stream (slurry).

10.49 The main reason for not doing a complete evaporation in evaporator (in a
way to leave behind wet salts in evaporators) is the fact that handling solids in
equipment needs specific considerations, which are provided in crystallizers
and not in evaporators.

10.50 There are some combined “evaporator plus crystallizers,” which could be
used for small flowrates of wastewaters. In such equipment the structure is
similar to crystallizers (rather than evaporators).

10.51 The type of crystallizers used in wastewater industries is “mixed salt crystal-
lizer.”

10.52 When there are more than one dissolved solid in water (which is true in
many cases), there are two choices of crystallizers available. They are “sin-
gle solid crystallizers” and “mixed salt crystallizers.” If the goal of operation
is removing only one solid out of solution, the crystallizer of choice would
be single solid crystallizer, but if the goal is removing all dissolved solids, a
mixed salt crystallizer can be used.

10.53 The technology used for evaporation in crystallizers is suppressed evapora-
tion. This is because the use of other technology of thin film is problematic
because of creation of solid crystals in water.

10.54 A schematic of crystallizer is shown in Figure 10.7.
10.55 The body of crystallizers is generally installed fairly elevated to be able to

suppress the evaporation everywhere in the system except the main body of
the crystallizer.

Steam

Pump

Feed

Heater

Brine slurry

To
condenser

or 
vapor compressor

Figure 10.7
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10.56 The residence time of crystallizers is about one to two hours.
10.57 The bottom of crystallizers is sloped (say 60∘) to facilitate removal of the cre-

ated crystals (solids).
10.58 The goal of crystallizers is generating easy to settle crystals. The size of easy

to settle crystals is anything more than 100 μm. Mixed salt crystallizers in
water and wastewater industries generally create crystals with the size of
200– 600 μm.

10.59 The product of crystallizers (brine slurry stream) should be pumpable. Then
the solid content of this slurry is not more than 30–35%.

10.60 The dissolved inorganic content of the brine slurry is about 250,000 mg/L.
10.61 In crystallizers more than 90% of feed water can be converted to distillate.

10.2 Ion Exchange

10.62 The other method for total inorganic ion removal is IX. IX process also
referred to as demineralization or deionization.

10.63 IX systems are not very economical in very high capacities, say, more than
1,000 m3/h.

10.64 The hearts of ion exchangers are “resin beds.” They are granular solids sim-
ilar to sugar beads and have the duty of removing target ions.

10.65 The most common IX systems are the ones with static beds.
10.66 IX systems include one or more vessels containing resin beads placed on the

stream of interest.
10.67 In IX system, the feed water enters the IX pressure vessel (PV) (Figure 10.8,)

from the top where it is distributed across the filter bed, which is filled with
resin beads. After passing through the resin bed, the deionized water is cap-
tured by the collector at the bottom. These IX vessels are very similar to a
regular PV with the exception that they are generally more shallow (shorter
and wider), and instead of sand filter, the bed is filled with resin beads.

10.68 The resin consists of three components as follows:
(a) Polymeric backbone
(b) Functional group
(c) Movable ions

Pressure vessel

Collector
Resin beads

Distributor

Figure 10.8
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10.69 The resin consists of three components as follows:
(a) Polymeric backbone: “R” (a general name of polymeric back bones)
(b) Functional group: SO3 (sulfite)
(c) Moveable ions: “H” (hydrogen)

10.70 A specific resin with functional group of SO3 (sulfur trioxide) and hydro-
gen as the “moveable” ion can be shown as Figure 10.9: “R” refers to the
polymeric backbone.

10.71 Some people do not care much about the functional group, so they shorten
the resin structure (Figure 10.10):

10.72 An analogy of IX resin is shown in Figure 10.11.
(a) The polymeric backbone works as the “ground” of all IX processes.
(b) The functional group acts like a chair on the polymeric backbone.
(c) The “movable” ions are the good ions that sit on the functional group

(chairs). The movable ions can be positive or negative charge. On one
single resin bead, there can be millions of functional groups with good
ions attached.

10.73 The operation of ion exchangers is like the name implies. In an IX vessel, the
target ions are not removed, but they are simply exchanged with good ions.
In Figure 10.12, the picture on the left is a fresh resin bead with functional
groups carrying good ions. When they come in contact with the bad ions
floating in the water, the bad ions kick the good ions out of the chairs and
take their seats on the bead. Eventually, the resin bead will be exhausted like
the picture on the right where all the seats are occupied by bad ions.

10.74 The full cycle operation of IX process is shown in Figure 10.13. Fresh resin
is used in the IX vessel until it is exhausted, which means all the good ions

A resin in H cycle

R – SO3 – H

Figure 10.9

A resin in H cycle

R – H

Figure 10.10

“Movable” ions

or

Functional group

Polymeric backbone

Figure 10.11
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Resin bead:

fresh

Resin bead:

exhausted

Figure 10.12

Figure 10.13 Fresh resin

Regeneration

Exhaustion

Exhausted resin

on the resin bead have been exchanged with bad ions. Then the exhausted
resin goes through a regeneration cycle to go back to a fresh resin, which is
ready for more IX.

10.75 Resin types can be characterized by three different characteristics as follows:

(a) Resins can have movable ions with positive or negative charges: positive
in cationic resins and negative in anionic resins.

(b) Resins can be either strong or weak.
(c) The cycle or form of resins can be either H/Na form in cationic resins or

OH/Cl form in anionic resins.

10.76 One of the characteristics for specifying a resin is by its charge.
(a) Cationic resins adsorb cations or positive charged ions. These are also

known as acidic cations or AC for short. Some examples of AC or cations
are Na+ and Ca2+.

(b) Anionic resins adsorb anions or negative charged ions. These are also
known as basic anions or BA for short. Some examples of BA or anions
are SO2+

3 and HCO−
3 .

Functionality of IX resins in terms of their charge is shown in
Figure 10.14.
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Cat. R

An. R Anion resins “Adsorb” anions

Cation resins “Adsorb” cations

Acidic cation (AC)  Na+, Ca2+Cations

Basic anion (BA)  SO3
2–, HCO3

–Anions

Figure 10.14

Table 10.1

Strong Weak

Price Less expensive More expensive
Capacity Higher capacity Lower capacity
Kinetics Stronger

kinetics
Poorer kinetics

Regeneration
efficiency

Worse
regeneration
efficiency

Better
regeneration
efficiency

10.77 One important thing to note is that during IX H+ and OH− are never touched
and exchanged.

10.78 Another characteristic of resins is its strength. This refers to whether the
resin is strong or weak:
(a) Strong resins are able to remove all ions.
(b) Weak resins remove only some ions.

10.79 Table 10.1 shows the main differences between these two types of resin
beads.

10.80 Although the points in Table 10.1 shows that strong resins are apparently
more desirable than weak resins, but you may be surprised to hear that, for
many cases, it is more desirable to use a weak resin, unless we cannot use the
strong resins. The one factor that outweighs the others is that weak resins
have a better regeneration efficiency.

10.81 Strong resins hold onto the bad ions very well, and it is very difficult to regen-
erate the resin. In order to remove the bad ions from the functional groups,
you need to add a lot of good ions to “convince” the bad ions to leave the
seats. This can be compared to a kid eating ice cream. One person may say
stop eating it and give it to me. But the kid will not want to let go of his ice
cream. However, if you have the mom, dad, brother, sister, and grandparents
telling the kid to let go of the ice cream, you are more likely to take the ice
cream away.

10.82 The last characteristic of resin beads is their forms or cycles. Form or cycle
refers to the type of movable ion in resin beads.
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10.83 The form or cycle of resins is simply as follows:
(a) For cation resins: H+ or Na+

(b) For anion resins: OH− and Cl−

10.84 The features of resin beads with two forms of each cycle are shown in
Table 10.2.

10.85 Table 10.3 is a global table summarizing the majority of the resin options
available on the market. The resin types are organized by charge: acid cation
with positive charge and BA with a negative charge. For each charge, there

Table 10.2

Charge Cycle Performance

Acidic cation (+) H+ Functionality of resins depends on pH of feed stream; pH
of product water is different than feed water’s pH; resins
are more expensive to be regenerated

Na+ Functionality of resins is independent of pH of feed
stream; TDS of product water is different than feed
water’s TDS; resins are less expensive to be regenerated

Basic anion (−) OH− Functionality of resins depends on pH of feed stream; pH
of product water is different than feed water’s pH, resins
are more expensive to be regenerated

Cl− Functionality of resins is independent of pH of feed
stream; TDS of product water is different than feed
water’s TDS; resins are less expensive to be regenerated

Table 10.3

Resin type Cycle (movable ion)

Target ions Strength Acronym H (for cationic resins)
or OH (for anionic
resins)

Na (for cationic resins)
or Cl (for anionic
resins)

Acidic cation (+) Strong SAC SAC-H: removes all
cations

SAC-Na: removes only
hardness in fresh water

Weak WAC SAC-H: removes only
temporary harness

WAC-Na: removes only
hardness in brackish
water

Basic anion (-) Strong SBC SBA-H: removes all
anions

SBA-Cl: removes all
anions and replaces
them with chloride ion

Weak WBC WBA-H: removes all
anions except Silicate
and Carbonate

WBA-Cl: removes all
anions except silicate
and carbonate and
replaces them with
chloride ion
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is a strong and a weak resin strength option. These are called strong acid
cation (SAC), weak acid cation (WAC), strong basic anion (SBA), and weak
basic anion (WBA).

10.86 SAC-H form is strong, meaning it can remove all positively charged ions or
cations. SAC-Na is used to remove hardness and, therefore, softening of fresh
water. This system is typical for under the sink type softeners.

10.87 WAC-H is used for removal of temporary hardness. Temporary hardness is
the type of hardness that can be removed though heating. When you put
water into a kettle to heat it up, the temporary hardness can be seen as yellow
precipitation. In industrial applications, removing temporary hardness by
adding heat is not a preferred method because it costs money to heat up the
water. The use of WAC in H cycle is easier for removal of temporary hardness.
WAC-Na is used for softening of brackish water.

10.88 SBA-OH is used for removal of all negatively charged ions or anions.
10.89 WBA-OH because it is weak can be used to remove everything except silicate

ion and carbonate ion. The two reasons you would choose WBA-OH are (i)
if your water does not contain silicate or carbonate ion and (ii) if you do not
need to remove the silicate or carbonate ion.

10.90 The following paragraphs show several examples of IX resin applications.
The following series of figures (Figures 10.15–10.19) show examples of the
IX process with various water samples and resins. The column on the left is
the water analysis going into the ion exchanger, and the column on the right
is the water analysis leaving the ion exchanger using the resin shown at the
top of the figure.

10.91 Figure 10.15 shows an example of an ion exchanger using strong basic anion
in chloride cycle (SBA-Cl). Because it is strong, it will remove all the ions;
because it is anion, it will remove all the negatively charged ions, and it
will replace it with the chloride ion. In other words, this resin is designed

SBA - CI

Na+

Ca2+

H+

SO4
–

CO3
–

CI–

OH–

Na+

Ca2+

H+

CI–

CI–

CI–

OH–

Figure 10.15
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to replace all anions with the chloride ion. The cations (Na+, Ca2+, and H+)
in the water are left unchanged. The anions (SO−

4 , CO−
3 , and Cl−) are replaced

with chloride ion. And as stated in Figure 10.14, H+ ion and OH− ion are not
impacted by the resins.

10.92 An IX process using WBA in OH cycle as a resin is shown in Figure 10.16. The
cations (Na+, Ca2+, and H+) are left unchanged. The anions (SO2−

4 and Cl−)
are replaced with OH− ions. Note, as sulfate has a charge of 2+, there will
be two chloride ions that will replace it. As it is a WBA resin, the carbonate
(CO2−

3 ) is left unchanged, and, as always, OH− remains untouched.
10.93 The example in Figure 10.17 is used to remove hardness in fresh or brackish

water. SAC-Na resin is applied to soften fresh water, and WAC-Na is applied

Figure 10.16

WBA - OH

Na+

Ca2+

H+

SO4
–

CO3
–

CI–

OH–

Na+

Ca2+

H+

OH–

CO3
–

OH–

OH–

Figure 10.17
SAC - Na
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WAC - Na

Na+

Ca2+

H+

SO4
2–

CO3
2–

CI–

OH–

Na+

Na+

H+

SO4
2–

CO3
2–

CI–

OH–
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to soften brackish water. In either case of SAC in sodium cycle or WAC in
sodium cycle, the cations (Na+ and Ca2+) are replaced with sodium ions.
Keep in mind that when the ion has two charges as in the case of Ca2+,
two sodium ions will replace one calcium ion. All the negative ions will be
unchanged.

10.94 The example shown in Figure 10.18 is using an SAC in hydrogen form resin.
This exchanges all the cations (Na+, Ca2+, and H+) with a hydrogen ion. And
all the anions are left unchanged.

10.95 The use of an SBA in OH form resin is shown in Figure 10.19. All of the
cations (Na+, Ca2+, and H+) are left unchanged. And all of the anions (SO2−

4 ,
CO2−

3 , and Cl−) are exchanged with OH− ions. And as usual, OH− ion is left
unchanged.

SAC - H

Na+

Ca2+

H+

SO4
2–

CO3
2–

CI–

OH–

H+

H+

H+

SO4
2–

CO3
2–

CI–

OH–

Figure 10.18

SBA - OH

Na+

Ca2+

H+

SO4
2–

CO3
2–

CI–

OH–

Na+

Ca2+

H+

OH–

OH–

OH–

OH–

Figure 10.19

Ali Sadeghi Digital Library 



10.2 Ion Exchange 175

Removes Removes

Cat R An R

Figure 10.20

10.96 If AC can only remove cations and BA can only remove anions, then how
would you remove all the ions in the water? The solution for this is shown in
Figure 10.20. Since TDS removal means removing both positive and negative
ions, you can have a cationic resin IX vessel in series with an anionic resin IX
vessel. The cationic resin bed will remove the positive ions, and the anionic
resin bed will remove the negative ions.

10.97 In demineralization IX systems, the cationic resin bed always precedes the
anionic resin bed. After the cationic bed, the H+ ions make the water acidic,
but this is a minor issue and can be handled with the proper material for
equipment and piping. Once the acidic water enters the anionic resin bed
and OH− ions are introduced, they form H2O. If the anionic resin bed was
first, the water would become basic. Under basic conditions, many ions will
precipitate, which will become very difficult to remove.

10.98 As the pH of the water entering the vessel will be decreased in the cationic
resin (in H cycle) IX vessel due to the increased H+ ions presence and will be
very acidic, it is important to ensure that the piping between the cation bed
and the anion bed is special piping that can withstand the acidity. Generally,
this piping can be stainless steel (SS), plastic, or rubber lined. In the anionic
resin (in OH cycle) IX vessel, OH negative ions are introduced back in, so
the pH of the effluent from the IX system will be the same or similar to the
pH entering the system. This is demonstrated in Figure 10.21.

10.99 After the cationic resin bed and the anionic resin bed, there may still be
traces of ions that have not been removed. In some cases, you can add a
mixed bed ion exchange (MBIX) unit downstream of the primary IX units
with both AC and BA together as a polishing step. Having an MBIX theoret-
ically makes a lot of sense to have all the resins in one vessel to handle all

SAC - H SBA - OH

pH = a pH = apH ↓

Figure 10.21
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ions. However, operationally, this is much more difficult and would require
very skilled operators. Each type of resin bead would need a different regen-
erant for regeneration phase, which is more difficult when all the beads are
mixed in one bed. Luckily the x resin beads are lighter, so when you do a
backwash cycle with water through the bed, the cation and anion resins will
separate into two layers. The cation layer can be regenerated with cations,
and the anion layer can be regenerated with anions. This works, but is not
perfect as there is no solid division between the two resin beads.

10.100 After the resin in the ion exchanger has been exhausted, the resin should
be regenerated. In order to regenerate the resin, you need to bring the good
ions in high concentration to remove the bad ions from the functional groups
(Figure 10.22).

10.101 There are two ways to know when the resin is exhausted.
(a) Many companies do regeneration on their resin beds at intervals, which

are specified during the design. Such intervals could be somewhere from
one day to several months. The calculation is done during the design
phase to calculate how long the resin will last based on the quality of the
water being treated.

(b) Other companies trigger their regeneration based on the output from
process analyzers on their product water, downstream of their IX system.
A process analyzer can be installed at the outlet of the IX vessel. If the
bad ion readings are still present in the product water, then you know
that the resin bed is exhausted, because they were not being picked up
by the resin beads. This option is the most accurate; however, the process
analyzer can be very expensive.

10.102 Table 10.4 gives examples of some commonly used regenerants.
10.103 When acids are needed for regeneration, there are two main acids that are

used: hydrochloric acid (HCl) and sulfuric acid (H2SO4). Generally, we do
not consider using other acids as they tend to have issues. For example,
nitrous acid (HNO2) attacks the resin backbone, which is made of a polymer.
Thus, we tend to stick with using hydrochloric and sulfuric acid.

Figure 10.22
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Table 10.4

Resin types Regeneration process(es)

SAC-H Acid regeneration
WAC-H Acid regeneration
SBC-OH Base regeneration
WBC-OH Base regeneration
SAC-Na Brine regeneration
WAC-Na Acid regeneration and

then base replacement
SBC-Cl Brine regeneration
WBC-Cl Base regeneration and

then acid replacement

Table 10.5

Advantages Disadvantage

Hydrochloric (HCl) No skillful operator may be
needed for regeneration

More expensive; provides only
one hydrogen ion; is available
in lower concentrations (e.g.
33%); the materials of
construction for in-contact
equipment should be exotic
and expensive alloys or plastics

Sulfuric acid (H2SO4) Less expensive; provides 2
hydrogen ions; is available in
higher concentrations (e.g.
98%); the materials of
construction for in-contact
equipment could be
conventional carbon

Precipitation may occur during
regeneration

10.104 There are many pros and cons with each of these acids; they are listed in
Table 10.5.

10.105 When bases are needed for regeneration, there are several main bases that
can be used. Some examples of bases include caustic (NaOH), ammonia
(NH3), which dissociates in water to release OH− ion, and sodium carbonate
(Na2CO3), which will release OH− ion after hydrolysis in water.

10.106 Brine or salty water (NaCl solution) is used when sodium ion or chloride ion
is needed for regeneration.

10.107 The stronger the concentration of the regenerant, the better the regeneration.
A pure (100%) regenerant would be ideal, but the limitation is that very high
concentrations will break the resin backbone, which is made of a polymer.
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This is the reason the regenerant concentration is limited to 4–7% for acid
and base, and brine can be up to 25%.

10.108 Spent regenerants generated out of regeneration operations will have extra
good ions, but it will also contain bad ions. For this reason, the spent regen-
erant (spent acid, spent base, and spent brine) is sent to disposal.

10.109 If the pH of the regenerant is not acceptable for disposal, it should be neu-
tralized before disposal.

10.110 If both spent acid and spent bases are generated in a plant, they both are
sent to neutralization tank to naturalize each other before adding fresh acid
or base for neutralization. The neutralization tanks are sized to hold two to
three batches of acid and base.

10.111 For the design of IX systems, several steps of operations should be considered
and designed; they are listed in Table 10.6.

10.112 As IX systems in water treatment industries are generally semicontinuous
system, their design always is accompanied with schedule table. A sample
schedule table is shown in Figure 10.23. A real schedule table includes valve
names/numbers and their positions (open or closed) during each step of IX
operation.

10.113 The design of IX system includes an iterative calculation.
10.114 There are three main parameters used in design of each step of IX opera-

tions. They are flux rate, bed volume (BV), and duration and are explained
in Table 10.7.

10.115 All these design parameters can be converted to each other through
equations listed in Table 10.8.

10.116 The first step of designing IX system is estimating the required volume of
resin beads. The volume of required resin beads can be calculated from the
following equation:

Vwater = Qwater ⋅ texhaustion

where
V water is the volume of water going through the bed during exhaustion
period in L
Qwater is the capacity of the resin meq/L
texhaustion is the volume of the required resin in L

10.117 Then the required volume of resin beads can be calculated from the following
equation (can be called “NV” equation):

Nwater ⋅ Vwater = Nresin ⋅ Vresin

where
Nwater is the concentration of target ions in meq/L
V water is the volume of water going through the bed during exhaustion period
in L
Nresin is the capacity of the resin meq/L
V resin is the volume of the required resin in L
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Table 10.6

Situation of resin
beads at the
beginning the step

Situation of resin
beads at the
end the step

Reason for
this step

Source of
water Flowrate

Generated
water

Location of the
step execution

Normal
operation
(exhaustion
step)

Clean and ready
to adsorb ions

Exhausted and dirty
resin beads

Removing target ion(s) Feed water Feed water,
flowrate: QF

Product
water

IX resin bed
vessels

Backwash Dirty resin
beads, resin
beads are
covered by dirt
or oil

Clean but still
exhausted resign beads

To remove suspended
solids, which covered
resin bead to make
other steps effective

Feed water or
product water

Specified to
expand the
resign bed up to
certain volume

Dirty
backwash
water

IX resin bed
vessels

Regeneration
(could be
multistep
operations)

Clean resin
beads, but with
no capacity to
adsorb ions

Clean and regenerated
resign beads but with
trace amounts of
unreacted regenerants
on the surface of resin
beads

To regenerate the
exhausted resin beads

Product water as
dilution water
(added to
regenerants)

Specified based
on kinetics of
regeneration
operation;
flowrate: Qreg +
Q dilutionwater

Spent
regenerant(s)

In IX resin bed
vessels or in
regeneration
vessels

Slow rinse
(displace-
ment
step)

Clean and
regenerated
resin beads but
some traces of
unreacted
regenerants can
be found on/in
resin beads

Clean and regenerated
resign beads with no
unreacted regenerants
on the surface of resin
beads but still in loose
form

To remove trace
regenerants remained
in the bed

Product water Dilute
regenerant
flowrate minus
concentrated
regenerant
flowrate;
flowrate:
Q dilutionwater

Highly con-
taminated
water

In the same
vessels of
regeneration

Fast rinse Clean,
regenerated, and
rinsed resin

Set in place resin beads To set the resins back
in their primary place
and make them ready
for normal operation

Feed water The same
flowrate of feed
flowrate: QF

Lightly con-
taminated
water

IX resin bed
vessels
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Flow Duration Volume

10.0 1.00

5.0 16.67

(minutes) (m3)
Step

6,316

10.0 66.67

30.0 0.50

30.0 3.00

Fast rinse 200.0

Slow rinse 6.0

Regeneration
Concentrated acid 1.0

Dilution water 6.0

(m3/h)

Exhaustion 200.0

Back wash 400.0

1,895

Figure 10.23

Table 10.7

Flux rate (F) Space velocity Bed volume (BV) Duration (t)

Definition Flux rate =
flowrate/cross
area

Space velocity =
flowrate/volume
of resin bed

Bed volume =
volume of water/
volume of resin
bed

Duration =
volume of water/
flowrate

Units gpm/ft2, m3/h/m2

(or m/h)
1/h or BV/h # Sec, min, etc.

Application Can be used to
calculate the
flowrate of feed
stream or
regenerant stream
or backwash
stream

Can be used to
calculate the
flowrate of feed
stream or
regenerant
stream

Is used to
calculate the
volume of
consumed or
generated water

Is used to
calculate the
duration of
operation

Importance Real exposure of
resin to flow

Real exposure of
resin to flow

Amount of
generated waste
after each step of
operation

Developing
schedule of
operation steps

Practical
meaning

Linear velocity of
stream in the bed

Reverse of
residence time

Volume of water
in relative to resin
bed volume

Residence time

10.118 Resin capacities are generally reported by the resin manufacturers for each
type of resins. Approximate resin capacities in wet form are shown in
Table 10.9.

10.119 The reported resin capacities show only theoretical resin capacities. The
design resin capacities depend on many factors and could be even half of
the reported resin capacities.

10.120 The diameter of IX resin bed vessel diameter could be from 2 ft to more than
several feet.

Ali Sadeghi Digital Library 



10.2 Ion Exchange 181

Table 10.8

Flux rate (F) Space velocity Bed volume (BV) Duration (t)

Flux rate
(F)

NA Flux rate =
space velocity
× bed depth

Flux rate =
BV× bed depth
/duration

Flux rate = bed
depth /duration

Space
velocity

Space velocity =
flux rate /bed
depth

NA Space velocity =
BV/duration

Space velocity =
1/duration

Bed
volume
(BV)

BV = flux
rate/bed
depth× duration

BV = space
velocity×
duration

NA BV = duration
×flux rate/bed
depth

Duration
(t)

Duration = bed
depth/flux rate

Duration =
1/space velocity

Duration =
BV× bed
depth/flux rate

NA

Table 10.9

Acidic cation (+) Basic anion (−)

Strong SAC: 1.5–2 meq/L (liter
of wet resin in H form)

SBA: 0.8–1 meq/L (liter of wet
resin in OH form)

Weak WAC: 3–4 meq/L (liter
of wet resin in H form)

WBA: 1.2–1.5 meq/L (liter of
wet resin in OH form)

(a) The lower side of the diameter is identified based on preventing wall
effects and also having plug flow. The minimum diameter could be 2 ft.

(b) The higher side of diameter is specified by different criteria including
maximum ground transferable dimension and also maximum diameter
to have a good water distribution with noncomplicated water distribu-
tors. The maximum ground transferable dimension is about 8 ft. How-
ever, resin vessels with the diameter of up to 13 ft have been seen.

10.121 The feed distributor may be needed inside of the vessel and on the top of
them. If vessel diameters are less than 3 ft, they may not even need any feed
water distributor. However, when diameter goes beyond this number, a dis-
tributor is needed. When vessel diameter goes beyond 7 or 8 ft, the design of
the water distributor will be more complicated.

10.122 The rules of thumb showing the diameter of IX vessels are in Table 10.10.
10.123 The diameter of vessels is selected to meet specific flux rate in the vessel.
10.124 The flux rate of feed stream to IX vessel should be within a specific range as

follows:
(a) If the flux rate is less than 2 gpm/ft2, short circuiting occurs, and not

a good contact between resin beads and the water stream is created
(depends on resin beads size).
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Table 10.10

Category
Typical values
(m3/h)

Vessel
diameter (ft)

Low flowrates 0–200 2–4
Medium flowrates 200–1,000 4–7
High flowrates >1,000 7–13

Table 10.11

Concentration
of target
ion(s) (mg/L)

Typical flux
rate (gpm/ft2)

High concentrations >30 6–8
Medium concentrations 1–10 12–16
Low concentrations <1 30–40

(b) If the flux rate is less than 4 gpm/ft2, diffusive mass transfer, and not
convective mass transfer, occurs, which is very slow, and not an efficient
IX happens (depends on the service temperature and resin beads size).

(c) If the flux rate is very high, pressure drop within the resin bed will
be increased excessively. This constraint limits us to not go beyond
40–50 gpm/ft2 (depends on resin beads size).

(d) If the flux rate is very high, there will not be enough time for mass trans-
fer and IX. The higher target ions need less flux rate. For very dilute
streams, flux rates of 50–60 gpm/ft2 have been seen (depends on service
temperature).

10.125 Generally speaking, for more concentrated streams (streams with high con-
centration of target ions), we need less flux, and for medium concentration
streams the required flux rate can be doubled, and for low concentrations
the required flux rate can be tripled or more, as it can be seen in Table 10.11.

10.126 The resin bed depth should be between 0.80 and 1.80 m preferably more
than 1 m.

10.127 The depths of the resin beds should be within a specific range as follows:
(a) Very shallow resin bed does not allow flow to be fully developed.
(b) Very shallow resin bed does not provide adequate time for mass transfer

and IX.
(c) If the bed depth exceeds a certain value, the pressure drop within

the bed/vessel goes beyond affordable value. Generally speaking, an
acceptable pressure drop within the height of resin bed is about 4–5 psi,
and within the IX vessel (it includes the pressure drop across water
distributor at the top and water collector at the bottom of the vessel), it
should not be beyond 10– 15 psi.
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(d) If the resin bed depth is beyond 6 m, the feed water may need to be redis-
tributed at the middle of the height of the vessel, which is not common
in water industries.

(e) The required resin bed depth depends on different factors. From one
point it cannot be less than a certain value to make sure mass trans-
fer happens effectively. From the other side it should be long enough
to make sure plug flow will be created in the vessel.

10.128 Backwashing is needed before starting regeneration to make sure the resin
beads are clean and ready for regeneration.

10.129 The first step of backwashing is “expanding” the resin bed buy suspending
the beads to make sure the whole surface of resin beads is in contact with
water and then water of backwashing can clean the resins and remove any
dirt covered the resin beads.

10.130 The height of resin vessels is equal to resin bed depth plus the required free-
board for backwashing.

10.131 The required expansion of resin bed is as follows:
(a) For cationic exchange resins: 50–70%
(b) For anionic exchange resins: up to 100%

10.132 The required backwash flowrate is calculations from the required flux rate.
The required flux rate can be found from vendor data or accurate calcula-
tions.

10.133 When vendor data is not available, the backwash flux rate can be estimated
from the following statement: “backwash of resin beads with particles with
the size of 1 mm and the specific gravity of 1.3 with water in temperature of
20 ∘C to get an expansion of 50% is 7 gpm/ft2.”
(a) Each 10 ∘C increase in temperature of backwash water will increase the

required flux rate by 15%.
(b) Each 20% increase in the required expansion percentage will increase

the required flux rate by 50%.
10.134 The IX vessel height-to-diameter ratio should be in the range of 0.65–1.50.
10.135 The theoretical requirement of regenerants for regeneration operation can

be calculated from the following formula:

Nregenerant ⋅
Vregenerant

Over − stoichiometric factor
= Nresin ⋅ Vresin

where
Nwater is the concentration of target ions in meq/L
V water is the volume of water going through the bed during exhaustion period
in L
Nregenerant is the normality of the used regenerant in meq/L
V regenerant is the volume of the used regenerant in L

10.136 V regenerant is calculated from the previously presented equation but should
be multiplied to a factor to come up with the real regenerant require-
ments (as opposed to theoretical requirements). These factors are called
“over-stoichiometric factors” and are shown in Table 10.12.
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10.137 The flow of regenerant stream should be low enough to allow a good mass
transfer and complete regeneration. The flow of regenerants can be calcu-
lated based on the required space velocity of 0.5–1.0 gpm/ft3. The flow can
also be calculated based on the flux rate of 2–8 gpm/ft2.

10.138 In slow rinse water a volume of water is initiated to remove the trace of the
remained regenerants. This volume of water is equal to the volume of voids
in resin bed plus the volume of previously mentioned resin bed.

Vslow rinse =
1
2
⋅ Vresin + Vfreeboard

The parameters are shown in Figure 10.24.
10.139 It can be said that the volume of water for slow rinse is less than 2 BV.
10.140 BV is a parameter in designing IX resin systems and is equal to volume of

applied water divided by the volume of the resin beds.
10.141 Fast rinsing of resins needs specific volume of water. The required volume

of water depends on many factors including the type of regenerant, concen-
tration of regenerants, depth of the bed, and the arrangement of regenera-
tion (cocurrent or countercurrent). Table 10.13 listed typical water volume
requirements for the fast rinsing in BV parameter.

Table 10.12

Acidic cation (+) Basic anion (−)

Strong SAC: 2–3 # SBA: 1.2–1.5 #
Weak WAC: 3–4 # WBA: 1.5–3 #

Freeboard

volume

Resin

volume
IX

Figure 10.24
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Table 10.13

Acidic cation (+) Basic anion (−)

Strong SAC: 4–10 BV SBA: 4–12 BV
Weak WAC: 4–10 BV WBA: 4–12 BV

Table 10.14

Flux rate Space velocity Bed volume Duration

Normal
operation

Flux rate is used to size
the number of vessels
and the diameter of
vessels

Not a design
parameter

Not a primary
design
parameter

It will be
calculated
later

Backwash Primary design
parameter

Not a design
parameter

Not a primary
design
parameter

It will be
calculated
later

Regeneration Flux rate can be used
as the design
parameter, but space
velocity is a more
meaningful parameter

Space
velocity and
NV equation
are the
design
parameters.

Not a primary
design
parameter

It will be
calculated
later

Slow rinse Dilute regenerant
flowrate minus
concentrated
regenerant flowrate

Not a design
parameter

Primary
design
parameter

It will be
calculated
later

Fast rinse The same flowrate of
feed flowrate: QF

Not a design
parameter

Primary
design
parameter

It will be
calculated
later

10.142 Table 10.14 listed the main design parameters to design each step of IX resin
systems.

10.143 As IX systems in water treatment industries are generally semicontinuous
systems, while the product water needs to be a continuous stream, some
tricks are used to address this issue. They are as follows:
(a) The IX vessels can be designed to be able to handle higher flowrates

when one vessel is out for nonroutine operations (backwashing, regen-
eration, etc.).

(b) Extra IX vessel(s) can be installed to come to operation when one vessel
is out for nonroutine operations (backwashing, regeneration, etc.).

10.144 IX systems are semicontinuous operation, so there are many valves that the
operators need to open and close for the operation of the system. All the
vessels are lined up, and the valves are aligned together in a space called
“valve nest” for easy accessibility for the operators.
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10.145 Operating cost does not change a lot when you are changing the number or
volume of vessels/beds because the main element of operating cost is chem-
ical for regeneration.

10.146 Because of semicontinuous nature of IX system, minimum 2 IX vessels are
needed for each service. However, when there is a huge flowrate, we may
need several resin bed vessels operating in parallel.

10.147 When a vessel is considered to remove a specific ion, generally it is designed
to remove all of the ion. If a residual ion is needed in the product water, a
bypass stream is considered.

10.148 The resin bed vessels with different resins may need to be placed in series to
remove different ions.

10.149 Each IX unit may include a “string” of subunits, in which each of them is
designed to remove one (or more) targeted ion(s). Each subunit may have
one or more resin bed vessels.

10.150 In reality every resin bed vessel has ion leakage. It means even at the best
design the concentration of the target ion cannot be decreased to zero. As a
general rule a leakage of less than 20 mg/L can be seen in many single bed
vessels.

10.151 If a lower level of the target ion is needed in the product water, another vessel
with the same resins is installed with the first resign bed vessel. This in-series
arrangement is called “primary polisher” IX system. A “primary polisher” IX
system may have a leakage less than 10 mg/L for the targeted ion.

10.152 While the same resin of primary vessels is used for polisher vessels, polisher
vessels could be sized based on higher flux rate. The reason is the fact that
resins in polishers face less concentrated water stream.

10.153 Primary resin beds may be designed based on flux rate of 6–8 gpm/ft2, and
polisher resin beds may be designed based on flux rate of 12–16 gpm/ft2.

10.154 In some designs there are dedicated primary vessels and dedicated vessels,
while in other designs the role of primary vessel and polisher vessels are
switched during operation to use all the resins at the fairly same level of
ion load. This switching role is possible if both primary and polisher vessels
are with the same size. This design is called “swing” or “merry-go-round”
design.

10.155 In a complete demineralization, instead of placing polishers for cation resins
and polisher for anion resin, we may decide to put only mixed bed resin
bed(s).

10.156 The mixed resin beds may be designed based on flux rate of 30–40 gpm/ft2.
10.157 When alkalinity is less than 50 mg/L as CaCO3, there is no need for decar-

bonator. When alkalinity is more than 100 m/L as CaCO3, a decarbonator is
needed (Chapter 12).

10.3 Reverse Osmosis

10.158 The other removal method of total ions is RO system.
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10.159 RO systems may not be very economical in very high capacities, say, more
than 10,000 m3/h. For capacities more than that, evaporation could be a more
economical option.

10.160 If you want to remove only one ion from the water, adding an RO will work;
however, it is a very significant financial burden as the RO is designed to
remove all the ions, and not necessary if you only want to remove one ion. It
is better to use one of the methods for specific ion removal.

10.161 RO can be “considered” as a special type of filtration for filtering out the dis-
solved species from water. The filtering media in RO systems are semi-porous
membranes, and contaminated water should be introduced to the membrane
under pressure.

10.162 Two main prohibitive factors of RO system are the high price of membranes
and the need for high pressure in the system.

10.163 The cost of the membranes has been reduced drastically over the years as
companies are finding more economical solutions to produce them.

10.164 There is an important interfering phenomenon during operation of RO sys-
tems, and it is osmosis pressure. Osmosis pressure is a pressure that is against
the applied pressure in RO systems. Our applied pressure should always
be higher than the osmosis pressure, so contaminated water stream can go
through RO membrane.

10.165 An RO is a unit operation that removes TDSs and is capable of removing
all the ions. In RO system the high TDS water is fed to the membrane, and
only “water” goes through the membrane, while salts will leave behind the
membrane. RO is a high-pressure unit.

10.166 Figure 10.25 shows a schematic of an RO system. The box symbolizes the
RO, and the dashed line is the membrane. The feed enters the RO mem-
brane where a portion of the water passes through the membrane, and this
becomes the product or “permeate.” The portion of the water that cannot
pass through the membrane is high in TDS and is referred to as the “reject”
or brine stream.

10.167 RO membranes are sheet forms of semipermeable material that allow ions
to pass.

An example of a semipermeable material is our skin, which is an example
of a membrane. The wall of our veins is another example of a membrane
that is semipermeable. When blood is pumped through the veins to feed
the cells, there is no door that opens from inside the vein, but the blood
passes through the vein wall similar to a membrane in an RO. Many
organic materials are in the form of membranes. Up until about 50 years
ago, RO systems did not exist because we were looking for a membrane
that could withstand high pressures.

10.168 The high-pressure feature of RO systems adds to the capital cost and oper-
ating cost of such units, because high-head pumps are needed. The high
pressure brings more safety issues and also leakage issue in RO units.
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Product

Reject

Feed

Figure 10.25

Table 10.15

RO Note Shape

1 RO membrane The heart of RO facilities Sheets of membranes mainly
plastic semi-porous types

2 RO element RO membranes are formed in
specific shape

The RO membranes are sort of
“armored” and get firmed

3 RO module RO elements are placed in
narrow and long vessels (dead
ended pipes)

The RO elements are protected
by putting them inside of
pressure vessels

4 RO system You can connect your
contaminated water to get
TDS-free water from it

RO modules are tied together in
different arrangements to meet
the requirement of projects

10.169 This high pressure of feed stream in RO units is wasted in reject streams
(reject streams have low pressure), but it still “resides” in permeate streams
(permeate streams are high-pressure streams, too). Some companies try to
reduce the operating cost of RO systems by placing “turbines” on permeate
streams to recover their high pressures and convert it back to electricity.

10.170 There are four main components in RO industries. They are explained in
Table 10.15.

10.171 The players in the market that deal with RO systems work in different
sectors. As you can see from Figure 10.26, some companies only produce
membranes. These are chemical companies that only make polymers for the
membranes and produce sheets that they then sell to companies that make
elements. The companies that produce elements sell them to companies
that produce modules. The final players in the market are the companies
that take the modules and make the final RO unit or equipment.

10.172 Most small to medium sized water treatment companies fall under the last
group that takes the modules and turns them into the final RO equipment.

10.173 The RO elements can be placed together in a vessel, which is referred to as
an RO module. There could be 6 or 7 elements in a module. Smaller units
for use in a boat or house will contain fewer than 6 or 7 elements; they could
contain even just one or two. Capacities of RO elements vary as diameters
and lengths vary. By placing many RO elements together, you are effectively
increasing the membrane performance.

Ali Sadeghi Digital Library 



10.3 Reverse Osmosis 189

Membrane

Element

Module

Equipment

Figure 10.26

Control SR

Control R

TFC

Figure 10.27

10.174 The engineering or fabricator companies put together the RO modules to fur-
ther increase membrane performance. The RO system or equipment is the
combination of RO modules in specific arrangements to meet the require-
ment for recovery or TDS content as specified by the client.

10.175 When the first RO membrane came to existence, it was made of natural mate-
rial known as cellulose acetate. This is a natural polymer made from wood.
Later on, the polymer was made from petrochemicals. They soon realized
that when they wanted to increase the recovery, the salt rejection (SR) would
be decreased. In other words, if you want more recovered water, the quality
of the water would be sacrificed and vice versa. They solve this problem by
making thin film composite (TFC) membranes.

10.176 A TFC membrane under microscope is shown in Figure 10.27. The larger
circles on the membrane represent the substrate, and the smaller circles rep-
resent the skin of the membrane. The substrate has bigger molecules to allow
more flow to go through to increase recovery. If the skin also had the same
structure as the substrate, the salt passing through the membrane would be
increased as well. So to combat this, they decided to make the skin smaller

Ali Sadeghi Digital Library 



190 10 Dissolved Materials Removal Inorganics

molecules thus smaller corresponding pores, which prevent ions from pass-
ing through. The skin on the membrane is very thin and can be compared to
the thickness of human skin.

10.177 In summary, in TFC membranes, the purpose of the substrate is to increase
the recovery (R), and the purpose of the skin is to increase the SR. By intro-
ducing the two component membranes of skin and substrate, you have a
compromise. These days, the majority of membranes used in the industry
are TFC type.

10.178 The next step in the ladder is the element. There are basically four types of
RO elements as listed in Table 10.16.

10.179 In P&F type, we have one sheet of membrane, one sheet of space, one sheet of
membrane, one sheet of spacer, etc. These are placed in a set of jaws that keep
it tightly held together. It is very similar to a plate and frame heat exchanger
or a filter press. This is very good but it is a very bulky equipment, and no
longer used. These days you would only find P&F elements in university labs
for research purposes.

10.180 The second type of membrane takes the sheets of alternating membrane and
spacer and wind it around a perforated tube. The membrane sheets are lay-
ered with spacers in between to provide passage for the product water to flow.
This is referred to as a spiral wound (SW) element. These days the majority
of RO elements are SW. In discussions about RO systems, generally, clarifi-
cation about what type of element is used is not required as it is by default
considered an SW type.

10.181 One of the reasons the SW element is so popular is because it is very easy to
make. Large companies make these elements, but even small companies can
make them as well. They buy the sheets of membrane and spacers, and they
can sit and roll the sheets around a perforated tube. The bigger companies
advertise their elements as a superior product because their elements are

Table 10.16

Name Arrangement Comment

1 Plate and
frame
(P&F)

A sandwich of alternate of
membrane sheets and spacer
sheets

The oldest type, used mainly
in labs these days

2 Spiral
wound
(SW)

The same P&F arrangement
but they are rolled around a
perforated tube

The most common type in RO
industry

3 Tubular Small-diameter tubes (few
centimeters) in which their
wall is made from membrane
materials

Not very common in RO
industry but common in other
membrane filtration
operations

4 Hollow
fine fiber

Very small-diameter tubes
(few millimeters) in which
their wall is made from
membrane materials

Not common these days
anymore
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rolled by machines, which means the torque used to roll is always consistent.
When people roll the elements, the torque increases and decreases, so the
element is not homogenous throughout.

10.182 The third type of element configuration is tubular. Manufacturing tubular
elements is not easy. The structure is very similar to shell and tube heat
exchangers. In this case, the body of the tube is the membrane. It is diffi-
cult to make them because the polymer needs to be shaped into the form of
a tube with a hole in the middle. Not many companies make this type as the
equipment required to produce it is very expensive. We send the feed water
into the tube side, and from the outside of the tubes, you get the treated water
or other way around.

10.183 The last type of RO element configuration is the hollow fine fiber (HFF).
You are unlikely to see this type these days. This is also similar to a shell and
tube heat exchanger like the tubular type. Unlike the tubular elements, HFF
tubes are the diameter of human hair. When you remove tubular element
bundles, it is easy as they are sturdy, but when you remove HFF bundles, the
strands are not structured and move like long hair. Very few companies will
make HFF as it is very difficult to manufacture.

10.184 The elements are never used directly as we want to make it more robust to
use it for applications.

10.185 If you look at Figure 10.28, you can see that three elements are placed in a
row into a pipe to form a module. These pipes are called PV here.

10.186 The recovery of an element is very small, but by placing many in a pipe, the
recovery will increase.

10.187 The material of the outside pipe for the module could be PVC or
fiber-reinforced plastic (FRP) or SS. Some industries tend to use SS,
and other industries generally use PVC if it is not very high pressure, and
for higher-pressure applications, they use FRP.

10.188 The diameter of the module pipes is most commonly 6 and 8′′.
10.189 There are generally six elements inside the PV for a brackish water reverse

osmosis (BWRO). For a seawater reverse osmosis (SWRO), there can be 7–8
elements per PV.

Figure 10.28
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10.190 If increasing the number of elements in a PV increases the recovery, why do
people not add 10, 15, 20 elements? The limitation against adding too many
elements to a PV is that you want to keep the length of the module to about
1–1.5 m, so an operator can easily handle it.

10.191 The elements inside the PV are connected with an o-ring that fit together for
the water to pass from one element to the next. The feed is on the perimeter
of the elements, and the product exits from the center of the perforated tube.
The permeate needs to pass through the layers of membrane, so the treated
water is in the middle of the element, and the outside of the elements will
hold the brine. The end of each element has a brine seal, so that brine does
not enter through the end of an element and contaminates the permeate.

10.192 RO system has two main parameters, recovery and SR. These two parameters
are used for design and are used for operation as follows:
(a) The first parameter is recovery.
(b) The second parameter is SR.

10.193 Recovery refers to how much of the feed water is “recovered” as product
water. SR refers to how much salt is removed from the system.

10.194 The parameters of recovery and SR can be defined for each element, each
module, and each equipment.

10.195 Recovery tells you which fraction of feed is converted to permeate, and rejec-
tion tells you how much discrete material is separated for the continuous
phase.

10.196 The recovery and SR are two independent parameters and could be reported
as “percentages.”

10.197 The formula of recovery and SR are as follows:

R =
QP

QF

where
R is recovery
QP is permeate flowrate
QF is feed flowrate

SR = 1 −
CP

CF

where
SR is salt rejection
CP is concentration of dissolved ions in permeate stream
CF is concentration of dissolved ions in feed stream

10.198 If the SR is 90% that means 90% of the TDS concentration will be removed
when water passes through the membrane. For example, if TDS of the feed
stream is 100 mg/L, with 90% ST, the TDS in the product is 10 mg/L.

10.199 Recovery can be defined for each component of RO systems. The typical val-
ues of recoveries are listed in Table 10.17.
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Table 10.17

Recovery

BWRO (refer to 10.201) SWRO (refer to 10.201)

Membrane/element 10–15% 5–8%
Module 40–55% (for 6 elements) 35–40% (for 6 elements)
Equipment 1 stage: 45–55% 1-pass: 35–40%

2 stages: 70–80% 2-passes: 50–60%
3 stages: 80–90%

Table 10.18

BWRO (%) SWRO (%)

Salt rejection 98 >99
Recovery 45–90 35–60

Table 10.19

Expected recovery from
an RO system (%)

Seawater RO system >40
High brackish water >70
Low brackish water >75
Near fresh water >80

10.200 By adding the elements to the PV, you can have higher recovery in the RO
module. Table 10.18 shows the general specifications for BWRO and SWRO
equipment.

10.201 Table 10.19 shows minimum expectations about recovery of RO systems for
several feed water.

10.202 When discussing an RO system, the following questions must be considered:
(a) Are we dealing with BWRO or SWRO?
(b) What is the recovery and what is the ST of the system?

10.203 There are two main types of RO membranes and RO systems. They are
BWRO and SWRO. With all factors being the same, SWROs are at least 30%
more expensive than brackish water ROs.

10.204 If you want to buy membranes, it is very important to specify if you require
BWRO or SWRO membranes.
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Table 10.20

RO BWRO SWRO

1 RO membrane Membranes are more porous and
show more recovery and less salt
rejection (10.196)

Membranes are less porous and
show less recovery and more salt
rejection (10.196)

2 RO element The same shapes The same shapes
3 RO module Pressure vessels with lower

design pressure
Pressure vessels with higher
design pressure

4 RO system More common to see reject
staging arrangements (10.226)

More common to see permeate
staging arrangements (10.225)

P ?

A?

Figure 10.29

10.205 The differences in BWRO and SWRO are shown in Table 10.20.
10.206 For RO design there are two unknown parameters that should be specified,

pressure and flowrate of each element (Figure 10.29).

10.207 To find the required applied pressure of an RO system, Table 10.21 can be
consulted.

10.208 What should be the pressure to the feed of an RO system? There is a spectrum
for this pressure, minimum and maximum:
(a) Maximum absolute pressure: membrane breaking/rupture pressure.
(b) Maximum pressure: the pressure that a single-stage centrifugal pump

can provide, i.e. 300 psi.
(c) Minimum pressure: a pressure that can overcome the hydraulic resis-

tance in upstream and downstream of the module plus the pressure
needed to push water through the membrane and plus the osmotic
pressure and provide a suitable flow.

(d) Minimum absolute pressure: a pressure that can overcome the osmotic
pressure with zero flow.

10.209 Discharge pressure of RO pump should be increased to make sure the perme-
ate stream can get to the destination. This pressure is called “back pressure.”
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Table 10.21

Brackish water Seawater

Applicability TDS max = 10,000 mg/L TDS max = 35,000 mg/L
Minimum required pressure 100 psi at TDS max 350 psi at TDS max
Using maximum unless life
is important

Maximum 600 psi (tape
wrapped: 400 psi)

Maximum 1,100 psi

Minimum applied pressure
to produce sufficient
permeate flowrate

100× 2.25 = 225 psi 350× 2.25 = 800 psi

Test pressure or minimum
practical pressure

225 psi 800 psi

Discharge pressure of RO
pump

Could be 2–4 times more
than average osmotic
pressure

Could be 2–4 times more
than average osmotic
pressure

Why do we estimate the required discharge pressure of RO feed pump
based on permeate stream route, and not the reject stream route? As
reject stream comes from the surface of the membrane rather than
through the membrane, it experiences less pressure drop. Then the
governing case is the steam goes through the membrane or permeate
stream.

10.210 Area of RO system is not totally independent of the applied pressure. By
increasing applied pressure on an RO, less area of RO is needed.

10.211 The issue with high pressure is the fact that the life of membrane will be
decreased (Figure 10.30). In large RO plants an optimum applied pressure
is calculated by techno-economical analysis, while in small RO systems the
applied pressure could be around 2 to 4 times more than average osmotic
pressure plus back pressure.

10.212 As a rule of thumb, for every 10 mg/L of TDS, the osmosis pressure of salty
water is 1 psi. For a water with TDS of 10,000 mg/L, the osmotic pressure will
be 1,000 psi.

10.213 For capacity of each element (flowrate of permeate can be expected from
each element), refer to vendor data.

10.214 Be careful; the reported permeate flowrate of an element is the “maximum”
flowrate. The average flowrate that is used for the design is generally one
third of the maximum permeate flowrate.

10.215 Where no vendor data is available, use the following ballpark values to esti-
mate the permeate flow:
(a) For brackish water: 0.5 L/m2/day/kPa for very clean feed water; could be

down to half for non-clean feed waters.
(b) For seawater: 0.05 L/m2/day/kPa.

10.216 The actual permeate flowrate of each element depends on the following
parameters:
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Using more area

of membrane

area

Life of membrane

Pressure on RO

membrane

Figure 10.30

Table 10.22

System product
rate Sector Element size Application Area

<1 m3/h Domestic 1.75′′ × 1′′ Domestic RO
1–2 m3/h Very small commercial 2.5′′ × 1′′ Pilot plants 3,700 cm2

3′′ × 1′′ 7,400 cm2

2–5 m3/h Small commercial 4′′ × 40′′ Commercial plants 7.5–10 m2

5 –500 m3/h Medium commercial 8′′ × 40′′ The most common
element

30–37 m2

500–1,500 m3/h
and more

Large commercial

(a) Temperature.
(b) TDS.
(c) Existence of suspended solids and colloids (is generally reported as SDI:

silt density index).
(d) Existence of scaling ions: the reported flowrate of each element could be

adjusted and decreased based on investigation of precipitation of ions in
reject stream.

10.217 The element sizes can be selected based on Table 10.22.
10.218 The pressure of streams around a module of RO is shown in Figure 10.31.

As an example:
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Feed

1 psi per element

Reject

Permeate

7–12 psi per element

Figure 10.31

Investment for

pretreatment

Frequency of

membrance cleaning

Figure 10.32

10.219 As the reject streams have high pressures in some RO plants, “energy recov-
ery devices” are used to recover and use a portion of this energy to pre-
vent its wasting. With such devices, between 30% and 50% of the energy of
high-pressure reject stream can be recovered and be used as source of energy
for pressurizing the feed stream to the RO system.

10.220 Generally speaking, RO units are very sensitive toward many contaminants.
We may be tempted to “clean” the feed water to an RO unit “as much as
possible” through “pretreatment” units, but a balance should be kept. This
balance is shown in Figure 10.32.

10.221 Table 10.23 is a non-exhaustive list of pretreatment units for RO system.
10.222 The next step to creating the RO system is to take the assembled modules and

positioning them in different arrangements to meet the client requirements.
The modules can be placed in series or in parallel or both in the form of
hybrid.

10.223 The modules can be put in different arrangements to make the RO equip-
ment. In the equipment you can have, for example, 6 modules, and each
module contains 6 elements.

10.224 The final design of an RO equipment depends on the TDS removal require-
ment, which dictates how many elements and modules are required and in
which configuration.

10.225 In 10.224–10.235, each “module” and shown box could represent many mod-
ules in parallel.

10.226 When you have a single module system, if you are not happy with the TDS
of product, you need to increase SR. From Figure 10.33, feed is fed to the first
module where a portion of the water passes through the membrane, which
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Table 10.23

Unit Purpose

GAC To remove organic material
To remove chlorine

Sand filter To remove suspended solids
Clarifier To remove suspended solids in high

concentrations
Coagulant To remove organic material

To remove chlorine
Cartridge filter 5–20 μm for spiral wound membranes
Acid To prevent CaCO3 precipitation
Inhibitor: SHMP (sodium
hexa meta phosphate)

To prevent CaSO4 precipitation

Inhibitor: EDTA To prevent CaCO3 precipitation
Sodium bisulfite (SBS) or
NaHSO3

To remove the residual chlorine to prevent
damage of the RO membranes

Permeate

Feed

Product

Reject

Figure 10.33

is permeate from the first stage. You are not satisfied with the TDS of this
permeate, so you feed it to another module to lower the TDS of the product
stream. The reject from both modules is collected and sent for disposal. This
arrangement is called permeate staging. Hence the permeate goes from stage
one to stage two. The reject from the first stage has a high TDS, and the reject
from the second stage has a lower TDS, but after mixing the TDS of mixed
reject stream will be average of them. The first stage RO modules are more
prone to be plugged by particles.

10.227 Alternatively, if you are not happy with the magnitude of recovery, you can
choose reject staging as shown in Figure 10.34. The feed enters the first stage
where a small portion passes through the membrane and a large portion
is rejected. Because so much of the water is rejected in the first stage, you
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Feed

Reject Final reject

Product

Figure 10.34

can send the reject stream to a second stage to further recovery some water.
The permeates from the first and second stage are combined as the prod-
uct. The product from the first stage has a lower TDS than the product from
the second stage, but after mixing the TDS of mixed product stream will
be average of them. The reject only exits the system in the second stage in
this arrangement. Assuming brackish water, the recovery in the first stage
is about 75–80% recovery. The reject from the first stage has a very high
TDS, so the recovery in the second stage has a much lower recovery. In some
cases, with increased TDS in the reject, the osmotic pressure (the pressure
required for water to pass through the membrane) is also increased, so the
applied pressure from the pump upstream of the first stage is insufficient,
and you will need a pump before the second stage. In the permeate staging
(Figure 10.33), the TDS of the permeate from the first stage is very low, so a
booster pump is not required. The first stage RO modules are more prone to
be plugged by particles, and last RO modules are more prone to be scaled.

10.228 The RO arrangement shown in Figure 10.35 is a parallel system to deal with
high flowrates as each module is only capable of low flowrates. Here, the feed
is split into two streams and fed to two sets of modules, and the permeates
from both sets are combined, and the rejects from both are combined.

Feed

Reject

Product

Figure 10.35
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10.229 The tapered system takes advantage of both the reject staging and parallel
system. The number of modules at each stage will be decreased because the
amount of reject in the reject staging is also decreasing.

10.230 A common arrangement for a tapered system is 3 modules at the first stage
followed by 2 modules in the second stage and followed by 1 module in the
last stage (shown in Figure 10.36). The feed is split into three streams to feed
3 modules, and the rejects are collected and split into two streams to feed
2 modules in the second stage, and finally the rejects from these 2 modules
are combined and fed to the final module. In this arrangement, there is only
one reject stream exiting the system in the final stage module. The permeate
from each stage module is combined into one product header.

10.231 When the number of RO elements is less than 5, the system may need recir-
culation (Figure 10.37).

Figure 10.36

Feed

Recirculation

Reject

Product Figure 10.37
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10.232 Some practical uses for these arrangements will be discussed in
10.232–10.235.

10.233 When you want to convert brackish water (typically TDS< 15,000 mg/L)
to potable water (TDS< 1,000 mg/L), you can use reject staging to increase
recovery. The expected recovery is in the range of 60–80%. Brackish water
comes from wells or rivers because we do not have the luxury to choose
the water we want to use. Due to the limited supply of water, we want to
increase the recovery. A two-stage system with reject staging is shown in
Figure 10.38. Such system may have a recovery of above 60–70% or more.

10.234 When you use seawater, recovery is not as important, because the sea is close
by with ample supply. In this case, you will want to increase the salt recovery
by using permeate staging as seen in Figure 10.40. If you are wasting water
in this case, it is not a big deal, as long as you have drinking quality water at
the end of the treatment

10.235 If you want to convert seawater to potable water, you can have one module
with 7–8 elements. This will work if the TDS of the seawater is<39,000 mg/L.
With one module, the recovery is about 35–40% (Figure 10.39).

10.236 When the TDS of seawater is more than 42,000 mg/L (which is not very com-
mon), application of one-stage system is not possible. A two-stage system
with reject staging is needed. The recovery of system could be above 50%
where the number of elements in each module is 7 or 8. This arrangement is
shown in Figure 10.40.

Feed

Recovery

Reject

Figure 10.38

Feed

Reject

Product

Figure 10.39
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Feed

Reject

Product

Figure 10.40

10.4 Specific Ion Removals

10.237 There are cases that one, two, or few numbers of ions pose problems, and not
all of them. In these cases, it is generally more economical to remove those
specific ions rather than removing all ions.

10.238 In many cases the problematic ions in waters are cations (positively charged
ions). However, problematic anions (negatively charged ions) are not rare.

10.239 Examples of cation removals are softening, iron and manganese removal,
and heavy metal removal.

10.240 Examples of anion removals are dealkalization, nitrates and nitrites removal,
phosphate removal, and sulfate ion removal.

10.241 If you want to remove hardness, the name of the operation is called softening.
If you want to remove alkalinity, the name of this operation is called dealka-
lization. Sometimes you want to remove iron and manganese. In some cases,
you want to remove heavy metals such as in the wastewater and especially
in power plants. In the mining industry, there is a problem with removing
sulfates. They have high concentrations of sulfates because they release their
wastewater to tailings ponds, and after time, bacteria will convert the sulfates
to sulfides, which will give off the rotten egg odor.

10.242 The three methods available for use when selective ion removal is required
are adsorption, selective IX, and precipitation and coprecipitation.

10.5 Adsorption of Ions

10.243 The first option for adsorbing ions from water is activated carbon.
10.244 The carbon depth and adsorber volume can be determined once the opti-

mum empty bed contact time (EBCT) is established. Typical EBCTs for water
treatment applications range between 5 and 40 minutes (Table 10.24).

10.245 The surface loading rate for granular activated carbon (GAC) filters is the
flowrate through a given area of GAC filter bed and is expressed in units of
gpm/ft2. Surface loading rates for GAC filters typically range between 2 and
10 gpm/ft2. High surface loading rates can be used when highly adsorbable
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Table 10.24

Low EBCT
Medium EBCT
(majority of cases) High EBCT

Below 60 seconds 5–40 minutes 1–4 hours

Figure 10.41 R–X + bad ion R–bad ion + X (good ion)

compounds (such as SOCs) are targeted for removal. The surface loading rate
is not important when mass transfer is controlled by the rate of adsorption
as is the case for less adsorbable compounds.

10.246 Ultimate adsorption capacity of GACs for ions are generally less than 100 mg
of adsorbed contaminant to grams of adsorbent.

10.6 Selective Ion Exchange

10.247 In the selective IX, we are using specific resins to select which ion will be
removed.

10.248 The IX method we discussed before was not very selective. On the one hand
we could consider it as “selective” as one type of resin would remove posi-
tively charged ions and other type of resin would remove negatively charged
ions. But there are other IX systems that remove only specific ions.

10.249 Some examples of these selective IX resins are boron-selective resins, which
only remove B from water, and nickel selective resins, which only remove Ni
from water. These are just to name a few, but there are many selective resins
available, and they are more expensive than regular resins.

10.250 The structure of these ion selective resins is what we call “microporous struc-
ture” that is different from other resins, which is why we name them “mi-
croporous” (or gel-type) structure.

10.251 You can see the resin in Figure 10.41 as R–X, and when you add it to the bad
ion, the bad ion will kick the good ion “X” from its seat and sit in its place,
leaving the good ion in the water.

10.7 Precipitation and Coprecipitation

10.252 One of the methods for removing specific ions is precipitation. We can add
chemicals to the water to convert the dissolved ion into a suspended solid,
which is easy to remove contaminant. The representation of precipitation is
shown as follows:
To-be-removed ion+ reagent(s)→ suspended solid (easy to be removed from
water).
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10.253 Note, this method does not “remove” the specific ion, but simply converts
it to another form. Now that the ion is in suspended solid form, it can be
removed through the methods we discussed in Chapter 8, which are basically
filtration and sedimentation.

10.254 The dry weight of generated suspended solid after precipitation operation
could be 2–3 times of the weight of original ions in many cases; however, in
some complicated cases (like hardness removal through lime softening), the
dry weight of generated suspended solids could be as high as 10 times of the
weight of to-be-removed ions.

10.255 By adding a suitable reagent to water, a specific ion will be released, which
works as the active agent for reacting with the to-be-removed ion and con-
verting it to suspended solid. Then it could be said that the main element
of precipitation is addition of an ion (through a reagent), which precipitates
the ion of interest.

10.256 Table 10.25 shows some common examples of “bad” ions, and the ions
should be added to water for removing them. As an example if the bad ion
we want to remove is Mg2+, we can add a base such as hydroxide, and the
precipitated form is Mg(OH)2.

10.257 The most common ion to precipitate contaminant ions in water is hydroxide.

Table 10.25

To-be-added for converting
the ion to suspended solid

To-be-removed
ion (bad ion) Required ion Suitable reagent

Examples of
reagents

The bad ion
in suspended
solid form

Mg2+

magnesium ion
OH− hydroxide
ion

A base like lime
or caustic

Lime: CaO
hydrated lime:
Ca(OH)2

caustic
soda: NaOH

Mg (OH)2

Ca2+

calcium ion
CO2−

3 carbonate
Ion

Soda ash Na2CO3 CaCO3

Mn+

many
metallic ions

OH–

hydroxide ion
A base
compound

Lime: CaO
hydrated lime:
Ca(OH)2

caustic
soda: NaOH

M (OH)n

S2-

sulfide ion
A sulfide
bearing
compound

H2S, NaS2 MSn

PO3−
4

phosphate ion
Fe3+

aluminum ion
Iron sulfate FeCl3 Fe PO4
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10.258 By adding OH− ions, which means increasing the pH of the water, you
can precipitate many undesirable ions in the water. In many cases, lime
(Ca(OH)2 that contains the OH− ion is used as the reagent. In other cases,
we will use caustic (NaOH). In oil and gas industry, for the softening process
we usually use lime. In the electroplating shops, they use caustic to soften
their water. The reason they do not use lime is because it is a smaller
workshop, so they do not want it to be dirty and dusty, which could cause
problems. In the oil industry, we accept the fact that handling lime is not
easy as it is much more economical than caustic. Caustic is about 8–10
times more expensive than lime.

10.259 Calcium is a tricky ion, as it cannot be precipitated by adding OH− nor can
it be precipitated by adding sulfides. However, if you add carbonate to dis-
solved calcium ions, it will precipitate to form calcium carbonate.

10.260 In order to remove calcium, you can add carbonates such as soda ash
(Na2CO3).

10.261 If the bad ion is a heavy metal (common in power plants), we can add sulfide,
and the precipitated form is heavy metal sulfide.

10.262 In power plants they tend to use sulfides as the reagent. This is not ideal due
to hydrolysis; it can create H2S, which will escape from the water, so it is not
easy to handle. Organosulfides can be used to avoid creation of H2S in water.

10.263 Majority of metallic ions can be removed effectively in pH’s between
9 and 11.

10.264 As a general rule of thumb, removal of heavy metals, the minimum attain-
able concentration of heavy metals through precipitation or coprecipitation,
is shown in Table 10.26.

10.265 Phosphate in water can be precipitated by adding iron or aluminum salts.
10.266 There are some ions that are very stubborn. Before we add reagents to these

ions, we have to change their atomic structure before it can be precipitated.
In order to change the structure, you can oxidize or reduce them. From
Figure 10.42 you can see that we begin with an ion with a specific structure,
then we convert the shape by oxidation or reduction, then it becomes a form
that can be precipitated.

10.267 The oxidation step can be done by adding air or an oxidizing agent like potas-
sium permanganate.

10.268 Table 10.27 provides a list of oxidizing and reducing agents.
10.269 When you have an ion that cannot be precipitated directly, the first decision

that needs to be made is if the ion needs to be oxidized or reduced. This
decision can be made by a chemist. If the answer is oxidizing, you need to

Table 10.26

Hydroxide
precipitation

Sulfide
precipitation

Iron or aluminum
coprecipitation

<500 μg/L <50 μg/L <10 μg/L
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Oxidation

[Ion] (Ion) Precipitated form

Reduction

Figure 10.42

Table 10.27

Oxidizing agents Formula Reducing agents Formula

Ozone gas O3 Sulfur trioxide SO3

Hydrogen peroxide liquid H2O2 Iron(II) sulfate FeSO4

Chlorine gas Cl2 Sodium thiosulfate NaS2O5

Potassium permanganate KMnO4

Ultraviolet rays UV
Oxygen O2 (air)

pick an oxidizing agent, and if it is reducing, you need to pick a reducing
agent.

10.270 For oxidizing agent, the best thing to use is air because it is free. Usually in
huge systems we will use air. In small systems, we can use ozone or potas-
sium permanganate.

10.271 Reduction is less common, but when we have to, we can inject SO3, which is
a gas. Or we can inject iron sulfate, which is bad because the reducing agent
itself contains iron, which is commonly an ion we want to remove.

10.272 Table 10.28 is a non-exhaustive list of bad ions and the methods for removing
them by precipitation or “oxidation/reduction precipitation.”

10.273 One famous example of using oxidation to change the structure is for iron
removal, which is shown in Figure 10.43. When you want to remove iron, you
cannot precipitate it in the dissolved form of Fe2+. You will need to convert it
to iron with 3 positive charges by adding oxygen. Once it is in the Fe3+ form,
you can add OH− to precipitate it to Fe(OH)3.

10.274 The same methodology of removing iron is used to remove manganese from
water. However, removing manganese is more problematic.

10.275 For removing iron and manganese, we generally use a natural material called
greensand in systems we name them: greensand filters (GSF).

10.276 GSF from the outside looks like a regular sand filter. But instead of sand,
inside the filter is a material that looks like sand and is green in color. This
greensand precipitates the iron, and when it precipitates, it is filtered out by
the same greensand.

10.277 After a while, this media should be regenerated by injecting an oxidizing
agent such as KMnO4. Sometimes this injection is continuous regeneration
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Table 10.28

Name
Chemical
formula

Method of
removal

Nitrate NO−
3 Cannot be easily precipitated

Iron (II) Fe2+ Cannot be precipitated in its original form. It should be
converted to Fe3+ by oxidation

Iron (III) Fe3+ Fe3+ can be precipitated in the form of Fe(OH)3 by
adding a base

Phosphate PO3−
4 Can be precipitated by adding calcium or aluminum salts

Sulfate SO2−
4 Can be removed by adding calcium compounds like lime

slurry. It will be precipitated as gypsum
Calcium Ca2+ Can be removed by adding a base like caustic soda or

lime. It will be precipitated as CaCO3

Magnesium Mg2+ Can be removed by adding a base like caustic soda or
lime. It will be precipitated as MG(OH)2

Manganese Mn2+ can be precipitated in the form of Mn(OH)4 by
adding a base

Arsenite AsO3−
3 or As(III) Cannot be precipitated in its original form. It should be

converted to As(V) by oxidation
Arsenate AsO3−

4 or As(V) Can be precipitated by adding calcium or Fe(III) salts

Figure 10.43 Iron (dissolved) Iron (particle)

Fe2+
OH–O2

Fe3+ Fe(OH)3

(oxidized) (precipitated)

(CR), and sometimes it is an intermittent regeneration (IR). We use con-
tinuous regeneration when the concentration of iron is much higher than
manganese. This is the more common scenario. In some rare cases, man-
ganese is in higher concentration than iron. This is when you use GSF with
intermittent regeneration.

10.278 In continuous regeneration systems greensands work only as “buffer”
because the majority of iron is removed by reacting with the injected
oxidizing gent. However, removed needs catalytic action, which exists in
greensands.

10.279 Softening means removing hardness or removing calcium and/ or magne-
sium ions from water by precipitation.

10.280 Removing hardness can be done by adding a base, OH−. In small flowrates
caustic soda is used for softening, and the operation is called “caustic soften-
ing.” In large flowrates lime is used for softening, and the operation is called
“lime softening.” The reason is the price of caustic soda, which is several
times more expensive than the price of lime.
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Table 10.29

Commercial
name Formula Form

Technical
name

Lime
stone

CaCO3 Solid Calcium
carbonate

It is first converted to
CaO, and then the
produced CaO is mixed
and reacted with water,
and the slurry is
injected to the lime
softener

Used in
large
facilities

Lime CaO Solid Calcium
oxide

It is mixed and reacted
with water, and the
slurry is injected to the
lime softener

Used in
medium
facilities

Hydrated
lime

Ca(OH)2 Solid or in
solution
form

Calcium
hydroxide

It is mixed with water,
and the slurry is
injected to the lime
softener

Used in
small
facilities

Table 10.30

Lime softener
type

Operating
temperature (∘C)

Means to adjust
the temperature

CLS 15–60 No specific means; ambient temperature
WLS 60–85 No specific means; existing temperature of

water stream
HLS 90–105 Existing temperature of water stream or

increasing the temperature by heat exchanger

Table 10.31

Lime softener
type

Residual hardness
(mg/L)

CLS 80–110
WLS 30–50
HLS 15–25

10.281 Lime can be added to lime softeners in different forms. These forms are
shown in Table 10.29.

10.282 There are mainly three types of lime softening based on the operating tem-
perature. They are as follows:
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Reactor Precipitator Clarifier

Figure 10.44

(a) Cold lime softener (CLS)
(b) Warm lime softener (WLS)
(c) Hot lime softener (HLS)

10.283 Operating temperature of each type of these lime softeners is shown in
Table 10.30.

10.284 Typical theoretical hardness concentration in lime softener effluent is men-
tioned in Table 10.31.

10.285 Lime softeners are complicated units, which consist of three main compart-
ments. They are shown in Figure 10.44.
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11

Dissolved Organics

11.1 The effectiveness of each organic removal method depends on the type of the
organic, but in most cases, we want to remove all organic contaminants as
much as possible from water and wastewater streams.

11.2 The ideal method to deal with organic materials is to use biological treat-
ments because they are the least expensive methods.

11.3 However, biological removal methods are not the methods of choice in the
following cases:
(a) When organic material content is very low.
(b) When organic material content is very high.
(c) When organic materials are not the favorite organics for biomatters.

11.1 Nonbiological Organic Removal

11.4 When organic material is very low (e.g. biochemical oxygen demand [BOD]
or chemical oxygen demand [COD] less than 50 mg/L), the growing of
biomatters cannot be supported as there is very little food available for
bacteria.

11.5 When organic material is very high, it is more economical to go with another
method such as incineration because the high organic water is essentially
a fuel.

11.6 The level of favorability of organics for biomatters is characterized based on
the COD/BOD ratio:
(a) COD/BOD <2: Readily biodegradable effluent.
(b) 2 <COD/BOD <4: Moderately biodegradable effluent.
(c) COD/BOD> 10: Hardly biodegradable effluent.

11.7 Nonbiological methods can be used in the following cases:
(a) When BOD or COD is less than 50 mg/L.
(b) When BOD or COD is more than 100,000 mg/L.
(c) When COD/BOD is more than 10.

11.8 In the case of low organics, you can use granular activated carbon (GAC) or
ion exchange (IX) systems to remove organics from water.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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11.9 When BOD is more than 100,000 mg/L, two main methods can be used:
(a) Evaporation
(b) Combustion

11.10 At the middle area, where BOD or COD is higher than 50 mg/L but lower
than 50,000 and the COD/BOD ratio is not in favor of biological methods,
two groups of oxidation methods are available:
(a) Traditional chemical oxidation processes
(b) Advanced oxidation processes (AOPs)

11.2 GAC for Organic Removal

11.11 There are quite a few types of adsorbents in industry, but the most common
one in water and wastewater industries is activated carbon.

11.12 In either case, in order to use a GAC unit, the parameter that the organic
needs to meet is a molecular weight above 60–75 but less than about 10,000.
When you have methane (CH4) with a molecular weight of 16, you cannot
use a GAC because the molecules will pass through the carbon filter. On the
other end of the scale, when you have very long organic chains with molec-
ular weight exceeding 10,000, the chains will not only get absorbed by the
carbon but will also plug the filter pores, rendering it useless.

Many soda manufacturing companies use city water to make their drinks.
In city water, there are small amounts of organics (20–30 ppb). Normally,
this water is safe and acceptable to drink. However, the sodas should be
free of organic materials, so they use a GAC to filter the water before
using it to produce their product.

11.13 Organics show different absorbability toward GAC depending on the molec-
ular structure of the organic compound.

11.14 The adsorber volume can be determined once the empty bed contact time
(EBCT) is established. The less adsorbable organics need more EBCT. The
range of EBCTs is shown in Table 11.1. EBCT can be specified through pilot
test or can be found in published data.

Table 11.1

Low EBCT
Medium EBCT
(majority of cases) High EBCT

Below one minute 5–40 minutes 1–4 hours

11.15 The required diameter of the GAC beds can be calculated after specify-
ing “space velocity” or “approaching velocity” or “surface loading rate.”
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The surface loading rate is the flowrate through a given area of GAC filter
bed and is expressed in units of m/h or gpm/ft2. Surface loading rates for
GAC filters typically range between 3 and 4 gpm/ft2.

11.16 A higher surface loading rate is selected for more adsorbable organics, and
smaller surface loading rate is used for less adsorbable organics.

11.17 Total run time of GAC beds can be estimated by using uptake of organics.
11.18 Uptake of organics is the ultimate weight of organics in milligram that can be

adsorbed on one gram of GAC (in a long time). The more adsorbable organics
have smaller uptake.

11.19 A typical range of uptakes is shown in Table 11.2.

Table 11.2

Low uptake Medium uptake High uptake

Less than 100 mg/g 100–200 mg/g 200–400 mg/g
and more

11.20 Any uptake less than 30–50 mg/g is considered as a not economical
operation.

11.21 As general rule, GAC can remove about 30–150 mg of COD/g.
11.22 Run time of GAC beds could be from six months up to three or more years.
11.23 GAC bed however needs more frequent backwashing than regeneration.
11.24 GACs have a bad reputation because over time, the bacteria decide that there

is a “party” in the GAC with a lot of food, so the bacteria will attach itself
to the surface of the filter and start to grow. These bacteria will grow and
eventually detach itself from the activated carbon and go into the water. The
body of the bacteria is essentially organic materials. We are using the GAC to
remove organic materials, but if we are careless of the operation of the GAC,
after a while, the concentration of the organic material will jump due to this
phenomenon.

11.25 To mitigate the issue of biomatter growing on GAC, you can inject chlorine
into the GAC to shock the system and kill the bacteria. The frequency of the
injections will be case dependent but can be in two- or three-month intervals.

11.26 The used GAC can be dealt with in different ways depending on the magni-
tude of consumption. They are shown in Figure 11.1.

Low consumption Mid consumption High consumption

On-site regenOff-site regenDisposal

Figure 11.1
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11.3 Removing Organics Through Ion Exchange Bed

11.27 The other option for treating low organic streams is by using IX beds with
specific resin beads. This technology may be called as “organic trap.”

11.28 This is a vessel, but instead of granulated activated carbon, we have a special
resin that can remove organic materials from the system.

11.29 The resins can only remove ionic materials or, in other words, species that
hold a charge on the surface. Particularly, only the positively charged ions or
cationic organics can be removed.

11.30 The resins that are used in organic traps are generally anionic.
11.31 You may wonder what the point of this would be if it does not remove nega-

tive ions or neutral ions. However, it is safe to say that the majority of natu-
rally occurring organics in water are cations.

11.32 If you have surface water, organic trap will be effective in removing most of
the organics. If you have produced water that comes from deep wells, you
may have anions, so organic traps may not be a good solution.

11.4 Traditional Chemical Oxidation Processes

11.33 There are different oxidation methods that we can use for oxidant to break
down the organic molecules.

11.34 In these methods a strong oxidation agent is used. These methods are expen-
sive and are not welcomed. When dealing with wastewaters, we try to move
away from them.

11.35 There are several strong oxidizing agents that were known in water and
wastewater industries. They are chlorine and chlorine-generating com-
pounds (refer to Chapter 14), hydrogen peroxide, ozone, and potassium
permanganate.

When you add hydrogen peroxide or bleach to your hair before dying it
with another color, it is the same as adding an oxidant to break down
organic materials. The bleach strips your hair of its natural pigment
(attacks the molecules in the hair to break it down), so the hair can pick
up the dye.

11.36 The majority (or all) of traditional chemical oxidation processes need to be
pilot tested before implementation.

11.37 While the chemicals in these methods are expensive, the equipment to apply
them is only a chemical injection package.
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11.38 Because oxidations agents are expensive, these methods are generally limited
for streams that have organic contents less than 100 mg COD/L.

11.5 Advanced Oxidation Processes (AOPs)

11.39 AOPs are the methods where organic materials are destroyed by application
of highly oxidizing chemicals and/or energy-emitting devices.

11.40 The highly oxidizing chemicals used in AOPs are hydrogen peroxide and
ozone with catalysts, and the energy-emitting devices used in AOPs are UV
lamps (and photocatalytic oxidation methods), ultrasound generators, and
electricity (through electrochemical technology).

11.41 These methods are generally very expensive and are used as the last resort
or when the other methods cannot remove organics.

11.42 The majority (or all) of AOPs need to be pilot tested before implementation.

11.6 Removal Methods from High Concentration
Organic

11.43 Evaporation is used a lot when dealing with organic sludges from municipal
wastewater treatment facilities.

11.44 Evaporation is used when the nature of organics is recognized to be safe and
there is an ultimate destination for separated organics in mind (like food for
animals).

11.45 When BOD is more than 100,000 mg/L, incineration can be used. Incinera-
tion is simply combustion of the stream.

11.46 The issue of incineration is air emission caused by incineration.
11.47 When BOD is not enough for incineration and is 50,000–150,000 mg/L or

more, high-pressure, high-temperature air oxidation, which is known as
“wet air oxidation” (WAO) methods, can be used.

11.48 The problem of WAO is its nature of high-pressure and high temperature
and the expenses related to that.

11.7 Biological Organic Removal

11.49 Where BOD or COD is higher than 50 mg/L but lower than 50,000 and
COD/BOD ratio is less than 10, biological methods are used.

11.50 Biological methods using bacteria is one of the best methods of contaminant
removal because you have “workers” that do not need any money or equip-
ment to do their job. They just eat the organic materials on their own.
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11.51 There are conditions that prevent us from application of biological treat-
ment. They are very high or very low temperature of water, very high or very
low pH of water, and existence of inhibitor chemicals in water.

11.52 Other than “bad” organics, biomatters do not eat several other things. They
do not eat the following:
(a) Ions
(b) Many inorganics

11.53 As a rule, microorganisms absorb and remove two groups of contaminants:
(a) One, the contaminants that are in their diet, like organic materials,

organic nitrogen, organic phosphorus, etc.
(b) Second, contaminants that can be bioaccumulated in the body of

microorganisms like many toxic heavy metals.
11.54 For example, there are bacteria that remove mercury from water or bacteria

that remove selenium from water.
11.55 Biological treatment of water/wastewater is nothing except performing

chemical reactions to remove contaminants. These reactions are called
“biochemical reactions.”

11.56 Biological treatments are based on biochemical reactions. Biochemical reac-
tions in wastewater treatment are basically oxidation–reduction reactions
that are driven by live organisms.

11.57 The biochemical reactions convert contaminants to suspended solids (body
of biomatters), which are easy for removal.

11.58 There are many live organisms that “consume” organic materials (like ani-
mals) and can theoretically be considered as biomatters to remove organic
materials from water. However, microorganisms are of important interest as
they are small and they consume a lot of organic materials in comparison to
larger organisms.

11.59 Generally speaking, the smaller organisms consume “foods” more. Compare
F/m ratio (food to mass) of microorganisms, which could be from 0.1 to 1.0
with F/m, to human, which is about 0.02.

11.60 There are five main types of microorganisms, which are as follows:
(a) Viruses
(b) Bacteria
(c) Fungi
(d) Protozoa
(e) Algae

11.61 Viruses are the smallest microorganisms, but they are all pathogenic and are
not used as organic consumers.

11.62 The second smallest microorganisms are bacteria. For organic removal we
heavily rely on bacteria.

11.63 The reason that bacteria is the workhorse of biological removal of organic
materials is the fact they are small and they consume organics in dissolved
form. Our main problem is removing dissolved organics; the suspended
organics can be easily removed through settleable removal methods.
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11.64 Fungi are not common in biological treatment of organics in water.
11.65 Protozoa contribute in biological treatment in lesser extent. They can just

remove organics in solid forms (and not dissolved forms). Then, they may
eat bacteria too, which helps to get a clearer water.

11.66 Algae can be involved in aerobic biological treatment and are considered as
“aerators” in them. Algae, like other plants, do photosynthesis and generate
oxygen in water they are floating in.

11.67 Bacteria can remove water contaminant by using them (in aerobic bacteria
case) as “food” or as source of oxygen.

11.68 As there are many types of organics in water, we need – and promote – many
different types of bacteria in water to remove them. This is one difference
between biochemical reactions vs. reactions in biological wastewater treat-
ments.

11.69 As biological removal is based on biochemical reactions, similar to other
chemical reactions, in the design of biological treatment systems, these
parameters in Table 11.3 should be considered.

Table 11.3

Chemical reactions Explanation Biochemical reactions

Thermodynamic
approach

Check possibility of
reaction

It is not important to be checked.
When a biomatter exist for a
reaction, it means the reaction is
possible

Kinetic
approach

Check speed (rate) of
reaction

It is important. Generally based
on Monod kinetic equation

Proper
stoichiometric

Shows how much raw
materials are needed and
how much products will
be produced

It is important. It should be
checked how much air (for
aerobic systems) and nutrients
are needed and how much sludge
will be generated

Equilibrium Shows if the reaction
proceeds until consuming
all the raw materials or not

It is not important to be checked.
Generally, biochemical reactions
proceed until the end

11.70 In biological treatment systems, contaminants are removed through bio-
chemical reactions. There are three main elements regarding biological
treatment systems: microorganisms, water environment, and bioreactor
(Figure 11.2).

11.71 Similarly, to humans, when eating the food, the microorganisms eat “food”
to reproduce, grow, and move.

11.72 A good contact between microorganism and wastewater is needed and is
fundamentally done by providing enough agitation in the wastewater. The
main weakness of bacteria is that they do not have (or do not have strong)
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Microorganisms

Water environment Flow regime Position of microorgranisms

Bioreactor

Biochemical removal

Figure 11.2

mechanism to “swim” in wastewater and make a contact with organic mate-
rials to be able to “eat” them. We need to agitate the wastewater to continu-
ously contact the bacteria with new, unconsumed organic materials.

11.73 To provide a suitable water environment in wastewater, the following param-
eters in Table 11.4 should be considered.

Table 11.4

Parameter Explanation

Ideal nutrient balance “Nutrient balance” should be kept somewhere around neutral
pH

pH range However, some biological reactions may change the pH
(generally toward acidic pH’s). In such cases a “base” may need
to be added to water to keep the pH in the optimum range

Temperature range In conventional biological treatment methods, the temperature
could be between 4 and 70 ∘C

F/M (food-to-
microorganism ratio)

“Food” is actually the dissolved organics in wastewater

inhibitors Toxic chemicals should be prevented from entering into
bioreactor. The examples of them are phenols, cyanides, and
many heavy metals

11.74 Nutrient balance specifies the ratio of elements in bacteria food. Ideally the
microorganisms would eat what we put in front of them, but we know this
is not the case. The bacteria have their favorite food choice, which is car-
bon, nitrogen, and phosphorus. In particular, the ratio for these elements is
100–120 units of carbon to 10–15 units of nitrogen and 1 unit of phosphorus.
This ratio is written as C:N:P = 100–120 : 10–15 : 1.

11.75 The ratio of C:N:P = 100–120 : 10–15 : 1 can be translated to more practical
ratio of BOD5:total Kjeldahl nitrogen (TKN):TP of 20–25 : 10–15 : 1.

11.76 In municipal wastewater systems, generally, the ratio of BOD5:TKN:TP is
suitable for the biological treatment. However in industrial situations, you
may not have this ratio of food and nutrient. For this reason, sometimes you
will have to add something to adjust this ratio.
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11.77 To adjust the BOD5:TKN:TP ratio, the following should be considered:
(a) If the carbon is low, you can add methanol (CH3OH) to water.
(b) If nitrogen is low, you can add urea (CH4N2O) to the water to

increase it.
(c) In the rare case that phosphorous is low, we can add cow bone powder

from slaughter houses.
11.78 We generally do not have any problem with a “good” culture of bacteria in

our bioreactor. Bacteria are everywhere, and good types of bacteria for each
wastewater will get transferred to the bioreactor through air and they nat-
urally grow in the wastewater after a while. We, however, can provide good
bacteria by adding some soil to wastewater, by adding “sludge” from adjacent
biological wastewater treatment plant, or by buying and adding commer-
cially grown bacteria by companies.

Biomass can also be referred to as or volatile suspended solids (VSSs).
The live organisms are referred to as volatile because of their behav-
ior when heat is introduced into the water. For example, if you have a
glass of water with some particles and some biomass, when you boil the
water, the particles will remain in your glass, but the biomass will tend
to degrade and then convert to volatile organic material that will escape
from the glass of water. Hence, it is referred to as VSS.

11.79 There are three features related to “a good population of microorganisms,”
which are explained in Table 11.5.

Table 11.5

Feature Explanation Variations

Suitable type (or type
group) of bacteria

Shows if the system
needs aeration or air
should be prevented

Aerobic

Anaerobic
Suitable age of bacteria Shows how much food

they need
Lag phase
Log phase
Stationary phase
Death phase

Suitable food chain Shows specific species
on microorganisms are
working for us

Viruses, bacteria,
fungi, protozoa,
algae, etc

11.80 Table 11.6 is a table that compares microorganism type to the environ-
ment type.

11.81 The following are the definition of environments in biological wastewater
treatment regarding oxygen:

Ali Sadeghi Digital Library 



220 11 Dissolved Organics

Table 11.6

Type of bacteria How do they breathe? The environment they like

Obligate aerobe Use only free oxygen from air
(O2)

Aerobic: an environment with
free oxygen

Obligate anaerobe They do not need oxygen;
oxygen is toxic for them

Anaerobic: an environment
with the absence of free
oxygen and bound oxygen

Facultative Use free oxygen from air (O2)
OR oxygen from an
oxygen-bearing substance like
nitrate (NO−

3 ) (bound oxygen)

Anoxic: an environment with
the absence of free oxygen but
with the presence of bound
oxygen (like NO−

3 )

(a) Aerobic environment means an aqueous environment with dissolved
oxygen (DO) of more than 2–3 mg/L.

(b) Anaerobic/anoxic environment means an aqueous environment with
DO of less than 1 mg/L.

11.82 Anaerobic microorganisms are lazy and do not eat a lot, but they are used to
drop the BOD to less than 1,000, and then you can use aerobic microorgan-
isms to complete the job.

11.83 Some rules of thumb regarding the microorganism type are as follows:
(a) If BOD is less than 1,000 mg/L, we can use aerobic microorganisms for

biotreatment.
(b) When BOD is greater than 1,000 mg/L, we can use anaerobic microor-

ganisms for biotreatment.
11.84 Municipal wastewater generally has a BOD of 200–300 mg/L so aerobic

microorganisms are always chosen. Wastewater from industries like pulp
and paper and the food industry would have BOD> 1,000 mg/L and will
require anaerobic microorganisms.

11.85 The features of general bacteria that consume simple organics are shown in
Table 11.7.

11.86 Bacteria have four stages of life: lag phase, log phase, stationary phase, and
death phase. Their features are shown in Figure 11.3.

Table 11.7

Parameter Explanation

Type of bacteria Aerobic
Food (source of energy) Organic materials dissolved in water
Source of oxygen Oxygen molecules exist in air
Product of bacteria activity New bacteria and CO2

Name of bacteria groups Many bacteria involved
Requirement BOD> 50; no toxic materials in water
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Figure 11.3

11.87 Table 11.8 explains the different stages of bacteria life.
11.88 It can be seen that there are two main types of biological treatment systems

based on the age of bacteria:
(a) Pond-based systems, which bacteria are in death phase.
(b) Activated sludge systems, which bacteria are in log phase.

11.89 The identifying features of pond-based systems are large residence times
(more than weeks) and no sludge removal and sludge recycling.

11.90 The identifying features of activated sludge systems are low residence times
(about hours) and sludge removal and sludge recycling.

11.91 Figure 11.4 shows a typical pyramid of organisms. When time lapses in biore-
actors, different microorganisms come to the system from the bottom to the
top. We however need to control the bioreactor to keep only the microorgan-
ism of choice in our bioreactor.

11.92 Bioreactors are classified based on the type of reactor flow regime and loca-
tion of bacteria. These parameters are explained in Table 11.9.

11.93 The second feature of biological treatments is microorganism position:
attached or suspended.

11.94 Microorganism positions are described in Figure 11.5. There are two types of
microorganisms. The first type likes to swim in the bioreactor. They are like
the first picture of the men and women in the water. These microorganisms
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Table 11.8

Phase of life Advantage Disadvantage Applicability

Lag phase Has the highest
F/M. It means a
small group of
bacteria eat a large
amount of organic

The amount of bacteria
cannot support a good
organic removal in
commercial facilities

Not practical

Log phase The best
combination of
amount of bacteria
and high F/M

NA Activated sludge
treatment systems are
designed to keep and
use bacteria in this
stage of life

Stationary
phase

NA Difficult to keep a
treatment system on
this area

Not practical

Death
phase

Small amount of
sludge is generated

Old bacteria; cannot
eat a lot organic (low
F/M)

Pond-based treatment
systems are designed to
keep and use bacteria
in this stage of life

Organic meterial

Bacteria

Protozoa

Rotifers

Nematodes

Filamentous

bacteria

Algae

and

fungi

Figure 11.4

Table 11.9

Parameters Importance

Reactor
regime

Dictates the shape of reactor and necessity or
unnecessity of agitators in the reactor

Location of
bacteria

Shows if bacteria are suspended in water or attached
on a surface and are exposed to water
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(a)

(b)

Figure 11.5

swim and eat as they go. These active microorganisms are called suspended
culture. The second type of microorganism likes to sit on the chair on the
beach, and when they are hungry, they eat. These lazier microorganisms are
attached cultures.

11.95 Features of suspended culture and attached culture are shown in Table 11.10.
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Table 11.10

Location of bacteria Applicability

Suspended culture Higher efficiency
Less resilient to shocks

Attached culture Lower efficiency
More resilient to shocks

11.96 Attached culture has lower efficiency but are more resilient in terms of
shock. These are preferred in industrial systems because you observe more
shocks in the system. If someone is cleaning a vessel, it will have a huge
amount of organic material that will shock the system.

11.97 Suspended cultures are good for municipal systems because the flow is more
consistent.

11.98 In suspended culture, bacteria form flocs, and they can be removed through
sedimentation or filtration. The recovered suspended solids are the good bac-
teria so this is generally fed back upstream to the bioreactor to continue
to grow.

11.99 The types of flow regime are shown in Figure 11.6. There is a completely
mixed regime and plug flow regime. You can see that completely mixed is
very random and homogeneous. Plug flow moves in waves. A completely
mixed flow occurs in a continuously stirred-tank reactor (CSTR) when we
deal with complex organics. Complex organics includes organics from indus-
trial systems.

Plug flow Completely mixed flow

Figure 11.6

11.100 The differentiation between a completely mixed reactor and a plug reactor
is shown in Table 11.11.

11.101 One feature of a CSTR is an agitator. However, if we are introducing air into
the system using a mixer, the mixer also performs as the agitator. We also
have to have a recycle stream to have a mixed reactor.
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Table 11.11

Flow regime Feature

Completely mixed
reactor

Needs severe agitation (e.g. by
agitators)
The dimensions of reactors are
almost the same

Plug reactor No agitator
Bioreactor should have a large
length-to-width ratio

11.102 In plug flow reactor, the ratio between length and width is high. The perfect
plug flow has an L/W ratio greater than 5/1. The L/W ratio is ideally over
10/1, but as long as it is at least 5/1, we accept it as a plug reactor. No agitator
is needed for the plug flow reactor.

11.103 The bioreactor resembles a pool but the water is completely brown in color.
People may assume that there is sludge in the water, but in fact, it is not
sludge; it is the bacteria that gives it the brown color. So the term activated
sludge was given because it refers to “sludge” that is alive. So the naming of
this system as an activated sludge system is in reference to the bacteria. This
system has a suspended growth culture because there is nothing the bacteria
can hold onto. The flow regime in the reactor is completely mixed because
the air is added to it, which is a form of agitation. The agitation from the air
also prevents the bacteria from attaching to the walls of the bioreactor.

11.104 Activated sludge technology is arguably the most common technology of
wastewater treatment. It is shown in Figure 11.7 and explained briefly here.
The wastewater enters the aerobic bioreactor where oxygen is added. Inside
the bioreactor, the bacteria eat the organic material and remain floating
in the wastewater. Once the organics is consumed from the wastewater,

RAS
(recycled activated sludge)

WAS
(wasted activated sludge)

Wastewater from
primary clarifier

Aeration basin Secondary clarifier

Wastewater to
chlorination

Figure 11.7
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the population of the bacteria is in the 8,000–10,000 mg/L range. The
bioreactor effluent is sent to the clarifier (sedimentation basin) where the
clarified water or water with <50 mg/L of organic material exits. When
concentration of organic material is below 50 mg/L, the bacteria is no longer
interested in consuming the organics. From the bottom of the clarifier, you
can remove the bacteria. We can send a portion of the bacteria to stream
them back upstream of the bioreactor to produce more bacteria. Due to the
reproduction of bacteria, we will have more and more bacteria, so one way
to control the amount of bacteria is to remove the old bacteria. The older
bacteria are the bacteria that can no longer eat at the level we require, so in
a sense, they become saturated with organics. The bacteria that exit at the
bottom of the clarifier is split into two streams: recycled activated sludge
(RAS) and wasted activated sludge (WAS). RAS is the stream that is recycled
for reuse in the bioreactor. WAS is the portion of the bacteria that is removed
from the system. In an ideal world, we would send the young bacteria to the
RAS and the old bacteria to the WAS stream. However, because we cannot
distinguish the young from the old, we simply remove a portion of the
bacteria, and so collectively the overall “age” of the bacteria will decrease.

11.105 Table 11.12 shows several variations of activated sludge technology.
11.106 There are many different technologies that can be used for biological

treatment. They are shown in Table 11.13 that gives examples of biological
treatments based on the microorganism type. The last feature is microorgan-
ism type: aerobic or anaerobic. Based on these features, you can see which
technology falls under each category. The first feature to be determined
is aerobic or anaerobic. Then under these two categories, you can have
attached or suspended. The type of flow only applies to suspended cultures.
For aerobic suspended bioreactors, you have a choice of mixed or plug flow.
Under anaerobic suspended bioreactors, the only option is mixed flow.

11.107 There is an invention where another category came into the scene for biolog-
ical treatment. This technology falls between attached and suspended cul-
tures. We have attached cultures but these cultures attach to balls that are
floating in the water. This technology reaps the benefits of both features.
In this hybrid-type technology, the microorganisms attach to balls that are
floating in the water. Two technologies that fall under this hybrid type is the
biological aerated filter (BAF) and the moving bed biofilm reactor (MBBR).
For smaller municipalities, MBBR is the technology of choice.

11.108 One old example of attached culture is “rotating biological contactor” (RBC).
There is a vessel with wastewater that enters and leaves, which contains cir-
cular discs. The attached culture will attach to the discs. As the discs rotate,
the organisms attached to the portion of the disc in the water will eat, and
when it rotates above the water, it will digest and enter and eat again. This is
shown in Figure 11.8. The RBC system is not very common anymore because
of mechanical problems.

11.109 Aeration is one important component in aerobic biological treatment.
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Table 11.12

Name of technology Schematic When to use?

Conventional
activated sludge
system

Primary clarifier Secondary clarifier

Aeration basin

Workhorse for treatment of
wastewater in large cities

Extended aeration Primary clarifier Secondary clarifier

Aeration basin

Mainly used in package
units where flowrate is very
low. When electrical energy
is not very available.
Oxidation ditch is a variant
of the extended aeration
system

High rate
(modified
aeration)

Primary clarifier Secondary clarifier

Aeration
basin

Wastewater has higher BOD
than expected

Step (feed)
aeration

Primary clarifier

Secondary clarifier

Aeration basin

Wastewater flowrate is
higher than expected

Sequential batch
reactor (SBR)

Equalization
tank

SBR -1

SBR -2

Used for small communities
or in industrial applications
that the variation of
generated wastewater is
high

Table 11.13

Aerobic Anaerobic

Attached Suspended Attached Suspended

Fixed
media

Moving
media

Mixed
regime

Plug
regime

Fixed
media

Moving
media

Mixed
regime

Plug
regime

“Trickling
filter,”
RBC

MBBR “Activated
sludge,”
membrane
bioreactor
(MBR)

“Oxidation
ditch,”
“step
aeration,”
“tapered
aeration”

Downflow
stationary
fixed-film
(DSFF)

NA Upflow
anaerobic
sludge
blanket
(UASB)

NA
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Inlet Outlet

Figure 11.8

11.110 The goal of aeration is providing enough oxygen in the bulk of wastewater,
for the breathing purpose of aerobic bacteria is to remove organics.

11.111 The duty of all aerators is shown in Figure 11.9.

Generating small

air bubbles

Dissolving oxygen in

wastewater

Figure 11.9

11.112 There are two main types of aerators:
(a) The first one releases air from the bottom of wastewater container.
(b) The other one “drags” air into water.

11.113 Aerators that release air from bottom are called “air diffusers.”
11.114 There are many types of aerators that drag air into water, and all of them has

many mechanical parts. They are known as “mechanical aerators.”
11.115 There are two main types of mechanical aerators: brush aerators and surface

aerators.
11.116 The classification of aerators is shown in Figure 11.10.

Brush aerators

Mechanical

aeration

Surface aerators

Diffusion

aeration

Figure 11.10

Ali Sadeghi Digital Library 



11.7 Biological Organic Removal 229

11.117 Figure 11.11 shows a schematic of a surface aerator.

Figure 11.11

11.118 Brush aerators are exclusively installed on bioreactors that are long and sim-
ilar to channel (like “oxidation ditches”). In such bioreactors, brush aerators
are installed perpendicularly on the route of wastewater stream.

11.119 Brush aerators are a type of aerator that have a horizontal rotating rotor with
many teeth or disks connected on the rotor.

You can visualize brush aerators as spinning round hair brush.

11.120 Surface aerators are in the market with the following standard powers: 1, 3,
5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 75, and 100 hP.

11.121 The general application of aerators in different sectors is shown in
Figure 11.12.

Residential Light industrial

1 hp 5 hp 20 hp

100 hp 150 hp

Industrial

Non-
common

Figure 11.12

11.122 The larger aerators with higher required energy generally waste more energy.
It is recommended to use multiple smaller aerators rather than one large
aerator.

11.123 Diffusion aeration is the second main type of aeration. In this type a blower
is needed to introduce air into air, distributing network and finally to air
bubblers (Figure 11.13).
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Air mover
Air distribution

network
Air bubblers

Figure 11.13

11.124 Air movers are generally blowers. As generally the discharge pressure of
blowers is limited to 50 KPg (7.2 psi), it should be considered during the
design of air distribution network and bubblers. If pressure goes higher than
50 KPg (7.2 psi), the air mover would be a compressor, which is a more expen-
sive option.

11.125 The air distribution network could be branch type or loop type. The loop
type is theoretically a better option because air is distributed more evenly.
However, when the distribution network is adequately short or the discharge
pressure of the blower is adequately high, the loop type does not have much
advantage over branch-type distribution network.

11.126 Air bubblers should generate bubbles ideally with minimum diameters.
Then, the aperture for generating bubbles should be ideally a small as
possible. However, a small aperture increase potential of plugging the
aperture.

11.127 In old days, air bubblers were nothing except holes (circular or noncircular)
in the body of air branches.

11.128 These days, there are many types of bubblers. One common type of them is
membrane disk bubblers.

11.129 There are two main types of bubblers. They are shown in Figure 11.14.

Fine bubble type

Bubblers

Coarse bubble type

Figure 11.14

11.130 Figure 11.15 shows the methodology of calculating the required aeration in
aerobic biological treatment systems.

11.131 The required oxygen can be estimated from the following facts:
(a) BOD removal needs about 1.5×BODi×Qi.
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SOTE:
standard oxygen transfer

efficiency

FOTE:
field oxygen transfer efficiency

BOD, TKN, etc.
Required

oxygen flow
kg/hr

Required
oxygen flow

m3/hr

Density Volumetric percentage of
oxygen is 21% in air

Required
aeration

m3/hr

Provided
aeration

m3/hr

α: Bubbler type and aeration lay-out correction factor

β: Water to wastewater correction factor

θ: Temperature correction factor

Figure 11.15

(b) Nitrification (converting ammonia to nitrates/nitrates need about
5×TKNi×Qi).

11.132 The required air for aeration can be estimated by having required oxygen and
then converting it to required air through the following formula:
(a) The mass flowrate of the required air is 4.3 times of required oxygen.
(b) The required mass flowrate of air should be increased to accommodate

the efficiency of bubblers (which is measured in tap water).

11.8 Nitrogen Removal

11.133 Here, when we are referring to nitrogen, we are referring to removal of total
nitrogen or “TN.”

11.134 TN has several components, and each of them has some associated removal
methods (Table 11.14). In this chapter, we talk about biological methods of
removing TN.

Table 11.14

Type of nitrogen in water Removal basis

Organic nitrogen (org-N) It quickly turns into “ammonia and
ammonium ion”

Ammonia and ammonium
ion (NH3 and NH+

4 )
Can be removed through methods stated for
gas removal methods (Chapter 12) or through
biological methods (this chapter)

Nitrite and nitrate
(NO−

2 , NO−
3 )

Can be removed through methods stated
inorganic removal methods (Chapter 10) or
through biological methods (this chapter)
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11.135 The process for which the organic nitrogen (mainly in the form of urea)
becomes ammonium ion/ammonia is referred to as ammonification. We
generally are not concerned about existence of organic nitrogen in water,
but instead we are concerned about existence of ammonium ion/ammonia
I in water and trying to remove them.

11.136 If organic nitrogen and/or ammonium/ammonia exist in water, we are gen-
erally not happy with that. There are specific bacteria that eat the ammo-
nia/ammonium ion and convert it to nitrate and nitrite ions. So, they are
not really eliminating the ion, but rather it breaks it down, which coverts
it to new ions in water. This process is called nitrification and can occur in
aerobic condition (addition of oxygen).

11.137 Sometimes (not always and depends of area), we are not happy with the
existence of nitrite and nitrate in water. In such cases we need to bring
another specific group of bacteria to convert nitrate and nitrite to nitrogen
gas. These are obligate anaerobic bacteria, which can break down ions that
contain oxygen to use that for their oxygen supply. This process is referred
to as denitrification. The nitrogen gas can now be stripped off from the
wastewater.

11.138 These biological removal nitrogen compounds are shown in Figure 11.16.

Organic-N N2

Ammonification

Chemical hydrolysis Aerobic condition Anoxic condition

Nitrification Denitrification

NH4
+ (NO3

–, NO2
–)

Figure 11.16

11.139 The summary of these bioreactions is shown in Table 11.15.

Table 11.15

Step Main acting bacteria Bioreaction

Biological removal of
ammonia and
ammonium ion

Nitrifiers
(Nitrosomonas and
Nitrobacter)

These are bacteria available to
convert ammonia and ammonium
ion to nitrite and nitrate:
NH3

Nitrosomonas
−−−−−−→ NO−

2
Nitrobacter
−−−−−−→NO−

3

Biological removal of
nitrite and nitrate

Denitrifies These are bacteria available to
convert nitrite and nitrate to
nitrogen gas:

NO−
2 and NO−

Denit.Bacteria−−−−−−→
3 N2

11.140 Table 11.16 shows features of nitrification bacteria.
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Table 11.16

Parameter Explanation

Type of bacteria Aerobic
Food (source of energy) Ammonia and ammonium ion (NH3 and NH+

4 )
Source of oxygen Oxygen molecules exist in air
Product of bacteria
activity

New bacteria and NO−
2 and NO−

3

Name of bacteria
groups

Two bacteria groups: Nitrosomas and
Nitrobacter

Requirement BOD should be very low for these bacteria to
be able to compete with BOD removal bacteria

11.141 Table 11.17 shows features of denitrification bacteria.

Table 11.17

Parameter Explanation

Type of bacteria Facultative anaerobic; so, need anoxic
condition

Food (source of energy) Organic materials and carbon in CO2 or HCO−
3

or CO2−
3 (alkalinity is consumed)

Source of oxygen Oxygen in nitrite and nitrate (NO−
2 and NO−

3 )
Product of bacteria
activity

New bacteria and N2

Requirement BOD is required for denitrification
Alkalinity is consumed; if alkalinity is low (e.g.
less that 150–200 mg/L), it should be added to
the wastewater

11.142 The question now becomes as follows: do we need to go through all the steps
for nitrogen removal? The first step to produce ammonium ion occurs nat-
urally. But do we need to perform two steps to get to nitrogen or is one step
to nitrate/nitrite ions enough? The answer to this depends on the standards
for the region. Some standards have limitations for nitrate and nitrites, so
this would require you to proceed to the denitrification step. If there is only
a standard for ammonium, then you only need to perform the nitrification
step. You can see that as the standards get more stringent, you will need to
perform more steps to remove the nitrogen.

11.143 As it was mentioned before, a favorite food for bacteria has the ratio of
BOD5:TKN of 20–25 : 10–15 or 1.5–2.5 : 1. This shows that only a small
portion of nitrogen compounds are removed together with other carbon
organics during biological treatment.
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11.144 Technologies related to removing nitrogen from wastewater are shown in
Table 11.18.

Table 11.18

Low nitrogen content
BOD/TKN >4

High nitrogen content
BOD/TKN <2.5

Neither ammonia/
ammonium limit nor
nitrite/nitrate limit
exists

No nitrogen removal system is needed

Ammonia/ammonium
limit exists

Nitrogen removal happens
(through nitrification) in the
same main BOD removal
system (nitrogen will be part of
the bacteria body)

A separate nitrification
system is needed after
the main BOD removal
system

Nitrite/nitrate limit
exist

No denitrification system may
be needed after the nitrification
process

Denitrification system is
needed after nitrification

11.145 When TKN is low and BOD/TKN is higher than 4, the simple technology
that can be used for nitrogen removal is shown in Figure 11.17. When the
nitrogen is very low, it is potentially in the range of bacteria’s favorite food,
so it makes sense that we can use a system similar to the activated sludge
system. When you are performing nitrification, you know that you will want
aerobic conditions. So, the system will be very similar to the activated sludge
system shown in Figure 11.7. The difference between this system and the
nitrification system is that the growth of bacteria for nitrification works very
slow. So the residence time in the bioreactor will need to be longer. With this
process, you can remove the ammonium ion in the water.

RAS

Aerotic

WAS

tr (longer)

Figure 11.17

11.146 If nitrogen is very high or, in other words, the ratio of BOD/TKN is <2.5
and ammonia/ammonium limit and nitrite/nitrate limit exist, we will need
to use an alternative method. When nitrogen content is very high, you
will need to have a very long residence time in the bioreactor, which is
not very economical. In this scenario, you can use the system as shown in
Figure 11.18, which uses nitrification as well as denitrification.

11.147 In this system we remove organic material (BOD removal), we remove
ammonium ion (nitrification), and we remove nitrate and nitrite ions
(denitrification).
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Aerobic Anoxic

N2

Aerobic Anoxic

N2

Figure 11.18

11.148 The first step is to remove BOD so you need to inject air to make it an aerobic
bioreactor. Then the water enters a clarifier to remove the BOD. Once this is
done, the water can enter an anoxic bioreactor where the nitrate and nitrites
are converted to nitrogen gas. The water is then fed to another clarifier to
remove the bacteria to produce clarified water.

11.149 The first bioreactor has longer residence time because it performs two steps:
the BOD removal and nitrification. The second bioreactor performs the deni-
trification step. The reason that the process is grayed out is because although
theoretically this process will work, economically and technically, it is prob-
lematic. The economical reason is that it is very expensive. The technical
reason is that once you are through the aerobic system, the organic material
has been consumed, and you have removed the BOD leaving very little for
the anoxic bioreactor. If there is no organic material in the anoxic bioreac-
tor, the bacteria will have a tough time eating the nitrogen material. You can
compare this to someone who loves steak. You can give them the steak, but
they tell you that they only want the steak with a side of fries. So, when you
have the nitrogen but no organics, this is how the bacteria behaves as well.

11.150 You can see that the problem is because there is not enough food for the bac-
teria. Low BOD means low denitrification, which means longer residence
time that equates to bigger vessel size, which is more economical. The solu-
tion to this is shown in Figure 11.19. The simple solution is to add more food.
In this case, more carbon is added in the form or methanol or UFA injection
between the aerobic and anoxic systems. The addition of carbon (“food”) for
the anoxic system will allow the bioreactor to be smaller sized. This addition
brings the ratio back to the favorite food for bacteria.

11.151 Figure 11.20 is a variation of the process for supplying more carbon source.
The aerobic and anoxic bioreactors are combined into one with a membrane
separating the two. The carbon source is still on the anoxic side of the biore-
actor. This allows you to also remove one clarifier.

C source

e.g. Methanol, UFA

Aerobic Anoxic

Figure 11.19

Ali Sadeghi Digital Library 



236 11 Dissolved Organics

C source

Aerobic Anoxic

Figure 11.20

11.152 Another variation is shown in Figure 11.21. In the previous systems, the
wastewater is supplied to the aerobic bioreactor first. The solution here is to
send fresh wastewater directly to the anoxic vessel to ensure there is enough
carbon in the anoxic system.

Anoxic Aerobic

Figure 11.21

11.153 Figure 11.22 shows another variation. This method combines the alternate
case in Figure 11.21 (send water to anoxic reactor first) and Figure 11.20
(combined bioreactor separated with a membrane). This is a very common
method to remove nitrogen.

Anoxic Aerobic

Figure 11.22

11.154 Another variation when you lack carbon materials is shown in Figure 11.23.
This method sends a portion of bacteria from the aerobic bioreactor back to
the anoxic bioreactor. These bacteria that are sent back are referred to as the
mixed liquor.

Mixed liquor

Anoxic Aerobic

Figure 11.23

11.155 There are several other methods that are developed by repeating the block
of “anoxic–aerobic” compartments to increase the removal efficiency of
nitrogen.
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11.9 Phosphorous Removal

11.156 Currently biological removal of phosphorous is much less common than bio-
logical removal of nitrogen.

11.157 One reason for less popularity of phosphorus removal is the less concentra-
tion of phosphorus in municipal wastewaters these days. In older days, as
laundry powder contain phosphorus, there was more concentration of phos-
phorus in municipal wastewaters.

11.158 With the favorite food being in the ratio of BOD5:TP of 20–25 : 1, you can pre-
dict that removal of phosphorous by biomatters is even more difficult than
carbon or nitrogen.

11.159 As a rule of thumb, if the ratio of COD to total phosphorous (TP) is less than
35–40 mg COD/mg TP, organic materials in water are limiting nutrient and
biological phosphorous removal is not possible. In these cases, we remove
phosphorous by chemical reactions, or we need to add some organic mate-
rials to water.

11.160 As phosphate ion precipitate with many metallic ions, there are many
reagents available to add to water to remove phosphate. We generally
add calcium (in hydrated lime form) and iron or aluminum (in sulfate or
chloride form) to precipitate phosphate.

11.161 When you have very high concentration of phosphorous and you want to
reduce it to a very low concentration, you may need two units in series as
shown in Figure 11.24. The first step is to remove the bulk of phosphorous
through chemical reaction and follow-up with biological phosphorus
removal.

Chemical

P-removal

Biological

P-removal

Figure 11.24

11.162 The summary of biological organic removal methods are shown in
Table 11.19.

Table 11.19

Capacity of facility Workhorse

Very low capacity Septic tanks
Low capacity SBR, MBR, MBBR

In remote areas: ponds and the variations
Medium capacity SBR, MBR, MBBR

In remote areas: ponds and the variations
High capacity Conventional activated sludge
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12

Dissolved Gases and Volatiles

12.1 The dissolved gases or volatile liquids in water could be removed by consid-
ering them as “strippable” components or by considering them as dissolved
materials.

12.2 If we consider a dissolved gas or volatile liquid as an easily strippable compo-
nent, it could be removed from water by “stripping.”

12.3 If we consider a dissolved gas or volatile liquid as a dissolved material, it could
be removed from water by adding chemicals to react with them and remove
them. The name of these chemicals are “scavengers.”

12.4 Advantages and disadvantages of each removal methods is shown in
Table 12.1.

Table 12.1

Advantages Disadvantages

Stripping Low cost and simple Cannot decrease the dissolved gas to
very low values
May shift the water contamination
to air contamination

Scavenger
addition

Can decrease the dissolved
gas to very low values

Not always a suitable chemical is
available
More expensive

12.5 Removing dissolved gases by treating them as dissolved materials needs scav-
enger addition to the water; hence they are called chemical methods. In this
regard, stripping can be called a mechanical method.

12.6 If it is possible to use stripping to remove the dissolved gas or volatile, it is
generally preferred over treating it as a dissolved material because stripping
is generally a less expensive method.

12.7 The stripping method is not able to bring down the contaminant levels to very
low levels. For this reason, we may choose to follow up the stripper with a
chemical method to treat dissolved inorganics to further reduce the contami-
nation level.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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12.8 Generally speaking, stripping is the suitable method for high flowrate and/or
high concentration of dissolved gas streams. For low flowrate and/or low con-
centration of dissolved gas streams, chemical addition is a better method.

12.1 Stripping

12.9 From a theoretical view point, the solubility of gases in water can be decreased
by increasing temperature or decreasing pressure. Then, stripping operation
can be done through one of these techniques.

12.10 Generally, increasing the temperature cannot be an economical technique for
stripping gases from water.

12.11 The solubility of all dissolved gases will be decreased by decreasing pressure.
This shows that by only bringing the water in atmospheric pressure, a portion
of dissolved gases will be stripped out.

12.12 From a pure theoretical view, the dissolved gases will be removed from water
when water is placed in open air. In theory, the concentration of dissolved
gases will be zero after a while in open air unless the same gas exists in air.

12.13 There are three main types of stripping:
(a) Air stripping
(b) Steam stripping
(c) Vacuum stripping

12.14 The least expensive stripping is the air stripping.
12.15 One downside of air stripping would be that you are shifting water contami-

nation to air contamination, and polluted air may need to be purified before
releasing it into atmosphere. Shifting the water pollutant to air pollutant is
not a very common practice with the exception of gases and volatiles that are
not considered as air pollutants.

12.16 It is a given that the cheapest and the most readily available gas to use for
stripping is air.

12.17 Steam stripping may be able to produce a water stream with less dissolved
gases than air stripping.

12.18 If you are removing dissolved oxygen (DO), air is not a suitable stripping
stream and steam is used instead.

12.19 Steam stripping is used for “stubborn” dissolved gases or volatile liquids.
12.20 Where dissolved gases are the components of air (e.g. oxygen gas, nitrogen

gas, etc.), the existence of the same component in stripping air prevents the
operation to generate water with very low dissolved gases.

12.21 In order to remove the gas or volatile from the water, you will first need to shift
them to a “non-bound” shape. Refer to Table 12.2. for “non-bound shape”
examples.

12.22 If the dissolved gas is in a bound-shape, it means that there is a chemical
bond between the contaminant you want to remove and the water molecules,
so even if you decrease pressure or increase temperature, the removal of the
contaminant is not as efficient.

Ali Sadeghi Digital Library 



12.1 Stripping 241

Table 12.2

Dissolved
gases

Ionized form
(bound form)

Unionized form
(non-bound form)

How to convert to
non-bound shape

Dissolved
oxygen

Does not exist Exists: O2(aq) Not applicable

Dissolved
carbon dioxide

Bicarbonate and
carbonate (HCO−

3 and
CO2−

3 )

Exists: CO2(aq) By decreasing pH

Dissolved
methane

Does not exist Exists: CH4(aq) Not applicable

Dissolved
hydrogen
sulfide

Bisulfide and sulfide
(HS− and S2−)

Exists: H2S(aq) By decreasing pH

Dissolved
ammonia

Ammonium (NH+
4 ) Exists: NH3(aq) By increasing pH

Dissolved
organic
materials

May or may not exist Exists Depends on the nature
of volatile organic
carbon (VOC)

12.23 The fundamental parameter in stripping a gas from water is using the Henry’s
law constant.

12.24 The higher Henry’s law constant shows that the dissolved gas is more capable
for stripping off from water.

12.25 One of the largest Henry law’s constants is for helium gas, which is more than
100,000 atm/mol fraction.

12.26 Very small Henry law’s constants have values of few hundreds atm/mol frac-
tion.

12.27 As rules of thumb:
(a) A good stripper has a Henry’s law constant of larger than 20,000 atm/mol

fraction.
(b) An average stripper has a Henry’s law constant between 5,000 and

20,000 atm/mol fraction.
(c) A poor stripper has a Henry’s law constant of smaller than 5,000 atm/mol

fraction.
12.28 The dissolved gases that are difficult to be stripped off need more air flowrate

for stripping.
12.29 Henry’s law constant is a function of temperature. As a general rule when tem-

perature increases by 20–30 ∘C, the Henry’s law constant would be increased
by 2–3 times.

12.30 The performance of strippers depends on the Henry’s law of the contami-
nant being removed. When the Henry’s law is low enough, a stripper can
be removed down to about 1 ppm concentration. When Henry’s law is not
favorable for air stripping, it would mean that you will need copious amounts
of stripping steam for the stripper to work, thus rendering it uneconomical.
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Class Types Schematic Comment

Air-in-water Air
diffusions

Degassed water

Blower

Incoming water

A good technology for both aeration and degassing

Surface
aerators

Incoming water Does not work effectively in deep vessels. The goal
here is more aeration rather than degassing

Water-in-air Spray
aerators

Incoming water

Not very effective but it may be used in ponds

Waterfall
aerators

Incoming water
Not very effective but more attractive for large
flowrates

Water–air
microcontact

Stripping
towers

Incoming water

Stripping tower

Fan

Degassed water

Degassed water reservoir

Theoretically the best technology but more
expensive and could be plugged if suspended
solids exist
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12.31 Henry’s law constant dictates a practical parameter of A/W (air-to-water
ratio), which is the primary parameter in designing stripper towers.

12.32 The reason for using a stripper to remove the contaminant at first is to remove
as much contaminant as possible via a mechanical method before injecting a
chemical to reduce the amount of chemical that is required.

12.33 Different technologies of degassing are listed in Table 12.3.
12.34 The most efficient way of stripping is stripping in towers.
12.35 Stripping towers have diameters of 0.5–4 m and height of 1–15 m and the

height-to-diameter (H/D) is up to 10.
12.36 The stripped water collection vessel at the bottom of the tower has a residence

time of 5–10 minutes or more.

12.2 Oxygen Removal

12.37 Removing oxygen from water is mainly for the purpose of corrosion depletion.
12.38 Deaerators remove air (oxygen and nitrogen) from water, but the intention is

only removing oxygen from water.
12.39 The easiest way to remove the dissolved gas is by stripping. As oxygen can

also be categorized under dissolved inorganics, it can be removed using these
methods as well.

12.40 For oxygen the good news is that the gas form is the same as the dissolved form
so you do not need to do anything before decreasing the pressure or increasing
the temperature.

12.41 Figure 12.1 shows a schematic of steam stripper for removal of oxygen from
water.

Do

contained

water-in

Vent-out

Steam-in

Deaerated

water-out

Figure 12.1
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12.42 There are atmospheric deaerators where you only inject steam. Then, there
are vacuum deaerators where you inject steam into a vacuum system, which
means lower pressure, and therefore you can strip off more dissolved gases.

12.43 From the top you feed the DO-contaminated water by spraying it over three or
four trays. On the side, you will inject steam that will travel up the trays similar
to a stripping tower. As the steam passes through the water, it will remove the
oxygen from the water and vent out at the top into the atmosphere. From the
bottom of the trays, deaerated water is collected in the storage vessel and exits
the system through the bottom. In many plants a deaerator is added upstream
of the boiler. If it is a high-pressure boiler, the boiler feed water (BFW) speci-
fication calls for ppb level oxygen.

12.44 Air strippers can decrease DO to less than 4–6 mg/L. Steam stripping can
decrease DO to about 7–20 μg/L. Vacuum strippers can drop the DO to less
than 300 μg/L. If DO is less than the required, chemical addition is needed.

12.45 The residual DO can be removed by adding chemicals referred as “oxygen
scavengers.”

12.46 The oxygen scavenger is a chemical that will react with the remaining DO in
the water to reduce it to trace levels.

12.47 The most common and nonproprietary oxygen scavenger solutions are sulfite
salts. Sulfite salts remove oxygen through the following reaction:

SO2−
3 + 1

2
O2

yields
−−−−−−→SO2−

4

12.48 The common sulfite salts are sodium sulfite and ammonium sulfite.
12.49 From theoretical point of view for removing each ppm of oxygen 6 ppm of

sodium bisulfite is needed. But is practice 2–3 times of this ratio is injected in
water to remove oxygen.

12.50 The issue with sodium bisulfite as oxygen scavenger is its slow reaction. Oxy-
gen removal with sodium bisulfate may take up to several hours depending
on the water temperature.

12.51 For example, using cobalt-catalyzed sodium bisulfite solution as oxygen scav-
enger in produced waters (from oil extraction activities) that contains some
concentrations of H2S is not beneficial. Cobalt will be deactivated by H2S
quickly.

12.3 Carbon Dioxide Removal

12.52 Decarbonators remove carbon dioxide from water.
12.53 The most common way of removing carbon dioxide from water is stripping.
12.54 In the first step of stripping, carbon dioxide should be converted to non-bound

form. In order to convert carbonate (HCO−
3 ) and bicarbonate (CO2−

3 ) into its
gas form of carbon dioxide, you will need to decrease the pH by adding an acid
to water.

12.55 Decarbonators are generally sized based on water flux of 30 gpm/ft2.
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12.56 Decarbonators are generally sized based on volumetric flowrate ratio of
(air-to-water) of 15–20.

12.57 Decarbonators are generally able to decrease the dissolved carbon dioxide to
less than 10 mg/L.

12.58 Carbon dioxide can be removed by ion exchange (IX), too, but it is not eco-
nomical unless there is already IX system available and the content of carbon
dioxide is low.

12.59 Carbon dioxide can be removed by reverse osmosis, too, but it is not econom-
ical unless there is already reverse osmosis system available and the content
of carbon dioxide is low.

12.4 Hydrogen Sulfide Removal

12.60 Water containing hydrogen sulfide is called sour water.
12.61 The sour water in oil refiners contains dissolved ammonia, too, in many cases.
12.62 The mechanical method for removing hydrogen sulfide is stripping. Air or

steam can be used as stripping stream.
12.63 The preliminary step for stripping hydrogen sulfide is lowering the pH to less

than 5. By doing this the dissolved/bound form of hydrogen sulfide will be
converted to unbound hydrogen sulfide.

12.64 Stripper could able to reduce the H2S to below 10 ppm concentration.
12.65 Another way to remove hydrogen sulfide could be to treat it as a dissolved

inorganic.
12.66 Theoretically hydrogen sulfide can be treated and removed by the following

reactions:
(a) By neutralization with bases (using acidity characteristics of H2S).
(b) By oxidation by an oxidizer (using reducing characteristics of H2S).
(c) By double displacement with a suitable salt.

12.67 By oxidation hydrogen sulfide could be converted to elemental sulfur (S),
and/or sulfate ion (SO2−

4 ).
12.68 The range of oxidizers that can be used to oxidize hydrogen sulfide are oxygen

(O2), chlorine (Cl2), potassium permanganate (KMnO4), sodium hypochlorite
(NaClO), hydrogen peroxide (H2O2), and ozone (O3).

12.69 Hydrogen peroxide reacts with H2S as a hydrogen sulfide scavenger per the
following reaction. In theory to remove 1 mg/L of H2S, 1 mg/L of pure H2O2
is needed, but in practice, we use three times more H2O2:

HsS + H2O2
yields

−−−−−−→S + 2H2O@Neutral pH

12.70 Sodium hypochlorite reacts with H2S as a hydrogen sulfide scavenger per the
following reaction. In theory to remove 1 mg/L of H2S, 2 mg/L of pure NaClO
is needed:

HsS + 4NaClO
yields

−−−−−−→H2SO4 + 4NaCl
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12.71 While hydrogen sulfide can theoretically be removed by IX or reverse osmosis,
these technologies are not used for removal of hydrogen sulfide.

12.5 Ammonia Removal

12.72 The most common commercial methods are ammonia stripping and biologi-
cal ammonia removal.

12.73 Ammonia (NH3) in its dissolved form is ammonium ion (NH+
4 ). As an ion,

NH+
4 will combine with water molecules in a “bound-shape.”

12.74 Stripping of ammonia from water can be done after increasing pH of water
to or above 10 or increasing the water temperature to above 60 ∘C. Increas-
ing temperature is not generally economical unless a free or low cost fuel is
available.

12.75 Stripper towers for removing ammonia are generally sized based on volumet-
ric flowrate ratio of air-to-water of 2,000–3,000 or more.

12.76 Such high air-to-water ratio for ammonia stripping shows that ammonia
removal through stripping is economical where the acceptable final ammonia
concentration is not very low.

12.77 Other than stripping, ammonia can be removed through chemical or biolog-
ical methods.

12.78 As ammonia has nitrogen in its molecular structure, it can be considered as
a nutrient, and then it can be removed by biological methods, too. Biological
methods of nutrient removal were discussed in Chapter 12.

12.79 The technology for removing ammonia is biological nitrification and denitri-
fication.

12.80 For biological removal of ammonia, pH does not need to be elevated.
12.81 In biological treatment of ammonia, it should be considered that high concen-

tration of ammonia – say higher than 500–1,000 mg/L – has inhibitor effect on
the biological treatment.

12.82 Two ways of ammonia removal through chemical methods are removal by
precipitation and removal by oxidation.

12.83 Chemical precipitation (chemical denitrification) is not a straightforward
method for ammonia removal. Ammonium ion does not precipitate with
majority of ions. One recent progress in chemical precipitation of ammonium
ion is precipitation as magnesium ammonium phosphate (MAP; MgNH4PO4).

12.84 One famous oxidant in water and wastewater industry is chlorine. By chlori-
nation ammonia can be removed, too.

12.85 In selective IX a specific resin is used to remove ammonium ion. There are
several ammonia-selective resins available in the market, but their applica-
bility needs to be checked by pilot tests. IX is more likely a better choice for
removing ammonia from water streams than wastewater streams.

12.86 Reverse osmosis (RO) is a nonspecific removal method that is not suitable for
many wastewater streams unless the stream is heavily pretreated.
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13

Colloid Removal

13.1 As sizes of discrete materials in colloids are between the size of suspended
solids and dissolved materials (Figure 13.1), theoretically their removal can
be done through three different ways:
(a) Direct removal of colloid.
(b) Converting colloids to dissolved materials and then removing it.
(c) Converting colloids to solids and then removing the solids from water.

Dissolved Colloid Solid

Figure 13.1

13.2 The first approach is removing colloids as they are and without converting
them upfront.

13.3 In direct removal, colloids can be removed by carbon adsorption or by mem-
brane filtration.

13.4 Granular carbon adsorption units can only remove colloids if the colloids are
of hydrophobic type. Hydrophobic colloids cannot be removed by granulated
activated carbons (GACs).

13.5 In Figure 13.2, you can see a vessel with GAC. The water enters the top of the
filter and works its way through the filter bed where the colloid is removed
and the treated water exits from the bottom of the vessel.

Feed

Carbon adsorption
GAC

Product

Figure 13.2

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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13.6 Colloids can be removed by the membranes in the ultrafiltration (UF) or
microfiltration (MF) systems.

13.7 Direct removal of colloids is generally practical when the concentration of
colloids is low and probably less than 10–15 mg/L.

13.8 The second approach of removing colloids is converting colloids to dissolved
materials then removing those dissolved materials. This approach is never
used because removing dissolved materials is more difficult, and it does not
make sense to convert colloids to something more difficult to remove. Gen-
erally, removing dissolved materials is more expensive than removing sus-
pended solids.

13.9 The third type of colloid removal is converting them to suspended solids and
then removing the generated suspended solids. This type of colloid removal
is common when we have large concentration of colloids, possibly more than
20 mg/L.

13.10 There are two main problems with colloids that need to be dealt with. First,
these particles carry a charge on the surface, and second, the particle size of
colloids is very small. When they get close to each other, the charges will repel
one another and will not be able to settle. For these reasons, the colloids can-
not settle.

13.11 Then, converting colloids to suspended solids is a two-step operation. The first
step is neutralizing the surface charge of colloid particles – coagulation – and
the second step is bringing together the neutralized colloids parti-
cles – flocculation (Figure 13.3).

Coagulation Flocculation

To “tie” them

together

To neutralize

surface charges

Figure 13.3

13.12 See Figure 13.4 for an example.

Colloids

Coagulation + flocculation

Particles

Figure 13.4

13.13 For coagulation, we need to add a chemical with an opposite charge of the tar-
get colloids. If the colloid carries a negative charge, we need to add a chemical
that carries a positive charge to neutralize the surface charge.
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13.14 Once the charge is neutralized, you need to “tie” the particles together to make
them bigger in order to settle the contaminant and remove it. This process is
called flocculation.

13.15 Coagulants can be organic or inorganic materials. Features of them are shown
in Table 13.1.

Table 13.1

Advantages Disadvantage

Inorganic Less expensive, may have
longer shelf life

Generates more sludges

Organic Generates less sludges, can be
targeted for a specific colloid

More expensive, may have
shorter shelf life

13.16 There are three types of coagulants: cationic coagulants, anionic coagulants,
and nonionic coagulants.

13.17 Cationic coagulants (molecules with positive charges) are used for negatively
charged colloids.

13.18 Anionic coagulants (molecules with negative charges) are used for positively
charged colloids.

13.19 From a pure theoretical view point, coagulants need to be cationic or anionic
(and not nonionic) as they supposed to “neutralize” the surface charge, and
flocculants should be nonionic as they supposed to tie together small previ-
ously neutralized particles together. However, in reality the mentioned duties
are not dedicated to each chemical of coagulants and flocculants. It means
a flocculant may have some “coagulancy” effect, and we like it. Therefore,
cationic or anionic exists.

13.20 Inorganic coagulants are generally salt of metals with valence 3.
13.21 The examples of coagulants are shown in Table 13.2.

Table 13.2

Inorganic Organic

Cationic Salts of Al3+ and Fe3+, like
Al2(So4)3, Fe2Cl3, and Fe2 (SO4)3

Many types are available

Anionic NA
Nonionic NA

13.22 Flocculation is done by adding polymers with long chains, and these long
chains act like hands and bring the colloid particles together.

13.23 Polymeric coagulants and flocculants are specific type of polymers that are
called “polyelectrolytes.”
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13.24 Polyelectrolytes could be in different phases and types. They are shown in
Figure 13.5.

Polyelectrolytes

Solid

Emulsion type Solution type

Liquid

Figure 13.5

13.25 Emulsion-type polyelectrolytes may have oil as the main phase, and then poly-
electrolytes may have “decantation” issue when they are stored for a long time.

13.26 Polyelectrolytes are mixed with water to produce a watery solution with a vis-
cosity of less than 1,000 cP.

13.27 The water that is mixed with polyelectrolyte is called make-down water.
Make-down water should be as clean as possible.

13.28 The concentration of polymer in water should be between 0.2% and 1%. A
polymer concentration less than 0.2% makes the coagulant or flocculant inef-
ficient. A polymer with concentration more than 1% makes the coagulant or
flocculant so viscose and difficult to be pumped.

13.29 Features of coagulation and flocculation operations are shown in Table 13.3.
13.30 Keep in mind that coagulation and flocculation are to convert colloid to sus-

pended solids and they do not “remove” colloids. They simply convert them
to a solid, and we still need to perform steps to remove the suspended solids.
These steps include sedimentation and filtration. Filtration is for low concen-
tration of suspended solids, and sedimentation is for high concentrations of
total suspended solids (TSS).

13.31 If our goal is to remove converted colloids by filtration, then coagulation is
enough. After coagulation, we have particles that can be removed by filtration.

Table 13.3

Coagulation Flocculation

Goal Neutralizing the surface
charges

Tying together the
neutralized small particles

Sizes of generated
particles

20–50 μ 100–500 μ (Up to 1,000 μ)

Required mixing
intensity

Severe: 1 as reference Gentle: 0.3

Duration of mixing Short: 2–4 minutes Long: 20–40 minutes
Chemical dosage Low, maximum 10 mg/L

of coagulant
High, up to 200 mg/L of
flocculant
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The name of this operation is “in-line coagulation.” If you want to remove the
colloids by sedimentation, then we also have to add the step of flocculation to
ensure that the particles are large enough and heavy enough to settle.

13.32 The decision of whether you want to use filtration or sedimentation may
depend on the concentration of colloids and the existing equipment you have
in your system.

13.33 If a sedimentation basin already exists, we take advantage of it and remove
colloids by coagulation and flocculation. Where no sedimentation basin
exists and the concentration of colloids is low (say less than 30 mg/L), we
may choose to remove the colloids only by coagulation and then filtration.

13.34 Table 13.4 lists the most common units for coagulation and flocculation.

Table 13.4

Coagulation unit Flocculation unit

Mechanical mixer
(propeller type or turbine
type) in vessel

Mechanical mixer (paddle type) in vessel
Zigzag-type pipe or baffle-type channel
Sludge bed type

13.35 As coagulation needs severe mixing, it is exclusively achieved by mechanical
mixers.

13.36 Flocculation can be achieved in lower intensity agitation. There are several
ways to do flocculation. Flocculation can be achieved by low intensity mixers
(paddle-type mixers), in-line and after going through specific length of pipe
and several “U’s” (pipe flocculator); by sending water through porous bed of
already developed sludge bed; etc.

13.37 A pipe flocculators are a “tray” of several zigzag row pipes with adequate
length to provide a residence time of more than 30 seconds with minimum
velocity of water more than 1 m/s. Such turbulence will be sufficient to ensure
good mixing of a flocculating agent.

13.1 Coprecipitation

13.38 Almost all colloids can be precipitated together with other precipitating
substances. However, their removal through this method could be marginal
unless the precipitating substance is optimized for the target colloid.

13.39 One famous example is removing silica colloid during precipitation of magne-
sium oxide and magnesium hydroxide. By coprecipitation the silica attaches
to the surface of the magnesium oxide particle and precipitates together.
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14

Dealing with Pathogens

14.1 Microorganisms are a type of suspended solids, but they are not dead sus-
pended solids; they are living matters.

14.2 When talking about pathogens, their weight is very small, and their “removal”
is not always an economical solution.

14.3 Dealing with pathogens could be killing pathogens, destroying the reproduc-
tion system of pathogens, or removing them.

14.4 Generally, dealing with pathogens is regulated and involved a very strict
approach.

14.5 The goal of disinfection is decreasing the number of pathogens in water or
wastewater.

14.6 The reduction in number of microorganisms is reported in factors of 10,
e.g. 10-time reduction and 100-time reduction. The other way to report the
reduction is reporting the percentage of reduction. The more common way
of reporting reduction in a number of microorganisms is expressing not the
factor of the reduction but its logarithm.

14.7 We deal with pathogens through the process of disinfection. All these units
are shown in Table 14.1.

Table 14.1

Pathogen
numbers are
decreased by:

Pathogen
numbers are
decreased by
a factor of:

Expressing
reduction in
number of
pathogens in
log reduction:

Word defines
the action

90% 1/10 1-log reduction Cleaning
99% 1/100 2-log reduction Sanitization
99.9% 1/1,000 3-log reduction

Disinfection99.99% 1/10,000 4-log reduction
99.999% 1/100,000 5-log reduction
99.9999% 1/1,000,000 6-log reduction Sterilization

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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14.8 You can see that the number at the log reduction statement is the total number
of 9 in percentage reduction. For example, 99.99% means 4-log reduction.

14.9 Generally, disinfecting systems for potable water is designed to decrease the
diarrhea-causing pathogens (and their cysts) by 3 logs and to decrease viruses
by 4 logs.

14.10 Some regulatory bodies enforce not only the log reduction but also the number
of pathogen removal/deactivation layers.

14.11 The two available disinfection methods are pathogen removal and pathogen
deactivation. For pathogen removal, as the name suggests, you are removing
the contaminant from the system. For pathogen deactivation, you are not
killing them but simply destroying their reproduction system so they are
unable to multiply.

14.12 Each of the disinfection options can be thought in three means: chemical,
mechanical, or physical. They are shown in Table 14.2.

Table 14.2

Pathogen removal
Pathogen deactivation
(including killing)

Mechanical UF, NF,
coprecipitation

Not available

Physical Not available Heating (boiling
water), UV radiation

Chemical Not available Application of
chemical oxidizers

14.13 Pathogen removal can only be done through mechanical methods. This
includes ultrafiltration or nanofiltration where their membranes can
remove the pathogens. A portion of pathogens can also be removed during
precipitation and through coprecipitation.

14.14 For pathogen deactivation, you have a chemical method where you need to
add chemicals such as chlorine, chlorine dioxide, ozone, etc.

14.15 An old physical method for pathogen deactivation is heating. You can simply
boil the water, which will kill the bacteria and render it harmless. When you
boil the water, it should be in a minute of 100 ∘C for several minutes.

14.16 A more advanced physical method of coping with pathogens is shedding
UV rays. The use of UV light destroys the reproductive system of the
pathogens, and eventually the pathogen population will be decreased until it
becomes zero.

14.17 There could be three types of disinfection depending on the application point.
They are as follows:
(a) Pre-disinfection
(b) (main) Disinfection
(c) Post-disinfection
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14.18 Disinfection units are generally the last unit (or almost the last unit) in water
and wastewater treatment plants to be more effective. The name of this disin-
fection is the main disinfection.

14.19 There could be a need to disinfect water or wastewater further upstream to
limit bio matter activities (and not necessarily deactivating pathogens) in
treatment facility. The name of this practice is pre-disinfection.

14.20 If the treated and disinfected water is directed to a distribution network,
there should be a need to keep the water disinfected in the distribution
network, too. We may need another disinfection for this purpose, which is
called post-disinfection. The goal of post-disinfection is providing a specific
“residual disinfectant” in water.

14.21 In many cases the main disinfection and the post-disinfection tasks are han-
dled by one disinfecting unit.

14.22 As it was mentioned before, there are three types of technology for disinfec-
tion. Out of these three, only chemical disinfection method can be used as
post-disinfection (see Table 14.3).

Table 14.3

As the main
disinfection
unit

As the post-
disinfection
unit

Mechanical Available Not available
Physical Available Not available
Chemical Available Available

14.23 Only a chemical method of disinfection will remain in the water for some time
after the point of treatment. So, if the goal is post-application protection, the
only available method is chemical.

14.24 For example, if there is a water treatment plant that uses UV unit to deactivate
the pathogen, after the treatment, there is always potential for pathogens to
reintroduce themselves into the water. The UV unit may not be sufficient to
fully deactivate the pathogens. In such cases they need to disinfect it again
using a chemical like chlorine for the purpose of post-application protection.

14.25 In many cases for the purpose of post-chlorination, the injection is used to
ensure 0.5–1 mg/L of chlorine existing at the end user.

14.26 The other advantage of chemical disinfecting methods is the fact that they can
be adjusted for surges in the water flowrate by adjusting the injection rate. In
cases of emergency when there is a high surge in water of interest, if the water
treatment plant performs their pathogen disinfection by chlorine, they simply
have to increase the dosage of chlorine to counteract the surge. For the cases
that there is a UV treatment, the UV will not work anymore.

14.27 The most common oxidizing agents for disinfection are chlorine-releasing
chemicals and ozone.
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14.28 Out of chlorine-releasing chemicals, the first is injecting chlorine (gas);
sodium hypochlorite (bleach), which is in liquid form; or calcium hypochlo-
rite, which is in solid form. In big disinfection plants they use chlorine gas,
which is the most economical option. The disadvantage of using chlorine
gas is it can be very harmful and involves many safety precautions and
procedures.

14.29 In low concentrations, you cannot see chlorine, but in high concentrations, it
has a light green hue.

14.30 The features of chlorine-releasing compounds are listed in Table 14.4.

Table 14.4

Chemical
name

Chemical
symbol Phase Storage Advantage Disadvantage

Chlorine Cl2 Gas Off-site:
bottle, ton
tank

No additional
investment is
needed if the
system is
already
available
through
disinfection
system

May create more
odorous
compounds

On-site
generation

Chance of
generation of
trihalomethanes
(THMs)
(carcinogen)

Chlorine
dioxide

ClO2 Unstable
gas

On-site
generation

No generation
of THMs

Needs on-site
package for
generationNot affected by

existence of
ammonia

Hypochlorite NaClO3 Liquid Tanks Easier than
chlorine for
handling

Not economical
in large plantsCa(ClO3)2

Chloramines NH2Cl,
NHCl2,
NHCl3

Unstable
gas

On-site
generation

Less
generation of
THMs

Less disinfecting
effect than
chlorine

Preventing
regrowth of
pathogens

14.31 There are too many safety rules that are difficult to follow all the time. Both
the liquid and solid forms of chlorine are easier to handle than the gas form.
Calcium hypochlorite is used for very small facilities, and sodium hypochlo-
rite is used for medium-sized facilities, and chlorine gas is typical for large
facilities (Figure 14.1).

14.32 Table 14.5 shows a comparison between the three most commonly used
chlorine-bearing chemicals.

14.33 There are two types of chlorine gas injectors (chlorinators): “pressure type”
and vacuum type. In pressure feed systems all chlorine gas pipes are under
pressure, and a smallest lead will lead to release of dangerous gas of chlorine.
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Table 14.5

Name Chlorine gas Sodium hypochlorite Calcium hypochlorite

Chemical
formula

Cl2 NaClO Ca(ClO)2

Type of
commercial
product

In gas form In liquid form:
Solution 12–15% of
NaClO in water (this
product is sold in stores
as “bleach” with the
concentration of 4–6%)

In solid form

Color Light greenish-yellow Translucent liquid
(NaClO by itself is a
white solid powder
that is not generally
marketed)

White powder, white
granule, white tables

Form of product
in market

Capsule Gallons Sealed packing

Names of
disinfection
method

Chlorination Liquid chlorination Solid chlorination

Free available
chlorine

48% 9–11% 46–65%

Advantages Very cost effective Less safety measures
around it

Less safety measures
around it
As it is in solid, no
“release” or “spill” can
happen

Not operator intensive As it is in liquid form,
its spill impacts a
smaller area than
chlorine gas

Long shelf life
Less corrosive than
sodium hypochlorite
solution

Disadvantages Very toxic if it is
released to atmosphere

Limited shelf life
(disassociates to
chlorate)

Limited shelf life if the
packing is opened (it is a
hygroscopic chemical
and will react with the
humidity of air)

Many safety measures
around it for
applications

Corrosive liquid

As it is in gas form, its
release impacts a large
area

More operator
intensive than chlorine
gas injection

More operator intensive
than chlorine gas
injection

Corrosive (except dry)
Injecting system
price

Most expensive Moderately priced
system

The same price as the
sodium hypochlorite
system or lower

Chemical price
(per equivalent
chlorine)

The least expensive
(relative price: 1)

More expensive than
chlorine gas (relative
price: 2)

The most expensive
(relative price: 3)

General
applications

Large to very large
water treatment
systems

Medium to large water
treatment systems

Small to medium water
treatment systems
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Solid chlorinators

(calcium hypochlorite)

Low consumption Mid consumption

40 m3/hr 200 m3/hr

High consumption

Liquid chlorinators

(sodium hypochlorite)

Gas chlorinators

(chlorine gas)

Figure 14.1

Although this system has been used from long time ago, it is not common
anymore. The features of each type are listed in Table 14.6.

Table 14.6

Injection
system Schematic

Injection
type Advantage Disadvantage

Pressure
feed

Chlorine gas Injection of
gas directly
to main
water pipe

Less capital
cost is
needed

Less safe

Vacuum
feed

Chlorine gas

Injector

Water slip stream

Injection of
gas to a slip
stream of
water from
main water
pipe

Safer, if the
chlorine gas
beaks, gas
flow stops

More
expensive
option

14.34 A more detailed schematic of a vacuum feed system is shown in Figure 14.2.
14.35 Chlorine for the purpose of disinfection can be stored in gas form in cylinders

or in liquid form. If vessels of liquid chlorine are used, evaporator is needed to
convert it to gas chlorine for the purpose of injection. Liquid-stored chlorine
is used in very large treatment facilities.

14.36 There are at least two types of liquid chlorine (sodium hypochlorite) injectors.
Their features are shown in Table 14.7.

14.37 “Injection” of chlorine in water by solid calcium hypochlorite is generally
through soaking of tables of calcium hypochlorite in water. A sample diagram
for calcium hypochlorite injectors is shown in Figure 14.3.

14.38 In disinfection process, a specific amount of disinfectant (C) is applied for a
specific time span (T) to deactivate pathogens. Then, a “required C.T” is avail-
able for each type of pathogens, and we need to provide an “available C.T” to
achieve an efficient disinfection (Figure 14.4). T is the time that pathogenic
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Chlorine gas
from cylinder
or ton tank or
evaporator

Chlorine cylinder

Rotameter

Pressure gauge
Vacuum regulator

Differential
regulating valve
(flow regulator)

Vacuum gauge

To
water slip stream

Pressure relief value
Vacuum relief value

Figure 14.2

Table 14.7

Injection system Schematic Injection type

Direct feed
HypoChlorite

solution

Injection of gas
directly to main
water pipe

Indirect
feed

Water slip stream

Injector

HypoChlorite
solution

Injection of gas to a
slip stream of water
from main water
pipe

microorganisms are in contact with disinfectant until they get killed or deac-
tivated.

14.39 The term “C.T” is translated to other terms in different types of disinfection
methods (Table 14.8).

14.40 In more accurate approach the concentration of pathogens attacked by a dis-
infectant is C1–C2 (Refer to Figure 14.5).

14.41 C2 means concentration of disinfectant chemical after the disinfection opera-
tion and after its work to deactivate or killing the pathogenic microorganisms.
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Main water
stream

Solution
tank

TP
01

Tablet
dispender

PI
xx

TP
02

S

DrainFuture

Figure 14.3

Disinfactant

injection

Disinfection
Point A

C

T

Point B

Figure 14.4

Table 14.8

Strength of
attacking element

Duration of
exposure

Term showing effectiveness
of disinfection

All chemical
methods

Concentration of
the chemical (c)

Contact duration (T) Chemical dose delivery
(mg/L s) = C(mg/L). T(s)

UV rays UV ray intensity
(I), fluence rate

Retention time (T) UV fluence
(mJ/cm2) = I(mW/cm2). T(s)

This concentration is named “residual disinfectant” or in the cases of chlorine
as a disinfectant “residual chlorine.”

14.42 The issue we have with almost all disinfecting techniques is that a portion
of added disinfectant (oxidating agent) reacts with some substances in water
(like organics) rather than deactivating the pathogen. We always need to
add “more” disinfectant to water to make sure there is adequate disinfectant
remaining in water for the purpose of disinfection.

14.43 To make sure we are adding an adequate disinfectant into water, we need to
perform a test. This test is called break point disinfection test.
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Disinfactant

injection

Residual

disinfactant

monitoring

Disinfection

Point A

C1
C2

T

Point B

Figure 14.5

14.44 “Break point chlorination test” is the most common type of break point disin-
fection tests. In this test chlorine is added into water, and the residual chlorine
in water is measured. A curve similar to what is shown in Figure 14.6 can be
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constructed. This curve is used to specify the amount of needed chlorine to be
added to water to obtain a specific concentration of residual chlorine in water.

14.1 UV Disinfection

14.45 The mechanism of UV ray deactivate pathogens is destroying their reproduc-
tion system.

14.46 While UV rays have wavelengths between 40 and 400 nm, the wavelength suit-
able for deactivation of pathogens is less than 300 nm.

14.47 Generally, a dosage of 40 mJ/cm2 is required to deactivate bacteria. The range
is 30–50 mJ/cm2.

14.48 UV system comprises UV lamps, UV reactors, and ballast, but it may have
cleaning system, too.

14.49 There are two types of UV reactors:
(a) Enclosed type: This is like a shell and tube heat exchanger where you just

replace the tubes with lamps and the water passes through these tubes
emitting UV light.

(b) Rack type: The second type of UV lamp is like a bundle of UV lamps that
you can put into a channel where the water will pass through.

14.50 Enclosed type is for pressurized flows and are installed in pipes.
14.51 Rack types are for gravity flows and are installed in open channels.
14.52 Figure 14.7 shows an enclosed single-lamp UV system.

UV lamp bulb (glass)

Disinfected water outlet

(Non-disinfected) water inlet

Disinfection chamber (stainless steel)

Figure 14.7

14.53 It is more common to see enclosed UV systems in industrial facilities, while
rack-type UV systems are more common in municipal wastewater treatment
facilities. Another advantage of rack-type UV systems is the fact that they can
be inspected easily as the top is open.

14.54 There are at least two types of UV lamps:
(a) Low pressure
(b) Medium pressure
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14.55 Low pressure UV lamps are older technology and are more common.
14.56 Medium pressure UV lamps are more expensive and are suitable for larger

facilities, say, more than 15–20 MGD.
14.57 Single-lamp UV disinfection systems are available up to 15 gpm. More than

this capacity, multiple lamp systems may be needed.
14.58 From 15 to 20,000 gpm multiple parallel UV lamp units and more than that,

multiple cross UV lamps are used.
14.59 The largest single enclosed UV disinfection unit could handle up to

5,000–6,000 m3/h capacity for enclosed systems. More than this flowrate, we
may need to put several enclosed UV systems in parallel.

14.60 The largest single rack-type UV disinfection unit could be up to 15,000–
20,000 m3/h capacity for rack-type systems. More than this flowrate, we may
need to put several rack-type UV systems in parallel.

14.61 The lifetime of UV lamps is about one year and more.
14.62 It is important to note that if the turbidity of the water is high, the UV lamp

will not work effectively. The reason for this is because the pathogen will not
have enough exposure to the UV light as the UV rays are reflected back by the
turbidity rather than be absorbed by the water to deactivate the pathogens.
The parameter representing turbidity of water in regard to UV systems is
ultraviolet ray transmission (UVT). UVT stands for “UV transmissivity.” In
Figure 14.8, a schematic of the concept of UVT is shown.

Light source DetectorWater sample

UVT = 40%

UVT = 0% UVT = 40% UVT > 95%

40100

Figure 14.8

Ali Sadeghi Digital Library 



264 14 Dealing with Pathogens

14.63 Some examples of UVT in different waters are shown in Table 14.9.

Table 14.9

UVT

Clear and clean
water

≥95%

Public swimming
pools

85–95%

Raw municipal
wastewater

30–40%

14.64 Vendors generally propose their UV system for UVT of minimum 60% or 75%.
14.65 As a rule of thumb, for each 10% increase in UVT of water, the size of the UV

system should be doubled.
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15

Preliminary Design

15.1 Wastewater Management Procedures

15.1 The concept of water or wastewater management is mainly used in industrial
sector but is applicable to water and wastewater streams in houses, stores, and
public institutes.

15.2 What should we do when we are faced with a contaminant? The first action
is NOT treatment.

15.3 Water management procedures includes all methods, but before treatment
concept, the following concepts should be implemented:
(a) Reducing
(b) Reusing
(c) Recycling
(d) Segregation

15.4 Reducing simply means reducing usage of water by a user (Figure 15.1). The
techniques needed for reducing water sometimes go beyond the expertise of
water and wastewater specialist.

Original plant Reduce

Final disposal Final disposal

Unit 1

Unit 2

Unit 3

Unit 1

Unit 2

Unit 3

Figure 15.1

15.5 Reusing means using “wastewater” of one user and the “water” for another
user, before or after treatment of the wastewater stream (Figure 15.2).

15.6 One common example of reusing concept is using of treated wastewater from
industrial facilities for irrigation in agriculture.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Original plant Reuse

Final disposal Final disposal

Unit 1

Unit 2

Unit 3

Unit 1

Unit 2

Unit 3

Figure 15.2

15.7 The other example of the concept of reusing is using treated municipal
wastewater as the feed water in industries.

15.8 Recycling means using the wastewater from a unit or a combination of units
as the feed for the same unit(s) after treatment (Figure 15.3).

Original plant Recycle

Final disposal
Final disposal

Unit 1

Unit 2

Unit 3

Unit 1

Unit 2

Unit 3

WWTP

Figure 15.3

15.9 The concept of segregation refers to practices that avoid mixing high concen-
trated wastewater streams with more diluted wastewater streams. In many
cases treatment of a highly concentrated wastewater stream is less expensive
than treatment of that wastewater stream after mixing with a high flowrate
and of that dilute wastewater stream (Figure 15.4).

Original plant Segregation

Final disposal

Final disposal

Final disposalUnit 1

Unit 2

Unit 3

Unit 1

Unit 2

Unit 3

WWTP 2

WWTP 1

Figure 15.4
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15.10 The concept of segregation is used in many industries. They may have an
overall wastewater treatment plant, but some units (which generate specific
wastewaters and with high concentration) may have their own treatment sys-
tem, which is called in-plant treatment system (Figure 15.5).

In plant treatment

Final disposal

Unit 1

Unit 2

Unit 3 WWTP

WWTP

Figure 15.5

15.2 Conceptual Dealing with Contaminants

15.11 Water contamination issues are traditionally solved through one of the fol-
lowing approaches (vertical approach):
(a) Inherent approach
(b) Passive approach
(c) Active approach
(d) Procedural approach

15.12 The inherent approach involves moving away from the issue. In this case, an
inherent solution would mean relocating the terminal to an area where sus-
pended solid in the groundwater is below the limit or eliminating the storm
water collection system. Neither approach is an option in this case.

15.13 In the passive approach, the occurrence of the issue is fundamentally avoided.
This approach recommends alternative 4, which involves the replacement of
the existing storm water collection system with a closed, sealed piping system,
which would avoid the infiltration of the groundwater and which contains a
high concentration of suspended solid, into the storm water collection sys-
tem. A new storm collection system that prevents the majority of groundwater
infiltration would reduce the contamination of the storm water by the ground-
water.

15.14 The third approach is an active approach. All the treatment methods con-
sidered for this study fall under this category. In this approach suspended
solid is “actively” removed from the contaminated storm water. This approach
includes alternatives 1, 2, 3, and 5.

15.15 In this procedural approach, the problem is solved by implementing a protocol
or standard operating procedure (SOP). This approach is not effective here as
there is no specific procedure that can prevent contamination of storm water
with the high suspended solid underground water.
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From the other side, treatment methods can be classified as follows:
(a) Source control (pollution prevention)
(b) Path control
(c) Receiver control

15.16 Then, a systematic approach can be developed by merging these two classifi-
cations (Table 15.1).

Table 15.1

Source control
(pollution prevention)

Path
control

Receiver
control

1 Inherent approach NA NA
2 Passive approach NA
3 Active approach NA
4 Procedural approach NA

Example: Table 15.2.

Table 15.2

Source control
(pollution
prevention) Path control Receiver control

1 Inherent approach Not available NA NA
2 Passive approach NA Alternative 4 Not available
3 Active approach NA Alternative 1 Not available

Alternative 2
Alternative 3

4 Procedural
approach

NA Not available Not available

15.17 In majority of cases, the receiver control is not applicable as there is a legal
requirement to remove the contaminant before reaching to the receiver.

15.18 From the other side, there could be three different ways of addressing the con-
taminants. They are as follows:
(a) Removing
(b) Diluting
(c) Masking the contaminants

15.19 The best method of dealing with a contaminant is removing it, and, in many
cases, it is the only legally acceptable solution.

15.20 In some cases, diluting contaminated water could be acceptable at least as a
temporary solution.
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15.3 Flowrate Estimation

15.21 Estimation of flowrate is generally the first step on designing treatment facil-
ities.

15.22 Estimation of flowrate for different sectors is shown in Table 15.3.

Table 15.3

Municipal Industrial

Water Estimated based water usage of four
sectors of municipal water

Per manufacturer’s request or by
measurement of wastewater flowrate
in similar industrial facilities

Wastewater Estimated based wastewater
generation of four sectors of
municipal wastewater plus impact of
collection network (if exists and is
large) or estimation based on
“conversion percentage of water to
wastewater” of each sector

Per manufacturer’s report or by
measurement of wastewater flowrate
in similar industrial facilities

15.23 For estimation of industrial water or industrial wastewater, we heavily rely on
the manufacturer’s data.

15.24 Estimation of flowrate in municipal sector is difficult not only because peo-
ple’s behavior is different but also because the serving population is chang-
ing, and treatment facility should cover the needs of societies for many years
(10–20 or more years) after the design and construction of the facility. This
period is called “design period.”

15.25 Municipal sector has four water consumers and consequently four wastewater
generators. They are as follows:
(a) Residential sector
(b) Institutional sector
(c) Commercial sector
(d) (Light) Industrial sector

They are defined in Table 15.4.
Then:

Base wastewater = Residential + Institutional + Commercial

+ Industrial

15.26 Estimation of residential water is not straightforward. A summary of arbitrary
guidelines is presented in Table 15.5.

15.27 The water usage of institutional sector and commercial sector is estimated
based on published data for water usage per their “capacity” (number of beds,
number of tables, etc.) or per the number of serving individuals per day.
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Table 15.4

Sectors Definition/examples

1 Residential Houses and apartments
(domestic wastewater)

2 Institutional Schools, hospitals, etc.
3 Commercial Stores, malls
4 Industrial Light industries within cities

Table 15.5

Name Purpose Tolerable duration

Water
consumption
(L/capita/day)

Absolute minimum
consumption rate

Survival consumption
(only drinking)

Bearable only for a
few days

3–4

Minimum
consumption rate

Short-term emergency
period consumption

Bearable only for a
few weeks

5–7

Medium consumption
rate

Long-term emergency
period consumption

Bearable for a few
months

15–20

High consumption
rate

Comfortable
consumption

Bearable for long
time

Depends on the
level of luxurious
living from 50 to
700 or more

15.28 Estimation of municipal wastewater based on conversion percentage of water
to wastewater can be done if a good estimate of such percentage is available
for each sector. Typical percentages for each sector are shown in Table 15.6.

Table 15.6

Sectors Conversion percentage of water to wastewater

1 Residential Vertical living: 85–90% or more
Horizontal living: 70–80% or more

2 Institutional Similar to residential but could be higher if
they have water saving plans in place

3 Commercial Similar to residential but could be higher if
they are in compound forms and have water
saving plans in place

4 Industrial Generally higher than other sectors up to
90–95% or more
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15.29 The amount of water used in industries is wide. Their water consumption
can be classified based on the ratio of their used raw materials or their gen-
erated products. Such ratios are called “specific water consumption.” Specific
water consumption ideally should be zero; however, it is not the case in real
world. Table 15.7 shows the range of specific water consumption based on the
generated products per unit of m3 of water per ton of product.

Table 15.7

Specific water
consumption
(m3/ton) Class of industry Definition Examples

<1 Low water-intensive
industries

Generally, fully dry
processing plants

Cement
manufacturing

1–50 Moderate
water-intensive
industries

Many industries try to
bring their consumption
at least in their class

Many food
industries

50–100 High water-intensive
industries

Interim target of
traditionally high specific
water consumption
industries

Pulp and paper
industries

>100 Very high
water-intensive
industries

Older industries Older pulp and
paper industries

15.30 Wherever wastewater collection network exists, it affects the generated
wastewater by variety of sectors.

15.31 If we name the amount of wastewater generated by each sector at the inlet of
collection network as “base flowrate,” the wastewater flowrate at the inlet of
wastewater treatment facility can be calculated by the following formula:

Total wastewater = Base wastewater + Inflow + Infiltration − Exfiltration

15.32 Three terms of inflow, infiltration, and exfiltration come to the scene because
the issues of lack isolation between sewer pipes and environment. They are
explained in Table 15.8.

15.33 Sometimes the impact of inflow+ infiltration is shown as the parameter of
“I/I.”

15.34 As inflow and infiltration are also functions of rain fall, the flowrate of
wastewater, which is receiving to wastewater treatment facility, could be
different in “dry weather seasons” and in “wet weather seasons,” and in wet
weather the flowrate is always higher. Then:

Total wastewater at wet weather = base wastewater + (inflow + infiltration)

at wet weather

Total wastewater at dry weather = base wastewater + (inflow + infiltration)

at dry weather
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Table 15.8

Inflow Infiltration Exfiltration

Symbol Inflow

Manhole

Concept Trickling water from
outside of sewer into it

Seeping water from
outside of sewer into it

Seeping water from inside
of sewer to surrounding

Issues Increased flowrate of
wastewater into the
treatment facility

Increased flowrate of
wastewater into the
treatment facility

Soil contamination

Additionally, using
carrying capacity of
collection network

Additionally, using
carrying capacity of
collection network

Groundwater
contamination

Where From manholes From cracks of sewer
pipes

From cracks or gaps of
sewer pipes in force mains

Function
of:

Number of manholes
and the level that they
are sealed, rain fall
intensity

Level of water table,
hydraulic conductivity
of soil, and oldness of
sewer pipes, rain fall
intensity

Hydraulic conductivity of
soil, oldness of sewer
pipes, and pressure of the
wastewater in the force
main

15.35 When we discuss high capacities and low capacities, how do you know what
that means in terms of values? The rules of thumb for water and wastewater
treatment plant capacities can be seen in Table 15.9.

Table 15.9

Flowrate (m3/day) Size Range

0–2,000 Very small sector
Industrial

M
unicipalsector

2,000–10,000 Small
10,000–20,000 Medium
20,000–100,000 Relatively large
100,000–200,000 Large
200,000–1,000,000 Very large

15.36 Municipal water plants have generally high capacities but can range from very
small to 1,000,000 m3/d. The reason the range is so large is because on the
municipal side we have some communities in villages up to big metropolis
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cities like Toronto or Vancouver that encompass its surrounding communi-
ties. Thus, municipal water capacity has a direct correlation to the population
the municipality services.

15.37 Industrial water plants generally have lower capacities that would range from
0 to 20,000 m3/d. It is unlikely that you will find the need for over 1,000 m3/h
industrial water plant. The bigger users of water in industries are power
plants, oil industry, etc. They are on the edge of the medium water capacity
range and have started to enter the relatively large capacity range.

15.38 Table 15.10 outlines more detailed description of water/wastewater in differ-
ent sectors.

Table 15.10

Population
Production
(m3/h) Municipal Commercial Industrial Type of system

1 0.01 Personal
water
system

NA
NA

Portable desk
top

1–5 0.01–0.05 Home
water
package

NA NA Sit stand

5–50 0.05–0.5 NA Small
commercial

NA Skidded

50–100 0.5–1 NA Mid-
commercial

Small
workshops

Skidded

100–1,000 1–10 Hamlet Commercial Workshops Containerized
1,000–5,000 10–50 Small

village
NA Small

Industrial
inside city

Containerized

5,000–10,000 50–100 Village–
small town

NA Mid-
industrial
around city

Containerized–
field-erected

10,000–100,000 100–1,000 Town NA Large
industrial

Field-erected

100,000–500,000 1,000–5,000 Small city NA NA Field-erected
500,000–5,000,000 5,000–

500,000
Medium
city

NA NA Field-erected
(largest single
facility)

5,000,000–
10,000,000

50,000–
100,000

Large city NA NA Field-erected

>10,000,000 >100,000 Megacity NA NA Field-erected

15.4 Dealing with Fluctuations in Consumption
in Treated Water

15.39 After treating water, it should go to the water user.
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15.40 If there are more than one user and the amount of water usage is changing
(for example, in the case that users are human and not equipment) and the
supplied flow is also changing, a system should be provided to handle such
fluctuations (Figure 15.6).

Raw water Treated water

Water treatment

plant

System to

handle

fluctuations

Raw water source

Treated water users

Water distribution network

Figure 15.6

15.41 There are generally three methods to deal with fluctuation in the water
requirements. They are “hydropneumatic tank and fixed rpm distribution
pump(s),” “distribution pump(s) with variable frequency drives (VFDs),”
and “elevated tanks to tanks placed on elevated grounds.” The features of
these three methods are listed in Table 15.11.

15.5 Dealing with Surge at the Beginning
of Wastewater Treatment Plants

15.42 Surge refers to change in flowrate of raw wastewater stream and/or composi-
tion of it.

15.43 We have surges wherever people are involved.

This can be compared to morning rush hour in public transportation. The surge
occurs at the peak. No city designs its public transportation system based on
morning rush hour. If we do that and design for peak morning rush hour and
give everyone a seat on the bus, once morning rush hour is over, the busses will
be mainly empty.

15.44 This is neither economical nor practical to design a system based on the peak
rate. The same principle applies to water treatment plants. We design based
on a dampened flow as you can see in Figure 15.7.

15.45 Surges are seen in industrial and municipal wastewater streams.
15.46 The surge in municipal wastewater is because of people’s trend in behavior.

For example, many people wake up in the morning and shower, which cre-
ates a surge in water demand. Then they go to work, which decreases the
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Table 15.11

System type Schematic Features Application

Hydropneumatic
tank and fixed
rpm pump(s)

Hydropneumatic tank

Air

Treated
water

To
users

Water

Pressure relief valve
Air compressor

(on-site motor-driven)

Older method,
less
complicated,
better option
where a lesser
number of
water uses are
available

More common
in providing
water for a
single house or
small
communities

Distribution
pump(s) with
VFDs

Atmospheric tank

Pump with VFD

VFDTreated
water To

users

Needs VFD
that could be
expensive, may
need skillful
personnel

More common
in industrial
settings

Elevated tanks to
tanks placed on
elevated grounds

Treated
water

To
users

Old method; in
big cities built
on sloped
areas, just a
suitable site is
found to place
the water tank;
in cities built
on flat areas,
elevated
tank(s) should
be built

For medium to
large cities

Q Q

t t

Qdesign

Qdesign

Figure 15.7

water demand. At lunchtime, people may drink more water, thus increasing
the water demand again.

15.47 In municipal wastewaters, surges are more in small communities and less in
large communities.

15.48 Surges are smaller in small communities because people tend to follow the
same trends, same general time to wake up, to shower, to go to work, to cook
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dinner, etc. In big cities, there are so many people with very diverse schedules
that it would not be uncommon for some people to take showers even at 2 a.m.

15.49 One example of small communities are worker camps, the camp is similar to a
small village. Although while workers are at work during the day and demand
is low, once they return in the evening, the water demand spikes when they
take a shower and get ready for bed.

15.50 In industrial sector the magnitude of surge depends on specific activities in
each work shift. Surge is generally less in continuous process facilities and
more in batch-wise process facilities.

15.51 As a result of these trends in human behavior, the surge in municipal systems
could be higher than in industrial systems.

15.52 The magnitude of surge is specified by the parameter of “peaking factor.” The
ratio of the maximum flow to the average daily flowrate is called “peaking
factor.”

15.53 Typical peaking factors in different sectors are shown in Table 15.12.

Table 15.12

Sector Peaking factor

Small cities 4–5 but could be as
high as 10 or more

Large cities 1.5–4
Fully continuous
industrious

1.1–1.5

Semicontinuous, batch,
or seasonal industries

Could be as high as
4–5 or more

15.54 In addition to surge in flowrate, we can also have surges in water param-
eters such as contaminant concentrations. The concentration of iron and
manganese can go up and down. The concentration of hardness can go up
and down.

15.55 Surges can be mitigated by placing a tank, which is named equalization tank
or surge basin.

Without dampening the surge, designing based on larger flowrate in a city that
has a peaking factor of 2 means the wastewater treatment facility is designed
for TWO cities of that size.

15.56 The whole purpose of surge tanks (equalization tanks) is dampening surge to
less than three.
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15.57 The way we dampen the surge is to install an equalization or surge tank
upstream of the water treatment facility. Figure 15.8 shows two installations
for equalization tanks. One is inline and one is offline.

EQ tankInline

Offline

EQ tank

Plant

Plant

Figure 15.8

15.58 For the inline installation, the equalization is in series with the plant. This
means that all of the source will go through equalization tank where the
flowrate stabilizes and the contaminants get a chance to mix, thus dampening
the concentrations before entering the plant.

15.59 For the offline installation, the equalization tank is installed parallel to the
plant where the equalization tank will handle excess flow during surge that
the plant is not designed to handle. Offline system mainly dampens flowrate
but does little to dampen concentrations.

15.60 Sometimes, both types of equalization tanks (inline and offline) are used in a
single facility. Therefore, an equalization tank was installed upstream of the
plant in series, and another tank was installed in parallel to the plant. The
reason was because the surge in flowrate was very large so the offline tank
was able to handle the excess surge that the inline tank could not.

15.61 While sizing of equalization basins may need time-consuming procedures,
but as a general rule, equalization basins can be sized based on the norms
stated in Table 15.13.

Table 15.13

Small
wastewater
generators

Medium
wastewater
generators

Large
wastewater
generators Specific cases

Residence of equalization tank 2–5 hours 5–10 hours 24 hours More than 24 hours

15.62 Flowrate is the most important design parameter in design of treatment facili-
ties. However more than one flowrate can be defined for each treatment facil-
ity. Table 15.14 shows these flowrates and their usage during designs.

15.63 The flowrate parameters in industrial sector are in Table 15.15.
15.64 The flowrate parameters in municipal sector are in Table 15.16.
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Table 15.14

Chemical
engineering
naming

Industrial
wastewater

Municipal
wastewater The parameter could be basis for:

Normal
flowrates

Average daily
flowrate

Average daily
flowrate

Mass balance table, nominal
capacity of plant, estimation the cost
of chemical consumption and
electricity consumption

Design
flowrates

NA Maximum daily
flowrate

Sizing of “voluminous items” like
tanks including equalization tank

Maximum
hourly flowrate

Maximum
hourly flowrate

Sizing of all units
Sizing of pumps and pipes

Table 15.15

Chemical
engineering
naming

Wastewater
engineering
naming Typical values How is it measured?

Normal
flowrates

Average daily
flowrate

1 Total generated wastewater during
one year is divided by 365

Design
flowrates

Maximum
hourly flowrate

1.2–1.3 times to
average daily
flowrate

A day (or groups of days) with high
flowrates is (are) selected and
wastewater flowrates in different
times are monitored. The maximum
number is reported

Table 15.16

Typical values

Chemical
engineering
naming

Wastewater
engineering
naming

Before
equalization
tank or when
equalization
tank does
not exist

After
equalization
tank How is it calculated?

Normal
flowrates

Average
daily
flowrate

1 1 Total generated wastewater during
one year is divided by 365

Design
flowrates

Maximum
daily
flowrate

1.5–10 1.5 Wastewater generated in each day
during one year is reported and the
maximum number is selected

Maximum
hourly
flowrate

1.5–10
(peaking
factor)

3.0
(dampened
peaking
factor)

A day (or groups of days) with high
flowrates is (are) selected and
wastewater flowrate in different
times are monitored. The maximum
number is reported
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15.65 Table 15.16 shows that even with extra provisions to dampen the flow, the
system is still designed for higher flowrate. Municipal systems can still be
designed for 50% more demand and up to two times as much demand.

15.6 Location of Water Consumer/Wastewater
Generator in Relation to Treatment Facility

15.66 There are two types of treatment facilities in terms of their vicinity to the water
consumer or wastewater generators. They are centralized facilities and on-site
facilities. Their schematics are shown in Table 15.17.

Table 15.17

Centralized On-site

Water treatment

Water
consumer

Water
consumer's

property

Treated water
to other

consumers

Water
treatment

facility

Water consumer's property

Water
treatment

facility

Water
consumer

Wastewater treatment
Wastewater
generator's

property

Wastewater
generator

Wastewater
from other
generators

Wastewater
treatment

facility

Wastewater generator's property

Wastewater
generator

Wastewater
treatment

facility

15.67 On-site methods are used where distribution network or collection network
is not available or using them is not permitted.

15.68 In majority (or all) of on-site municipal wastewater treatment facilities,
the final treated wastewater is handled through geo-treatment methods
(Chapter 17).

15.69 Features of centralized and on-site treatment facilities are listed in Table 15.18.

Table 15.18

Centralized On-site

Water
treatment

Municipal: Default
solution – a water
treatment plant

Municipal: Point-of-use water treatment
systems are available for remote area where
the potable water distribution network is not
available

Industrial: Sometimes
done in industrial parks

Industrial: Default solution – generally
speaking, on-site systems (unless the industry
uses city potable water)

Wastewater
treatment

Municipal: Default
solution – a water
treatment plant

Municipal: On-site wastewater treatment
systems for remote wastewater generators or
when a suitable disposal water body is not
available for the treated wastewater

Industrial: Sometimes
done in industrial parks

Industrial: Default solution (or simply
discharging in public sewer without treatment)
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15.7 Materials of Construction

15.70 Plastic and fiber-reinforced plastics (FRPs) are used in small or medium-sized
water or wastewater treatment plants. They are acceptable when the weather
is not very aggressive or when the plant is intended to be indoor.

15.71 Metallic units are used when a more robust plant is needed. They are also used
in water or wastewater treatment facilities that water in high temperature is
dealt with.

15.72 In very large water and wastewater treatment plants, concrete units are used
as they are very competitive in large sizes.

15.73 Concrete items could be cast-in-place or precasted. Prefabricated, precast con-
crete items are less expensive and are available for common items and in
standard sizes.

15.74 Ponds are the only units that could be built by soil. Earthen ponds are inex-
pensive containers.

15.8 Plants’ Construction Options

15.75 The options for water and wastewater plant construction are as follows:
(a) Portable (or bench-top)
(b) Skid-mounted
(c) Containerized
(d) Field-erected plants

15.76 Skid-mounted units: These are preassembled units that only need to be
secured on the ground to be readied for operation. They are generally
fabricated to be secured on one or more pallets for easy transportation. They
may need covering building if they need to be indoor. They could be in plastic
or metallic.

15.77 Containerized units: These are preassembled units that are installed inside of
commercial sea cans. They could be in plastic or metallic.

15.78 For a simple filtration system, up to 200 m3/h system can be contained in one
40-ft sea can. For more complicated systems, the capacity of containerized
systems could be less than 200 m3/h.

15.79 Dimensions of sea containers are shown in Table 15.19.

Table 15.19

Length Width Height

8′ container 8′ 8′ 8′6′′

10′ container 10′ 8′ 8′6′′

20′ container 20′ 8′ 8′6′′

40′ container 40′ 8′ 8′6′′

53′ container 53′ 8′ 8′6′′
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15.80 The most common sizes of sea containers are 20 and 40 ft containers
(Figure 15.9).

20′

8′

8′

40′

Figure 15.9

15.81 In containerized units the pipes are secured mainly on walls and on the corner
of floors.

15.82 There is a second type of containerized systems. In these systems, not sea cans
but modular/portable buildings are used.

15.83 Field-erected units can be built with field-fabricated units or shop-fabricated
units or combination of equipment.

15.84 Field-erected units could be metallic or concrete type.
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16

Basic Design

16.1 The main purpose of basic design is developing string of unit operations and/or
process units to perform a specific treatment. This activity is basically the devel-
opment of a process flow diagram (PFD).

16.2 The basic design of water or wastewater plants includes these steps:
(a) Finding/estimating the flowrate of the stream you want to treat (contami-

nate stream).
(b) Finding/estimating the concentration of contaminants in the contami-

nated stream.
(c) Finding/estimating the target stream specifications (e.g. from regulatory

bodies).
(d) Grouping the contaminants into five groups of settleables, floatables, dis-

solved matters, colloids, and pathogens.
(e) Deciding about the suitable units for removal of each group of contami-

nants and tying together the selected units.
16.3 The first step of process design is estimating or measuring the flowrate of water

or wastewater stream that needs to be treated. This is not always easy and some-
times need many assumptions. This was discussed in Chapter 15.

16.4 The second step of process design is developing one (or more) water analysis
as the “design water analysis.” Chapter 7 can be used to develop such design
water analysis.

16.5 The third step may need communications with other stakeholders.
16.6 The fourth step is grouping the water contaminants in five groups of settleable

materials, floatable materials, colloids, dissolved materials, and pathogens.
16.7 The fifth step is deciding about the most suitable removal methods for each

contaminant. In this step, then, the selected units are placed together to reach
to the specific treatment. This will be discussed in this chapter. The removal
methods of each group were discussed in “Part B” of this book.

16.1 Finding the Most Suitable Removal Methods

16.8 If amount of a specific contaminant is more than 10%, it makes more sense to
recover it rather than remove it.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.

Ali Sadeghi Digital Library 



286 16 Basic Design

16.9 Under finding suitable methods, there are two decisions to be made. They are
as follows:
(a) First, decision on using of either nature-based methods (refer to

Chapter 17) or man-made methods.
(b) The second decision is the type of contaminant conversion unit to be used,

either mechanical, chemical, or biological methods.
16.10 There are basically three types of contaminant removal units. They are as

follows:
(a) Mechanical methods
(b) Chemical methods
(c) Biological methods

16.11 Examples of each of contaminant removal units are shown in Table 16.1.
16.12 General definition of each contaminant removal units is summarized in

Table 16.2.
16.13 Mechanical methods are separation of contaminant A from water.
16.14 Chemical methods can be used in three ways:

(a) First, by converting contaminant A into contaminant B where it can be
removed more easily (contaminant B is in many cases a suspended solid).

(b) Second, by converting contaminant A into a harmless component C that
we do not need to worry about anymore.

(c) Lastly, by masking contaminant A that prevents it from causing harm.

Table 16.1

Type of treatment Example

Mechanical Sedimentation, flotation
Chemical Precipitation, oxidation
Biological Removal of organic

materials in many cases

Table 16.2

Type of treatment Mechanism of treatment

Mechanical Separation of contaminant “A” (applicable when “A” is an
easy-to-remove contaminant)

Chemical Converting contaminant “A” to an easy-to-remove
contaminant “B”
Converting contaminant “A” to a
harmless substance of “C”
Masking contaminant “A”

Biological In majority of cases, converting contaminant “A” to
easy-to-remove contaminant “B” through biological
conversion
In some cases, converting contaminant
“A” to harmless substance of “C”
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16.15 Biological treatment is nothing very different than the chemical treatment.
The difference is that in chemical treatment the change is done by chemicals
and through chemical reactions, while in biological conversions, it is done by
microorganisms (like bacteria) and through biochemical reactions.

16.16 Biological methods can be used in two ways:
(a) First, by converting contaminant A into microorganisms’ body (which are

a type of suspended solids).
(b) Second, by converting contaminant A into a harmless component C that

we do not need to worry about anymore.
16.17 As an example, in warm lime softener, part of it is a mechanical method and

part of it is chemical, so it is a hybrid between chemical and mechanical
method.

16.18 The fourth methods can be defined as “chemical addition methods.” Chem-
ical injection is a specific type of chemical method, but only chemicals are
added to the system, and these chemicals tend to be more expensive than
chemical prices in general chemical methods. For example, lime softening is
a chemical method, while injecting oxygen scavenger is a chemical injection.
Generally, chemicals in conventional chemical methods are commodity-type
chemicals, while in injection chemical methods are specific-type chemicals.

16.19 The general ranking of the removal methods in preferential order is as follows:
(a) Biological methods
(b) Mechanical methods
(c) Chemical methods
(d) Chemical injections

16.20 The best method is biological method because there are some bacteria that
work for us to treat wastewater, and these bacteria do not need to get paid
or supplied with Windows 10, for example. This is the reason we love bio-
logical methods. In water treatment industries, there is a push to find more
biological methods to remove contaminants. At present, there only exist bio-
logical treatments to remove organic compounds and some heavy metals. For
example, there is no biological method available to remove hardness.

16.21 The second preferred removal strategy is mechanical methods. In mechanical
methods, their function is very predictable. When you have a clarifier, if you
design it correctly, it works perfectly as expected.

16.22 The third is chemical methods. In this method, we are adding chemical to
convert contaminant A to something else. There is a lot of ambiguity in this
method as we are unsure that if we add this chemical that it will do what we
intend and not impact another contaminant. There is a high level of unpre-
dictability with chemical methods for this reason. If this method is used, a
pilot plant is generally required to ensure the chemical will perform as it was
designed.

16.23 Chemical injection is the least desirable method of contaminant removal strat-
egy because it uses chemicals that are expensive. Another downside to chemi-
cal injection that is often overlooked is that you are adding a new contaminant
into the water by adding a chemical.
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I had a project with a fish protection center that was an environmental body
who regulates aquatic life in the ocean. They had samples of water that they
wanted a water analysis for, but their key requirement was that no chemicals
be added to the water sample because they wanted to check the tolerability
of marine life with the water. If you add chemicals, you will be changing the
environment.

16.24 Table 16.3 shows a comparison of different treatment methods and how they
rank based on different parameters.

16.25 After choosing the removal methodology, equipment should be selected.
Some of important points are as follows:
(a) Capital cost of all methods could be not very different from each other.
(b) Operating costs for chemical methods are high due to the price of the

chemicals.
(c) Ease of operation is high with both chemical and mechanical methods

and medium with biological methods because you need to pamper the
bacteria for it to do something for you. One main feature of biological
treatment is that their control is mainly manual control rather than auto-
matic control. There is no process analyzers for many biological param-
eters, and then we rely on operators to measure parameters and take the
required actions.

(d) Established design basis is very important for engineering companies. For
chemical methods, there is high rate of established design basis. For bio-
logical methods, the established design basis is low because bacteria are
like human where we want it to treat wastewater but they may refuse to
do that so there is a level of unpredictability.

16.26 For each contaminant removal system, which is a candidate for our design,
we need to think about the following considerations:
(a) What is the minimum capacity of the system of interest available in the

market? (This is important when you have a small flow of contaminated
stream.)

(b) You may need to switch to a batch system if there is no available continu-
ous system in the market.

(c) What is the maximum capacity of the system of interest available in the
market? (This is important when you have a large flow of contaminated
stream.)

(d) What is maximum and minimum acceptable contaminant concentration
in the inlet of the unit?

Table 16.3

CAPEX OPEX
Ease of
operation Efficiency

Mechanical M M H H
Chemical M H H M
Biological M L M L–M
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(e) What is minimum achievable contaminant concentration?
(f) Do we need to put equipment in series and/or in parallel?

16.27 We may need parallel removal units when our flowrate is larger than the max-
imum available capacity of the unit in the market.

16.28 We may need to put units in series when we need further treatment.

16.2 Developing String of Units

16.29 To develop a string for removal of contaminants, the following points should
be considered.
If each contaminant should be removed in in one dedicated unit or in several
units, consider the following:
(a) What would be the suitable sequence of contaminant removal?
(b) Which provisions should be considered to protect each selected unit (pre-

treatment and posttreatment)?
16.30 From a purely technical view point, separation of different contaminants

should be done in separate dedicated units. However, in practice, we try
to merge the units together as much as we can to decrease the cost of
projects. Practically, units can be merged together when/if merging two
(or more) multiple units are technically doable, and by merging units
together, the load on previous dedicated units does not increase by more than
20–30%.

16.31 The good thing is that each single equipment may remove more than one con-
taminant, and we need to take advantage of this. Thus, using a schematic like
what is shown in Figure 16.1 or like in Table 16.4 can be used to accurately
track each contaminant in different removal units.

16.32 Figure 16.2 shows the order you can remove the contaminants in a treatment
plant.

16.33 First step is stabilizing the flowrate and concentration of the stream by adding
an equalization tank. Then, we remove floatables and colloids, settleables, and
then dissolved materials. Lastly, we deal with pathogens by disinfection.

16.34 Figure 16.3 shows that you also need to consider to “protect” each unit you
choose to utilize for your water treatment process.

16.35 When you have a unit operation, you need to think about whether any pre-
treatment may be necessary. It is true that each unit is designed to remove
a specific contaminant; however, some other contaminants that exist in the
feed stream could be harmful to the unit, and they should be removed in pre-
treatment unit(s).
Example 1: If the operation is a reverse osmosis (RO) unit, if you have iron
in the feed water, it will damage the membranes in the RO. As such, the
pretreatment for the RO is the removal of iron. Even if the client’s product
specification does not require the removal of iron, this is still necessary if you
choose to use an RO unit. The removal of iron in this case is to protect the
equipment rather than to meet product specification.
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Figure 16.1
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Table 16.4

Unit 1 Unit 2 Unit 3

Contaminant 1 5% Main remover:
90%

5%

Contaminant 2 Main remover:
60%

30% 10%

Contaminant 3 33% 33% 33%

Figure 16.2
Stabilizing Q and C of stream

Floatables

Settleables removal

Dissolved removal

Dealing with pathogens

Colloids removal

Figure 16.3
Unit operationPre treatment Post treatment

Example 2: In conventional sand filtration, the total suspended solid should
be less than 100 mg/L; otherwise it is not economical, and the unit needs to
be backwashed very frequently.
Example 3: In UV disinfection units the requirement is strict. To make sure the
UV rays pass through water effectively, the water should be clear adequately.
A typical requirement is as follows: turbidity (≤1 nephelometric turbidity unit
[NTU]) and UV transmittance (≥75%).

16.36 The consideration of a posttreatment is also valid to prevent the condition
that we have created in the unit operation. The posttreatment is more com-
monly required for chemical operation. In mechanical removal methods, you
are not adding things that will alter the characteristics of the water. Also, the
impacts of the mechanical removal only occur in the unit operation and does
not continue to happen once the water leaves the unit.
Example 1: If we continue with the RO unit example, the process of RO will
generally drop the pH of the water by half to one unit. Sometimes this drop in
pH level is acceptable; sometimes it may not be. The posttreatment in cases
where it is not acceptable to have a lower pH level is to add caustic to the
stream to increase the pH level and reverse the effects of the RO on the water.
In municipal systems, they send RO treated water to a decarbonator to strip
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the CO2 from the water, which will increase the pH. CO2 is acidic in nature;
thus, removing it will give a more basic product.
Example 2: Another example of posttreatment is in lime softening where
you remove hardness by adding lime and other chemicals to the water. The
water that exits the lime softening unit still contains all the chemicals used
to remove the hardness so it is still susceptible to precipitation. The goal is to
precipitate the ions that cause hardness, but we want this to occur inside the
lime softener unit where it is designed to remove the precipitate. Outside of
the unit, precipitation can cause other problems for the downstream units.
To counter the effects of the lime softening unit where the pH is increased
to allow for precipitation, the posttreatment is to add acid to the water to
decrease the pH. Note: This is a general practice in cold lime softeners.

16.37 In an ideal world, it would be nice to have a table listing all the unit operations
and the recommended pre- and posttreatments that should be considered.
However, you will quickly realize that such a table does not exist because
technology is constantly improving, so limitations that may have existed 5
or 10 years ago when using certain unit operations are no longer a problem.
Vendors have come up with new solutions to mitigate the side effects of using
their technology.
Several years ago, even 0.5 ppm of chlorine as feed to an RO unit was harmful
to the membranes. However, this is no longer the case. The fabricating com-
panies are working hard to minimize the limitations. Thus, it makes sense
that there are no books listing these recommended pre- and posttreatments
because it will quickly become obsolete as technology changes. Specialists in
the field of water treatment should have their own tables that they can keep
updating as required.

16.3 Rule of Thumbs in Developing String of Removal
Units

16.38 Removing settleable or solids is the most common units in water and wastew-
ater treatment. It is because in majority of cases we convert other types of
contaminants to solid contaminant for removal.

16.39 In solid removal we may face with organic solids and/or inorganic solids.
When inorganic solids occupy more than 40–60% of total solids, organic
and inorganic solid materials should be removed in different units and not
together.

16.40 A hypothetical string for removal of suspended solids with only “sieves” starts
with one or more surface filters (strainers), then a depth filter, and occasion-
ally one or more surface filters at the end (Figure 16.4).
In the following examples, the use of the preceding concept is shown:
Example 1: Obtaining water suitable for an RO system from a groundwater
source: The use of a multimedia sand filter followed by a cartridge filter is
popular. This is because the total suspended solid (TSS) of groundwater is
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Strainers

Flow

Can be replaced by

sedimentation

Can be replaced by

depth filtration

Strainer/surface

filtration

Figure 16.4

usually less than 50 mg/L and a multimedia sand filter will remove all the
TSS down to 10 μm. Because the RO membrane is sensitive to particle sizes of
about 10 μm, another filter – a surface-type cartridge filter, which works based
on the mechanism of straining – is used at the end.
Example 2: Obtaining water suitable for a biological treatment system from
raw municipal wastewater: Municipal wastewater can have suspended solids
of up to 15 cm in size. Therefore, at the beginning of the string, one or more
sets of strainers should be installed. If the particle size distribution shows that
one set of strainers (fine screen type) can handle the particle content suitably,
one set is enough. However, if the installation of one set of strainer leads to too
frequent cleaning (in manual cleaning types, more than once per eight hours)
or mechanical cleaning that is too complicated (in the case of mechanically
cleaned strainers), two sets of strainers – one coarse strainer (bar rack) and
the other fine (fine screen) – should be installed.
After that, once the size of the remaining particles in the wastewater is less
than roughly 5 mm, sedimentation is used (the equipment for this is called a
primary clarifier). Water from this clarifier has less than a few hundred ppm of
TSS and is ready to go the next step, which is a bioreactor. Suspended culture
bioreactors can tolerate up to a few hundreds of ppm of TSS, so no further
upstream TSS removal is needed.
Example 3: Obtaining ultrapure water from groundwater: Again, here we can
start with a multimedia filter to drop the suspended solids particle size to less
than 2 μm, and then, because the intention is to generate ultrapure water with
an almost zero particle count, two cartridge filters with pore sizes of 0.45 and
0.2 μm can be used in series.

16.41 Table 16.5 shows a guideline for suspended solid removal when the materials
of the suspended solids are considered.

16.42 Chemical injection can be done only after implementation of all other
treatment methods. This is to remove contaminants as much as possible to
minimize the required dosage of chemicals (Figure 16.5). Chemical injection
is used when the concentration of target contaminant is generally less than
50 mg/L.

16.43 In removal of suspended solids, generally, sedimentation basins are upstream
of filters (Figure 16.6).

16.44 If both multi-bed filter and mono-bed filter need to be used, multi-bed filter
should be upstream of mono-bed filter (Figure 16.7).
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Table 16.5

Inorganic type Organic type

Very small (<50 μ) Filtration
Small particles (100–200 μ) Sedimentation
Large particles (200 μ to cm’s) Grit removal Coarse screening

Treatment

Chemical

injection

Figure 16.5

Sedimentation Depth filter Filtration

(surface)

Figure 16.6

Multi-bed

filtration

 Mono bed

filtration

Figure 16.7

16.45 Coagulation operation is obviously upstream of flocculation. After these two
operations, depending on the concentration of created flocs, sedimentation
(for higher floc contents) or filters (for lower floc contents) should be used
(Figure 16.8).

16.46 In many cases when the colloid content of water is low and it is intended to
be removed by filtration after converting it to solids, flocculation may not be
needed (Figure 16.9). In cases that coagulation is done in pipe, the name of
this operation is “in-line coagulation.”

Ali Sadeghi Digital Library 



16.3 Rule of Thumbs in Developing String of Removal Units 295

Coagulation Flocculation

Filtration

Sedimentation

Figure 16.8

Figure 16.9
Coagulation Filtration

16.47 Centrifuges may be used for high solid content streams. If a very high clarity
water should be crested from a high solid content slurry, at first bowl cen-
trifuge is needed, and the separated water should be sent to stack centrifuge
(Figure 16.10). Such arrangement is not common though. Actually, bowl cen-
trifuges are mainly for dewatering sludges/slurries, and stack centrifuges are
for clarification of water streams.

16.48 Figure 16.11 shows a general string for oil removal with some alternative
options.

16.49 For ion removal by ion exchange, if both weak resin bed and strong resin bed
should be used, always weak resin bed should be upstream of strong resin bed
(Figure 16.12).

16.50 Figure 16.13 shows a general string for TDS removal to generate a very high
pure water free of any ions. If the TDS of water is very high and we want
to generate water with very low TDS, the string starts with seawater reverse
osmosis (SWRO) and then brackish water reverse osmosis (BWRO), then with

Figure 16.10
Bowl

centrifuge

Stack

centrifuge

API gravity Flotation

Hydrocyclone

MF, UF

Biological

ORF

Figure 16.11
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Weak Strong

Figure 16.12

SWRO BWRO

Cat. An.

IX

MB

Figure 16.13

the twin columns of ion exchange with cationic and anionic resin beds, and
finally with mixed bed column resin bed.

16.51 For hardness removal we may start with lime softening, and if we need a
very low hardness (less than 20 mg/L), we may need to use a column of ion
exchange with cationic resin in sodium cycle to remove the residual content
of hardness (Figure 16.14).

16.52 For organic removal we may start with biological removal methods (which
are less expensive methods), and if there are still intolerable residual organic
materials, we may use nonbiological removal methods (Figure 16.15).

16.53 In choosing different biological removal methods, we start with anerobic
system if the biochemical oxygen demand (BOD) is high (say more than
1,000 mg/L) and then aerobic biological removal methods (Figure 16.16).

16.54 In removing organics from non-wastewater stream or diluted streams
(total organic carbon [TOC] less than 100 mg/L), we may start with
coagulation–flocculation and precipitation to remove particulate and

Lime softening IX-softener

Figure 16.14

Biological

organic removal
Non biological

Figure 16.15
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Anaerobic Aerobic

Figure 16.16

Coagulation/

precipitation
IX/GAC UV

Figure 16.17

Figure 16.18

OH. precipitation S. precipitation

Figure 16.19
Stripping unit Chemical addition

colloidal organics and then we may use granulated activated carbon beds
or ion exchange bed to remove the rest of organics. If a very low TOC is
desired, the rest of organic are not removed but “destroyed” by UV lamps
(Figure 16.17).

16.55 To remove heavy metals from water, we may start with a base (OH−) pre-
cipitation, and if the residual heavy metals are not adequately low, sulfide
precipitation can be used, too (Figure 16.18).

16.56 For removing dissolved gases from water, at first, we try strippers and then
chemical addition (Figure 16.19).

16.57 A complete treatment system for a typical groundwater to generate potable
water is shown in Figure 16.20. It may start with stripping to remove dissolved
gases then iron and manganese need to be removed if they exist. Removing
hardness is the next step. Then by filtration the small suspended solids will be
removed, and at the end disinfection will make the water safe to drink. How-
ever, in some cases treatment of groundwaters is limited to only disinfection.

16.58 A complete treatment system for a typical surface water to generate potable
water is shown in Figure 16.21. It may start with coagulation–flocculation–
sedimentation to remove suspended solids and colloids. Filtration is needed
to remove the rest of suspended solids. Granular activated carbon (GAC) could
be used if intolerable amount of dissolved organics exist. At the end disinfec-
tion will make the water safe to drink.

16.59 Minimum treatments that have been used for generating potable water and
for treating municipal wastewater are shown in Table 16.6.
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Stripping
Fe, Mn, and

hardness

removal

Softening Filtration Disinfection

Figure 16.20

Coagulation, flocculation,

and sedimentation
Filtration GAC Disinfection

Figure 16.21

Table 16.6

Municipal

Potable water Suspended solid removal
Disinfection

Municipal wastewater Suspended solid removal
Organic removal
Disinfection

16.4 Dealing with Residual Streams

16.60 All streams around units other than the main water/wastewater stream are
called “side streams.”

16.61 Side streams are tried to be treated in the existing units, or in additional treat-
ment units, or be sent to the final destinations.

16.62 The side waste streams from different water and waste streams could be from
1% to more than 60%. For example, in filtration the residual stream in “dirty
backwash water” is about 1–3%. In BWRO, the residual water is the brine
stream and is about 15–30%. The number for SWRO is about 50–60%.
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17

Nature-Based Treatment Systems

17.1 Table 17.1 shows features of nature-based methods and man-made methods.

Table 17.1

Nature-based methods
(passive methods)

Man-made methods
(active methods)

Efficiency of
contaminant
removal

Low efficiency Higher efficiency

Features Needs large areas Needs small areas
Needs less technology Needs more technology
Needs less skillful operators Needs more skillful operators

Design and
operation

Their operation is a strong function of
climatic conditions. During the design,
parameters’ variations during different
months and different years should be
considered

Their designs are less affected
by climatic conditions

The larger “design margins” should be
considered to cope with inherent
unpredictability in atmospheric
characteristics of weather

Cost Less expensive More expensive

17.2 Table 17.2 shows applicability of nature-based methods vs. man-made meth-
ods for water and wastewater treatment.

17.3 Nature-based treatment systems are mainly for wastewater and not water
treatment.

17.4 There are three main elements of nature: air, soil, and water. These elements
are used for the treatment in nature-based treatment systems.

17.5 There are three main nature-based wastewater treatment systems:
(a) Treatment through soil or geo-treatment methods
(b) Pond systems
(c) Wetlands

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Table 17.2

Nature-based methods
(passive methods)

Man-made methods
(active methods)

Water treatment Not really available. Available only for
some units: Green sand, sand filter, etc.

Very common

Wastewater
treatment

Common mainly in remote areas More common in urban
areas where space is
available and skillful
operators are accessible

17.6 The fundamentals of nature-based treatment systems are shown in Table 17.3.

Table 17.3

Geo-treatments Ponds Wetlands

Ecosystem
type

Terrestrial Aquatic Hybrid aquatic and terrestrial

Types Absorption fields,
infiltration Fields, etc.

Aerobic, anaerobic,
facultative, etc.

Surface flow, subsurface flow,
horizontal, vertical, etc.

Elements of treatment
Air Partially ✓ ✓
Soil ✓ NA ✓
Plants NA In some types, algae

play an important role
✓

17.7 Features of nature-based treatment systems are shown in Table 17.4.

Table 17.4

Geo-treatments Ponds Wetlands

Applicable
flowrates

Absorption fields are
only applicable for
small wastewater
streams, namely, less
than 10–15 m3/d

Very attractive when
wastewater flowrate is less
than 1,000–2,000 m3/d
(but could be used for
much larger flowrates up
to 150,000 m3/d or more)

Generally, when
wastewater flowrate is less
than 1,000–2,000 m3/d

Purpose Generally polishing
treatment

Main treatment Generally polishing
treatment but could be
main treatment

17.8 During design, a designer may decide to use some nature-based units in
his/her string of treatment and some man-made units. In other words, “mix
and match” is not rare during the design.
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17.1 Pond Treatment Systems

17.9 Each system based on ponds may include many ponds side by side or in their
vicinity. Each of these ponds is called cells.

17.10 Total sizes of ponds are decided based on process requirements.
17.11 The size of each cell is decided to make it manageable and easy for mainte-

nance and sludge removal. The size of each cell is also limited to minimize
creation of wind-induced waves.

17.12 As ponds are very footprint intensive, their area is very important, even
though in many cases their volume is important from process view point.

17.13 The area of ponds can be classified based on their area as what is shown in
Table 17.5.

Table 17.5

Very small (ha) Small (ha) Medium (ha) Large

Total area <0.1 <5 5–20 20–50 ha or more
Each cell <0.1 <1 1–5 5–15 ha

Physical sense for pond area can be obtained by knowing that the area of
an Olympic-sized swimming pool is 1,250 m2 or 0.1 ha.

17.14 The depths of ponds are generally dictated by the duty of ponds. However, the
following milestones (Table 17.6) exist.

Table 17.6

Very shallow Shallow Deep Overly deep

Depth 50–60 cm 2–5 m 6 m Theoretically, it
should be as
deep as possible
to minimize the
footprint

Importance Generally,
sunrays can
penetrate down
to this depth

It is used where
lack of natural
surface aeration
is acceptable and
lack of sun rays
is acceptable too

Practically, the
depth is
generally not
deeper than this

It is not used.
The maximum
depth is
generally
limited by water
table

17.15 It is attempted to use the natural topography of the area to make ponds to
minimize the excavation requirement. Then, ponds with irregular shapes are
not unusual.
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17.16 The general tendency is making ponds with the shape of polygons but not
necessarily regular polygons.

17.17 The preferred shape of ponds is rectangular and with length-to-width ratio of
about 2/1 or 3/2.

17.18 In designing of all ponds, the following points should be considered:
(a) Probable requirement for geotechnical investigation before design and

construction of ponds.
(b) Water table and its effect on limitation of the ponds’ depth.
(c) Water addition to pond because of rain.
(d) Water loss from pond because of natural surface evaporation.
(e) Required “free board” to cope with wind-induced waves.
(f) Required additional pond depth to consider probable creation of ice on

the water pond surface. It could be up to 1–2 m in cold areas.
17.19 Ponds may need liners because of environmental regulations. It lowers pond’s

attractiveness. Having liners on the floor of ponds are necessary in many coun-
tries these days.

17.20 Ponds may need covers to capture odor or other environmental regulations.
It lowers pond’s attractiveness, too.

17.21 Ponds may need nets on them to protect migratory birds. This lowers pond’s
attractiveness, too.

17.22 Floor of ponds could have a slope of 0.5–2% or could be horizontal.
17.23 Side slope in terms of “rise: run” could be 1/1, 1/2, 1/3, 1/4, 1/5, 1/6, 1/7, and

1/8. The typical values of slopes are shown in Table 17.7.

Table 17.7

Slopes in terms of “rise: run”

Range of
typical values

Most common
typical value

For cemented
walls are or
non-water
contact sides

1/1, 1/2 1/2

For
uncemented
walls

1/3 , 1/4, 1/5 1/3

Safe-conscious
slopes

1/6, 1/7, 1/8, 1/10 1/8

17.24 Terminology of ponds is shown in Figure 17.1.
17.25 Ponds could be used as different units including the following:

(a) Storage ponds
(b) Sedimentation ponds
(c) Oil removal ponds
(d) Dissolved gas removal
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(e) Evaporation of water
(f) Cooling ponds
(g) Sludge drying beds
(h) Pathogen removal ponds (maturation ponds)
(i) Ponds for biological removal of organics

17.26 Storage ponds can be used to store wastewaters. They could be as deep as
6–8 m.

17.27 Storage ponds for water are basically natural water reservoirs. Water reser-
voirs could be as large as 500 ha or more with depth to 6–8 m.

17.28 “Storm water” ponds are a type of water/contaminated water storage ponds.
17.29 Sedimentation ponds are used to remove suspended solids – organic and/or

inorganic – from water. They are generally sized for one- to two-day resi-
dence time.

17.30 Ponds may be used for removal of oil from water. They generally are not used
for removal of mineral oils these days but can be used for removal of edible
oil and grease from water; they can remove oil down to 50 mg/L.

17.31 Ponds can be used for dissolved gas removal, too. The mechanism of dissolved
gas removal from water in ponds are called “volatilization.” Generally, ponds
are not used to dedicatedly remove dissolved gases from waters, but if ponds
are available for other reasons, volatilization can happen and can be enhanced
by implementing aeration technologies.
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17.32 For volatilization to happen, the pretreatment is converting the dissolved gas
from bond form to non-bond form (refer to Chapter 12).

17.33 Ponds can be used for evaporation. “Evaporation ponds” are used when
accepted to treat water by losing it.

17.34 Evaporation ponds work based on natural evaporation, which differentiates
them with mechanical evaporators. In mechanical evaporators water is saved,
which is not the case in evaporation ponds.

17.35 Evaporation ponds rely on natural evaporation, wind, and solar radiation for
their operation. Their operation however impacted by precipitation of rain
and snow in the area.

17.36 There are two main types of evaporations pond: “natural evaporation ponds”
and “mechanically enhanced evaporation ponds.”

17.37 In mechanically enhanced evaporation ponds, contaminated water is sprayed
on the surface of pond’s water to increase the evaporation rate (Figure 17.2).

Contaminated

water

Contaminated

water

Wet sludge

Figure 17.2

17.38 Evaporation ponds are attractive because they are simple to operate, they are
more forgiving to flow and chemistry variations, and they are more tolerant
to cycling operations.

17.39 Evaporation ponds are practical when the net of evaporation minus precipi-
tation is more than 30 mm/month.

17.40 The rate of natural surface evaporation could be from less than 30 mm/month
to more than 300 mm/month.

17.41 Evaporation ponds are not practical when the ambient temperature is low
(say, less than 5 ∘C), the relative humidity of air is high (say, more than 80%),
and the wind velocity is low (say, less than 5 km/h).

17.42 The depth of evaporation ponds should be theoretically minimum. However,
in practice the depth of evaporation ponds is between 1.5 and 2.5 m.

17.43 Each cell of evaporation pond could be less than 2 ha but the total area could
be 100 ha or more.

17.44 Cooling ponds rely on the same principles of evaporation ponds. However,
here the goal is cooling of pond water.

17.45 Evaporation of each liter of liquid water absorbs about 2,300 kJ from water,
which cause dropping of the water temperature.

17.46 “Drying bed ponds” are used for storing and drying of sludge and slurries.
17.47 The drying in drying bed ponds is caused by combination effects of evapora-

tion and freeze–thaw phenomenon.
17.48 Each cell of drying bed ponds is generally small and less than 0.1 ha, but the

total area could be 1–5 ha or more.
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17.49 Maturation ponds (polishing ponds) are used to deactivate pathogens.
17.50 The biochemical oxygen demand (BOD) of incoming stream to maturation

ponds should be less than 50–100 mg/L.
17.51 Ponds can be used for organic materials removal. The correct name for these

systems is “waste stabilization ponds.”
17.52 If the wastewater flow is less than 1,000–2,000 m3/d and land is available, pos-

sibly the best biological treatment is ponds.
17.53 Ponds are the most common wastewater treatment system for remote com-

munities, mobile parks, camps, etc.
17.54 The common features of all pond-based organic removal methods are as fol-

lows:
(a) The bacteria in all of them are in “death phase” or “endogenous respira-

tion phase.”
(b) Then, they generate less sludge than other biological organic removal

methods.
(c) Then, they need less aeration (in the cases of aerobic bacteria) but in a

longer time.
(d) Because of long residence time, there are less control on the extent of food

chain pyramid.
17.55 When the BOD is higher than 200–300 mg/L, the best pond-based system is

“anaerobic pond.”
17.56 When the BOD is about 200–300 mg/L and the generated sludge should be

further minimized, the best pond-based system is “facultative pond.”
17.57 “Facultative ponds” are the most common method of treatment of municipal

wastewaters in small and remote communities.
17.58 “Aerobic ponds” are more suitable for warmer areas.
17.59 Aerated ponds can be used when the BOD is low from 100 to high BODs of

200–300 mg/L.
17.60 Aerated ponds could be considered as fortified version of aerobic ponds with

30–50% increase in performance, which makes them suitable for less warmer
areas.

17.61 Pond-based BOD removal systems could be adjusted to be used for nutrient
removal, too.

17.62 Anaerobic pond could be used when BOD is high and the pond can be con-
structed very far from communities.

17.63 Anaerobic ponds have a bad reputation of generating bad odors.
17.64 The organic removal efficiency of anaerobic ponds is low, and generally other

types of BOD removal ponds (like aerobic ponds) are needed after anaerobic
ponds to further reduce the BOD and meet the requirements.

17.65 The features of anaerobic ponds are shown in Table 17.8.
17.66 Aerobic ponds are more common in warm areas. The residence time of aero-

bic ponds could be several weeks to few months.
17.67 The features of aerobic ponds are shown in Table 17.9.
17.68 Facultative ponds can be considered as a combination of BOD removal unit

and sludge processing unit.
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Table 17.8

Parameter Notes for anaerobic ponds

System type Suspended growth, plug flow, anaerobic condition
Required pretreatment Solids can be removed but it is not necessary
Required posttreatment Generally (not always) an aerobic biological treatment is

needed

Requirement
Anaerobic condition The anaerobic condition is supported by the following:

– High ratio of kg BOD/volume of pond and
– Deep pond or
– Covered pond or
– Existence of oil and grease in water that creates a layer on

the top of water surface and prevent air contact and mini-
mum fluctuation in incoming wastewater to avoid “break-
age” of the generated “oil and grease cover”

Depth The deeper the better because a deep pond provides more
volume and a deep pond better supports the anaerobic
condition. If the surface is adequately sealed, it could be
very shallow. Typically, 2–5 m

Table 17.9

Parameter Notes for aerobic ponds

System type Suspended growth, plug flow, aerobic condition
Required pretreatment Solids should be removed
Required posttreatment Nothing special

Requirement
Aerobic condition Agitation caused by wind and density streams

The aerobic condition is supported by the following:
– Low ratio of kg BOD/volume of pond
– Shallow pond
– Aeration through wind and by grown algae

Depth Depth less than 60–70 cm to allow for good aeration

17.69 The residence time of facultative ponds could be several months. Then, they
generally need the largest area among all other types of ponds in similar situ-
ations (up to 10 times or more bigger footprint).

17.70 The features of facultative ponds are shown in Table 17.10.
17.71 Partially mixed aerated ponds are ponds that the solids of their water (includ-

ing bacteria flocs) are partially suspended by application of an energy level of
3–8 kW/1,000 m3.
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Table 17.10

Parameter Notes for facultative ponds

System type Suspended growth, plug flow, aerobic, and anaerobic
conditions

Required pretreatment Solids can be removed but it is not necessary
Required posttreatment Nothing special

Requirement
Agitation Wind, density streams
condition Agitation caused by wind and density streams

The aerobic condition is supported by the following:
– Low ratio of kg BOD/volume of pond
– Adequately deep pond
– Surface aeration through wind and by grown algae

Depth As facultative pond needs to provide aerobic AND anaerobic
spaces, the depth could be 2–3 times of aerobic ponds

17.72 Partially mixed aerated ponds can be considered as a combination of aerated
pond and settling pond. Then, no settling pond is needed after a partially
mixer aerated pond.

17.73 The residence time of partially mixed aerated ponds could be several weeks
to few months. The features of partially mixed aerated ponds are shown in
Table 17.11.

Table 17.11

Parameter Notes for aerated ponds–partially mixed

System type Suspended growth, partially mixed regime, aerobic
condition

Required pretreatment Solids should be removed
Required posttreatment Nothing special

Requirement
Aerobic condition Agitation by mechanical aeration

The aerobic condition is supported by the following:
– Low ratio of kg BOD/volume of pond
– Shallow pond
– Aeration by mechanical aeration (and algae)

Depth The type of aeration may limit the depth. Depth could be
similar to anaerobic ponds and between 2 and 5 m

17.74 Fully mixed aerated ponds are ponds that the solids of their water (includ-
ing bacteria flocs) are fully suspended by application of an energy level of
15–40 kW/1,000 m3.
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17.75 There is a need for settling pond after a fully mixer aerated pond.
17.76 Fully mixed aerated pond is not economical for very large ponds.
17.77 The residence time of fully mixed aerated ponds could be several weeks to few

months. The features of fully mixed aerated ponds are shown in Table 17.12.

Table 17.12

Parameter Notes for aerated ponds–fully mixed

System type Suspended growth, fully mixed regime, aerobic condition
Required pretreatment Solids should be removed
Required posttreatment Sedimentation basin to settle sludges

Requirement
Aerobic condition Agitation by mechanical aeration

The aerobic condition is supported by the following:
– Low ratio of kg BOD/volume of pond
– Shallow pond
– Aeration by mechanical aeration (and algae)

Depth The type of aeration may limit the depth. Depth could be
similar to anaerobic ponds and between 2 and 5 m

17.78 Table 17.13 shows a quick and dirty guideline for selection of pond types for
BOD removal.

Table 17.13

Warm weather Cold weather

Moderately available land Aerobic pond Aerated pond
Largely available land Facultative pond Facultative pond
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18

Auxiliary Systems

18.1 Pumps

18.1 A pump with flowrate of 40 m3/h with a head of 10 m water requires 1 kW
of power.

18.2 The preferred pump by default is centrifugal pump. In some cases, we have
to deviate from this choice.

18.3 When the required capacity of a pump is less than 5–10 m3/h, the other type
of pumps, positive displacement (PD) pumps, could be a better option.

18.4 Single-stage centrifugal pumps are readily available up to 1,500 kPag as dis-
charge pressure.

18.5 Generally speaking, if a discharge pressure larger than 2,500 kPag is needed,
single-stage centrifugal pump is not readily available.

18.6 A two-stage centrifugal pump can generate a discharge pressure up to
5,000 kPag or more.

18.7 Multistage centrifugal pumps can generate a discharge pressure up to
30,000 kPag or more.

18.8 Multistage centrifugal pumps are available up to 6 stages and even more up
to 10 stages.

18.9 Multistage centrifugal pumps in water and wastewater industries could be
used for disposal well injection pumps, reverse osmosis (RO) feed pumps,
filter presses, etc.

18.10 PD pumps generate less shear than centrifugal pumps.

18.2 Blowers

18.11 Air blowers are gas movers that generate pressures up to 100 kPag but typi-
cally about 50 kPag.

18.12 It is tried to limit the pressure to less than 100 kPag, to avoid going into “pres-
sure vessel and piping” codes.

18.13 Air blowers for air diffusers generally consume energy in the range of
40–70 m3/h/kW. Low values are for cold ambient airs and high efficiency
blowers, and high values are for hot ambient airs and low efficiency blowers.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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18.14 Low efficiency air blowers (generally small ones) may consume energy in
the range of 25–35 m3/h/kW.

18.15 There are several types of blowers used in water and wastewater industries,
and they are listed in Table 18.1.

Table 18.1

Blower type General feature Typical flowrates Typical discharge pressures

Centrifugal
(single stage)

Very low pressure,
high flowrate

Maximum flow
3,185 m3/h

Maximum pressure
7 kPag

Regenerative Low pressure,
medium flowrate

Maximum flow
713 m3/h

Maximum pressure
30 kPag

Rotary lobe
(Roots blowers)

Medium pressure,
medium flowrate

Maximum flow
170 m3/h

Maximum pressure
105 kPag

Rotary vane High pressure, low
flowrate

Maximum flow
117 m3/h

Maximum pressure
155 kPag

Source: With permission from STANMECH Technologies Inc.

18.3 Liquid Tanks

18.16 Liquid tanks could be in circular or rectangular shapes. Each of them has
pros and cons. They are listed in Table 18.2.

18.17 Generally, the height to diameter (H/D) of tanks are taken a value around
one, unless other factors affect this decision.

18.18 Liquid containers could be closed top or open top.
18.19 Closed top containers should be used for liquid chemicals and water, which

should be isolated from the environment (like treated water).
18.20 Closed top containers are more economical for small containers (less than

few thousands of cubic meters).
18.21 Open top containers are acceptable for non-dangerous liquids and liquids

that their contact with ambient air is acceptable.
18.22 It is trying to limit the diameter/length of open top containers to less than

60–70 m to minimize impact of wind and preventing large waves.

18.4 Handling Dry Solids

18.23 Examples of dry solids in water and wastewater treatment are lime, soda ash,
and magnesium oxide.

18.24 Dry solids are generally stored in silos.
18.25 The residence time of silos could be minimum of two weeks of storage plus

load of one trailer.
18.26 Silos have height-to-diameter ratio of H/D 3 : 1 or less.
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Table 18.2

Rectangular prism Cylindrical

The wall thicknesses may need to be
bigger

The wall thicknesses could be smaller

Several tanks could be built with common
walls then save some costs (common
practice for concrete tanks)

Several tanks cannot be built with common
walls

As several tanks can be built with
common walls, they need less footprint

Several tanks may need more footprint

In concrete tanks: It is easier to build them In concrete tanks: These have curved walls
which make building walls more difficult

In metallic tanks: These are less common
and less standards are available for them

In metallic tanks: These are more common
and more standards are available for them

In plastic tanks: These are common only
in small containers (as they built through
blowing technology)

In plastic tanks: These are common large
tanks (as they built through rotational
molding technology)

FRP tanks can be fabricated in either rectangular prism or cylindrical shapes, but they
are more common for large tanks (>5 m3) and in cylindrical shape.
In odor management practices, it is less
difficult to cover them

In odor management practices, it is more
difficult to cover them

They are more suitable for plug flow
regime units

They are more suitable for completely mixed
regime units

If they are used for completely mixed
regime units, there would be dead zones in
tanks that impact performance of the unit

If they are used for plug flow regime units,
there would be dead zones in tanks that
impact performance of the unit

However, fairly equidimensional
compartments can be created in them by
placing suitable baffles in them Mixers
may be needed in each created
compartment

However, long channels can be created in
them by placing suitable baffles in them

If settled solids need to be collected from
the bottom of the tank, it needs more
complicated mechanical systems but with
less power

If settled solids need to be collected from the
bottom of the tank, it needs less complicated
mechanical systems but with more power

18.27 Large silos (with capacity more than several tons) are generally loaded
through pneumatic transferring of solids

18.28 Silos are vertical cylindrical containers with diameter up to 4–5 m and sloped
bottom (45∘ or 60∘ external angle). Diameter of silos generally will not exceed
4–5 m; otherwise the cone bottom does not facilitate exiting the solids from
silos.

18.29 To facilitate exiting dry soils from silos, sometimes vibrators or air pads or
both may be needed.

18.30 Silos need bin filters on their roofs to filter the dusty air from pneumatic
transferring.
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18.31 Dry solids are transferred in short distances by belt conveyors or screw con-
veyors.

18.32 Pneumatic transferring is used in many filling operations. Long radius
bends – instead of standards elbows – should be used in the pneumatic
transfer pipes whenever needed.

18.5 Sludge/Slurry Handling

18.33 Sludges/slurries are mixtures of solid and water.
18.34 There are many cases that we may face with sludge/slurry handling in water

and wastewater facilities. Some of them are listed in Table 18.3.

Table 18.3

Name Type of particles

Lime slurry Solids of Ca(OH)2

Removed ions in the form
of precipitated solids

Different types of
inorganic particles

Municipal wastewater Organic solid particles

18.35 Sludges/slurries are characterized by their solid content and the nature of
the solids in them.

18.36 Some of impacts of particles in sludges/slurries are listed in Table 18.4. How-
ever, sometimes we may experience combination of them.

Table 18.4

Type of solids in water Most probable impact

Scaling ions Scaling
Inorganic materials Sedimenting, eroding
Flocculated inorganic
materials

Shear-sensitive, quickly
sedimenting

Flocculated organic
materials

Shear-sensitive

Organic materials,
biomatters

Fouling

18.37 Sludges are stored in container with bottom cones.
18.38 Adequate agitation may be needed in containers that are intended to be used

for storing slurries/sludges.
18.39 The diameter of sludge holding tanks are generally limited to 4–5 m.
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18.40 The external angle of the bottom cone should be 45∘ or more to make sure
the sludge moves toward the center of the cone by its gravity and will exit
easily.

18.41 If the bottom one has an external angle less than 45∘, it may need mechanical
or hydraulic mechanism to facilitate exiting the sludge from the tank.

18.42 Mechanical means for facilitating sludge removal could be mixers to prevent
sedimentation of sludge or floor rakes to sweep the settled sludge toward the
center of the tank.

18.43 Hydraulic means are water jets that could be supplied on the perimeter of
the sludge holding tank in one or more rows.

18.44 Elbows in sludge pipes circuits may need to be long radius elbows rather
than standard elbows.

18.45 Dead legs should be eliminated in sludge pipe circuits.
18.46 Sludge pipes circuits may need to be “sectionalized.” “Sectionalizing” piping

circuits means the following:
(a) Using straight pipes as much as possible.
(b) Using crosses instead of elbows.
(c) Using full bore valves instead of conventional valves.

18.47 The concept of sectionalizing in underground sludge piping (like munici-
pal wastewater streams) is implemented by placing manholes on the pipe in
certain distances.

18.48 The velocity in sludges/slurries pipes should be higher than 1.5 m/s for inor-
ganic particles and more than 1 m/s fps for organic particles. These velocities
are recommended to prevent solids from settling.

18.6 Dealing with Oily Streams

18.49 Oily waters are sensitive streams. It should be conveyed from source to treat-
ment facility with a high care and attention.

18.50 Oily streams are called “sensitive” streams because if adequate care is not
taken for them, the oil globules will break down due to shears and the oil
globules will be smaller and more difficult for removing.

18.51 The level of “fragility” of oil globules depends on the following.
18.52 The size of oil globules – the larger oil globules will break easier than smaller

size oil globules.
18.53 The viscosity of oil – the less viscose oil makes the oil globule more fragile.
18.54 If solids are entrapped into oil globules, the ratio of suspended solids to oil

content in the oil globule becomes lower; the lower ratio makes the oil glob-
ules more fragile.

18.55 As a rule of thumb, when the ratio of solids-to-oil is more than 0.5, the oil
globules are considered adequately less shear sensitive.

18.56 As a rule of thumb, when the oil droplet size goes below 50 μm, the stream
is considered as low shear-sensitive or difficult-to-break oil globules.
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18.57 Figure 18.1 shows the range of oil sizes that could be created in different
process equipment.

Oily

storm

water

100 200 500

Agitated vessel

Horizontal pipes

1000

Recip. pumpCentrifugal pump

Valve, static mixer

Typical range

Oil droplet size (µ)

5000 10,000

Figure 18.1

18.58 A “minimum shear” concept applies to the transfer system. The minimum
shear concept asks for the following:
(a) An upsized pipe diameter
(b) Low shear centrifugal pumps
(c) Minimum number of fittings
(d) Low shear choke valve
(e) Some of shear generating devices (Table 18.5)

Table 18.5

Device Feature

Pumps Positive displacement (PD) pumps generate more
shear than centrifugal pumps

Control valves Give time for coalescing the broken oil globules.
Leave about 300 times of pipe diameter for
re-coalescing

Container inlet nozzles Try to limit the velocity of oily water inside of nozzles
to less than 0.6 m/s

Mixers Use low rpm (revolution per minutes) mixers

18.7 Chemical Injection Packages

18.59 Chemicals are injected into the process streams for a variety of purposes.
Some categories of injecting chemicals are stated in Table 18.6.
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Table 18.6

Class name Examples

Interface adjusters Emulsion breakers, defoamers, coagulants
Corrosion inhibitors Filming amine, neutralizing amine
Solid-settling aid Flocculants, dewatering aid
Precipitation inhibitors Antifoulant, antiscalant
Scavengers Oxygen scavenger, H2S scavenger
Encapsulators Chelants
Biocides Chlorine

18.60 Injecting chemicals in water in general is not welcomed. Because inject-
ing chemical to water means adding another impurity to water. The fate of
injected chemicals should be studied.

18.61 A typical chemical injection system is shown in Figure 18.2.

1. Chemical

preparation
2. Transferring 3. Flow metering 4. Injection

Figure 18.2

18.62 There are eight points that should be considered during design of chemical
injection systems:
(a) Choosing the right chemical
(b) Choosing appropriate storage
(c) Determining right dosage
(d) Correct preparation of the injecting chemical
(e) Choosing appropriate injection system
(f) Verifying injection dosage
(g) Selecting injection point
(h) Choosing the appropriate injection tool

18.63 The favorite type of chemicals are liquids. There are however cases that
injecting gases are inevitable, like injection of chlorine gas for disinfection.

18.64 The storage of chemicals could be done in tanks or in tote tanks.
18.65 As a rule of thumb, if the required storage volume is less than 8–10 m3, stor-

ing in tote tank is adequate; otherwise, tank(s) should be provided.
18.66 Each chemical has a specific shelf time. This shelf life is a function of temper-

ature, pressure, container material, contact atmosphere and its impurities,
and the chemical concentration. Generally, chemicals show longer shelf life
in lower ambient temperatures (but obviously not freezing temperature).

18.67 Some chemicals have short shelf life when they are in contact with oxygen
of air. In such cases the storage tank may need to be gas-blanketed.
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18.68 For each specific chemical, overfeeding and/or underfeeding could be unac-
ceptable.

18.69 As a general statement overfeeding causes waste of chemical and underfeed-
ing causes incomplete effectiveness of the chemical. But the case could be
worse than that. For example, for coagulant injection both overfeeding and
underfeeding make coagulant ineffective.

18.70 Typical dosage range of chemicals are shown in Table 18.7.

Table 18.7

Dosage Up to 50 ppm 50–100 ppm 100–500 ppm 1,000–5,000 ppm

Type of
chemical

Generally proprietary
chemicals (mixture of
several chemicals)

Generally
organic/polymeric

Inexpensive
inorganic
materials

Commodity
chemicals

18.71 Some chemicals can be/are injected as they are received from the manufac-
turer (as “neat”), but some others should be “prepared” before injection.

18.72 In many cases preparation of chemicals means mixing them with water (in
make-down system) and then sometimes giving enough time to chemicals
(aging time) to reach to their maximum efficiency.

18.73 In almost all cases, verification of flowrate of injecting chemicals is needed.
The reason is that the accuracy of chemical injection systems is better than
accuracy of general flowmeters, and then another “system” should be placed
to check, verify, and calibrate the flowrate of the injecting chemical. A typical
flowrate verification system has one calibration column and several valves.

18.74 The most common flowrate verification system is by calibration columns.
18.75 Mixing a chemical with water generally is to reach to a viscosity of less than

1,000 cP for the injecting chemical.
18.76 Aging time generally defined for polymeric chemicals. Aging time is differ-

ent for different chemicals, but it is about 15–30 minutes.
18.77 The injection rate of chemicals could be arbitrarily grouped into the follow-

ing (Table 18.8) classes.

Table 18.8

Capacity
(m3/h) Note Chemical injection pumps

0.25–1 Lower side of chemical injection
range

Positive displacement pump, e.g.
peristaltic pumps

1–5 Lower side of chemical injection
range (common in smaller facilities)

Positive displacement pump, e.g.
diaphragm pumps

5–10 Higher side of chemical injection
range (common in larger facilities)

Positive displacement pump, e.g.
reciprocating pumps

>10 Less common Not always needing metering pump
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18.78 To satisfy the required precision in injected system, a PD pump is often used.
A PD pump with enough accuracy within that application is called a meter-
ing or dosing pump. The required accuracy is usually less than 2% or even 1%.

18.79 As the injecting chemicals should “pace” the flowrate of the host stream, a
high turndown ratio in injecting system is required.

18.80 In many cases a turndown ratio of about 70–80 can be obtained by using a
“split range control” of stroke length and on variable frequency drive (VFD)
of electric motor connected to the pump.

18.81 The injection point should be upstream of the point of interest. To be effec-
tive a chemical should be injected far enough from the point of the interest
to make sure the mixing and reaction are both complete. When there is mul-
tiple injection locations and the chemicals are reactive to each other, they
should be separated by at least 3–5 minutes to ensure they have enough time
to react with the destination flow and not each other.

18.82 The primary form of mixing injected chemical with the main stream is
“jet mixing.” The popular type of jet mixing happens in pipes. The pipe
jet mixing could be in two forms: “coaxial jet mixing” and “side-entry jet
mixing.” The side-entry jet mixing is basically a T-shape that brings the
injected chemical to the main stream from the body of the main pipe. This
type of injection is not very popular in chemical injection systems because
it is only suitable when two streams have roughly the same flowrate,
density, and viscosity. This is not the case for the majority of chemical
injection systems. However, this injection needs about 150 pipe diameters
for good mixing. The “coaxial jet mixing” is the type of mixing that is named
“injection by quills” in the industry. If the viscosity of the chemical is less
than 50 cP, the injection quill might be enough for good mixing, but for
high viscosity chemicals, a static mixer might be needed downstream of
the injection quill. However, a mixing length of less than 100 times of the
destination pipe is expected. Usually 22” is the size of destination pipe that
we need to move from injection quill to multiple orifice diffuser.

18.8 pH Adjustment and Neutralization

18.83 pH adjustment is applied to units that acid or base are injected to a water
stream to change the pH of water.

18.84 If the goal is changing the pH of water to neutral pH or pH = 7, the unit is
called neutralization unit.

18.85 Neutralization operations are more difficult than other types of pH adjust-
ment operation.

18.86 The difficulty of neutralization is the fact that the pH of water is changed
very rapidly near the pH of 7. It means that addition of smallest acid or base
to water stream may change the pH of water 2 or 3 units.

18.87 Because of this difficulty, many regulatory bodies accept that a neutralized
wastewater can have a pH in the range of 6–9 (rather than sharp pH of 7).
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18.88 In many cases by neutralization some solids are precipitated from water,
and/or some gases are generated. This should be considered in design to
make sure the precipitated materials are settled and separated and the gen-
erated gases are separated with the minimum carry over.

18.89 Batch neutralization is much easier than continuous neutralization. In batch
neutralization the volume of the neutralization is sized based on minimum
of two batches.

18.90 Process control is a big issue in neutralization systems.
18.91 The size of neutralization containers should be minimized for a better con-

trol of pH.
18.92 The best neutralization happens in agitated containers and not agitation by

static mixers.
18.93 The control architecture of choice for neutralization is feedback control if

the pH variation is less than one unit and “feedforward–feedback control”
(or cascade control) for cases that pH variation is more than one unit.

18.94 When pH variation is more than two units, the neutralizing gent (acid or
base) most likely need to be injected through two branches of high-volume
injection (rough injection) and low-volume injection (trim injection).

18.95 The concept of rough injection and trim injection can be implemented by
two metering pumps (one with high capacity and one with low capacity),
or one centrifugal pump (with high capacity) and one metering pump (with
low capacity), or two control valves (one with high valve capacity and the
other one with low valve capacity), or other applicable combinations.

18.96 When pH variation is less than 6 units, the neutralization can be done in
one neutralization container, and when pH variation is less than 10 units,
the neutralization can be done in two neutralization containers, and when
pH variation is more than 10 units, the neutralization can be done in three
neutralization containers.

18.97 The easier to control neutralizations are the ones that use dilute and weak
neutralizing agents (acid or base) rather than concentrated and strong neu-
tralizing.

18.98 Neutralization is preferable and should be done in containers with adequate
agitation. However, “inline neutralization” (injecting reagent into the pipe
and using static mixer) could be acceptable where:
(a) Water/wastewater flowrate is constant.
(b) No more than two units of pH is intended to be changed.
(c) The target pH is a wide range (rather than a sharp target pH).
(d) Water/wastewater stream has high alkalinity (e.g. more than 100 mg/L

as CaCO3).

18.9 Lift Stations

18.99 Lift stations or pump stations are units that bring wastewater from a lower
level to a higher level (Figure 18.3).
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18.100 There are mainly two types of pump stations, wet well type and wet well–dry
well types. There are also three types of wet wells. Their specifications are
listed in Table 18.9.

18.101 Inside of lift stations could be one, two (in duplex sumps), or three (in triplex
sumps) pumps.

18.102 Pump stations can be divided in two types based on the generated heads:
“low lift pump stations” and “high lift pump stations.”

18.103 “Low lift pump stations” are lift stations that lift wastewaters from one open
source to another higher open source. They generally have heads less than
15 psi.

18.104 “High lift pump stations” are lift stations that lift wastewaters from an open
source to a pipe. They generally have heads more than 15 psi.

18.105 Depending on the magnitude of flow, the pump stations may have several
pumps. Pump stations commonly have one to three pumps.

18.106 The pump vendor generally reports the maximum number of on–off for the
pump with no harm on the pump and motor. It could be a number from 3 to
6 times on or off in an hour.

18.107 If the reported number of acceptable on–off by the vendor is 3, it means there
should be minimum of 20 minutes for on-to-off operation of the pump.

18.108 Flowrates handled in lift stations can be classified as shown in Table 18.10.
18.109 Wet well lift stations are built in two shapes, cylindrical and rectangular,

and in different sizes. The common maximum size of them is shown in
Table 18.11.

18.110 Minimum dimension of lift station enclosure is 4 ft. This is to provide enough
space for entry.

18.10 Sumps

18.111 Sumps are used to collect wastewaters generated on the ground.
18.112 Sumps looks similar to lift stations, but they have larger volumes to store

more water.
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Table 18.9

W
etw

ell

Close couple pump-motor (Submersible
pump) available up to 25 BHP

P
um

p

M
ot

or

Flexibly shafted pump-motor for small
units shaft’s length generally not more
than 4–6 meters.

Motor

P
um

p

Motor

Pump

Close coupled pump-motor for very
shallow units (names: above ground
lift station) drop pipe generally less
than 4 meters.

W
etw

ell–dry
w

ell

Close coupled pump-motor

M
ot

or

P
um

p

18.113 Sumps are basically in-ground or sometimes (slightly) underground tanks
with installed pumps inside of them or above them.

18.114 Underground sumps could be below ground level by 1–2 m (from the top of
sump).
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Table 18.10

Flowrate (m3/h) Description General applications

20–200 Very low flow In industrial facilities

200–500 Low flow
In industrial facilities
In municipal collection networks

500–5,000 Medium flow In municipal collection networks
5,000–50,000 High flow In municipal collection networks

Table 18.11

Rectangular Cylindrical

Concrete 10 ft× 10 ft× depth 12 ft diameter× depth
FRP 10 ft× 24 ft× depth 12 ft diameter× depth

18.115 The range of total volume of sumps could be from 5 to 200 m3 but typically
are between 10 and 50 m3.

18.116 The shape of sumps could be rectangular or cylindrical (horizontal).
18.117 Sumps could be with fiber reinforced plastics (FRPs), metallic, or concrete.
18.118 Table 18.12 listed different types of sump’s shapes and locations.

Table 18.12

Rectangular Cylindrical

Generally, concrete
and open-top

Generally, plastics
and FRP’s

In-ground More common Less common
Underground Less common Generally, horizontally installed

and cylindrical shape

18.119 Because of recent tight environmental regulations, sumps are most likely
should be with secondary containment.

18.120 Secondary contained sumps could be in any of double wall sumps and sump
inside concrete tanks.

18.121 The underground plastic/FRP cylindrical sumps have a diameter range of
1–5 m and typically 2–4 m.

18.122 Each sump may have one or two pumps. Pumps are not very large and gen-
erally limited to pumps with power of less than 100 kW.

18.123 There could be several nozzles on each sump. On underground plastic/FRP
cylindrical sumps, the maximum diameters of nozzles are generally less than
half of the diameter of the cylinder.
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18.124 The pumps’ type in sumps is generally “single-stage vertical centrifu-
gal” type.

18.125 The capacity of each single pump in sumps can be classified as is shown in
Table 18.13.

Table 18.13

Flowrate (m3/h) Description

10–50 Low flow
50–100 Medium flow
100–300 Large flow
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19

Miscellaneous Topics

19.1 Water–Media Interactions

19.1 There are always interactions between water or wastewater and the
equipment’s internal walls they are in contact with. All the interactions can
be grouped in two groups of corroding and scaling.

19.2 There is more than a dozen mechanisms of corrosions in water environ-
ments.

19.3 There are many types of scales that could be generated from water. The most
common type of scales in natural waters are calcium carbonate (CaCO3).

19.4 CaCO3 is like eggshell. Eggshell is made of CaCO3. This means that it will
dissolve in vinegar, which is a very strong acid.

19.5 Alkalinity and hardness are very close to each other like brother and sis-
ter. Scaling occurs when both of them are present together. If you have total
alkalinity (TALK) in water and no total hardness (TH), there is zero chance
of scaling. Similarly, if you have TH but no TALK, you will also not have
scaling. Scaling is generated because of the existence of both alkalinity and
hardness in water.

19.6 One of the oldest tools that can be used to check if a water is scaling or cor-
rosive is “Langelier stability index (LSI). LSI has an equation and can be
calculated.

19.7 LSI can be used to check scaling tendency of water regarding to calcium car-
bonate.

19.8 LSI also predict corrosivity of water toward steel where there is dissolved
oxygen (DO) of more than 5 mg/L.

19.9 The values of LSIs are generally between −5 and +5.
19.10 The guideline to interpret LSI values is shown in Figure 19.1 and Table 19.1.
19.11 For the cases that the total dissolved solids (TDS) of water are higher than

3,000–4,000 mg/L, LSI cannot be used, and another index of Stiff & Davis
Stability Index (S&DSI) is applicable.

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Acceptable

0

Non scaling

non corrosive

Figure 19.1

Table 19.1

Nature of water LSI range Required action

Corrosive LSI< 0 No action is needed to prevent scaling
Scaling 0<LSI< 1 No action is needed to prevent scaling

1<LSI< 2 Inhibitor injection may be needed
LSI> 2 Acid injection may be needed
LSI> 3–4 Removing hardness through softening units may be needed

19.12 There are thermodynamic tools that can predict if precipitation may occur
but they only report a higher or lower tendency to precipitate. Even with a
lower tendency to precipitate, there could still be precipitation occurring in
the equipment, particularly in the tighter areas.

19.2 Concept of ZLD

19.13 The final product of water and wastewater treatment plants are treated water
or treated wastewater. There are also by-product streams.

19.14 The by-products should be disposed ultimately.
19.15 The by-products of water and wastewater treatment plants could potentially

be three types of streams: solid, liquid, or gas.
19.16 At the end of each water or wastewater treatment plant, generation of gas

streams out of water and wastewater treatment plants is not very common.
19.17 The only economical disposal of gas stream by-product is disposing to ambi-

ent air.
19.18 Gas by-products should be eliminated as much as possible to avoid convert-

ing water contaminant to air pollution.
19.19 The only completely acceptable disposal to ambient air is for gases that are

already ingredients of air, which are oxygen, nitrogen, carbon dioxide, and
some rare gases.

19.20 The most welcomed and easiest stream to deal with as by-product is solid
stream.
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19.21 Liquid streams are the most common by-product of water and wastewater
treatment plants. The only cases there is no liquid by-product are the plants
that the concept of zero liquid discharge (ZLD) is implemented in them.

19.22 The main product of a water or wastewater treatment plant is “treated
water.” The other streams out of treatment plant are considered as
“by-product.” These streams can be classified into three streams of gaseous
waste stream, solid waste stream, and watery waste stream (Figure 19.2).

Wastewater

Gaseous

waste

Watery

waste

Treated wastewater
Treatment

plant

Solid waste

Figure 19.2

The concept of ZLD asks for eliminating the watery by-product from a water
or wastewater treatment plant (Figure 19.3).

Wastewater

Gaseous

waste

Watery

waste

Treated wastewater
Treatment

plant

Solid waste

Figure 19.3

19.23 The reason that the watery waste stream is not welcomed is due to the diffi-
culties regarding its ultimate disposal.

19.24 Gaseous waste streams are less common than other waste streams. However,
one famous example is methane gas generation during anaerobic wastewater
treatment.

19.25 ZLD does not refer to any specific treatment unit or string of treatment units;
rather, it refers to any string of treatment units that eliminates the watery
stream.

19.26 Many ZLD units work to concentrate the watery streams and finally convert
it to a dry or semidry stream (Figure 19.4).

19.27 As the concept of ZLD is primarily invented in power industries, which their
watery waste stream – in many cases – is high TDS stream, many people
think that ZLD is only applicable to high TDS water streams, which is not
right.
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Figure 19.4

19.28 Units that could be used in ZLD systems of high TDS streams are
ion exchange (IX) beds, reverse osmosis (RO) units, evaporators, and
crystallizers.

19.29 The applicable ranges of “TDS removing units” are shown in Table 19.2.

Table 19.2

Minimum practically
acceptable TDS

Maximum practically
acceptable TDS

IX More than zero 1,000 mg/L
BWRO 1,000 mg/L 15,000 mg/L
SWRO 15,000 mg/L 75,000 mg/L
Evaporator 35,000 mg/L 300,000 mg/L
Crystallizer 240,000 mg/L NA

NA: not available.

19.30 A full string of ZLD is shown in Figure 19.5.

IX RO Crystallizer Landfill

-Filter press

-Centrifuge

-Drum dryer

Evaporator

Figure 19.5
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19.3 Ultimate Destinations of Treated Wastewater or
Final Untreatable Liquids

19.31 Final untreatable liquids are the liquid streams that come from “water pol-
luter” facilities even after implementing all concepts of reducing, reusing,
and recycling.

19.32 Ultimate destinations of treated wastewater and final untreatable liquids can
collectively be called “final liquid streams.”

19.33 There are three main destinations for treated wastewater: releasing to sewer
system, releasing to environment, and beneficial usage.

19.34 The classification of ultimate destination of treated wastewaters is shown in
Figure 19.5.

19.35 Generally, anything other than beneficial usage needs permitting from reg-
ulatory bodies.

19.36 All the treating activities is to convert a contaminated water to a valuable
water to be able to use it beneficially. So, beneficial usage could be the first
destination for treated wastewater streams.

19.37 Using treated municipal wastewater for irrigation or in industries is com-
mon.

19.38 Using treated municipal wastewater as potable water is performed in some
areas, but it has many social implications.

19.39 Releasing to sewer system is common in small- and medium-sized industries
in or round cities. The treatment of wastewater in such industries are called
pretreatment because the main treatment will happen in the city wastewater
treatment plant.

19.40 There are three types of releasing to receiving bodies: releasing to surface
waters, releasing to groundwater, and injection into subsurface host forma-
tions.

19.41 Evaporation ponds are good destinations that are applicable for small and
medium flowrates in warm and hot area with small amount of precipitation.

19.42 In many cases, releasing to surface waters are the first choice.
19.43 The regulations for releasing to moving surface waters (like river, creeks)

could be different than stagnant surface waters (like lakes, oceans).
19.44 Releasing to groundwater is generally called land application and includes

several different methods.
19.45 Releasing to groundwater is a very critical topic because if it is executed care-

lessly, it could be considered as illegal wastewater spill.
19.46 Injection of treated waters into deep injection wells are one of the most

expensive ultimate destinations for final liquid streams.
19.47 Geological survey is needed to find a good host for “disposal water.” A host

formation is a layer that is located between two impermeable layer or bound-
ing formation (Figure 19.6).
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Figure 19.6

19.48 Disposal wells are generally deeper than water wells and may be more than
0.5 to 2–3 km up to even 6 km or more. See geological layers of a typical dis-
posal well in Figure 19.7.

Cap rock

Bed rock

Bounding formation

Bounding formation

Host formation

Figure 19.7

19.49 Each single disposal well water may have a capacity of 50–100 m3/h or more.
19.50 The required injection pressure for injection stream on the ground is calcu-

lated from this formula.
19.51 Well head injection pressure = bottom hole pressure – static head of water

column in the injection well – friction loss in the injection pipe.
However, as a rule of thumb, the required well head injection pressure in
kPag is between 7 and 15 times of the injection well depth in meters.

19.52 Multistage centrifugal pumps may be needed as injection pumps for injec-
tion well. Each stage of centrifugal pumps may increase the pressure up to
6,000 kPa.

19.53 Brief features of different ultimate methods are shown in Table 19.3.

19.4 Ultimate Destinations of Solid Wastes

19.54 There are two main destinations for solid wastes:
(a) Beneficial usage
(b) Landfilling
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Table 19.3

Applicability Uses

Discharging into public
sewer

Where public sewer is available Commonly used in small
industries in vicinity of
cities and in food industries

Directing to
evaporation ponds

In high net evaporation areas
where adequate land is available

Non-large streams

Discharging in surface
waters

Where a water body exist in
vicinity

It is generally by default
destination

Discharging in
groundwater

Highly regulated In food industries

Discharging in
subsurface reservoirs

Where a suitable host formation
exists in vicinity

Commonly used in oil
industries and brine water
in desalination plants

Beneficial usage: Using
in agricultural sector

When suitable agricultural
activities are in vicinity

Mainly for treated
municipal wastewater

Beneficial usage: Using
in industrial sector

When suitable industrial
activities are in vicinity

Mainly for treated
municipal wastewater

Beneficial usage: Using
as potable water

Not very common. Many social
implications involved

Not very common

19.55 Landfills could be private landfills, third-party landfills, or public landfills.
19.56 Many landfills do not accept sludges that have water content beyond a spe-

cific value.
19.57 The beneficial usages of two main types of solid wastes are shown in

Table 19.4.

Table 19.4

Inorganic solids As admixture in construction materials or paving
materials

Organic solids Land application, composting, incineration

19.58 Generally anything other than beneficial usage that needs permitting.

19.5 Sludge Processing Units

19.59 In majority of cases, contaminants from water or wastewater are separated
in the form of solids, and then sludge processing comes to the scene.

19.60 Sludge processing could be done on-site or can be passed to a third party
outside of the treatment facility. The third option is a hybrid option where
sludge processing is done partially inside of the facility and then the partially
processed sludge is handed over to a third party for further processing.

19.61 Solids out of water or wastewater treatment activities are obviously wet.
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19.62 The goal of sludge processing is to recover water from it as much as possi-
ble and to make it stable. Here, “stability” practically means eliminating the
sense of urgency in treatment of the sludge.

19.63 Sludge processing in general sense includes thickening, stabilization, dewa-
tering, and drying sludge.

19.64 Thickening generally means converting sludge stream with water content of
more than 80–90% to a sludge stream with water content of less than 60–70%.

19.65 Dewatering generally means generating a wet sludge with water content less
than 40–50%.

19.66 During dewatering the water content should not be less than a specific
value to make sure it is still pumpable. For example, in many sludges from
biological treatments, dewatering should not decrease the water content to
less than 10%.

19.67 Drying generally means generating a dry sludge with water content (mois-
ture) less than 10%.

19.68 In theory the type of ultimate destinations of solid wastes dictates the max-
imum allowable water content in sludge because generally speaking drying
of sludges is not needed or is not done in water or wastewater facilities.

19.69 Stabilization is to make a sludge a “non-time-sensitive by-product.”
19.70 Stabilization is mainly applicable to organic sludges. Inorganic sludges are

generally inherently stabilized.
19.71 Stabilization of organic sludges is known as digestion and makes them

non-odorous and easy to dewater.
19.72 Thickening is generally a gravity separation unit.
19.73 There are two main types of dewatering, nature-based dewatering that was

discussed in Chapter 17 and mechanical-type dewatering.
19.74 Mechanical dewatering units are made mainly in three different technolo-

gies: centrifuges, filter presses, and cake filters.

19.6 Water Wells

19.75 The depth of water wells could be from less than 10 m to about 100–300 m
or more.

19.76 The water supply capacity or wells depends on several geological features of
the ground but can be estimated as it is shown in Table 19.5.

19.7 Estimation of Required Footprint

19.77 In many projects the required area of the treatment facility needs to be esti-
mated. This needs a high level of skills and knowledge about dimension of
different equipment and units.

19.78 By knowing the dimension of each equipment, the respective footprint area
can be calculated by calculating a rectangular that covers the equipment with
extra dimensions of 1 m from each side (it means length = length to equip-
ment+ 2 m and width = width of equipment+ 2 m).
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Table 19.5

Well
diameter

Range of
flowrates
(m3/h)

Drop line
diameter

3′′ 2–5 2′′

4′′ 5–10 2′′

6′′ 10–40 3′′

8′′ 40–70 4′′

10′′ 70–100 5′′

12′′ 100–150 6′′

16′′ 150–450 8′′

19.79 For tanks after assuming a suitable residence time, calculate the required
volume, add 10–15% to it to come up with total volume, and then by assum-
ing a height-to-diameter ratio of one, calculate both diameter and the height.
The footprint is a square that covers the diameter of the tank with extra 2 m
(1 m from each side).

19.80 For pumps, assume a “tank” with residence time of three minutes and
height-to-diameter ratio of 1.4. Then, calculate the footprint similar to
a tank.

19.81 Many loose porous media units like sand filters and IX beds are sized roughly
based on the flux or volumetric flowrate divided by the area (Q/A). With this
parameter in mind, the footprint of such units can be estimated.

19.82 In many cases the total plant area of municipal wastewater treatment is about
3 m2 per m3/d.

19.8 Site Selection and Enclosing

19.83 There are many parameters affecting the location of centralized treatment
facilities, and some of them are mentioned in Table 19.6.

Table 19.6

Municipal Industrial

Water Near water source Near water source
Near water consumers Near or attached to the main plant but could

be in a separated housing
Wastewater Near discharge destination

and down hills to facilitate
gravity flow

Near discharge destination
Near or attached to the main plant but could be
in a separated housing (specially in regulated
industries like food and pharmaceutical)
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19.84 From economical view point, it is better to build treatment units as outdoor
units.

19.85 There are some units that are sensitive to temperature change, and in the
areas which temperature swings a lot, they should be indoor. Examples of
such units are polymeric membrane units and IX units.

19.86 The units that are operator-intensive and are in the areas with harsh envi-
ronment are better to be placed inside (indoor units). The example of such
units are semicontinuous units.

19.9 Cost Matters

19.87 The majority of prices show a 1.5–2 times increase in cost for every 20 years.
19.88 Generally speaking, the price of conventional wastewater treatment facilities

are 3–4 times of similar conventional water treatment facilities.
19.89 Generally speaking, the price of desalination facilities are 3–4 times of simi-

lar conventional water treatment facilities.
19.90 Engineering cost estimation: Process+mechanical design is about 1/3 to 1/2

of the total cost of engineering (excluding project engineering, procurement,
permitting).

19.91 There are two costs related to treatment plants: capital cost (CAPEX [capital
expenditures]) and operating cost (OPEX [operating expenditures]).

19.92 One way of “combing” these two costs are through amortization factor:
Combined cost ($/year) = OPEX ($/year)+ {CAPEX ($)× amortization fac-
tor (1/year)}

19.93 Amortization factor is calculated from the following formula:

Amortization factor = (1 + i)n ⋅ i
(1 + i)n − 1

where “i” is the yearly interest rate (in fraction/year) and “n” is the expected
life of facility (in number of years).

19.94 “i” (yearly interest rate in fraction/year) and “n” are decided by the client
but typical values are shown in Table 19.7.

Table 19.7

Interest rate

i

0.05–0.08 (years)

Expected life of facility
Type of facility n
Industrial water or wastewater facilities 10–20 years
Industrial water or wastewater facilities 20–30 years
Collection or distribution networks (buried) 40–50 years
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19.95 The cost of “product” – treated wastewater or treated water – can be calcu-
lated by the following formula:

Water cost
(

$
m3

)
=

Combined cost
(

$
yr

)

Flowrate
(

m3

yr

)

19.10 Decision Making and Option Selection

19.96 In many cases in water and wastewater treatment projects, several alterna-
tives (or options) should be compared, and the best one is selected.

19.97 There are many ways to compare different alternatives, but one of them is
shown in Figure 19.8.

Option 1 Option 2 Option 3

Yes/No? Yes/No? Yes/No?

Yes Yes Yes

Yes

1. Strategic requirements 1

‘‘MUSTS’’ - Essential criteria

2. Strategic requirements 2

‘‘WANTS’’ - Desirable criteria

3. Objective 1

3. Objective 2

4. Objective 3

5. Objective 4

6. Objective 5

TOTAL WEIGHTED SCORE Option 1 105 156 FailOption 2 Option 3

Winning option

1

7

8

10

3

3

Weight
Raw
score

Raw
score

Raw
score

Weighted
score

Weighted
score

Weighted
score

6

7

10

9

3

42

56

100

27

1

3

9

7

5

1

21

72

70

15

Yes No

Figure 19.8

19.98 The method of developing such decision-making table is explained as fol-
lows:
(a) List all the criteria that are important for the client.
(b) Divide all the requirements into two groups of “musts” (deal-breakers)

and “wants.”
(c) List all the criteria in the first column of the table.
(d) For “musts,” they only thing that should be done is to state if the

requirement is met (yes) or not (no). If the answer is “no,” continuing
the “wants” for that option could be useless.

(e) For “wants” criteria, add a baby column of “weight.”
(f) Compare all the wants criteria with each other and assign a weight for

each of them. This assigning is called vertical value assignment.
(g) The weights could be any number from 1 to 10 (do not use zero). A larger

weight should be assigned to more important criteria.
(h) Then, put each option in each twin columns.
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(i) Now, for each option, in comparison to other options, assign a “raw
score.” This is a horizontal value assignment.

(j) The raw scores could be any number from 1 to 10 (do not use zero). A
larger raw score should be assigned to the option that meets the wants
criteria more.

(k) The “weighted score” columns are multiplication of raw score columns
to raw score columns.

(l) On the last row, the summation of weighted scores of each option is cal-
culated.

(m) The winning option is the option with the largest score.
19.99 In decision-making activities we generally develop such table for short-listed

options that could be less than five alternatives.
19.100 Some of criteria that could be considered in decision-making processes are

listed in Table 19.8.

Table 19.8

Design
Installation/
construction Process

Operation and
maintenance

Cost
matters

Reliable design
methodologies

Easy for
construction
(constructability)

Meet effluent standards Easy operability (summer,
winter)

Capital cost

Low sludge production

No/low watery side-stream Minimal operation attention

Low energy consumption
(energy efficient)

Low utility consumption

Easy for installation Low chemical consumption Resistance to shock
(hydraulic shock and
concentration shock)

Operating
costLow floor print

Lack of odor generation

Modularizability
(easy for expansion)

Easy to enclose for volatile
organic carbon (VOC)
containment

Fast recovery from shock
(resilience)

Operability

Reliability
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Index

a
accelerated sedimentation units 88
activated sludge systems 221, 225, 234
activated sludge technology 225, 226
active approach 269–270
advanced oxidation processes (AOP) 215
aeration 226, 229
aerators 217, 228, 229, 244
aerobic suspended bioreactors 226
air bubblers 229, 230
air diffusers 228, 309
air distribution network 230
air movers 230
air stripping 240
alkalinity 42–44
America Petroleum Institute (API) 125,

131
ammonia removal 246
ammonium sulfite 244
amorphous silica 47
anaerobic ponds 305, 307
anaerobic suspended bioreactors 226
animal oils/fats 38
anionic coagulants 249
anionic resins 169
apparent volumetric concentration 18
asphaltenes 34
atmospheric deaerators 244

b
back pressure, RO 194
bacteria 73
base flowrate 273

basin oil removal system 130
biochemical oxygen demand (BOD) 9,

56–58
biochemical reactions 216
biolocial nutrient removal (BNR) 60
biological aerated filter (BAF) 226
biological organic removal 215–231
biological removal nitrogen compounds

232
biomass 219
bioreactions 232
bioreactor effluent 226
bioreactors 221
blowers 309–310
body feed filtration aid 105
boiler blow down water 8
boiler make up water 8
brackish water RO (BWRO) 193, 194,

298
break point chlorination test 261
brush aerators 229

c
cake filters 104
calcium carbonate (CaCO3) 323
calcium hypochlorite 256
capacity 271
capital cost (CAPEX) 332
capturing solids 101
carbon dioxide removal 244–245
cartridge filter 113–114
cationic coagulants 249

Rules of Thumb for Water and Wastewater Engineers, First Edition. Moe Toghraei.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.

Ali Sadeghi Digital Library 



336 Index

cationic resins 169
cells 301
centrifuges 97–99, 145–146
chemical addition methods 287
chemical denitrification 246
chemical emulsions 33
chemical injection packages 314–317
chemical injection systems 315, 317
chemical oxygen demand (COD)

57, 58
chemical precipitation 246
chlorination 17
chlorine gas injectors 256
chlorine-releasing chemicals 256
city potable water 1
clays 34
coagulancy effect 249
coagulants 249
coagulation-flocculation-sedimentation

297
coalescer-filter 151
coalescer-gravity separator 151
coalescers 151–152
coaxial jet mixing 317
COD/BOD ratio 211
cold lime softener (CLS) 209
coliforms 73, 74
colloidal silica 47
colloids 12, 71

characteristics 71
hydrophobic and hydrophilic

classification of 72
specification 71

completely mixed reactor vs. plug reactor
224

containerized units 282
contaminants 9, 71
continuously stirred-tank reactor (CSTR)

224
continuous regeneration (CR) 207
conventional wastewater treatment

332
cooling tower blow down water 8
cooling tower make up water 8
co-precipitation 251

cross flow filtration 106
crystallizers 161–167
cumulative curve 23

d
dead end filtration 106
decarbonators 244
degassing 243
demulsification methods 153
denitrification bacteria 233
deoileing hydrocyclones 143
deoiling L-L hydrocyclones 143
depth filters 104
discrete particle size distribution curves

22
discrete PSD 21
disc type centrifuge 97
dispersed gas system 140
disposal wells 328
dissolved ammonia 67
dissolved carbon dioxide 66, 67
dissolved contaminant 13
dissolved gases 64
dissolved gases/volatile liquids

advantages and disadvantages 239
ammonia removal 246
carbon dioxide removal 244–245
hydrogen sulfide removal 245–246
oxygen removal 243–244
stripping 240–243

dissolved hydrogen sulfide 68
dissolved inorganics removal methods

co-precipitation 203–209
evaporators and crystallizers 161–167
ion exchange 167–186
ions adsorption 202–203
reverse osmosis 186–202
specific ions removals 202
three categories 159

dissolved ions 39
dissolved materials 12, 39
dissolved oil 36
dissolved organic materials 54
dissolved organics removal

advance oxidation processes 215
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biological organic removal 215–231
granular activated carbon 212
ion exchange beds 214
nitrogen removal 231–236
non-biological organic removal

211–212
removal methods from high

concentration organic 215
traditional chemical oxidation

processes 214–215
dissolved oxygen (DO) 64, 244
dissolved phosphorus 62
dissolved-release gas bubbles 139
dissolved specific ions

alkalinity 42–44
hardness 40–42
iron and manganese 44–46
nitrate and nitrite 46–47
pH 39–40
silica 47–48

dissolved total ions 49–54
dissolved volatile organic carbons (VOC)

69
drying bed ponds 304

e
E.Coli 73
eggshell 323
electric conductivity of water 52
empty bed contact time (EBCT) 150, 212
emulsified oil 33
emulsions 29, 32, 72
emulsion type polyelectrolytes 250
energy recovery devices 197
equalization tanks 279
evaporate water 161
evaporation ponds 304, 327
evaporator plus crystallizers 166
evaporators 161–167
exhaustive method 55

f
facultative ponds 305
fats in wastewaters 29
fecal coliforms 73

fiber reinforced plastic (FRP)
191, 321

field erected units 283
filtration 104–117, 250
final untreatable liquids 327–328
flash evaporators 162
flash slop treating system 156
floatables 10

group of 29
oil feature of 30
removal strategy 123

flocculation 249
flotation system 138
foaming problem 72
foot print 330–331
fragility of oil globules 313
free oil measurement 35
Free Water Knock out drums (FWKO

drums) 124
froth stream 138
fully mixed aerated ponds 307
functional group method 55
fungi 73

g
gas assisted floatation 136, 139
gas-assisted gravity separation 136–143
gas bubble generation 141
gas by-products 324
gas dispersion 140
gaseous waste streams 325
geological survey 327
granular activated carbon (GAC) 150,

211, 212
granular carbon adsorption units 247
granulated activated carbon (GAC) 247
gravitational solid removal 94
greases in wastewater streams 29
grease traps 136
grit chambers 99
groundwater

colloid concentration 71
vs. surface water 1, 5
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h
handling dry solids 310–312
hardness 40–42
heating emulsion-breaking system 156
heating type slop treatment system 156
helminth 74
Henry’s law constant 241
hexane extractable material (HEM) 35
high brackish water 51
high lift pump stations 319
hollow fine fiber (HFF) 191
horizontal flow sedimentation basins 94
hospital odor of water 82
hot lime softener (HLS) 209
H type skim tank 133
human-affected water cycle 1
hydraulic dispersed gas system 141
hydraulic removal systems 94
hydrocyclones 96–97
hydrogen sulfide removal 245–246
hydrophilic classification, of colloids 72
hydrophobic classification, of colloids

72
hydro-pneumatic tank 276

i
impure silica 47
incineration 211
industrial wastewater 82
industrial water plants 275
inherent approach 269–270
injection by quills 317
in-line coagulation 251
inline installation 279
inline neutralization 318
inorganic coagulants 249
inorganic ion removal methods

159
intermittent regeneration (IR) 207
ion exchange (IX) 159, 167–186

beds 214
cycle operation 168
resins 168, 169, 172, 211
systems 175
vessels 175, 181

ions removals 202–203
iron and manganese 44–46

j
jet mixing 317

k
kettle evaporators 162

l
Langelier stability Index (LSI) 323
large industries 9
lime softeners 208
liquid-liquid hydrocyclones (LLHC)

124, 125, 143–145
liquid streams 325
liquid tanks 310
L-L cyclones 144
low brackish water 51
low lift pump stations 319

m
make-down water 250
man-made methods 299
marine odor 82
masking effect 17
material analysis 25
mechanical aerators 228
mechanical emulsion 33
mechanical evaporators 161
mechanical sludge removal systems 94
mechanical solid removal 94
mechanical vapor compressor (MVC)

163
membrane disk bubblers 230
membrane filtration 114–117
membranes 81
mesh size 21
metallic ion colloids 71
Micro emulsion 155
micro filtration systems (MF) 248
microorganisms 253
mineral oils 36
minimum shear 314
mixed bed ion exchange (MBIX) 175
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mixed liquor 236
mixed salt crystallizers 166
molds 73
moving bed biofilm reactor (MBBR) 226
multiple effect distillation (MED)

evaporator 166
municipal wastewater 9, 220, 272, 297
municipal water plants 274

n
natural emulsifiers 34
natural evaporation ponds 304
natural water cycle 1
nature-based methods 299, 300
nephelometric turbidity unit (NTU)

27
neutralized colloids particles-flocculation

248
nitrate (NO−

3 ) 46–47, 60
nitrification bacteria 232
nitrite (NO2) 46–47, 60
nitrogen and phosphorous 60
nitrogen compounds in water 61
nitrogen removal 231–236
non-biological organic removal 211–212
non-condensing gas 70
non-ionic coagulants 249
non-membrane type filters 104
non-micro-organisms 74
non-specific method 56

o
offline installation 279
oil adsorption units 148–151
oil coalescing 128
oil excursion 124
oil globules 137, 138, 313
oil globule size distribution (OGD) 36
oil globule sizes 33
oil gravity separation 126
oil in wastewater streams 29
oil-in-water (O/W)

emulsion 30, 35, 156
mixtures 32

oil layer removal, basin 130

oil removal filter (ORF) 146–148
oil removal methods 124

centrifuges 145–146
coalescers 151–152
gas-assisted gravity separation

136–143
liquid-liquid hydrocyclones 143–145
meso-and micro-emulsions 153–155
oil adsorption units 148–151
oil filters 146–148
oil gravity separation 126
skimmed oil 155–158

oil removal systems 124, 152
oil separations methodologies 153
oily streams 313–314
operating cost (OPEX) 332
organic colloids 72
organic materials 25
organic nitrogen 60, 61
organic particles and fibres 29
organic removal methods 305
organics 54
organic suspended solids 25
organic trap 214
organoclay 148
oxygen removal 243–244

p
particle size distribution (PSD) 20
particle size spectrum 25
particulate phosphorus 62
passive approach 269
pathogen deactivation 254
pathogenic worms 74
pathogens 13, 17, 73, 253
pH 39–40
pH adjustment and neutralization

317–318
phosphorous compounds in water 62
photometric method 36
pipe flocculators 251
pneumatic transferring 312
polyelectrolytes 249
polymeric coagulants 249
pond-based systems 221
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pond treatment systems
area and cell 301
depths of 301
terminology 302
units 302, 304

post-disinfection 255
powdered activated carbon (PAC) 150
pressure filtration 105
pressure vessel (PV) 191
primary clarifier 293
procedural approach 269
process flow diagram (PFD) 285
protozoa 73
pumps 309

r
reactive silica 47
recycled activated sludge (RAS) 226
recycling 221
removal methods from high concentration

organic 215
removing oil grease traps 136
residual chlorine 260
residual disinfectant 255, 260
resin beads 170, 171
resin beds 167
resins

characteristics 169–170
form or cycle 171
IX systems 185
regenerants process 176

reverse emulsion 29
reverse osmosis (RO) 81, 159, 161, 187,

194, 246
membranes 187
non-exhaustive list 197
pressure of 194, 196

rotating biological contactor (RBC) 226

s
SAC-H form 172
SAC-Na resin 173
salt rejection (SR) 190, 197
SBA-OH 172
scaling from silica 48

scavengers 239
screenings 99–103
scroll-type centrifuges 97
s curve 23
seawater reverse osmosis (SWRO) 193,

194, 295, 298
sedimentation 88, 89, 250
sedimentation basins 128
sedimentation ponds 303
segregation 269
selective ion exchange (IX) 203, 246
sensitive streams 313
settleables 10, 17
settleables removal

cartridge filter 113–114
centrifuges 97–99
cut-off sizes 87
filtration 104–117
grit chambers 99
hydrocyclones 96–97
membrane filtration 114–117
screening 99–103
sedimentation 89
sieving 88–99
suspended solid removals 87

shallow depth sedimentation basins 96
shallow depth settling basins 96
shear generating devices 314
side-entry jet mixing 317
side streams 298
sieve mesh sizes 21
sieve test 20
sieving 88–89, 99
silica (SiO2) 5, 72

forms of 47–48
numerical values 48

single solid crystallizers 166
single stage vertical centrifugal 322
skid-mounted units 282
skimmed oil 155–158
skim tanks 132, 133, 152
slop handling systems 155
slop tank 156
slop water treatment systems 156
sludge handling 121
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sludge processing units 329–330
sludge removal systems 94
sludge/slurry handling 312–313
small industries 9
sodium hypochlorite 256
sodium sulfite 244
solid-liquid hydrocyclone 125
solid separation methods 117
solid’s type 26
solid wastes 328–329
soluble oil 35
soluble silica 47
sour water 245
specific ions 39
specific water consumption 273
spiral wound (SW) element 190
stagnant oil gravity separation 126
stagnant water sedimentation 90
stainless steel (SS) 191
standard operating procedure (SOP)

269
steam evaporators 162
steam stripping 240
Stiff & Davis Stability Index (S&DSI) 323
Stokes’ equation 88, 124
storage ponds 303
storm water 303
stripping 240–243
strong acid cation (SAC) 172
strong basic anion (SBA) 172
strong basic anion in chloride cycle

(SBA-Cl) 172
sumps 320
surface aerator 229
surface filters 104
surface water

colloid concentration 71
vs. groundwater 1, 5
streams 82

suspended contaminant 12
suspended culture bacteria 224
suspended solids (SS) 9, 17, 47
synthetic oils 38
synthetic organic liquids 38

t
thin film composite (TFC) 189
thin film/droplet evaporation 162
total ammonia nitrogen (TAN) 68
total dissolved solids (TDS) 159, 187

RO 199
in water 49

total ions 39
total Kjeldahl nitrogen (TKN) 60
total oil content 34
total organic carbon (TOC) 57, 58
total phosphorus (TP) content 62
traditional chemical oxidation processes

214–215
treated wastewater 1
treated water 325
turbidity 5, 26–28
type IV water 54
type I water 54

u
ultrafiltration (UF) 81, 248
ultrapure water 54
UV disinfection 262

v
vacuum stripping 240
vapor compressor evaporators 162, 165
viruses 73
volatile organic carbons (VOC) 69
volatile suspended solids (VSS) 25, 219
volatilization 303
volume of settled solids 19
Vortex flotation units 142

w
WAC-H 172
WAC-Na 173
warm lime softener (WLS) 209
wasted activated sludge (WAS) 226
waste water management

active approach 269–270
flowrate estimation 271–275, 283
fluctuations 275–276, 283
inherent approach 269–270
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waste water management (contd.)
materials of construction 282
passive approach 269, 270
plants’ construction options 282–283
procedural approach 269, 270
procedures 267–269
surge 276, 277, 279, 281
treatment facilities 281, 283

wastewaters, in industries 9
wastewater treatment 1

cost matters 332–333
decision making and option selection

333–334
final untreatable liquids 327–328
foot print 330–331
site selection and enclosing 331–332
sludge processing units 329–330
solid wastes 328–329
water-media interactions 323–324
water wells 330
ZLD 324–326

water 5, 6
water analysis

estimation of existence of contaminants
82

preparing of 78–79
report 77–79
study and investigating 79–80
temperature 80–81
units of concentration 82–84

water and wastewater
blowers 309–310
chemical injection packages

314–317
handling dry solids 310–312
lift stations 318–319
liquid tanks 310
man-made methods 299
nature-based methods

applicability of 299

features of 299–300
fundamentals of 300

oily streams 313–314
pH adjustment and neutralization

317–318
pumps 309
sludge/slurry handling 312–313
sumps 320

water consumers 5
water-in-oil (W/O) emulsion 29, 156
water in process 8
water-media interactions 323–324
water streams, in industries 9
water/wastewater plants

basic design of 285
biological methods 286–287
chemical addition methods 287
chemical injection 287
chemical methods and 286–287
developing string of units 289–292

rule of thumbs in 292–293, 295–297
mechanical methods 286
removal methodology 288
residual streams 298

water wells 330
WBA-OH 172
weak acid cation (WAC) 172
weak basic anion (WBA) 172
well head injection pressure 328
wet air oxidation (WAO) 215
wet well lift stations 319
WHO standard for drinking water 6

y
yeasts 73

z
zero liquid discharge (ZLD) 324–246,

325
zeta potential meter 71
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