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ABSTRACT 
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Efficient designs and operations of water and wastewater treatment systems are largely 

based on mathematical calculations. This even applies to training in the treatment 

systems. Therefore, it is necessary that calculation procedures are developed and 

computerised a priori for such applications to ensure effectiveness. This work was aimed 

at developing calculation procedures for gas stripping, depth filtration, ion exchange, 

chemical precipitation, and ozonation wastewater treatment technologies to include them 

in ED-WAVE, a portable computer based tool used in design, operations and training in 

wastewater treatment. The work involved a comprehensive online and offline study of 

research work and literature, and application of practical case studies to generate         

ED-WAVE compatible representations of the treatment technologies which were then 

uploaded into the tool.  
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1.0 INTRODUCTION 

 

Mathematical calculations are indispensable in the design and operation of wastewater 

treatment plants. The calculations are equally significant for training in wastewater 

treatment. In view of the recent increase in wastewater treatment processes, due to among 

other things stringent discharge regulation world over, calculation procedures for the 

wastewater treatment technologies have been necessitated as strategic and efficient tools 

towards application of various wastewater treatment technologies. Thus, the requirement 

to develop the calculation procedures needs no emphasis.   

 

Calculation procedures for wastewater treatment technologies may be defined as 

prescribed ways and methodologies of implementing computations for design or 

operation of a wastewater treatment plant. They may include ordered instructions with or 

without mathematical/chemical expressions or equations or steps towards a specific 

output. These procedures can be coded as computer packages or simply linked with 

computer packages to enhance their applicability.  

 

Not only could calculation procedures ensure correct calculations for the design and 

operation of a wastewater treatment plant, but also simplify the process. Besides, they 

ensure efficiency by providing a clear guidance on the undertaking. They are also very 

effective for repetitive work.   

1.1 CALCULATION PROCEDURES TOOLS USED IN 

ENVIRONMENTAL / CHEMICAL ENGINEERING 

 

A number of tools developed for modelled calculation processes have found application 

in environmental and chemical engineering. These are used for experimental, industrial 

(covering both designing and operations), and educational purposes. Typically, they are 

developed from analytical calculations or simulation based calculation procedures. The 

latter are preferred in environmental education because they demonstrate the processes 

involved more explicitly and vividly than the analytical models [1]. Examples of 

computer aided tools that focus on water and waterwater treatment available in literature 

and accessed for this study were POLYMATH, DATAR and ED-WAVE.   
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1.1.1 POLYMATH 

 

This is a numerical computational package used for training and industrial applications 

suited by the user friendly interface. The interface is made such that input and output 

tabular and graphical results can be copied and presented in reports as they appear in 

POLYMATH. The figures and tables are automatically scaled and labeled; however, this 

can be modified to suite reporting requirements.  The textual output may include 

equations, and values of variables; initial and final and minimum and maximum. 

 

To facilitate debugging, the undefined variables are displayed during problem entry. By 

default, POLYMATH executes calculations only within the tolerated error margin which 

ensures accuracy of its computations.  Processing in POLYMATH is prompted by menu 

and innately, all options are displayed on the screen for the user’s choice.   

 

The versatility of the tool is also shown by the ability to accept values copied from 

WORD and EXCEL, sometimes with minor modifications. It is also compatible with 

other programs such as MATLAB so much so that for simulations done in MATLAB, 

POLYMATH automatically reorders the equations to allow explicit expression of the 

algebraic variables. The tool also enables quick learning because of the minimal user 

intervention in the technical details of the solution since focus and efforts are 

concentrated on the subject matter other than the details of the program [1].  

1.1.2 DATAR 

DATAR is a computer system developed in Microsoft Visual Basic 3.0 programming 

language to facilitate design of wastewater treatment plants for biological, preliminary, 

primary, and tertiary treatments and also for sludge treatment. Specifically, the treatment 

processes built into the system are shown in Table 1. According to Gabaldón et al [2], the 

following design information is generated when using DATAR; sizing and operating 

conditions of the treatment units; arrangement of treatment processes; channels, pipes, 

pumping equipment and equipment associated with every process unit plus the hydraulics 

involved, and the plant power requirements.  
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Table 1: Treatment processes and units included in DATAR [2] 

Unit process Treatment Units 

Flow equalization and 

measurement 

Flow equilisation basin, spillway, and Parshall flume 

 

 

Screening 

 

Trash racks, bar screens, mechanically cleaned 

screens, and continuous self-cleaning screens 

 

Grit removal Horizontal flow grit chamber, aerated grit chamber, 

and grit and grease removal 

 

Chemical coagulation  Coagulant addition systems, rapid mix tank, and 

flocculation chamber 

 

Sedimentation Primary settler and secondary clarification 

 

Biological wastewater treatment Activated sludge: Complete mixed aeration basin, 

modified Ludzack-Ettinger process, Oxidation 

ditches, and Orbal
TM

 process  

Attached growth: Rotating biological contractors and 

trickling filters. 

Effluent disinfection Chlorination 

 

Sludge concentration  and 

stabilization 

Gravity thickening, aerobic digestion, anaerobic 

digestion, Imhoff tanks, belt filter presses, and sand 

drying beds  

 

Similar to windows interface, commands on DATAR interface are prompted by menus, 

icons and a pointer. The menu bar on the main screen include file for data storage and 

recovery, printer output, and process flow diagram modifications, and also design and 

hydraulic calculations, and online help.   Beside the menu and icons, the interface has an 

active screen (a working area) used for building treatment flow diagrams by introducing 

treatment units into the area. The units put on the active screen can be modified even 

their machinery characteristics or deleted from the screen which makes DATAR user 

friendly. Connections between units are automatically established thereby generating 

water, sludge and supernatant lines [4]. These flow lines enable logical information 

transfer between the units. There is also provision for output and visualization of results 

on the interface. Actually, the results for each treatment unit can be displayed.  

 

Furthermore, the working environment for DATAR provides for user-active  interaction 

with the database. In addition to the in-built  treatment units for all the wastewater 
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treatment processes, the database contains technical data requred for coupling equipment 

to treatment units. It is further stated that there are several commercially available 

elements included in the database for each type of equipment [4]. Naturally, this widens 

the user’s choice base.  

 

DATAR system also allows for comparison of alternatives. To this end, in a way, new 

design projects can be loaded into the system’s database for subsequent reference. 

Moreover, designs in the system’s database can be modified resulting into alternative 

designs. Typical conditions considered for modifications are flow diagrams, influent 

characteristics and design criteria.  

 

When engaged in a design task, the system proposes design criteria and treatment units 

based on influent characteristics and other user defined parameters and assigns equipment 

for the adopted treatment units. It is also important to note that DATAR also executes 

hydraulic designs for the proposed treatment plants. Whilst executing the foregoing, the 

system tests user actions for correctness and points out system-inconsistent commands. 

 

1.1.3 ED-WAVE 

 

The calculation procedures for the wastewater treatment technologies developed herein 

were incorporated into ED-WAVE, a tool used as an aid for training in wastewater 

treatment technologies, and design and running of water and wastewater treatment plants.  

The tool was jointly developed by TERI School of Advanced Studies, India, Technical 

University of Crete, Greece, Lappeenranta University   of   Technology,   Finland,   

University   of   Zaragoza,   Spain,   University   of Moratuwa, Sri Lanka and Kasetsart 

University, Thailand with funding from the European Commission. Ultimately, the tool 

was aimed at contributing towards efficient use of water by more or less effectively 

substituting physical experimental apparatus which would be used in wastewater 

treatment.  

 

ED-WAVE is a portable-computer based package developed in reference to real life 

applications with focus on industrial and municipal wastewater environments. The tool 
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has four modules; Reference Library (RL), Process Builder (PB), Case Study Manager 

(CM) and Treatment Adviser (TA).  

 

Case studies of municipal and industrial wastewater treatment plants obtained from 

Europe and Asia are presented in the CM. These case studies cover sectors such as pulp 

and paper mills, alcohol distilleries, tanneries, rubber and latex processing, textile and 

garment manufacturing, and metal processing. With a robust base of 80 real life cases; 25 

in Distillery, 6 in each Tannery, and Rubber and Latex, 2 in Metal Finishing, 10 in 

Municipal, 26 in Pulp and Paper, and 5 in Textile and Garments, the CM singles out the 

most similar case to the case at hand by case-based reasoning approach. The versatility of 

EDWAVE is also seen in the ability of the CM to define similarities between cases 

containing both numeric and textual information. 

 

In the Case Manager, the reference case, by design, includes its Wastewater Treatment 

Sector, characteristics of the influent, the desired effluent characteristics, and importantly, 

the treatment sequence. The context (place and year of the case) is also given alongside 

some brief interpretation of the influent and effluent characteristics for the given 

treatment sequence. 

 

To determine, treatment sequences for a new case, the ‘Find Similar’ Tab leads to a New 

Case Form which calls for input of specifications of sector of the industry for the case, 

flow rates and information of physical, inorganic and organic parameters of the influent 

together with their values. There are also addition Tabs for acceptance of option setting 

of weights and comparison of options. Upon prompt to retrieve, similar cases are 

captured with the degree of similarity specified. 

 

The TA is used to generate treatment sequences. It is recommended when the user seeks 

an alternative to the Case Manager. Based on influent characteristics, the TA generates a 

sequence of treatment technologies and their product. 

 

The TA has two entry tabs; the Treatment Base Tab and the Advise Tab. The Treatment 

Base enumerates wastewater characteristics or parameters in possible in-situ ranges. 

Typically, the parameters are categorised as Physical, Inorganic, Organic and Biological. 
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The physical parameters include total dissolved solids, total suspended solids, total 

volatile solids, turbidity, volatile suspended solids, colour, oil and grease, and total solids. 

Inorganic parameters include free ammonia, nitrate, total nitrogen, total phosphorus, pH, 

alkalinity, Cyanide, Aluminum, Chromium, Copper, Iron, Magnesium, Nickel, Zinc, 

Mercury, Chloride, Sulphate, and Sodium. The organic parameters include BOD, COD, 

Total Organic Carbon and phenolic compounds. Total coliform and specific 

microorganisms constitute Biological parameters compiled in the EDWAVE.  

 

To get an advice, the user is required to characterise the case at hand by its industry type, 

the physical, inorganic, organic and biological properties and its flow rate. Upon 

prompting the Analyse Tab and Advise Tab, the stream is classified and possible 

treatment sequences are enumerated, respectively. These can then be evaluated and 

ranked upon prompting assessment. 

 

The Process Builder enables construction of treatment sequences using predefined blocks 

which represent specific treatment process. The blocks, and virtually the treatment 

process, are grouped as Preliminary, Primary, Secondary, Advanced, Disinfection and 

Flow control. To build the sequence, the user needs to left-click and drag the icon of the 

treatment process from the options in each category to the assembling environment/space 

provided. Notably, right-clicking the block on the sequence removes it from the sequence 

and the assembling environment. To link blocks, the user left-clicks and drags from a 

connection point of one block to that of the other block. It is important to note that 

building of treatment sequences is guided by predefined and in-built procedures and 

restrictions. For example, blocks can only be connected at specific points. 

 

The RF presents wastewater treatment technologies organised in three ways. They can 

either be organised alphabetically, or per their treatment level as Preliminary, Primary, 

Secondary, Advanced and Disinfection. The third organisation is according to the unit 

operation level of the wastewater treatment technologies. In this case the organisation is 

Physical, Chemical or Biological.  

 

For each treatment technology, the RL presents a summary, brief theoretical description, 

a schematic representation, a list of design parameters, worked examples, a model in 
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EXCEL spreadsheet, and a reference list. While theory captures key expressions and 

equations, and procedural instructions used in the design and operation calculations, the 

worked examples provide an outlook of a practical calculation. The calculations are 

coded into the EXCEL spreadsheet and provide an opportunity to observe the effect of 

the various parameters on the calculation result.  

 

The Reference Library also contains definitions of the terms used in the wastewater 

treatment technologies in the tool. The terms are organised in an alphabetical order.   

  

The Reference Library of the ED-WAVE tool covers a list of technologies. These include 

screening, equalisation and grit removal in preliminary treatment; coagulation, 

flocculation, Imhoff tank, and sedimentation, in primary treatment; and in secondary 

treatment; activated sludge, aerated lagoon, anaerobic lagoon, constructed wetland, 

facultative lagoon, intermittent sand filter, membrane bioreactor, rotating biological 

contactors and trickling filters. Further, ED-WAVE comprises advanced wastewater 

treatment technologies such as activated carbon adsorption and membrane filtration, and 

UV irradiation and chlorination for disinfection processes.  

 

However, this list does not include other wastewater technologies which have found wide 

application recently as a result of technological improvements. These include gas 

stripping, depth filtration, chemical precipitation, ion exchange, and ozonation. Thus, this 

thesis was aimed at developing calculation procedures for the preceding five wastewater 

treatment technologies so that they could be incorporated into the ED-WAVE. This was 

necessitated by the virtue of EDWAVE being comprehensive in coverage of treatment 

technologies, its multi-application in water and wastewater treatment sector, ability for 

system upgrading and improvement. 

 

 

The report presents a detailed write up on latest information collected on the treatment 

technologies with particular focus on their design and operation principles, application, 

materials and equipment used, influencing factors, and merits and their demerits. The 

write up is then compressed to parts and formats compatible with the Reference Library 

module of the ED-WAVE for incorporation. These ED-WAVE compatibles are thus 

presented at the end of the chapters for each treatment technology.  
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2.0 METHODOLOGY 

 

The research involved a comprehensive and extensive study of literature on the 

wastewater treatment technologies in question. This aimed at collecting information on 

the application of the treatment technologies, the design and functionality of systems 

employing the wastewater treatment technologies, the merits and demerits of the 

technologies and the calculations required in the design or the application of the 

technologies. Having analysed the information, a thorough write-up on the treatment 

technologies was made. This was followed by abridging the write-up contents into 

summaries and also development of a model on EXCEL spreadsheets. The summaries 

comprised an overview of each wastewater treatment technology, theory, a schematic 

representation, a list of design parameters, and worked out examples for the technology. 

All these were then incorporated into the ED-WAVE training system.  

 

2.1 DATA COLLECTION AND ANALYSIS 

 

Data was collected primarily through study of literature on calculation 

procedures/modelling based tools employed in wastewater treatment processes and the 

sector at large and also on the treatment processes understudy. To unsure a relevant, 

reliable and up-to-date study, the author confined to journal publications and peer 

reviewed publications of later than the year 2000. Substantial information on the tools, 

particularly EDWAVE, was gathered from their write-up in their environments.  

 

Data of interest on the tools included the application of the tools, usability, configuration, 

and the environment or user interface of the tool. On the other hand for each wastewater 

treatment technology, the author focussed on its application coupled with merits and 

demerits and influential factors in the application of the technology, the operational 

mechanisms including calculation requirements, the design and build-up of the unit 

operations and processes including the fundamental parameters in the design and 

employment of the technology. Obviously, the choice of the technologies of focus in the 

study was guided by the gap established in EDWAVE environment.  
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The materials gathered were critically examined for reliability and significance to the 

study. In instances where more publications captured similar data, all were cross 

examined for consistency and captured, and variations adequately substantiated were also 

captured as such. Thus, the captured data was as inclusive as possible. However, the 

author used the more comprehensive arguments in the development of the model. By its 

virtue, the study required a compilation approach in the collection of data.      

2.2 DEVELOPMENT OF THE MODELS 

 

The models were developed in the EXCEL spreadsheets based on computational 

formulae for the design and operations of plant, and unit processes and operations as 

compiled from the data analysis process. The models, being the user interface, were 

designed with features to facilitate usability and allow for efficiency. Their formatting 

and layout includes the calculations required for the specific tasks in the employment of 

each technology.   

 

The models comprise four main sections; Task Description, Variables, Data and 

Calculations. The Task Description serves as the title for the calculation processes that 

ensue. The Variables Section defines parameters that are used in the calculations. In the 

Data and Calculation Sections are fields for input and output, respectively, corresponding 

to the defined variables. The four sections are available for each specific task. Other than 

these, in some cases, nominal values of the variables are presented and generic charts are 

built in.  

2.3 EXAMPLES IN THE REFERENCE LIBRARY 

 

Examples were developed from the analysed data ideally for user reference. And since 

EDWAVE is also an educational tool, examples are of paramount significance in 

explaining the principles of the wastewater treatment technologies employed. The 

examples reflect the calculations embedded in the model. Thus, there are examples for 

each specific calculation task coded in the model. These tasks are the fundamental 

calculations in the design and unit processes and operations for the wastewater treatment 

technologies.   
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2.4 SUMMARY, VIEW, DESIGN PARAMETERS AND REFERENCES 

 

By definition, the summary of the wastewater treatment technology presented in 

EDWAVE presents a brief description of the technology.  The summaries were typed as 

WORD Documents before they were converted to Text Document.  

 

The Schematic Representation, also known as View sought to illustrate the principle and 

the operations involved in the wastewater treatment technology. These were generally 

developed in AUTOCAD program in two dimensions. They were later exported as JPEG 

format files.  

 

The Design Parameters were singled out from variables given in the literature compiled 

for each treatment technology. They are both to do with the design of the system/plant for 

wastewater treatment and the operational parameters of the wastewater treatment 

technology.  

 

The Reference list comprises sources referred to in the thesis theory. Thus from the user 

of EDWAVE’s point of view, the list can be defined as bibliography since not all 

references from the list have been captured in the EDWAVE representation.  

2.5 FORMAT OF FILES UPLOADED INTO EDWAVE 

 

Files to be presented in the EDWAVE were developed using the synthesized data. These 

included Summary, Theory, Schematic Representation, Design Parameters, Examples, 

Model and Reference. Before uploading these files were put into formats compatible with 

the tool. The summary was put in Text Document format, the Theory and Examples in 

PDF, the Schematic Representation in JPEG Image format, Design Parameters and 

References in Rich Text Format, and the Model in EXCEL Spreadsheets.   
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3.0 PART ONE:  GAS STRIPPING 

 

3.1 INTRODUCTION 

 

Gas stripping refers to the transfer of gaseous compounds from a liquid phase in which 

they were dissolved to the gas phase. Gas removal is accomplished by contacting the 

liquid phase containing the gas to be stripped with a gas that does not contain the target 

gas [3]. Thus, gas stripping is based on mass transfer. 

 

There are a number of wastewater treatment technologies which apply the principles of 

air/gas stripping. For example, aeration causes stripping of carbon dioxide (CO2) and 

consequently decreases the available inorganic carbon [4]. Also stripping of ammonia 

(NH3) enables the removal of NH3-N from wastewater stabilization ponds to the 

atmosphere.  Elsewhere, CO2 stripping process was applied for the removal of phosphate 

from a supernatant anaerobically digested sludge and also in an anaerobic sludge blanket 

treatment process of papermaking wastewater [5]. Wang et al [6] classified mechanical 

surface aeration, diffused aeration, spray fountains, spray or tray towers, open-channel 

cascades, and packed towers as air stripping processes.  

 

Various gases are used for the removal of dissolved gases depending on efficiencies and 

desired outcomes. Usually, air is used for stripping of ammonia. Also contaminant-free 

air is contacted with surfactant solutions to transfer organic compounds from the solution 

to the air phase [7]. The use of pure gases is shown to yield better results than air. For 

instance, stripping a carbonate solution by air provides a lower maximum pH value than 

that obtained by using nitrogen (N2) or oxygen (O2) [5], [8]. Elsewhere, CO2 gas was 

used for stripping of hydrogen sulphide (H2S) [9]. In their study, Weijma et al [10] found 

that stripping H2S from a reactor using N2 gas provided almost total elimination. It is also 

known that chlorinated volatile organic compounds (VOCs) are relatively more stripped 

than non-chlorinated compounds. Benzene, toluene and vinyl chloride are readily 

strippable where as NH3 and sulphur dioxide (SO2), are marginally strippable [3]. In 

addition to the compounds stripped in the preceding processes, gas stripping is also used 

for the removal of CO2 and O2.  
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3.2 FACTORS THAT AFFECT GAS STRIPPING  

 

Air stripping process is influenced by factors which include composition of the gas used 

for stripping, amount of the gas, temperature, the nature of the gas to be stripped, pH of 

the wastewater, and the facility used. Other factors are size, and proportions of the 

facility and the efficiency of the air-water contact [3]. For instance, the gas used for 

stripping should not contain the gas to be stripped. When pure gases are used in CO2 

striping they yield better results than air which is believed to contain some CO2 [8]. 

 

Stripping efficiency generally increases with increase in air flow rate. However, there are 

critical values for the air flow rate over which stripping efficiency and the mass transfer 

coefficient increases rapidly [11], for example, a flow rate greater than 1.4 l/s is required 

for efficient removal of NH3. In addition, air stripping of NH3 requires that NH3 should 

be present as a gas and that the ammonium ions in wastewater should be in equilibrium 

with the gaseous NH3 [3]. Furthermore, the amount of air required increases with 

decrease in temperature. Also, the stripping efficiency and mass transfer coefficient 

increases with the liquid phase temperature. However, NH3 is efficiently stripped at 

ambient temperatures greater than 25 °C [11]. 

 

The stripping efficiency of gases from wastewater is dependent on the value of their 

Henry’s constants. For example, benzene, toluene and vinyl chloride have Henry’s 

constants greater that 500 atm (mol H2O/mol air) and are readily strippable. NH3 and SO2 

with Henry’s constants of 0.75 and 36 atm, respectively are marginally strippable. On the 

other hand, acetone and methylethylketone have Henry’s law constants of less than 0.1 

atm and are essentially not strippable [3].  

 

There are different pH values at which efficient stripping takes place depending on the 

gas being stripped. At low pH values, aeration process causes CO2 stripping [4]. 

Ammonium is stripped at pH above 7 [3]. In stabilisation ponds, alkaline pH shifts the 

equilibrium towards production of gaseous ammonia. 

 

 



 13 

3.3 FLOW TYPES FOR CONTACTING PHASES 

 

Depending on the equipment used for air stripping, different phase flow types are 

implemented. The flow patterns are co-current, cross-flow and counter-current with 

counter-current as the most common followed by co-current [3], [12]. In counter-current, 

wastewater flows downwards whilst the stripping gas flows upwards [13]. As for co-

current flow, both streams flow either upwards or downwards. Upward flow, however, 

requires high pressure drop and liquid hold-up in the tower [13]. These flows can be 

continuous or staged contact. 

3.4 STRIPPING TOWERS 

 

Various equipments are used for air stripping. The choice of equipment depends on the 

desired outcome and the operability and suitability of the equipment with regard to the 

wastewater to be treated. The equipment include stripping tanks, water-sparged 

aerocyclone, impinging stream gas-liquid reactor, rotating packed bed, sieve-tray air 

strippers, and stripping towers [11], [7], [3]. The following sections focus on stripping 

towers. 

 

Stripping towers are the most common gas-liquid separation technology currently 

employed. The towers have great interfacial surface area for mass transfer and they 

consume less power and are efficient [6], [12]. The main components of a stripping tower 

include a circular tower, air blower (supply), distribution system for liquid to be stripped, 

demister, support plate for packing material and packing material, and also discharge 

system for the stripped liquid. 

3.4.1 Operational principle 

 

As wastewater trickles down the packing material and the stripping gas flows upwards, 

the undesirable compounds in wastewater are removed into the gas (Figure 1).  
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Figure 1: Counter-current flow in stripping towers (modified from Metcalf and Eddy [3]).  

 

The mass transfer is balanced so much so that the inflow mass into the stripping tower is 

same as the outflow mass. Thus using the notations given in Figure 1, the following mass 

balance equation can be generated. 

 

LCo + Gyo = LCe + Gye                              (1) 

 

where  L moles of incoming wastewater per unit time, 

Co concentration of solute in liquid entering at the top of the 

tower, moles of solute per mole of liquid, 

G moles of incoming gas per unit time, 

yo concentration of solute in gas entering the bottom of the 

tower, moles of solute per moles of solute-free gas, 

Ce concentration solute in liquid leaving the bottom of the tower, 

moles of solute per mole of liquid, 

ye concentration of solute in gas leaving the top of the tower,  

moles of solute per mole of air [3]. 

 

Equation 1 can be rearranged to represent a straight line which is called an operating line 

that represents conditions at any point in the column [3].  

 

 
) - (

  - oe

eo
G

CCL
yy                                (2) 

 

Assuming air entering the bottom of the tower has no solute, yo = 0. And ye can also be 

defined using Henry’s law according to Metcalf and Eddy [3] as 

L, Ce 

G, ye L, Co 

G, yo 

Stripping section of the stripping tower 
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T

'

o

e
P

HC
y                                (3) 

where  H Henry’s constant,   
 watermole / gas mole

air)  /molegas (mole atm
  

 PT total pressure, atm 

Co
'
 concentration of the solute that is in equilibrium with the gas 

leaving the tower, moles of solute per mole of liquid 

 

Thus, combining Equations 2 and 3 with yo = 0, gives 

 

 eo
T'

o   CC
H

P

G

L
C                               (4) 

 

Assuming that the concentration of solute in the liquid entering the tower is in 

equilibrium with the gas leaving the tower, Co
’
 = Co. Thus, an equation in terms of G/L 

(Appendix 1, Equation 1) forms the basis for the estimation of amount of air that can be 

used for stripping, determination of the number of ideal stages of the striping process, 

determination of the height of the striping tower, and general design of the gas stripping 

towers.  

3.4.2 Design of stripping towers 

 

The design of stripping towers requires calculated consideration of some features of the 

towers if stripping inefficiencies, which are contributed to by poor design and overload 

[3] are to be avoided. There is also need for the calculation of the amount of gas or air 

required for efficient stripping of any particular wastewater in consideration. The crucial 

design features include the stripping tower height, stages of stripping in the tower and the 

packing material to be used in the tower.  

3.4.2.1 Stripping air requirement 

 

It is important that the correct amount of stripping gas be supplied to the stripping tower 

to maintain the desirable ratio of air to water flow. This ratio controls the removal rate of 

the contaminant in the stripper [6]. The minimum amount of air that can be used for 



 16 

stripping can be calculated using Equation 4 as G/L. Effective stripping of most 

constituents, however, requires between one and half to three times this value [6]. 

 

The desirable air to water flow ratio is influenced by the concentration and removal 

potential of the contaminant as given by Henry’s constant [6]. It may also depend on the 

gas been used for stripping. As discussed earlier, pure gases have been found to have 

greater stripping efficiencies than air [10], [8], [12]. In as much as increase in the air to 

liquid flow ratio translates into higher contaminant removal rates [8], excessive increase 

or decrease causes an undesirable condition known as flooding. For the ratio increase, 

wastewater is drawn along with air and the pressure drop increases greatly [6]. On the 

other hand, very low air to liquid flow ratio results in filling in of pore spaces hence water 

flooding the tower [3], [6]. 

3.4.2.2 Stripping tower height and cross sectional area 

 

The height of stripping is more decisive than the diameter since the height affects the 

removal efficiency of the undesirable compound. The height in relationship with the air 

to water flow ratio does not only influence the removal efficiencies but also the capital 

and the operational costs of the stripping towers [6]. The height can range from 2 m to 15 

m depending on size of the stripper and the diameter for the tower can be in the range of 

0.15 m to 3 m. Unlike the diameter which is determined based on the desired rate of flow 

of wastewater only [6], the height depends on a number of parameters. Height of a 

stripping tower can be determined by Equations 2 to 5 in Appendix 1 as suggested by 

Metcalf and Eddy [3].  

 

The values of KLa are best obtained from pilot plant studies or empirical correlations. For 

stripping of VOCs using oxygen as the stripping gas, Metcalf and Eddy [3] presented the 

following relationship.   
n

O

VOC

OLVOCL

2

2
  
















D

D
aKaK

                                                                    (10) 

where KLaVOC  system mass transfer coefficient for VOC, l/h 

KLaO2 system oxygen mass transfer coefficient for VOC, l/h 

DVOC diffusion coefficient of VOC in water, cm
2
/s 
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DO2 diffusion coefficient of oxygen in water, cm
2
/s 

n coefficient (0.5 for stripping towers), - 

 

The cross-sectional area of the tower can be calculated using Equation 5 shown in 

Appendix 1.  

3.4.2.3 Stripping stages 

 

Stripping in the tower can be done in a number of stages to improve separation 

performance of the towers [3]. The ideal number of stages can be obtained graphically 

using equilibrium curves and operating lines. Co and ye are used as coordinates to locate a 

point on a chart with air phase concentration and liquid phase concentration as ordinates 

and abscissas, respectively. With the equilibrium line already drawn on the chart the 

operating line can be drawn from point Co,ye with L/G as the slope (Figure 2). Starting 

from point Co,ye a horizontal line is drawn to join the equilibrium line at C1,ye and a 

vertical line to join C1,y2 on the operating line. This is then similarly repeated starting 

from C1,ye until point Cn,yn+1.  

Ce C2 C1 CoA

B
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y2

ye
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ir
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e
n
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y

operating line

Equilibrium line = AB

y = HC

Co,ye

C1,y2

C1,ye

C2,y2

 

Figure 2: Equilibrium line and operating line for determination of stripping stages [3] 

3.4.2.4 Packing materials 

 

The packing material used in the stripping towers provides a large wetted surface area for 

the transfer of target gaseous compounds from the wastewater to the stripping gas. 

Smaller packing materials have greater surface area as compared to bigger packing 
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materials. However, they build high resistance to air flow resulting in higher gas pressure 

drop [6]. On the other hand, if the packing material size is so big that the ratio of the 

column diameter to the material size is less than twelve, wastewater flows along the walls 

and not through the packing material [6].  

 

The packing material is made in various shapes and size from different raw materials. 

The shapes include rings, saddles and spheres [6]. The sizes range from 12.5 mm to 50 

mm [3]. Commonly, they are made from polypropylene, polyvinylchloride, or ceramic 

depending on the desired resistance to corrosivity, encrustation, or unfavourable water 

conditions [6]. Examples of the packing materials include Pall rings, Raschig rings, 

Intalox saddles and Berl saddles. 

3.5 DESIGN PARAMETERS 

 

Process design variables for stripping towers include the type of packing material, 

stripping factor, cross-sectional area of the tower, height of the stripping tower [3], 

number of stripping stages, and air requirements for stripping. These variables are 

defined by the following parameters; operating temperature (°C), wastewater flowrate 

(m
3
/d), pH of wastewater, concentration of solute in the liquid entering the top of the 

tower (moles of solute per mole of liquid), the desired concentration of solute in the 

liquid leaving the stripping tower, (moles of solute per mole of liquid), and the 

volumetric mass transfer coefficient (l/s). 

3.6 ADVANTAGES AND DISADVANTAGES OF GAS STRIPPING 

 

The important limitations of stripping towers are scaling and fouling of the packing 

material [3]. This is attributed to reactions between CO2 in air and metal ions present in 

the wastewater [11]. Other than these, there is need to maintain a specific pH for effective 

stripping particularly for ammonia [3]. Commonly, slaked lime is used to adjust the pH of 

the wastewater leading to precipitation [11]. This reduces the effectiveness of the 

stripping towers.  

 

Except for these disadvantages, stripping towers are known to provide large surface area 

for gas-liquid contact. In this regard, stripping towers are better than other gas stripping 

processes [6]. This translates to high mass transfer rate and enhanced removal of the 



 19 

contaminant gas from the wastewater. Because of that feature, stripping towers are 

advantageous in efficiency and overall cost in wastewater treatment, especially in the 

removal of volatile organic compounds [6]. 

3.7 DISCUSSION AND CONCLUSIONS 

 

Gas stripping is a process in which a gas or gaseous compounds dissolved in water are 

removed into another gas or air. There are a number of wastewater treatment technologies 

which employ gas stripping. These technologies have found wide application probably 

because of their effectiveness and associated low capital and operational costs probably 

due to the simple equipment they use [11]. A stripping tower is one such technology.  

 

Design of stripping towers requires knowledge of the characteristics of the wastewater to 

be treated. Such knowledge helps determine the flow rate and the inflow concentration of 

target gas or compound. The design of a stripping tower can be a one off activity such 

that once the tower is operational only wastewater flow rate and air feed rate can be 

adjusted to meet the desired effluent. The flow rate of the stripping gas can be easily 

regulated. This is why the determination of the amount of air required for stripping is 

very important. In addition, choice of the most suitable gas may enhance efficiency of the 

stripping towers as evidenced in some studies [11], [14]. 

 

However, it is important not only to design stripping towers well enough but also to 

determine the correct required amount of gas for stripping. In so doing overloading of the 

towers is prevented and this ensures effectiveness in the treatment of wastewater. 

Generally, regardless of their scaling and fouling limitation, stripping towers seem to be 

well recommended. 

3.8 APPENDIX 1:   GAS STRIPPING REPRESENTATION IN THE 

TRAINING SYSTEM 

 

This section describes gas stripping using towers as it is represented in the training 

system. 
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3.8.1 Summary 

 

Gas stripping is an advanced wastewater treatment technology aimed at reducing the 

concentration of nutrients and other gaseous compounds dissolved in wastewater. It 

involves mass transfer from a liquid phase to a gas phase, and in this case from the 

wastewater to a stripping gas. There are a number of technologies that use gas stripping 

and stripping towers are one of them. Besides designing the dimensions of the stripping 

towers, there is also need to determine the number of stripping stages and the amount of 

gas to be used.   

3.8.2 Theory 

 

Gas stripping is a process that involves removal of gas or gaseous compounds from 

wastewater to a gas phase. This process is widely applied to the removal of NH3 from and 

VOCs from wastewater. Other applications include removal of CO2, H2S, O2, benzene, 

toluene and vinyl chloride. Sometimes the removal of CO2 is aimed at reduction of pH of 

wastewater for further treatment processes.  

 

Stripping towers, aeration, tray towers, anaerobic sludge treatment, open-channel 

cascades, and spray fountains are some of the technologies that employ the gas stripping 

principle. Their choice depends on suitability for particular applications. Of these 

technologies, stripping towers are commonly used owing to their effectiveness and low 

capital and operational costs. However, scaling and fouling of the packing material and 

the need to maintain a specific pH are the major challenges of stripping towers.  

 

The flow of streams in the tower can be counter-current or co-current. In the former, 

wastewater and stripping gas flow in the opposite directions. In co-current, however, gas 

and wastewater flow in the same direction. Literature suggests that the counter-current 

strippers are more commonly employed than the co-current air strippers. 

 

In the design of stripping towers, it is crucial to determine the amount of air or gas that 

would be used for stripping, the number of stages of the stripper, and the size of the 

stripping column. These factors influence the efficiency of the stripping towers. The ratio 

G/L gives the minimum amount of gas that can be used for stripping. 

 

o

eoT
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CC
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L
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                              (1) 

where  G moles of incoming gas per unit time 

L moles of incoming wastewater per unit time, 

Co concentration of solute in liquid entering at the top of the 

tower, moles of solute per mole of liquid 

Ce concentration solute in liquid leaving the bottom of the tower, 

moles of solute per mole of liquid 
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PT total pressure, atm 

H Henry’s constant,    
 watermole / gas mole

air)  /molegas (mole atm
  

  

The height is given as Z. 
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where Z  is the height of the stripping tower packing, m 

 L liquid volumetric flowrate, m
3
/s 

KLa  volumetric mass transfer coefficient which depends on water 

quality characteristics and temperature, l/s 

Co
'
 concentration of the solute that is in equilibrium with the gas 

leaving the tower, moles of solute per mole of liquid 

 A cross-sectional area of tower, m
2
  

AK
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La
 height of transfer unit (HTU), m 
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and  
TP

H

L

G
 S                               (4) 

where S stripping factor, - 

 

The cross-sectional area of the tower can be calculated using Equation 5. 

L
WWFA L                                                    (5)  

where WWF  wastewater flowrate, m
3
/d 

 ρL density of wastewater, kg/m
3
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3.8.3 View 

 

3.8.4 Design parameters 

 

The process design variables for stripping towers include;  

 

 Type of packing material, (typical packing materials and their sizes are shown in 

the following Table). 

Type Size (mm) VOC/ Ammonia removal 

Pall rings, Intalox saddles 
  

12.5 180-240 

25 30-60 

50 20-25 

Berl saddles, Raschig rings 
   

12.5 300-240 

25 120-160 

50 45-60 

 

 Stripping factor, can be taken as 3 

 Packing factor, for Pall rings it is taken as 20. 

 Cross-sectional area of the tower (diameters range from 0.15m to 3m),  

 Height of the stripping tower (in the range of 2m to 15m),  

 Number of stripping stages,  

 Air requirements for stripping,  

 Henry’s constants (as shown in the following Table) 

 

 

These variables are defined by operating temperature, wastewater flowrate, pH of 

wastewater, concentration of solute in the liquid entering the top of the tower, moles 

of solute per mole of liquid, the desired concentration of solute in the liquid leaving 

the stripping tower, moles of solute per mole of liquid, and volumetric mass transfer 

coefficient.  

effluent 

Stripping 
tower 

air 
+ammonia 
to scrubber 

air 

influent 
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3.8.5 Examples 

3.8.5.1 Area required for stripping of ammonia 

 

Determine the theoretical amount of air required to reduce ammonia concentration in 

wastewater from 50 mg/L to 1 mg/L. The wastewater flow rate is 5000 m
3
/d. The air used 

for stripping does not contain any ammonia. The stripping is done at 20 °C.  

 

Solution 

Concentrations of ammonia in the influent wastewater and effluent wastewater are 

calculated using the number of moles of water and ammonia per litre.  

OH mole/NH mole103.51
C

ammonia of moles waterof moles
C 23

5

1

wwinfl

o


















  

OH mole/NH mole1006.11
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ammonia of moles waterof moles
C 23
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The effluent mole fraction of ammonia in the air leaving the stripping tower, 

air mole/NH mole1097.3C
P

H
y 3

5

o

T

e

  

Gas to liquid ratio basically gives the amount of air  

33

2

e

eo m/m48.1749OH moleair /  mole 3.1
y

CC

L

G



  

The total quantity of air in ideal conditions is given as flow rate.   

min/m 58.6074WWF
L

G
AR 3  

3.8.5.2 Determination of dimensions of a stripping tower 

 

Determine the diameter and height of a stripping tower for the reduction of 

trichloromethane (CHCl3) from 150 μg/ L to 20 μg/ L in wastewater with a flowrate of 

4000 m
3
/d at 20 °C. The air to be used for stripping contains no CHCl3. 

 

Solution   

There is need to estimate the Henry’s constant for CHCl3 and KLa, system mass transfer 

coefficient of CHCl3 which will be used in the calculations. Besides, select a packing 

material and the corresponding packing factor and also a stripping factor. Here the 

following values are used. H = 172 atm, KLa = 0.0120 /s, Pall rings (50 mm), packing 

factor = 20 and stripping factor = 3. Furthermore, pressure drop curves will be used. 

 

The value for the x on the pressure drop curves chart is calculated using L’/G’, 

83.35
airfor  massmolar 

for water massmolar 
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The value of y is determined from the pressure drop curves (Figure 1) with the x value 

and a pressure drop value which in this case is 100 N/m
2
/m. It is 0.006. 

 
Figure 1: Pressure drop curves [1]. 

 

Loading rate is calculated from L’/G’ after the value of G’ has been determined. 
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Then the area of the stripping tower and the diameter can be calculated. 

m 1.39 Diameter  and m 52.1
L'
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Height of the transfer unit,  
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The height of the stripping tower, Z = HTU × NTU = 6.37 m 
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3.8.6 Model 

 

Air requirements for ammonia stripping 

Variables           

WW =    Wastewater   T =   temperature ( °C) 
WWF =   Wastewater flowrate (m

3
/d)  H =   Henry’s constant (atm (mole H2O/mole air)) 

Cwweffl =  effluent WW ammonia concentration (mg/L) PT =   total pressure (atm)   

Co =   concentration of ammonia in influent WW (mole NH3/mole H2O) G =   moles of incoming air per unit time   

Ce =   concentration of ammonia in effluent WW (mole NH3/mole H2O) L =   moles of WW influent per unit time   

ye =   concentration of ammonia in effluent air (mole NH3/mole air) Cwwinfl =   influent WW ammonia concentration (mg/L) 
        

Data           

Cwwinfl (mg/L) Cwweffl (mg/L) H (atm (mole H2O/mole air)) PT (atm) WWF (m
3
/d)   

50 1 0.75 1 5000   

     

Calculations           

Co (mole NH3/mole H2O) Ce (mole NH
3
/mole H2O) ye (mole NH3/mole air) G/L (mole air/mole H2O) G/L (m

3
/m

3
) AR (m

3
/min) 

5.29914E-05 1.05988E-06 3.97435E-05 1.307 1749.928 6076.139 
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Determination of the height of stripping tower 

Variables                     

Cwwinfl =   influent WW CHCl3 concentration (mg/L)   S =   stripping factor (varying between 1.5 and 5)     

Cwweffl =  effluent WW CHCl3 concentration (mg/L)  ΔP =   pressure drop (N/m
2
/m)       

H =   Henry’s constant (atm) (see sheet 3)  x =   value of x axis      

KLa =   liquid volumetric flowrate (m
3
/s)    y =   value of y axis (Figure 1 in the text: Pressure drop curves)    

Dp =  size of packing material (mm) (see Table 1)  ρg =   density of gas (kg/m
3
)   

A =   cross sectional area of the tower (m
2
)   ρL =   density of liquid (kg/m

3
)     

G' =   gas loading rate (kg/m
2
s)   HTU =   height of a transfer unit (m)     

L' =   liquid loading rate (kg/m
2
s)  NTU =   number of transfer units     

μL =  viscosity of liquid (N/m
2
s)    Z =   height of the stripping tower packing (m)     

pf =   packing factor        

              

Data                       
S H (atm) PT (atm) ρG (kg/m

3
) ρL (kg/m

3
) y pf  μL (N/m

2
s) WWF (m

3
/d) KLa (m

3
/s)  Cwwinfl (mg/L) Cwweffl (mg/L) 

3 172 1 1.204 998.2 0.006 20 0.001 4000 0.012 150 20 

              

Calculations                     
L'/G' x G' (kg/m

2
s)   L' (kg/m

2
s)         A (m

2
)   HTU (m)   NTU Z (m) 

35.834 1.245 0.848   30.388   1.521   2.537   2.511 6.371 
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Compound 
 

H at 20°C (m
3
 

atm/mole)  x 10
-3

 
Compound 
 

H at 20°C (m
3
 

atm/mole)  x 10
-3

 

Benzene 5.49 1,2-Dibromoethane 0.629 

Chlorobenzene 3.7 1,1-Dichloroethane 5.1 

o-Dichlorobenzene 1.7 1,2-Dichloroethane 1.14 

Ethylbenzene 8.43 1,1,2,2-Tetrachloroethane 0.42 

Chloroethene 64 1,1,1-Trichloroethane 3.6 

1,1-Dichloroethene 15.1 1,1,2-Trichloroethane 0.769 

c-1,2-Dichloroethene 4.08 Chlorodibromomethane 0.84 

t-1,2-Dichloroethene 4.05 Dichloromethane 3.04 

Trichloroethene 11.7 Trichloromethane 3.1 

Bromodichloromethane 2.12 1,2-Dichloropropane 2.75 

Toluene  6.44 Tetrachloroethene 28.5 

Tribromomethene 0.584 Tetrachloromethane 28.6 
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4.0 PART TWO:  DEPTH FILTRATION 

 

4.1 INTRODUCTION 

 

The term depth filtration is used to define filter configurations in which the depth of the 

filter media has an effect on the efficiency and the operations of the unit. By definition, 

the process involves removal of particulate matter from a suspension usually using a bed 

of granular media [1]. Hence the process is also termed packed-bed filtration. However, 

the requirement is that the media be porous. The distinct feature of depth filtration is 

solids are captured throughout the bed depth and not only on the surface of the filter bed 

[2].   

 

Two depth filtration processes; slow sand and rapid sand filtration have been long 

employed in biological and chemical wastewater treatment processes [3]. Thus, depth 

filtration processes are employed for various purposes in these treatment processes such 

as clarification and pretreatment measures.  Depth filtration processes use a number of 

mechanisms to enable filtration of particles which commonly are smaller than the pores 

of the filter media [4].   

 

There are some factors that affect depth filtration hence they need due consideration in 

the design and operation of depth filters. Some of the factors may vary from one filter 

type to the other while others may have common impacts. It is also important to be aware 

of the benefits and limitations of depth filtration so as to optimise its application. 

4.2 COMPOUNDS TREATED BY DEPTH FILTRATION 
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Depth filtration has been used to remove various parameters from wastewater including 

suspended matter, colloidal particles, particulate biological oxygen demand (BOD), 

precipitated phosphorous, chemical oxygen demand (COD), protozoa such as 

Cryptosporidium and Giardia, viruses, bacteriophage MS2 which is a virus indicator, 

arsenic, ferric precipitates, coliform bacteria, and E. coli [1], [5], [3], [6], [7], [4]. Depth 

filtration also removes turbidity and apparent colour [8]. Elsewhere, it is used for the 

recovery of precious metals from electroplating processes.  

 

4.3 FILTRATION MECHANISMS 

 

Since the filtered material usually is of smaller dimensions than the pores of the filter 

media, there are mechanisms that facilitate transport of the particles from flow 

streamlines to deposition sites in the bed depth. The transport mechanisms include 

straining, sedimentation, impaction/inertia, interception, electrostatic forces, and 

hydrodynamic action.  

4.3.1 Straining 

 

Straining happens mechanically and by chance contact [1]. In mechanical straining, 

particles larger than the pores of the media are sieved from the flowing suspension and 

trapped on the media surface by virtue of their sizes. At times, particles smaller than 

pores sizes may also be trapped in the bed depth by chance [1]. Zamani and Maini [4] 

stated that many particles can arrive at a pore at the same time and cram it by arching 

action hence they are strained. Commonly, straining happens on the surface of the filter 

bed.  Eventually, particles form a mat or a surface cake and block filtration process. In 

spite of straining being the most important filtration mechanism [1], [9], it defeats the 

purpose of depth of the filter media because the depth is not used efficiently.   

4.3.2 Sedimentation 

 

If the density of particles of the suspended matter is greater than that of the suspension, 

particles constantly flow in the direction of gravity whilst stream-flowing in the media 

bed. Eventually the particles land on the surface of the pores of the media and settle out 

of flow at velocity expressed by Stokes law. Sedimentation can be facilitated by 
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aggregation of particles in the filter media. Colloidal instability of particles leads to 

clumping of particles and formation of agglomerates as a result of particle collisions [4]. 

Such agglomerates easily settle with gravity.  
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V      (1) 

where  Vt settling velocity, m/s 

 D particle diameter, m 

 g acceleration due to gravity, m/s
2 

 p  particle density, kg/m
3
 

   water density, kg/m
3 

   viscosity, N s/m
2 

4.3.3 Interception 

 

Interception occurs when a particle in a streamline flowing around a collector surface 

gets within the radius of influence of the collector grain and gets attached by 

intermolecular forces [9]. Interception is restricted to finite particles [4].  

4.3.4 Inertia 

Inertia is similar to interception except that in inertia, a particle flows directly onto a 

grain surface or surface of the interstices, maintaining its trajectory due to inertia. 

Probably, this mechanism has also been referred to as impaction and explained as 

occurring to heavy particles which do not follow the flow streamlines [1]. Here, 

aggregation may enhance transport by this mechanism.  

4.3.5 Hydrodynamic action 

 

Sometimes, particles flow irregularly and randomly irrespective of streamlines because of 

the resultant non-uniform shear field if the particles are not spherical and the pore 

thickness is not uniform. Such motion can cause particles to collide with surface of the 

pores and settle out of motion [4]. Hydrodynamic action is thus based on the geometry of 

the suspension particles and the pores of the bed of the filter media.  
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4.3.6 Electrostatic forces 

 

The electrostatic forces that attract particles to surfaces of the interstices of the pores of 

the media bed are based on charges. If the particle and the collecting body are oppositely 

charged, the particle is attracted to the surface and the force of attraction is called 

Coulombic force [4]. Also, if one of the two is charged and the other is neutral, the 

charged body induces an opposite charge on the neutral body and consequently the 

particle is attracted to the collecting surface. According to Zamani and Maini [4], these 

charges depend on the nature of the surfaces in question and the chemistry of the 

wastewater.  

4.3.7 Attachment mechanisms 

 

When particles get to the surface of the pores of the filter bed, they are attached by 

chemical adsorption and/ or physical adsorption.  Chemical adsorption is about 

development of bonds between the particle and the surface.  On the other hand, physical 

adsorption involves electrostatic forces, electrokinetic forces and van der Waals forces, 

hydration force and the electric double layer force [1], [10], [4]. Some of the forces are 

short range and others are long range but ultimately, they cause adhesion of particles on 

the surface of the interstices of the filter bed.  

4.3.8 Biological growth 

 

It may be worth mentioning the significance of biological phenomena in the filtration 

process. The roles are diverse and some of them complement the aforementioned 

filtration mechanisms.  For instance, biological growth in the interstices of the filter bed 

enhances straining by reducing pore volume [1]. Also in slow sand filters, organisms in 

the Schmutzdecke biodegrade organics in the wastewater as it filtrates thereby effecting 

biological filtration [11]. 

4.4 TYPES OF DEPTH BED FILTERS 

 

Depth filters are classified based on relative direction of flow, filtration procedures, and 

structure, layout, and depth of the bed. Two major categories exist in regard to direction 
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of flow; downflow and upflow filters. And as the names suggest, in downflow filters, 

wastewater influent is introduced at the top of the filter. It flows downwards through the 

media bed and the effluent is collected at the bottom of the filter bed. On the contrary, the 

influent for upflow filters is introduced at the bottom of the filters and flows upwards 

through the bed. The filtrate is collected at the top of the filter.  

 

Filters with one medium layer and two media layers are called mono-medium and dual 

medium filters, respectively. If the layers of the media exceed two, the filter layouts are 

called multi-media filters. Obviously, these layers are stratified. However, there are filters 

with non stratified layers. Depth of the layers varies with filters and is used to categorise 

filters as shallow, conventional or deep-bed. Other than the layout of the filter bed, filters 

may be operating as continuous or semi-continuous. According to Metcalf and Eddy [1], 

semi-continuous filters are periodically taken off line for backwashing whilst continuous 

filters have backwash and filtration running simultaneously.  

 

The other classification is by the force that drives filtration and backwash processes. 

These are pressure filters and gravity filters. In gravity filters, which commonly are at 

large treatment plants, the influent head drives wastewater through the bed. The head can 

be estimated using the Carman-Kozeny equation of clean water headloss through a 

granular porous medium (Equation 1 in Appendix 2). Of course, the actual head will be 

greater than the calculated value because of the wastewater constituents.  

 

On the other hand, pressure filters are closed and pressure is generated by pumping. They 

are operated at high headloss. Besides, they have longer filter runs that gravity filters 

hence reduced backwash runs [1]. The filters in use presently are based either on one or a 

combination of the preceding parameters. Of course there are also filters characterised by 

other than the preceding parameters. Examples of depth filters in common use include 

conventional downflow, deep-bed upflow continuous-backwash, semicontinuous, 

continuous, pulsed-bed, travelling-bridge, and synthetic medium filters [1].  

4.5 BACKWASH SYSTEMS 

 

As filtration progresses, there is a build-up of collected suspended and colloidal matter on 

the surface and in the pores of the filter media. The matting and the clogging of the bed 
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lead to a loss in the filter head. As such, the filtrate throughput dwindles. When the 

throughput falls below the desired level, the filter is cleaned. This regeneration is called 

backwashing. It involves introducing a reversed flow of washwater into the filter bed 

until it is fluidized to allow for abrasion of the particles and thorough removal of the 

accumulated matter which is then washed away.  

 

Like filtration systems, backwashing systems vary from one filter to the other. Some 

backwashing systems run simultaneously with filtration hence continuous. Semi-

continuous systems are run upon termination of the filtration run. Three methods are 

reported for semi-continuous backwashing of granular filters as water backwash with 

auxiliary surface water-wash agitation, water backwash with auxiliary air scour, and 

combined air-water backwashing [1]. 

4.5.1 Water backwash with auxiliary surface wash 

 

This comprises surface wash and backwash. The surface wash is run for 2 minutes and 

then another 2 minutes with introduction of backwash [1]. Then the surface wash is 

terminated as backwash proceeds. In this method, fluidization of the filter bed is 

necessary for effective cleaning as such at least 1.8, 0.8 and 0.8 m
3
/m

2
 min water should 

be used for cleaning conventional mono-, dual- and multimedia filters, respectively [1]. 

4.5.2 Water backwash with auxiliary air scour 

 

Air is injected into the system to facilitate fluidization. Commonly, air is used in dual- 

and multi-media filters [1]. Besides these filters, conventional rapid granular medium 

depth filters, continuous backwash deep-bed upflow filters, pulsed bed filters and 

synthetic medium filters use air in backwash. For semi-continuous backwash systems, air 

is introduced 3 minutes prior to water backwashing cycle and this may run for a few 

minutes with backwash water. According to Metcalf and Eddy [1], typical air flow rates 

range from 0.9 to 1.5 m
3
/m

2 
min.   

4.5.3 Combined air-water backwash 

  

This method of backwash is used in mono-medium filters with unstratified bed. As the 

name suggests, air and water are introduced at the same time and supply is continued 
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until grains of the filter medium move in a circular pattern from top to the bottom of the 

filter [1]. They further give minimum air and water flowrates for sand bed 1mm grain 

diameter as 0.9 and 0.25 m
3
/m

2 
min, respectively. After the air and water backwash run, 

water alone is run for 3 minutes at approximately twice flowrates to remove air bubbles 

from the filter bed. 

 

4.5.4 Required backwash head and velocity 

 

In view of the configuration of the filter beds it is obvious that a backwash headloss is 

required to fluidize the media bed. According to Metcalf and Eddy [1], the headloss 

should be equal to the buoyant mass of a granular medium in the fluid and thus can be 

determined using Equation 2 in Appendix 2.  

 

The face velocity of backwash water can be determined from the settling theory, 

however, with a correction factor for the settling velocity as shown in Equation 3, 

Appendix 2 which has been simplified from Metcalf and Eddy [1]. 

4.6 FILTER MEDIA 

 

Various materials are currently being used as filter media. Their arrangement in the filter 

beds is dependent on the structure of the filter. Typical examples of filter media include 

sand, anthracite, activated carbon, resin beads, garnet, ilmenite, magnetite, anthracite and 

quartz [1]. Table 1 in Appendix 2 shows properties of some of the materials. Other 

materials that have been recommended for filtration include expanded polystyrene for 

removal of iron hydroxide, sawdust for the removal of oil from oil-water emulsions, 

polyvaniladene medium and crushed glass [1], [12]. Alumina, coke and pumice are used 

but with reservations because of their difficulty to clean hence leading to bacteria build-

up.  

 

Having selected media for the bed, the grain size and the depth of the media in the bed is 

determined. The grain size is important because it determines pore sizes which affect 

filtration efficiency. For instance, small grains lead to high head losses but on the other 

hand lead to increased capture of suspended solids by the bed [2]. The grain size is 



 37 

determined by sieve analysis and is specified as effective size, d10. And the depth of 

layers of the filter media can be calculated by Equation 4 (Appendix 2) [1]. According to 

Mitrouli et al [13], granular filter media should be selected based on grain size, grain 

surface condition, density, particle porosity, solubility, durability and settling rate. 

 

 

4.7 DESIGN PARAMETERS 

 

Design of filtration systems needs to consider a number of factors because of their 

influence on filter performance. The factors among others are influent wastewater 

characteristics, quality of filtrate, type of filtration technology to be used, filter media, 

type of filter backwashing system to be employed, filter appurtenances, and filter control 

systems instrumentation [1]. Significant influent characteristics are concentration of 

suspended and colloidal matter, particle sizes and their distribution, chemical 

concentration, temperature, floc strength and particle charge [1]. In addition, it is 

imperative to duly consider results of pilot filtration plants and incorporate the 

experiences and observations in the design of full scale systems.  

4.8 ADVANTAGES AND DISADVANTAGES OF DEPTH FILTRATION 

 

Depth filtration has found wide application because of a number of advantages. It is 

stated that rapid sand filtration is the most cost effective and reliable means of secondary 

effluent treatment [3]. Besides, they have high filtration capacity and high flexibility in 

treating influent streams of varying turbidity. Their performance in low turbid influents is 

impressive. Actually, depth filtration may replace settling basins and flocculation tank 

thereby minimising land requirement. In case of high turbid streams, roughing filters with 

buoyant filter medium may be used.  Other than these advantages, there are also 

advantages varying from one depth filtration technology to the other.    

 

Notwithstanding these advantages, there are limitations of applying depth filtration in 

wastewater treatment. These include possible turbidity breakthrough, mudball formation, 

buildup of emulsified grease, development of cracks and contraction in the filter bed, loss 

of filter media and gravel mounding. Good enough there are also remedial measures 
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which mitigate the impacts of the limitations. The challenges and their solutions have 

been encapsulated.   

 

Addition of chemicals or polymers deals with unacceptable levels of turbidity noticed in 

the effluent right before the filter breaks through. Turbidity breakthrough, however, 

affects semi-continuous filters [1]. Sometimes the dirt in the pores or the media particles 

agglomerate into large masses called mudballs. Similarly, grease may build-up in the 

filter. These reduce effectiveness of filtering and backwashing. Accumulation of dirt also 

leads to coating of the filter bed and subsequent cracking if the bed is compressed. All 

these anomalies are controlled by thorough backwashing. 

 

Some grains of the filter media are lost during filtration and backwashing commonly due 

to upset of gravel, misalignment of underdrain system and enclosure in biological floc 

[1]. These are solved by realignment of the underdrain and thorough backwashing 

perhaps incorporating air scouring. A severe case of gravel upset called gravel mounding 

is caused by excessive flowrates and air hydraulic shock loadings during backwashing 

[1]. The remedy is to remove the filter material and lay the bed again.   

4.9 DISCUSSION AND CONCLUSIONS 

 

Depth filtration may be referred to as a process in which separation of colloidal or 

suspended particulate matter takes place in the depth of the filter medium as the 

wastewater flows through the bed. Although separation from the flowing stream is done 

in a number of ways, various sources suggest straining as the most important mechanism. 

It is also apparent that van der Waals and electrostatic forces are the main forces holding 

the particles to the collector surface.  

 

Depth filtration is widely applied in wastewater treatment in various technologies to suit 

the needs of the individual wastewater treatment plants. However, effectiveness of the 

system with regard to flow rates, influent and effluent quality, and capital and running 

costs, and also existing infrastructure if any, are given prior consideration in the choice 

and design of the technology to be applied. Of course there are major differences among 

the technologies hence major tradeoffs in their choices. Compared with other wastewater 

treatment technologies, depth filtration can appear to have more limitations than benefits, 
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but literature argues that the benefits have higher cost advantage than the limitations 

combined [13], [3].  

4.10 APPENDIX 2:  DEPTH FILTRATION REPRESENTATION IN THE 

TRAINING SYSTEM  

 

This section describes depth filtration as it is represented in the training system. 

4.10.1 Summary 

Depth filtration refers to a process whose separation mechanisms lie in the strata of 

granular porous filter material. It is commonly used to remove colloidal, suspended 

matter and microbes from wastewater. It is advantageous because of high filtration rates 

and low land requirement in spite of a few operational challenges. Its design requires 

consideration of influent and effluent qualities and desired type of filters. 

4.10.2 Theory 

Particulate matter is transferred from the wastewater stream and attached to the pores of 

the filter media as the wastewater percolates through the bed. The main transfer 

mechanisms include straining, sedimentation, impaction/inertia and interception and the 

important adhesion forces include electrostatic, electrokinetic, van der Waals, structural, 

hydration, and electric double layer force. The collected matter is removed from the filter 

bed by backwashing which may include air scouring.  

 

Classification of filters can be by flow as downflow or upflow; by the driving force as 

pressure filters or gravity filters; or by filter bed configuration as mono-, dual-, or 

multimedia filters; or depth of bed as shallow, conventional and deep bed filters. 

However, there may be also other classes of filters, for example, synthetic media filter. 

Examples of depth filters include conventional downflow, deep-bed upflow continuous-

backwash, semi-continuous, continuous, pulsed-bed, travelling-bridge, and synthetic 

medium filters. The materials used in the beds of the filters include sand, anthracite, 

activated carbon, resin beads, garnet, ilmenite, magnetite, quartz, expanded polystyrene, 

polyvaniladene medium, crushed glass, Alumina, coke and pumice.  

 

The factors to consider in the design of depth filters include influent wastewater 

characteristics, filtrate quality, type of filter and accessories to be used, and operational 

requirements. The filtration driving head can be calculated as 
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where h headloss, m 

 f friction factor, - 

 ϕ particle shape factor, - 

 α porosity, - 
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 L depth of filter bed, m 

 d grain size diameter, m 

 vs approach filtration velocity, m/s 

 g acceleration due to gravity, m/s
2
  

 

The backwash head is calculated as 
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where h headloss required to expand the bed, m 

 Le depth of the expanded bed, m 

 αe expanded porosity, - 

 ρs density of the medium, kg/m
3
 

 ρ density of water, kg/m
3
  

 

The face velocity of water used for backwash can be determined as  
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where  v face velocity of backwash water, m/s 

ϕ αe correction factor, - 

vp velocity of filter bed grains, m/s 

Ap Area of particles, m
2
 

p  particle density, kg/m
3
 

 CD coefficient of drag, - 

 

For multimedia filters, the depths of bed strata can be calculated as 
667.0
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where  d1, d2 effective sizes of the filter mediums, m 

ρ1, ρ2 density of filter media strata, kg/m
3 

ρ density of water, kg/m
3
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4.10.3 View 

 
 

 

4.10.4 Design parameters 

 

Computations in depth filtration are generally based on the following parameters;  

 Friction factor, this can be obtained from empirical equations, around 2 ×10
4
. 

 Particle shape factor, for average sand it is 0.75 

 Porosity, the porosity of ideally formed layer with same type of spheres is 0.5 

 Grain size diameter (m),  

 Expanded porosity,  

 Particle density (kg/m
3
), also taken as specific gravity  

 

Typical values for some of the preceding properties are as shown in the following Table 

 

Filter material Specific gravity Porosity, α Sphericity 

Anthracite 1.4 – 1.75 0.56 – 0.60 0.40 – 0.60 

Sand 2.55 – 2.65 0.40 – 0.46 0.75 – 0.85 

Garnet 3.8 – 4.3 0.42 – 0.55 0.60 – 0.80 

Ilmenite 4.5 0.40 – 0.55 – 

Fuzzy filter medium – 0.87 – 0.89 – 

 

 Coefficient of drag,  

 Effective sizes of the filter mediums (m),  

 Density of filter media strata (kg/m
3
),  

 Filtration flowrate (L/m
2
 min),  

 Density of water (kg/m
3
) typically taken as unity.  

4.10.5 Examples 

 

sand 

gravel 

water level during 
backwashing 

water level during 
filtration 

influent 

drain 

effluent 

washwater for 
backwash 
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The examples given are for the calculation of filtration headloss and backwash velocity. 

The backwash head and the depths of filter bed strata can be calculated by the equations 

given in the theory. 

4.10.5.1 Headloss in granular medium filter 

 

A filter is designed to have a uniform sand filter bed 0.75m deep. The desired filtration 

rate is 150 L/m
2
 min. Determine the filtration head required for the filter.  

 

Solution 

 

The effective diameter, d10 can be determined from sieve analysis. Take it as 0.40mm. 

Porosity of sand can also be estimated from experiments, in this case taken as 0.40. 

Assuming it is average sand, take shape factor as 0.75 and the friction factor as 2.2×10
4
. 

The calculations assume clean water headloss.  
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head = 0.82 m 

Thus the required backwash head is 0.82m 

4.10.5.2 Determination of back head 

 

Determine the suitable backwash head for an anthracite filter bed of depth 2.4 m. The 

specific gravity for anthracite is 1.7. Take the expanded porosity of the anthracite bed as 

0.7. 

 

Solution 

 

The backwash head is calculated using the following equation. 
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The required backwash head is 0.504 m. 

 

 

 

 

 



 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.10.6 Model 

 

Determination of filtration head of a filter 

Variables           

h = required filtration head for the filter, m    

f  = friction factor, -      

ϕ = particle shape factor, -     

α = porosity, -      

L = depth of filter bed, m     

d = grain size diameter, mm     

Q = filtration flowrate, L /m
2
 min     

g  = acceleration due to gravity, m/s
2
      

       

Data             

L (m) d (mm) f  ϕ  α  Q (L/m g (m/s
2
) 

0.75 0.4 22000 0.75 0.4 150 9.81 

       

Calculations       

          

h  = 0.821268  m     

 

 
Determination of backwash head 

Variables      

h = headloss required to expand the bed, m   

Le = depth of the expanded bed, m   

αe = expanded porosity, -    

ρs = density of the medium, kg/m
3
 or specific gravity of medium, - 

ρ = density of water, kg/m
3
 or specific gravity of water, -  
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Data         

Le (m) αe ρs kg/m
3
 ρ  kg/m

3
   

2.4 0.7 1.7 1   

      

Calculations      

         

h = 0.504  m    
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5.0 PART THREE:  ION EXCHANGE 

 

5.1 INTRODUCTION 

 

Ion exchange is a stoichiometric, reversible and selective reaction [1]. In this unit 

process, ions of a species in an insoluble exchange material are displaced by ions of a 

different species from the surrounding solution [2]. The ions released from an ion 

exchange material are replaced by an equivalent amount of ions of the same sign and 

valence to satisfy the electroneutrality requirement [3]. The reaction is considered as a 

liquid-solid phase reaction which includes the diffusion of ions from the solution to the 

exchanger surfaces, the diffusion of ions within the solid fibers, and the chemical reaction 

between ions and functional groups in the ion exchange material. The reaction includes 

both the electrostatic part and the chemical contributions. It is affected by the physical 

and chemical properties of the compound being separated, the ion exchange material and 

the surrounding external conditions [4]. Thus, ion exchange refers to a cross transfer of 

ions between an electrolyte and a complex compound which is in the form of a polymer 

or a mineral.  

5.2 ION EXCHANGE MECHANISM 

 

Compounds are extracted from a solution, commonly an electrolyte, by way of transfer of 

ions onto the matrix of the ion exchange material where they are adsorbed. This is 
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prompted by the release of other ions which were on the ion exchanger into the 

electrolyte driven by electrical potential difference [5]. These ions are known as counter 

ions. The process is thus described as displacement of ions from the insoluble exchange 

material to the solution [2].  

5.2.1 Ion exchange stochiometry 

 

The ion transfer is such that equivalent ions are exchanged hence the process being 

stoichiometric. Following is an example depicting the chemistry of ion exchange using a 

cation-exchange resin and constituent B in solution. 

 

nR‾A
+
 + B

+n
   Rn‾B

+n
 + nA

+
   (1) 

where  R‾  is the anionic group of a resin and  

A and B  are cations in the electrolyte. 

5.2.2 Selectivity of ion exchange reactions 

 

The reactions involved are also selective. Not all ions present in wastewater are adsorbed 

onto the ion exchanger. Ions are removed depending on ionic affinity by the exchange 

material. Elsewhere it was stated that a polymeric ligand exchanger had high selectivity 

for phosphate due to Lewis acid-base interactions [6]. This enables removal of target 

compounds from wastewater. Selectivity is an important aspect in ion exchange processes 

and is included in the equilibrium expression of the ion exchange reaction as selectivity 

coefficient (Appendix 3 Equation 1) [2]. Tables 1 and 2 in Appendix 3 show the 

selectivity scale for cations and anions, respectively.  

5.2.3 Regeneration of ion exchange materials 

 

Regeneration of ion exchange materials refers to the restoration of material to its initial 

working state such that the counter ions which had been adsorbed onto the material are 

removed from the material. This process also includes reintroduction of original ions 

which were on the ion exchange material. Regeneration is possible because ion exchange 

reactions are reversible. Of course, regeneration varies with ion exchange materials.  
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Typically, different compounds are used to regenerate ion exchange materials. For 

instance, hydrochloric acid (HCl) and sodium chloride (NaCl) can be used to regenerate a 

strong-acid synthetic cationic-exchange resin employed to remove sodium (Na
+
) and 

calcium (Ca
2+

) ions from water [2]. Other regenerants include methanol, bentonite, lime 

(Ca(OH)2), sulfuric  acid  (H2SO4), sodium hydroxide (NaOH), nitric acid (HNO3), 

sodium bicarbonate (NaHCO3), and ammonium  hydroxide  (NH4OH) [7], [8], [9], [10]. 

It is recommended to use regenerants which can remove all counter-ions from the spent 

resin. 

5.3 ION EXCHANGE PROCESSES 

 

In wastewater treatment, ion exchange processes can be operated as batch or continuous. 

The former involves mixing the exchange material with wastewater in a reactor. The 

mixture is stirred to facilitate contact for increased ion transfer [12]. Stirring continues 

until the reaction is complete [2]. In a continuous process on the other hand, the exchange 

material is placed in a bed or a packed column and the wastewater to be treated is passed 

under pressure usually downwards through the column [2]. A study by Juan et al [11] 

showed that both processes yielded effluents of similar purity results when the two 

processes were employed in a sewage treatment plant. It is suggested that the choice 

between the two modes should be guided by existing infrastructure on the site. 

5.4 ION EXCHANGE MATERIALS 

 

There are various ion exchange materials in application to-date. These include ion 

exchange fibers, ion exchange resins (commonly in the form of beads), zeolites, 

montmorillonite, clay, and soil humus. Of the group, only fibers and resins are made of 

polymer material and are similar [3] despite some variations between them. Ion exchange 

in fibers is more rapid and efficient than in the resins because of high absorption capacity 

[1], [3]. Furthermore, the fibers are present in forms notably as filaments, staples, cloths, 

yarn, felts, papers, fabrics, powder, and woven and non-woven materials [3], [13]. 

Zeolites and montmorillonite are natural occurring minerals with a three-dimensional 

framework structure formed by AlO4 and SiO4 tetrahedra linked by an oxygen atom [14]. 

Examples of zeolites include mordenite, clinoptilolites, sepiolite, NaP1 zeolite, K-F 
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zeolite, K-Chabazite and K-Phillipsite [2], [14], [15], [11]. Clay and humus are soil 

constituents.  

 

Ion exchangers vary from one another and the differences are greatly observed in their 

properties. Most important properties include ion exchange capacity, selectivity, and 

mechanical, thermal and chemical durability. In addition to the type of the exchange 

material, its quantity is equally important. The quantity is determined depending on the 

ion exchange capacity among other things.  Ion exchange capacity may be defined as the 

measure of the ability of an insoluble material to undergo displacement of ions previously 

attached and loosely incorporated into its structure by oppositely charged ions present in 

the surrounding solution.  

 

The exchange capacity of a resin may be determined from experimental data as described 

by Metcalf and Eddy [2]. A column study may be conducted using an ion exchanger, say 

a resin, of known mass. The resin is prepared by washing in salt until the resin is in the 

form of the cation of the salt. Then the resin is washed with distilled water the anion part 

of the salt. Titration of the exchanger follows using a salt of the same anion and a cation 

of higher affinity for the ion exchanger while measuring concentration of the anions and 

cations of the titrant and throughput volumes.  

  

Using the obtained data, a plot is normalised concentration of the anions and cations of 

the titrant as a function of throughput volume is prepared. The normalised concentration 

is given by C/Co. The exchange capacity is calculated as Equation 2 in Appendix 3.  

5.5 APPLICATION OF ION EXCHANGE PROCESSES 

 

Ion exchange is widely applied in the treatment of wastewater using various ion exchange 

materials as are suitable for the desired treatment system. Largely, ion exchange is used 

for softening, removal of N2, Na
+
, total dissolved solids, dissolved organics (DOC), 

heavy metals, iron (Fe
2+

), inorganic compounds, sulfate, phosphate, and boron [2], [16], 

[8], [17], [18], [19]. Ion exchange is also used in the reduction of COD, conductivity, 

colour, and alkalinity of the wastewater [2], [20], [21]. 
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5.5.1 Removal of hardness 

 

In this process, the calcium and magnesium (Mg
2+

) ions in wastewater are replaced by a 

cation, commonly Na
+
 or hydrogen (H

+
), from a cation exchange resin. Zeolites, for 

example aluminosilicates with Na
+
 as the mobile ion, are also used for wastewater 

softening. The following reactions show removal of Ca
2+

 and Mg
2+

, respectively, using 

an ion exchange fiber.  

 

 23)Ca(HCOCOOH-F2       322 CO2HCaCOOH)-(F     (2) 

 

23)Mg(HCOCOOH-F2       322 CO2HMgCOOH)-(F              (3) 

 

where F is the fiber matrix and the overbar denotes a solid phase. 

 

The regeneration of the fiber involved in the reactions above would be as follows [22].  

 

OH22COCaCOO)-(F 2)(22 
g

  
  3

2 2HCO CaCOOH-2F    (4) 

 

OH22COMgCOO)-(F 2)(22 
g

  
  3

2 2HCO MgCOOH-2F    (5) 

 

where F is the fiber matrix and the overbar denotes a solid phase and g shows gas 

phase. 

5.5.2 Removal of heavy metals 

 

There are many metals which are removed from wastewater by ion exchange. Others are 

removed with the interest of reducing their concentration in wastewater discharged from 

metal processing, electronics industries, leachate from landfills and stormwater runoff 

(prompted by their toxic and carcinogenic effects) whilst other metals are extracted for 

recovery interest. Examples of the metals treated for the former purpose include lead, 

copper, arsenic and mercury. In one study, a filter with cationic exchange fibers reduced 

lead from a high concentration of 150 ppm to 5 ppb lead in the effluent [13]. Metals 

extracted for their value include gold, copper, silver, iron and nickel.  

5.5.3 Ammonium/ nitrate removal 
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Ion exchange is widely applied to remove nitrogen present in wastewater in forms of 

ammonium (NH4
+
) and nitrate (NO3‾). As such, various ion exchange materials are 

employed. When zeolites are used, the NH4
+
 recovered is converted to NH3 due to the 

effect of high pH [2]. Nevertheless, competition for exchange sites by other compounds, 

e.g. sulphate and Ca
2+

 with greater affinity for zeolites, is significantly pronounced [11]. 

Despite this drawback, up to 80% removal of NH4
+
 from wastewater has been recorded 

elsewhere [11].  

5.5.4 Removal of total dissolved solids 

 

Removal of dissolved solids is done using cationic and anionic exchange resins, 

successively, where the former replaces cations with H
+
 and the latter replaces anions 

with hydroxide ions [2]. This can also be done simultaneously in one reactor. It was also 

found that to effectively remove these solids which are commonly inorganic salts, a ratio 

of the cation exchanger to the anion exchanger should be 1: 2 [8]. In that study, they used 

Amberlite IR 120 (H
+
) and Amberlite IRA 400 (OH

−
). For typical bed depths of 0.75 to 

2.0 m, the application rates for wastewater range from 0.20 to 0.40 m
3
/m

2
·min [2]. 

5.5.5 Reduction of conductivity, pH, alkalinity, colour and COD 

 

These parameters indicate the presence of inorganic compounds and salts [8]. Thus 

removing these compounds reduces the resultant parameters as well. For the treatment of 

regulation of pH both anionic and cationic exchangers are required. With these 

exchangers in equal proportions, the pH of the effluent is neutral while a 1:2 cationic 

resin/anionic resin ratio gives a basic effluent and a 2:1 cationic resin/anionic resin ratio 

gives an acidic effluent [23]. 

5.6 DESIGN PARAMETERS FOR AN ION EXCHANGE SYSTEM 

 

The design of an ion exchange system for treatment of wastewater needs to take into 

consideration a number of factors. These include condition of the influent and effluent 

(composition, pH), flow rates, the type of exchange material and quantity of ion 

exchanger material, and the use/ requirements for the effluent. Although not emphasised 

herein and in literature, the economics of the treatment system has to be considered as 

well. The composition of the influent determines whether pretreatment is necessary or 
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not. The composition of the stream is also an important factor to consider in the choice of 

the ion exchanger as suitability of an ion exchanger depends on the target compounds and 

other compounds present in wastewater. Depending on the size of treatment plant and the 

dosage of the ion exchanger, it may be necessary to regulate the flow of influent.  

5.7 COMPUTATIONS IN ION EXCHANGE PROCESSES 

 

There may be a need to estimate the quantity of the ion exchange material required for a 

wastewater treatment system. It is supposed the volume of the wastewater and the 

concentration of the target compound are known. The mass and the volumes are 

determined as follows. The concentration of the target compound is expressed in meq/L 

and then multiplied by the volume of the influent to determine the required exchange 

capacity. The result is then divided by the exchange capacity of the material, with an 

assumption that the entire exchanger is utilised, to determine the required mass of the 

resin and the volume of the resin is calculated using density of the resin. This however, 

needs to be multiplied by a factor of between 1.1 and 1.4 to make up for leakage and 

operational and design limitations [2]. 

 

It may be also required to determine the volume of wastewater that can be treated by an 

existing system. This assumes the influent and the ion exchanger is already characterised. 

An important parameter is the concentration of individual ions in the wastewater stream. 

First, estimate the selectivity coefficient. Second, estimate the equivalent fraction of 

competing ions if present and then calculate equilibrium exchanger composition which is 

percentage of exchange sites on the exchanger that can be used for mass transfer. Third, 

determine the limiting operating capacity of the exchanger with regard to the target 

compound by multiplying equilibrium exchanger composition by the exchange capacity 

of the ion exchanger. Finally, divide the limiting operating capacity by concentration of 

the target compound to calculate wastewater throughput for a service cycle. Metcalf and 

Eddy [2] advise that pilot plant tests must be conducted to establish actual throughput 

volumes. 

5.8 ADVANTAGES AND DISADVANTAGES OF ION EXCHANGE  
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The application of ion exchange has its benefits and limitations. Its preference to other 

wastewater treatment systems is based on high treatment capacity, high recovery 

efficiency, selectivity, less sludge volume produced, fast kinetics, ability to handle shock 

loadings, the ability to operate over a wider range of temperatures [24], [25], [26]. The 

limitations include need for regeneration which may be complex and have high costs, 

handling of problematic regeneration product, fouling of the ion exchanger, need for 

pretreatment and flow equalisation.     

 

Kabay et al [19] recorded boron removal in excess of 90 % when 3g of chelating resins 

were used/litre of wastewater and similarly, Wang et al [27] recorded 90 % removal of 

COD from wastewater using a cation exchange resin. Generally, more than 70 % 

removals of target compounds have been recorded by various sources. This quality of ion 

exchange is closely associated with recovery of target compounds only that recovery 

takes place in the regeneration stage. In ion exchange plating bath over 97 % nickel was 

recovered [7]. Elsewhere, using clinoptilolite recovered 95 % lead from an aqueous 

solution [15]. High selectivity of ion exchangers ensures high purity of the extracted 

product. 

 

There are some resins which function well in the entire pH range. Thus, such can be used 

for all wastewater regardless of the pH. Some ion exchange resins have the advantage of 

working well even at high temperatures. Commonly, wastewater is discharged from 

processing plants at higher temperature than ambient hence treatment that conforms to 

such temperatures is preferred.  

 

Despite the preceding advantages, ion exchange materials are very susceptible to fouling. 

Sometimes, organic solids found in wastewater block ion exchange sites. To prevent 

organic fouling, additional treatments may be adopted and this results in extra costs. 

More over, regeneration products may be problematic if they do not satisfy discharge 

requirements. This may require management or further treatment [2]. Even without that, 

effective regeneration requires the use of regenerants and restorants to remove inorganic 

and organic ions from the spent resin and this in itself is complex [2]. In addition to 

complexity of the regeneration process, in other cases, regeneration is said to lower 

efficiency of ion exchange.  
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5.9 DISCUSSION AND CONCLUSIONS 

 

Ion exchange refers to the cross transfer of ions from ion exchange materials and an 

electrolyte as wastewater with the influence of electrostatic forces. In wastewater 

treatment, ion exchange is used for the removal of Ca, Mg, Na, N2, sulfate, phosphate, 

boron, total dissolved solids, and organic and inorganic compounds. Ion exchange is also 

used for the reduction of COD, BOD, conductivity, colour, and alkalinity. In addition, 

Ion exchange is used for the recovery of precious metals such as gold, nickel, silver, 

copper and iron.  

 

Commonly used ion exchange materials are fibers, resins and zeolites. They are applied 

variably depending on their suitability which is based on their properties. Determining 

the right exchange material is a crucial design aspect of wastewater treatment system. In 

addition, designing of the treatment system requires characterisation of the influent in 

terms of composition, pH and temperature; determination of selectivity coefficients; flow 

rates; the mode of the exchange process; quantity of ion exchanger material; and use of 

the effluent. 

 

Ion exchange is advantageous because of high treatment capacity, high recovery 

efficiency, and ability to operate over a wide range of temperature and pH. However, 

fouling and regeneration complications limit its application. To overcome these 

limitations, pretreatment such as coagulation, flocculation and filtration, and regenerant 

treatment are applied. 

5.10 APPENDIX 3:  ION EXCHANGE REPRESENTATION IN THE 

TRAINING SYSTEM 

 

This section describes ion exchange as it is represented in the training system. 

5.10.1 Summary 

 

Ion exchange is a unit process in which ions of a species on an insoluble exchange 

material are displaced by equivalent ions from the wastewater driven by electrostatic 

forces. The process is used to remove undesirable compounds and parameters from 

wastewater based on selectivity. It is also used for the recovery of precious metals in a 

regeneration phase. Other than choosing the appropriate ion exchange material to use for 

the wastewater treatment system, its design requires characterization of the influent and 
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determination of quantity of exchange material and wastewater that can be treated 

effectively.  

5.10.2 Theory 

 

Ion exchange material is brought into contact with an aqueous solution to allow for a 

cross transfer of ions between the solution and the exchange material. In this way, target 

compounds are removed from the wastewater and replaced by equivalent ions present on 

the exchanger. Compounds removed include calcium, magnesium, sodium, nitrogen, 

sulfate, phosphate, boron, total dissolved solids, and organic and inorganic solids. Their 

removal leads to reduction of COD, BOD, conductivity, colour, and alkalinity. Ion 

exchange is used for recovery of precious metals.  

 

Ion exchange can be carried out in batch or continuous modes in a reactor and column, 

respectively. Implementation of the wastewater treatment system requires estimation of 

selectivity of the compounds present in the wastewater, calculation of the capacity of the 

exchange material, the bed volume and the throughput volume. There is also need to 

determine the appropriate exchange material for the intended application. Selectivity is 

determined as follows. 

 

   
   Snn

R

-

R

n-

n

n

S

BA
BAR

BRA
K n






                         (1) 

where   nBA
K 

  selectivity coefficient 

  SA  concentration of A in solution 

  
R

-

nAR   concentration of A in the exchange resin 

  

The exchange capacity is calculated as 

  
R

VC
EC o                        (2)          

 where EC exchange capacity, meq/kg 

V throughput volume between the titrant anion and 

cation breakthrough curves at C/Co = 0.5 

Co ion concentration, meq/L 

R  amount of resin, kg 

 

The other parameter required is the effectiveness of ion exchange materials which is 

calculated as follows. 
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where BX  equilibrium ion exchanger composition 

B
X  equivalent fraction of compound B in the 

solution 

nBA
K 

  selectivity coefficient 

 

The required volume of the ion exchanger (resin) to treat a given volume of wastewater is 

given as follows. 

 

Express the concentration of target compound in meq/L (Concentration compound, meq/L) 

Required exchange capacity = Concentration compound, meq/L × Volume of wastewater, m
3 

Required mass of resin, 
EC

capacity exchange Required
kg ,Rmass   

Required volume of resin, 
 densityResin 

R
m,R mass3

vol   

 

To calculate the volume of water that can be treated during a service cycle, the following 

formulae may be used. 

 

Limiting operating capacity of the resin for the removal of compound, 

(Exchanger removal capacity, eq/L of exchanger) = (Exchange capacity of exchanger, 

eq/L) × (equilibrium ion exchanger composition) 

)ion Concentrat(

 exchanger) of eq/L capacity, removal (Exchanger
 volumeThroughput

 waterof eq/L  solution,in  compound
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5.10.3 View 

                        

Acid

Regenerant

Cation

Exchanger

Anion

Exchanger

Effluent

Influent

Alkali

Regenerant

 

5.10.4 Design parameters 

 

The parameters which form basis for ion exchange computations in wastewater treatment 

include;  

 Concentration of ions of compounds in solution,  

 Concentration of ions on exchanger,  

 Exchange capacity of exchanger (meq/kg), also expressed as eq/L, approx. 2 eq/L, 

 Throughput volume between the titrant anion and cation breakthrough curves at 

C/Co = 0.5,  

 Amount of resin (kg),  

 Density of ion exchanger (kg/m
3
), and 

 Selectivity coefficient ( nBA
K 

). The selectivity of resins shown in the following 

Table should be verified with pilot-scale facilities.  

 

 

 

 

Table 1:   Approximate selectivity scales for cations on 8 % cross-linked strong acid 

ion-exchange resins and for anions on strong-base ion exchange resins [2]. 

 

Cation Selectivity Cation Selectivity Cation Selectivity 

Li
+
 1.0 Mg

2+ 
3.3 Mn

2+
 4.1 

H
+
 1.3 Zn

2+
 3.5 Ca

2+
 5.2 

Na
+
 2.0 Co

2+
 3.7 Sr

2+ 
6.5 

NH4
+ 

2.6 Cu
2+

 3.8 Ag
+
 8.5 

K
+
 2.9 Cd

2+
 3.9 Pb

2+
 9.9 

Rb
+
 3.2 Ni

2+
 3.9 Ba

2+
 11.5 
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Cs
+
 3.3 Be

2+
 4.0   

Anion Selectivity Anion Selectivity Anion Selectivity 

HPO4
2
‾ 0.001 HCO3‾ 0.4 HSO4‾ 1.6 

CO3
2
‾ 0.03 OH‾ (type II) 0.5-0.65 Br‾ 3.0 

OH‾ (type I) 0. 06 Br O3‾ 1.0 NO3‾ 3.0-4.0 

F‾ 0.1 Cl‾ 1.0 I‾ 18.0 

SO4
2
‾ 0.15 CN‾ 1.3   

CH3COO‾ 0.2 NO2‾ 1.3   

 

5.10.5 Examples 

 

The examples given are on determination of the required mass of the ion exchanger to 

treat a given volume of already characterised wastewater and wastewater throughput 

volume for a given ion exchanger.    

5.10.5.1 Determination of required mass of resin 

 

Throughput volumes and concentrations of calcium and chloride of a wastewater influent 

stream determined using 0.1 kg resin are given as follows. The column uses R-Na form 

cation exchange resin. Determine the mass of resin required to treat 3000 m
3
 of 

wastewater containing 18 mg/L of ammonium ion NH4
+
. 

 

Throughput 

volume, L 

Concentration, mg/L  Throughput 

volume, L 

Concentration, mg/L 

Cl‾ Ca
2+

  Cl‾ Ca
2+

 

2 0 0  20 71 13 

5 7 0  26 71 32 

6 18 0  28 71 38 

10 65 0  32 Co= 71 Co= 40 

 

Solution 

 

Plot normalised concentration against volume throughput. 
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Figure 1:  Plot of normalised concentrations of Cl‾ and Ca

2+
 [2]. 

 

At 0.5, normalised concentration, the throughput volumes for Cl‾ and Ca
2+

 are 7.5L and 

22.1L, respectively. 

 
resin of meq/kg292

resin of kg 0.1

20mg/meq

mg/L40
7.5L-22.1L

R

VC
EC o 










  

 
1meq/L

mg/meq 18

NH as mg/L 18
ionConcentrat 4

meq/L,NH4




  

Exchange capacity required, meq = 
meq/L,NH4

ionConcentrat  × VolThroughput 

                                               =1meq/L × 3000 m
3
 × 10

3
 L/m

3
 = 3 × 10

6
 meq 

 

 

 

5.10.5.2 Determination of throughput volume 

 

Determine volume of wastewater with anions as shown in the following table whose 

nitrate can be removed using a strong basic anion exchanger with an exchange capacity 

of 2 eq/L. 

 

 

 

 

EC

capacity  Exchange
kg ),(Rresin  of mass Required

meq required,

req. 
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Anion Concentration, meq/L 

HCO3‾ 5.00 

Cl‾ 2.20 

NO3‾ 0.81 

∑anions 8.01 

 

Solution  

 

Selectivity values are estimated using selectivity of nitrate taken as 4.0 and as are shown 

in Table 2. To combine HCO3‾ and Cl‾, their mean selectivity is calculated.  

0.10
4.0

0.4
K -

3
-
3 NOHCO




 

0.4
0.1

0.4
K -

3
- NOCl




 

    e)(mean valu 0.7K -
3

--
3 NOClHCO




 

 

101.0
01.8

81.0
X ,equivalent Sulphate -

3NO
  

  

44.0

1
101.00.7

.1010-1

1

1
XK

X-1

1
X n,compositioresin  mEquilibriu

BBA

B

B 






















































 

Resin removal capacity = (Exchange capacity of resin, eq/L) × (equilibrium ion resin 

composition) = (2 eq/L of resin) × 0.44 = 0.88 eq/L of resin 

 

 water)of eq/L solution,in  nitrate(

resin) of eq/L resin,  theofcapacity  removal (nitrate
 volumeThroughput   

 

resin of L

 waterof L
1090

 waterof eq/L 1081.0
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5.10.6 Model 

 

 Required mass of resin 

Variables           

VolThroughput  = Volume Throughput, m
3
     

Conc. = Concentration, meq/L or meq/kg    

Cl
-
 = Chlorine      

Ca 
2+

 = Calcium      

EC = Exchange capacity, meq/kg of ion exchanger   

V = Difference of throughput volumes at 0.5 Normalised Conc.   

Co = Ion concentration, meq/L     

R = Amount of experimental resin, kg    
C target comp = Concentration of the target compound in the solution, mg/L  

R req. = Required mass of resin, kg of resin     

EC req. = Required Exchange capacity, meq     

      

Data on volume throughput and corresponding Ca2+ and Cl- 

              Concentrations, mg/L VolThroughput,          'Normalised Concentrations, - 

Cl
-
 Ca 

2+
 L          Cl

-
               Ca 

2+
   

0 0 2 0 0   

7 0 5 0.1 0   

18 0 6 0.258 0   

65 0 10 0.929 0   

71 13 20 1.015 0.325   

71 32 26 1.015 0.8   

71 38 28 1.015 0.95   

71 40 32 1.015 1   

            

    

Data           

VolThroughput , m
3
 Co , meq/L R, kg 0.5 Normalised Conc. Vol. L, - V, L 

      Cl
-
 Ca 

2+
   

3000 2 0.1 7.5 22.1 14.6 

    

Calculations           

V, - EC,   C target comp , EC req. meq R req.   

  meq/kg of resin  mg/L   kg of resin   

14.6 292 18 3000000 10274   
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Plot of Normalised Concentration 

 
Wastewater Throughput Volume 

Variables             

EC resin = Exchange capacity of resin, eq/L of resin   
C target comp = Concentration of the target compound in the solution, meq/L  
Removal capacity resin  =   Limiting operating capacity of the resin for the removal  

           of compound, eq/L of resin    

Equil. Ex. Comp. = Equilibrium Resin Composition, -   

Vol throughput = Throughput Volume, L of wastewater/ L of resin  
              

Data             

Anions in Wastewater           

Anion Concentration, meq/L Selectivity Coefficients as nitrate   

NO3‾ 0.81     4   

HCO3‾ 5     10   

Cl‾ 2.2     4   

∑anions 8.01     Mean selectivity = 7   

        Sulphate Equivalent= 0.101124   

EC resin, eq/L of resin           

2           

    

Calculations             

Equil. Ex. Comp. Removal capacity resin Vol throughput , L of wastewater/L of resin 

0.441 0.882 1088.889 
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6.0 PART FOUR:  CHEMICAL PRECIPITATION 

 

6.1 INTRODUCTION 

 

Chemical precipitation may be defined as the process in which dissolved solids are 

reconverted to solids and hence can be separated from wastewater by sedimentation or 

filtration. According to Wang et al [1], chemical precipitation is about reducing solubility 

of ionic constituents to remove them from wastewater by addition of counter-ions. The 

process involves addition of chemicals, polymers or pH adjusting compounds to facilitate 

solidification.  

 

Elsewhere [2] chemical precipitation is meant to include removal of suspended solids but 

that in here is regarded as much of coagulation. Thus chemical precipitation is close to 

coagulation but they are different. Wang et al [1] concur that these two processes should 

be distinguished. Whilst coagulation is meant to agglomerate suspended colloids and 

solids but neutralising their repelling surface charges, chemical precipitation involves 

changing the form of target compounds from liquid to solid. However, both coagulated 

and precipitated particles may finally be settled down or filtered from wastewater.   

 

Chemical precipitation is a significant unit process because of its applicability on wide 

range of compounds. Correspondingly, various compounds are used as precipitants in 

different process setups. Its wide applicability underscores the advantages of the process. 

However, the process has a number of limitations as well.  

6.2 PARAMETERS TREATED BY CHEMICAL PRECIPITATION 

 

Chemical precipitation is used for separation of a wide range of compounds from 

wastewater. These include metallic cations, anions, organic molecules, detergents and 

oily emulsions [1]. On the list of metallic compounds are arsenic (As), barium (Ba), 

cadmium (Cd), copper (Cu), mercury (Hg), nickel (Ni), selenium (Se), zinc (Zn), iron 

(Fe), silver, (Ag) and chromium (Cr) among others [2], [3], [4], [5], [6]. Actually, 

chemical precipitation is known to produce effluents of very low metal concentration 

(Table 1). 

 



 67 

Table 1. Practical effluent concentration levels achievable in heavy metals removal 

(Adopted from Metcalf and Eddy [2]).   

Precipitation technology Metal Achievable effluent concentration, mg/L 

Sulphide precipitation  Hg 0.02 

(+ filtration) As 0.05 

 Cu 0.02 

 Se 0.05 

 Cd 0.008 

Hydroxide precipitation Fe 0.005 

(pH 10 – 11) Cd 0.05 

(pH 10) Ni 0.12 

 Cu  0.07 

 Fe 0.005 

(pH 11) Zn 0.1 

Sulfate precipitation Ba 0.5 

 

The examples of the anions are fluoride, cyanide, phosphate and sulphide [7]. Also NH3-

N in excess of 90% can be removed from wastewater by the process [8]. The organic 

molecules include phenols and aromatic amines [1]. Chemical precipitation is also used 

for removal of calcium and magnesium. 

 

Besides, several studies have been done indicating successful application of chemical 

precipitation for the removal of lignin, tungsten [9], [10]. Elsewhere, chemical 

precipitation processes resulted in reduction of BOD, COD and turbidity by 64.3%, 

77.3% and 96.4%, respectively [11]. Simultaneously, such processes also remove colour.  

6.3 COMMON PRECIPITANTS 

 

Various compounds are employed to react with target compounds in wastewater form 

insoluble salts. Such compounds are called precipitants. Their examples include 

aluminum chloride, Ca(OH)2, ferric chloride, ferric sulfate, ferrous sulfate (copperas), 

sodium aluminate, alum, Fe(II) sulphate heptahydrate solution, Fe(II), Fe(III), Al(III), 

Ca(II), sodium sulfide hydrate, H2SO4, MgCl2·6H2O + KH2PO4, lime (CaO), calcium 

carbonate (CaCO3), calcium chloride (CaCl2), NaOH, starch xanthate, polymerized 

ethylenedichloride-ammonia dithiocarbamates, polydialkylaminedithiocarbamates, 

sodium dimethyldithiocarbamate,  diethyldithiocarbamate (DDTC), and disodium N,N-

bis-(dithiocarboxy) piperazine [2], [8], [3], [9], [12], [13],  [14], [15], [16],  [17], [6].      
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The reagent to be applied can be estimated by titration [1], or stochiometrically as given 

by Equation 1. However, there is need to compare with pilot plant experiments and adjust 

accordingly [2].  

 

ptarget_com

reagentdosage

required
mw

mwR
R


     (1) 

where  Rrequired required quantity of reagent, g 

Rdosage quantity of reagent applied, g/m
3
  

mwprecipitate molecular weight of precipitate, - 

mwreagent molecular weight of reagent, - 

 

The dosage of reagent applied depends on the concentration of target compounds [18] 

and competing compounds, the alkalinity of the influent, and the discharge requirement 

of the effluent. 

6.4 CHEMICAL PRECIPITATION TYPES AND MECHANISMS 

 

Chemical precipitation reactions may be classified based on the precipitating reactions. 

Correspondingly, the precipitating agents may as well be classified based on their 

composition and the kind of reactions they are involved in. Besides, there are some cases 

which require a combination of different reactions to effectively precipitate target 

compounds out of wastewater. The classes include hydroxide precipitation, sulphide 

precipitation, carbonate, cyanide, phosphate, nitrogen precipitation, and coprecipitation.   

6.4.1 Hydroxide precipitation 

 

This reaction is characterised by a reaction of a divalent compound with an alkaline 

compound to form a hydroxide compound. A general representation of the reaction is 

given by Wang et al [1] as follows.  

 

 M
2+

 + 2(OH) ¯ → M(OH)2↓    (2) 
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More importantly in these reactions is that the pH of the wastewater is optimum for low 

solubility of the divalent hydroxides [1]. Thus, the solubility of divalent precipitates 

varies one from the other (Figure 1).  
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Figure 1: Solubility of metal hydroxides with pH [1]. 

 

Hydroxide reaction is typically applied for removal of dissolved heavy metals and 

alkalinity. And the common precipitating reagents employed include Ca(OH)2, CaO and  

NaOH. Also Ca(OH)2 is used to remove carbonate alkalinity and carbonic acid as shown 

in Equations 3 and 4,  respectively [2]. 

 

Ca(HCO3)2 + Ca(OH)2  2CaCO3↓ + 2H2O  (3) 

 

H2CO3 + Ca(OH)2  CaCO3↓ + 2H2O   (4) 

 

Hydroxide precipitation is done in stages if wide range of metals is to be removed 

because metals precipitate at different pH and this makes the process long. In addition, 

the reaction can be hindered by the presence of organic radicals [1]. However, hydroxide 

precipitation is economical and effective [2]. 

6.4.2 Sulphide precipitation 

 

In this reaction, the target compounds are precipitated as sulfides. Common precipitants 

include H2S, ferrous sulfide, sodium sulfide and sodium bisulfide. The last two are the 

most common reagents employed for dissolved heavy metal removal in wastewater 
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treatment [1]. Conversely, Fe
2+

 and Fe
3+

 ions can be used to remove dissolved sulphate 

from wastewater by forming sulfide precipitates [7]. The precipitates include pyrrhotite, 

smythite and ferric sulfide. And some of the reactions are as follows. 

 

Fe
2+

 + H2S → FeS↓ + 2H
+
    (5) 

Fe
2+

 + 2HS¯ → Fe(HS)2↓     (6) 

 

In comparison with hydroxide precipitation, sulphide precipitation has higher removal 

efficiency due to low solubility of precipitated compounds [1]. Suphide precipitation 

takes place generally in alkaline conditions (Figure 2). It also produces lower sludge 

volume and allows for recovery of valuable metals from the sludges [4]. Moreover, 

sulphide precipitation is said to be reliable and less sensitive to wastewater characteristics 

[3], hence suitable for municipal wastewater whose characteristics are not consistent. 

However, one limitation of the use of H2S is its toxicity.  
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Figure 2. Solubility of metal sulphides with pH [1] 

6.4.3 Carbonate precipitation 

 

This process removes metals from wastewater as carbonate precipitates and the 

precipitates may be formed using CaCO3 or CO2 [1]. Ca
2+

 alkalinity is also removed as 

carbonate precipitation by adding CO2 and this takes place at pH 10 [2]. Carbonate 
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precipitation is preferred because of the low cost of CaO which minimizes the cost of 

treatment [13].   

6.4.4 Cyanide precipitation 

 

Cyanide is precipitated from wastewater using zinc sulfate or ferrous sulfate to form 

cyanide complexes. Challengingly, the complexes disintegrate when exposed to sunlight 

[1]. However, they could be made stable if the reaction takes place in the presence of 

iron.  

6.4.5 Phosphate precipitation 

 

Phosphorus is commonly removed from wastewater by phosphate salts of calcium 

[Ca(II)], aluminum [Al(II)], and iron [Fe(III)] [2]. They further state that choice of 

reagent takes into consideration influent phosphorus level; concentration of suspended 

solids; alkalinity; cost of the reagent and reliability of its supply; sludge handling and 

disposal; and compatibility with other treatment methods. In very basic conditions, pH 

over 10, Ca(II) from lime reacts with phosphate and forms hydroxylapatite (Equation 7).  

 

10Ca
2+

 + 6PO4
3-

 + 2OH‾  Ca10(PO4)6(OH)2↓  (7) 

 

This process requires excessive lime application since some Ca
2+

 reacts with bicarbonate 

alkalinity present in wastewater when the pH is still under 10. Actually, the lime 

requirement is from 1.4 to 1.5 times the total alkalinity expressed as CaCO3 [2].  

 

Equations 8 and 9 represent reactions of phosphate with [Al(II)] and [Fe(III)], 

respectively [2]. These reactions are affected by competing reactions, alkalinity, pH, trace 

elements, and ligands in the wastewater [2].  

 

Al
3+

 + HnPO4
3-n

  AlPO4↓ + nH
+
   (8) 

 

Fe
3+

 + HnPO4
3-n

  FePO4↓ + nH
+
   (9) 
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6.4.6 Nitrogen precipitation 

 

A study done on precipitation treatment of wastewater discharged from the manufacture 

of O-methyl-O-(2-isopropyl salicylate) thiophosphorusyl amide, a pesticide, showed that 

NH3–N could be removed in excess of 90 % using Ca(OH)2 as a precipitant [8]. Another 

study showed that ammonium nitrate (NH4–N) can also be precipitated from wastewater 

as magnesium ammonium phosphate precipitate (struvite) by addition of MgCl2·6H2O + 

KH2PO4. Formation of struvite is as shown in Equation 10 and efficient precipitation of 

struvite takes place if the ratio of Mg: NH4–N: KH2PO4 is 1:1:1 and pH is 9 [12].  

 

MgCl2·6H2O + KH2PO4 + NH4
+
 → MgNH4PO4·6H2O↓ + K

+
 + 2Cl

¯
 + 2H

+
 (10) 

6.4.7 Coprecipitation 

 

This is defined as the simultaneous removal of an ion with the precipitation of another, 

with which it does not form a salt [1]. Thus, ions of a compound can be included in 

crystals of the precipitate as impurities. According to Metcalf and Eddy [2], precipitation 

of phosphorus also causes in the removal of inorganic compounds and dissolved heavy 

metals. Elsewhere, precipitation of ferric nitrate at pH 7 removed 95% of cadmium 

concentration [1]. 

6.5 REQUIREMENTS FOR CHEMICAL PRECIPITATION  

 

Although precipitation systems differ in types and their corresponding detailed 

requirements, their major functions are handling and feeding of chemicals, mixing, and 

separation (Figure 3). The handling equipment should suit physical and chemical 

properties of the chemicals used. The state of the chemicals can be liquid, solid or gas. 

The chemicals can also be basic, neutral, acidic, corrosive or some toxic [1]. Sometimes, 

there is need to prepare the reagents by mixing, heating, or actual onsite production. This 

thus may require mixers, reactors, heat exchangers, compressors, diffusers or spargers 

[1]. 
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Figure 3: Block diagram showing main process involved in chemical precipitation 

 

Mixing is aimed at enhancing contact between reacting compounds. It should be designed 

to ensure rapid precipitation. Bearing in mind that after nucleation, growth of the crystals 

of the precipitate depends on mixing among other things, it is important to choose a 

suitable level of mixing. The level of mixing is measured as velocity gradient and is 

related to the design of the mixer and its mixing power [1]. Very high mixing rate can 

cause secondary nucleaction and inhibit crystal growth. This results in small precipitate 

crystals and they can be difficult to separate from the wastewater. Actually, small 

particles require low loading rates to be separated from wastewater which slows down the 

separation process.  

 

Separation can be done by sedimentation or filtration. Here the important parameter is the 

hydraulic loading rate. It is calculated as a quotient of flow and surface area, Q/A. 

Hydraulic loading rate may be described as the loading rate at which particles in a 

suspension have minimum settling velocity and can be removed in the settling tank [1]. 

Separation can also be combined with mixing.  

 

Separation of the precipitate is followed by disposal, which sometimes is preceded by 

treatment. Therefore, it is important to characterise the sludge for chemical and physical 

properties. More or so, knowledge of the toxicity, pH, degradability, and environmental 

impact in addition to the quantity of the sludge can be useful. The quantity of the 

precipitates can be estimated stochiometrically by the following procedure. Calculate the 

molecular weights of the reagent and the precipitate. The dosage of the reagent which is 
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determined from pilot tests is multiplied by the quotient of molecular weights of the 

precipitate and the reagent to give the quantity of precipitate produced (Equation 1 in 

Appendix 4). 

 

Alternatively, determine the concentration of the parameter to be removed. Estimate the 

flowrate of the treatment facility. The percentage removal efficiency should be estimated 

from pilot plant tests. The removal capacity of precipitate is calculated as product of 

removal percentage, concentration of parameter, and the flowrate of the wastewater 

stream (Equation 2 in Appendix 4).  

 

Roughly, the quantity of sludge produced is 0.5 % of the treated wastewater [2]. 

However, the actual quantity of sludge can be more than the estimated precipitates 

because of competing reactions which may also form other precipitates and other solids 

which can be trapped and separated with the settling precipitates. The quantity of sludge 

removed can be calculated as the product of the removal efficiency and the concentration 

of the total suspended solids. Needless to say that reliable data for these variables can be 

obtained from pilot tests. Then the sum of sludge and precipitates gives the total solids 

separated from the wastewater. Then the volume of total solids removed can be 

calculated on a dry basis as follows (Equation 3 in Appendix 4). 

6.6 FACTORS AFFECTING CHEMICAL PRECIPITATION  

 

Chemical precipitation is affected by a number of factors including pH, dosage of 

precipitant, electrolyte composition of the wastewater, temperature and other catalysts. 

Lin et al [19] added to these factors; solubility limiting phase, electrical potential and 

time of reactions. Wastewater components precipitate at different pH, for instance, heavy 

metals precipitate at pH 11 and NH4–N precipitate at pH 9.2 [5], [14]. Elsewhere, it was 

recorded that the presence of organic matter and its nature affected precipitation 

treatment [2]. Similarly, high fluoride concentration inhibited precipitation of NH4–N and 

orthophosphate [14]. Besides, seeding greatly enhances precipitation as is the case in 

crystallisation processes. 
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6.7 MERITS AND DEMERITS OF CHEMICAL PRECIPITATION  

 

Studies have listed a lot of advantages and disadvantages of employment of chemical 

precipitation in wastewater treatment. While some of these are common to all types of 

precipitation treatment, others apply to a selected few treatments. Generally, chemical 

precipitation is qualified as relatively economical, easy to operate, versatile for treatment 

of wide range of dissolved metals, compatibility with physical treatments to enhance 

them, applicability in conditions unsuited to biological treatment, capable of treating 

large volumes of wastewater [2], [15].  

 

It is also known that some precipitates are useful in other applications. For example, 

sulfolignin which is a precipitate of lignin by sulphuric acid is used as an additive for 

cement production [9]. Also, ammonium magnesium phosphate hexahydrate 

(MgNH4·PO4·6H2O), a precipitate formed for the removal of ammonium, is used as a 

mineral fertiliser [20]. 

 

The general limitations include inconsistency in meeting discharge requirements, high 

cost of chemicals, high quantities of sludge produced, requiring pH adjustments in most 

applications [2], [15]. Chemical precipitation has high probability of forming toxic, 

carcinogenic and environmentally detestable by-products. For instance, precipitates 

formed by the addition of lime are thought to have long term negative environmental 

impacts if disposed [5]. Moreover, there is a possibility of precipitates forming or 

accumulating in the conduits downstream the treatment plant. As reported elsewhere, the 

accumulation of struvite blocked pipewalls of the treatment plant [21]. 

6.8 DISCUSSION AND CONCLUSIONS 

 

Chemical precipitation involves reduction of the solubility of compounds to form solids 

which are settled out of or filtered from the wastewater. The process either alters the 

chemical composition of a target compound by a chemical reaction or changes its 

physical state by adjusting the surrounding conditions, for example, pH.  It is thus 

obvious that chemical precipitation is affected by pH, precipitant and its dosage, 

electrolyte composition of the influent wastewater, temperature, solubility limiting phase, 
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electrical potential, presence of precipitation enhancing or inhibiting compounds and 

duration allowed for reactions to take place. 

 

The application of chemical precipitation requires prior characterisation of the influent in 

order to determine what precipitation and how it should be done. The key stages are 

stages are three; chemical feeding, mixing and separation. It is important to estimate the 

sludge produced either stochiometrically or from pilot studies for further treatment or 

handling purposes. The latter method is better than the former because the sludge 

produced is commonly more than the theoretical estimate due to other solids trapped by 

the settling precipitates. Moreover, besides generation of design data pilot studies are 

necessitated because of the unpredictability of precipitation reactions due to 

characteristics and composition of the influent. There is high possibility for side reactions 

or undesired products from the altered chemical reactions.    

 

The preference of chemical precipitation to other wastewater treatment technologies is 

based on its applicability in removing a wide range of compounds, compatibility with 

other treatment processes, easy of operation and economic advantage. Of course these do 

vary with types of chemical precipitation and should not thus form basis for operational 

decisions and choices unless ascertained by pilot studies. On the other hand, the main 

demerits include large sludge produced and its environmental implications in handling 

and disposal.  

6.9 APPENDIX 4:  CHEMICAL PRECIPITATION REPRESENTATION 

IN THE TRAINING SYSTEM 

 

This section describes chemical precipitation as it is represented in the training system. 

6.9.1 Summary 

 

Chemical precipitation involves reduction of the solubility of compounds to separate 

them from wastewater water in solid form. The process removes a wide range of heavy 

metals, anions and other dissolved compounds which is also its main advantage. 

However, the production of huge volumes of sludge limits its application. Pilot studies 

and characterisation of wastewater influent are crucial in the design chemical 

precipitation. 
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6.9.2 Theory 

 

Chemical precipitation is realised by the addition of precipitants or adjustment of pH or 

temperature of the wastewater. The precipitants are numerous and their choice depends of 

possible reactions with target compounds, effectiveness, handling and economic 

advantage. Some additives do not necessarily take part in the precipitation reactions but 

adjust the pH of the wastewater and cause. Other than pH, other factors affecting 

precipitation are dosage of precipitant, electrolyte composition of the wastewater, 

temperature, sand time of reactions. 

 

The types of chemical precipitation are generally derived from the nature of the 

precipitants and the precipitates. For instance, hydroxide reaction either uses hydroxides 

or forms hydroxides. The other types are sulphide, nitrogen, carbonate, phosphate, and 

cyanide precipitation.  In addition to these, there is coprecipitation which removes target 

ions by including them in the precipitate structure/crystal of other compounds.  

 

Chemical precipitation has three main stages namely handling and feeding of 

precipitants, mixing and separation and handling of sludge. Considering the challenge 

associate with handling of precipitation sludge, it should be characterised for chemical 

and physical properties to know its toxicity, pH, degradability, and environmental 

impacts. The volume of precipitants required and mass of precipitates can be estimated 

stochiometrically.  

reagent

eprecipitatdosage

X
mw

mwR
M




    (1) 

where  MX↓ Mass of precipitate, kg 

Rdosage quantity of reagent applied, g/m
3
  

 mwprecipitate molecular weight of precipitate, - 

mwreagent molecular weight of reagent, - 

 

The removal capacity of precipitate is calculated as follows. 
    QX XX conc%rem_cap     (2) 

where X↓rem_cap removal capacity, kg/m
3
 

 X↓% removal efficiency, % 

 Xconc concentration of target parameter, mg/L 

 Q flowrate, m
3
/d 

 

Roughly, the quantity of sludge produced is 0.5 % of the treated wastewater. However, it 

can be calculated as the product of the removal efficiency and the concentration of the 

total suspended solids. Then the sum of sludge and precipitates gives the total solids 

separated from the wastewater. The volume of total solids removed can be calculated on 

a dry basis as in Equation 3. 
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 w


1G

M
V TS

s     (3) 

where Vs volume of solids, m
3 

MTS mass of total solids, kg 

 G specific gravity, -  

 w moisture content, -   

 

It is important to conduct pilot studies to ascertain results of the estimation procedures 

and determine other necessary design data.   

6.9.3 View 

 

Reactor/mixer

Precipitant

Influent
Precipitates &

wastewater

 

6.9.4 Design parameters 

 

The parameters required for the calculations in chemical precipitation include;  

 Specific gravity of sludge approximately taken 1.05,  

 Moisture content of solids removed from wastewater,  

 Removal efficiency (%),  

 Concentration of target parameter (mg/L),  

 Flowrate (m
3
/d),  

 Quantity of reagent applied (g/m
3
) usually taken as 20 kg /1000 m

3 
of wastewater, 

 Molecular weight of precipitate, and  

 Molecular weight of reagent. 

6.9.5 Examples 

 

The following examples demonstrate calculation of mass of precipitates formed and 

volume of total solids removed through precipitation reaction as a wastewater treatment 

technology. 
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6.9.5.1 Determination of mass of precipitate 

 

Determine the sludge produced from wastewater treated for carbonic acid using calcium 

hydroxide assuming the sludge consists of the precipitate only.  

 

Solution 

 

Carbonic acid can be precipitated from wastewater as calcium carbonate by the following 

reaction. 

H2CO3 + Ca(OH)2  CaCO3↓ + 2H2O  

 

The molecular weights of the precipitant, Ca(OH) 2 = 74g/mole and precipitate, CaCO3 = 

100 g/mole. The suitable precipitant dosage is determined from pilot studies and in this 

case is taken as 20 kg /1000 m
3
. 

reagent

eprecipitatdosage

X
mw

mwR
M





 

 

3
3

X
m  /1000kg 03.27

g/mole 47

g/mole 100m kg/1000 02
M 




   

 

Thus mass of precipitant hence sludge from the reaction is 27.03 kg /1000 m
3
 

 

6.9.5.2 Determination of volume of sludge 

 

Determine the volume of the sludge calculated in the preceding example on a dry basis. 

Take the specific gravity and moisture content of the sludge as 1.05 and 92.5%, 

respectively. 

 

Solution 

 

Mass of sludge, MTS = 27.03 kg for every 1000 m
3
 of treated wastewater  

 w


1G

M
V TS

s  

 

  
3

s m 343
100/5.921001.05

kg 03.27
V 


  

The total volume of sludge calculated on dry basis is 343 m
3
 for every 1000 m

3
 of treated 

wastewater. 
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6.9.6 Model 

 
Determination of mass of sludge produced 

Variables       

Rdosage = quantity of reagent applied, kg/1000m
3
   

mwprecipitate = molecular weight of precipitate, -   

mwreagent = molecular weight of reagent, -    
MTS = mass of total solids removed from wastewater, kg 

     

Data    

Rdosage (kg/1000m
3
) mwprecipitate  mwreagent  

20 100 74 

      

Calculations     

MTS  = 27.03  kg/1000m
3
 

 

 
Determination of volume of sludge as dry basis 

Variables          

MTS = mass of total solids removed from wastewater, kg 

G = specific gravity, -     

w = moisture content, %    

Vs = volume of solids on dry basis, kg   

      

Data     
MTS (kg) G w (%) 

27.03 1.05 92.5 

      

Calculations       
Vs = 344  m

3 
/1000m3 of treated water 
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7.0 PART FIVE:  OZONATION 

 

7.1 INTRODUCTION 

 

Ozonation may be defined as the process in which ozone is applied to treat wastewater. 

The process is used in disinfection, reduction of organic pollutants, improvement of 

biodegradability, oxidation of pharmaceutical compounds, odour removal, and removal 

of iron and manganese ions. And recently, ozonation has become an economically 

competitive technology for wastewater disinfection [1]. Ozonation involves generation of 

ozone gas and dosing of the ozone to the wastewater. Upon application, ozone reacts with 

the target parameters as ozone itself or its radicals.  

7.2 PROPERTIES OF OZONE 

 

Ozone is an unstable gas with greater instability in water than in air probably because it is 

an electrophile. It has an odour and is a blue at ambient temperature. The gas is explosive 

for at least a concentration of 240 g /m
3
 [1]. It is further stated that the solubility of ozone 

is obeys Henry’s Law. Ozone is also known to have high selectivity.  The other 

properties of ozone are listed in Table 1. 

 

Table 1: Properties of ozone [1] 

Property Value 

Molecular weight 48.0 g 

Boiling point -111.9 ± 0.3 °C 

Melting point -192.9 ± 0.4 °C 

Latent heat of vaporisation at 111.9°C 14.90 kJ/kg 

Liquid density at -183°C 1574 kg/m
3
 

Vapour density at 0°C and 1 atm 2.154 g/mL 

Solubility in water at 20.0°C 12.07 mg/L 

Vapour pressure at -183°C 11.0 kPa 

Vapour density compared to dry air at 0°C and 1 atm 1.666 

Specific volume of vapour at 0°C and 1 atm 0.464 m
3
/kg 

Critical temperature 12.1 °C 

Critical pressure 5532.3 kPa 

7.3 OZONATION SYSTEMS 

 

An ozonation wastewater treatment system would generally comprise units for the 

following; power supply, ozone generation, ozone wastewater contacting, and destruction 
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of the off-gas [1]. Of course, the treatment system can be different where ozone treatment 

is a part of a compound or complex treatment utility. 

7.3.1 Power supply 

 

Ozonation processes are energy intensive (Table 2). Power requirements include, air 

preparation, generation of ozone gas from oxygen or air, application of ozone to 

wastewater, destruction of residual gas, and running of auxiliary equipment such as 

controlling and monitoring equipment.  

 

Table 2: Typical energy requirements for ozone application [1] 

Component kWh/kg ozone Component kWh/kg ozone 

Air preparation 

(compressor and dryers) 

4.4 – 6.6  Ozone 

generation from 

 

Ozone contacting 2.2 – 6.6          Air feed 13.2 – 19.8 

All other uses 1.2 – 2.2       Pure oxygen 6.6 – 13.2 

7.3.2 Ozone generation 

 

Ozone generation, particularly from air is preceded by preparation of the feed air. This 

involves compressing, drying and cooling, and filtering the air. Then, ozone is produced 

by dissociation of oxygen molecules in endothermic reactions (Equation 1, Appendix 5). 

Ozone is commonly produced by electrolysis, photochemical reaction, and radiochemical 

reaction by electrical discharge, ultraviolet radiation [1]. Figure 1 shows a schematic 

representation of a Corona Discharge Gap which is used to produce ozone at a voltage of 

about 20 kV. Considering the instability of ozone, it is advisable to produce ozone on the 

site of wastewater treatment.   

O3

O3

O2

O2

Stainless steel

ground electrode
+

High potential

electrode

Glass dielectric

material

 

Figure 1.  Schematic diagram of Corona Discharge Gap 
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7.3.3 Contacting ozone with wastewater and destruction of off-gas 

 

There is need for efficient contacting of ozone with wastewater because of low 

concentration of ozone in the generated gas [1]. Contacting can be done in deep and 

covered chambers. Diffusers are used to introduce ozone into the chambers. It is 

recommended that a diffuser system achieves 90 % ozone transfer [1]. After contacting, it 

is imperative to destroy any ozone gas that escapes from the contact chambers because of 

its toxicity, and much more, that the regenerated gas produces oxygen which may be 

regenerated back to ozone.   

7.4 PARAMETERS TREATED BY OZONATION  

 

A selected few of pharmaceutical compounds can be oxidized in the ozonation process. 

These include diclofenac (antiphlogistic), carbamazepine (antiepileptic), 

sulfomethoxazole (antibitotic), 17a-Ethinylestradiol (ovulation inhibitor), iopromid and 

diazepam [2], [3]. These compounds are characterized by a double bond or an amino 

group.  Actually, ozone reacts mainly with double bonds, activated aromatic systems and 

non-protonated amines [4]. The selectivity of ozonation reactions is also evidenced with 

other compounds. For example, geosmin and 2-methylisoborneol which are produced by 

green and blue algae are difficult to oxidize with ozone because they consist of saturated 

ring systems. On the other hand, microcystin-LR contains several double bonds and 

amino groups hence it is easily oxidized by ozone [4].  

 

Besides oxidation of the pharmaceuticals, ozone is used as a disinfectant. Furthermore, 

the gas is used to remove odour, colour and algae, to degrade organic and inorganic 

compounds, and to aid coagulation and filtration processes [5], [4], [6], [7]. Metals, for 

example Fe, Mn and As are oxidized to an insoluble form and subsequently removed by 

filtration [8]. 

7.5 OZONATION MECHANISMS 

 

Ozonation reactions start immediately ozone is dosed into the wastewater. They are more 

or less instantaneous. Either ozone decomposes to form radicals which oxidize target 

compounds or ozone directly oxidizes the compounds. Ozone reacts with the components 

of the water matrix to form hydroxyl (HO•) radicals [4] and HO2 and HO3 oxidizing 
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species [8]. The reaction is referred to as ozone decomposition. According to Pera-Titus 

et al [5], the generation of HO• radicals might be initiated and catalyzed by hydroxyl ions 

or by the presence of traces of substances, for example, transition metal cations or 

impurities such as solutes. This is followed by reactions which may be classified as 

taking place in the initial phase or secondary phase based on their timing. 

  

The instantaneous ozone demand (IOD) is a proportion consumed during the initial ozone 

decomposition phase. This amount corresponds to the difference between the 

administered ozone and the amount of ozone measured after a few seconds [9]. Although, 

Buffle et al [3] stated that the decomposition of ozone is too rapid to measure the amount 

of ozone consumed, an equation was developed by Park et al [9] to estimate the amount 

consumed and the rate of consumption (Equation 2 Appendix 5). During the initial phase 

of ozone decomposition, kd[NOMd] is negligible compared to the second term, such that 

the higher ki value or the greater value of the relative ratio of  kp[NOMp] to ks[NOMs] 

might be the reason for rapid ozone consumption during the phase irrespective of ozone 

dose [9]. 

7.6 OZONE DOSAGE 

 

Approximately, the required ozone dosage is the sum of IOD and the ozone required 

beyond the IOD consumption phase having factored the contacting or transfer efficiency. 

According to Metcalf and Eddy [1] the efficiency varies between 80 % and 90 %, and the 

required ozone dosage can be estimated using Equation 3 in Appendix 5. 

 

Estimates of ozone dosages required for coliform disinfection can be calculated using 

models represented by Equations 4 and 5 in Appendix 5 [1]. Estimates of ozone dosage at 

a contact time of at least 15 minutes are given in Table 3. However, these values and 

those obtained from the preceding expression should be verified with data from pilot 

studies.   
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Table 3: Typical ozone dosages required for coliform disinfection (adopted from 

Metcalf and Eddy [1]). 

Type of wastewater  Initial coliform 

count, MPN/ 

100 mL 

Ozone dose, mg/L 

Effluent standard, MPN/100 mL 

1000 200 23 < 2.2 

Raw wastewater 10
7
 – 10

9 
40    

Primary effluent 10
7
 – 10

9
 40    

Trickling filter effluent 10
5
 – 10

6
 10    

Activated-sludge effluent 10
5
 – 10

6
 8 10 30 40 

Filtered activated-sludge 

effluent 

10
4
 – 10

6
 8 10 25 40 

Nitrified effluent 10
4
 – 10

6
 6 6 20 24 

Filtered nitrified effluent 10
4
 – 10

6
 6 8 15  20 

Microfiltration effluent 10 – 10
3
 6 6 8  8 

Septic tank effluent 10
7
 – 10

9
 40   s 

Intermittent sand filter 

effluent 

10
2
 – 10

4
 8 15 20 25  

 

7.7 FACTORS THAT AFFECT OZONE DECOMPOSITION 

 

The rate of decomposition of ozone is influenced by pH, temperature, dissolved organic 

and inorganic matter, alkalinity and ionic strength [8]. As pH increases, so does the rate 

of decomposition of ozone [5], [4]. This is substantiated by fast production of HO• 

radicals at high pH. Furthermore, the presence of total organic carbon in wastewater 

increases IOD. It is further stated that natural organic matter acts as a promoter to 

increase the HO• concentration, thus enhancing the ozone decomposition [9]. The NOM 

decompose ozone in two ways; by a direct reaction such that ozone is completely 

consumed and or by decomposing it to form HO• radicals. The direct reactions of NOM 

with ozone are generally attributed to double bonds, activated aromatic systems, amines 

and sulfides [4]. According to Park et al [9], the decomposition of ozone by NOM can be 

explained by the following reactions. 

O3 + NOMd → products 

kd = direct reaction rate constant          (6) 

O3 + NOMi → HO• + products 

ki = initiation reaction rate constant          (7) 

HO• + NOMp → •O2
¯
 + products 

kp = promotion reaction rate constant             (8) 

HO• + NOMs →   products 
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ks = Scavenging reaction rate constant           (9)  

 

Initiators constitute a fraction of the NOM leads to carbon centered radicals when reacted 

with hydroxyl ions [10]. The carbon centered radicals further react with oxygen to form 

superoxide radicals which in turn react quickly with ozone to form HO• radicals again. 

Superoxide radicals are thus called promoters. According to von Gunten [4], inhibitors 

are entities that do not liberate superoxide after reaction with HO• radicals as such they 

terminate the chain reactions. These consist of a fraction of the NOM and carbonates or 

bicarbonates.  

 

It is also important to note that ozone decomposition determines the oxidizing and 

disinfecting impact of the ozonation process. Degradable compounds in wastewater react 

with either ozone or hydroxyl radicals. They can react with both components; however, 

the rates of reaction are different. When ozone decomposes slowly, the formation of 

hydroxyl radicals is retarded which leads to reduced purification. Ozone reacts slowly 

with many types of contaminants including odor compounds, methylisobornreol aliphatic 

halides and inactivated aromatics such as chlorinated benzenes.  

7.8 OZONATION REACTIONS 

 

The reactions of ozone occur by an oxygen atom transfer from ozone or its radicals to the 

oxidizable species. These reactions are formally a two-electron oxidation of the 

compound [4]. The reactions of ozone and HO• radicals are thus called direct oxidation 

and indirect oxidation, respectively. Other than these reactions, disinfection which 

involves ozone molecules also takes place. 

7.8.1 Direct oxidation 

 

In this reaction, ozone exclusively reacts with compounds with specific functional groups 

such as electrophilic, nucleophilic or dipolar addition reactions through selective 

reactions at low pH [5]. Thus in direct ozonation, the reaction takes place in an acidic 

media. The reaction is slow and has low kinetic constants, which lie in the range of 1.0 to 

1000 M
−1

 s
−1

 [5]. It is, therefore, seen that pH greatly influences whether the reaction of 

ozone with organic matter would be direct or indirect since for pH less than 4, direct 
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oxidation dominates; in the range of pH 4 – 9 both are present, and for pH above 9 the 

reactions are indirect. 

7.8.2 Indirect oxidation 

 

In indirect oxidation, the radicals react in non-selectively way with a wide range of 

organic and inorganic compounds and wastewater [5]. Hydroxyl radicals are known to be 

the strongest oxidants in water [4], [8]. Their oxidation reactions are fast and are in the 

kinetics range of k = 10
8
 to 10

11 
M

−1
 s
−1

 [5].  For example, von Gunten [4] stated that the 

oxidation of pharmaceuticals; Sulfamethoxazole, 17α-Ethinylestradiol, Carbamazepine 

and Diclofenac with HO• radicals had high rate constants.   

 

The indirect oxidation pathway is characterized by oxidation of HO• and compounds in 

the media and also generation of radicals which are involved in the aforementioned 

reactions. After initial hydroxyl radicals are formed from the degradation of ozone 

initiated by HO• present in the media, more radicals are generated through propagation 

until the reactions are terminated. These three stages are represented by the following 

equations [5].   

 

 Initial reaction: 

O3 + HO• → O2• 
−
 + HO2•,  k1 = 70 M

−1
 s
−1

         (10) 

Propagation: 

O3 + O2•
−
 → O3•

−
 + O2,  k2 = 1.6 × 10

9 
M

−1
 s
−1

      (11) 

O3•
−
 + H

+
  HO3•,   pKa = 6.2         (12) 

HO3•→ HO• + O2,   k3 = 1.1 × 10
8
 M

−1
 s
−1

         (13) 

HO• + O3 → HO4•,   k4 = 2.0 × 10
9 

M
−1

 s
−1

         (14) 

HO4• → HO2• + O2,   k5 = 2.8 × 10
4
 s
−1

        (15) 

HO2•  O2•
−
 + H

+
,   pKa = 4.8        (16) 

Termination: 

HO• + CO3
2−

 → HO
−
 + CO3•

−
,  k6 = 4.2 × 10

8
 M

−1
 s
−1

       (17) 

HO• + HCO3
−
 → HO

−
 + CO3•,  k7 = 1.5 × 10

7
 M

−1
 s
−1

       (18) 
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7.8.3 Disinfection 

 

Disinfection dominantly occurs by ozone. As such, sufficient exposure time of O3 in 

wastewater is crucial to achieve the desired disinfection. Ozone exposure is affected by 

temperature, pH and natural organic matter present in the wastewater [10]. Ozone 

exposure, and therefore disinfection, is significantly reduced with increasing water 

temperature [11]. Any increase in pH in the range of 6 to 9 results in an increase in the 

rate of O3 depletion. With increase in pH, O3 becomes more reactive to deprotonated acid 

and phenol moities in the dissolved organic matter [11]. Subsequently, the reaction of 

ozone with organic matter is enhanced. NOM is also known to have fractions which 

promote the decomposition of ozone thereby reducing its amount available in the 

wastewater and hence reducing disinfection. 

7.8.4 Phases of ozonation reactions 

 

Ozone consumption in wastewater consists of two stages: the instantaneous ozone 

consumption stage and the slower ozone decay stage [9], [4]. The latter stage follows first 

order kinetics [3], [4]. This stage is evident after about the first minute of introduction of 

ozone feed into the water or wastewater reactor.  On the other hand, instantaneous ozone 

consumption follows second order kinetics, and this stage is also referred to as the initial 

phase of ozone decomposition (IPOD).  

 

In the IPOD, there is rapid decomposition of ozone. According to Buffle et al [3], the 

initial phase takes place in the first twenty seconds of feeding ozone. Park et al [9] found 

that about half of the administered ozone was consumed at the initial decomposition 

phase regardless of the ozone dosage. It is said that wastewater ozonation in this phase is 

more or less same as an advanced oxidation process [3].  

7.9 DESIGN PARAMETERS FOR OZONATION SYSTEMS 

 

The design of ozonation systems should consider energy requirement based on the 

volumes of wastewater to be treated and their characteristics. Most importantly, 

wastewater should be characterized in terms of natural organic matter content, parameters 

that would initiate, promote or hinder, and terminate ozone decomposition and pH. 

Ozone consumption requirement and, thus, the suitable dosage can be determined largely 
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using characterization data of the wastewater.  It is also important to decide on the feed 

gas to be used for ozone generation, and the machinery to be used for ozone generation 

and contacting of ozone with wastewater because of their energy requirement and also 

transfer efficiency for the latter.  

7.10 ADVANTAGES AND DISADVANTAGES OF OZONATION 

 

The high efficiency obtained when using ozone alone or in association with other 

oxidants makes its use attractive [12]. Elsewhere, it is stated that among the common 

oxidants, ozone has the highest thermodynamic oxidation potential. Also, ozone has 

strong biocidal oxidizing properties [6]. It is efficient in pollutant degradation. Ozone can 

also be used as a pretreatment agent in which case it transforms refractory compounds 

into substances that can be further removed by conventional methods [5].  

 

Ozonation has high potential for the oxidation of pharmaceuticals in wastewater [13]. It is 

also said to be suitable for applications aiming at wastewater reuse [12]. In addition to 

taking short reaction time to disinfect pathogens in wastewater, ozone produces no taste 

or odor, provides oxygen to the wastewater after disinfecting, requires no chemicals and 

also decays rapidly in water, avoiding any undesirable residual effects [12]. 

 

However, the use of ozone has some limitations including formation of toxic, 

carcinogenic or non biodegradable compounds from the reactions of ozone and hydroxyl 

radicals with numerous organic and some inorganic species [4], [14]. According to Wang 

et al [12], ozone may produce undesirable aldehydes and ketones by reacting with certain 

organics. They further stated that the toxicity of such ozonation products is proportional 

to concentration and exposure time. Ozonation of water containing bromide or bromine 

with bromine levels higher than 50 μg/L yields bromate, a non biodegradable and 

carcinogenic compound , as a byproduct [4], [8].  

 

For typical of wastewater treatment, the necessary doses are high which translates to 

increased operational costs [12]. Furthermore, an ozone generator must be located near 

the reactor to supply continuously the ozone required for the reaction because ozone 

cannot be stored due to the potential flammable character of mixtures with oxygen [5]. 

Other disadvantages include; complicated installation of ozonation equipment, the need 
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for a device to destroy ozone at the exhaust of the ozone reactor to prevent toxicity, the 

need for special mixing devices to facilitate solubility of ozone in water hence high 

energy demand. In addition, ozone generation requires high energy because of low 

generation efficiency and low concentration of ozonated gas which is usually between 1 

and 5 wt-%.  

 

Besides, ozone may not oxidize some refractory organics depending on factors such as 

pH and concentration and nature of organic matter present in the wastewater [12], [7], 

[5]. It is also said that pesticides are very difficult to degrade by ozone alone. 

Furthermore, ozonation process does not have a residual effect for continued treatment of 

the effluent.  

7.11 DISCUSSION AND CONCLUSIONS  

 

Ozonation is a wastewater treatement technology that oxidizes pharmaceuticals, total 

organic carbon, inorganic constituents, and metals present in wastewater; disintegrates 

refractory parameters to biodegradable forms; treats colour and odour; and disinfects 

wastewater. It is an effective process because of the action of both ozone and hydroxyl 

radicals with the former acting more of a disinfectant and the latter as an oxidant. Thus 

the reactions are direct and indirect and much treatment is done in the initial phase of 

ozone decomposition.  

 

Ozonation is largely influenced by constituents present in wastewater and pH. The design 

of ozonation systems should thus consider these in addition to energy requirement for the 

entire treatment system, and equipment to be used. Handling of ozone after generation 

and that escaping as off-gas should also be critically considered because of the instability 

and toxicity of ozone. 

7.12 APPENDIX 5:  OZONATION REPRESENTATION IN THE 

TRAINING SYSTEM 

 

This section describes ozonation as it is represented in the training system. 
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7.12.1 Summary 

 

Ozonation is an oxidation and disinfection process of wastewater parameters that uses 

ozone and its derivative hydroxyl radicals. The process is used to oxidise 

pharmaceuticals, total organic carbons, inorganic compounds and metals; remove odour 

and colour; improve biodegradability of refractory compounds; and disinfect coliform 

bacteria. Ozonation is a competitive wastewater treatment technology because of its high 

efficiency and effectiveness in treating a wide range of wastewater parameters, and short 

contact time. Its demerits include high energy requirement, high safety requirement in 

handling ozone, formation of toxic and carcinogenic by-products, and lack of residual 

effect. 

7.12.2 Theory 

 

Ozonation requires generation of ozone from air or oxygen (Equation 1) by electrolysis, 

photochemical reaction, or radiochemical reaction by electrical discharge, or ultraviolet 

radiation.   

3O2  2O3 (∆H° at 1 atm, +284.5 kJ /mol)  (1) 

 

Ozone is then contacted with wastewater in deep and covered chambers by injecting it 

through diffusers. Upon contact, ozone decomposes into hydroxyl radicals (HO•) and 

•O2
¯
, HO2•, HO3•, and HO4•, by action of natural organic matter and other constituents 

present in wastewater. The radicals are involved in indirect reactions with parameters 

present in wastewater whilst wholesome ozone is involved in direct oxidation of other 

parameters and disinfection of microorganisms.  

 

As a result of decomposition of ozone and the aforementioned reactions, ozone is 

consumed. The consumed ozone can be determined as by the following equation.  
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where  NOMd  constituent of NOM consuming ozone by a direct reaction 

NOMi initiator constituent of NOM for HO• chain reaction 

NOMp  promoter constituent of NOM for HO• chain reaction 

NOMs  inhibitor constituent of NOM for HO• chain reaction 

 

This together with wastewater characterization data can be used to determine the required 

ozone dosage for wastewater treatment.  
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where D total required ozone dosage, mg/L 
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 U  utilised (or transferred) ozone dose, mg/L 

 TE ozone transfer efficiency, % 

 

Estimates of ozone dosages required for coliform disinfection can be calculated using the 

following models. 

 

q for U 1
N

N
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     (4) 

q for U 
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     (5) 

where  N  number of organisms remaining after disinfection, -  

 No number of organisms present before disinfection, - 

 U utilized (or transferred) ozone dose, mg/L 

 n  slope of dose response curve, - 

q value of x intercept when N/No = 1 of log N/No = 0, and is 

assumed to be equal to the initial ozone demand. 

7.12.3 View 

                              

7.12.4 Design parameters 

 

Calculation of ozone requirements for ozonation systems, involves the following 

parameters;  

 Utilised (or transferred) ozone dose (mg/L), 1 – 14 mg/L 

 Ozone transfer efficiency (%), may be taken as 80% 

 Number of organisms remaining after disinfection,  

 Number of organisms present before disinfection,  

 Slope of dose response curve,  

 Constituent of NOM consuming ozone by a direct reaction,  

 Initiator constituent of NOM for HO• chain reaction,  

 Promoter constituent of NOM for HO• chain reaction,  

 Inhibitor constituent of NOM for HO• chain reaction 

effluent 

wastewater 

Ozone  

thermal ozone 
destructor 
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7.12.5 Example (Ozone dose) 

 

Estimate the ozone dose required to disinfect a filtered secondary effluent to an MPN 

value of 240/100 mL using the disinfection data obtained from pilot-scale installation. 

Take initial coliform concentration as 10
6
/100 mL and ozone transfer efficiency as 80 %.  

 

Test 

number 

Initial coliform 

count No, 

MPN/100 mL 

Utilised 

ozone, mg/L 

Final coliform 

count N, 

MPN/100 mL 

-log (N/No) 

1 95000 1 1500 1.8 

2 470000 2 1200 2.59 

3 3500000 5 730 3.68 

4 820000 7 77 4.03 

5 9200000 14 92 5.00 

 

Solution  

 

Calculate – log (N/No) using initial and final coliform count for each test (as shown in the 

table). Plot the coliform inactivation, – log (N/No), vs utilised ozone.  
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Figure 1: Log-log plot of coliform inactivation vs utilised  ozone dose 

 

Determine coefficients n which is the slope of dose response curve, and q which is the 

value of x intercept when N/No = 1 of log N/No = 0. It is found that n = 2.72, and q = 0.23 

mg/L.  

Determine ozone dose, U from  
q

U

N

N
-n

o









  

  mg/L 93.4
10

240
 mg/L 23.0

N

N
qU

2.72

1

6

n

1

o






















 

Factor in the transfer efficiency given, 80%, to determine the dose that should be applied. 
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  mg/L 16.6
80

100
mg/L 93.4

TE

100
UD 

















  

Hence the required ozone dose is 6.16 mg/L. 
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7.12.6 Model 

 

Estimation of required ozone dose 

Variables         

No = initial coliform count, MPN/100 mL     

N = final coliform count, MPN/100 mL    

U = utilised ozone, mg/L     

-log(N/No) = coliform inactivation, -     

N = slope of dose response curve, -    

Q = value of x intercept or the initial ozone demand, mg/L   

TE = transfer efficiency, %       

     

Pilot plant data       

Test number  No, MPN/100 mL Utilised 

ozone, 

mg/L 

Final coliform 

count N, 

MPN/100 mL 

-log 

(N/No) 

1 95000 1 1500 1.81 

2 470000 2 1200 2.6 

3 3500000 5 730 3.69 

4 820000 7 77 4.03 

5 9200000 14 92 5 

Log-log plot      
 

 
 

    

     

     

     

     

     

     

     

     

     

     

     

     

     

Data         

N, MPN/100 mL 
240 

No, MPN/100 mL  
1000000 

n, - 
2.72 

q, mg/L 
0.23 

TE, % 
80 

     

Calculations     

  U, mg/L D, mg/L   

  4.93 6.17   
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