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Abstract 
The present municipal wastewater treatment technology is very much in need of two main 
ingredients; economizing the treatment system through self sustained products such as energy 
and nutrients recovery, as well as improving cleaning results to compete with the increasing 
demands on the plants with ever more stringent discharge standards. The thesis study therefore 
aims on improving the present wastewater treatment technology concentrating on the recovery 
of an increased amount of energy as well as nutrients with the objectives or treatment concepts; 
chemical pre-precipitation using the novel chemicals combination calcium (Ca2+) and magnesium 
(Mg2+) together, and the use of acid hydrolysis of toilet paper for producing an internal carbon 
source to replace the external carbon source requirement at post-anoxic denitrification process. 
In addition, since the author is from Sri Lanka; which has large unrealised potential sources of 
cheap supply of chemicals calcium and magnesium from the local industries, limestone industry 
and solar evaporated salt production, the feasibility of integrating this novel treatment 
technology (chemical pre-precipitation using Ca2+ and Mg2+) to these industries is evaluated, to 
achieve an economical treatment system. 

The thesis study consists of two main experimental analyses for chemical pre-precipitation and 
acid hydrolysis. Chemical pre-precipitation of primary effluent from Hammarbysjöstadverket had 
been done using the chemicals Ca2+ and Mg2+ as in Ca(OH)2 and MgCl2 within the concentrations 
range, 10-30 mg/l for Ca2+ and 10-40 mg/l for Mg2+ with measurements done on percentage 
reductions of COD, total phosphorus and total nitrogen, and percentage increases of 
conductivity and alkalinity. Acid hydrolysis study of toilet paper was carried out with one basic 
experiment, using a sulphuric acid solution of pH 2, and using around 10 mg of toilet paper; 
where the COD of the solution was measured after a specific retention time. The feasibility 
evaluation of the integration of local Sri Lankan industries to the particular novel wastewater 
treatment technology was done following a literature analysis as well as by means of the 
authors’ experience and knowledge on the aspects, obtained by living in Sri Lanka for over 
twenty six years. 

The results of the experimental study on chemical pre-precipitation with Ca2+ and Mg2+ have 
been discussed for; the deviations when observed over the expected results and the possible 
causes as well as the suggestions for improvements, while comparisons for the other 
conventional solutions and similar processes were done. For acid hydrolysis of toilet paper, the 
obtained results have been discussed in terms of the potential to be used in post-anoxic 
denitrification process. The pros and cons of these alternatives are also discussed in brief. The 
Integration of the local Sri Lankan industries to the wastewater treatment was also discussed 
assessing the present context and potential of expansion of these chemicals industries. A brief 
cost evaluation was also done comparing the study focuses against other common and 
conventional solutions. In addition, several recommendations for future studies have also been 
offered, to continue or to improve the study focuses. 

Keywords: calcium, magnesium, chemical pre-precipitation, COD, total nitrogen (Tot-N), total 
phosphorus (tot-P), acid hydrolysis, toilet paper 
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1 Introduction 
The civilization of human populations and the increasing awareness and understanding of the 
interrelations between the spread of diseases and the sanitation, waste handling and treatment 
and water treatment had lead to the present state of quite advanced wastewater treatment 
technology and systems globally.  

The developed world shows evidence of a strong emphasis in the context of waste management 
in contrast to the developing countries with more stringent quality requirements pushing the 
industries as well as the municipalities in attaining better treatment results. The Scandinavian 
region in this day and age evidently is leading, regarding having cleaner waste ends and obliging 
to quite stringent waste emission regulations than the rest of the world. Thus, Sweden is one 
such instance where the wastewater treatment had reached rather an advanced echelon, 
however always with space for improvement. 

On the other hand Sri Lanka, being among the developing countries which still lack, yet alone 
superior waste management systems, but even somewhat basic elements of development such 
as island-wide supply of electricity, is in need of cost effective yet result oriented approaches, 
technology and systems in handling and treating the wastes emitted in solid, gas and water 
bases. The situation is worsened with the lack of governmental, public and especially industrial 
concern and initiative on imposing and abiding to stringent environmental regulations 
respectively, when considering waste management and treatment. However, economy also rules 
over this lag, since the economical background in Sri Lanka is also not sound enough. 

The thesis study is concentrating mainly on improving the present state of the municipal 
wastewater systems in Swedish context; in terms of achieving enhanced treatment results, less 
energy consumption throughout the system and ultimately a cost effective system, with an 
improved end result. The analysis is calling even for change of inputs at certain steps, re-
arrangement of the steps, and some novel ideas as well. The highlight of the study is the 
orientation towards finding several alternatives which are available in the Sri Lankan context, 
which could be cheaper local compounds, resources etc, by way where the findings of the study 
is analyzed for the adaptability for the present circumstances in Sri Lanka.  

1.1 Aim 
The Aim of the thesis is to improve the municipal wastewater systems in terms of treatment 
efficiency, energy content of sludge, energy use and cost effectiveness of the overall treatment 
for the Swedish context as well as to increase the adaptability of the technology to a developing 
country such as Sri Lanka. 

Hence, the aims of work were to focus more on increasing pre-treatment efficiency of the 
system by use of novel chemicals combination Ca2+ and Mg2+ and consequently decreasing 
energy use particularly at the biological treatment, assessing the potential of waste toilet paper 
as a carbon source for higher efficient denitrification, plus a concern over integrating local 
resources and industrial activities of Sri Lanka in achieving an economical treatment system in 
overall. 

1.2 Objectives 
The main objectives of the thesis are analyzing and assessing the feasibility of some specific 
aspects regarding the municipal wastewater treatment, including experimental analyses when 
necessary, as following: 
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 Experimental analysis of the feasibility of using the chemicals (ions) Ca2+ and Mg2+ as  
alternatives for chemical pre-precipitation of municipal wastewater to achieve a higher 
degree of COD, total phosphorus and total nitrogen removal 

 Experimental analysis of the use of cellulose, primarily in toilet paper through acid 
hydrolysis, in making an internal carbon source in particular for the post-anoxic 
denitrification process 

 Literature based evaluation of the use of rest products/by-products such as Mg2+, and 
even Ca2+ of local industries such as solar evaporated salt production and limestone 
industry in Sri Lanka, for the wastewater treatment 

1.3 System Boundaries 
The thesis study was based primarily on Sweden and up to a certain extent on Sri Lanka, in terms 
of spatial boundaries. 

In terms of functional system boundaries; the work primarily had been based on municipal 
wastewater treatment in Sweden, while for the literature evaluation of the salt manufacturing 
process through solar drying of sea water and limestone industry in Sri Lanka had been also 
included within the system under study.  

The temporal boundary was from January 2011 to mid-June 2011. 

1.4 Methodology 
The thesis study was done through an extensive literature survey on books, scientific papers and 
internet, experimental work inclusive of laboratory experiments, knowledge and ideas obtained 
also through visiting a couple of wastewater treatment facilities in Sweden and most importantly 
by seeking guidance and advice from the two main supervisors with meetings and discussions 
held regularly. The experimental results obtained were analyzed upon the gathered information 
and knowledge. These analyses plus some literature based evaluations were used in drawing up 
the discussion and the conclusions. 

The experiments in particular were carried out in achieving the first two objectives, of chemical 
pre-precipitation and acid hydrolysis of toilet paper, while the objective on feasibility evaluation 
of integration of the treatment to local industries in Sri Lanka was done through literature 
analysis and the practical experience of the author; obtained by living in Sri Lanka for almost 
twenty six years in a southern-coastal town rich in lime, and having visited the biggest solar salt 
evaporation plant in the country. 
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2 Literature Review 
The theory and concepts behind the thesis study are discussed in the following sections, starting 
from the characteristics of municipal wastewater, and continuing with wastewater treatment 
technologies and removal of nutrients, with emphasize on chemical precipitation and 
flocculation, chemical hydrolysis of paper based (lignocellulosic) materials particularly on acid 
hydrolysis and importance of sea water for wastewater treatment. In addition, since the thesis 
focuses on the potential of integrating the Swedish context of municipal wastewater treatment 
to the Sri Lankan context, an overview of potential industries in Sri Lanka with prospects of 
integration to the treatment technologies such as solar evaporated salt production and 
limestone industry would also be discussed briefly.  

2.1 Typical Characteristics of Municipal Wastewater 
Municipal wastewater mainly consists of domestic wastewaters (grey-wastewater) made of 
bath, dishwashing, wash (BDW) waters and closet (C-septic tanks-) waters. This wastewater is 
originating from households, some commercial establishments, and occasionally even as from 
partially (or pre-) treated industrial wastewaters. The average (municipal) wastewater 
production per person per day, in Sweden is approximately 200 litres; where it consists of 160 
litres of BDW waters and 40 litres of C water (Persson, 2010a).  

These wastewaters typically contain noteworthy amounts of oxygen-consuming organic 
compounds, nutrients (e.g. nitrogen and phosphorus), low concentrations of persistent 
chemicals consequent from modern society’s extensive use of detergents, insecticides, etc. 
many chemicals, some oils, metals etc. all joining  the wastewater streams through precipitation 
on city streets and grounds, and some industrial pollutants from the wastewater streams which 
are connected from industries to the municipal wastewater system (Metcalf and Eddy Inc., 2003 
and Persson, 2010a). Table 2.1 is a summary of main constituents of municipal wastewater typical 
in Sweden1, also subdivided into BDW and C-water categories, and Table 2.2 contains examples 
of typical domestic wastewater characterization parameters and typical values (mainly for 
United States). 

Table 2.1 Amounts of emissions from households in grams per person, per day; between the categories 
the bath, dishwashing and wash (BDW-) water and closet (C-) water (Persson, 2010a) 

Pollution Constituent  BDW- water 
(g/person, day) 

C- water 
(g/person, day) 

Suspended solids 20 30 
BOD7 30 25 
COD 55 85 
Total Phosphorus 0.6 1.8 
Total Nitrogen 1.2 12 

2.2 Wastewater Treatment Technologies 
Wastewater treatment had evolved over the years catering to various requirements starting 
from basic treatment for the avoidance of spread of disease and epidemics, and providing 
hygienic recreational waters (serving as recipients of treated wastewaters), to advanced 
treatment technologies in achieving a treated wastewater reusable even for potable 

                                                        

1
 Since Sri Lanka still lacks proper municipal wastewater treatment systems, details for the characteristics of Sri 

Lankan municipal wastewater were not available. 
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requirements, if necessary. The present wastewater treatment systems consist of all or most of a 
sequence of several unit processes offering different levels of treatment, namely; “preliminary, 
primary, advanced primary, secondary (without or with nutrient removal), and advanced” (also 
could be termed as tertiary) treatment (Metcalf and Eddy Inc., 2003), described briefly in Table 

2.3.  

Table 2.2 Example of typical domestic wastewater characterization parameters and typical values 
(mainly for United States) (Metcalf and Eddy Inc., 2003) 

Component 
(characterization parameter) 

Concentration (mg/l) (of typical medium 
strength wastewaters in United States) 

COD (Chemical Oxygen Demand) 430 
BOD (Biochemical Oxygen Demand) 190 
TSS (Total Suspended Solids) 210 
VSS (Volatile Suspended Solids) 160 
TKN (Total Kjeldahl Nitrogen) 40 
NH4-N (Nitrogen from NH4

+) 25 
NO3-N (Nitrogen from NO3

-) 0 
Total Phosphorus   7 
Alkalinity  200 (as CaCO3) 

Table 2.3 Levels of wastewater treatment (Metcalf and Eddy Inc., 2003) 

Treatment level Description 

Preliminary Removal of wastewater constituents such like debris (rags, sticks, 
floatables etc.), grit and grease, that may cause disturbances as 
maintenance and/or operational problems to the treatment 
operations, processes and ancillary systems 

Primary Removal of a part of suspended solids and organic matter from the 
wastewater 

Advanced primary Enhanced removal of suspended solids and organic matter from the 
wastewater, typically achieved through chemical addition or filtration 

Secondary Removal of biodegradable (dissolved or suspended) organic matter 
and suspended solids. Disinfection is also included normally in 
conventional secondary treatment scope 

Secondary with 
nutrient removal 

Removal of biodegradable organics, suspended solids, and nutrients; 
nitrogen, phosphorus or both nitrogen and phosphorus 

Tertiary Removal of residual suspended solids consequent after secondary 
treatment, often by granular medium filtration or microscreens. 
Disinfection as well as nutrient removal are also inclusive of this stage 

Advanced Removal of left-over dissolved and suspended materials after normal 
biological treatment; when the wastewater treated is required to be 
used for different water reuse applications 

Evidence suggests that the municipal wastewater treatment in Sweden is fulfilling the present 
day emission requirements, which are above the global average. However, it is palpable that still 
there is more to be achieved in, reducing the amount of nutrients discharged into the receiving 
waters, removing pharmaceuticals rest products, reducing energy consumption at treatment; 
especially at biological stages plus recovering an increased amount of energy, as well as 
materials and water from the process so on, for achieving a positive exergy balance, and 
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maximum utility of resources such as materials and water. Emergence of more stringent 
requirements for instance like BASP (Baltic Sea Action Plan) (Hultman, 2010) on the nutrients 
and micro-pollutants loads from wastewater effluents also is driving wastewater treatment 
towards improvements.  

Continuous efforts on improving the treatment efficiencies alone however would not prove 
sufficient, but thinking out-of the box and coupling alternatives such as replacement of 
chemicals, re-arrangement of or even replacement of some modes of operation altogether with 
newer technology would enhance the ability to achieve such goals. Current estimates for the 
possible reductions of the main nutrients nitrogen and phosphorus emissions are, annual 
average values up to 0.1 mg Tot-P/l and 5 mg Tot-N/l, with only slight investments and changes 
of operational modes (Hultman, 2010).  

The main nutrients under consideration; nitrogen and phosphorus, are mainly responsible for 
eutrophication of inland and oceanic waters, respectively. It is increasingly recognized as an 
obligatory requirement to reduce the nutrients content in the effluent after treatment, though 
the extent of treatment varying according to country specific standards. Technology used could 
be a combination of several steps; however, the basics are similar while it could be either 
chemical treatment, biological treatment, or a combination of both; between some physical 
treatment processes in most instances.  

2.3 Nitrogen Removal 
Nitrogen removal in wastewater treatment mainly is done through biological means, based on 
nitrification and denitrification. Two main processes of biological nitrogen removal are pre-
denitrification and post-denitrification (Hultman, 2010). In biological nitrogen removal processes 
of wastewater treatment, due to assimilation of nitrogen in microbial cells since it is a 
constituent for growth, only a limited reduction can be achieved (approximately 15-20%), which 
is consequently dependent on the amount of sludge produced (Persson, 2010b). Nitrification is 
an aerobic process whereas denitrification is an anoxic process (Persson, 2010b).  

2.3.1 Nitrification  
The nitrification reactions are as follows (Persson, 2010b): 

NH4
+

 + 3/2 O2  NO2
- + 2H+ + H2O + Energy   (Eqn. 2.1) 

NO2
- + 1/2 O2  NO3

- + Energy   (Eqn. 2.2) 

with the total reaction being, 

NH4
+

 + 2 O2  NO3
- + 2H+ + H2O + Energy   (Eqn. 2.3) 

where, the dissolved nitrogen as in the form of ammonium etc. is converted into nitrite ions and 
then to nitrate ions, in the presence of (dissolved) oxygen by nitrifying microorganisms. Typical 
optimal conditions for nitrification are; a temperature more than 13oC, a sludge age greater than 
11 days, a BOD concentration lesser than 40 mg/l, a dissolved oxygen concentration around 2 to 
3 mg O2/l and a pH value of around 7.0 to 7.2 and addition of alkalinity (such as through lime), 
since nitrification produces hydrogen ions which cause reduction of pH. Biological nitrogen 
removal also could be done in both suspended growth systems and attached growth systems, 
similar to typical BOD removal from these systems (Persson, 2010b).  
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Nitrification using an activated sludge process could be done in the same single sludge process 
where BOD is removed; if BOD concentration is low. For higher BOD concentrations, a two-
sludge systems is appropriate, which is also apt for treatment of effluents which may contain 
toxic or inhibitory substances. If attached growth systems are employed in nitrification; a 
separate stage is required prior to nitrification to remove most of the BOD (Persson, 2010b). 

2.3.2 Denitrification 
In denitrification process, the nitrates are converted to nitrites, consequently turned into 
nitrogen gas by denitrifying microorganisms. The reactions occur are as follows (Persson, 2010b): 

3 NO3- + CH3OH  3 NO2- + CO2 + 2 H2O   (Eqn. 2.4) 

2 NO3
- + CH3OH   N2 + CO2 + H2O + 2 OH-

  (Eqn. 2.5) 

With the total reaction being; 

6 NO3
- + 5 CH3OH  3 N2 + 5 CO2 + 7 H2O + 6 OH-

  (Eqn. 2.6) 

which can be simplified as,  
NO3

-
 NO2

- 
 N2 (g)    (Eqn. 2.7) 

The obligatory requirement for denitrification is the absence of dissolved oxygen, while a C/N 
(carbon to nitrogen) ratio of around 3 to 5 g BOD7/g N is also crucial. Denitrification also could be 
achieved either in suspended growth or attached growth biological processes. Here, in contrast 
however, hydroxyl ions are produced causing an increase of pH (Persson, 2010b). An overall 
comparison of the nitrogen removal processes in practice, with the advantages and limitations, 
is given in TableA1 0.1 in Appendix 1. Some examples of several major configurations/operational 
modes of biological nitrogen removal are depicted in Figure 2.1 to Figure 2.4. 

Anoxic zone Aerobic zone Secondary clarifier

N2

NO3
-  rich water

NO3
- 

Return activated sludge
Excess

Sludge

Air

N-rich and

BOD rich

wastewater

Denitrification Nitrification

Effluent

 

Figure 2.1 Activated sludge plant with pre-anoxic denitrification (Redrawn using Persson, 2010b) 

The crucial factors in designing an activated sludge plant for nitrogen reduction are,  

 The nitrogen reduction efficiency 

 The sludge retention time (SRT), in the aerated zone (which is the nitrification zone) 
The SRT is very much dependant on temperature; where, with a temperature of 
15oC, a SRT of 6 days is needed to obtain a stable nitrification, while with a 
temperature of 5oC, the SRT should be around 20 days. 
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 The average sludge concentration in the nitrification basin and denitrification basin, 
respectively. The sludge concentration also depends on the ability to obtain a good settling 
in the settling basin (Persson, 2010b). 

 

Aerobic zone Anoxic zone Secondary clarifier

(External) Carbon source
E.g. methanol

Return activated sludge
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sludge

Air
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Effluent

 

Figure 2.2 Activated sludge plant with post-anoxic denitrification (Redrawn using Persson, 2010b) 

Feed 

wastewater

NO3
-  rich water

Post-denitrificationBOD- reduction Nitrification

Effluent

Air Air

Methanol

 

Figure 2.3 Moving bed biofilm reactors and both pre-anoxic and post-anoxic denitrification (Redrawn 
using Persson, 2010b) 
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Figure 2.4 Use of a trickling filter for the post-anoxic denitrification (Redrawn using Persson, 2010b) 
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2.4 Phosphorus Removal 
Phosphorus removal in wastewater treatment is mainly done either chemically or biologically, 
followed by physical treatment processes such as clarifying, filtration etc.  

2.4.1 Biological Phosphorus Removal 
Biological phosphorus removal processes with suspended growth processes is developed into 
several configurations at present, all inclusive of basic steps of an anaerobic zone followed by an 
aerobic zone, with the basic flow diagram depicted in Figure 2.5. Several other necessary 
alterations to the basic activated sludge process are,  

 Combining the anaerobic/aerobic sequence with various biological nitrogen removal 
designs 

 Recycling mixed liquor to the anaerobic zone from a downstream anoxic zone instead of 
only from the secondary clarifier underflow 

 Adding volatile fatty acids to the anaerobic zone either as acetate or a liquid stream from a 
fermentation reactor processing primary clarifier sludge 

 Using  multiple-staged anaerobic and aerobic reactors (Metcalf and Eddy Inc., 2003) 

As per the alternatives, the combination of biological nitrogen and phosphorus removal proves 
to be effective, where Figure 2.6 depicts a typical configuration for such system. In this set-up, 
the final aerobic stage is used as means of, stripping nitrogen gas (N2) and, minimizing the 
release of phosphorus in the clarifier (Persson, 2010b). 

Biological phosphorus removal has the advantage over the chemical treatment, of having no 
chemicals cost, and also having a potential for phosphorus recovery, however, the disadvantage 
is that it has a lower cleaning efficiency compared to the chemical method (Persson, 2010b).  

2.4.2 Chemical Phosphorus Removal 
Chemical phosphorus removal, along with some other objectives is fundamentally done through 
chemical precipitation and flocculation; the addition of chemicals to alter the physical state of 
dissolved and suspended solids and to facilitate their removal through sedimentation. The 
remaining objectives of chemical precipitation and flocculation are, to remove colloidal particles, 
heavy metals and other substances that can be precipitated, to improve the performance of 
primary settling facilities, and functioning as a crucial stage in an independent physical-chemical 
treatment system (without biological treatment), in wastewater treatment (Metcalf and Eddy 
Inc., 2003 and Persson, 2010b). The factors affecting the choice of chemicals for phosphorus 
removal are, the influent phosphorus level, wastewater suspended solids, alkalinity, chemicals 
cost inclusive transportation, reliability of chemicals supply, sludge handling facilities, ultimate 
disposal methods, and compatibility with other treatment processes (Metcalf and Eddy Inc., 
2003). 

The chemistry behind the chemical phosphorus removal is the incorporation of phosphate in 
wastewater into total suspended solids (TSS) as chemical precipitates, and the subsequent 
removal of these precipitates. The chemicals used primarily are metal salts containing 
multivalent metal ions such as calcium (Ca2+) as in lime, aluminium (Al3+) as in aluminium 
sulphate (Al2(SO4)3), and iron (Fe3+ or Fe2+) as in iron(III) chloride (FeCl3), or iron(II) sulphate 
(FeSO4), and polymers. Polymers have been used alongside alum and lime as flocculent aids 
(Metcalf and Eddy Inc., 2003 and Persson, 2010b).  
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Figure 2.5 Biological phosphorus removal, basic process flow (Redrawn using Persson, 2010b) 
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Figure 2.6 Process for both biological nitrogen and phosphorus removal (Redrawn using Persson, 2010b) 

Phosphate precipitation with calcium 
Calcium is added in the form of lime Ca(OH)2 (also called slaked lime), or as CaO (limestone, also 
called quick lime) whereby adding water to limestone (slaked lime). When lime is added to 
water, it first reacts with the natural bicarbonate alkalinity to precipitate CaCO3, and if added 
further until the pH of the wastewater rises above 10, the excess calcium ions start reacting with 
phosphate; precipitating hydroxylapatite Ca10(PO4)6(OH)2 (Metcalf and Eddy Inc., 2003, Persson, 
2010b). The simplified reaction is as follows (Metcalf and Eddy Inc., 2003 and Persson, 2010b): 

10Ca2+ + 6PO4
3- + 2OH-  Ca10(PO4)6(OH)2 ()        (Eqn. 2.8) 

 Ca2+ + CO3
2- 
 CaCO3    (Eqn. 2.9)  

pH greater than 11.5  

The amount of lime required is mainly decided by the alkalinity of the wastewater, (shown in 
Figure 2.7) but not by the amount of phosphate present, while the amount of lime required to 
precipitate phosphate (PO4

3-) is usually around 1.4 to 1.5 times the total alkalinity of wastewater, 
expressed as CaCO3 (Metcalf and Eddy Inc., 2003). Since a high pH is crucial for phosphate 
precipitation, co-precipitation is not typically viable, and when lime is added to raw wastewater 
or to secondary effluent, pH adjustment is essential prior to subsequent treatment or disposal 
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while the need to lower the pH value later on is achieved by re-carbonation with carbon dioxide 
(CO2) (Metcalf and Eddy Inc., 2003). 

 

Figure 2.7 Lime dosage required to raise the pH to 11 as a function of untreated wastewater alkalinity 
(Metcalf and Eddy Inc., 2003, p. 501) 

Phosphate precipitation with aluminium and iron 
Aluminium is added as in aluminium sulphate (Al2(SO4)3*6H2O)), while iron is added either as 
iron(II) sulphate (FeSO4*7H2O)or as iron(III) chloride (FeCl3*6H2O) (Metcalf and Eddy Inc., 2003 
and  Persson, 2010b). The reactions could be simplified as following (Persson, 2010b):  

Reaction of phosphate with aluminium: 

Al3+ + H2PO4
-   AlPO4 (s) + 2H+

   (Eqn. 2.10) 

Al3+ + 3HCO3
-  Al(OH)3 (s) + 3CO2   (Eqn. 2.11);  

with pH between 5.7 and 6.3   

Reaction of phosphate with iron(III) chloride: 

 Fe3+ + H2PO4
-   FePO4 (s) + 2H+ 

  (Eqn. 2.12) 

Fe3+ + 3HCO3
-  Fe(OH)3 (s) + 3CO2     (Eqn. 2.13); 

with pH around 5 or greater than 8.5  

Reaction of phosphate with iron(II) sulphate: 

If pH is greater than 8.5; Fe2+   Fe3+   (Eqn. 2.14) 

Thus it is evident that for 1 mole of iron or alum, 1 mole of phosphate could be precipitated 
theoretically, however, in reality the reactions are quite complex such that there are many 
competing reactions and their associated equilibrium constants, the effects of alkalinity, pH, 
trace elements and ligands that exist in wastewater. Hence, the dosages of these are estimated 
generally by bench-scale or full-scale tests, especially if polymers are used. The equimolar initial 
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concentrations of Al(III) Fe(III) and phosphate, the total concentration of soluble  phosphate in 
equilibrium with both insoluble AlPO4 and FePO4 is depicted in Figure 2.8 and Figure 2.9; which 
clearly illustrate the complex behaviour of the real reactions of these compounds (Metcalf and 
Eddy Inc., 2003). 

 

Figure 2.8 Concentration of aluminium phosphate (Al(III)-phosphate) in equilibrium with soluble 
phosphorus (Metcalf and Eddy Inc., 2003, p. 502) 

 

Figure 2.9 Concentration of ferric phosphate (Fe(III)-phosphate) in equilibrium with soluble phosphorus 
(Metcalf and Eddy Inc., 2003, p. 502) 
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Strategies for chemical phosphorus removal 
Phosphorus removal through chemical precipitation could be achieved through addition of 
chemicals at various stages within the wastewater treatment process; which could be mainly 
classified into three main classes;  

 Pre-precipitation (during primary sedimentation) 

 Co-precipitation (Simultaneous precipitation (Persson, 2010b)) 

 Post-precipitation (after secondary precipitation) (Metcalf and Eddy Inc., 2003) 

In addition, direct precipitation could also be considered as another alternative (a class); where 
the chemical treatment followed by physical treatment alone is done with no biological 
treatments, and where the precipitation chemicals are added to effluent from pre-treatment 
(Persson, 2010b, Metcalf and Eddy, Inc,. 2003). 

In pre-precipitation, precipitation chemicals are added in primary sedimentation stages; while 
the precipitated sludge is removed with the primary sludge. Co-precipitation is when chemicals 
are added to form precipitates that are removed together with waste biological sludge; which 
could be done either by adding the chemicals, to the effluent from primary sedimentation 
facilities, to the mixed liquor in activated sludge process, or to the effluent from a biological 
treatment process before secondary sedimentation. Post-precipitation is when the chemicals are 
added to the effluent from secondary sedimentation facilities followed by the removal of the 
chemical precipitates; where these precipitates typically removed in separate sedimentation 
basins or by effluent filters (Metcalf and Eddy, Inc,. 2003). The four classes are shown in Figure 

2.10 to Figure 2.13. 

2.5 Chemical Precipitation and Flocculation 
Phosphorus removal happens to be just one use of chemical precipitation and flocculation; 
however, there could be several other uses. In most of the chemical precipitation of phosphorus 
applications on wastewater treatment, a significant reduction of BOD is also consequent through 
the removal of suspended particles while also serving as means of precipitation of metals and 
heavy metals, fibres, colouring agents, and even oil in wastewater; especially in industrial 
wastewaters.  In municipal wastewater treatment, the main purposes of chemical precipitation 
and flocculation are to remove phosphorus and other substances that can be precipitated, and 
to remove the colloidal particles (Persson, 2010a).  

‘Chemical coagulation’ represents “all of the reactions and mechanisms involved in the chemical 
destabilization of particles and in the formation of larger particles through perikinetic (or micro) 

flocculation (with aggregation of particles in the size range 0.01 – 1 m)” (Metcalf and Eddy Inc., 
2003, p. 479), where ‘flocculation’ represents the process which “increases the size of particles 
through particle collisions” (Metcalf and Eddy Inc., 2003, p. 479). There are two types of 
flocculation; microflocculation and macroflocculation. In microflocculation (perikinetic 
flocculation), Brownian motion2 causes the particle aggregation, whereas in macroflocculation 
(orthokinetic flocculation) particle aggregation is achieved through inducing velocity gradients 
and mixing-in the fluid consisting particles to be flocculated, or through differential settling 
where large particles overtake small particles to form larger particles (aggregates). Flocculation 
is mainly used to enable the use of cheaper particle separation processes such as gravity settling 

                                                        

2
 Random thermal motion of fluid molecules 
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and filtration possible, by producing easily settleable particles through aggregation (Metcalf and 
Eddy Inc., 2003, p. 479). 

The chemical treatment processes require not only the considerations over the determination of 
the chemicals dosages but also the analysis and design of the sludge handling systems (to 
facilitate the increased amounts of sludge), the design of chemicals handling set ups for storage, 
feeding, pipelines and controlling systems (Metcalf and Eddy Inc., 2003, p. 493), compared to the 
biological treatment.  

Pre-treatment Chemical precipitation

Watstewater

Sludge

Precipitation

chemicals

Sludge

Cleaned

water

Phosphorus reduction  90%

BOD reduction       60 – 70 %

 

Figure 2.10 Direct precipitation (Redrawn using Persson, 2010b) 
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wastewater

Cleaned water

Sludge

Precipitation

chemicals

Sludge

Biological treatment

Air Sludge

Phosphorus reduction   90%

BOD reduction         90 %

 

Figure 2.11 Pre-precipitation of phosphorus (chemical P removal) (Redrawn using Persson, 2010b) 

2.5.1 The Chemicals Used and the Reactions 
The chemicals which are used as precipitants have been changing over time, with the change of 
technologies and newer findings. Through chemical precipitation it is possible to obtain a 
comparatively quite clear effluent free from suspended or colloidal matter, whereas the degree 
of clarification depends on the quantity of the chemicals used, mixing times and on the extent of 
process monitoring and control. When chemicals are added to wastewater, these interact with 
substances which exist normally in the wastewater or are added specifically for the purpose of 
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precipitation. The most common chemicals are shown in Table 2.4, with some specific 
information on the chemicals as well (Metcalf and Eddy Inc., 2003, p. 493,494). 
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Figure 2.12. Post-precipitation of phosphorus (chemical P removal) (Redrawn using Persson, 2010b) 
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Figure 2.13 Simultaneous or co-precipitation of phosphorus (chemical P removal) (Redrawn using 
Persson, 2010b) 

The reactions with the chemicals, alum, lime, ferrous sulphate (copperas) and lime, ferric 
chloride, ferric chloride and lime, and ferric sulphate and lime, are described in the following 
section. 

Reactions with alum 
When alum is added, aluminium hydroxide precipitates if the wastewater contains calcium and 
magnesium bicarbonate alkalinity. The reaction that occurs, which is also common when 
aluminium chloride (AlCl3) is added instead of alum, is (Metcalf and Eddy Inc., 2003); 

3Ca(HCO3)2 + Al2(SO4)3.18H2O   2Al(OH)3 + 3CaSO4  + 6CO2 + 18H2O,  (Eqn. 2.15)  

This reaction is described in relation to the amounts of each chemical involved (with respect to 
the molecular weights), and solubility, in Appendix 2 in TableA2 0.1. The insoluble, gelatinous floc 
aluminium hydroxide sweeps suspended matter and makes some other changes while settling 



Saman Nimali Gunasekara  Master’s Thesis: Improvements on Municipal WWT  

- 15 - | P a g e  

 

slowly in the wastewater. If calcium salt is replaced by magnesium bicarbonate, the reaction is 
said to be “exactly analogous” (Metcalf and Eddy Inc., 2003).  

Determining the amount of alkalinity necessary to react with 10 mg/l alum can be done as; 

3(100g/mole)
10.0mg/l  = 4.5 mg/l,

(666.5g/mole)

 
 
     (Eqn. 2.16) 

since in the reaction equation the alkalinity is accounted with respect to CaCO3, whose molecular 
weight is 100 (refer Appendix 2, TableA2 0.2). If the alkalinity of the wastewater is less than this 
amount (4.5 mg/l), external addition of alkalinity is required where lime is a common alternative 
to be used (Metcalf and Eddy Inc., 2003, p. 495). 

Table 2.4 Inorganic chemicals used most commonly for coagulation and precipitation processes in 
wastewater treatment (Metcalf and Eddy Inc., 2003) 

Chemical Formula Molecular 
weight 

Equivalent 
weight 

Availability 

Form Percentage 
Alum Al2(SO4)3.18H2Oa 666.5  Liquid 8.5 (Al2O3) 

Lump 17 (Al2O3) 
Al2(SO4)3.14H2Oa 594.4 114 Liquid 8.5 (Al2O3) 

Lump 17 (Al2O3) 
Aluminium chloride AlCl3 133.3 44 Liquid  
Calcium hydroxide 
(Lime) 

Ca(OH)2 56.1  
as CaO 

40 Lump 63 -73 as CaO 
Powder 85 - 99 
Slurry 15 - 20 

Ferric chloride FeCl3 162.2 91 Liquid 20 (Fe) 
Lump 20 (Fe) 

Ferric sulphate Fe2(SO4)3 400 51.5 Granular 18.5 (Fe) 
Ferrous sulphate 
(copperas) 

FeSO4.7H2O 278.1 139 Granular  20 (Fe) 

Sodium aluminate Na2Al2O4 163.9 100 Flake 46 (Al2O3) 
a Number of water molecules bound, often vary from 14 to 18  

Reactions with lime 
The reactions when lime is added alone as a precipitant are as follows (Metcalf and Eddy Inc., 
2003, p. 495): 

Reaction for the carbonic acid: 

 H2CO3 + Ca(OH)2  CaCO3 + 2H2O   (Eqn. 2.17) 

Reaction for the alkalinity: 

 3Ca(HCO3)2 + Ca(OH)2  2CaCO3 + 2H2O   (Eqn. 2.18) 

Thus it is evident that a sufficient amount of lime is needed to be added to produce calcium 
carbonate by reacting with all the free carbonic acid as well as with the carbonic acids from the 
bicarbonates (which are half-bound carbonic acids) (Refer Appendix 2, TableA2 0.2 and TableA2 

0.3). The amount of lime required when it is used by itself is rather larger in quantity, when 
compared to lime being used together with iron sulphate. In instances where the municipal 
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wastewater could be connected with some industrial wastewater streams containing mineral 
acids or acid salts, neutralization of these is essential in advance to allow the precipitation to 
occur (Metcalf and Eddy Inc., 2003, p. 495). 

Reactions with ferrous sulphate and lime 
Often, ferrous sulphate (Fe(II) sulphate) alone is not sufficient to form a precipitate, but needs to 
be added together with lime. The reactions that occur when ferrous sulphate is added by itself 
to the wastewater are as follows (Metcalf and Eddy Inc., 2003, pp. 495-496): 

 FeSO4.7H2O + Ca(HCO3)2  Fe(HCO3)2 + CaSO4 + 7H2O  (Eqn. 2.19) 

Fe(HCO3)2  Fe(OH)2 + CO2    (Eqn. 2.20) 

When sufficiently enough alkalinity is unavailable in the wastewater, lime is commonly added 
together with ferrous sulphate, with the reaction; 

Fe(HCO3)2 + 2Ca(OH)2  Fe(OH)2 + 2CaCO3 + 2H2O  (Eqn. 2.21) 

Thereafter, ferrous hydroxide can be oxidized to the desired outcome; ferric hydroxide (Fe(III) 
hydroxide) by dissolved oxygen in the wastewater, with the reaction; 

 Fe(OH)2 + 1/4O2 + 1/2H2O  Fe(OH)3   (Eqn. 2.22) 

The formed insoluble ferric hydroxide floc is a bulky, gelatinous floc, similar to that of alum floc, 
while the alkalinity required for 10 mg/l of ferrous sulphate can be determined as follows (Refer 
Appendix 2, TableA2 0.4 to TableA2 0.7 for detailed reactions): 

(100g/mole)
10.0mg/l  = 3.6 mg/l

(278g/mole)

 
 
     (Eqn. 2.23) 

Moreover, the amount of lime required for the reaction with lime and ferrous sulphate is 

2(56g/mole)
10.0mg/l  = 4.0 mg/l

(278g/mole)

 
 
     (Eqn. 2.24) 

and the amount of oxygen required for the oxidation reaction (last shown reaction) is, 

(32g/mole)
10.0mg/l  = 0.29 mg/l

4(278g/mole)

 
 
     (Eqn. 2.25) 

However, in reality for most of the wastewaters, the oxidation of ferrous hydroxide to ferric 
hydroxide could not be completed due to the reason that it is quite dependant on dissolved 
oxygen, and hence ferrous sulphate is not commonly used (Metcalf and Eddy Inc., 2003, p. 496). 
However in contrast, in Sweden the use of ferrous ions is rather common if simultaneous 
precipitation is used, where it is added just before the aeration basin, where, the oxidation 
occurs subsequent to the aeration (Persson, 2011).  

Reaction with ferric chloride 
Ferric chloride is the most commonly used Iron salt as a precipitant in wastewater treatment 
applications, due to many problems in the use of ferrous sulphate. The reaction that occur with 
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the addition of ferric chloride is (Metcalf and Eddy Inc., 2003, p. 496) (Refer Appendix 2, TableA2 

0.8 for detailed reaction), 

 2FeCl3 + 3Ca(HCO3)2  2Fe(OH)3 + 3CaCl2 + 6CO2  (Eqn. 2.26) 

Reaction with ferric chloride and lime 
In the case of the use of ferric chloride, if lime is also used to supplement the natural alkalinity, 
the reaction that occur is (Metcalf and Eddy Inc., 2003, p. 497) (Refer Appendix 2, TableA2 0.9), 

2FeCl3 + 3Ca(OH)2  2Fe(OH)3 + 3CaCl2   (Eqn. 2.27) 

Reaction with ferric sulphate and lime 
If ferric sulphate is added together with lime to wastewater, the overall reaction that occurs is 
(Metcalf and Eddy Inc., 2003, p. 497) (Refer Appendix 2, TableA2 0.10), 

 Fe2(SO4)3 + 3Ca(OH)2  2Fe(OH)3 + 3CaSO4  (Eqn. 2.28) 

2.6 Chemical Hydrolysis of Lignocellulosic Materials 
Lignocellulosic materials are “a mixture of carbohydrate polymers (cellulose and hemicellulose), 
lignin, extractives and ashes” (Taherzadeh, and Karimi, 2007, p. 473); which are present in all of 
the paper products; including waste papers such as toilet papers and (discarded) newspapers, 
forest and crop residues, and even in municipal solid (paper) waste. Hydrolysis of cellulose and 
hemicellulose brings about the breakdown of these complex polymer chains into monomers; 
which are essentially sugars. The complete hydrolysis of cellulose produces glucose, while for 
hemicellulose; the products are several pentoses and hexoses (Taherzadeh, and Karimi, 2007, p. 
475). The hydrolysis of softwood hemicellulose mainly produces mannose while hardwood and 
crop residues hydrolysis produce mostly xylose. Figure 2.14 shows the different products of 
hydrolysis of lignocellulosic materials. 
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Figure 2.14 Composition of lignocellulosic materials and their potential hydrolysis products (Redrawn 

using Taherzadeh, and Karimi, 2007, p. 474) 

The hydrolysis of cellulose and hemicellulose can be done either chemically, enzymatically or 
even through the use of gamma-ray or electron-beam irradiation or microwave irradiation. 
However, only chemical and enzymatic methods are predominant since the irradiation methods 
are still not commercially viable (Taherzadeh, and Karimi, 2007, pp. 474-475).  
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2.6.1 Acid Hydrolysis 
Chemical hydrolysis of lignocellulosic materials is done through exposure to a chemical, for a 
certain period of time, at a specific temperature, resulting in the production of sugar monomers 
from cellulose and hemicellulose polymers (Taherzadeh, and Karimi, 2007, p. 475). The 
chemicals used could be acids or alkaline substances, however; acid hydrolysis is the prime 
method presently mainly using sulphuric (the most investigated) acid (Harris et al, 1945 cited in 
Taherzadeh, and Karimi, 2007, p. 475) and hydrochloric acid (Hashem and Rashad, 1993 cited in 
Taherzadeh, and Karimi, 2007, p. 475). Acid hydrolysis is done in two main different categories; 
concentrated-acid hydrolysis and dilute-acid hydrolysis, where a comparison of these two is 
found in Table 2.5 (Taherzadeh, and Karimi, 2007, p. 475). 

Table 2.5 Comparison between concentrated- and diluted- acid hydrolysis (Taherzadeh, and Karimi, 
2007, p. 476) 

Acid Hydrolysis 
method 

Advantages Disadvantages 

Concentrated-
acid process 

Operated at low 
temperatures 
Higher sugar yield 

High acid consumption 
Equipment corrosion 
High energy consumption for acid 
recovery 
Longer reaction time (~2- 6 hours) 

Dilute-acid 
process 

Low acid  
consumption 
Short residence 
time 

Operated at high temperature 
Low sugar yield 
Equipment corrosion 
Formation of undesirable by-products 

2.6.2 Concentrated-Acid Hydrolysis 
Concentrated-acid hydrolysis; that cellulose can be converted to fermentable sugars by 
concentrated acids, was first discovered in 1819 by Braconnot (Sherrard and Kressman, 1945 
cited in Taherzadeh, and Karimi, 2007, p. 476), is presently done in either single-stage hydrolysis 
with sulphuric acid, with liquid or vapour phase of hydrochloric acid (Taherzadeh, and Karimi, 
2007, p. 476).  

With the use of concentrated-acid hydrolysis processes, sugar yields as high as 90% of the 
theoretical glucose yield can be achieved, while the operating temperature is lower, typical 
example of 40oC, both of which are advantageous in contrast to dilute-acid processes. However, 
the combination of a quite high concentration of acid (typically around 30-70%), and the heating, 
brings about extremely corrosive conditions so that the process requires the use of either 
expensive alloys or specialized non-metallic systems made of ceramic, carbon-brick lining etc. In 
addition, the acid recovery is quite energy demanding while the use of sulphuric acid produces 
large amounts of gypsum during neutralization, and the use of hydrochloric acid is constrained 
due to environmental impacts; all of which are disadvantageous. In overall, the inherent high 
investment and maintenance costs have resulted in lesser commercial application of this method 
(Taherzadeh, and Karimi, 2007, p. 476).  

However, research is still under way to economize the process. ‘Biosulfurol’ process initiated by 
a Dutch research group is one such development where biomass is impregnated with 70% 
sulphuric acid followed by hydrolysis through addition of water. In the process, the acid recovery 
is through anion membranes and H2S recovery from anaerobic wastewater treatment. This 
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process is argued to have low overall cost over the produced ethanol (by fermenting the 
produced sugars) (Taherzadeh, and Karimi, 2007, p. 476). 

2.6.3 Dilute-Acid Hydrolysis 
Dilute-acid process is probably the most commonly used chemical hydrolysis method, which is 
either used as a pre-treatment step followed by enzymatic hydrolysis, or as the sole hydrolysis 
method, used just itself. According to Fagan et al., (1971), dilute-acid hydrolysis is a 
commercially feasible method to treat municipal solid wastes with paper refuse, compared to 
the rather expensive alternatives such as sanitary landfilling, incineration and composting (Fagan 
et al., 1971). Nonetheless, the argument could also be approximated to the concerns on use of 
waste papers in municipal wastewater to be exploited when removing nutrient nitrogen; to 
produce a carbon source for the denitrification process, in particular, for the post denitrification 
method.  

In the earliest dilute-acid process (Scholler process) which was a batch process, the wood 
material was maintained in 0.5% sulphuric acid, at 11-12 bar for roughly around 45 minutes, 
whereas, the present dilute-acid processes are mostly operated with a residence time of a few 
minutes. Batch reactors remain the most common form of operation for this process; especially 
for kinetic and pilot studies, with one such operating condition, 0.5% sulphuric acid being used at 
temperatures 188-234oC, with a retention time of 7 minutes. The reason behind the 
requirement for an increased temperature is the higher defiance of cellulose over being 
hydrolysed, even though a significant amount of cellulose gets hydrolysed at temperatures 
below 200oC. However, the maximum overall glucose yield could be achieved only at 
temperatures higher than 220oC (Taherzadeh, and Karimi, 2007, pp. 477-478). 

The main disadvantage of this process especially in single stage, is the degradation of the formed 
sugars in hydrolysis reactions into undesirable by-products; lowering the sugar yield as well as 
causing severe inhibition of ethanol production if the hydrolysis products are processed in 
fermentation, because of the by-products. Thus, the dilute-acid process is operated in two (or 
more) stages, to avoid such degradation of monosaccharides at high temperatures and 
formation of inhibitors.  The two-stage dilute acid process consists of a first stage with 
considerably mild conditions where hemicellulose is converted to sugars monomers (a dilute-
acid pre-treatment step), and a second stage with harsher or more severe conditions, where 
residual solid (with most of cellulose) is hydrolysed. The temperatures used at one-stage pre-
treatment process is between 140-170oC, however, two treatments at a temperature around 
120oC could also be used, with a longer retention time (Taherzadeh, and Karimi, 2007, pp. 477-
478). The two-stage process is preferred over the one stage process due to several reasons; 

 Allowance for separate hydrolysis steps for cellulose and hemicellulose is expected to 
result in a higher sugar yield. Then, the ability to obtain a higher hexose content in the 
second stage simplifies the fermentation processes if used for ethanol production, 
whereas a mixture of pentose and hexose cause disturbances to the fermentation 

 Energy consumption is expected to be lessened since the liquid is removed prior to the 
second stage hydrolysis 

 The produced sugar solution is expected to be concentrated 

 A higher overall sugar yield is obtained since less sugar is degraded from the produce from 
first stage 
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 Lesser fermentation inhibiting substances are produced (Taherzadeh, and Karimi, 2007, p. 
478) 

Usually the maximum yield of pentoses and hexoses (from hemicellulose) is higher (around 80-
95% of the total sugars available) (Taherzadeh, and Karimi, 2007, p. 478) in the first stage, while 
the yield of glucose (from cellulose) at the second stage is low (only around 40-60%) 
(Taherzadeh, and Karimi, 2007, p. 478). 

2.6.4 Dilute-Acid Hydrolysis Reactors and Processes 
The main and conventional operational mode for acid hydrolysis was batch reactors; however 
research continues to develop other reactor types. Mainly plug flow, percolation, counter-
current, and shrinking-bed reactors are used for dilute-acid hydrolysis processes.  

Plug flow reactor 
In continuous processes, plug flow reactors and continuous stirred-tank reactors (CSTRs) are 
often used; however, for the hydrolysis of lignocellulosic materials, CSTRs are not quite suitable 
because of the problems linked to, mixing materials with a very high solid content, sealing of the 
stirrer in a high-pressure reactor, and the higher energy necessity for mixing. On the other hand, 
plug flow reactors3; having a retention time less than 30 seconds plus a higher glucose yield, are 
commercially more attractive in comparison to batch processes. Nevertheless, due to two 
inherent problems; problems in the controlling of so small a retention time as few seconds, and 
the limitations in heat transfer within the biomass particles, these also have been disregarded 
for improvements (Taherzadeh, and Karimi, 2007, p. 479).  

Percolation reactor 
This is a packed-bed, once-through (flow-through) reactor, which has the advantages; having a 
lower sugar degradation since sugar product is removed just after it is produced, the production 
of a high-concentration sugar since a high solid/liquid ratio can be applied, and no requirements 
for a solid/liquid separation, unlike in batch or plug flow reactors (Taherzadeh, and Karimi, 2007, 
p. 479). 

Counter-current reactor 
This type is a moving-bed reactor with a reversed solids and liquid flows, where most of the 
sugar is produced near the liquid outlet of the reactor. Sugar degradation and product dilution is 
minimized due to the counter-current flow of solids and liquids removing sugars from the 
reaction zone before extensive degradation can ensue, and consequently raising the yield and 
concentration of sugar with minimum inhibitory formation (Taherzadeh, and Karimi, 2007, p. 
480).  

Shrinking-bed reactor 
A shrinking-bed reactor consists of a fixed end and a compressed-ring supported movable end, 
thus, when the reaction progress, this spring-loaded plunger reduces (shrinks) the bed depth. 
Consequently, the liquid throughput is reduced and hence the concentration of the sugar is 
increased. Thus, the partial solubilisation of the solid biomass improves the reactor 
performance. In a multiple percolation system with counter-current operation; sugar yields from 

                                                        

3
 Which in design is similar to a normal plug flow reactor, with fluid flowing in infinitely thin, consistent ‘plugs’ 

or in simpler terms, in series.   
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hemicellulose higher than 95% and from cellulose higher than 85%, can be observed 
(Taherzadeh, and Karimi, 2007, p. 480). 

2.6.5 Kinetics of Acid Hydrolysis of Cellulose from Paper  
The acid hydrolysis reaction in reality is heterogeneous; however, if the reactant cellulose is 
considered to be dispersed as in a 20 Mesh (equals to 841 mm (showmegold.org, 2011)) or finer 
particle size, it can be approximated to be homogeneous. Saeman (1945 cited in Fagan et al., 
1971) had shown that the reaction kinetics of the hydrolysis of crystalline wood cellulose under 
such homogeneous (approximated) conditions, could be explained by a reaction, 

 1 2A B C
K K

  , which is governed by the equations; (Eqn. 2.29) 

1
A

A

dC
K C

dt


     (Eqn. 2.30) 

2 1
B

B A

dC
K C K C

dt
  

    (Eqn. 2.31) 

Where,  
CA = Concentration of cellulose 
CB = Concentration of sugar 
K1 = Reaction rate constant for cellulose to sugar 
K2 = Reaction rate constant for sugar to decomposition 
t = Time 
and,  

 
/ ; 1,2Hi RT

t iK Pe i 
    (Eqn. 2.32) 

The analysis done by Fagan et al., (1971) had reasonably assumed that this kinetics modelling 
the hydrolysis of cellulose in wood chips would be appropriate for modelling the kinetics of 
hydrolysis of cellulose in paper, with the acknowledgement of having a different rate constant; 
and thus, the experimental results are briefly discussed in the following. Table 2.6 shows the 
potential sugars of cellulose contents in the materials used for the experimental acid hydrolysis, 
while, Figure 2.15 shows the yields by weight (of sugar obtained per changed cellulose) for the 
samples of milled Kraft paper, as a function of temperature and time.  

Table 2.6 Potential sugar content of different paper bases (Fagan et al., 1971) 

Sample Weight of sugar/weight of paper, % 

Ground Kraft paper 86/84 
Slurried Kraft paper 84.8/80.5 
Ground refuse no.1 38.0/38.4 
Ground refuse no.2 52.6/52.6 

The obtained experimental data have been then compared with the values obtained through 
calculations using the kinetic model in equations Eqn. 2.29 to 2.32, while with the use of a 
computer program for determining the best suiting pre-exponential factors and activation 
energies for the data for 0.5% acid runs, and with the assumptions that it is reasonable to use 
the same data for the acid runs with 0.2% and 1%, the estimates have been made for the 
parameters (Fagan et al., 1971), expressed in Table 2.7. 
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Figure 2.15 Predicted isothermal sugars versus time (Fagan et al., 1971) 

Table 2.7 Kinetic parameters for paper hydrolysis (Fagan et al., 1971)  

 Rate constant for hydrolysis, K1 Rate constant for sugar decomposition, K2 

Acid, % Pre-exponential 
factor, 
P1 min-1 

Activation 

energy, H1, 
kcal/mol 

Pre-exponential 
factor, 
P2 min-1 

Activation energy, H2, 
kcal/mol 

0.2 1.661  1019  2.21  1014  

0.5 7.59   1019 45,100 2.67  1014 32,800 

1.0 2.95   1020  5.57  1014  

The conclusions of the study by Fagan et al., (1971) was thus that the paper cellulose hydrolysis 
to sugar occurs and that the reactions could be modelled by the kinetic reactions represented by 
Saeman (1945 cited in Fagan et al., 1971), while the rates of reaction found through the 
experimental study would be given by the two equations, Eqn. 2.33 and 2.34, 

For the cellulose decomposition (to glucose) (AB); 

19 1.78

1 28 10 exp( 45.100 / ) Ar C RT C  
   (Eqn. 2.33) 

and, for the glucose decomposition (BC); 
14 0.555

2 4.9 10 exp( 32.800 / ) Br C RT C  
  (Eqn. 2.34) 

where CA = Concentration of cellulose and CB = Concentration of sugar (weight of sugar/weight of 
slurry) (Fagan et al., 1971). 

In addition to that, the study concludes that the sugar yield depends on time, temperature and 
acid concentration similar to that of Figure 2.15 (Fagan et al., 1971). 



Saman Nimali Gunasekara  Master’s Thesis: Improvements on Municipal WWT  

- 23 - | P a g e  

 

2.6.6  Effective Parameters in Hydrolysis of Lignocellulosic Materials 
The parameters or factors affecting the yields of the sugars and the by-products from the 
hydrolysis of lignocellulosic materials are mainly, the substrate properties, the acidity of the 
system and the rate of decomposition of hydrolysis products during hydrolysis (Taherzadeh, and 
Karimi, 2007). These can be briefly discussed as following: 

Substrate properties 
The properties of the substrate which can affect the hydrolysis are; 

 Neutralising capacity 

 The fraction of easily hydrolysable cellulose and hemicellulose 

 The quantity of the difficult-to-hydrolyse substances and the rate of hydrolysis of those 

 Macromolecules’ length  

 The degree up to which cellulose is polymerized 

 The arrangement of the cellulose polymer chain 

 The nature of the structure of cellulose and other shielding structures of polymers within 
the plant cell wall such as lignin, pectin, hemicellulose, proteins, mineral elements etc. 

 Particle size (Kosaric et al., 1983, Taherzadeh et al., 1997a cited in Taherzadeh, and 
Karimi, 2007, p. 481) 

Acidity of the system 
The acidity of the system is affected by several factors;  

 The type, amount and concentration, of the acid solution used 

 During the hydrolysis reactions, the amounts of acids released (e.g. acetic acid) from 
biomass 

 “The liquid to solid ratio 

 The neutralizing capacity of lignocellulosic materials 

 The movement of the solution during heating” (Taherzadeh, and Karimi, 2007, p. 481) 

 The “penetration of the acid catalyst into the biomass” (Taherzadeh, and Karimi, 2007, p. 
481) (which subsequently depends on the reactor type as well as acid type and its 
diffusivity in biomass ) 

 The “dispersion of the acid catalyst in the reactor” (Taherzadeh, and Karimi, 2007, p. 481) 
(which subsequently depends on the reactor type as well as acid type and its diffusivity in 
biomass)” (Kosaric et al., 1983, Taherzadeh et al., 1997a cited in Taherzadeh, and Karimi, 
2007, p. 481) 

The diffusivity of the sulphuric acid is found to be dependent on the type of 
biomass/lignocellulosic materials (higher in agricultural residues than in hardwood) (Kim and 
Lee, 2002 cited in Taherzadeh, and Karimi, 2007, p. 481) 

Rate of decomposition of hydrolysis products during hydrolysis 
The rate of decomposition of hydrolysis products during hydrolysis is affected by several factors;  

 Acidity 

 Temperature  

 Duration of the reaction 

 Sugar concentrations 
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 For hydrolysis conditions producing solutions consisting of more than 10% sugars, the 
Reversion Phenomena4 

 Materials of construction of the reactors (since recent studies point out that metals 
and/or metal ions also catalyse glucose decomposition)” (Taherzadeh, and Karimi, 2007, 
p. 481) 

2.7 Importance of Seawater in Wastewater Treatment 
Prior to the realization of modern wastewater treatment technologies and in the very early 
stages of waste management, sea water had been a recipient of almost untreated wastewaters. 
With the increasing recognition and knowledge plus technological knowhow, it had been a 
recipient of treated wastewaters abiding the discharge regulations. One of the latest trends is in 
a somewhat different perspective, in assessing the capability of using seawater in the 
wastewater treatment processes themselves as means of supplying the various treatment 
chemicals; considering the content of sea water being a mixture of so many compounds and the 
abundance of the seawater.  

In addition, Sea water is the basis for the solar evaporated salt production; mainly due to the 
richness of the chemical compound NaCl (salt) in sea water, which is also consequent in 
producing the by-products Ca2+ and Mg2+ before and after salt precipitation, also due to the 
considerably higher concentration of these compounds as well. Furthermore, sea is the natural 
habitat for the particular type of Ca2+ reserves, the corals and many other sea-animals belonging 
to crustaceans, which could and should be harvested after these organisms die, mostly being 
deposited along coasts.  

2.7.1 Composition of Seawater 
Seawater consists of mainly liquid water, containing quite a number of inorganic and organic 
compounds such as metal ions, halogen anions such like chlorides, (which altogether could be 
categorized as mineral salts), and some other dissolved organic substances. In general seawater 
could be considered as a mineral deposition since most the washouts from the Earth’s surface 
end there at some point. The dissolved mineral salts contribute for the “salinity” of the 
seawater, which is in average 3.5% or 35 ppm. The chemical composition of seawater is shown in 
Table 2.8  

The main salt ions that add up to 99.9% of the salts in seawater are described in terms of their 
valence, concentration, contribution to salinity in percentage, molecular weight and the amount 
in mmols per kg, in Table 2.9. The concentrations however may change with the temperature, 
location and some other factors as well (Turekian, 1968 cited in AnalChemResources, 2011). 

Nevertheless, it has been observed that the isolated seawater bodies such as different seas 
contain different salinity levels compared to the open sea or ocean; which can be seen in Table 

2.10. 

 

                                                        

4
 The reversion phenomena results in converting the free glucose to the forms of  dimmers, oligomers and 

anhydrosugars, which are inaccessible by the microorganisms, during fermentation, if the sugars are used for 
fermentation to produce for e.g. ethanol. 
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Table 2.8 Composition of seawater at 3.5% salinity (Turekian, 1968 cited in seafriends.org, 2011 and 
AnalChemResources, 2011) 

Element Atomic weight ppm (parts per million) = mg/l = 0.001 g/kg 

Hydrogen (H) as H2O 1.00797 110,000 
Oxygen (O) as H2O 15.9994 883,000 
Sodium (Na) as NaCl 22.9898 10,800 
Chlorine (Cl) as NaCl 35.453 19,400 
Magnesium (Mg)  24.312 1,290 
Sulphate (SO4

2-) 48.0634 2,720 
Sulphur (S) 32.064 904 
Potassium (K) 39.102 392 
Calcium (Ca) 40.08 411 
Bromine (Br) 79.909 67.3 
Bicarbonate (HCO3

-) 61,01687 142 

Table 2.9 The main dissolved ions in seawater (Turekian, 1968 cited in AnalChemResources, 2011 and 
Kfouri and Kweon, 2003) 

Chemical ion Valence Concentration  
ppm (=mg/kg) 

% by 
weight of 
dissolved 
ions 

Molecular  
weight 

mmol/kg % by 
weight of 
seawater 

Chloride (Cl-) -1 19345 55.03 35.453 546 1.898 
Sodium (Na+) +1 10752 30.59 22.990 468 1.0556 
Sulphate (SO4

2-) -2 2701 7.68 96.062 28.1 0.2649 
Magnesium 
(Mg2+) 

+2 1295 3.68 24.305 53.3 0.1272 

Calcium (Ca2+) +2 416 1.18 40.078 10.4 0.04 
Potassium (K+) +1 390 1.11 39.098 9.97 0.038 
Bicarbonate 
(HCO3

-) 
-1 145 0.41 61.016 2.34 0.014 

Bromide (Br-) -1 66 0.19 79.904 0.83 0.0065 
Borate(BO3

-3) -3 27 0.08 58.808 0.46 0.0026 
Strontium (Sr2+) +2 13 0.04 87.620 0.091 0.0013 
Fluoride (F-) -1 1 0.003 18.998 0.068 0.0001 
Total - - 99.993 - - 3.4482 

2.7.2 Use of Seawater for Wastewater Treatment 
Use of seawater in enhancing the chemical treatment of wastewater as a chemical coagulant 
had been experimentally analyzed in 2003 by Kfouri and Kweon, as part of a masters’ thesis 
done at the University of Massachusetts (Kfouri and Kweon, 2003).  In the analysis, seawater had 
been used in particular as a coagulant in chemically enhanced primary treatment (CEPT) of 
wastewater; as an alternative to the conventional primary treatment as well as an efficient 
preliminary treatment step prior to the biological treatment, resulting in substantial amounts of 
removal of pollutants and contaminants from the wastewater. CEPT mainly has implemented the 
chemical coagulation and flocculation with objectives on achieving an effluent that can be 
disinfected inexpensively, efficiently and economically, in comparison to the secondary 
treatment (Kfouri and Kweon, 2003). 
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Table 2.10 The different salinities observed in different seas (AnalChemResources, 2011) 

Sea % Salinity 

Red Sea 4% 
Dead Sea 24 - 33% 
Mediterranean Sea 3.8% 
Baltic Sea (Least saline) 0.5% 
Caspian Sea 1.2% 
Caribbean Sea 3.6% 
Coastal Sea 2.6 - 3% 

A series of Jar tests and laboratory experiments have been carried out for two main effluents, at 
Paraty, Brazil, for treatment of the municipal wastewater, and for Deer Island wastewater 
treatment plant (WWTP) in Boston, using seawater as a tool, in assessing its “disinfection 
potential of treated effluent” (Kfouri and Kweon, 2003), and as a mechanism to enhance the 
coagulation in briny (“saline”) influents (Kfouri and Kweon, 2003). Through these experiments, it 
had been estimated that the most optimal dosages for FeCl3, polymers and seawater to treat the 
effluent from Paraty municipal wastewater (mostly sewage) are, 40 mg/l, 0.1 mg/l and 5% 
seawater by volume, correspondingly (Kfouri and Kweon, 2003). The experimental findings for 
different percentages of seawater are depicted in TableA3 0.1 to TableA3 0.3, in Appendix 3. 

2.8 Industries in Sri Lanka with Potential of Economizing the Wastewater 
Treatment  

Sri Lanka being a tropical Island surrounded by the sea and an inherent warm and sunny climate 
all the year throughout in the coastal belts; has great potential for industries among several 
others; such as salt production through solar evaporation, limestone mining/harvesting. These 
industries involve many parts of the coast, and are responsible in providing employment 
opportunities to many, in particular; the limestone based industries. There used to be a number 
of salterns along the coast in Sri Lanka, whereas the only two main ones operating at present 
exist in Puttalam and Hambanthota (Maha Lewaya), since the others like in Elephant Pass, 
Nilaveli, Karagan, Palatupana and Palavi have been abandoned due to various reasons but have 
potential of resuming operation (sampathsrilanka.info, 2011a). The harvesting of limestone is 
somewhat dispersed along the southern, western, north-western and north-eastern coasts 
mostly (sampathsrilanka.info, 2011a).   

2.8.1 Salt Production in Sri Lanka by Solar Evaporation  
Salt production through solar evaporation of seawater (also called brine) is considered the oldest 
method of producing salt, however is the commonest commercial method at present as well. 
The seawater is pumped or allowed to flow into a series of shallow ponds (of depths around 
0.5m) (Javor, 2002) with embankment constructions, called ‘solar salterns’ (Javor, 2002) or 
‘saltpans’ (Aral et al, 2004). The salterns are of the two types; concentration ponds and 
crystallizing ponds, where the salterns to which seawater is allowed to flow into at first, are the 
concentration type. At concentration ponds, much of the water fraction in the seawater is 
allowed to evaporate by means of solar energy (sun) and wind, after which the highly 
concentrated brine solution is drained into the crystallization salterns. Once the salt layer in the 
crystallization salterns is thick enough, the salt crystals are harvested; mostly manually or 
occasionally through mechanical harvesting machines (e.g. tractors) (Javor, 2002, 
saltinstitute.org, 2011).  
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In the concentration phase, the seawater with a specific gravity (SG) of 1.025 – 1.030 (Aral et al, 
2004) flows through a series of flow-through ponds, with distinct salinity levels with operation 
similar to semi-closed chemostats (Javor, 2002), forming ‘maiden’ brine at the salting (halite 
saturation) point of SG around 1.210 – 1.220 (Aral et al, 2004).  In these shallow ponds covering 
a large area each, a high surface to volume ratio is available, which is favourable for evaporation 
process, thus each succeeding pond is with higher salinity. The main purpose of having such a 
series of increasing salinity ponds of evaporation is to provide for the precipitation of less soluble 
marine minerals, mainly the calcium salts CaCO3 (calcite) and CaSO4.2H2O (gypsum); forming a 
hard crust on the ponds floors, which if retained would degrade the quality of the produced salt 
(Javor, 2002). First the calcite and iron salts start precipitation, and gypsum, accounting for most 
of the precipitating Ca2+, starts precipitation once the seawater concentration is 4.5 fold, (Javor, 
2002), or when the SG is 1.090 (Aral et al, 2004). The process of these calcium salts precipitation 
can even last up to two years (saltinstitute.org, 2011); after which, the remainder of the brine 
solution (maiden brine) then containing only 10% of the original water content (Javor, 2002), 
containing 25.8% NaCl (25.4o Bé, or specifically, the most favourable crystallizing level, 26o Bé) 
(saltinstitute.org, 2011), and absent of almost all the Ca2+, is sent to the crystallization ponds 
where salt (NaCl) starts crystallization (Javor, 2002). 

If the brine is allowed to precipitate further, the more soluble potash minerals (mineral salts 
containing anions and cataions such as Mg2+, Na+ K+ Cl- and SO4

2-) would also start precipitation 
(when the SG of the solution is around 1.25) (Aral et al, 2004), which are commonly termed as 
‘bitterns’ (Javor, 2002). These minerals containing solution ‘bittern’; if not harvested for specific 
uses, would be handled as waste material. In addition, if the salterns are not managed properly, 
the salt crystallization ponds might get contaminated with these minerals, which are 
undesirable, producing a bitter taste to the salt mixed with especially Mg2+ and also making the 
salt more hydrophilic, making the handling of the salt difficult.  Proper control of brine through 
concentration and crystallization is consequent in a salt with purity higher than 99.7% 
(saltinstitute.org, 2011). For an SG around 1.25, almost 80% of the salt in the brine solution has 
precipitated, and if the SG is 1.26, the percentage would even higher with almost 90%, however 
the potential for the contamination with potash or magnesium salts is expected to increase at 
this level (Aral et al, 2004).  

2.8.2 Limestone Industry in Sri Lanka  
In Sri Lanka, the chemical CaCO3 exists in several forms, in limestone (as calcite) and in corals 
(sampathsrilanka.info, 2011b) as well as in deposits of the shells of many sea animals 
(crustaceans), which is harvested through the coastal belts and is a substantial employment 
opportunity for many coastal dwellers. A particular type is Miocene limestone, with the largest 
deposit established near Puttalam in the north-western costal belt (wikipedia.org, 2011). Lime as 
in limestone or even as corals are used in cement industry, and as a material used in 
construction industry as a paint material, subsequent of incineration along with some other 
materials or oxidization in lime kilns respectively; while the corals are mined and increasingly 
being sold as collector’s items especially for tourists, with environmental consequences as well. 
These are collected along coasts but the main process is mining through diving into the sea. 
Figure 2.16 depicts the main limestone rich and commonest limestone industrial areas under 
present context in Sri Lanka. 

2.8.3 Salt Production and its By-products from Seawater for Wastewater Treatment 
A common factor; a chemical involving both these industries is ‘calcium’ since it is produced as a 
by-product during the salt production, and is part of the main product in limestone industry. In 
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addition, solar salt production from seawater producing the by-product bittern has a higher 
content of magnesium after salt precipitation. Since calcium in the form of ion Ca2+ and 
magnesium in the form of ion Mg2+ are of great interest for the wastewater treatment 
technologies in particular for chemical treatment stages, it is quite evident that a substantial 
potential exists for linking these industries and the wastewater treatment systems in achieving 
cheaper solutions of wastewater treatment. Figure 2.16 also depicts the main salterns under 
operation as well as older salterns which have the potential to be re-started in Sri Lanka at 
present.  

 

Figure 2.16 The Major areas of potential and existing solar salt production and limestone industry in Sri 
Lanka (geographicguide.net, 2011)  

Main salterns under 
operation 

Older salterns with potential 
to   be restarted 

Limestone rich and 
commonest limestone 
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3 Relevance and Significance of the Study  
The main study focuses in the thesis research are being chosen for their significance and timely 
contribution for the wastewater treatment, in particular for municipal wastewater context, since 
it is increasingly encouraged by the approach of the governmental authorities on the economic 
perspectives of treatment (mostly for the treatments being costly without generating any 
income), and reluctance on adapting to better technologies and in particular for adapting to 
increasingly stringent emission standards; also mainly due to cost drawbacks. 

3.1  Chemical Pre-Precipitation of Municipal Wastewater Using Ca2+ and 
Mg2+  

Conventionally, municipal wastewater treatment had been more focusing on achieving a lesser 
amount of sludge to avoid the sludge handling problems, and thus opting for treatment methods 
which reduce all the necessary parameters such as COD, nutrients such as phosphorus and 
nitrogen etc. below required concentrations at possibly a lower cost and importantly at a lesser 
production of sludge in volume. However, in terms of economizing the present treatment 
systems, production of biogas through anaerobic digestion of the sludge coming out from the 
primary sedimentation as well as from chemical treatment units; is increasingly recognized for 
its role. The biogas production capacity nevertheless increases with the amount of organics 
(organic loading) in the sludge, therefore, which would be a driving force on to capture as much 
organics as possible into the sludge; which in turn might be consequent in producing an 
increased amount of sludge. This on the other hand is contradictory for the conventional set up 
of treatment which attempts on avoiding the bulky production of sludge. 

The thesis research study focuses on this novel concept of maximizing the capture of organic 
compounds (COD) into the sludge thus the production of a higher amount of energy-rich sludge 
(i.e., with a higher organic loading), which would be digested producing an increased amount of 
biogas. Chemical precipitation had long been regarded as a step which produces a great volume 
of sludge; especially with the use of lime (Ca(OH)2), which often reaches a sludge volume of 0.5% 
for the volume of the wastewater treated (Metcalf and Eddy Inc., 2003; p. 499), as well as a 
sludge which is more energy rich, compared to that of biological sludge, which has less volume 
as well as lesser energy content. (Nouri, et al., 2006) This characteristic of chemical precipitation 
however has its own drawbacks as well, since when producing biogas from such sludge, larger 
digester volumes are required plus the difficulties arise in handling an increased amounts of 
sludge; consequent in higher costs. Besides, an increased sludge volume from chemical 
precipitation using lime processes in particular does not necessarily mean that the carbon 
content of the sludge is proportionately higher, but also there could be an increased amount of 
inorganic sludge (precipitating bicarbonate especially when using lime, prior to precipitating 
phosphates). 

Nevertheless, a chemical precipitation step prior to the aerobic treatment steps (pre-
precipitation) would be of interest since primary sludge has more biogas generation capacity 
compared to the secondary sludge. Thus, production of more of the primary sludge encourages 
the production of more biogas, saving up energy and money spent on heating up the biological 
treatment steps in colder climates such as in Sweden, while if there is excess gas, it could be sold 
out as a renewable energy resource, generating excess income to the plant. Besides, a Pre-
precipitation step entails a lesser demand on energy for aeration etc. steps involved in biological 
treatment steps subsequent the chemical treatment; since fewer amounts of organics and 
nutrients are needed to be removed at the biological step then. These alternatives and 
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advantages would be reducing the internal energy budget as well as producing an income (as 
means of sold energy) altogether adding up to more and more self sustained wastewater 
treatment systems all in all economizing the whole systems. However, another shortcoming of 
this process would also be in particular when the pre-anoxic denitrification process is employed 
downstream, it could be that too much organics have been removed at the chemical pre-
precipitation step so that the incoming secondary influent does not contain sufficient amount of 
organic loading to serve as the required carbon source for this biological nitrogen removal 
process.  

The use of the chemicals combination Ca2+ and Mg2+ is due to two several reasons. The 
combination of these chemicals has not been studied as yet in much detail for their potential in 
achieving considerable amounts of COD and nutrients removal. However, an experimental study 
by Leentvar and Rebhun (1982 cited in Semerjian and Ayoub, 2001, p. 392), reveals that 
coagulation-flocculation with the use of lime (Ca(OH)2) improves removal efficiency of organic 
materials (measured in total organic carbon-TOC- and suspended solids extinction5 in the study), 
when the initial magnesium concentration is high. This provides a driving force as to assess the 
treatment efficiency when, instead of an inherent higher magnesium concentration in the 
wastewater, magnesium along with lime is supplied to the treatment system. The importance of 
this study focus is also emphasized by the raw municipal wastewater studies done by Dubose 
(1973 cited in Semerjian and Ayoub, 2001, p. 392) with the simultaneous use of lime and 
recycled magnesium ions, producing better removal efficiencies for COD and phosphates, TSS 
and colour, compared to that with lime alone. Further, the increased amount of magnesium 
apparently reduces the required pH level for the precipitation of colloidal particles with 
magnesium hydroxide (Mg(OH)2) (Vråle, 1978 cited in Semerjian and Ayoub, 2001, p. 392). 

Another driving force is that lime-magnesium processes producing considerably a larger amount 
of sludge compared to the other conventional secondary chemical treatment processes using 
alum or ferric chlorides (Semerjian and Ayoub, 2001, p. 401) (which could be approximated to 
pre-precipitation treatment as well). Moreover, these chemicals are quite cheap compared to 
the more conventional and common precipitants like alum and, in many countries also to ferrous 
or ferric ions, plus are found in abundance in sea water or as in limestone (provided the correct 
climatic conditions exist). Additionally, the bittern solutions which are by-products of the solar 
evaporated salt production processes are quite affluent in Mg2+ ions, becoming potentially 
inexpensive sources of Mg2+. 

3.1.1 Adaptation of the Technology to Sri Lankan Context through Integration to 
Local Industries 

Furthermore, since the author is from Sri Lanka, an approach of the thesis study is to incorporate 
the Swedish municipal wastewater treatment systems to a developing country like Sri Lanka, 
which indeed cannot afford a hefty budget in municipal wastewater treatment. Ca2+ is bound in 
the Sri Lankan culture as part of essential building materials as well as means of employment 
through limestone; while Mg2+ is an ingredient presently not being utilized for its full potential 
where it exists in the bittern solution produced during the solar evaporated salt production. Sri 
Lanka possesses two functioning facilities of solar salt production, (biggest one in Hambanthota, 
and the other in Puttalam), however has an enormous capacity in producing many more similar 
facilities due to the fact that it is a tropical island lying near the Equator enjoying the luxury of 

                                                        

5
 The rate of reduction of light absorbance  
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sunlight whole year throughout, and having a major part of coastal areas belonging to semi-dry 
regions (in northern, eastern, north-eastern, north-western, south-eastern and southern coastal 
belts). Therefore, an integration of cheap and abundant coastal and native products into a 
wastewater treatment technology is anticipated. 

3.2 Acid Hydrolysis of Toilet Paper Contained in the Wastewater 
The study focus acid hydrolysis of toilet paper has the underlying reasoning that the produced 
sugars (or some other smaller molecule polymer based organic compounds) could be envisioned 
as replacements for the external carbon sources used at the nitrogen removal process; post- 
anoxic denitrification; which has the set-back of being expensive in operation due to the very 
requirement for a continuous supply of such an external carbon source. Thus, an inexpensive 
and self-sustained carbon source could be produced from the nuisance coming with the 
wastewater; toilet paper and other like paper materials (which otherwise would be probably 
landfilled or incinerated) which is mostly separated at the screening steps of the influent. This 
probably would be with a slight addition to the process steps, however consecutively enabling 
the use of a more efficient nitrogen removal process, compared to that of pre-anoxic 
denitrification process. Such accomplishment also is consequent of economizing the treatment 
systems through reducing costs incurred on external carbon source and even in landfilling 
(reduction of volume) as well as in terms of increased process efficiency, at the cost of an 
additional process step with the addition of acid solutions (or even alkaline solutions in case of 
alkaline hydrolysis); which in total would be economical. 
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4 Experimental Analysis 
The main objective of the experimental analysis is the investigation of the percentage reduction 
of COD, total phosphorus and total nitrogen of municipal wastewater subsequent to the primary 
sedimentation with the use of ions Ca2+ and Mg2+ as precipitation chemicals, at pre-precipitation 
stage (prior to the biological treatment). The reasoning behind the investigation is to check the 
feasibility of using both these chemicals together as pre-precipitation chemicals in municipal 
wastewater treatment, in order to achieve a sludge with a higher amount of COD and so that 
higher biogas generation capacity as well as with higher amounts of recoverable nutrients; 
especially nitrogen and phosphorus.   

Another basic analysis is done on acid hydrolysis of toilet paper with the intentions of using the 
process to produce carbon sources (sugars) internally to be used to replace the external carbon 
source used in the conventional post denitrification process. 

All the experimental analyses were conducted at the research facility at Hammarby Sjöstadsverk; 
situated uphill the Henriskdals WWTP, Stockholm, owned by Stockholm Water Company 
(Hammarby Sjöstadsverk, 2011). The research facility is a joint project of Royal Institute of 
Technology (KTH) and Swedish Environmental Research institute (IVL). 

4.1 Materials  
The chemicals used in the two main experiments chemical pre-precipitation, and acid hydrolysis 
of toilet paper, are described in Table 4.1 and Table 4.2. 

Table 4.1 Chemicals used for the chemical pre-precipitation experimental analysis 

Chemical Name Chemical Formula Assay 

Calcium hydroxide Ca(OH)2  99% 
Magnesium chloride MgCl2.6H2O  99% 

Table 4.2 Chemicals used for the acid hydrolysis of toilet paper experimental analysis 

Chemical Name Chemical Formula Assay 

Sulphuric acid H2SO4  99% 

The apparatus and instruments used at both these experiments have been for the most part 
provided by the Department of Industrial Ecology; KTH, Stockholm, while the remainder were 
available at Hammarby Sjöstadsvek Research laboratory.  

For the chemical precipitation experiments, different ranges of Dr. Hach-Lange cuvettes were 
used with the following particulars, described in Table 4.3, while for the acid hydrolysis 
experiments only the COD cuvettes were used of the same description. 

Table 4.3 Standard cuvettes used for the chemical precipitation experimental analysis 

Parameter (Type of cuvette) Range 

COD (Higher range) 150 – 1000 mg/l O2 

COD (Lower range) 15 – 150 mg/l 
Total Phosphorus (in P2O5) 0.15 – 3.50 mg/l O2 

Total Nitrogen (LATON) 5 – 40 mg/l TN 
Alkalinity  0.5 – 8.0 mmol/l  KS 4.3  
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In addition to these mentioned materials and apparatus, small amounts of toilet paper, and 
Whatman membrane filters (Mixed cellulose ester) of pore size 0.45 μm and diameter of 50 mm 
together with Munktell Filter AB Glass microfiber of disc diameter 55 mm were also used at the 
vacuum filtration system, during the acid hydrolysis experiment. 

4.2 Methods 
The methods of how the two main experiments were conducted would be described in the 
following two main sections respectively. 

4.2.1 Method for Chemical Pre-Precipitation Experimental Analysis 
The chemical pre-precipitation (referred also just as chemical precipitation in certain instances in 
the following sections for the ease of reference) analyses were done in several steps, while 
always two parallel trials were done for every precipitation concentration combination of the 
two chemicals Ca2+ and Mg2+. 

4.2.1.1 Primary Effluent Analysis 
The wastewater after primary sedimentation was taken from the pilot plant of the Hammarby 
Sjöstadsverk, and was tested for COD, total phosphorus, total nitrogen, alkalinity, pH, 
conductivity and temperature. COD, total phosphorus, total nitrogen and alkalinity were tested 
using the standard Dr. Hach-Lange cuvettes, while pH, conductivity and temperature were 
measured by the use of pH and conductivity meters. From this point onwards, the wastewater 
after primary sedimentation would be referred to as ‘primary effluent’ for the ease of reference. 

For the primary effluent, the higher range COD cuvettes (described in Table 4.3) were used while 
for total nitrogen and alkalinity tests, a 50% dilution of the primary effluent was done to achieve 
readings within the cuvettes ranges available. For total phosphorus test, a 10% dilution was done 
for the primary effluent for the same reason. The dilution rate (DR) (Eqn. 4.1) is defined as 

 DR = 
Sample

Flask

V

V
   (Eqn. 4.1) 

Where Vsample is the volume of the sample (primary effluent in this case) used in making the 
dilution, and Vflask is the volume of the volumetric flask used.  

The cuvette tests were conducted following the sequences stipulated in the cuvette boxes which 
vary for each parameter. 

4.2.1.2 Chemical Precipitation Stocks Preparation 
For the chemical precipitation, the stocks (precipitation chemicals) are prepared for the 
concentrations; 10, 20 and 30 mg/l of Ca(OH)2 and for 10, 20 30 and 40 mg/l of MgCl2.6H2O. In 
total, 12 experiments were done with the combinations of the concentrations of the two 
chemicals. The combinations of concentrations tested are given in Table 4.4. 

Table 4.4 The combinations of concentrations of Ca2+ and Mg2+ used 

[Ca2+] mg/l [Mg2+] mg/l 

10 10 20 30 40 

20 10 20 30 40 

30 10 20 30 40 
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The stocks are prepared such as, for instance when the precipitation is done with 10 mg/l of 
Ca(OH)2 and 10 mg/l of MgCl2.6H2O; two samples each of 0.0101 g of Ca(OH)2 and 0.0101 g of 
MgCl2.6H2O6 were measured in a chemical balance, and were dissolved in small amounts of 
distilled water (around 10 -20 ml). 

4.2.1.3 Chemical Precipitation  
Two of one litre (1 l) samples of the same primary effluent which was being analyzed were taken 
and put into two identical glass bottles with a capacity little higher than 1 litre each. Thereafter, 
magnetic stirrers were put into each of the two bottles, and these were placed on the stirrers, 
with the rotational speed adjusted to around 60 rpm. The prepared stocks were added to the 
two primary effluent samples (in the two bottles) followed by the measurement of pH, and the 
stirrers are turned on. The stirring is done for 30 minutes and then the two samples are kept for 
settling for 1 hour (one such settling is depicted in Figure 4.1). 

 
 

Figure 4.1 Settling of the two parallel samples after precipitation chemicals addition and 30 minutes 
stirring 

4.2.1.4 Chemical Precipitation, Treated Water Analyses 
After one hour’s settling, samples were withdrawn carefully without disturbing the settled state 
from the two bottles respectively, for making dilutions and for testing. Usually the dilution rate 
for COD was 80-50%, while in certain instances it was diluted up to 40%. For total phosphorus 
the dilution was done either at 10% or 20%, while for total nitrogen and alkalinity, the dilution 
was 50%. These dilutions were mostly decided on the primary effluent characteristics measured 
in the beginning and, with the use of, approximations on expected treatment as well as results of 
previous experiments. The pH, conductivity and the temperature of the two precipitated and 
settled samples were also measured by using pH meters and conductivity meters. The Dr. Hach-
Lange cuvettes after being used are shown in Figure 4.2, at one of these experimental analyses. 

                                                        

6
 The amounts 0.0101 g corresponds to the actual amount required to get 10 mg of pure substance out of 

99.9% pure chemicals 
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Figure 4.2 Dr. Hach-Lange cuvettes (for before and after treatment) of COD, Tot-N, Tot-P and alkalinity 
respectively (from left to right) 

Then the diluted samples are tested with the use of standard Hach-Lange cuvettes for COD 
(lower range), total phosphorus, total nitrogen and alkalinity. 

4.2.1.5 Filtered and Non-Filtered Primary Effluent COD Analysis 
A sample of primary effluent (after primary sedimentation) was taken and part of it was filtered 
using a vacuum filtration system. Both these filtered and non filtered wastewaters were tested 
for COD using 20% and 10% dilutions respectively, and the standard COD cuvettes of the lower 
range. 

4.2.2 Method for Acid Hydrolysis of Toilet Paper Experimental Analysis 
For this experiment, 10.0115 grams of toilet paper was weighed using a chemical balance. Then 
around 800 ml of a sulphuric acid solution of pH approximately 2 (1.95) was made in a 1 litre 
glass beaker by adding distilled water to little amounts of a 2 M sulphuric acid solution. The 
measured toilet paper after being shredded into pieces was put into the prepared pH=2 
sulphuric acid solution; and the mixture was rigorously mixed at around 300 rpm for 30 minutes. 
Thereafter, the mixture was kept undisturbed for 24 hours. 

 

Figure 4.3 The oven-dried remainder of the toilet paper after the acid hydrolysis 
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After the 24 hours, the solution was filtrated using vacuum filtration and samples were taken out 
from the filtrate, and 2 dilutions of 50% and 10% were made. Using the diluted samples and the 
lower range COD cuvettes, the COD was measured of the filtrated solution. 

In the meanwhile, the leftover toilet paper/solid substances from the filtration was collected as 
much as possible on to an aluminium cup (of which the empty weight was measured before) and 
kept in an oven at 103oC for 24 hours, followed by cooling inside a desiccators for 20 minutes 
(the sample shown in Figure 4.3), and afterwards the weight is measured in a chemical balance. 

4.3 Results 
The results would be represented in three main categories; for chemical precipitation 
experiments, for primary effluent COD analysis for filtered and non-filtered water, and for acid 
hydrolysis of toilet paper, as following. 

4.3.1 Chemical Precipitation  
The results obtained in the chemical precipitation experimental analysis would be depicted in 
Figure 4.4 to Figure 4.10. The figures for COD, total phosphorus (Tot-P) and total nitrogen (Tot-N) 
are drawn using Percentage Reduction values. For each case; the Percentage Reduction (PR) 
(Eqn. 4.2) is calculated as 

   

 

Raw Water  Treated Water
PR = 100%

Raw Water

parameter i Parameter i

Parameter i


  (Eqn. 4.2) 

Where, ‘parameter i’ could be COD, Tot-P or Tot-N. When there were results obtained with 
diluted samples, prior to the calculation of PR the diluted results have been converted to 100%. 

Similarly, Percentage Increase (for conductivity or alkalinity) is defined as the negative value of 
the above equation Eqn. 4.2, ‘with parameter i’ being either conductivity or alkalinity. 

4.3.1.1 Primary Effluent Alkalinity and pH of the Primary Effluent Immediately After 
the Addition of Precipitants 

The alkalinity of primary effluent is plotted in Figure 4.4 against the Mg2+ concentrations. These 
Mg2+ values are correspondent for the curves in the following sections for the percentage 
reduction curves (vs. Mg2+ concentration7) for other parameters such as COD, Tot-P and Tot-N 
etc. It is evident from Figure 4.4 that the alkalinity of the primary effluent remains more or less 
the same around 6 mmol/l, for all the precipitation experiments, although the wastewater had 
been taken on different dates (but from the same point; just after the primary sedimentation). 
However, there is a noticeable deviation just on the sample where the wastewater (primary 
effluent) had been precipitated using 10mg/l of Ca2+ and 10 mg/l of Mg2+. The detailed 
experimental results for alkalinity could be found in TableA4 0.1 and the detailed percentage 
increase values in TableA4 0.4 in Appendix 4. 

The pH of the primary effluent was on average 8.10 (in detail found in TableA4 0.2 in Appendix 4), 
while the pH of the primary effluent immediately after the addition of the two precipitants Ca2+ 
and Mg2+ is depicted in Figure 4.5. In this figure, the curves represent an average value obtained 

                                                        

7
 The concentration would in certain cases be depicted with square brackets, []. (For e.g., Mg

2+ 
concentration 

would be referred to as [Mg
2+

]) 
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from the two identical parallel experiments (done for the same concentrations of the two 
precipitants). In addition, the two actual values from the parallel experiments are also shown, 
marked with markers in a similar shade and shape that to the average value curve so that a 
comparison could be done. For e.g. ‘Avg, *Ca2++=10’ represents the average values for the 
condition where [Ca2+] was 10 mg/l, while the values with labels ‘*Ca2++=10’ and ‘(*Ca2++=10)2’ 
represent the two parallel experiments. The same type of notation is applied for all the graphs 
containing results in the sections 4.3.1.2 to 4.3.1.6. 

 

Figure 4.4 Alkalinity of primary effluent (before precipitation) against Mg2+ concentration 

According to Figure 4.5, at 40 mg/l of [Mg2+], all the pH values corresponding to all the three Ca2+ 
concentrations have reached a pH around 8.6. A distinct common trend however could not be 
identified with the increase of Mg2+ concentration, but with the highest Ca2+ concentration 30 
mg/l, the pH readings were generally higher than that for the corresponding lesser Ca2+ 
concentrations. Similarly, generally the pH readings for Ca2+ concentration 20 mg/l were also 
higher than the corresponding pH values for 10 mg/l of Ca2+. For the fixed concentration of Ca2+ 

at 10 mg/l, the pH had reduced until the Mg2+ concentration 30 mg/l, and then had increased 
with the increase of Mg2+; while for Ca2+ at 20 mg/l, pH had increased (at 20 mg/l of Mg2+) and 
then reduced with the increase of Mg2+. For the fixed concentration of Ca2+ at 30 mg/l, the pH 
had in general reduced with the increase of Mg2+. 

It could be seen that pH was the highest at 9.21, at the highest Ca2+ concentration 30 mg/l and 
the lowest Mg2+ concentration, 10 mg/l, with the second highest value being only slightly less at 
9.18 when both Ca2+ and Mg2+ concentrations were 20 mg/l. The lowest pH, 8.09 is observed 
when Ca2+ concentration was 10 mg/l and Mg2+ concentration was 30 mg/l. The detailed results 
corresponding to these points could be found in TableA4 0.2 in Appendix 4.  
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Figure 4.5 pH of primary effluent immediately after the addition of the two precipitants vs. Mg2+ 
concentration 

4.3.1.2 COD 
Figure 4.6 depicts the percentage reduction of COD of the wastewater under consideration, 
considering the COD readings obtained before (primary effluent) and after treatment (chemical 
pre-precipitation). In this graph as well, the average values from the two parallel experiments 
are shown in the three curves while the individual values obtained from the two parallel 
experiments are shown in similar coloured and shaped markers. The notation of the labels in the 
legend is similar to what is described in section 4.3.1.1 

According to Figure 4.6, a distinguishable common trend could not be identified for all the Ca2+ 
concentrations for increasing Mg2+ concentrations. For 10 mg/l of Ca2+, the percentage reduction 
of COD had decreased until 30 mg/l of Mg2+ and then had increased, with the increase of Mg2+. 
However, for the other two concentrations of Ca2+; 20 and 30 mg/l, an opposite is noticeable, 
with an increase until Mg2+ concentration 30 mg/l (where it is the maximum reduction) 
subsequent of a reduction of percentage COD reduction with a further increase of Mg2+ 
concentration. Comparing these two Ca2+ concentrations (20 and 30 mg/l), at lowest Mg2+ 
concentration, higher COD reduction is observed with 30 mg/l of [Ca2+] while at the 
concentrations 20 and 30 mg/l, almost equal reductions are observed, but at the highest Mg2+ 
concentration, the vice-versa is observed with Ca2+ concentration 20 mg/l having a higher 
reduction than at the 30 mg/l concentration Ca2+. For the lowest Ca2+ concentration 10 mg/l; 
however, the highest percentage reduction of COD had occurred (from all the concentrations), 
while at 20 and 30 mg/l of Mg2+ the reduction is lower than that for the other Ca2+ 
concentrations 20 and 30 mg/l, but again at 40 mg/l of Mg2+, the highest reduction of the three 
Ca2+ concentrations is from 10 mg/l concentration. As a whole, the curves for the Ca2+ 
concentrations 20 and 30 mg/l, the percentage reduction of COD had increased to a maximum 
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from a lower value and then had reduced, while the curve for the 10 mg/l Ca2+ concentration is 
reducing to a minimum value and then is on the rise again. 

 

Figure 4.6 Percentage COD reduction vs. Mg2+ concentration 

From the results it is evident that COD percentage reduction is maximum at a value of 32.5% 
when both [Ca2+] and [Mg2+] were 10 mg/l each, closely followed by a reduction of 31.5% at 
[Ca2+] 20 mg/l and [Mg2+] 30 mg/l which is closely followed by a value of 30.8% at both [Ca2+] and 
[Mg2+] at 30 mg/l each. Particularities of this observation are that all the three highest values are 
quite close to each other and that two of the highest three reduction values are observed when 
the concentrations of both Ca2+ and Mg2+ were equal; 10 mg/l and 30 mg/l each. These values 
could be found in TableA4 0.5 while detailed experimental results could be found in TableA4 0.3, in 
Appendix 4.  

4.3.1.3 Total Phosphorus 
Figure 4.7 depicts the percentage reduction of total phosphorus due to precipitation using the 
two precipitation chemicals Ca2+ and Mg2+. The figure contains three curves corresponding to the 
average values calculated from the results of the two parallel trials for the three Ca2+ 
concentrations, containing similar coloured markers for the actual values of the two parallel 
trials; with similar notation as mentioned Section 4.3.1.1 

The highest reduction is observed at [Ca2+] 10 mg/l and [Mg2+] 20 mg/l with a value of 36.21% 
while the second highest reduction is very much closely following, at 35.69% at [Ca2+] 20 mg/l 
and [Mg2+] 10 mg/l, whereas the third highest reduction is somewhat lesser, 20.53% at [Ca2+] 
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and [Mg2+] 10 mg/l each. The rest of the reduction values seem to be quite smaller compared to 
the three highest values, as a whole. The detailed experimental results can be read in TableA4 0.5 
while the calculated results for percentage reduction of total phosphorus can be found in 
TableA4 0.3; in Appendix 4. 

 
Figure 4.7 Percentage total phosphorus reduction vs. Mg2+ concentration 

On the whole, the percentage reduction of Tot-P seems to be higher at lesser Mg2+ 

concentrations; particularly less than 30 mg/l with the highest reduction at 20 mg/l followed 
quite closely by the second highest value at 10 mg/l.  The reductions at Mg2+ concentrations 
after 30 mg/l are quite smaller compared to the values observed at 10 mg/l and 20 mg/l 
concentrations, and appear to be somewhat within each other as well.  

Considering the effect of different Ca2+ concentrations, the observation is that the highest Ca2+ 
concentration 30 mg/l as a whole had produced lesser percentage reduction values of Tot-P 
compared to the lower concentrations, 10 and 20 mg/l. Comparing the two concentrations 10 
and 20 mg/l of Ca2+, at 10 mg/l Ca2+ the highest reduction is observed when Mg2+ is at 20 mg/l, 
while for Ca2+ at 20 mg/l the second highest reduction is observed at 10 mg/l Mg2+. However, at 
10 mg/l Ca2+ concentration a curve starting with a lesser value, increasing to a maximum and 
then reducing is observed; whereas in the other two concentrations the curves only decrease 
from a higher value to a minimum and slightly on the increasing again. On the other hand, the 20 
mg/l Ca2+ concentration has a possibility to yield even higher reductions at Mg2+ concentrations 
lesser than 10 mg/l, according to the trend. 
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4.3.1.4 Total Nitrogen 
Figure 4.8 represents the experimental results on the percentage reduction of total nitrogen of 
the primary effluent following pre-precipitation (treatment). In this figure also, the three curves 
depict the averages while the actual values are shown in markers, of the two parallel trials; with 
the similar colours and notations as mentioned in Section 4.3.1.1.   

In Figure 4.8 it could be observed that for the Ca2+ concentrations 10 and 20 mg/l, the percentage 
reduction of Tot-N curves increase up to a maximum and then decrease, while for the Ca2+ 
concentration 30 mg/l, the curve just decreases with the increase of Mg2+ concentration. The 
maximum percentage reduction of total nitrogen; 28.9% is observed at 30 mg/l of Ca2+ and 10 
mg/l of Mg2+, followed very closely by 27.04% which slightly lesser, at 20 mg/l of both Ca2+ and 
Mg2+ (each), and the third highest value 26.92% also quite close-by at 20 mg/l of Ca2+ and 10 
mg/l of Mg2+. The rest of the concentrations combinations have produced considerably lesser 
percentage reductions of total nitrogen, while some have even produced negative results (i.e., 
an increase). These values of Tot-N could be found in detail, for percentage reduction in TableA4 

0.5 and the experimental results for total nitrogen in TableA4 0.3; in Appendix 4.  

 
Figure 4.8 Percentage total nitrogen reduction vs. Mg2+ concentration 

A particular observation is that the two parallel trials in some occasions having comparatively 
different measurements; which is somewhat peculiar. In addition, at higher concentrations of 
Mg2+ (for 30 and 40 mg/l concentrations), negative percentage reductions; i.e., percentage 
increases of total nitrogen has resulted, plus most of the highly deviated measurements for the 
two parallel experiments in particular for 10 and 20 mg/l of Ca2+ concentrations. 
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4.3.1.5 Conductivity 
Conductivity measurement of the wastewater is used as a measurement of TDS (total dissolved 
solids). The conductivity had been measured in milli Siemens per centimetre (mS/cm), which is 
related to TDS which could be measured in ppm (parts per million) even though there is no 
direct proportionate relationship between these two parameters. Nevertheless, the conductivity 
is used as a rough indicator of the TDS of the solution (in wastewater). 

The percentage increase of conductivity is calculated using the readings of the primary effluent 
and of the treated wastewater after pre-precipitation (after settling), shown as the percentage 
increase in Figure 4.9. The figure again is following the similar standard representation as of 
previous sections, with curves being drawn using averages while the actual values are shown in 
markers for the two parallel trials with similar coloured markers and similar notations, as 
described in Section 4.3.1.1.  

 
Figure 4.9 Percentage increase of conductivity vs. Mg2+ concentration 

In the Figure 4.9; for Ca2+ concentration of 30 mg/l, the percentage increase of conductivity 
increases up to a maximum and then reduces, while for the other two concentrations of Ca2+, 
the percentage increase had reduced to a minimum and then has increased reaching 
considerably constant values, with the increase of Mg2+ concentration. At 20 mg/l Mg2+ 
concentration, all the percentage increase values for conductivity are somewhat close-by each 
other for all the three Ca2+ concentrations.  

Maximum percentage increase of conductivity; 4.54% is observed at [Ca2+] 20 mg/l and [Mg2+] 40 
mg/l while a value of 3.98% follows close behind at 20 mg/l [Ca2+] and 30 mg/l of [Mg2+].  In the 
conductivity percentage increase data it was observed there are also negative values, i.e. which 
have reduced in reality. In that sense, the maximum values of conductivity reduction therefore 
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are 4.11% at 30 mg/l [Ca2+] and 10 mg/l of [Mg2+] and 0.66% at 30 mg/l [Ca2+] and 40 mg/l of 
[Mg2+]. The detailed experimental results are available in TableA4 0.1, while the percentage 
increase results for conductivity are available in TableA4 0.4 in Appendix 4. 

4.3.1.6 Alkalinity 
The percentage alkalinity increase of the wastewater considering the before and after treatment 
alkalinity measurements, is depicted in Figure 4.10. Since alkalinity was being measured in only 
one of the two parallel experiments (referred to as the main trial), only the measurements for 
this trial is representative of the results in the figure, while the labelling is similar as mentioned 
in Section 4.3.1.1. 

 

Figure 4.10 Percentage increase of alkalinity vs. Mg2+ concentration (only for main trial) 

No distinct common trend could be identified for the increase (or decrease) of alkalinity with the 
increase of Mg2+ for constant Ca2+ concentrations, or even for increasing Ca2+ for constant Mg2+ 
concentrations. However at 30 mg/l of Mg2+ for all the three concentrations of Ca2+, the 
percentage increase is somewhat closer in values; nevertheless within a range of around 5% with 
two values lying at negative range thus actually being percentage reductions. For Ca2+ 
concentration 10 mg/l, the percentage increase is increasing with the increase of Mg2+ 
concentration, while for both the other concentrations of Ca2+ the percentage increase is 
somewhat deviating, increasing up to a maximum, then decreasing to a minimum and then again 
increasing (in a zigzag pattern) when the Mg2+ concentration is increasing. A distinct feature is 
that alkalinity increase for the two concentrations of Ca2+, 20 mg/l and 30 mg/l; are quite similar 
at each corresponding Mg2+ concentration except at 10 mg/l (where in contrast there is a huge 
deviation in the two values as well as in sign, one being positive and the other negative). 

The highest alkalinity increase; 9.33% is observed at 10 mg/l of [Ca2+] and 40 mg/l of [Mg2+]. A 
distinction in alkalinity measurements also was the observations that not only increases but also 

-35,000

-30,000

-25,000

-20,000

-15,000

-10,000

-5,000

0,000

5,000

10,000

15,000

10 20 30 40

%
 A

lk
al

in
it

y 
In

cr
ea

se

Mg2+ Concentration (mg/l)

[Ca2+]= 10

[Ca2+]=20

[Ca2+]=30



Saman Nimali Gunasekara  Master’s Thesis: Improvements on Municipal WWT  

- 45 - | P a g e  

 

decreases of alkalinity (after-treatment compared to untreated-water measurements) were 
obtained. Therefore, negative percentage increases are also observed, with the highest 
reduction (negative increase) 29.54% being at 30 mg/l [Ca2+] and 10 mg/l of [Mg2+]. For 
Alkalinity, the detailed experimental results can be found in TableA4 0.1 while the calculated 
percentage increase values can be found in TableA4 0.4, in Appendix 4. 

4.3.1.7 Results for the COD Analysis of Filtered and Non-Filtered Primary Effluent 
The primary effluent COD is analyzed with and without a filtration step to assess the type of COD 
that is accounted in the particular Dr. Hach-Lange COD test (which is used in all the tests for COD 
analysis of the precipitation and acid hydrolysis experiments) and the following results in Table 
4.5 are obtained. 

Table 4.5 The primary effluent COD analysis with filtered and non-filtered samples 

COD (mg/l) 
% Difference between the readings 

Non Filtered Filtered 

200 97.5 51.25 

The results indicate that the COD measurement is quite varying with the amount of suspended 
solids in the samples (which have been removed during filtration), consequent of the 51.25% 
lesser value for the filtered sample.  

4.3.2 Acid Hydrolysis of Toilet Paper 
For the experimental part for analysing the acid hydrolysis of toilet paper, a single basic 
experiment was done, with the following results in Table 4.6 in terms of COD and consumed 
toilet paper amount. 

Table 4.6 The acid hydrolysis of toilet paper: toilet paper consumption and COD analysis 

Solution 
and pH 

Original weight of the 
toilet paper sample 
(g) 

Volume of 
Acid used 
(ml) 

Weight of 
consumed 
Toilet paper (g) 

Consumed 
Toilet paper 
(in %) 

COD (mg/l) of 
solution after 
24 hours 

H2SO4; 

pH2  

10.0115  800 0.6281 6.27 8.36 
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5 Discussion 
The results presented in the previous section 4.3 will be discussed in separate sections followed 
by discussions on the analyses, methods, errors, cost analyses, and an overall discussion 
including the evaluation of potential for the integration of local Sri Lankan industries for the 
novel treatment method. 

5.1 Chemical Pre-Precipitation of Municipal Wastewater Using Ca2+ and 
Mg2+ 

The foremost part of the experimental study, chemical pre-precipitation which has been 
presented in separate categories in the results analysis section, would be described in this 
section under similar sub-categories; based mainly on the different parameters. 

5.1.1 COD 
The percentage reduction of COD had been the highest at a value of 32.5% at the lowest 
concentrations of Ca2+ and Mg2+ used, at 10 mg/l each.  This could be compared to the 
achievable percentage removals of COD with the use of lime (Ca2+) alone, which is in the range 
57– 72% in secondary chemical treatment (Semerjian and Ayoub, 2001), and the percentage 
reductions of COD in 70%, 60% and 55% with alum, ferric iron and lime as precipitants in 
secondary precipitation of domestic wastewater (Balmér and Frederiksen, 1974).  

A high-pH lime-magnesium process used by Dollof et al. (1972 cited in Semerjian and Ayoub, 
2001, p. 392) which had produced 80% of COD reduction provides an almost benchmark for the 
experimental study; while a lime suspension study used with and without the addition of 
suspensions of Mg2+ (in the form of Mg(OH)2) by Dziubek and Kowal (1984 cited in Semerjian and 
Ayoub, 2001, pp. 392-393) had revealed an increase of the removal efficiency in secondary 
effluents (comparable to percentage reduction) by 13% compared to that with the use of lime 
alone. 

Regarding the trends of the curves, for the two concentrations of Ca2+ 20 and 30 mg/l, the 
percentage reduction values are increasing up to a maximum and then reducing; and also are 
quite similar in value near the maximum points. On the contrary, the 10 mg/l Ca2+ concentration, 
represents a trend which is decreasing to a minimum and then increasing again, thus probably 
reaching an optimal at higher or lower concentrations of Ca2+ and Mg2+ (yet un-deterministic at 
this state). Therefore, from the experimental concentrations ranges, Ca2+ concentrations 20 and 
30 mg/l seem to have better performance than 10 mg/l. However, the 10 mg/l Ca2+ 
concentration could prove to be the best concentration if the maximum reduction lies between 
0-10 mg/l Mg2+ since then it would possess the highest percentage reduction of all, 
simultaneously at the lowest chemicals consumption. Then, choosing the best out of the two 
concentrations; 20 and 30 mg/l of Ca2+ could be based on economic perspectives thus opting for 
the lower value; 20 mg/l. 

The data indicates that the combined use of Ca2+ and Mg2+ have somewhat lesser percentage 
reduction of COD in comparison to the most commonly used conventional precipitation 
chemicals; Ca2+ (as lime), Fe2+ and alum as well as to a more similar process analyses with the use 
of both calcium and magnesium ions concurrently in the treatment. However, the conditions 
used at the precipitation such like, pH, stirring and settling conditions (stirring speed and time, 
and settling time), type of effluent (primary or secondary) and the organic loadings have not 
been similar in these different instances and thus these values cannot be compared 
straightforwardly.  
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5.1.2 Total Phosphorus 
The maximum percentage reduction of total phosphorus 36.21%, achieved at [Ca2+] 10 mg/l and 
[Mg2+] 20 mg/l, can be compared with the achievable percentage removal of 71-93% with the 
use of lime at secondary chemical treatment (Semerjian and Ayoub, 2001), and the approximate 
90% removal achievable considering secondary precipitation of domestic wastewater for all the 
precipitants lime, alum and ferric iron with an effluent loading of 0.5 mg/l of phosphorus (Balmér 
and Frederiksen, 1974).  

Considering studies more related to the thesis focus, with the use of both Ca2+ and Mg2+ ions, 
several studies reveal interesting reduction values. Particularly, a high-pH lime-magnesium 
process used by Dollof et al. (1972, cited in Semerjian and Ayoub, 2001, p. 392) on treatment of 
municipal wastewater which had yielded a 97% reduction of phosphorus while a pilot plant 
study done for a high-pH lime-magnesium process, at 11.5 pH by Idelovitch (1978 cited in 
Semerjian and Ayoub, 2001, p. 392) for the removal of pollutants from secondary effluents 
(through coagulation-flocculation mechanism and sedimentation) had yielded phosphorus 
reductions of  91% in summer (20 -30oC) and 75% in winter (10-20oC). In addition, a suspension 
of lime used by Dziubek and Kowal (1984 cited in Semerjian and Ayoub, 2001, pp. 392-393) as a 
coagulant on chemical treatment of secondary wastewater effluent with and without the 
addition of magnesium suspensions (in the form of Mg(OH)2) had resulted in an increase of the 
removal efficiency of phosphates (comparable with the percentage reduction) by 42% to that of 
lime being used alone. 

Considering the pre-precipitation of wastewaters with the conventional chemicals; alum, lime, 
iron sulphate, iron chloride, and waste pickle liquor, these have percentage reductions of 
phosphorus in the range; 58 – 96%, with a majority between 80 -96% (Yoeman et al., 1987), 
found in-detail in Appendix 5, TableA5 0.1. Then again, considering individual plant performances 
in several countries including Sweden for chemical pre-precipitation, it is evident that higher 
percentage reduction of phosphorus had been achieved in the order of the chemicals used; alum 
(95-94%), lime (92%), and ferric salts (90%) (Yoeman et al., 1987); for which also further details 
can be found in Appendix 5, TableA5 0.2, which are also comparable with the considerably 
smaller percentage reduction 36.21%, obtained.  

From the experimental results it is apparent that the lowest Ca2+ concentration 10 mg/l is 
consistent with the best conditions, with already reaching the maximum at Mg2+ concentration 
20 mg/l, which also is the highest percentage reduction from the whole experimental 
concentrations. Such a curve with an increase to a maximum suggests that the chemicals have 
reached their optimal result at this concentrations combination while the rest of the higher 
concentrations of calcium (20 and 30 mg/l) suggest that the optimal concentrations could be 
lying either at concentrations lesser than 10 mg/l or higher than 30 mg/l (of Ca2+) and 40 mg/l 
(Mg2+), with a risk of not reaching yet the highest reduction observed at 10 mg/l Ca2+ and 20 
mg/l Mg2+. Following the optimal obvious from this experimental range of concentrations, it is 
evident that it is economically favourable for the process as well to opt for the condition 10 mg/l 
[Ca2+] and 20 mg/l [Mg2+] since the consumption of the chemicals thus, is comparatively lesser.   

In comparison to the values available in literature it is also evident that the removal percentages 
are smaller which could be reasoned with the differences in chemicals dosage, pH, stirring speed 
and time, settling time, type of effluent (primary or secondary) and the organic loadings etc. 
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5.1.3 Total Nitrogen 
From the results it is evident that the curve corresponding for 30 mg/l Ca2+ is in overall 
decreasing with increase of [Mg2+] thus the corresponding maximum reduction would be lying 
somewhere between 0 -10 mg/l Mg2+. From the curves for the other two concentrations of Ca2+, 
10 and 20 mg/l, the 20 mg/l curve contains the maximum percentage reduction of nitrogen from 
the two (and almost equal to the maximum achieved from all the concentrations); while both 
these curves increase up to a maximum and then decrease. Therefore, from 10 and 20 mg/l Ca2+ 
concentrations, 20 mg/l seems to be the better choice, treatment-vice. However, this would be 
more expensive than opting for the 10 mg/l Ca2+, since for both curves, the maximum points 
corresponds to when Mg2+ is 20 mg/l, thus the cost on Mg2+ is constant.  

The best choice in terms of removal efficiency appears to be choosing 30 mg/l Ca2+ 
concentration, since it indicates that it might reach even higher treatment (or remain the same, 
which after all is the highest in the experimental range) with lesser Mg2+ than 10 mg/l. However, 
the cost considerations could ultimately decide the best out of the two options; use of 30 mg/l 
[Ca2+], and > 10 mg/l [Mg2+] and;  use of 20 mg/l each of [Ca2+]  [Mg2+].  

The obtained experimental results with the three highest reduction values 28.9%, 27.04% and 
26.92% (at Ca2+ and Mg2+ concentrations in the values 30 and 10 mg/l, 20 mg/l each, and 20 and 
10 mg/l, respectively) could be compared with several literature studies as following. A certain 
study done using a high-pH lime-magnesium process by Dollof et al. (1972 cited in Semerjian and 
Ayoub, 2001, p. 392) reveals a reduction of 31% total nitrogen, while a pilot plant study also 
conducted on a high-pH lime-magnesium process at a pH of 11.5 for the removal of pollutants 
from secondary effluents (through coagulation-flocculation mechanism and sedimentation) also 
have yielded a 33% reduction of particulate organic nitrogen in the summer (20-30oC), and 30% 
of the same in winter (10-20oC) (Idelovitch, 1978 cited in Semerjian and Ayoub, 2001, p. 392). 
Another pilot plant study done by Balmér and Frederiksen (1974, p. 727) on the evaluation of 
potential precipitants in the secondary precipitation process reveals that the nitrogen removal 
even under favourable conditions had not increased beyond 15-20%, for any of the precipitants, 
alum, lime, or ferric iron. Therefore, it is evident that in the experimental study the removal 
efficiencies (or the percentage reductions) have reached almost the best levels as found in 
literature, and thus the process proves successful in using the combination of the ions Ca2+ and 
Mg2+ for nitrogen removal (even without pH adjustment). 

The peculiar readings of percentage increase of nitrogen, especially at higher concentrations of 
Mg2+ could be reasoned as small amounts of reduction of total nitrogen in reality, being lost and 
misinterpreted through measuring errors during making of sample dilutions, as well as during 
measurements of reagents and samples for cuvette tests. This is more related to the very much 
sensitive cuvette test procedure employed in particular for the total nitrogen test. Only 0.5 ml of 
the sample is taken and put into a glass container along with 2 ml of ready-made reagent, 
heated for 1 hour at 100oC, and kept for cooling to 18-20oC. Thereafter, a chemical pill is put into 
the glass container, mixed thoroughly by shaking and then 0.5 ml of this solution is put into the 
standard cuvette, along with 0.2 ml of another ready-made reagent. This last solution is shaken, 
and kept undisturbed for 15 minutes before being read in the spectrophotometer. Following the 
procedure; only 0.5 ml of the sample is taken into the glass container while only 0.5 ml of this 
total solution (which is around 2.5 ml by volume) is forwarded into the cuvette finally. Therefore, 
only 0.1 ml ((0.5+2.0)×0.5 ml) of the sample is read in the spectrophotometer, represented in 
the cuvette.  
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This implies that the cuvette readings are very much sensitive, and that a very small amount of 
error during measuring could call for a considerable deviation. In addition, the measuring errors 
which could occur during making the dilutions could also have an intensified impact at cuvette 
reading stage. The following example calculation would be demonstrating such a situation: 

Considering actual total nitrogen concentrations, of 40 mg/l before treatment, and 38 mg/l Tot-
N after treatment; 

If the dilution made for the before-treatment sample was actually 48.5% instead of 50%; the 
measurement would be (neglecting errors at cuvette test) = 40 × 0.485 = 19.4 mg/l  (Eqn. 5.1) 

If the dilution made for the after-treatment sample was actually 51.5% instead of 50%; the 
measurement would be8 (neglecting errors at cuvette test) = 38 × 0.515 = 19.57 mg/l (Eqn. 5.2) 

The errors at dilution could be smaller, however to account for the errors occurring during the 
cuvette test procedure in this sample calculation it is supposed to be reasonable to assume such 
an error occurring solely at dilution and zero errors at cuvette tests. Therefore, through readings, 
it would be seen that the total nitrogen had increased, while in reality it would be a small 
amount of decrease. 

Another possible cause for this percentage increases of nitrogen contradicting the expectations 
on percentage reductions; could be that with the chemical reactions involved with both Ca2+ and 
Mg2+, instead of precipitating nitrogen in the wastewater, it is accommodating reactions that 
release nitrogen, for instance through dissolution of NH4

+ from suspended solids. However, the 
likelihood of such occurrence has not been much studied over and thus not much literature 
proof is obtainable on such. 

5.1.4 pH 
The pH of the primary effluent had been on average 8.10 while that of wastewater samples 
immediately after the addition of the chemicals had been approximately within the range 8.1 – 
9.2. The pH of the precipitation (read immediately after addition of chemicals) could be 
compared to several similar or relevant studies. A pilot plant scale evaluation of potential 
precipitants by Balmér and Frederiksen (1974) done on secondary precipitation of domestic 
wastewater (could be assumed the same as municipal wastewater) reveals that the effluent 
quality (i.e., treatment efficiency) was quite dependant on the pH in precipitation for all the 
commonest precipitants lime, alum and ferric iron.  In addition, the study identifies the 
favourable pH ranges for such an enhanced effluent quality as; 5.0-6.0 for alum, 5.0-5.9 and 
above 8.0 for ferric iron and above 11.2 for lime. In the same study, in the lime precipitation 
process in particular, a strong tendency for total phosphorus removal had been identified with 
increasing pH (Balmér and Frederiksen, 1974) which is of more relevance to the thesis study 
focus. 

A more relevant and similar comparison would be to a study specified as a high-pH lime-
magnesium process by Dollof et al. (1972 cited in  Semerjian and Ayoub, 2001, p. 392) which had 
yielded quite noteworthy cleaning results (discussed in the previous sections); where by the 
name itself implies the importance of having a higher pH value. This is more established by 

                                                        

8
 In a volumetric flask of 50 ml, the difference of sample volume for 50% and 48.5% or 50% and 51.5% is just 

0.75 ml; while when the size of the flask reduces; the amount reduces more, but the error gets magnified. 
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another high-pH lime-magnesium pilot plant study done by Idelovitch (1978 cited in Semerjian 
and Ayoub, 2001, p. 392) with the specific pH 11.5 being used (in removing pollutants from 
secondary effluents) producing significant cleaning results inclusive of phosphorus, nitrogen and 
organics removal. In addition, a suspension lime process used by Dziubek and Kowal (1984 cited 
in Semerjian and Ayoub, 2001, pp. 392-393) with and without addition of magnesium ions also in 
suspension for secondary effluent treatment also states that in the removal curves (of organics 
and nutrients etc.) a distinguishable intonation was evident at pH 10.5, beyond which the degree 
of removal had increased swiftly, while the highest degree of removal had been obtained at a pH 
reaching 11.5 with a lime dosage of 200g CaO/m3.  

All the evidence points out the fact that an increased pH is quite important, and in particular for 
the process under study requires an increased pH of around 11.5 for the best removal 
efficiencies of the target parameters, COD, phosphorus and nitrogen, as well as solids as in TDS 
or SS. This also justifies the observed lesser percentage reductions of total phosphorus and COD, 
where the pH balancing has not been done. 

5.1.5 Conductivity  
The electrical conductivity (EC) of a wastewater could be used as a substitute value for 
measuring the total dissolved solids (TDS) concentration (Metcalf and Eddy Inc., 2003, p. 56) 
although there is no straightforward or liner relationship between TDS and conductivity mS/cm 
since conductivity measurement changes with the type and concentration of salts present in the 
solution, as well as with temperature (Metcalf and Eddy Inc., 2003 and Eutechinst.com, 2011).. 
However, the following relationship in Eqn. 5.3 can be used in making rough estimations of TDS 
using EC and also in checking the acceptability of chemical analyses, provided that it “does not 
necessarily apply to raw wastewater or high strength industrial wastewater” (Standard Methods, 
1998 cited in Metcalf and Eddy Inc., 2003, p. 56).  

TDS (mg/l)  EC (dS/m or mho/cm)  (0.55- 0.7)        (Eqn. 5.3)
9
 

TDS is the measure of solids in a water that pass through a filter with a specified pore size, which 
are then evaporated and dried at a specified temperature10. TDS consists of colloidal and 
dissolved solids, and is the difference between TS (total solids) and TSS (total suspended solids) 
(Metcalf and Eddy Inc., 2003, p. 56).  

The results obtained in the experimental study have been directly calculated into percentage 
increases of conductivity, which therefore is assumed to be proportional to percentage increase 
of TDS; which also is assumed to be proportional to TS or even SS (suspended solids) 
measurements when comparing to other relevant studies found in literature. 

For the Ca2+ concentration 20 mg/l, the highest dissolved solids content was observed since it 
contains the highest percentage increase of conductivity, at higher Mg2+ concentrations; 30 and 
40 mg/l. However, the highest Ca2+ concentration; 30 mg/l seems to be affecting negatively in 
increasing the TDS, since it has an increase of conductivity (and thus TDS) only when both Ca2+ 
and Mg2+ concentrations were 30 mg/l. For the Ca2+ concentrations 10 and 20 mg/l, the 

                                                        

9
 dS/m = mS/cm and mho is micromhos (in US customary units) (Metcalf and Eddy Inc., 2003) 

10
 The most commonly used filter type is Whatman glass fibre filter with nominal pore size 1.58 m, and the 

temperature (specified) is 105 
o
C 
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percentage conductivity increase hitherto haven’t reached the obtainable maximum points and 
thus only in terms of achieving the highest TDS increase; the Mg2+ concentration needs to be 
increased, while for 30 mg/l Ca2+ concentration, it had already reached its maximum at 30 mg/l 
Mg2+. 

Highest percentage increase obtained from the results at 20 mg/l Ca2+ and 40 mg/l Mg2+ suggests 
that increased concentrations of Mg2+ would produce the maximum percentage increase of TDS 
(after which it would reduce), while the trend of the both curves of 10 and 20 mg/l Ca2+ is an 
indication that probably the percentage increase of TDS (i.e., conductivity) would rather reach a 
constant value without decreasing after reaching a maximum (which possibly would be close to 
the observed maximum values). Considering the experimental results in overall, since most of 
the concentrations have produced positive percentage increases of conductivity, it is evident 
that precipitation had occurred, and thus the dissolved solids content had increased. 

However, it (the mostly increased percentage increases of TDS) also could be an implication that 
more time for settling is required since at most of the concentrations the precipitates were still 
under suspension when the samples were taken apparently (which is evident due to the increase 
of solids content after precipitation). This is also obvious comparing for instance, in Dollof et al. 
(1972 cited in Semerjian and Ayoub, 2001, p. 392)’s use of high-pH lime-magnesium process for 
municipal wastewater treatment yielding a 91% reduction of suspended solids (SS) where a 
reduction of the solids is expected, whereas the experimental results in the thesis study mostly 
yield an increase. 

In contrast, this increase observed of TDS could be an indication of a more dissolving of the 
solids in the primary effluent with the addition of the two chemicals opposed to the expected 
settling of dissolved solids (Levlin, 2011). 

5.1.6 Alkalinity 
The alkalinity of the primary effluent is used as a measure of assessing the wastewater 
characteristics, and mostly it had been around 6 mmol/l for most of the occasions. 

The percentage increase of alkalinity (due to precipitation) for the lowest Ca2+ concentration; 10 
mg/l, is increasing with the increase of Mg2+ concentration. Here the reason could be that the 
supply of Mg2+ is more than the stoichiometric requirement and the gap between the 
stoichiometric requirement and the supply is increasing with the increase of Mg2+ concentration, 
thus excess Mg2+ ions causing an increased alkalinity in the water.   

On the other hand, the alkalinity apparently is increasing and decreasing (in a zigzag pattern) for 
the two higher concentrations of Ca2+, 20 and 30 mg/l, with the differences in the Ca2+ and Mg2+ 
concentrations, most probably accounting for the excesses of either Ca2+ or Mg2+ ions, after the 
stoichiometric amounts have been consumed in precipitating organics, and nutrients nitrogen 
and phosphorus. However, this ‘zigzag behaviour’ cannot be quite explained by the 
stoichiometry difference and the gap being widened with the increase of concentrations. 
Nevertheless, since for three out of the four Mg2+ concentrations, the alkalinity increases remain 
quite similar at both Ca2+ concentrations 20 and 30 mg/l, it could be assumed that identical 
situations occur with having excess of the same chemical possibly at equivalent concentrations 
at the corresponding points.  



Saman Nimali Gunasekara  Master’s Thesis: Improvements on Municipal WWT  

- 53 - | P a g e  

 

In alkalinity cuvette tests also, only 0.5 ml of the sample is taken and thus impact of measuring 
errors during making of the dilutions could also affect the observed readings to deviate from the 
actual readings (similar to total nitrogen test; however lesser impact since the whole 0.5 ml is 
included in the reading, compared to only 0.1 ml being read in Tot-N test). 

5.1.7 COD Analysis for Filtered and Non-Filtered Wastewater 
The COD analysis for a sample of untreated wastewater taken after primary sedimentation 
(primary effluent), with and without filtration had produced two different measurements which 
have a difference more than 50%. This most evidently is the difference between the total COD 
(inclusive of both dissolved and suspended organics) and suspended organics (COD) in 
wastewater. This fact is affecting the results obtained at the COD measurements for chemical 
precipitation experiments in several ways, since all the readings of untreated and treated 
wastewaters were taken without a filtration step.  

Mainly, the measured COD is partly consisting of suspended organics but not just dissolved 
organics which only get precipitated with the addition of Ca2+ and Mg2+. Therefore, only part of 
the reading (equivalent to the filtered samples’ reading) is the COD which is precipitately and 
thus should have been measured. Then, the slow mixing enhances the settling of some of the 
suspended particles which existed in the wastewater all along, and when the COD is read of the 
precipitated samples after one hour’s settling, some of these already existing particles have 
settled along with the precipitates and thus the reading is inclusive of the reduction of these 
other particles (organics), but not just the reduction of dissolved COD due to settling of the 
precipitates. Therefore, the erroneous reading due to the inclusion of suspended organics 
intensifies with the unwanted (or unexpected) settling of these suspended organics thus 
producing an apparent reduction in COD, which in reality has not occurred due to the 
precipitation chemicals. However, it is important to consider that in both readings before and 
after treatment; some amount of suspended solids are also included; which get cancelled off (as 
a common factor) when considering the percentage reduction of COD, which implies that the 
error factor is less in the results presented and discussed for COD percentage reduction 
compared to the COD measurements themselves.   

Nevertheless, a better analysis would have been possible if COD measurements could have been 
done for the dissolved organics but not as total COD (through changing the particular type of 
cuvettes, or by adding a filtration step for each COD measurement).  

5.2 Acid Hydrolysis of Toilet paper 
The acid hydrolysis of toilet paper had produced a COD to the acid solution, of 8.36 mg/l 
concentration, which is an indication to that some amount of toilet paper had been dissolved 
into organic compounds (possibly smaller molecule polymers such as sugars). The weight loss 
observed of the toilet paper after filtration of the mixture also indicates that part of the toilet 
paper is being consumed. However, the method of how the measurements of weights are done 
after hydrolysis requires improvising since not 100% of the reminder of the toilet paper retained 
in the filters could be separated out for drying. On the other hand, the suitability of the use of 
Dr. Hach-Lange standard COD cuvettes for checking the COD of this particular solution at a very 
low pH such as around 2 remains unknown, thus the accuracy might be affected.  

In overall, the acid hydrolysis experimental results establish the fact that the remainder of toilet 
paper and other paper bases at the screening of the influents could be quite resourceful if a 
hydrolysis step could be implemented since the organic material (measured as COD) produced 
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by dissolving these papers could be used in place of the external carbon source used particularly 
at post-anoxic denitrification process. This in turn is saving resources and capital, economizing 
the treatment processes. 

5.3 Results Accuracy and Errors 
During conducting experiments, several categories of errors could have influenced the accuracy 
of the results obtained such as; errors in the methods employed, errors in the measuring 
equipment, errors that occur when making dilutions, miscalculations consequent errors, and 
other types of errors inclusive of human errors etc. (Panasiuk, 2010).  

During the experiments in the study, a methodological error is doubted at the use of the 
particular type of COD test (of Dr. Hach-Lange) which is probably designed for total COD, 
whereas, an incorporation of a filtering step to each and every reading would have produced 
more appropriate measurements and results (percentage reductions). The measuring equipment 
errors were also observed during weighing chemicals samples since the chemical balance used 
was not quite accurate. Although the probability of the use of mistaken volumes in making 
dilutions is also negligible, erroneous cuvette readings (deviating slightly from the actual values) 
might have occurred, subsequent small changes in dilution (which might have been magnified at 
the cuvette readings, as in the case of total nitrogen and even maybe in alkalinity tests). The 
possibility of miscalculations related errors is also negligible while human errors other than 
through measuring volumes etc when making dilutions (which were accounted at measuring 
errors) could also be neglected, and assumed to be equal at every trial since been done by a 
single person.  

However, since every individual experiment had one identical parallel and since all the discussed 
errors are quite small in value, as a whole, the results can be assumed to have a higher 
reliability. 

In addition, a (minor) method error might have occurred during the COD test done for the acid 
hydrolysis experiments, due to the extreme pH conditions, or even due to the presence of the 
sulphuric acid itself; with the COD test designed for wastewaters being not fully appropriate for 
this particular purpose.  

5.4 Cost Assessment 
Comparing the three highest percentage reduction values of COD, Tot-P and Tot-N it is evident 
that none of the parameters have a common concentrations combination of Ca2+ and Mg2+, 
which implies that the costs would also be depending on the particular situation and parameter 
to be prioritized. 

In overall, considering the chemicals costs (proportional to amounts used) for COD, the highest 
percentage reduction is possible at the lowest concentration (under experimental range) of both 
Ca2+ and Mg2+ (at 10 mg/l) which is evidently cheaper, while for total phosphorus, lowest of the 
three highest percentage reductions probably offers the lowest cost since it is possible at the 
lowest concentrations, 10 mg/l each. However, for total phosphorus, the smallest of the three 
highest percentage reduction values is considerably smaller than the other two, thus it is better 
to opt for the middle reduction value, since it offers second best reduction and intermediate 
consumption of chemicals, thus intermediate costs.  For total nitrogen, the lowest amounts of 
precipitants (thus lowest cost) are required at the third highest percentage reduction however, 
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which is quite similar to the other two reduction values, therefore could be an optimal decision 
as well. 

In overall, comparing the chemical pre-precipitation with Ca2+ and Mg2+, opposed to other 
chemical precipitants as well as biological treatment (producing biological sludge to be 
digested); since it produces an increased amount of sludge, a larger digester volume is necessary 
plus the sludge handling is problematic, consequent in higher costs. Nevertheless, it enables the 
production of an increased amount of biogas, opposed in particular to biological sludge, while 
the use of the cheaper chemicals lime and magnesium compared to other more expensive 
chemical alternatives like alum, ferrous etc., proves to be advantageous. In addition, the cost 
savings through energy savings by the produced biogas, and the lesser energy requirements on 
biological steps could be compared against the disadvantage of the chemical pre-precipitation 
removing too much organics from wastewater thus disturbing the pre-anoxic denitrification 
process, thus requiring additional expenditure on removal of nitrogen through other means.  
However in overall it should always be a decision made considering all the pros and cons, with 
priority being given for the cleaning results as well as cost simultaneously. 

5.5 Overall Discussion 
The observed maximum reduction percentages for the three main parameters; COD, total 

phosphorus and total nitrogen are 32.5%, 36.21% and 28.9% (29%) respectively, where all the 
three highest percentage reduction for these three parameters summarized along with the 
corresponding Ca2+ and Mg2+ concentrations in Table 5.1. 

Table 5.1 Summarized highest percentage reduction values for COD, Tot-P and Tot-N with 
corresponding Ca2+ and Mg2+ concentrations 

 Highest % reduction Second highest % reduction Third highest % reduction 

COD 
(32.5%) 

Tot-P 
(36.21%) 

Tot-N 
(28.9%) 

COD 
(31.5%) 

Tot-P 
(35.69%) 

Tot-N 
(27.04%) 

COD 
(30.8%) 

Tot-P 
(20.53%) 

Tot-N 
(26.92%) 

[Ca2+] 
mg/l 

10 10 30 20 20 20 30 10 20 

[Mg2+] 
mg/l 

10 20 10 30 10 20 30 10 10 

The highest percentage reduction for COD is quite lesser compared to the reductions by the 
commonest precipitants; alum (70%), ferric iron (60%) and lime (55-72%), and even reductions 
yielded at a high pH lime-magnesium process (80%) and a pilot plant study (with pH 11.5) (with 
an increase of reduction by 13% compared to that of lime alone). Similarly, the maximum 
percentage reduction of total phosphorus also is considerably lesser compared to the maximum 
achievable reductions in pre-precipitation by conventional and most common precipitants alum, 
lime, iron sulphate and iron chloride where majority of the reductions were within 80 -96%, and 
in particular, for the same high-pH lime-magnesium process (with a 97% reduction) and pilot 
plant study at pH 11.5 (with an average reduction of 75-91%).  

In contrast, total nitrogen however had reached almost the current maximum values even at the 
lower (non-adjusted) pH values; 31% at a high-pH lime-magnesium process study and 30-33% 
reductions at a high-pH (at pH 11.5) lime-magnesium pilot plant study yielding reductions within 
30-33%.  
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The pH of the precipitations11 had been of a maximum value of 9.1 and a lowest at 8.09 
(depending on the differences of the primary effluent pH as well), in contrast to the pH 11.5 
which had been used in (the most relevant studies found in literature to the thesis focus), at a 
high-pH lime-magnesium study emphasizing the significance of adjustment to a higher pH (for 
e.g. using NaOH) for an improved cleaning result.   

The TDS had in overall depicted more a percentage increase, especially at higher precipitants 
concentrations, thus implying an increase of suspended solids content, which should in theory 
have been a great reduction if the precipitation and settling were completed. This could mostly 
be reasoned for insufficient time allowance for settling, and probably for stirring as well, plus 
inappropriate stirring speed. On the other hand, it could be implying that more dissolving had 
occurred instead of the expected precipitation of the dissolved solids. 

Therefore, in overall, the evident gaps between the removal efficiencies of COD and total 
phosphorus to that of literature values could be emphatically linked to the lower pH as well as 
the insufficient allowance for settling as well as inappropriate stirring speed and time allowance.  

The significant difference between the non-filtered and filtered primary effluent suggests that 
had the method in measuring COD been modified, it would have given a more accurate value, 
and thus the present values might not be representing actual COD readings. However, the error 
can be assumed to be not significantly large, and also uniform for all the COD results, since the 
readings were not straightaway used in analysis, but only the calculated value; percentage 
reduction was used.  

In addition, a minor methodological error or in particular too sensitive measuring ranges might 
have produced the negative results and higher deviations especially in Tot-N measurements.  

For assessing the impact of possible errors, it would have been better if a sensitivity analysis had 
been done, however since such an analysis would also require a series of experiments, it had not 
been done due to the time constraints in the thesis study. 

Regarding the trends of percentage reductions of the three main parameters under 
consideration COD, Tot-P and Tot- N, a distinct feature was that no distinguishable trends were 
recognizable for the overall data. In addition, there was no single combination of the 
concentrations of Ca2+ and Mg2+ to achieve simultaneous highest percentage reductions of the 
three parameters. Therefore, the choice of the concentrations of Ca2+ and Mg2+ is quite purpose-
specific and also cost-specific, i.e., the choice of chemicals concentrations needs to be 
customized with the specific treatment situation, discharge requirements, sludge characteristics 
requirements as well as cost limitations.  

In opting for the treatment with the use of Ca2+ and Mg2+ as pre-precipitation chemicals over the 
conventional treatment methods of pre-precipitation, all the factors such as expectations on the 
cleaning result, mode and availability of facilities for sludge handling and disposal (for biogas 
generation or landfilling), and crucially, the consideration over the overall costs (and savings as 
well) are all vital aspects. For such decision making, a more lifecycle approach is crucial. 

                                                        

11
 pH of the wastewater immediately after the addition of precipitants  
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In terms of economizing the overall wastewater treatment systems, acid hydrolysis of toilet 
paper and other paper bases contained in the wastewater proves to be a promising 
technological advancement whereby the use of the higher efficient denitrification process; post-
anoxic denitrification is feasible at a lesser expense. This is possible since the requirement for an 
external carbon source for this particular denitrification process could be fulfilled through the 
hydrolyzed product, internally with a minor process step of hydrolysis. However, in this again a 
comparison between the capital to be spent on the modifications as well as operating costs 
inclusive of the continuous supply of acid, needs to be weighed against the savings through the 
use of a higher efficiency nitrogen removal process, savings on elimination of the need for an 
external carbon source, as well as lesser expenses on handling and disposal of paper based 
wastes retained at preliminary treatment units such like screens. 

In Sri Lanka the solar evaporated salt industry has a significantly unrealized potential of bittern, 
which is quite rich in magnesium, while the limestone industry is a significant source of calcium, 
both of which could be obtained at very much cheap prices, compared to the higher prices of the 
other conventional chemicals alum and ferrous ions increasing also with the transportation costs 
since Sri Lanka does not possess rich reserves for those chemicals. Since chemical pre-
precipitation proves to be producing a sludge which is more energy-rich, and since these two 
chemicals are cheaper especially in Sri Lanka, this particular technology has a great potential to 
be applied in the Sri Lankan municipal wastewater treatment context, essentially the treatment 
systems being integrated with the salt production and limestone industries. In addition, it has 
greater potential of expansion since Sri Lanka is an island near the equator surrounded by the 
sea, and having unwavering sunlight whole year throughout, with two thirds of the coasts having 
ideal climatic conditions for solar salt production (which could be expanded quite a lot). 

  



Saman Nimali Gunasekara  Master’s Thesis: Improvements on Municipal WWT  

- 58 - | P a g e  

 

  



Saman Nimali Gunasekara  Master’s Thesis: Improvements on Municipal WWT  

- 59 - | P a g e  

 

6 Conclusions  
The observed maximum reduction percentages for the three main parameters; COD, total 
phosphorus and total nitrogen are 32.5%, 36.21% and 28.9% respectively. However, common 
concentrations of Ca2+ and Mg2+ for highest removal of all the three do not exist, therefore 
calling for requirement-specific and cost-specific choices. 

A probable methodological error might have influenced the COD readings; which is nonetheless 
lessened with the use of percentage reduction values while a possible methodological error in 
total nitrogen and alkalinity might have caused smaller deviations and negative results observed 
at some of the total nitrogen experiments. 

In overall, the chemical pre-precipitation using Ca2+ and Mg2+ together, without pH adjustment 
had produced lesser removal efficiencies for COD and Tot-P, while Tot-N had reached almost the 
maximum removal efficiency, compared to other alternative chemicals and similar processes. 
However, evidence suggests that for this novel chemicals combination, with a higher pH around 
11.5 and with optimal settling and stirring conditions, the cleaning results can be improved very 
much. 

Acid hydrolysis of the toilet paper proves to be a promising technology with potential of opting 
for the higher efficiency post-anoxic denitrification, with replacing the external carbon source 
with the product from hydrolysis.  

The chemical pre-precipitation with calcium and magnesium in combination is a sound 
technology to be used in the context of Sri Lanka since there is great potential of obtaining the 
two chemicals from local industries at very much cheaper prices, the industries possessing more 
potential for expansion and thus substantial capacity for the integration of the industries to the 
treatment systems. 
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7 Recommendations for Future Study  
The recommendations for future study are mainly for the following areas, principally with the 
focus on achieving a more accurate and relevant COD measurements, checking the behaviour of 
the wastewaters at higher concentrations of the used chemicals; Ca2+ and Mg2+ etc, which can be 
described in detail as following: 

 Use of a COD test/measurement accounting for dissolved organics only, for example 
through the use of filtered samples every time 

 Use of concentrations higher than 30 mg/l of Ca2+ and 40 mg/l of Mg2+  and 
concentrations lower than 10 mg/l of both Ca2+ and Mg2+ for the similar conditioned 
experiments; for municipal wastewater, used at a pre-precipitation step, following 
primary settling  

 A set of experiments for the same Ca2+ and Mg2+ concentrations and similar conditions 
(pre-settled municipal wastewater for pre-precipitation), however with adjusting pH to a 
higher pH inclusive of 11.5 (e.g., 10.5, 11, 11.5 and 12) with NaOH, prior addition of 
precipitants 

 For the same conditions and chemicals concentrations, adjusting different rotational 
speeds during stirring, changing (increasing) stirring time and changing (increasing) 
settling time 

 An experimental study comparing the different alternatives Fe2+, Fe3+ salts and Al3+ salts 
with this Ca2+ and Mg2+ combination, with equal conditions; such as on the type of 
effluent (better to use primary effluent), pH, stirring and settling etc. 

 Acid hydrolysis of toilet paper, employing several conditions of the two types; high 
temperature-diluted acid and low temperature- concentrated acid methods 

 For acid hydrolysis, investigation of the COD test validity of cuvette tests by Dr. Hach-
Lange (whether the higher acidity, pH, H2SO4 acid in particular, affect the readings) 

 Accuracy/suitability tests on Hach-Lange- total nitrogen (and alkalinity) tests; especially 
during making dilutions and sampling; on whether the use of a very small amount of 
sample affect the measurement accuracy significantly or not 

 Analysis of sludge characteristics of municipal wastewater sludge obtained from pre-
precipitation using Ca2+ and Mg2+ against the sludge obtained through biological 
treatment, in terms of energy content and sludge volume 

 A sensitivity analysis for the experimental results especially for COD, Tot-P and Tot-N (This 
would also require a series of experiments) 
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Symbols/Abbreviations 

mho/cm - micromhos per centimeter 

[Ca2+] - Ca2+ concentration 

[Mg2+] - Mg2+ concentration 

Avg,[Ca2+]=10 - Average of the results of the two parallel experiments for 10 mg/l 
Ca2+ concentration  

BASP - Baltic Sea Action Plan 

BDW-waters  - bath, dishwashing, wash waters 

BOD - Biochemical Oxygen Demand 

BOD7 - Seven days’ Biochemical Oxygen Demand 

C- waters  - closet waters  

C/N ratio - Carbon to Nitrogen ratio 

CA  -  Concentration of cellulose 

CB  -  Concentration of sugar 

CEPT - Chemically Enhanced Primary Treatment  

COD - Chemical Oxygen Demand 

CSTRs - Continuous Stirred-Tank Reactors 

DR - Dilution Range 

DO - Dissolved Oxygen 

dS/m - deci Siemens per meter 

EC  - Electrical Conductivity 

IVL  - Swedish Environmental Research institute  

K1  - Reaction rate constant for cellulose to sugar 

K2  - Reaction rate constant for sugar to decomposition 

M - Molarity (mol/liter) 

mmol/l -  milli mols per liter 
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mS/cm - milli Siemens per centimetre 

PE  - Primary Effluent  

ppm - Parts Per Million 

PR  - Percentage Reduction 

rpm  - Revolutions Per Minute 

SCOD - Soluble Chemical Oxygen Demand 

SEK - Swedish Kronor 

SG - Specific Gravity 

SRT  - Sludge Retention Time  

SS - Suspended Solids 

t  - Time 

TA  - Total Alkalinity  

TDS - Total Dissolved Solids 

TN - Total Nitrogen 

TOC - Total Organic Carbon 

Tot-N - Total Nitrogen 

Tot-P - Total Phosphorus 

TSS - Total Suspended Solids 

TSS - Total Suspended Solids  

TW - Treated water 

VFA  - Volatile Fatty Acids  

Vflask  - Volume of the volumetric flask 

Vsample  - Volume of the sample 

VSS  - Volatile Suspended Solids  

WWTP - Wastewater Treatment Plant 
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Appendix 1  

TableA1 0.1 Advantages and limitations of nitrogen-removal processes (Metcalf and Eddy Inc., 2003) 

Process 
Advantages Limitations 

Pre-anoxic - 
general 

Saves Energy; BOD is removed before aerobic zone 
Alkalinity is produced before nitrification 
Design includes an sludge volume index (SVI) selector 

 

MLE (Modified 
Ludzack-Ettinger) 

Very adaptable to existing activated-sludge processes 
5 to 8 mg/l total nitrogen (TN) is achievable 

Nitrogen-removal capacity is a function of internal recycle 
Potential Nocardia growth problem 
Dissolved oxygen (DO) control is required before recycle 

Step Feed Adaptable to existing step-feed activated-sludge processes 
with internal recycle in last pass, nitrogen concentrations less 
than 5mg/l are possible 
5 to 8 mg/l TN is achievable 

Nitrogen-removal capability is a function of flow distribution 
More complex operation than MLE; requires flow split 
control to optimize operation 
Potential Nocardia growth problem 
Requires DO control in each aeration zone 

Sequencing batch 
reactor (SBR) 

Process is flexible and easy to operate 
Mixed-liquor solids cannot be washed out by hydraulic surges 
because flow equalization is provided 
Quiescent settling provides low effluent total suspended solids 
(TSS) concentration 
5 to 8 mg/l TN is achievable 

Redundant units are required for operational reliability 
unless aeration system can be maintained without draining 
the aeration tank 
More complex process design 
Effluent quality depends upon reliable decanting facility 
May need effluent equalization of batch discharge before 
filtration and disinfection 

Batch decant 5 to 8 mg/l TN is achievable 
Mixed-liquor solids cannot be washed out by hydraulic surges 

Less flexible to operate than SBR 
Effluent quality depend upon reliable decanting facility 
 

Bio-denitroTM 5 to 8 mg/l TN is achievable 
Large reactor volume is resistant to shock loads 

Complex systems to operate 
Two oxidation ditch reactors are required; increases 
construction cost 
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NitroxTM Large reactor volume is resistant to shock loads 
Easy and economical to upgrade existing oxidation ditch 
processes 
Provides SVI control 

Nitrogen-removal capability is limited by higher influent total 
Kjeldahl nitrogen (TKN) concentrations 
Process is susceptible to ammonia bleed-through 
Performance is affected by influent variations  

Bardenpho (4- 
stage) 

Capable of achieving effluent nitrogen levels less than 3 mg/l Large reactor volumes required  
Second anoxic tank has low efficiency 

Oxidation ditch Large reactor volume is resistant to load variations without 
affecting effluent quality significantly 
Has good capacity for nitrogen-removal; less than 10mg/l TN is 
possible 

Nitrogen-removal capacity is related to skills of operating 
staff and control methods 

Post-anoxic with 
carbon addition 

Capable of achieving effluent nitrogen levels less than 3 mg/l 
Maybe combined with effluent filtration 

Higher operating cost due to purchase of methanol 
Methanol feed control provided 
 

Simultaneous 
nitrification/ 
denitrification 

Low effluent nitrogen levels possible (3 mg/l is the lower limit) 
Significant energy savings possible 
Process may be incorporated into existing facilities without 
new construction  
SVI control enhanced 
Produces alkalinity 

Large reactor volume; skilled operation also required 
Process control system required 
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Appendix 2  
The different chemical reactions involved with the chemical precipitation and flocculation with 
details on quantities are given in TableA2 0.1 to TableA2 0.10. 

TableA2 0.1 The Reaction with alum (Metcalf and Eddy Inc., 2003, p. 494) 

Quantity 
involved 

3100 (as 
CaCO3) 

666.5  278 3136 644 1818 

Reaction 3Ca(HCO3)2 + Al2(SO4)3.18H2O   2Al(OH)3 +   3CaSO4  +    6CO2   +  18H2O 
Solubility Soluble Soluble  Insoluble Soluble Soluble  

TableA2 0.2 The Reaction for the carbonic acid, in reactions with lime (Metcalf and Eddy Inc., 2003, p. 
495)  

Quantity 
involved 

44 (as 
CO2) 

56 (as 
CaO) 

 100 218 

Reaction H2CO3        +   Ca(OH)2           CaCO3      +     2H2O 
Solubility Soluble Slightly 

soluble 
 Somewhat 

soluble 
 

TableA2 0.3 The Reaction for the alkalinity, in reactions with lime (Metcalf and Eddy Inc., 2003, p.  495)
  

Quantity 
involved 

100 (as 
CaCO3) 

56 (as 
CaO) 

 2100 218 

Reaction 3Ca(HCO3)2 + Ca(OH)2  2CaCO3 + 2H2O 
Solubility Soluble Slightly 

soluble 
 Somewhat 

soluble 
 

  

TableA2 0.4 The first of the two main reactions that occur when ferrous sulphate by itself is added to 
the wastewater (Metcalf and Eddy Inc., 2003, p. 495) 

Quantity 
involved 

278 100 (as 
CaCO3) 

 178 136 718 

Reaction FeSO4.7H2O +     Ca(HCO3)2      Fe(HCO3)2    +    CaSO4  +    7H2O 
Solubility Soluble Soluble  Soluble Soluble  

  
TableA2 0.5 The second of the two main reactions that occur when ferrous sulphate by itself is added to 
the wastewater (Metcalf and Eddy Inc., 2003, p. 496) 

Quantity 
involved 

278  489.9  

Reaction Fe(HCO3)2         Fe(OH)2       +       CO2  
Solubility Soluble  Very slightly 

soluble 
Somewhat 
soluble 

TableA2 0.6 The reaction that occur when ferrous sulphate is added with lime to the wastewater 
(Metcalf and Eddy Inc., 2003, p. 496) 

Quantity 
178 256 (as 

CaO) 

 89.9 2100 218 
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involved 

Reaction Fe(HCO3)2    +    2Ca(OH)2         Fe(OH)2       +  2CaCO3      +  2H2O 
Solubility Soluble Slightly 

soluble 
 Very slightly 

soluble 
Somewhat 
soluble 

 

TableA2 0.7 The oxidation reaction of ferrous to ferric hydroxide by dissolved oxygen in wastewater 
(Metcalf and Eddy Inc., 2003, p. 496) 

Quantity 
involved 

89.9 ¼  32 ½ 18  106.9 

Reaction     Fe(OH)2      +   1/4O2   +  1/2H2O      Fe(OH)3 

Solubility Very slightly 
soluble 

soluble   Insoluble 

TableA2 0.8 The reaction with the addition of ferric chloride to the wastewater (Metcalf and Eddy Inc., 
2003, p. 496) 

 
Quantity 
involved 

2162.2 3100 (as 
CaCO3) 

 2106.9   

Reaction     2FeCl3       +  3Ca(HCO3)2       2Fe(OH)3    +     3CaCl2     +   6CO2 
Solubility Soluble Soluble  Insoluble soluble soluble 

TableA2 0.9 The reaction with the addition of ferric chloride and lime to the wastewater (Metcalf and 
Eddy Inc., 2003, p. 497) 

Quantity 
involved 

2162.2 356 (as 
CaO) 

 2106.9 3111 

Reaction    2FeCl3    +  3Ca(OH)2     2Fe(OH)3      +   3CaCl2 

Solubility Soluble Slightly 
soluble 

 Insoluble Soluble 

TableA2 0.10 The reaction with the addition of ferric sulphate and lime to the wastewater (Metcalf and 
Eddy Inc., 2003, p. 497) 

Quantity 
involved 

399.9 356 (as 
CaO) 

 2106.9 3136 

Reaction Fe2(SO4)3  +  3Ca(OH)2      2Fe(OH)3     +   3CaSO4 
Solubility Soluble Slightly 

soluble 
 Insoluble Soluble 
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Appendix 3 
The experimental findings for different percentages of seawater are depicted in the tables; 
TableA3 0.1 to TableA3 0.3 where in TableA3 0.3, the amounts within brackets together with the 
FeCl3 concentrations, are the percentage of seawater used (by volume) at particular instance. 

TableA3 0.1 The summary of removals in experiment 2A, with seawater used at 0.5% by volume (Kfouri 
and Kweon, 2003) 

   Removal Rates % 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

8 
No 
seawater 

590 COD 6 6 8 15 16 20 

8 SS 36 37 46 50 58 64 

166 Turbidity 34 29 42 50 54 56 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

9 
0.5% 
seawater 

590 COD 10 13 17 28 31 30 

8 SS 37 43 55 70 60 75 

166 Turbidity 42 46 57 64 69 68 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

10 
0.5% 
seawater 

1302 COD 24 25 30 35 41 37 

619 SS 49 59 62 65 68 73 

395 Turbidity 31 48 51 59 71 76 

TableA3 0.2 The summary of removals in experiment 2B with seawater used at 1 and 2% by volume 
(Kfouri and Kweon, 2003) 

 
  Removal Rates % 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

8 
No 
seawater 

590 COD 6 6 8 15 16 20 

208 SS 36 37 46 50 58 64 

166 Turbidity 34 29 42 50 54 56 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

9 
0.5% 
seawater 

620 COD 11 25 34 36 39 44 

218 SS 13 27 41 50 64 69 

131 Turbidity 8 16 48 51 59 59 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

10 
0.5% 
seawater 

620 COD 15 28 32 38 46 50 

218 SS 17 33 47 61 70 65 

131 Turbidity 10 33 45 60 68 68 

TableA3 0.3 The summary of removals in experiment 2C with seawater used at 5% and 10% by volume 
(Kfouri and Kweon, 2003) 

 
  Removal Rates % 

Jar Test Raw FeCl3 (mg/l) 0 10 20 30 40 50 

8 
No 
seawater 

590 COD 6 6 8 15 16 20 

208 SS 36 37 46 50 58 64 

166 Turbidity 34 29 42 50 54 56 

Jar Test Raw FeCl3 (mg/l) 0 20 (5) 30 (10) 40 (0) 40 (5) 40 (10) 
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25 
5 and 10% 
seawater 

389 COD 5 0 0 2 1 3 

101 SS 0 25 42 11 66 68 

84 Turbidity 5 19 38 4 63 68 

Jar Test Raw FeCl3 (mg/l) 0 30 30 (5) 30 (10) 40 (5) 40 (10) 

26 
5 and 10% 
seawater 

348 COD 4 20 14 25 14 22 

110 SS 3 9 58 60 65 72 

143 Turbidity 8 7 53 58 62 70 
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Appendix 4 
In Appendix 4, the experimental results are presented in TableA4 0.1 to TableA4 0.5, which were used in producing the graphs in the Chapter 4. 

 TableA4 0.1 Experimental results for chemical pre-precipitation experimental analysis; for alkalinity, conductivity and temperature 

Date 
[Ca2+] [Mg2+] 

Alkalinity  (mmol/l) Conductivity (mS/cm) Temp (oC) 

Before 
(PE) 

After 
(TW) 

Just before 
precipitation 

After 
precipitation 

Before 
precipitation 

After 
precipitation 

 
[Ca2+]= 10 (Mg2+)1 S1 S2 S1 S2 S1 S2 S1 S2 

15th April 10 10 6.22 5.42 0.70 0.70 0.70 0.71 17.70 17.95 20.05 20.05 

27th April, 2 10 20 6.68 5.90 0.77 0.77 0.78 0.77 19.05 19.01 22.25 22.35 

02nd May 10 30 5.80 5.40 0.80 0.80 0.82 0.82 17.40 19.40 19.40 19.45 

10th May 10 40 5.36 5.86 0.75 0.75 0.77 0.77 19.00 19.20 22.35 22.40 

             

 [Ca2+]=20 (Mg2+)2           

27th April, 1 20 10 6.68 6.54 0.76 0.76 0.77 0.77 18.30 18.30 22.05 22.25 

20th April, 1 20 20 5.76 6.20 0.70 0.70 0.70 0.70 16.95 17.05 20.00 20.00 

03rd May, 1 20 30 5.90 5.66 0.74 0.76 0.76 0.80 17.80 17.65 20.40 20.30 

09th May 20 40 5.76 5.82 0.77 0.77 0.80 0.81 19.40 19.40 22.30 22.40 

             

 [Ca2+]=30 (Mg2+)3           

19th April,1 30 10 11.44 8.06 0.73 0.73 0.70 0.70 17.30 17.30 21.90 21.70 

20th April,2 30 20 5.76 6.18 0.70 0.70 0.70 0.70 18.30 18.20 21.30 21.25 

03rd May, 2 30 30 5.90 5.42 0.74 0.74 0.75 0.75 18.30 18.30 19.80 19.40 

11th May 30 40 5.58 5.57 0.76 0.76 0.75 0.76 19.50 19.10 23.20 23.20 
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TableA4 0.2 Experimental results for chemical pre-precipitation experimental analysis; for pH 

Date 
[Ca2+] [Mg2+] 

pH 

Primary 
Effluent 
(PE) 

Just after addition of precipitants After precipitation 

S1 S2 
 

S1 S2   

 [Ca2+]= 10 (Mg2+)1  [Ca2+]= 10 ([Ca2+] = 10)2 Avg, [Ca2+] = 10 [Ca2+]= 10 ([Ca2+] = 10)2 Avg, [Ca2+] = 10 

15th April 10 10 8.29 8.58 8.58 8.58 8.46 8.50 8.48 

27th April, 
2 

10 20 8.21 8.46 8.43 8.45 8.33 8.31 8.32 

02nd May 10 30 7.65 8.15 8.02 8.09 8.06 7.98 8.02 

10th May 10 40 8.29 8.55 8.62 8.59 8.45 8.54 8.50 

            

 [Ca2+]=20 (Mg2+)2  [Ca2+]=20 ([Ca2+] = 20)2 Avg, [Ca2+] = 20 [Ca2+]=20 ([Ca2+] = 20)2 Avg, [Ca2+] = 20 

27th April, 
1 

20 10 8.21 8.70 8.69 8.70 8.51 8.50 8.51 

20th April, 
1 

20 20  9.09 9.27 9.18 9.02 9.25 9.14 

03rd May, 1 20 30 8.19 8.68 8.60 8.64 8.54 8.56 8.55 

09th May 20 40 7.94 8.55 8.55 8.55 8.43 8.44 8.44 

            

 [Ca2+]=30 (Mg2+)3  [Ca2+]=30 ([Ca2+] = 30)2 Avg, [Ca2+] = 30 [Ca2+]=30 ([Ca2+] = 30)2 Avg, [Ca2+] = 30 

19th April,1 30 10  9.13 9.28 9.21     

20th April,2 30 20  9.08 9.23 9.16 9.11 9.23 9.17 

03rd May, 2 30 30 8.19 8.92 8.85 8.89 8.80 8.80 8.80 

11th May 30 40 7.97 8.72 8.70 8.71 8.78 8.69 8.74 

 Average pH (of PE) 8.10       
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TableA4 0.3 Experimental results for chemical pre-precipitation experimental analysis; for COD, total nitrogen and total phosphorus 

Date 
[Ca2+] [Mg2+] COD (mg/l) Tot N (mg/l) Tot P (mg/l) 

before 
(primary 
Effluent- 
PE) 

After (TW) before 
(PE) 

After (TW) before 
(PE) 

After (TW) 

 [Ca2+]= 10 (Mg2+)1 S1 S2 S1 S2   S1 S2 

15th April 10 10 236.00 160.00 158.75 36.20 34.00  5.82 4.63 4.63 

27th April. 2 10 20 273.00 213.33 213.33 52.00 40.20 47.00 11.60 7.40  

02nd May 10 30 325.00 266.00 256.00 48.10 38.40 53.00 12.80 11.90 11.60 

10th May 10 40 274.00 210.25 195.50 36.60 39.00 38.60 11.00 10.10 9.75 

            

 [Ca2+]=20 (Mg2+)2          

27th April. 1 20 10 273.00 208.33 225.00 52.00 38.00  11.60 7.59 7.33 

20th April. 1 20 20 224.00 162.67 163.83 46.60 32.20 35.80 9.27 8.66  

03rd May. 1 20 30 308.00 212.00 214.00 39.80 31.40 47.60 11.50 10.70 10.60 

09th May 20 40 363.00 272.00 328.00 44.40 39.60 63.00 14.20 13.10 12.90 

            

 [Ca2+]=30 (Mg2+)3          

19th April.1 30 10 320.00 228.33 225.00 52.60 37.40  11.20 9.30 10.30 

20th April.2 30 20 224.00 159.33 163.67 46.60 36.60  9.27 8.44 8.38 

03rd May. 2 30 30 308.00 208.00 214.00 39.80 33.20 36.80 11.50 10.70 11.00 

11th May 30 40 200.00 174.50 194.75 39.60 37.00 36.20 10.50 9.20 9.02 
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TableA4 0.4 Percentage increase of alkalinity and conductivity calculated based on experimental results for chemical pre-precipitation experiments 

Date 
[Ca2+] [Mg2+] 

Percentage Increase 

Alkalinity Conductivity 

 S1 S2 Avg, [Ca2+] = 10 

 [Ca2+]= 10 (Mg2+)1   [Ca2+]= 10 ([Ca2+] = 10)2   

15th April 10 10 -12.862 0.000 1.429 0.714 

27th April. 2 10 20 -11.677 1.299 0.000 0.649 

02nd May 10 30 -6.897 2.500 2.500 2.500 

10th May 10 40 9.328 2.667 2.667 2.667 

          

 [Ca2+]=20 (Mg2+)2   [Ca2+]=20 ([Ca2+] = 20)2 Avg, [Ca2+] = 20 

27th April. 1 20 10 -2.096 1.316 1.316 1.316 

20th April. 1 20 20 7.639 0.000 0.000 0.000 

03rd May. 1 20 30 -4.068 2.703 5.263 3.983 

09th May 20 40 1.042 3.896 5.195 4.545 

          

 [Ca2+]=30 (Mg2+)3   [Ca2+]=30 ([Ca2+] = 30)2 Avg, [Ca2+] = 30 

19th April.1 30 10 -29.545 -4.110 -4.110 -4.110 

20th April.2 30 20 7.292 0.000 0.000 0.000 

03rd May. 2 30 30 -8.136 1.351 1.351 1.351 

11th May 30 40 -0.179 -1.316 0.000 -0.658 
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TableA4 0.5 Percentage reduction of COD, total phosphorus and total nitrogen, calculated based on experimental results for chemical pre-precipitation 
experiments 

[Ca2+] 
[Mg2+] 

Percentage Reduction 

COD Tot P Tot N 
  

S1 (COD) S2 (COD) Avg, [Ca2+] = 
10 

S1 (Tot P) S2 (Tot P) Avg, [Ca2+] = 
10 

S1 (Tot N) S2 (Tot N) Avg, [Ca2+] 
= 10 

[Ca2+]= 
10 

(Mg2+)
1 

 [Ca2+]= 10 ([Ca2+] = 10)2 [Ca2+]= 10  ([Ca2+] = 10)2   [Ca2+]= 10 ([Ca2+] = 10)2 

10 10 32.203 32.733 32.468 20.533 20.533 20.533 6.077   6.077 

10 20 21.857 21.857 21.857 36.207   36.207 22.692 9.615 16.154 

10 30 18.154 21.231 19.692 7.031 9.375 8.203 20.166 -10.187 4.990 

10 40 23.266 28.650 25.958 8.182 11.364 9.773 -6.557 -5.464 -6.011 

                    

[Ca2+]=
20 

(Mg2+)
2 

[Ca2+]=20  ([Ca2+] = 20)2 Avg, [Ca2+] = 
20 

 [Ca2+]=20 ([Ca2+] = 20)2 Avg, [Ca2+] = 
20 

[Ca2+]=20 ([Ca2+] = 20)2 Avg, [Ca2+] 
= 20 

20 10 23.689 17.582 20.636 34.569 36.810 35.690 26.923   26.923 

20 20 27.379 26.862 27.121 6.580   6.580 30.901 23.176 27.039 

20 30 31.169 30.519 30.844 6.957 7.826 7.391 21.106 -19.598 0.754 

20 40 25.069 9.642 17.355 7.746 9.155 8.451 10.811 -41.892 -15.541 

                    

[Ca2+]=
30 

(Mg2+)
3 

 [Ca2+]=30 ([Ca2+] = 30)2 Avg, [Ca2+] = 
30 

 [Ca2+]=30 ([Ca2+] = 30)2 Avg, [Ca2+] = 
30 

[Ca2+]=30 ([Ca2+] = 30)2 Avg, [Ca2+] 
= 30 

30 10 28.647 29.688 29.167 16.964 8.036 12.500 28.897   28.897 

30 20 28.871 26.933 27.902 8.954 9.601 9.277 21.459   21.459 

30 30 32.468 30.519 31.493 6.957 4.348 5.652 16.583 7.538 12.060 

30 40 12.750 2.625 7.688 12.381 14.095 13.238 6.566 8.586 7.576 
For these instances, only readings from one of the two parallel trials were taken so that this value is taken in producing the curves, instead of taking 
the average (Since assuming 0 for the value of the other parallel trial is not reasonable and to count the average in the normal way for these 
instances). 
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Appendix 5 

TableA5 0.1 Full-scale phosphorus removal plants using chemical treatment (Yoeman et al., 1987) 

Reference 
Location/ type Chemical used Flow Chemical 

dose 
BOD P 

Influent 
(mg/l) 

Effluent 
(mg/l) 

Removal 
(%) 

Influent 
(mg/l) 

Effluent 
(mg/l) 

Removal 
(%) 

Leary et al., 
1974 

USA: AS, Co-Pt Hot acidic pickle 
liquor 

4.2  1.1 M - - - 14.5 0.9 94 

Ockershausen, 
1975 

Canada: Modified AS, 
Pre-Pt 

Alum - 90 108 42 61 7.8 1.0 86 

 USA: Modified AS, Pre-
Pt 

Alum - 165 171 14 92 10.9 0.66 94 

 USA: Modified AS, Co-
Pt 

Alum - 88 318 5.3 98 7.7 0.78 90 

Boyko & 
Rupke, 1976 

Canada: AS, Pre-Pt Alum 3.0 200 - 7 98 - 0.5 96 

 Canada: AS, Co-Pt Alum 0.75 131 - 22 92 - 1.3 88 

 Canada: AS, Pre-Pt Lime 4.0 125 - 31 73 - 1.8 80 

 Canada: AS, Pre-Pt Iron Chloride 6.4 10 - 15 87 - 0.8 88 

 Canada: AS, Co-Pt Iron Chloride 6.4 10 - 15 86 - 1.3 80 

 Canada: AS, Pre-Pt Iron Sulphate 4.5 40 - 21 88 - 3.0 83 

 Canada: Contact 
Stabilization 

Alum 0.54 125 - 3 90 - 0.3 94 

 Canada: Oxidation 
Ditch, Pre-Pt 

Alum 0.72 125 - 17 63 - 1.0 80 

 Canada: Oxidation 
Ditch, Pre-Pt 

Iron Chloride 0.72 15 - 6 91 - 0.8 83 

Braasch & 
Joeres, 1976 

Canada: AS, Pre-Pt Alum 2.8 2 W - - - 5.7 2.4 58 
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 Canada: AS, Co-Pt Alum 1.7 2 W 
 

- - - 6.4 0.6 91 

 Canada: AS, Post-Pt Alum 2.0 1 W - - - 9.7 1.1 88 

 Canada: AS, Pre-Pt Waste pickle liquor 55.4 0.5 W - - - 6.6 2.7 59 

 Canada: AS, Co-Pt Iron Chloride, 
polymer 

0.4 1.2 W - - - 11.0 1.6 85 

 Canada: Contact 
Stabilization 

Alum 1.4 0.8 W - - - 5.8 0.5 92 

 Canada: Contact 
Stabilization, Co-Pt 

Alum, polymer 1.2 2 W - - - 4.4 0.2 95 

 Canada: Contact 
Stabilization 

Alum 0.7 1.2 W - - - 12.4 7.6 39 

 Canada: Contact 
Stabilization 

Alum 0.6 1 W - - - 13.3 3.3 75 

Stewart & 
Lewis, 1976 

USA: Stabilization 
Ponds/Post-Pt 

Alum 20 1.5 M - - - 9.0 2.1 77 

 USA: Stabilization 
Ponds/Post-Pt 

Alum 20 2.1 M - - - 9.0 1.7 81 

 USA: Stabilization 
Ponds/Post-Pt 

Alum 20 2.6 M - - - 9.0 1.4 84 

Seldon, 1977 Canada: AS, Primary-Pt Alum 4.2 1.0 M    14.5 0.9 94 

Shannon & 
Rush, 1977 

Canada: As, Co-Pt Alum 13.1 9.4 
 

189 18 90 13.6 1.0 93 

 Canada: AS, Co-Pt Alum 12.6 10.5 328 12 96 10.4 0.8 92 

Bundgaard & 
Tholander, 
1978 

Denmark: As, Co-Pt Iron(II) Sulphate 
Lime pH control 

5.5 - 300 15 95 15.0 0.8 95 

Liberti, 1982, 
1985 

USA: RIM-NUT Process Ion exchange for 
ammonia/Phosphorus 

0.05 - - - - - - >50 
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recovery 

Boller, 1984a Switzerland: Tertiary 
contact filtration 

Iron(III) salts, polymer 1.9 18 - - - 6.7± 
1.9 

0.14 ± 
0.11 

>94 

Ferguson & 
Vrale, 1984 

Norway: Chemical 
treatment 

Lime and sea water 0.3 240 
3.5% sea 
water 

- - >79 - - >90 

Spatzierer et 
al., 1985 

Austria: AS, Co-Pt Iron(III) salts 1.8 8.8 381* 29* 92 10.5 2.8 73 

Williams & 
Culp, 1985 

USA: Secondary 
treatment 

Alum 37.5 150 221 22.3 90 6.5 1.0 85 

AS: activated sludge; Pt: precipitation; M: molar ratio, metal: phosphate; W: weight ratio, metal: phosphate 
*COD 
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TableA5 0.2 Phosphate precipitation methods and chemicals used in different countries (Yoeman et al., 1987) 

Stage of 
treatment 

Country Number 
of plants 

 Chemicals               
used 

BOD SS P 

Influent 
(mg/l) 

Effluent 
(mg/l) 

Remova
l 
(%) 

Influent 
(mg/l) 

Effluent 
(mg/l) 

Remova
l 
(%) 

Influent 
(mg/l) 

Effluent 
(mg/l) 

Remova
l 
(%) 

Pre-
precipitation 

Norway 1 Alum  88 7 92 111 17 85 7.9 0.5 94 

Canada 1 Lime 210 7 97 380 5 99 10.7 0.8 92 

Sweden 3 Alum  165 12 96 240 15 94 6.0 0.3 95 

USA 2 Ferric Salts - - - - - - 8.1 0.8 90 

             

Co-
Precipitation 

Norway 1 Ferrous 
Salts 

284 8.0 97 223 10 96 7.5 0.6 92 

Norway 1 Alum  90 14 84 105 27 74 5.8 0.7 88 

Finland 30 Ferrous 
Salts 

165 20 88 170 31 82 7.3 1.8 75 

Germany 1 Alum  150 12 92 - - - 9.0 2.6 71 

Sweden 1 Alum  86 9 90 85 20 76 5.1 1.1 78 

Switzerland 10 Ferrous 
Salts 

201 12 94 - - - 6.5 0.9 86 

USA 1 Ferric Salts - - - - - - 10 0.4 96 

             

Post-
Precipitation 

Canada 1 Lime 300 20 93 - - - 10 1.6 84 

Germany 1 Alum 175 15 91 - - - 11 1.8 84 

Sweden 20 Alum 150 8 95 160 20 88 6.5 0.4 94 

Sweden 8 Lime 140 12 91 135 35 74 4.8 0.8 83 

USA 1 Alum - - - - - - 10 0.5 95 

SS: Suspended Solids 
Environmental directorate: OECD, 1974, Paris 
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