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Abstract 
 
Bathers leave several contaminants while using a swimming pool, such as sweat, urine, hair, cosmetics 

and dead skin cells. These substances can accumulate over time, thus treatment of the water is crucial. 

The water treatment mainly consist of the addition of a coagulant, which forms flocs that can be 

removed in an activated glass (AG) filter, before further removal of organic material in a granular 

activated carbon (GAC) filter. The last steps of the treatment processes involves the use of UV 

disinfection and chlorination of the water. The substances present in pool water are often divided into 

hydrophilic and hydrophobic groups. Smaller hydrophilic substances have a high affinity for the 

positively charged coagulant. Larger and more hydrophobic particles have a higher affinity for the GAC  

filter. The coagulant dosage used in a swimming pool should be selected based on the properties of 

the pool water. The properties of the pool water will also influence the capacity and bed life of the 

filter.  

 

This thesis is based on the swimming facility Rud svømmehall in Bærum kommune, and is a further 

work on the bachelor thesis of Alessia Silvestro. The purpose of the thesis is to investigate the optimal 

coagulant dosage of aluminium chloride for the pool water, along with calculations of the filter 

capacity and bed life of the GAC filter.   

 

The optimal coagulant dosage for the pool water was determined through a jar test prior to analyses 

of total particle concentration, DOC concentration and dissolved aluminium concentrations from the 

ICP-MS. The capacity of the GAC filter was calculated by the addition of different amounts of 

powdered activated carbon (PAC) to the same volumes of water. Based on the amount of DOC 

adsorbed, adsorption isotherms were plotted, and further used to calculate the capacity and bed life 

of the filter. In addition to these measurements, mass balances have been calculated, the amount of 

disinfectant added to the pool water have been estimated and there has been an investigation of the 

amount of heavy metals present in the pool water.  The results from the particle measurements 

indicated an optimal coagulant dosage of 6 mg/L. The DOC measurements and the aluminium 

measurements from the ICP-MS were not conclusive as to which coagulant dosage was the most 

optimal. The capacity of the GAC filter was calculated to be 5.2 and 70.1 (mg/g)(L/mg)1/n
 with an 

estimated bed life of 564 days (1.55 years).   

 

Keywords: swimming pool water, total particle concentration, dissolved organic carbon, coagulant,  

                    granular activated carbon, chlorine concentrations.    
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Sammendrag  
 
Mennesker forurenser svømmebasseng med ulike stoffer, slik som svette, urin, hår, kosmetikk og 

døde hudceller. Uten behandling vil disse stoffene lagres i vannet over tid. Det er dermed viktig med 

gode vannbehandlingsprosesser for å minimere konsentrasjonen av disse stoffene. Vannbehandling 

involverer ofte tilsetting av en koagulant som danner flokker, hvor disse videre kan fjernes i et aktivert 

glassfilter (AG). Videre fjernes organiske molekyler fra vannet ved hjelp av et granulært aktivt 

karbonfilter (GAC). Før vannet reintroduseres til bassenget, desinfiseres det ved hjelp av UV-stråling, 

og tilsats av klor. Stoffene tilstede i vann klassifiseres gjerne som hydrofobe og hydrofile. Små hydrofile 

stoffer har ofte en høy affinitet for koagulanten, mens større og mer hydrofobe partikler har en høyere 

affinitet for GAC-filteret. Koagulantdosen som benyttes i svømmeanlegget burde basere seg på 

egenskapene til bassengvannet. Bassengvannets egenskaper vil også ha en innvirkning på kapasiteten 

og levetiden til filteret.  

 

Denne oppgaven tar for seg svømmeanlegget Rud svømmehall i Bærum kommune, og er et 

viderearbeid av Alessia Silvestros bacheloroppgave. Hensikten med oppgaven er å finne den mest 

optimale koagulantdoseringen av aluminiumklorid i bassengvannet, i tillegg til beregninger av 

filterkapasiteten og levetiden til GAC-filteret.  

 

Den optimale koagulantdoseringen i bassengvannet ble bestemt ved bruk av jar-tester før videre 

analyser av total partikkel-konsentrasjon, DOC-konsentrasjonen og konsentrasjonen av løst 

aluminium ved hjelp av ICP-MS. Kapasiteten til GAC-filteret ble beregnet ved å gjennomføre forsøk 

hvor ulike mengder pulverisert aktivert karbon (PAC) ble tilsatt til en bestemt mengde vann. Basert på 

målingene av adsorbert DOC ble adsorpsjonsisotermer plottet, og videre brukt for å beregne 

kapasiteten og levetiden til filteret. I tillegg til disse målingene, ble det gjennomført massebalanser, 

estimeringer av desinfeksjonsmiddel tilsatt badevannet, i tillegg til å undersøke mengden 

tungmetaller som finnes i bassengvannet. Hovedresultatene i oppgaven er at partikkelmålingene 

indikerer at en koagulantdosering på 6 mg/L er den mest optimale. Resultatene fra målingene av DOC 

og mengden oppløst aluminium fra ICP-MS tilsier at det ikke kan trekkes en konklusjon til den mest 

optimale koagulantdoseringen. Kapasiteten til GAC-filteret ble beregnet til å være 5.2 og 70.1 

(mg/g)(L/mg) 1/n med en estimert levetid på 564 dager (1.55 år).  

 

Nøkkelbegreper: bassengvann i svømmehaller, total partikkel-konsentrasjon, oppløst organisk  

                                 karbon, koagulant, granulært aktivert kull, klorkonsentrasjoner 
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Abbreviations and Acronyms 
 

 
AF Acidified before filtration 

AG Activated glass 

CCC Critical coagulation concentration 

Cl/N Ratio of chlorine to nitrogen 

DBP Disinfection byproduct 

DGK CarboTech DGK 8x30/60 

DOC Dissolved organic carbon 

EDL Electrical double layer 

FA Fulvic acid 

FA Filtrated before acidification 

GAC  Granular activated carbon  

HA Humic acid 

IC Inorganic carbon 

ICP Inductively Coupled Plasma 

ICP-MS Inductively Coupled Plasma Mass Spectrometry  

m/z-value Mass-charge-ratio 

MS Mass Spectrometry 

MTZ Mass-transfer zone 

NOM Natural organic matter 

PAC Powder activated carbon 

SAC254 Spectral adsorption coefficient at 254 nm 

TOC Total organic carbon 

UV Ultraviolet 

UV-VIS Ultraviolet-visible spectroscopy 

UV254 Ultra violet adsorbsion at 254 nm 

W 1-3 CarboTech Pool W 1-3 

ZPC Zero point charge 
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1. Introduction 
 
Humans have built swimming pools as far back as 2600 - 3000 BCE. [1] [2] The oldest swimming pools 

are known from Pakistan, which were used for religious rituals rather than exercise. [1] Later on the 

Roman and Greek civilisations built heated swimming pools, and swimming was part of the education 

for young boys. [3] The popularity of swimming pools increased during the 19th century, especially 

after swimming races were introduced in the Olympic Games in 1896. [1] New technology developed 

in the 20th century introduced chlorination techniques and filtration systems and replaced old 

methods of removing and renewing all the water. [1] A sustainability perspective on water treatment 

favours the use of recycling processes where the water is filtrated and disinfected, rather than wasting 

water resources. There is continuous development in technology regarding water treatment to 

optimise the treatment processes to further ensure more economically favourable processes and the 

use of fewer resources. Today swimming pools are locations for education, exercise, competition and 

other leisure activities. [4] Bathers release substances such as sweat, urine, cosmetics, and other 

contaminants, which are referred to as dissolved organic carbon (DOC). Typical processes used in 

modern swimming facilities involve the use of coagulation, filtration, and disinfection.  

 

Rud svømmehall is a modern swimming facility and is a part of Bærum idrettspark localised in Bærum, 

Norway. The facility was recently built and was available for the public in the autumn of 2021. The 

swimming facility is used for elite sports in swimming, as well as educational and rehabilitation 

purposes. [5] During the initial phase, Rud svømmehall had an interest in assuring the quality of the 

facility. For this purpose, Alessia Silvestro wrote a Bachelor thesis about the operation of treatment at 

Rud svømmehall. [6] The primary objective for the thesis was to gain an understanding of the effect 

of bather load, and particle concentrations in the units of the water treatment, in addition to an 

understanding of dissolved contaminants in the pool. Silvestro concluded that the number of bathers 

influenced the particle concentration and not just the contamination of the pool water. [6] The thesis 

also observed that the granular activated carbon filter was the only operation unit removing organic 

matter. Measurements concluded that the coagulant did not have the desired effect. [6] As a result of 

these observations, our bachelor thesis occurred. The primary objective of this thesis is to optimize 

two parts of the treatment process, the coagulation before the activated glass (AG) filter and the 

granular activated carbon (GAC) filter. More specifically, this thesis aims to determine the most 

optimal coagulant dosage. In addition, the thesis aims to determine the capacity and bed life of the 

GAC filter.  Out of interest, the amount of chlorine, trace elements and heavy metals were measured. 

Mass balances were also modelled for a better understanding of the operation of treatment.   
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2. Theory 
 

2.1 Regulations for Swimming Pool Water  

 

2.1.1 Contamination and Treatment of Pool Water 

 
The freshwater added to the balance tank contains contaminations, such as metals from the public 

water supply. With the addition of bathers, the pool water is continuously contaminated with urine, 

sweat, and cosmetics, in addition to skin-and hair particles. [7] In general, a bather releases 2.5 mg/L 

of dissolved organic carbon (DOC). [8] These substances are included in the collective term natural 

organic matter (NOM). According to Water Reclamation and Sustainability [9], NOM is defined as the 

generic mixture of organic, slightly water-soluble components such as soil, sediments, and humic 

substances causing the yellowish colour. The composting activities of microbes, dead organisms, and 

the excrement of living organisms produce these humic substances. NOM mostly consists of humic 

acid (HA), fulvic acid (FA), and non-humic fractions, including carbohydrates, amino acids, and 

proteins. [9] NOM can be divided into two fractions, hydrophobic and hydrophilic NOM as presented 

in Figure 1. The hydrophobic fractions are generally of a higher  molecular weight and have an 

aromatic character. These fractions tend to exhibit higher ultraviolet absorbance at 254nm (UV254). 

The hydrophilic fractions typically are molecules of lower molecular weight with aliphatic ketones and 

alcohols. [10] Since the disinfectant is chlorine-based, it is quite reactive with the different 

contaminants in the pool water where it will oxidize NOM. The products of these reactions are 

unwanted disinfection byproducts (DBP). Some examples of DBPs are chloramines and 

trichloromethane. [7]  

 

 

 

Pool water is often heated and recycled to minimize the loss of energy and water. This causes the 

water to have a long retention time in the pool system. [7] These factors can cause a potential growth 

environment for different microorganisms such as bacteria, viruses, fungi, and protozoans. If the 

number of microorganisms in the water is not contained, and pathogenic organisms are not removed 

Figure 1: Hydrophobic and hydrophilic substances involved in the 
two main fractions of NOM. [10] 
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completely, the bathers might get an infection from using the pool.  These problems are prevented by 

following regulations for disinfection and by the bathers following the hygienic rules of the facility. 

[11] 

 

2.1.2 Laws and Swimming Pool Standards 

 
To make sure the pool water is of hygienic quality, certain criteria must be fulfilled. The pool water is 

required to be colourless, clear, transparent and inviting to bathers. In addition to these criteria, the 

water must fulfil the parameters presented in Table 1. [12] 

 

Table 1: An overview of different criteria for pool water parameters. [12] 

Parameter Lowest added value Highest added value  

Colour value  Mg/l Pt  5 

Turbidity FTU  0.5 

Acidity pH-value 7.2 7.6 

Bacterial colony count at 37°C  Pr. mL  10 

Pseudomonas aeruginosa pr. 100 mL  0 

 

There are no requirements for the lowest added value for colour value, turbidity, germinal bacteria, 

and Pseudomonas aeruginosa. This is because these parameters should be as close as possible to zero. 

P. aeruginosa is often used as an indicator organism in swimming pools. Some of the reasoning behind 

this is because the bacteria are relatively simple to identify, it grows fast at temperatures between 

20°C and 42°C, and they can establish biofilm on the pool walls, in the pipe system and in the 

treatment system. [11] 

 

The chlorination process is most effective at a low pH. However, this can cause other problems such 

as increased corrosion and greater release of chlorine gas and chlorine amines, and further cause eye 

irritation. By itself, a low pH value will irritate the eye and mucus membranes. [11] According to §16 

in the Norwegian Regulations [12], pool water should therefore have a pH value between 7.2 and 7.6. 

The pH is usually reduced with either CO2 or hydrochloric acid and made more alkaline with lye. [11] 

 
To prevent the formation of unpleasant or hygienically questionable matter, the amount of organic 

matter and amines should be kept at a low level. The precautions taken by bathers are often a 

thorough shower with soap and not urinate in the water. There are also some criteria in Norway for 

disinfecting the pool system, as well as the amount of free chlorine used in this process, presented in 

the upcoming chapter. 
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2.1.3 Disinfection Criteria   

According to Norwegian regulations [12], the pool requires an adequate amount of disinfectant to kill 

harmful microorganisms and prevent the growth of pathogenic microorganisms in the swimming pool 

system. This is also a measure to prevent microbiological growth that can cause disease.  

 

The disinfectant should be added continuously and when required. The Norwegian regulations states 

that a maximum value of combined chlorine should be less than 50% of the free chlorine 

measurement. In addition, the value of combined chlorine should never exceed 0.5 mg Cl/L, and the 

values of combined chlorine should be kept to a minimum. [12] Table 2 presents the pool water 

requirements for disinfection with chlorine (hypochlorite) at different temperatures.  

 

Table 2: An overview of pool water requirements for disinfecting with chlorine at different temperatures. [12] 

Water temperature [°C] Minimum content 

 (free chlorine) [mg/L] 

Maximum content 

(total chlorine) [mg/L] 

=< 27 0.4 3 

27-29 0.5 3 

29-33 0.7 4 

33-37 0.9 4 

>37 1.0 4 

 

 

2.2 Coagulant, ICP-MS, and Particle Measurements 
 

2.2.1 Coagulant 
 

2.2.1.1 The Importance of Coagulation and Flocculation in Water Treatment  

 

Coagulation is an important treatment step in Rud svømmehall. The term coagulation is according to 

MWH’s Water Treatment defined as “the addition of a chemical that prepares dispersed particles in a 

solution for further treatment by flocculation.” [13] It could also “involve the addition of a chemical 

that will lead to conditions where the particles dispersed in the solution can be removed.” [13] 

Flocculation is the process where particles that have been stabilized through coagulation are further 

aggregated. [13] [14] After the addition of coagulant and further flocculation larger particles, referred 

to as flocs, are formed. These flocs can be removed in a filter. [14] In Rud svømmehall, this filtration 

happens in an activated glass filter (AG filter). Particles in water can cause turbidity and undesirable 

colour. Some of these particles can also cause diseases, as they may be in the form of bacteria, viruses, 
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and protozoa. [13] In addition, some components in the water can form toxic compounds if they react 

with the wrong substances, such as NOMs. Coagulation and flocculation are precursors for the  

removal of particles through sedimentation and filtration. [13] [14]  

 

2.2.1.2 Effect of Coagulants on Particle Stability  

 
A coagulant aims to destabilize particulates found in water. These particles can naturally occur as 

either hydrophobic or hydrophilic. Hydrophobic particles will have a clear barrier from water, due to 

their low affinity to water. Hydrophilic particles have a high affinity for water, often caused by a polar 

group or an ionized particle surface. Examples of such particles that can be found in waters are 

proteins, humic acids, clays or metal oxides. [13] [14] 

 

Particles are usually charged in water, and thus aim to form colloids and settle. This happens because 

the particles are thermodynamically unstable in suspensions, thus they will flocculate and settle given 

enough time. Since the process is time-consuming, it will not be economically favourable. Therefore 

the process is sped up by different techniques, such as the addition of coagulant. [13]  

 

The particles in water acquire surface charges in four principal ways according to MWH’s Water 

Treatment. These are called “isomorphous replacement, structural imperfections, preferential 

adsorption of specific ions and ionization of inorganic groups on particulate systems”. [13] In an 

isomorphous replacement, there is a replacement of a metal in a metal oxide with another atom that 

has a lower charge. Al3+ can for instance replace Si4+ in silicon dioxide. [13] Structural imperfections 

occur when bonds break or crystals form into new shapes, and a negative surface charge takes place. 

Furthermore, we often talk about NOMs in water treatment systems. Macromolecules such as NOM 

typically have a negative charge, as they often contain a carboxylic group. The last way of gaining a 

negative charge is through a change of pH, where an ionization of inorganic groups on particulate 

surfaces occurs. For instance, silica can both accept and donate a proton, depending on pH, where a 

pH above two means that silica donates protons, and accepts protons at pH values below two. When 

referring to different surface charges arising from pH, it is also natural to mention zero point of charge 

(ZPC), which is the pH at which the particle has a neutral charge. [13] [14]  
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2.2.1.3 The Electrical Double Layer 

 
A particle is usually negatively charged in a 

suspension. Positively charged counterions are 

found close to the particle surface to ensure 

electroneutrality. As seen in Figure 2 a number of 

layers exist around the particle. [15] One of these 

layers is called the Helmholtz layer (Stern layer in 

Figure 2), which is 5 Å thick and consists of cations 

attached to the negatively charged particles. The 

forces present are adsorption and electrostatic 

forces. [13] [16] [17] Another layer, called the 

diffuse layer, extends from the Helmholtz layer and 

into the solution until electroneutrality is satisfied where the net charge is zero. [13] [16] [17] The 

electrical double layer (EDL) consists of the Helmholtz layer and the diffuse layer. The extent of the 

electrical double layer depends on the properties of the solution.  

 

The stability of the particles in the solution is dependent upon the interactions between the particles, 

and the particles and the solution. van der Waals forces are present between the particles. These 

forces arise due to magnetic and electronic resonance that take place when particles approach one 

another. The van der Waals forces are stronger than the electrostatic repulsion forces, but because 

the electrical double layer and the electrostatic repulsion extend far into the solution, the van der 

Waals forces are not strong enough to counteract these forces. Due to this, it is necessary to add a 

coagulant to make sure that flocculation happens quickly. [13] [17] 

 

The use of counterions can ensure flocculation. Here it is relevant to define the term critical 

coagulation concentration (CCC) which describes the ionic concentration of the counterion to ensure 

flocculation. At this concentration, the EDL is sufficiently reduced so that the van der Waals forces 

ensure coagulation of the particles. The CCC depends on the types of particles in the solution as well 

as the type of dissolved ions. [13] [18] 

 

  

Figure 2: Structure of electric double layer. The zeta  
potential is marked on the figure and represents the 
potential at the shear plane. [15] 
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2.2.1.4 The Function and Properties of a Coagulant  

 
A particle can be destabilized in several ways, including compression of the EDL, charge neutralization 

and adsorption, interparticulate bridging and adsorption, and enmeshment in a precipitate, also called 

sweep floc. The compression of the EDL is not effective. The three other options are therefore more 

relevant. [13] 

 

In charge neutralization and adsorption, oppositely charged particles (positively charged) are used to 

destabilize the negatively charged particles in the water. The positively charged particles, such as 

hydrolysed metal salts, prehydrolysed metal salts and cationic organic polymers all contribute to 

charge neutralization and thus destabilize the particles. The optimum coagulant dose is found when 

the particle surface is partially covered, which is less than 50 %. When the proper amount of coagulant 

has been adsorbed on the particle, the charge is neutralized and flocculation will occur. If the 

coagulant dosage is increased, and too much coagulant is added, the particle will again receive a 

positive charge and become stable again. [13]  

 

In interparticle bridging a polymer will adsorb on different sites at particle surfaces, linking them 

together by a bridge. This bonding between particle and polymer can happen through different forces, 

involving coulombic, dipole interactions, hydrogen bonding and van der Waals forces of attraction. 

When a particle has been bound to a polymer, the rest of the polymer can remain extended into the 

solution and adsorb to other particles, thus forming an interparticle bridge. [13] [19] 

 

In water treatment, precipitation and enmeshment is one of the most used techniques. This technique 

specifically involves iron and aluminium. At high enough concentrations these metal ions will form 

insoluble precipitates and particles that are positioned inside these amorphous precipitates become 

entrapped. This phenomenon is also called sweep floc. [13] [19] Sweep floc happens in three distinct 

steps, where the first step involves hydrolysis and polymerization of the metal ions to be used as 

coagulants. In step two the particle interfaces adsorb the hydrolysed products, and in step three the 

charge is neutralized. The nucleation and formation of amorphous particle structures, where particles 

become entrapped, happen most easily at pH values between 6 and 8. [13] [19] The formation of 

sweep floc is not influenced by the type of particle. Thus, regardless of the particles present, the same 

concentration of the coagulant will be needed. However, the coagulant dosage needed varies with the 

pH of the solution. [13] 
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2.2.1.5 Jar Test and Coagulant Dosages 

 
There are a lot of factors that need to be accounted for when choosing an appropriate coagulant. 

Among these are the number and characteristics of the particles in the water, the characteristics of 

the coagulant, concentration and characteristics of the NOM in the solution, water temperature and 

water quality. [13] The two most used coagulants in water treatment are salts made of aluminium or 

iron, in addition to the prehydrolysed version of these salts. [13] Often, these salts are present as 

sulphates or chlorides, where they can exist in both solid and liquid forms. The coagulant used in Rud 

svømmehall is an aluminium-based coagulant (aluminium chloride, 50%). Further on, the actions of 

the aluminium and iron coagulants will be explained, and typical dosages used in water. The purpose 

of the Jar test will also be elaborated.  

 

2.2.1.6 The Function of Aluminium and Iron Salts 

 
When aluminium (III) and iron (III) are added to water, they will dissociate into Al3+ and Fe3+ as shown 

in Equations (1) and (2). [13] 

 

 𝐴𝑙2(𝑆𝑂4)3 ↔ 2𝐴𝑙3+ + 3𝑆𝑂4
2− 

 (1) 

 

 𝐹𝑒𝐶𝑙3 ↔ 𝐹𝑒3+ + 3𝐶𝑙− 
 (2) 

 

The trivalent metal ions Al3+ and Fe3+ will further hydrate to form complexes with water, Al(H2O)6
3+ and 

Fe(H2O)6
3+. These complexes are called aquometal complexes and have a coordination number of six. 

The protolysis of the complex is shown in Equation (3).  

 

 [

𝐻2𝑂               𝐻2𝑂
𝐻2𝑂 − 𝐴𝑙 − 𝐻2𝑂
𝐻2𝑂               𝐻2𝑂

]

3+

↔ [

𝐻2𝑂                 𝑂𝐻
𝐻2𝑂 − 𝐴𝑙 − 𝐻2𝑂
𝐻2𝑂               𝐻2𝑂

]

2+

+ 𝐻+ 
 (3) 

 

The aquometal complexes will further go into a series of hydrolytic reactions, with a variety of 

products ranging from mononuclear (one metal atom, e. g. one aluminium atom) or polynuclear 

(several metal atoms) species. [13] The mononuclear and polynuclear species formed can interact 

with the particles in water, depending on the characteristics of the water and the number of 
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particles. Difficulties in the prediction of which species are active in binding to the particles, has led 

to the use of prehydrolysed metal salt coagulants. [13] [19] 

 

The solubility of the metal salts at different pH values and concentrations is of importance when 

deciding the optimal coagulant dosage. 

 

Figure 3: Solubility diagram of Al(III) in (a) and of Fe(III) in (b) at 25°C. Only mononuclear species are shown in the two 

diagrams, and these species are assumed to be in equilibrium with the solid precipitate. Gathered from page 564 from [13].   

 

Figure 3 shows a solubility diagram of Al(III) and Fe(III) at 25°C. The shaded areas in the diagram show 

precipitated aluminium hydroxide and ferric hydroxide. Outside these areas, there is a formation of 

polynuclear and polymeric molecules. The solid lines shown in the diagrams represent the amount of 

soluble aluminium and iron that is left in the solution after precipitation. [13] In most water treatment 

processes the pH ranges from 6 to 8 and the lower limit is set to avoid corrosion of pipes and similar, 

which happen at lower pH levels. Aluminium has an operating range between pH values of 5.5 and 

7.7, with a minimum solubility at a pH of 6.2 at 25°C. [13] Ferric molecules are more stable than 

aluminium species at higher pH values, thus they are more used in operations involving higher pH 

values, such as lime-softening processes. Moreover, the solubility of aluminium is dependent upon 

temperature, as the minimum solubility shifts with temperature. This needs to be considered when 

using aluminium in processing operations. [13] At low pH values aluminium is dissolved in the solution.  

 

Addition of aluminium and ferric ions to water forms hydroxide precipitates as shown in Equations (4) 

and (5). [13] 
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 𝐴𝑙3+  +   3𝐻2𝑂 ↔ 𝐴𝑙(𝐻2𝑂)3,𝑎𝑚 + 3𝐻+  (4) 

 

 𝐹𝑒3+  +   3𝐻2𝑂 ↔ 𝐹𝑒(𝐻2𝑂)3,𝑎𝑚 + 3𝐻+  (5) 

 

The subscript “am” in the equations means that the precipitates are amorphous. These amorphous 

structures exist after the first few hours after coagulation and these products are more soluble than 

crystalline products. The overall reactions of aluminium hydroxide are shown in Equation (6) and 

Equation (7) for aluminium chloride. The equivalent reaction is shown for ferric chloride and ferric 

sulphate in Equations (8) and (9). [13] 

 

 𝐴𝑙2(𝑆𝑂4)3 ∙ 14𝐻2𝑂 → 2𝐴𝑙(𝐻2𝑂)3↓ + 6𝐻+ + 3𝑆𝑂4
2− + 8𝐻2𝑂 

 (6) 

 

 𝐴𝑙𝐶𝑙3  + 3𝐻2𝑂 → 𝐴𝑙(𝐻2𝑂)3↓ + 3𝐻+ + 3𝐶𝑙− 
 (7) 

 

 𝐹𝑒𝐶𝑙3  + 3𝐻2𝑂 → 𝐹𝑒(𝐻2𝑂)3↓ + 3𝐻+ + 3𝐶𝑙− 
 (8) 

 

 𝐹𝑒2(𝑆𝑂4)3 ∙ 9𝐻2𝑂 → 2𝐹𝑒(𝐻2𝑂)3↓ + 6𝐻+ + 3𝑆𝑂4
2− + 3𝐻2𝑂 

 (9) 

 

When alum or ferric is added, the reaction corresponds to adding a strong acid to water, due to the 

species that remain in the solution after Al(OH)3 and Fe(OH)3 have precipitated. The species remaining 

corresponds to the same remaining after H2SO4 or HCl are added. [13]  

 

The chemical reactions involving coagulation with alum or iron salts added to water are complex, and 

it is hard to predict the sequence of these. A jar test can be used to determine the best conditions for 

the coagulant, and the results from this test are taken into consideration in the full-scale process. 

There are several important aspects of coagulation practice, including the operating regions of alum 

and iron, how these ions interact with other particles in the water, dosages of the coagulant and the 

mixing conditions, also called blending. [13] [19] 

 

Figure 3 shows how alum and iron react with water at different pH values. From part (a) in this figure, 

it is possible to determine the optimum removal by sweep floc. This happens at a pH between 7 and 
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8 with an alum dosage of 20 to 60 mg/L. [13] The optimal coagulant dosage depends on the amount 

and types of particles present in the water. Hydrolysis products of alum and iron can react with ligands 

such as SO4
2-, NOM, F- and PO4

3-. The products from these reactions are insoluble in water, and the 

required coagulant dosage for particle destabilization will be affected. [13] Typical dosages of alum 

used are between 10 and 150 mg/L, while the typical coagulant dosage for ferric sulphate 

(Fe2(SO4)3·9H2O) is between 10 to 250 mg/L, and it is 5 to 150 mg/L for ferric chloride (Fe2Cl3·6H2O). 

[13] Moreover, it is essential to ensure rapid mixing of the water after the coagulant is added. This is 

crucial because the sequence of reactions occurs rapidly. At a pH of 4 about half of the aluminium 

hydrolyses to Al(OH)2+ within 10-5 seconds. [13]  

 

2.2.2 Functions and Use of Inductively Coupled Plasma Mass Spectrometry 

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a chemical analytical method used to 

identify ions and their concentration in a solution. In the ICP-MS the atoms in the sample are exited in 

the Inductively Coupled Plasma (ICP), while a mass spectrometer (MS) is used to separate and detect 

the atoms present in the sample. [20]   

 

The first part of the analytical method is to ionize the atoms in the sample. This happens in the ICP. 

The sample is injected into the sample introduction system. This system is made up of a spray chamber 

and a nebulizer. [21] The sample will exist as a nebula, which is transported to the base of the plasma. 

The temperature of the plasma is between 6000-8000°C, and the sample exists as excited ions and 

atoms within the plasma. The positive ions excited in the ICP can further be separated and detected 

in a mass spectrometer. [20] [21] In the MS it is possible to identify an atom or species by looking at 

mass-charge-ratios (m/z-value). A detector identifies the ions and presents the results as a mass 

spectre. [21] The intensity of the signal is proportional to the concentration of the element. [21] 

 

2.2.3 Particle Concentration Measurements 

There are several types of components creating particles in freshwater. Besides metal ions are NOM 

a significant component in natural water. NOM has hydrophobic binding and surface-active properties 

due to the presence of a large amount of carboxylic, phenolic, segregated aromatic, and aliphatic 

functional groups [9]. As a result of this, they bind to other species. FAs and HAs have the ability to 

form complexes with metal ions such as Al3+, Fe2+, Fe3+, Cd2+, Pb2+, Zn2+,Mg2+ and Ca2+, causing the 

ability for NOMs to precipitate. [22] Additionally, there is a wide range of magnitudes in the 

distribution of metal(loids) as dissolved and particulate phases. Generally, the particle sizes of 



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

  
 

22 

precipitated NOMs have a particle size range above 0.4 µm. Hence, 0.4 µm is the typical cut-off size 

of filters used by environmental scientists to separate the filtered fraction from the particulate 

fraction. [23]  Colloids, both inorganic and organic in nature are produced biotically or abiotically and 

include small organisms such as viruses and some small bacteria and are often operationally defined 

as the fraction between 0.02 µm and 0.4 µm. Their presence in the filtered fraction can distort 

estimates of partitioning as they are considered within the dissolved fraction. The accepted 

explanation for this trend is that the experimentally separated dissolved fraction (0.4 µm filtered) 

contains both truly dissolved and “colloidal” material and that the relative amount of colloidal material 

is related to the total suspended solids. [23] Figure 4 illustrates the typical compounds for various 

fractions in a natural water sample, and the corresponding size ranges. 

 

Particles can be measured with the use of an optical measuring method, a particle counter. The 

principle of a particle counter is based on comparisons of detected light extinctions of the optical 

signals. These signals correspond to the single particle flow through a small, illuminated zone with a 

standard calibration curve, with a set of uniform particles with known diameter. By comparing the 

signals with the standard calibration curve, particles can be detected. [24] Figure 5 illustrates the 

measuring principle of a particle counter. [6]  

Figure 5: Principle of particle counter measurements.  
1: laser beam, 2: lens system, 3: measure area, 4: detection. [6]   

Figure 4: The figure shows different size ranges for different particles. [23] 
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2.3 Fundamentals of Activated Carbon and Adsorption Phenomena 

 

2.3.1 Dissolved Organic Carbon and Activated Carbon in Water Treatment 
 

One of the most widely used methods to quantify the amount of NOM in water is by measuring total 

organic carbon (TOC). [10] By substracting the amount of inorganic carbon (IC) from TOC, the amount 

of dissolved organic carbon (DOC) can be determined. DOC is a quality parameter frequently measured 

in water treatment. It indicates the concentration of organic molecules presented in a sample after 

filtration through a 0.45 µm pore size filter. These organic substances are typically hydrophobic NOMs 

in addition to aromatic molecules, chlorinated aromatics, phenolics, and high-molecular-weight 

molecules including both aliphatic and aromatic substances. Compounds having a low-molecular-

weight and high polarity do not tend to adsorb onto activated carbon. The DOC concentration in 

surface water ranges from 1 to 10 mg/L. Due to the addition of these organic substances, the water 

must be decontaminated. The major method is adsorption onto activated carbon. Activated carbon is 

defined as a wide range of amorphous carbon-based materials prepared to have a high degree of 

porosity and an extended surface area. Due to its large surface area as well as an inert solid material, 

it is the most common preparate for water and wastewater treatment. In industrial wastewater 

treatment, activated carbon adsorption is used as a separate unit process where it is often placed 

after physiochemical treatment steps such as filtration and coagulation. [25]  

2.3.2 Preparations of Activated Carbon 

 
Activated carbon is produced from raw materials having a high carbon content. The most common 

materials are coal, wood, lignite, petrol coke, as well as residual materials, such as coconut shells, 

sawdust, or plastic residuals. Activated carbon is produced in two steps, carbonization and activation. 

The carbonization process removes undesirable by-products and hydrocarbons using dehydrating 

chemicals. The dehydration is typically carried out at elevated temperatures from 400-600°C under 

pyrolytic conditions in an oxygen-deficient atmosphere. The carbonization process removes volatile 

low-molecular-weight fractions and prepares the material for activation. In the activation process, the 

carbonized material is brought in contact with an activation gas, such as steam above 800°C, or carbon 

dioxide up to 1000°C. In the next step, the activation gas reacts with the solid where closed pores are 

opened, and existing pores are enlarged. Micropores (< 1 nm) are formed during the activation 

process, in addition to enlarged existing pores as macropores (> 25 nm) and mesopores (1-25 nm). 

[25] [26] An illustration of the different pores is presented in Figure 6. [26][27], inspired by [28]. The 

reactions will cause a mass loss of the solid material, where the yield of activated carbon usually is 40-
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50%. A higher yield will lead to a decrease in the net surface area because no new pores are opened, 

but existing pore walls will burn away. [25] [26]  

 

 

 

2.3.3 Surface Chemistry and Chemical Bonding Responses 

 
The activated carbon structure consists of hexagonal rings of carbon atoms. The structure is similar to 

graphite, except that the graphite crystallites in activated carbon are randomly orientated. The 

hexagonal rings of carbon atoms are interconnected by carbon cross-links referred to as crystalline 

planes. The micropores are formed between two parallel crystalline planes, which typically are of an 

irregular shape. The adsorption surface area ranges from 500-1500 m2/g, in combination with a pore 

volume between 0.7-1.8 cm3/g, resulting in a large amount of material potentially adsorbed. The 

carbon atoms are connected by covalent bonds, sp2 hybridization. As a result of this, electron donor-

acceptor interactions is established. Forinstance, activated carbon can possess a delocalized 𝜋-

electron system that can interact with aromatic structures in the adsorbate to form --bonds. [25]  

[26]  

2.3.4 Activated Carbon Types 

 
Activated carbon is mainly divided into two categories, Granular Activated Carbon (GAC) and 

Powdered Activated Carbon (PAC). The main difference is the variation in particle size range, where 

GAC is in the range from 0.2-5 mm and PAC from 15-25 µm. There are several differences between 

the two types based on principal uses, advantages, and disadvantages. [25] [26] GAC is designed by 

mesh sizes, corresponding to the particle diameters. For liquid phase applications a 8 x 30 U.S. mesh, 

corresponding to a particle diameter from 0.6 to 2.36 mm, is common. [25] [29] Activated carbon is 

widely used in the purification processes of drinking water, groundwater, and wastewater treatment. 

Figure 6: Illustration of activated carbon with different pores (macro, 
meso and micro), and corresponding pore size radius. [25] [26] [27]   
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Therefore, activated carbon are used as a treatment step for the removal of toxic organic compounds. 

[25] [26] Depending on the application of the activated carbon, several products are suitable. In this 

thesis, the focus is on two types of activated carbon delivered from CarboTech, used in different water 

treatment. Product information about the different activated carbon types from CarboTech is adapted 

and presented in Appendix 1 – Product Information from CarboTech. CarboTech Pool W 1-3 is suitable 

for the removal of organic contaminants from industrial and landfill leachate.  Moreover, it is produced 

by the reactivation of mineral coal and could therefore contain pollution of trace metals from previous 

adsorptions. Another option, CarboTech DGK 8x30/60 is a purer activated carbon, produced from 

coconut shell. The material is not recycled, thus it is more suitable for drinking water treatment.  

 

2.3.5 Adsorption Phenomena in Water Treatment 

 
Adsorption is considered an important phenomenon in natural physical, biological, and chemical 

processes, where activated carbon is the most widely used adsorbent material in water and 

wastewater treatment. According to Activated Carbon for Water and Wastewater Treatment [25], 

adsorption is defined as “the accumulation or concentration of substances at a surface or interface”. 

[25] The substances that adsorb onto a surface is referred to as the adsorbate, e.g. NOM. The solid 

onto which the constituent is adsorbed is referred to as the adsorbent, e.g. AC. During the adsorption 

process, dissolved species are transported into the porous solid adsorbent granule by diffusion. 

Afterwards, they adsorb onto the inner surface of the adsorbent. Dissolved species are physically 

attracted to the surface, referred to as physical adsorption. Alternatively, the species are concentrated 

on the solid surface by chemical reactions, called chemisorption. In water treatment, physical 

adsorption is the most common adsorption mechanism. Physical adsorption is less compound specific 

for adsorption to surface sites but operates over long distances through multiple layers. The adsorbate 

will desorb in response to a decrease in solution concentration. The reaction is also reversible, by for 

instance removing the adsorbate through backwashing. [29] It is nevertheless predominant at 

temperatures below 150 °C and is characterized by low adsorption energy of a few kcal/mol. [25]
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2.3.6 Surface Chemistry and Forces Involved in Physical Adsorption 
 

In water treatment, the main interest is the adsorption of adsorbates from water onto a nonpolar 

adsorbent such as activated carbon. The attraction between an adsorbate and polar solvent is weaker 

for adsorbates that are less polar or have lower solubility. This can be explained by the fact that 

physical adsorption is a rapid process caused by nonspecific binding mechanisms such as van der 

Waals forces. Hence, the adsorbed molecule is free to move within the interface. The adsorbate will 

also desorb in response to a decrease in solution concentration. The attraction between an adsorbate 

and activated carbon surface increases with increasing polarity and size, which are directly related to 

van der Waal forces. Thus, nonpolar, and larger compounds tend to adsorb more strongly onto 

activated carbon. This adsorption type is also known as hydrophobic bonding, developed by Nemethy 

and Scheraga in 1962. [29] Generally, aromatic compounds are more adsorbable than aliphatic 

compounds of similar molecular size. The presence of substituent groups also affects the adsorbability 

of organic chemicals. The influence does also depend on the position of the substituent group for 

example, if it is ortho, meta, or para orientated. Compounds with more steric hindrance are usually 

more adsorbable than straight chain compounds. [25] Important factors for determining the number 

of adsorption sites and the accessibility of the sites for adsorbates are the surface area and pore size. 

Generally, there is an inverse relationship between the pore size and surface area. The smaller the 

pores for a given pore volume, the greater the surface area available for adsorption. [29]  

 
 
 

2.3.7 Adsorption Isotherm and its Equilibriums Equations 

 
In water treatment applications the quantification of adsorbate adsorbed is valuable. This amount is 

usually described as a function of the aqueous-phase concentration, determined at constant 

temperatures. This relationship is referred to as an isotherm. Adsorption isotherms are performed by 

exposing a known quantity of adsorbate in a fixed volume of liquid to various dosages of adsorbent. If 

the adsorbent is powdered it can be added directly into glass bottles, and allowed to equilibrate at a 

constant temperature in a rotating tumbler at a specific rotation and time. [29] At the end of the 

equilibration period, the aqueous-phase concentration of the adsorbate is measured, and the 

adsorption equilibrium capacity, qeq, is calculated for each bottle. To calculate adsorption equilibrium 

capacity the mass balance expression is used. This formula is based on the equations developed by 

Langmuir, Freundlich, Braunauer, Emmet, and Teller. The mass balance expression to calculate 

adsorption equilibrium capacity is shown in  Equation  (10). Derived equations are presented in 

Appendix 2 – Calculations.  
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 𝑞𝑒𝑞 =
𝑉

𝑚𝐴
⋅ (𝑐0 − 𝑐𝑒𝑞)  (10) 

 

Where qeq is equilibrium adsorbent-phase concentration of adsorbate [mg adsorbate/g adsorbent], 

mA is mass activated carbon [g], V is volume of aqueous phase [L], c0 is initial aqueous phase 

concentration of adsorbate (DOC) [mg/L], and  ceq  is the equilibrium aqueous phase concentration of 

adsorbate (DOC) [mg/L].[29] 

 

2.3.7.1 Freundlich Isotherm Equation  

 

Freundlich’s Isotherm equation is one of the main equations used to develop the mass balance shown 

in Equation (11). The Freundlich adsorption isotherm is used to describe the data for heterogeneous 

adsorbents such as activated carbon. The Freundlich equation is shown in Equation (11).  

 

 𝑞𝐴 = 𝐾𝐴 ⋅ 𝑐𝐴
1/𝑛

                                  
(11) 

 

Where qA is equilibrium adsorbent-phase concentration of adsorbate [mg adsorbate/g adsorbent], 

KA is Freundlich adsorption capacity parameter [(mg/g) (L/mg)1/n ], cA is the equilibrium aqueous 

phase concentration of adsorbate/DOC [mg/L], and 1/n is Freundlich adsorption intensity parameter 

[unitless] . 

 

The linear form of Eq. (11) is shown in Equation (12). 

 

 ln(𝑞𝐴) = ln(𝐾𝐴) + (
1

𝑛
) ⋅ ln(𝑐𝐴)                                   (12) 

  

From Eq. (12) a ln-ln plot of qA versus cA  will theoretically result in a straight line, where 1/n indicates 

the slope, and ln(KA) is found where the straight line crosses the y-axis. To find KA, e is raised to the 

power of the value (eKA). A high value of KA is desired, as this indicates that a high amount of adsorbate 

can adsorb per mass activated carbon.   

 

The Freundlich isotherm equation always provides a more optimal fit than other adsorption isotherm 

models, while using adsorbates with many layers. Consequently, the Freundlich isotherm equation is 
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always used when GAC is the adsorbent, since the activated carbon distributes with different 

adsorption energies and several layers. [29] 

 

2.3.8 Breakthrough Curve and Filter Capacity 

 

When installing a filter, it is of great importance to know when the filter needs to be replaced in order 

to adsorb the expected amount of matter. The capacity of the filter can be determined by using a 

breakthrough curve. If the fixed bed is considered ideal, it follows certain conditions. The first 

condition is that the resistances related to both external and internal mass transfer are very small. The 

second condition is that the flow of the liquid in the bed is considered to be the same across the cross-

section of the bed, called plug flow. The condition also states that the plug flow deviation is considered 

to be negligible. The third, and final condition states that the adsorbent is initially free of the 

adsorbate. [30] [31] 

 

As the flow enters the filter, it results in a shock wave, called a stochiometric front. As the front moves 

through the bed, the adsorbent is saturated with adsorbate and can no longer adsorb any adsorbate. 

It is possible to define the filter as being upstream or downstream of the front. Upstream of the front, 

liquid adsorbate has already been adsorbed to the adsorbent, while the downstream has an adsorbate 

concentration of zero and the adsorbent is free of the adsorbate. As the stochiometric wavefront 

travels through the bed, it will eventually reach the end of the bed, and there will be an abrupt increase 

in the concentration of the fluid. The final concentration will be equal to the inlet value. In Figure 7, 

this point is seen as ts. [30] As the filter is no longer able to adsorb adsorbate, the point is referred to 

as the breakthrough point, tb. It is possible to regenerate the function of the filter.  

 

 

Figure 7: The figure shows adsorption in a real fixed bed and the corresponding breakthrough curve . [32] 
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The fixed bed rarely operates under ideal conditions. As a result of this, a broader S-shaped front is 

created, as shown in Figure 7. In a non-ideal system, a mass-transfer zone (MTZ) emerges, seen as the 

difference between ts and tb. As the run proceeds, the S-front will eventually reach the breakthrough 

point, tb. [30] This is the point where the MTZ just reaches the end of the filter. When the run proceeds 

there is a sharp rise in the concentration of the fluid out of the filter. This concentration increases until 

all of the front reaches the end of the filter, marked as ts in Figure 7. [30]  

 

 

Figure 8: The figure shows the adsorption isotherms for different cases of adsorption through a bed. These are (a) 
unfavourable, (b) linear and (c) favourable isotherms. The mass transfer zone is also shown at these different cases. In (a) the 
MTZ will increase, while it will be constant in (b) and decreasing (c) with time. [30] 

 

Ideally the isotherm has a shape like case (c) in Figure 8. In this case the adsorption isotherm follows 

the conditions stated above, and the breakthrough time will be marked as a straight line in the 

breakthrough curve. The calculations that follow are the method for calculating the bed life. The bed 

life reflects how long the filter will last at the current flow rate and empty bed time. The adsorption 

isotherms can be used to calculate the bed life of the filter. The following calculations are adapted 

from MWH’s Water Treatment. [33] To calculate the bed time of the filter before breakthrough the 

Freundlich adsorption parameters must be known. These are used to find q. At breakthrough the 

concentration out of the filter is equal to the amount of DOC that initially can be adsorbed (DOCads).    

  

Further, the flow rate through the filter Qfilter [m3/h], volume of the filter Vfilter [m3] and density ρ 

[kg/m3] must be known. These are used to find the mass of GAC in the filters as shown in Equation 

(13).  
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 𝑚𝐺𝐴𝐶 =  𝑉𝑓𝑖𝑙𝑡𝑒𝑟 ∙ 𝜌𝑓𝑖𝑙𝑡𝑒𝑟                             (13) 

  

When neglecting kinetics, stochiometric breakthrough can be found by first finding the amount of 

DOC adsorbed at stoichiometric breakthrough, as shown in Equation (14).  

 𝑞 ∗ 𝑚𝐺𝐴𝐶  
(14) 

   

Further, the water that can be treated Vtreated [m3] at ideal stoichiometric breakthrough needs to be 

considered, and can be calculated by using Equation (15).  

 

 
𝑉𝑡𝑟𝑒𝑎𝑡𝑒𝑑 =

𝑚𝐺𝐴𝐶

𝐷𝑂𝐶𝑎𝑑𝑠
 

 

(15) 

 Where DOCads is the amount of adsorbate that can be adsorbed in the filter. Finally the bed life can 

be found as presented in Equation (16). 

 

 
𝐵𝑒𝑑 𝑙𝑖𝑓𝑒 =

𝑉𝑡𝑟𝑒𝑎𝑡𝑒𝑑,𝑓𝑖𝑙𝑡𝑒𝑟

𝑄𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑓𝑖𝑙𝑡𝑒𝑟
 

 

(16) 

 

2.3.9 Spectrophotometric Measurements of DOC 

 

It is possible to measure the amount of DOC in a sample by measuring it’s absorbance at 254 nm in a 

UV-spectrophotometer, often referred to as Spectral Absorption Coefficient (SAC254). [34] Cuvettes of 

different sizes can be used, dependent upon the quality of the water and the instrument.  The double 

and triple bonds in organic compounds have the ability to absorb parts of the UV light that passes 

through the sample. A detector on the opposite side of the light source measures the absorbed 

amount of light. Sac254 is often given in cm-1 and m-1. [34]  
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2.4 Free, Combined, and Total Chlorine  
 
Rud swimming facility is used for exercise, swimming training, and by athletes. This entails that the 

water is continuously contaminated. Swimmers add many contaminants to the water, such as bacteria 

from saliva, excretion products, pollution from swimwear, hairs, and cosmetics. [35] Another pollutant 

from swimmers is nitrogen-containing pollutants, hereinafter referred to as ammonia (NH3). [36] To 

ensure a low concentration of microbiological growth, sodium hypochlorite (NaHClO) is added to the 

pool water. Nevertheless, when chlorine reacts with ammonia, an unfortunate chemical reaction 

occurs producing toxic trichloramine. [35] 

 

In the pool water, sodium hypochlorite turns into hypochlorite ions (ClO-) that are in equilibrium with 

hypochlorous acid (HClO). The hypochlorous acid reacts with ammonia, followed by the formation of 

mono-, di- and trichloramine. The relative amounts of mono-, di- and trichloramine formed in pool 

water depend on the pH of the water and the ratio of chlorine to nitrogen (Cl/N). At lower pH or when 

the Cl/N ratio increases, the largest amount of trichloramine is formed. At pH> 8, a larger amount of 

dichloramine is formed. The protolytic equilibriums are shown in Equations  (17)-(21). [35]  

 

 𝐶𝑙2(𝑔) + 4 𝐻2𝑂 (𝑙) ⇌ 2 𝐻𝑂𝐶𝑙 (𝑎𝑞) + 2𝐻3𝑂+(𝑎𝑞) 
    (17) 

 

 𝐻𝑂𝐶𝑙 (𝑎𝑞) + 𝐻2𝑂 (𝑙) ⇌ 𝑂𝐶𝑙−(𝑎𝑞) + 𝐻3𝑂+(𝑎𝑞)     (18) 

 

Monochloramine         𝐻𝑂𝐶𝑙(𝑎𝑞) + 𝑁𝐻3(𝑎𝑞) ⇌ 𝑁𝐻2𝐶𝑙 (𝑎𝑞) + 𝐻2𝑂(𝑙)    (19) 

 

Dichloramine  𝐻𝑂𝐶𝑙(𝑎𝑞) + 𝑁𝐻2𝐶𝑙 (𝑎𝑞) ⇌ 𝑁𝐻𝐶𝑙2(𝑎𝑞) + 𝐻2𝑂(𝑙) 
 (20)  

 

Trichloramine 𝐻𝑂𝐶𝑙(𝑎𝑞) + 𝑁𝐻𝐶𝑙2 (𝑎𝑞) ⇌ 𝑁𝐶𝑙3(𝑎𝑞) + 𝐻2𝑂 (𝑙)  (21) 

 
The value of combined chlorine is used as a rough estimate of the amount of trichloramine present in 

the swimming pool water since the pH value is constant around 7. Combined chlorine value can be 

determined by summarizing the concentrations of mono-, di- and trichloramine, presented in 

Equation (22). Free chlorine is the amount of chlorine which is still able to disinfect, and can be 

determined as presented in Equation (23). By summarizing the values of free and combined chlorine, 

total chlorine can be determined by using Equation (24).  
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 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐶𝑙 = [𝑁𝐻2𝐶𝑙] + [𝑁𝐻𝐶𝑙2] + [𝑁𝐶𝑙3]   (22) 

 

 𝐹𝑟𝑒𝑒 𝐶𝑙 = [𝐻𝑂𝐶𝑙] + [𝑂𝐶𝑙−] +
1

2
[𝐶𝑙2] (23) 

 

 𝑇𝑜𝑡𝑎𝑙 𝐶𝑙 = 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐶𝑙 + 𝐹𝑟𝑒𝑒 𝐶𝑙  (24) 

     

 [35] [37] 

 

 

2.5 Mass Balance and Calculations from Batch to Continuous Processes 

 

A mass balance can be made for the treatment processes at Rud svømmehall. The general mass 

balance is presented in Equation (25). [38] 

 

 𝐼𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑝𝑢𝑡 + 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛  
(25) 

 

The treatment of the pool water removes contaminants. The treated flow stream is circulated back 

into the pool, and a dilution of contaminants occur. The dilution can be explained by Equation (26). 

[39] 

 𝑦(𝑡) = 𝑦𝑂 + (1 − 𝑒−
𝑡
𝜏) 𝑘∆𝑢  

(26) 

 

Where y refers to the output, which is the dependent varible (often concentration out of system), u is 

the input, which is an independent variable (the concentration into the system), τ is a time constant, 

t is the time and k is the gain. [39] 

 

After a certain amount of time, the pool water system is said to be at steady state. Equation (27) 

presents a measure of how close the system is to reach steady state. When the term expressed in 

Equation (27) reaches a value of 98% the system is said to be at steady state for all practical purposes. 

[39] 

 1 − 𝑒−
𝑡
𝜏   

(27) 
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3. Materials and Methods 

3.1 Treatment Processes and Technical Information About Rud Svømmehall  

 
At Bærum idrettspark there is a facility for swimming called Rud svømmehall. The facility was built and 

finished in March of 2021, and opened for the public in August 2021. [40] There are two pools at the 

facility, one is used for exercise and is called sports pool. The other pool is used for training and 

rehabilitation and is called training pool. This thesis mainly focuses on the training pool.  

 

In all swimming pools, it is essential to have a proper water treatment system to ensure safe and 

hygienic conditions. The treatment system for training pool is found in Figure 9, where the main 

treatment processes are shown. Return water from the pool is transported to a balance tank. Regular 

drinking water, added ClO2, is also added to the balance tank due to requirements of replacing a 

certain amount of pool water with drinking water. Drinking water will be referred to as fill up water. 

The fill up water is also added to dilute the concentration of contaminants that can not be removed 

by the treatment processes. The water flows from the balance tank through a pump before the 

coagulant is added. Coagulation and flocculation occur before the water reaches the activated glass 

filter (AG filter). 10% of the filtered water from the AG filter is then filtered through a granular 

activated carbon filter (GAC filter) while the remaining 90% bypasses this filter. Some of the filtrated 

water is used for backwashing, while the rest of the water is heated and UV disinfected. Chlorine and 

acid are added (NaClO, 15% and H2SO4, 20%) before the water is reintroduced to the pool. The chlorine 

dosage in Rud svømmehall is automatically adjusted based on the conductivity level in the pool. The 

GAC filter is marked with a red cross as this filter was not in use when the experimental part of this 

thesis was carried out.    
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Figure 9: Process scheme of the treatment process for the training pool. Inspired by [6]. 

 

The filters at Rud svømmehall are backwashed twice a week for four minutes each. [6] This process 

uses filtered water, as well as bleed water from the sports pool, to wash particles attached to the 

surfaces of the filters. This method is used to prevent clogging of the filters and prolongs the filter 

capacity. The wastewater is then transported to a grey water tank along with wastewater from the 

showers and from the backwash processes in the sports pool. The backwash process is shown as the 

grey arrows and lines in Figure 10. Table 3 presents the treatment parameters and operation variables 

at Rud svømmehall. The complete treatment process schemes of Rud svømmehall are shown in 

Appendix 3 – Process Schemes of Operation Units at Rud svømmehall.  
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Figure 10: Process scheme for the treatment process for the training pool with backwash mode (grey). Inspired by [6].  

 

At different sites in the treatment system, instruments are placed that continuously measure the pH, 

conductivity, free and combined chlorine, and oxidation and reduction potential of the water. An 

example of one of these instrument displays is presented in Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Measurement display of the training pool, located at Rud 
svømmehall. Picture taken the 25th  of March at 09:15. 
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Table 3: Information about the training pool and the treatment process. [6]  

Description Training pool data 

Typical bather load [bather/h] 

Nominal load [bather/h] 

10 

60 

Pool volume [m3] Total:  274 

Available to bathers: 42-190 

Pool area [m2] 119 

Dimensions [m] 12.5 x 9.5 

Depth total: 2.30 

Depth available to bathers: 0.35 – 1.60 

Flow rate [m3/h] Max: 250 

Current: 200 

Pool temperature [°C] 

 

32-34 

Chemicals Coagulant: BWT-Flock (aluminium chloride 50%) 

Chlorine: Sodium hypochlorite 

(Shock treatment: Calcium hypochlorite) 

Acid: Sulphuric acid (20 %) 

Buffer: Sodium bicarbonate 

Number of filters Total: 6 

AG: 4 

GAC: 2 

AG filter information Bed diameter [m]: 2.00 

Bed depth [m]: 1.20 

Max flow rate [m3/h]: 250 

Current flow rate [m3/h]: 200 

GAC filter information Bed diameter [m]: 1.05 

Bed depth [m]: 1.00 

Max flow rate [m3/h]: 25 

Current flow rate [m3/h]: 20 
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3.2 Method 
 
The results of the measurements at Rud svømmehall are used to make recommendations for 

improvement of the treatment processes in the facility. Thus, the analyses need a high precision and 

accuracy. The methods used in the thesis are specific for the substances being analysed. The analyses 

have been carried out at the ICP-MS and DOC analyser, due to the high precision and accuracy of the 

instruments. The analyses were carried out by external laboratory personell. Alternative analysis 

methods have been considered, such as gravimetric analysis.  However, these methods were not used, 

as ICP-MS and DOC have a higher precision and accuracy, along with an easy accessibility.  

 

In addition to the specific analyses at the ICP-MS and DOC analyser, a particle counter, 

spectrophotometer, jar apparatus and a chlorine analysator for free and total chlorine were used at 

the laboratory. These analyses are accessible and provide the necessary information to make 

recommendations for improvement. Spectrophotometry is used as a parallel analysis to DOC analysis. 

The jar apparatus is used for the jar test prior to further analyses. The risk assessment for all activities 

and chemicals used during the project are presented in Appendix 4 – Risk Assessment.  

 

 

3.2.1 Gathering of Samples at Rud Svømmehall 

 
Water samples were gathered from 6 sampling points presented in Figure 12. The sampling points are 

A: fill up water, B: pool water, C: outlet balance tank, D: inlet AG filter, E: outlet AG filter and F: outlet 

UV disinfection.  

 

Figure 12: Process scheme with the sampling points. Inspired by [6]. 
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3.2.1.1 Free, Total, and Combined Chlorine for sampling points 
 

Free and total chlorine was measured at the sampling points of 

Rud svømmehall. The measurements were performed by using a 

chlorine cuvette test set (Hach Lange, LCK310) with analytical 

reagents. A spectrophotometer (HACH DR5000) with a pre-

programmed analysis was used to measure chlorine at 535 nm. 

The method is illustrated in Figure 13. 

 

Depending on the measurement, further treatment varied. In the 

free chlorine and total chlorine analysis each sample was added to 

the cuvette to approximately 1 cm below the cuvette opening 

(Figure 13.1). Further treatment varied. For free chlorine analysis, 

the cuvette was inverted and rotated to rid the sample of bubbles 

(Figure 13.2). Each sample reacted for 1 minute, followed by the 

spectrophotometry analysis (Figure 13.3). For total chlorine 

analysis, a drop of potassium iodide (KI) was added (Figure 13.4), and the cuvette was immediately 

inverted to rid the sample of bubbles (Figure 13.5). Each sample reacted for 2 minutes, before the 

spectrophotometry analysis (Figure 13.6). 

 

The method is adapted from Appendix 5 – Instruction Manual, Hach Lange LCK310. 

 

 

3.2.1.2 ICP-MS Analyses of Sampling Points 

 
Water samples (15 mL) from each sampling point from Rud svømmehall were sent for analysis at ICP-

MS. Trace elements and heavy metals such as nickel, copper, zinc, chromium, arsenic, cadmium, 

mercury, and lead were analysed to check if there were residual traces of the GAC filter previously 

turned off. The sampling points were also analysed for aluminium, chlorine, sodium, and calcium. One 

parallel of the water samples was acidified, filtrated, and then sent to the analysis, while the other 

was filtrated and then acidified before analysis. This was done to check if the coagulant and AG filter 

were working. 

 

The ICP-MS instrument (Agilent Technologies (USA), Agilent 8800 QQQ) used was equipped with a 

prepFAST M5 autosampler (ESI, USA). Hydrogen/helium and oxygen/helium gases mixtures were 

Figure 13: Free chlorine: 1-3.  
Total chlorine: 1 followed by 4-6. 
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used in MS/MS mode. The IC-MS tune parameters are presented in Appendix 6 – Tune Parameters 

for Agilent Technologies, Agilent 8800 QQQ. 

 

3.2.1.3 Particle Measurements 

 
Particle concentrations were measured before further treatment of the samples (no filtration or 

acidification). Particle measurements were carried out for the sampling points at Rud svømmehall 

(sample 34-39 and 72-77). A particle counter (Markus Klotz GmbH, Particle Counter PCSS fluid lite) 

with the laser sensor LDS 45/50, was used to measure particle concentration, with the setting “water-

based sample". The measurements were done offline while being connected to a software device 

(Klotz, Protrend). The data was exported to Microsoft Office Excel for further processing. Figure 14 

illustrates the set up for the particle concentration measurement, including a schematic illustration of 

the measurement. [6] 

 

 

 

100 mL of sample volume was required for 10 measuring cycles. Each cycle (10 mL) was measured at 

a flow rate of 30 mL/min. The 10 cycles for each sample was averaged to achieve a precise result. To 

ensure a homogenous solution of particles a magnetic stirrer at 250 rev/min was used. Between each 

sample, the instrument was washed with deionized water (5 cycles).  

 

To acquire information about the size range of the particles, a scan was first run with a program 

measuring particle sizes from 0.8-100 µm (Bigger). Afterwards, a specific program (Pool water) was 

made for further analysis based on the results from the scan analysis. The new program had particle 

sizes  ranging from 0.8 - 10 µm, which provides a detailed overview of the particle sizes present in the 

Figure 14: Set up for particle concentration measurements. (a) sample with magnetic stirrer, (b) Particle Counter PSSC Fluid Lite, 
(c) external device with exported data presented in Protrend, (d) schematic illustration of the measurement. [6] 

(d) 
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water. The particle size classes and methods for measuring particle concentration are presented in 

Table 4. 

 

Table 4: Particle size classes and methods for particle concentration measurements. 

Particle size classes and methods a) in µm 

Size 
class 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Bigger 0.8 1.0 2.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 65.0 85.0 100.0 

Pool 
water 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.4 2.9 3.0 3.4 3.8 4.0 5.0 7.5 10.0 

a) The values in italics correspond to the particle size for the specific method.  

 

Appendix 7 – Instruction Manual Klotz PCSS Fluid lite contains the adapted manual (Brief Instruction 

Manual. Markus Klotz GmbH) for the particle counter. The appendix also includes the new setup for a 

method and how to apply the instrument. [6]  

 

3.2.1.4 SAC254 and DOC Measurements  

 

After being filtered and acidified, the samples were analysed in a cuvette (5 mL) with a 

Spectrophotometer (PerkinElmer Lambda 650/Hach Lange D500), UV-VIS at 254 nm, is used to find 

the amount of absorption.  

 

DOC was measured on a DOC analyser (Shimadzu TOC-L). The tune parameters for the instrument are 

presented in Appendix 8 – Tune Parameters for Shimadz TOC-L. The SAC254 measurements can be 

compared to the DOC measurements from Shimadzu TOC-L.  

 

3.2.2 Determination of the Optimal Coagulant Dosage through Jar Test 

 

3.2.2.1 Jar Test 

 
A stock solution (80 mg/L, total volume 1 L) was made by diluting a concentrated coagulant, BWT-

Flock (aluminium chloride 50%, 31 g/L measured by [6]). The saftety data sheet (SDS) for BWT-Flock 

is given in Appendix 9 – Safety Data Sheet for Coagulant, BWT-Flock. 

 

Water samples from drinking water Trondheim, fill up water and pool water from Rud svømmehall 

were used in the jar test. Different volumes of the water samples (1000 mL, 975 mL, 950 mL, 925 mL 

and 900 mL) were added to the beakers of the jar apparatus (Kemira, Flocculator 2000). Volumes from 

the stock solution were added to create final coagulant concentrations in each water parallel of 0, 2, 

4, 6 and 8 mg/L. To achieve these concentrations 0, 25 mL, 50 mL, 75 mL, and 100 mL of stock solution 
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were added to each water sample achieving a final volume of  1 L.  pH was measured after the addition 

of coagulant and adjusted to 7.3±0.1 (HNO3 (0.01 M) /NaOH (0.1 M)). Figure 15 shows the jar 

apparatus, and the method is presented in Appendix 10 – Operating Manual, Kemira Flocculator 2000. 

 

 

Figure 15: The figure shows the setup of the jar apparatus Kemira Flocculator 2000. [6] 

 

The jar apparatus was started at a high mixing rate to ensure proper mixing of the coagulant for 30 

seconds at 400 rev/min. The mixing rate was then slowed down to 40 rev/min to ensure flocculation. 

After 20 minutes, the mixing was stopped. The samples were then left to settle for 30 minutes before 

the supernatant (65 mL) was gathered 4 cm below the water surface. The supernatant was filtrated 

prior to analyses through 0.2 μm (VWR, Polyethersulfone Membrane) or 0.4 μm (Whatman, AOX® 

Nuclepore® Polycarbonate Membrane). All samples from Trondheim (sample 11-15) were filtered 

through the 0.2 μm filters, while the samples from Oslo (sample 46-55 and 78-87) were filtered 

through the 0.4 μm filters. 

 

The samples were sent to two different analyses, ICP-MS for analysis of aluminium concentration and 

DOC analysis. The samples (15 mL) sent to ICP-MS, sample 11-15, 46-55 and 78-87, were acidified with 

HNO3 (65%, 14.37 M) to a final concentration of 0.1 M HNO3. The samples (50 mL) sent for DOC 

analysis, sample 46-55 and 78-87, were acidified to pH 2 with HCl (37%, 11.97 M). The method for the 

jar test is adapted from Rueda. [41] 
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3.2.2.2 Particle concentration measurements  

 
Particle concentrations were measured before further treatment of the samples (no filtration or 

acidification). Particle measurements were carried out for the samples after the jar test (fill up water 

samples 46-50 and 78-82, pool water sample 51-55 and 83-87). The method is the same as described 

earlier.  

 

3.2.2.3 ICP-MS  

 

The concentration of aluminium in fill up water and pool water after the jar test was measured on 

the ICP-MS. The analysis method is the same as previously explained.  

 

 

3.2.3 Adsorption isotherms 

 

3.2.3.1 Experiment to Determine Adsorption isotherms 

 

 
All test bottles and sample bottles were stored with deionized water and added HCl (37%, analytical 

grade). This was to get any organic matter from the glass-walled bottles to desorb. The bottles were 

then stored at 4°C for 24 hours.  

 

200 mL of water samples (drinking water, fill up water and pool water) were filled in glass bottles (250 

mL, precleaned HCl (37%)). Parallels of two different activated carbons were used in the experiment, 

CarboTech Pool W1-3 and CarboTech DGK 8x30/60. For each parallel selected amounts of the 

powdered activated carbon (1.2 mg, 4 mg, 10 mg, 30 mg, 70 mg, 150 mg) were weighed on aluminium 

foil and added to the glass bottles. There were three blank samples, where no activated carbon was 

added. These samples are drinking water from Trondheim corresponding to sample 19-21 (blank 

samples), 22-27 (w 1-3)  and 28-33 (DGK).   

 

In Oslo two parallels of both fill up water and pool water were conducted at two different dates (16th 

and 25th of March). All samples were added DGK in the same amount as the drinking water samples 

from Trondheim, except the parallels from the 25th of March. These parallels had an additional dosage 

of 300 mg. The samples are fill up water (16th: sample 56-63, 25th: sample 89-97), pool water (16th: 64-

71, 25th: 98-106).     
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The samples were then placed on a shaking table (20°C, 55-60 rev/min, 24-48 hours). [42] The samples 

from Trondheim were left on the shaking table for 48 hours (sample 19-33), whilst the samples from 

Oslo were left for 24 hours (sample 56-77, 91-106).    

 

After mixing and settling, the samples were filtered through a 0.2 µm filter (Trondheim) or 0.4 µm 

filter (Oslo). To prepare the samples for storage, concentrated HCl (Analytical Grade 37%, 11.97 M) 

was added until the pH, measured with pH strips, was approximately 2.  

 

3.2.3.2 Spectrophotometry and Dissolved Organic Carbon Adsorption Isotherms 

 
The method of SAC254 and DOC measurements for fill up water and pool water was the same as 

previously explained.  
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4 Results and Discussion 

 
The results are presented in four subchapters based on the main results from the different objectives 

of the  thesis: the sampling points at Rud svømmehall, determination of the optimal coagulant dosage, 

the capacity and bed life of the activated carbon filter, and mass balances. Information about all 

samples along with their sample number can be found in Appendix 11 – Sample information. All 

calculations is presented in Appendix 2 – Calculations. 

 

4.1 Results from Sampling Points at Rud svømmehall 

4.1.1 Free, Total, and Combined Chlorine  

 
The results from free, total, and combined chlorine measurements, along with the results from the 

ICP-MS estimate the change in concentration of chlorine during the treatment processes at Rud 

svømmehall. In addition, the dosages of sodium hypochlorite and calcium hypochlorite are estimated.  

 

4.1.1.1 Measurements of Free, Total, and Combined Chlorine  

 
Free and total chlorine was measured for all the sampling points. Combined chlorine was calculated 

using Equation (24). Table 5 presents the chlorine measurements for 16th of March (sample 24-39) and 

25th of March (72-77). The samples were transported for measurements at the laboratory. Table 6 

presents chlorine measured on 25th  of March. These were measured directly from the training pool 

and the corresponding chlorine values from a display with continuous measurements. The samples 

measured for chlorine were not filtrated or acidified.  
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Table 5: Presentation of chlorine values in pool water (free, total, and combined) for the 16th and 25th of March (sample 34-
39 and 72-77). Measured at the laboratory. 

 

Table 6: Presentation of chlorine values in pool water (free, total, and combined) measured at the facility (25th of March). 

 

 
Figure 16 (a) and (b) are based on results from Table 5. Figure 16 presents the chlorine measurements 

where (a) is sample 34-39, and (b) is sample 72-77. In both figures, blue represents the value of free 

chlorine, orange the value of total chlorine, and grey the value of combined chlorine, measured in 

mg/L.  

 

 
(a)

 

(b)

 
Figure 16: Free, total, and combined chlorine for each sampling point. (a) presents the results for 16th of March (sample 34-
39) and (b) presents the results from 25th of March (sample 72-77).   

 

Sample point Free chlorine 
[mg/L] 

Total chlorine 
[mg/L] 

Combined chlorine 
[mg/L] 

Sample 34-39 

Fill up water 0.014 0.036 0.022 
Pool water 0.556 0.596 0.040 

Outlet balance tank 0.585 0.624 0.039 

Inlet AG filter 0.590 0.624 0.034 
Outlet AG filter 0.535 0.578 0.043 

Outlet UV 0.349 0.390 0.041 
Sample 72-77 

Fill up water 0.025 0.037 0.012 

Pool water 0.583 0.613 0.030 
Outlet balance tank 0.600 0.637 0.037 

Inlet AG filter 0.565 0.600 0.035 
Outlet AG filter 0.524 0.566 0.042 

Outlet UV 0.378 0.416 0.038 

 
Free chlorine  

[mg/L] 
Total chlorine 

[mg/L] 
Combined chlorine 

[mg/L] 

Training pool 0.992 1.08 0.088 
Display 1.05 1.14 0.090 
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The chlorine values in Table 5 are lower than those presented in Table 6. Based on these results and 

the fact that the samples in Table 5 were transported to the laboratory before measurements, it can 

be concluded that chlorine is lost during transportation. Thus, the values in Table 5 are inaccurate. 

Therefore, the results presented in Table 6 are more representative. However, the results presented 

in Table 5  and Figure 16 can be u sed to show the trend between the different sampling points.  

 

It is observed that the values of free and total chlorine is higher in Figure 16 (b) than in (a) for all 

samples except inlet and outlet AG filter. The values for inlet and outlet AG filter are higher in (a) than 

in (b). Values of combined chlorine for each sampling point are higher in (a) than in (b), except for inlet 

AG filter. There is no major difference between the two measurement parallels. This is expected, as a 

stable chlorine value is preferred in pool water. [12] However, small changes are observed between 

the two parallels, which probably have been caused by variations in the added chlorine adjusted after 

the number of bathers. The deviation from the trend for inlet and outlet AG filter may be caused by 

different factors. A reason for deviation might be day-to-day variations in the pool water. Moreover, 

all measurements from the sample points were transported to the laboratory before measurements, 

which may lead to unprecise results. The values of combined chlorine from all sampling points are 

approximately the same (less than 0,050 mg/L). As the amount of combined chlorine generally is low, 

this indicates that little chlorine has reacted with amines to form DBPs such as trichloramines. From 

Figure 16 and Table 5, it can be concluded that the amount of combined chlorine is approximately 

1/10 of the total chlorine present in all sampling points. This is expected, since fill up water added to 

the system is mainly drinking water from the public water supply, disinfected with ClO2.  

 

The required amount of free chlorine is set by the Norwegian regulations to be at least 0.9 mg/L for 

33-37°C. [12]  All values presented in Table 5 are below this value. In spite of this, the values presented 

in Table 6 are above the limit (0.992 mg/L). Thus, it can be concluded that Rud svømmehall fulfils the 

limit for free chlorine set by Norwegian regulations. Moreover, the maximum value of total chlorine 

set by Norwegian regulations is 4 mg/L. [12]  In Table 6, the presented value for total chlorine is 1.08 

mg/L for the training pool. The measured value is within the limit. Finally the maximum value of 

combined chlorine according to Norwegian regulations is 0.5 mg Cl/L. [12] The measured value in 

Table 6 is 0.088 mg/L. In conclusion, Rud svømmehall fulfils all requirements regarding free, total, and 

combined chlorine.   

 

An interesting result is that chlorine is removed in the UV disinfection. The amount of free chlorine 

removed between outlet AG filter and outlet UV disinfection is approximately 0.16 mg/L. The amount 
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of combined chlorine removed in the UV disinfection is approximately 0.003 mg/L. This indicates that 

the UV disinfection removes free chlorine more efficiently than combined chlorine.  

 

4.1.1.2 Calculations of Disinfectant Dosage from ICP-MS Results 

 
Table 7 presents the ICP-MS measurements of sodium, chlorine and calcium. These results are used 

for the determination of disinfectant dosage. The averaged values presented in bold reprecents the 

concentration of elements added through disinfectants. 

 

Table 7: ICP-MS results for sampling points at Rud svømmhall for determing the disinfectant dosage. AF 21st of February 
(sample 1-5), FA 21st of February (sample 6-10), 16th of March (sample 34-39), and FA 16th of March (sample 40-45). 

Sample number Content AF/FA Element concentration with dilution rate [mg/L] 

22.02   Na Cl Ca 

1 Fill up water AF 12 20 26 

2 Pool water AF 403 530 29 

3 Outlet balance tank AF 399 535 29 

4 Inlet AG filter AF 398 533 29 

5 Outlet AG filter AF 400 526 29 

Averaged   388 511 3 

22.02      

6 Fill up water FA 11 20 26 

7 Pool water FA 398 529 29 

8 Outlet balance tank FA 395 520 29 

9 Inlet AG filter FA 394 517 29 

10 Outlet AG filter FA 397 527 29 

Averaged   385 503 3 

16.03      

34 Fill up water FA 11 18 26 

35 Pool water FA 443 589 29 

36 Outlet balance tank FA 442 601 29 

37 Inlet AG filter FA 447 596 29 

38 Outlet AG filter FA 448 602 29 

39 Outlet UV FA 445 603 30 

Averaged   434 580 3 

16.03      

40 Fill up water AF 11 19 27 

41 Pool water AF 446 590 29 

42 Outlet balance tank AF 450 597 30 

43 Inlet AG filter AF 441 593 29 

44 Outlet AG filte AF 447 597 29 

45 Outlet UV AF 440 588 30 

Averaged   433 574 3 

 

 

 

 



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

  
 

48 

Table 8: Consumption of chlorine. Concentration of chlorine according to ICP-MS results. Concentration of chlorine removed 
during operations units. Addition of NaOCl per cyclus to compensate for the remova of chlorinel in operation units. 

Sampling 
date 

Concentration [mmol/L] Removed [mg/L] Addition NaOCl per cyclus 
[mmol/L] 

21.02 14.3 - - 

16.03 16.3 0.05 0.0014 
25.03 
display 

- 0.32 0.0090 

Silvestro - 0.24 0.0068 

 
 
Table 8 is based on the measurements in Table 7 and measurements provided by Silvestro. [6] The 

calculations are presented in Appendix 2 – Calculations. The concentration of chlorine in pool water 

added from disinfectants, NaOCl and Ca(OCl)2, is calculated to be 14.3 mmol/L for 21st of February, 

and 16.3 mmol/L for 16th of March. Based on the low concentration of calcium added to the pool 

water, there had not been any fecal occurance. Therefore, the amount of Ca(OCl)2 is negligateble, and 

NaOCl is the main disinfectant source to chlorine in the pool water. The differences in the 

concentration of chlorine removed is caused by the function of GAC filter. For measurements provided 

by Silvestro the GAC filter was in use, while it was not in the remaining sampling dates. The markable 

difference between 16th and 25th of March is caused by the loss of chlorine during transport at the 16th 

of March. The measurements on 25th of March was conducted in situ. Therefore, they are considered 

more precise than the measurements from 16th of March. The addition of NaOCl per cyclus to 

compensate for the removal of chlorine during operation units is determined to be 0.0090 mmol/L for 

the 25th of March, and 0.0068 mmol/L for Silvestro’s measurements. The difference is caused by the 

impact of GAC filter. Hence, it can be concluded that the addition of NaOCl is less when the GAC filter 

is operative.  

 

 
 

4.1.2 SAC and DOC Measurements of the Sampling Points 

 
Figure 17 presents the plot of SAC254 for each sampling point, while Figure 18 presents the plot of DOC 

for each sampling point. All measurements of SAC254 and DOC are shown in Table 9. There were 

conducted three different parallels on different dates, parallel 1: 21st of February (sample 6-10), 

parallel 2: 16th of March (sample 34-39), and parallel 3: 25th of March (sample 72-77).  
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Table 9: The table presents the SAC254 and DOC concentrations for the different sampling points. 

Sample point SAC254 [m-1] DOC [mg/L] 

 
Sample 6-
10 (21.02) 

Sample 34-
39 (16.03) 

Sample 72-
77 (25.03) 

Sample 6-
10 (21.02) 

Sample 34-
39 (16.03) 

Sample 72-
77 (25.03) 

Fill up water 
9 

.45 
9.34 9.32 5.10 3.60 2.87 

Pool water 2.06 0.54 0.96 4.68 5.00 3.79 

Outlet balance 
tank 

2.06 0.50 0.92 4.64 4.59 3.89 

Inlet AG filter 2.12 0.46 0.92 4.65 4.85 3.74 
Outlet AG filter 2.37 0.46 0.92 5.35 4.67 3.70 

Outlet UV  - 0.58 0.90 - 4.96 3.82 

 
 
 
 

(a) 

  

 

(b) (c) 

Figure 17: The figure presents the SAC254 measurements for each sampling point. (a) Oslo 21st of February  sample 6-10), (b) 
Oslo 16.03 (sample 34-39), and (c) Oslo 25.03 (sample 72-77). 
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(a) 

 

 

(b)  (c) 

 
Figure 18: The figure presents the DOC concentrations for each sampling point. (a) 21st of February ( sample 6-10), (b) 16th 
of March (sample 34-39,) and (c) 25th of March (sample 72-77). 

 
In Figure 17, fill up water generally has SAC254 measurements above 9 m-1. For (a), the rest of the 

sample points have similar values around 2 m-1, with a maximum deviation of 0.31 m-1. The SAC254 

values indicate that there is a low but constant amount of DOC that can absorb a wavelength of 254 

nm. The SAC254 value is greater for fill up water, as the DOC present in fill up water are molecules of 

high molecular weight. These molecules are able to adsorb wavelengths of 254 nm. Pool water usually 

consists of small molecules with a negative charge which do not adsorb wavelength 254 nm to the 

same extent. [10] Due to this, the SAC254 measurement of fill up water is of a much greater magnitude 

than the rest of the sampling points, which mainly consist of pool water. The same trend applies to (b) 

and (c), where the SAC254 measurements are approximately 0.5 m-1, with a maximum deviation of 0.12 

m-1 in (b). In (c) the sampling points had SAC254 measurements around 0.9 m-1, whith a maximum 

deviation of 0.06 m-1. The differences in Figure 17 (a), compared to (b) and (c), could be caused by 

differences in the time between gathering of the samples and analysis. The samples in (a) were left 

for 2 weeks before analysis, which could have lead to bacterial growth or similar.  The samples in (b) 

and (c) were analysed the same day. Contaminants such as bacteria or similar could give a higher 

SAC254 measurement. In addition, the spectrophotometric analyses from the 21st of February were 

carried out in a spectrophotometer in Trondheim, which was different from the spectrophotometer 

used in Oslo for the samples from the 16th and the 25th of March. Figure 18 does not show the same 
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trend between the sampling points as the SAC254 measurements. Generally, the three different 

parallels present different trends. For (a) the DOC concentrations ranges from 4.64 to 5.35 mg/L, 

which is a deviation of 0.71 mg/L. The DOC concentrations in (b) have a deviation of 1.40 mg/L, with 

a range from 3.60-5.00 mg/L. For (c) the maximum deviation is of 1.02 mg/L, with a range of 2.87-3.89 

mg/L. The greatest deviation is between fill up water and pool water in (b) and fill up water and outlet 

balance tank in (c). Figure 18 (a) is the only parallel where the highest DOC concentration is for fill up 

water. The variations in DOC concentrations are most likely caused by differences in water quality at 

the different dates. There could also be some uncertainties associated with the DOC analyser.   

 

4.1.3 Aluminium from ICP-MS Measurements 

 

Figure 19 presents the different sampling points and the amount of aluminium in each of these. Table 

10 shows the data for each of the sampling points, both AF and FA for the 21st of February and 16th of 

March. Two parallels at two different dates have been analysed of aluminium, 21st  of February ((a) 

and (b)) and 16th of March ((c) and (d)). For each of these dates one parallel of the samples have been 

acidified before filtration (AF), (a) and (c), while the other have been filtrated before acidification (FA), 

(b) and (d).  

Table 10: The table presents the aluminium concentrations for the different sampling points from 21st of February (AF, sample 
1-5 and FA, sample 6-10)  and 16th of March (FA, sample 34-39 and AF, sample 40-45). 
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(a) (b) 

(c) 

 

(d) 

Figure 19: The figure presents the aluminium concentration in each sampling point. (a) AF 21st of February (sample 1-5), (b) 
FA (sample 6-10),  (c) AF 16th of March (sample 40-45),  and (d) FA (sample 32-39). 

The main interest for the ICP-MS analyses is the outlet balance tank, inlet AG filter and outlet AG filter. 

These points are in focus as coagulant is added between the outlet balance tank and inlet AG filter. 

Outlet AG filter provides a measurement of the flocs removed in the AG filter. The coagulant is added 

after the outlet balance tank, thus the aluminium concentration at this sampling point should be lower 

than at inlet AG filter, for the AF samples. Outlet AG filter should have a lower aluminium 

concentration than inlet AG filter for AF, as flocs have been removed in the filter. For FA samples, the 

three sampling points should ideally have the same concentrations of aluminium. This is because the 

flocs formed by the coagulant are removed when the samples are filtrated.  

 

Figure 19 (a) follows the ideal trend describes above, where the aluminium concentration in inlet AG 

filter is higher than both outlet balance tank and outlet AG filter. Figure 19 (b) only partly follows the 

ideal trend for FA as described above. Outlet balance tank has a higher concentration than inlet AG 

filter and outlet AG filter, where the inlet and outlet AG filter have approximately the same aluminium 

concentrations. The deviation from the trend of outlet balance tank have no obvious explanation, but 

might be caused by contaminations of  aluminium from the bathers. The should be no contamination 
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from pipes or similar, as pool water has the same aluminium concentration. Figure 19 (c) follows the 

expected trend for AF samples. Figure 19 (d) seems to follow the trend of AF samples, as inlet AG filter 

has a higher concentration than both outlet balance tank and outlet AG filter. This might have been 

caused by variations in the type of particles present in the water. A high aluminium concentration of 

FA samples may indicate that few flocs were formed. However, if this was the case the aluminium 

concentration at outlet AG filter should be the same as inlet AG filter as the dissolved aluminium would 

go through the filter.   

 

An observation made in all of the plots is that there is little variation in aluminium concentrations. The 

maximum variation is approximately 0.15 mg/L between fill up water and the rest of the samples. The 

remaining sample points have a variation of < 0.05 mg/L. This may indicate that the coagulant dosage 

is too low or that it is not optimal/efficient for the particles present in the water.  

 

4.1.4 Particle measurements 

 
 Particle measurements were carried out at the different sampling points to ensure that the treatment 

processes work properly when removing particles flocculated by the coagulant. The coagulant is 

added to the water before it reaches the AG filter where the flocculated particles are removed. Thus, 

the inlet and outlet AG filter are the most interesting measurements. All particle measurements are 

repeated 10 times, and the results presented below are an average of these measurements. Figure 20 

presents the particle concentration from each sampling point at Rud svømmehall  on the 25th of March 

in Oslo (sample 72-77). Table 11 presents the total particle concentration from each sampling point.  

 

 Table 11: Particle measurement results from sampling points at Rud svømmehall. 

Sampling point Total particle concentration [mL-1] 

Fill up water 3694 
Pool water 199 

Outlet balance tank 182 
Inlet AG filter 249 

Outlet AG filter 27 

Outlet UV 99 
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(a) (b) 

(c) (d)  

(e) 

 

(f) 

 

Figure 20: The figure presents the results from the particle measurements from each sample point at Rud svømmehall, 
25.03.22. (a) presents fill up water, (b) pool water, (c) outlet balance tank, (d) inlet AG filter, (e) outlet AG filter, and (f) 
outlet UV. 

 

The values from Table 11 present the total particle concentration measured per mL for each sampling 

point. The total particle concentrations in Table 11 are based on the particle measurements presented 

in Figure 20. The figure also show the different particle size ranges, and the number of particles 

present in each range. All the particle measurements have a comparable size trend, where the number 
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of particles in each size range decreases with size. Even though the measurements have a comparable 

size trend, the total concentration of particles in each measurement differ. This is shown in Figure 20 

(a) and (b), where (a) has a maximum particle concentration per size range approaching 1000 mL-1, 

while it is approaching 50 mL-1 for (b). The size trend is comparable in both (a) and (b).  

The purpose of the coagulant is to ensure effective precipitation, without oversaturating the solution. 

Therefore, a high particle concentration is optimal. In Table 11, fill up water has the highest particle 

concentration of 3694 mL-1. When taking the flow rate into consideration, the number of particles 

from fill up water will be negligible. When the streams from pool water and fill up water are mixed in 

the balance tank, the total particle concentration decreases. This decrease can be caused by 

sedimentation or similar in the balance tank, but it can also be caused due to dilution with the water 

already present in the balance tank. Moreover, the particle concentration increases from outlet AG 

filter to the UV filter, which is unexpected. The UV filter should have a lower or the same particle 

concentration as outlet AG filter, as there is no further addition of particles to the system. Chemical 

reactions triggered by the UV disinfection could be a reason for the increased particle concentration. 

The reason for the increased particle concentration can be determined through more parallels. 

There is an expected increase in the particle concentration from outlet balance tank and the inlet AG 

filter. The addition of coagulant between these sampling points causes the increase in particle 

concentration. The addition of the coagulant form flocs. These flocs are removed in the AG filter. 

According to the producer, the AG filters can remove 97% of particles with diameters down to 5.0 µm, 

without the aid of a coagulant. [6] Due to this, particles with a diameter less than 5 µm will travel 

through the filter. These small particles will only be removed after forming bigger flocs with the 

addition of the coagulant. [13] As observed in Figure 20 (d) and (e), approximately 90% of all particle 

sizes are removed after the addition of coagulant and filtration in the AG filter. These results are not 

in accordance with the particle removal percentage of the filter. It is expected that the number of 

particles ranging from 0.8 µm to 5.0 µm would stay constant, and the total particle concentration 

above 5.0 µm would decrease. A reason to the decrease in the total particle concentration can be that 

the filter only guaranteed a 97% removal of particles above 5.0 µm, but does not guarantee the 

removal of particles smaller than 5.0 µm. Even though the results do not reflect the particle removal 

stated by the producer, the filter removes a sufficient amount of particles (90%) in all size ranges.   
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4.1.5 Trace elements and heavy metals in pool water 

 
Rud svømmehall is changing GAC filters, where ICP-MS analyses show whether there are any 

remaining elements, such as trace elements and heavy metals, from the previously used GAC filter.  

The results presented in this part show a comparison of the amount of metal and heavy metals. Table 

12 presents metal concentrations in µg/L for drinking water in Trondheim (sample 6), fill up water 

(22nd of February and 16th of March, sample 6 and 34), and pool water (22nd of February and 16th of 

March, sample 7 and 35).   

 

Table 12: Metals and heavy metals concentrations presented in drinking water Trondheim, along with the fill up water and 
pool water samples from Rud svømmehall.  

Sampling point date Metal concentration [µg/L]  

  Cr  Ni  Cu  Zn  As  Cd Hg   Pb  

Drinking water 0mg/L  
Trondheim 06.03, (sample 11) 

0.7 57.6 813.0 492.5 0.7 0.0 <0.225 19.6 

Fill up water 21.02, (sample 6) 0.6 1.8 44.4 20.4 0.6 0.0 <0.225 0.2 

Fill up water 16.03, (sample 34) 0.6 1.3 61.2 15.1 0.6 0.0 <0.225 1.2 

Pool water 21.02, (sample 7) 8.4 15.1 78.1 14.4 0.9 0.0 <0.225 0.0 

Pool water 16.03, (sample 35) 7.7 18.6 109.7 4.4 0.8 0.0 <0.225 0.1 

 

Figure 21 presents the distribution of metals in the different water types, where (a) is drinking water 

in Trondheim (sample 11), (b) is fill up water 21st of February and 16th of March (samples 6 and 34), 

and (c) for pool water 21st  of February and 16th of March (sample 7 and 35). The figure is based on the 

values in  Table 12. 
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A comparison of the different water types presented in Table 12 shows that the concentrations of 

metals generally are higher on the 16th of March (samples 6 and 7), than on the 22nd of February 

(samples 34 and 35). The exceptions are chromium, zink, and arsenic in pool water, and nickel and 

zink in fill up water. Although, the measured values do not vary that much. The differences can be 

caused by the day-to-day concentration of metals in the pool water. Considering the hypothesis that 

CarboTech Pool W 1-3 possibly leaked heavy metals, the measured values in Table 12 could not verify 

this hypothesis. This is because the concentrations of heavy metals in pool water are higher on the 

16th of March than on the 21st  of February. However, to ensure this hypothesis several measurements 

should be considered directly from the samples where PAC is added, for example equal to samples 

22-33, measured for DOC. The metal concentrations in drinking water Trondheim (sample 6) stand out 

with a high value compared to the facility samples, considering copper, zink, and lead. This can be 

caused by high metal concentrations in the pipes or variations in the day-to-day concentration in the 

water. However, several analyses should be considered due to health and environmental factors.  

 

 

 

 

   

Figure 21: Distribution of metal concentrations in (a) drinking water Trondheim (sample 6), (b) fill up water 22nd of 
February and 16th of March (sample 6 and 34), and (c) pool water the 22nd of February and 16th of March (sample 7 and 
35).  

(a) 

(b) (c) 
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4.2 Determination of Optimal Coagulant Dosage 

 
To determine the effect of the coagulant three variables are investigated. The first variable is the 

removal of DOC at different coagulant dosages. The second parameter investigated is the number of 

particles present after the use of coagulant at different dosages. The third part of the coagulant 

investigations is to determine the amount of dissolved and particulate aluminium after coagulation, 

using ICP-MS. 

  

4.2.1 Particle measurements after jar test 

 
As a way of determining the most effective coagulant dosage, the number of particles at different 

coagulant dosages was measured after the jar test on the 25th of March. The coagulant dosages range 

from 0-8 mg/L. All particle measurements are repeated 10 times, and the results presented below are 

an average of these.   

 

Table 13 presents the total particle concentrations from jar tests for fill up water and pool water, 

based on particle measurements presented in Figure 22 (sample 78-82) and Figure 23 (sample 83-87). 

These measurements are based in coagulat dosages ranging from 0-8 mg/L. The figures also show the 

different particle size ranges, and the number of particles present in each range. 

 

Table 13: Particle measurement results from fill up water and pool water after jar test (0-8mg/L), 25th of March. 

Concentration of 
coagulant [mg/L] 

Total particle concentration 
[mL-1] 

 Fill up water Pool water 
0 3280 281 

2 3242 335 

4 10 025 472 
6 4121 3613 

8 5372 446  
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(a) 

 
 

(b) 

 

(c) 

 

(d) 

 
 (e)   

 
 
 
 
 
 
 
 
 
 
 

Figure 22: The figure presents the total particle concentration of fill up water after jar test, 25th of March. (a) 0mg/L (b) 
2mg/L (c) 4mg/L (d) 6mg/L, and (e) 8mg/L. 
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(a) (b) 

(c) (d) 

 
(e) 

 

 

Figure 23: Total particle concentration of pool water after jar test, 25.03.22. (a) 0mg/L, (b) 2mg/L, (c) 4mg/L, (d) 6mg/L, 
and (e) 8mg/L. 
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All particle measurements have a comparable size trend, where the number of particles in each size 

range decreases with size. Even though the measurements have a comparable size trend, the total 

concentration of particles in each measurement differ.  

Table 13, Figure 22 and Figure 23 displays the results from jar test with fill up water and pool water. 

The highest particle concentration in fill up water after jar test is 10 025 mL-1 at a coagulant dosage of 

4 mg/L. A high particle concentration indicates that charged particles dissolved in the water have 

created flocs with the coagulant. [13] Addition of a coagulant dosage of 4 mg/L to the fill up water 

increases the particle concentrations of all particle sizes. There is a notable increase in the number of 

larger particles with sizes of 2.0 µm, 4.0 µm, and 5.0 µm, shown in Figure 22 (c) compared to Figure 

22 (a) and (b). This indicates that the coagulant forms flocs with smaller particles, as seen in the steep 

increase in the particle concentrations of particles of these sizes. As observed in Figure 22, the total 

particle concentration decrease when the coagulant dosage increases to 6 mg/L. This happens due to 

an oversaturation, where aluminium ions in excess dissolves already neutralized flocs, as they now 

gain a net positive charge. [13] Further increase in the coagulant dosage to 8 mg/L leads to a new 

increase in the number of particles. The increase in particle concentration is caused by the formation 

of sweep floc. [13]  

In Figure 23 (d), it is observed that a coagulant dosage of 6 mg/L in pool water provides a maximum 

particle concentration of 3613 mL-1. Pool water after jar test has a similar trend to the fill up water 

particle measurements, where there is a high concentration of particles at the smallest size ranges. 

However, at a coagulant dosage of 6 mg/L there is an increase in the number of particles in all size 

ranges. There is no increase in the concentration of bigger particles compared to the observations for 

the optimal coagulant dosage for fill up water. The reason for the differences might be the presence 

of particles with different chemical and physiological properties in pool water and fill up water.   

Based on the particle measurements presented in Figure 22 and Figure 23, the coagulant appears to 

be more efficient for fill up water than pool water. In spite of this, the flow of pool water is greater 

than that of fill up water, thus the optimal coagulant dosage, based on the presented results, is 6 mg/L 

for pool water. According to Silvestro, Rud svømmehall is currently using an ineffective coagulant 

dosage of 30 mL/h (4.65 µg/(L·h)). [6] Based on the particle measurements presented above, an 

increase in coagulant dosage is advisable. To support the recommendation of the coagulant dosage 

more parallels should be conducted.  
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4.2.2 DOC Removal with Coagulant 

 
The amount of DOC was measured in the samples after jar test to investigate the ability of the 

coagulant to remove DOC. The DOC measurements after jar test are measured out of interest to 

evaluate the effect of the coagulant on DOC removal. The plotted graphs provide a minimum 

concentration of DOC. The DOC measurements at different coagulant dosages are presented in Table 

14. Figure 24 shows the results graphically.   

 

Table 14: The table shows DOC measurements at different coagulant dosages for fill up water and pool water from the 16th 
and 25th of March 2022.   

Coagulant dosage 
[mg/L] 

Date and sample information 

 16.03.2022 25.03.2022 

DOC fill up water 
[mg/L] 

DOC pool water 
[mg/L] 

DOC fill up water 
[mg/L] 

DOC pool water 
[mg/L] 

0 3.82 5.05 3.14 3.87 

2 2.27 4.62 1.70 3.47 

4 2.43 4.60 1.18 3.47 
6 2.33 4.46 1.76 3.26 

8 2.49 4.47 1.69 3.39 
 

Figure 24 (a) presents DOC analysis with increasing coagulant dosage for fill up water carried out 16th 

of March 2022 (sample 46-50). At a coagulant concentration of 0 mg/L, the fill-up water has a DOC 

concentration of 3.82 mg/L. At a coagulant dosage of 2 mg/L, the DOC concentration is measured to 

be 2.27 mg/L. This is approximately half of the initial concentration of DOC.  With increasing amounts 

of coagulant, the DOC concentration seems to stabilize between 2.30 mg/L and 2.50 mg/L, with a 

maximum decrease in DOC concentration of 1.55 mg/L. 

 

Figure 24 (b) shows a DOC analysis with increasing amounts of coagulant for pool water from the 16th 

of March 2022 (sample 51-55). With a coagulant dosage of 0 mg/L, the pool water has a DOC 

concentration of 5.05 mg/L. As the coagulant dosage increases the DOC concentration stabilizes 

around 4.40 mg/L and 4.60 mg/L, with a minimum DOC concentration of 4.46 mg/L at a coagulant 

dosage of 6 mg/L. The DOC concentration in the pool water does not decrease with the same 

magnitude as the fill up water, with a maximum decreases of 0.59 mg/L. 

 

Figure 24 (c) shows the same results as Figure 24 (a) but for fill up water from the 25th of March 2022 

(sample 78-82). The initial concentration of DOC with no coagulant added is 3.14 mg/L. The minimum 

amount of DOC was measured when the coagulant dosage was 4 mg/L, with a DOC concentration of 

1.18 mg/L. The maximum amount of DOC removed compared to the initial coagulant concentration 
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of 0 mg/L was 1.95 mg/L. The DOC concentration seems to stabilize around 1.5 mg/L at a coagulant 

dosage of 8 mg/L.  

 

The results of DOC removal with increasing coagulant dosage from pool water were also measured on 

the 25th of March 2022 (sample 83-87). These results are presented in Figure 24 (d). The initial 

concentration of DOC in the pool water was 3.87 mg/L. A small amount of DOC is removed with 

increasing coagulant dosage, and the DOC concentration is stable at around 3.50 mg/L. The lowest 

concentration of DOC, 3.26 mg/L, was at a coagulant dosage of 6 mg/L. This results in a maximum 

removal of 0.61 mg/L.  

 

(a) (b) 

(c) (d) 

Figure 24: The figure presents the results from the amount of DOC in fill up water and pool water after jar test. (a) fill up 
water 16thof March (sample 46 to 50) (b) pool water 16th of March (sample 51 to 55) (c) fill up water 25th of March (sample 
78 to 82) and (d) pool water 25th of March (sample 83 to 87). 

 

The initial concentration of DOC was higher in Figure 24 (a) compared to Figure 24 (c), with 

concentrations of 3.82 mg/L compared to 3.14 mg/L. In spite of this, less DOC is removed in (a) than 

in (c), 1.55 mg/L compared to 1.95 mg/L. Moreover, a higher coagulant dosage is required for 

maximum DOC removal in (a) than (c), 2 mg/L versus 4 mg/L. These results can be explained by the 

DOC particle sizes in fill up water. The DOC particles may be bigger in (c), which will require a higher 

coagulant dosage for removal and lead to a greater DOC removal. In (a) the particles could be smaller 
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than in (c) and would thus be harder to remove by the coagulant. It would be possible to verify this 

hypothesis by looking at the measurements carried out by a particle counter. A particle counter was 

used to measure the amount and size of particles both for fill up water on the 16th og March (sample 

46-50) and 25th of March (78-82). The particle measurements for the 16th of March (sample 46-50) 

were lost. Due to this, it is not possible to compare the particle measurements on the two different 

dates. For further experiments, additional parallels should be carried out with particle measurements. 

These particle measurements could be used to support the hypothesis.  

 

The coagulant consists of positive ions that are able to neutralize negatively charged particle. High 

molecular DOC is also able to adsorb onto the coagulant. [13] [41] Further, the coagulant can form 

interparticulate bridges, which can lead to the entrapment of more particles, where the precipitate 

formed is called a sweep floc. Particles of greater size than 0.1 µm in diameter are rapidly removed by 

the coagulant, but smaller particles are harder to remove. [43] This theory supports the hypothesis 

that the measurements for fill up water on for 25th of March contains DOC of greater size than for the 

16th of March, even though the initial DOC concentration is lower. The variations in DOC levels can be 

caused by variations in the contamination of the water from day to day, as the water can contain 

bigger particles one day, but have a lower total concentration of particles. The variation in the 

measured DOC concentrations can also be caused by experimental errors of the DOC instrument or 

different treatment of the samples as they were carried out on two different dates.  

 

Figure 24 (b) and (d) present differences in the initial DOC concentrations in pool water, which are 

5.05 mg/L in (b) compared to 3.87 mg/L in (d).  Less DOC is removed in (b) than in (d), with 

concentrations 0.59 mg/L compared to 0.61 mg/L. However, the maximum removal of DOC in both 

(b) and (d) happens at a coagulant dosage of 6 mg/L. Based on these results it can be concluded that 

little DOC is removed from the pool water compared to the initial concentration of DOC. Even though 

the initial DOC-concentration is greater for the 16th of March (sample 51-55) compared to the 25th of 

March (sample 83-87), approximately the same amount of DOC is removed. The variation in the initial 

DOC concentration can be caused by the daily variation of the DOC concentration in the pool water, 

which correlates with the number of bathers. The samples in Figure 24 (b) were obtained at 13:10, 

whilst at 09:15 in (d). Due to this, a higher number of bathers could have contaminated the pool water 

by 13:10 compared by 09:15. Another interesting aspect is that the amount of DOC removed seems 

to be constant. This indicates that there is a constant, but low level of DOC in the pool water that can 

be removed by the coagulant. Thus, most of the DOC particles added from the bathers are smaller 

than what the coagulant is able to remove.  
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Overall, little DOC is removed from the pool water by the coagulant for all coagulant dosages. As there 

might have been variations in DOC measurements, it can be discussed whether a coagulation dosage 

of 6 mg/L is the most optimal. Approximately the same amount of DOC is removed at a lower 

coagulant dosage of 2 mg/L. Hence, a more sustainable approach suggests that a lower coagulant 

dosage can be used to remove approximately the same amount of DOC per litre. This will save 

resources, but still ensure the removal of some DOC. Further experiments should be conducted with 

lower coagulant dosages than 2 mg/L at intervals of 0.5 mg/L, to investigate whether lower dosages 

may be more effective.  

 

The initial DOC concentrations vary between the fill up water and pool water. The DOC concentrations 

in the pool water are generally higher than for the fill up water. This difference in concentration is 

caused by the contamination from bathers. Despite this, more DOC is removed from the fill up water 

than from the pool water. This is probably caused by differences in particle sizes, as discussed above. 

The bathers in pool water generally emit smaller organic particles, such as urea and viruses, which are 

harder to remove by the coagulant than bigger organic molecules often found in freshwater, such as 

clays and humic acids. [10] [13] Thus, the use of coagulant is mainly effective for removal of DOC in fill 

up water. The most effective coagulant dosage varies with fill up water and pool water and is higher 

for pool water. The coagulant is most effective for fill up water, based on the amount of DOC removed 

compared to the initial DOC concentrations. However, taking the flow rate into account, the amount 

of DOC removed in pool water is approximately 100 times greater than for fill up water. Consequently, 

it is advisable to use a coagulant dosage best fitted for pool water. Based on these graphs the most 

effective coagulant dosage for fill up water is between 2-4 mg/L, and at 6 mg/L for pool water. 

Depending on the requirements for Rud svømmehall, a coagulant dosage of 2 mg/L could also be used. 

 

Ideally, DOC should have been measured after the jar test of drinking water in Trondheim (sample 11-

15). Due to conflicts in analysis requirements these samples were not analysed for DOC.  
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4.2.3 Amount of Dissolved and Particulate Aluminium in Coagulation Tests 

 
Results from the ICP-MS are used to find the amount of dissolved aluminium after filtration of the 

flocs formed in the jar test. This is used to find the surplus aluminium that will not react to form flocs. 

Table 15 presents the concentrations of dissolved aluminium after jar test for the different water 

samples on the different dates. The aluminium concentrations plotted against coagulant dosage are 

presented in Figure 25.  

 

Figure 25 (a) presents the plot of dissolved aluminium against coagulant dosage for drinking water 

Trondheim (6th of March, sample 11-15). (b) and (c) presents the plots for fill up water for the 16th 

(sample 46-50) and 25th of March (78-82).  Figure 25 (d) and (e) shows the plots for pool water from 

the 16th (sample 51-55) and 25th of March (sample 83-87). 

 

Table 15: The table presents the concentration of aluminium at different coagulant dosages, measured after the jar test.   

Concentration 
of coagulant 
[mg/L] 

Concentration of aluminium [mg/L] 

06.03.22 16.03.22 25.03.22 

Drinking water 
(sample 11-15) 

Fill up water 
(sample 46-50) 

Pool water 
(sample 51-55) 

Fill up water 
(sample 78-82) 

Pool water 
(sample 83-87) 

0 
0.2 0.2 0.3 

Rep 1: 0.2 
Rep 2: 0.2 

0.4 

2 24.7 0.9 0.8 0.1 1.6 

4 Rep 1: 39.9 
Rep 2: 103.8 

7.1 1.0 4.0 2.8 

6 83.1 17.5 5.6 16.3 3.4 

8 72.2 17.6 36.0 35.4 2.3 
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(a)  

(b) (c) 

(d) (e) 

Figure 25: The figure presents the concentration of aluminium after different coagulant dosages. (a) drinking water 
Trondheim 6th of March (sample 11-15), (b) fill up water Oslo 16th of March (sample 46-50), (c) fill up water Oslo 25th of March 
(sample 78-82), (d) pool water Oslo 16th of March (sample 51-55), and (e) pool water Oslo 25th of March (sample 83-87). 

 
The samples are filtrated after jar test, before acidification and ICP-MS analysis. Thus, the amount of 

aluminium which have not formed flocs, or flocs that are smaller than the filter pore size and dissolved 

in the acid, are detected in the ICP-MS. Ideally all of the coagulant will react with negative particles in 

the solution to form flocs. Thus, there should be no dissolved aluminium left in solution, as all 

aluminium is present in flocs. The most optimal coagulant dosage will be the dose where the lowest 

amount of dissolved aluminium is present.  

 

In Figure 25 (a) the second repetition of the two measurements of the coagulant dosage of 4 mg/L is 

considered an outlier. This measurement is both higher than repetition 1 and the aluminium 
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measurement of the coagulant dosage of 6 mg/L. When taking the average of the two repetitions, the 

concentration of dissolved aluminium is at 71.9 mg/L, which is lower than the aluminium 

concentration at 6 mg/L. The trend for (a) will therefore be an increase in the concentration of 

dissolved aluminium until a dosage of 6 mg/L is reached. At an coagulant dosage of 8 mg/L the 

aluminium concentration decreases. This might be due to the formation of sweep floc. [13]  

 

Figure 25 (b) and (c) shows the same trend until the coagulant dosage of 6 mg/L. The two plots have 

similar aluminium concentrations for the different coagulant dosages, where (b) have slightly higher 

aluminium concentrations for coagulant dosages of 2-6 mg/L. The two plots deviate for 8 mg/L. There 

is no clear explanation to the higher aluminium concentration in (c) than in (b). This deviation could 

be caused be analytical errors, or trace elements present in the glass beakers before analysis.   

 

There is no comparable trend in Figure 25 (d) and (e).  In (d) the concentration of dissolved aluminium 

slowly increase between coagulant dosages of 2-6 mg/L, and has a significant increase between the 

coagulant dosage of 6 and 8 mg/L. This trend is not shown in (e), where the increase in dissolved 

aluminium is slow and for all coagulant dosages, the aluminium concentration stays below 4 mg/L. 

There is an increase in aluminium concentration from 2-6 mg/L, and a drop when the coagualant 

dosage is 8 mg/L. The deviations in the dissolved aluminium concentrations for (d) and (e) can be 

explained by trace elements present in the glass beakers of the jar apparatus or analytical errors. 

 

pH has great influence on the solubility of auminium, and is probably the biggest factor for variations 

in the measurements. There were some variations in the pH after adjustment, where the range was 

7.3±0.1. A pH variation of 0.1 will have a great impact on the solubility of aluminium in water, thus 

explaining the variations seen in the parallels. [13] As there is no comparable trend between the 

aluminium concentrations of the different parallels, no clear conclusion can be made about the 

optimal coagulant dosage based on these results. Moreover, the pH should be measured accurately 

after the addition of coagulant and after the jar test to ensure equal reaction conditions for all 

samples.   
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4.2.4 Comparison of Measurements After Jar Test 
 

The outlook in Silvestro’s bachelor thesis concluded that Rud svømmehall are currently using an 

ineffective coagulant dosage. [6] During the analyses after jar test, the Silvestro’s conclusion was 

verified, and a new coagulant dosage should be considered. After measurements of total particle 

concentration, DOC and dissolved aluminium after jar test, it is challenging to draw a definite 

conclusion of the optimal coagulant dosage. The DOC measurements indicated that a coagulant 

dosage of 2 mg/L showed approximately the same removal of DOC as the coagulant dosage of 6 mg/L. 

The low removal of DOC indicates that DOC should be removed by other means than a coagulant. 

Based on the measurements of total particle concentration the optimal coagulant dosage for pool 

water is 6 mg/L. The measurements of dissolved aluminium show no clear optimal coagulant dosage 

for any of the parallels. Through the measurements, it was discovered that the removal of DOC from 

fill up water and the formation of bigger flocs by the use of coagulant, was more effective than for 

pool water. Therefore, a pretreatment of the fill up water with coagulant should be considered. 

Moreover, as a way to further optimalize the treatment processes at Rud svømmehall, experiments 

with different coagulants and another concentration of aluminium chloride should be carried out.  

 

 

4.3 Calculation of Filter Capacity and Bed Life through Adsorption Isotherms 
 
The capacity of the GAC filter is determined through DOC measurements. From the DOC 

concentrations adsorption isotherms can be plotted. The adsorption isotherms are further plotted as 

ln-ln diagrams, where the linear equation is used to determine filter capacity and bed life.  

 

4.3.1 Determination of Filter Capacity  

 
Adsorption isotherms are plots of q against DOCads. q expresses the amount of adsorbate (mg DOC) 

that has been adsorbed per gram adsorbent (g GAC) at equilibrium. In addition, the logarithmic values 

of these measurements were plotted. Plots of SAC254 against DOC are used to identify outliers. Plots 

of SAC254 against the mass-volume ratio (m/V) and DOC against m/V-ratio were used to identify 

SAC254,nonads and DOCnonads. These plots are presented in Appendix 2 – Calculations. The regression line 

of the ln-ln plots can be used to determine the capacity of the GAC filters, KA [(mg/g)(L/mg)1/n]. The 

filter capacity is a constant, which indicates the amount of DOC that can be adsorbed per gram GAC. 

The amount of DOC was measured in a DOC analyser and SAC254 was measured in a 

spectrophotometer (UV-VIS) at 254 nm.  
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Figure 26 to Figure 28 show the adsorption isotherms and their ln-ln diagrams. Figure 26 shows the 

plots for drinking water for Trondheim from the 4th of March for w 1-3 and DGK (sample 22-27 and 

28-33). Figure 27 presents the plots for fill up water from the 16th of March (sample 58-63) and the 

25th of March (sample 91-97). Figure 28 presents the plots for pool water from the 16th of March 

(sample 66-71) and from the 25th of March (sample 100-106). Outliers are displayed as points with 

surrounding red rings, and are not included in the regression line. The regression lines and R2 for the 

ln-ln diagrams are presented in Table 16, along with the Freundlich isotherm parameters, KA, and 1/n. 

The calculation for KA is presented in Appendix 2 – Calculations. 

 
Table 16: Presentation of equations for the regression line for all ln-ln plots, with the corresponding R2 value, 1/n and KA.  

Figure number Equation R2 1/n KA [(mg/g)(L/mg)1/n] 
Figure 26 

(b) y = 0.79x + 3,45 0.94 0.79 31.5 

(d) y = 0.50x + 1.79 0.94 0.50 6.0 
Figure 27 

(b) y = 1.02x + 2.31 0.87 1.02 10.1 
(d) y = 0.63x + 1.64 0.96 0.63 5.2 

Figure 28 

(b) y = 0.93x + 2.85 0.95 0.93 17.3 
(d) y = 1.15x + 4.25 0.99 1.15 70.1 

 

In Figure 26, (a) and (c) the plots of q against DOCads follow a trend close to the ideal adsorption, shown 

as the Freundlich adsorption isotherm. The ln-ln plots in the figure show the linearity of the regression 

line. A perfectly linear regression line has a R2 value of 1. [44] The regression lines for the ln-ln plots in 

Figure 26 (b) and (d) have R2 values above 0.900. This indicates that the ln-ln plots are nearly linear. 

The ln-ln diagrams of q(DOC) against DOCads gives KA values of 31.5 (mg/g)(L/mg)0.79 for drinking water 

Tronheim w 1-3 (sample 22-27), while it is 6.0 (mg/g)(L/mg)0.50 for drinking water Trondheim DGK 

(sample 28-33). The KA values, along with the R2 values for the regression lines for the ln-ln plots in 

Figure 26 are given in Table 16. 
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(a) (b) 

 

(c) (d) 

Figure 26: The figure presents the plots of q(DOC) against DOCads along with the freundlich adsorption isotherms for drinking 
water from the 4th of March  for w 1-3 in (a) and DGK in (c). The corresponding ln-ln diagrams are plotted in (b) and (d).   

 
In Figure 27 (a) and (c) for fill up water, the plots follow a linear trend and increases exponentially 

towards the last two points of the graphs, and (a) has a more linear trend for the Freundlich adsorption 

isotherm than (c). The ln-ln diagrams for q(DOC) against DOCads gives KA values of 10.1 (mg/g)(L/mg)1.02 

for (b) and a KA value of 5.2 (mg/g)(L/mg)0.63 for (d). The ln-ln plots for (b) and (d) follow the same 

trend as (a) and (c). Figure 27 (b) has a R2 value of 0.87, while (d) has a R2 value of 0.96. These R2 values 

indicate a trend close to linearity. The regression lines for the ln-ln plots in Figure 27 are shown in 

Table 16 along with their KA values.     

 

 

 

 

 

 

 



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

  
 

72 

(a) (b) 

(c) (d) 

Figure 27: q plotted against DOCads for fill up water with DGK. The corresponding ln-ln diagrams of these plots are shown in 
(b) and (d). (a) and (b) 16th of March (sample 58-63), and (c) and (d) 25th of March (sample 91-97).   

 

Figure 28 (a) and (c) for pool water, have an increasing trend in q with increasing DOCads. The plots of 

the different dates of (a) (16th of March) and (c) (25th of March) present a similar trend, but differences 

are observed in the ln-ln plots. The R2 value is  0.95 for (b) and 0.99 for (d). This indicates a nearly 

perfect linear trend. It is important to note the outliers here. However, as these are not included in 

the regression lines, they have no impact on the result. The regression lines, R2 values and the KA 

values for Figure 28 are presented in Table 16.  
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(a) (b) 

(c) (d) 

Figure 28: q plotted against DOCads for pool water with DGK, along with their corresponding ln-ln diagrams. (a) and (b) are 
plots from 16th of March (sample 66-71), and (c) and (d) are plotted from th 25th of March (sample 100-106). 

 
Figure 26, Figure 27, and Figure 28 present the plots of q(DOC) against DOCads. The Freundlich 

adsorption isotherms plotted with the Freundlich adsorption parameters are included in the same 

plots. Figure 26 presents the plots for drinking water from Trondheim with w 1-3 and DGK. In Figure 

27, the plots for fill up water from Rud svømmehall are presented, and Figure 28 displays the plots for 

pool water from Rud svømmehall. 

 
According to Industrial Separation Processes Fundamentals [30], an ideal adsorption isotherm should 

have a shape similar to a logarithmic curve, shown in Figure 8 (c). The adsorption isotherms plotted in 

Figure 26, Figure 28, and Figure 28 have a shape similar to the unfavourable and linear isotherms 

illustrated in Figure 8 (a) and (b). This suggests that the activated carbon does not adsorb DOC ideally, 

but will have a s-shaped breakthrough curve. [30] The graphs generally follow the same trend, which 

indicates that the deviations from the ideal isotherms can be caused by several variables. A reason for 

the deviations can be analysis errors. Especially measurements from the DOC analyser provided 

varying DOC concentrations. Some of these errors in DOC measurements causes negative q values, 

shown by outliers with red rings. The outliers are included in the figures, but not in the trend lines, as 

they affect the graph by dragging it in the direction of the outlier. During the DOC analysis there was 

a significant amount of inorganic carbon present in some of the samples. The inorganic carbon 

measured in the samples might be a leakage from the GAC filters. This may have caused some 

inaccuracies in the DOC measurements, resulting in too high or too low DOC concentrations. [45] The 

same outliers are not observed in the SAC254 measurements. This supports the assumption that the 



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

  
 

74 

inorganic carbon has interfered with the DOC measurements from the DOC analyser. Some of the 

points in the adsorption isotherm graphs deviated from the trend. These points are marked with red 

rings.  

Another reason for unfavourable adsorption isotherms could be that the samples with GAC were not 

left to reach equilibrium for long enough time. The adsorption isotherms presented in Figure 26, have 

a more ideal trend compared to Figure 27 and Figure 28. The reason for this might be different mixing 

times on the shaking table. The samples in Figure 26 were mixed for 48 hours, while the samples 

presented in Figure 27 and Figure 28 were mixed for 24 hours. Based on these results, a greater mixing 

time may give the solution enough time to reach equilibrium.   

The capacity of the GAC filter is determined by the KA values. The KA value is a measure of the amount 

of adsorbate (DOC) adsorbed per mass adsorbent (GAC). [33] The KA values differ for each plot 

presented above. Variations in the KA values may have been caused by experimental errors as 

discussed above, but could also be caused by differences in water quality for each sample. Some of 

the water samples may have a higher level of aromatic and hydrophobic molecules compared to the 

rest. This may be the case if the initial solution is not homogenic, but varies with time. Usually, KA are 

given as molecule-specific values. Hydrophobic molecules with a particle size matching the pore sizes 

of the filter are easily adsorbed on the activated carbon filters. According to MWH’s Water Treatment 

(chapter 15, table 15-6) [29], molecules that easily adsorb on the GAC filters have high KA values. [33] 

Hydrophilic molecules, that are not removed by the coagulant and activated glass filter, are not 

removed in the GAC filters. This can be explained by the low affinity of hydrophilic molecules for the 

nonpolar GAC filter, thus these molecules have low KA values. As there are usually few hydrophobic 

substances in pool water, but rather a presence of hydrophilic molecules of small particles sizes, this 

will affect plotted adsorption isotherms and the calculated KA values. Pool water contains a mixture 

of different dissolved organic molecules, where the type and amount of particles present varies with 

time.  

According to Adsorption Technology in Water Treatment [26], and Disinfection By-products in 

Drinking Water [10], NOM are divided into two fractions, hydrophobic and hydrophilic compounds. 

The hydrophobic aromatic compounds are substances which adsorb the best on GAC, due to the 

interactions forming --bonds with the adsorbent. By comparing the plots presented in Figure 26, 

Figure 27 and Figure 28, it can be concluded that GAC is more efficient for fill up water than pool 

water. A possible reason for this is that fill up water contains a higher amount of hydrophobic aromatic 

compounds compared to pool water. In pool water DOC is present as hydrophilic aromatic 

compounds, which tend to have a lower adsorption to GAC. However, from the DOC removed in jar 
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test it is also observed that a lower level of DOC is removed from the pool water, compared to fill up 

water. This could be explained upon the different fractions of NOM. The coagulant is more efficient 

for smaller, aliphatic compounds such as humic acids. [10] It could therefore be discussed whether 

experiments with other types of coagulant and the use of GAC are the most optimal for Rud 

svømmehall. The most optimal coagulant dosage and GAC filter may be investigated through further 

experiments by using different filters and different types of coagulant. Qualitative analysis could be 

considered to identify the compounds present in pool water. For example, chromatography with 

standards of commonly occurring hydrophilic and hydrophobic molecules in pool water could be used 

for this purpose.  

 

4.3.2 Calculation of bed life  

Table 17 and Table 18 show the values for DOC ads for fill up water and pool water for the 16th and 

25th of March. The calculations of these values and an example of q is shown in Appendix 2 – 

Calculations.  

 
Table 17: The table shows the DOCads concentrations and q values calculated based on the plotted adsorption isotherms and 
KA above.  

Figure name DOCads [mg/L] q in [mg/g] 

Figure 27 (DGK) 

(b) (DOCads, fill up water, 16th) 3.30 34.0 
(d) (DOCads, fill up water, 25th) 2.60 9.4 

Figure 28 (DGK) 
(b) (DOCads, pool water, 16th) 2.70 43.5 

(d) (DOCads, pool water, 25th) 2.30 182.7 

 

The experimental results are scattered, thus it is reasonable to use a q in the range of 9.4- 34.0 

mg/g. The calculated values for the amount of DOC removed at the stoichiometric breakthrough are 

presented in Table 18, along with the value for the bed life until breakthrough.  

 
Table 18: The table shows the bed life for the log-log diagrams plotted in Figure 26-Figure 28. 

Value of q [mg/g] DOC adsorbed at stoichiometric 
breakthrough [g DOCads] 

Bed life 

9.4 6 900 

564 days 
= 1.55 years 

10.0 7 400 

16.7 12 300 
34.0 25 400 

The bed life until breakthrough is 564 days, or 1.55 years. This is a reasonable bed life, as GAC filters 

can last from weeks and up to 10 years, depending on the adsorbate. [46] The full calculation of the 

bed life is shown in Appendix 2 – Calculations. 
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4.4 Mass Balances  

 
Mass balances have been modelled for the removal of DOC in three steps based on the results from 

the coagulant and activated carbon experiments. In the first step, all the water in the pool system is 

initially fill up water. Some DOC is removed by the coagulant, reducing the DOC concentration over 

time until a steady state is reached after 7 cycles. The DOC concentration is calculated to be 1.985 

mg/L when the system is at a steady state.  

 

 In the second step, bathers are added to the mass balance, and an amount of 2.5 mg DOC/L is added 

per bather. The model presents DOC accumulation over time as there is more added DOC than 

removed by the coagulant. In this step, the system will not reach a steady state.  

 

The GAC filters are introduced in the third and final step. The GAC filters remove DOC from fill up 

water and from bathers. This model presents the optimal treatment processes at Rud svømmehall. 

The calculated DOC is at 2.419 mg/L at a steady state. This is after 6 cycles. 

 

Table 19: presentation of central initial DOC concentrations, in addition to the concentration at steady state and how many 
cycles are needed to reach steady state.  

Step Initial DOC concentration 
[mg/L] 

DOC concentration at steady state 
[mg/L] 

Cycle at steady state 
[h] 

1 3.478 1.985 7 

2 1.985 - - 
3 3.337 2.419 6 

 

The DOC concentrations in Table 15 present the initial DOC concentration for the different steps and 

the concentration at a steady state. In Step 1, the initial concentration in the water is based on DOC 

measurements before any coagulant is added to the jar test. The DOC concentration is determined by 

how many flocs were formed after coagulation and removed by filtration. In Step 1, it took 7 cycles, 7 

hours, to reach a steady state. This DOC concentration is estimated to be at a steady state because 

the system has reached a 1-e-t/τ value of 98%. [39]  

 

In Step 2, DOC from bathers is added. From the jar test, it was observed that little DOC was removed 

by the coagulant. Therefore, only DOC from the fill up water is being removed in this step. In this 

scenario, the amount of DOC in the water will continue to increase. The system will not reach a steady 

state because there is more DOC added to the system than being removed. After 12 cycles, which 

correlates to the opening hours of the facility, the DOC concentration is estimated to increase to 3.34 

mg/L. 
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In the final step, Step 3, GAC filters are introduced. These filters remove DOC from the fill up water, 

as well as the DOC from the water contaminated by bathers. The initial concentration of DOC in this 

step is the estimated DOC concentration from Step 2 after 12 hours. With the addition of the GAC 

filters, the system reaches a steady state after 6 cycles. The steady state concentration is an estimate 

from the average concentration of the DOC measurements after the jar test. In this scenario, the DOC 

concentration will increase after the first cycle before it starts to decrease in further cycles. This step 

shows the effect the GAC filter has in the removal of DOC from bathers. A comparison between Step 

1 and Step 3 shows that the addition of bathers will lead to an increase in the DOC concentration at a 

steady state.  

 

Based on the mass balances in Step 1 and Step 2, there will theoretically be an infinite increase in the 

DOC concentration without any other treatment for removal of DOC than the coagulant. When the 

GAC filter is introduced, the DOC concentration decreases, and reaches steady state. This supports the 

use of GAC as a treatment process.   
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4 Conclusion 
 
In this thesis, options to improve water quality and treatment operations at Rud svømmehall have 

been investigated. Determination of the most optimal coagulant dosage have been investigated, in 

addition to determine the capacity and bed life time of a granular activated carbon filter. 

 

Based on results from total particle concentration measurements, it have been concluded that a 

coagulant concentration of 6 mg/L is the most optimal. The results from ICP-MS and measurements 

of DOC do not show a clear optimal coagulant dosage. The capacity of the GAC filter is calculated from 

measurements with activated carbon, and determined to be between 5.2 and 70.1 (mg/g)(L/mg)1/n 

depending on the water type. Bed life time of the filter is determined to 564 days (1.55 years). Chlorine 

measurements to determine the addition of disinfectants have also been investigated. From ICP-MS 

and chlorine measurements the addition of NaOCl per cyclus to compensate for the removal of 

chlorine during operation units is determined to be 0.0090 mmol/L for the 25th of March.  

 

For all measurements regarding coagulant and activated carbon, it has been concluded that the 

treatment processes are more effective for fill up water than for pool water.  
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5 Outlook 
 

Our thesis was written with the focus on the improvement of water quality and operation treatment 

at Rud svømmehall. This project has the opportunity of continuous improvements as parts of the 

treatment system always can be improved. Throughout the thesis, analyses of the different treatment 

processes have been conducted. Where the focus have been on investigating the sampling points at 

Rud svømmehall, determining the optimal coagulant dosage, and calculating the capacity and bed life 

for the GAC filter. In order to conclude on the main objectives, analyses were carried out at the ICP-

MS, and the total particle concentration, DOC concentrations and chlorine were measured. The results 

of some of the measurements have been inconclusive, thus more parallels should be conducted to get 

an accurate conclusion based on thorough research.  

 

From the sampling point at Rud svømmehall, it was noted that chlorine measurements needs to be 

conducted on site, as chlorine is lost during transport. The measurements conducted at outlet UV 

disinfection detected a decrease in the amount of free chlorine. Thus, another part of the treatment 

system that should be further investigated is the inlet and outlet of UV disinfection.  

 

During experiments carried out in this thesis regarding the use of an aluminium based coagulant, it 

was noted that pH should be carefully monitored. If further measurements of the DOC removal by 

coagulant is to be investigated, the dosages of coagulant should have shorter intervals i. e. 0.5 mg/L. 

The same could be considered for further measurements of total particle concentrations and dissolved 

aluminium concentrations. Another interesting experiment would be to investigate the effect of 

different types of coagulants on the pool water. The different types of coagulants that could be 

considered are iron based coagulants and polymers.  

 

It would also be interesting to investigate how the mixing time of the activated carbon samples would 

affect the adsorption isotherms and further calculations of capacity and bed life. Moreover, 

experiments where the jar test is performed before activated carbon experiments could be 

interesting. These would give an insight into the amount of DOC removed in the GAC filter, which is 

not removed by the coagulant. Here, particle measurements could provide an overview of the types 

of particles removed in the different treatment processes. 
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Appendix 2 – Calculations  
 

2.1 Calculations for 0.01 M nitric acid 

In order to add the right volume of the nitric acid, it was necessary to calculate the concentration of 

the acid. Information such as the density, volume, molar weight, and the percentage of acid in the 

solution was helpful in this calculation. 

 

𝜌𝑏𝑜𝑡𝑡𝑙𝑒 = 1.39
𝑘𝑔

𝐿
 

 
𝑉𝑏𝑜𝑡𝑡𝑙𝑒 = 0.02𝐿 

 

𝑀𝑊𝐻𝑁𝑂3
= 63.01

𝑔

𝑚𝑜𝑙
 

 
% 𝐻𝑁𝑂3 𝑖𝑛 𝑏𝑜𝑡𝑡𝑙𝑒 = 65% 

 

𝑚𝑏𝑜𝑡𝑡𝑙𝑒 =  𝜌𝑏𝑜𝑡𝑡𝑙𝑒 ⋅ 𝑉𝑏𝑜𝑡𝑡𝑙𝑒 = 1.39
𝑘𝑔

𝐿
⋅ 0.02𝐿 = 0.0278 𝑘𝑔 

 

𝑚𝐻𝑁𝑂3
= 0.0278 𝑘𝑔 ⋅ 1000

𝑔

𝑘𝑔
⋅ 0.65 = 18.07

 𝑔 𝐻𝑁𝑂3

𝐿
 

 

𝑐𝐻𝑁𝑂3
=

𝑛𝐻𝑁𝑂3

𝑉𝑏𝑜𝑡𝑡𝑙𝑒
=

(
18.07 𝑔

63.01
𝑔

𝑚𝑜𝑙

)

0.02𝐿
=

0.28677 𝑚𝑜𝑙

0.02𝐿
= 14.34

𝑚𝑜𝑙

𝐿
= 14.34 𝑀 

 

 

The preferred concentration of the diluted acid was 0.01 M. For a more precise concentration, 1.0 mL 

of concentrated acid was used to exclude uncertainty in the volume of concentrated acid. Therefore, 

the volume of the diluted solution had to be 1000 mL (1.0L). The new concentration was then 

0.01433M, round off to 0.01 M. The dilution formula was used to calculate the new concentration and 

volume.   

 

𝑐1 ⋅ 𝑣1 = 𝑐2 ⋅ 𝑣2 

 

𝑐2 =
𝑐1 ⋅ 𝑣1

𝑣2
=

14.33 𝑀 ⋅ 1 𝑚𝐿

1000 𝑚𝐿
= 0.01433 𝑀 ≈ (0.01𝑀) 
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2.2 Calculations of the isotherms 

Equation 9 is used to calculate q(DOC). To determine this variable, information such as the activated 

carbon mass, the DOC concentration measured, and the DOC measured for the blank is needed. This 

information is given in Appendix 2. 

 

 
𝑞𝑒𝑞 =

𝑉

𝑚𝐴
⋅ (𝐶0 − 𝐶𝑒𝑞)             

(9) 

 

 

qeq: the amount of adsorbed matter pr. mass  

C0: found when measuring DOC of the sample with no added activated carbon  

Ceq: found when measuring DOC of the samples with added activated carbon.  

V/mA: sample volume divided by activated carbon mass 

 

The same equation can also be used to calculate q(SAC254). 

 

Example: 
Fill up water 1,2 (sample 58) 

 

Mass: 1.3 mg 

Sample volume: 200 mL 

DOC blank: 3.869 mg/L 

DOC sample 19: 3.748 mg/L 

SAC254 blank: 0.4590 1/5 cm 

SAC254 sample 19: 0.4420 1/5 cm 

 
To find q(DOC): 
 

𝑞(𝐷𝑂𝐶) = (
(200 ⋅ 10−6)𝑚3

(1.3 ⋅ 10−3)𝑔
) 1000

𝐿

𝑚3 ⋅ (3.869 − 3.748)
𝑚𝑔

𝐿
= 18.62

𝑚𝑔

𝑔
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To find q(SAC254): 
 

To calculate the correct q(SAC254), the SAC254 value measured (abs/5 cm) must be converted to abs 

/cm. This is then converted to 1/m. This calculation for SAC254 blank is shown in the example below. 

𝑆𝐴𝐶254 𝑏𝑙𝑎𝑛𝑘 =

𝑎𝑏𝑠
5 𝑐𝑚

5
𝑐𝑚 ⋅ 100

𝑐𝑚

𝑚
= (

0.4590

5
)

1

𝑐𝑚
⋅ 100

𝑐𝑚

𝑚
= 9.1800

1

𝑚
    

 

𝑆𝐴𝐶254 𝑠𝑎𝑚𝑝𝑙𝑒 58 = 8.8400
1

𝑚
 

 

𝑞(𝑆𝐴𝐶254) = (
(200 ⋅ 10−6) 𝑚3

(1.3 ⋅ 10−3) 𝑔
) ⋅ 1000

𝐿

𝑚3 ⋅ (9.1800 − 8.8400)
1

𝑚
 = 52.31

𝐿

𝑚 ⋅ 𝑔
 

 

 

To determine the equilibrium adsorbent-phase concentration of the adsorbate (qA), the Freundlich 

equation, Equation (10), is used.  

 

 
𝑞𝐴 = 𝐾𝐴 ⋅ 𝑐𝐴

1
𝑛 

(10) 

 

qA: equilibrium adsorbent-phase concentration of adsorbate A, [mg adsorbate / g adsorbent], in this 

example it is [mg DOC/g activated carbon] 

KA: Freundlich adsorption capacity parameter, [(mg/g) (L/mg)1/n ] 

1/n: Freundlich adsorption intensity parameter, [-] 

 

Further, the linear form of this equation, equation (10), is used to determine qA. These variables can 

be found in ln-ln diagrams for the isotherms. 

 

 ln(𝑞𝐴) = ln(𝐾𝐴) + (
1

𝑛
) ⋅ ln(𝑐𝐴)                                                                     (10) 

 
Example: 
By using the ln-ln diagram in Figure 27 (b) it is possible to calculate qA. The linear trend of the graph 

includes the different variables needed for the calculation. The linear trend for Figure 27 (b) is 𝑦 =

1.02𝑥 + 2.31. 1/n represents the slope of the graph, whilst ln(KA) is the interception of the y-axis.    
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1

𝑛
= 1.02                                    

 

 ln(𝐾𝐴) = 2.31                                   
 

 

 𝐾𝐴 = 𝑒2.31 = 10.1 (
𝑚𝑔

𝑔
) (

𝐿

𝑚𝑔
)

1.02
                                   

 

 

 𝑞𝐴 = 𝐾𝐴 ∙ 𝑐𝐴

(
1

𝑛
)
                                   

 

 

 𝑞𝐴 = 10.1 (
𝑚𝑔

𝑔
) (

𝐿

𝑚𝑔
)

1.02
∙ 𝑐𝐴

(1.02)
                                   

 

 

The average DOCads concentration is 2.73 mg/L, which corresponds to cA in the equation. 

 

 𝑞𝐴 = 10.1 ∙ 2.731.02                                   
 

 

 𝑞𝐴 = 28.1 𝑚𝑔/𝑔                                   
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2.3 Calculation of Volume NaOCl and Ca(OCl)2 Added Based on ICP-MS Results  
 
The chemical equilibriums of NaOCl and Ca(OCl)2 introduced into the water. 

 

𝑁𝑎𝑂𝐶𝑙 (𝑎𝑞) + 𝐻2𝑂 (𝑙) ⇌ 𝑁𝑎𝑂𝐻 (𝑎𝑞) + 𝐻𝑂𝐶𝑙 (𝑎𝑞) 

 

𝐶𝑎(𝑂𝐶𝑙)2 (𝑠) + 2𝐻2𝑂 (𝑙) ⇌ 𝐶𝑎(𝑂𝐻)2 (𝑠) + 2𝐻𝑂𝐶𝑙 (𝑎𝑞) 

 

Since the interest is calculating the concentration of sodium and calcium added to the water, the 

stoichiometric coefficient must be reckoned. From the equilibrium equations it occurs that the 

number of mol NaOCl is equal to the number of Na, and the number of Ca(OCl)2 is equal to the 

number of Ca. Since the fill up water is not disinfected with NaOCl or Ca(OCl)2, only ClO2, the 

concentration in fill up water must be subtracted from the measured values in the operation system. 

To calculate the average concentration of each element from the addition of disinfectant, the 

measured values of each samling point besides fill up water is averaged. The concentration of 

element in fill up water is then substracted. Results from ICP-MS for further calculations is presented 

in Table 7. 
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Table 20: ICP-MS results for sampling points at Rud svømmhall for determing the disinfectant dosage. AF 21st of February 
(sample 1-5), FA 21st of February (sample 6-10), 16th of March (sample 34-39), and FA 16th of March (sample 40-45). 

Sample number Content AF/FA Element concentration with dilution rate [mg/L] 

22.02   Na Cl Ca 

1 Fill up water AF 12 20 26 

2 Pool water AF 403 530 29 

3 Outlet balance tank AF 399 535 29 

4 Inlet AG filter AF 398 533 29 

5 Outlet AG filter AF 400 526 29 

Averaged   388 511 3 

22.02      

6 Fill up water FA 11 20 26 

7 Pool water FA 398 529 29 

8 Outlet balance tank FA 395 520 29 

9 Inlet AG filter FA 394 517 29 

10 Outlet AG filter FA 397 527 29 

Averaged   385 503 3 

16.03      

34 Fill up water FA 11 18 26 

35 Pool water FA 443 589 29 

36 Outlet balance tank FA 442 601 29 

37 Inlet AG filter FA 447 596 29 

38 Outlet AG filter FA 448 602 29 

39 Outlet UV FA 445 603 30 

Averaged   434 580 3 

16.03      

40 Fill up water AF 11 19 27 

41 Pool water AF 446 590 29 

42 Outlet balance tank AF 450 597 30 

43 Inlet AG filter AF 441 593 29 

44 Outlet AG filter AF 447 597 29 

45 Outlet UV AF 440 588 30 

Averaged   433 574 3 

 
Based on the chlorine values from Table 5 the value of free and total chlorine was measured. Display 

values from Table 6 of free and total chlorine in pool water 25th of March is also used to calculate the 

consumption of chlorine. In addition to these, measurements developed by Silvestro is added for 

several parallels. Measured values of  total chlorine in addition to flow rate at different sampling 

points is presented in Table 3. 1. Concentrations corresponds to the chlorine concentrations 

calculated above. Removed is the amount of chlorine removed from the operation units (inlet AG 

filter and GAC filter). Addition per cylcus is the concentration of NaOCl that must be added to 

compensate for the concentration removed of chlorine removed in the operation units.  
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Table 3. 1: Total chlorine concentrations at different sampling points with corresponding flow rate. 

Sampling point Total chlorine [mg/L] Volumetric flow 
[fraction %] 

 Silvestro 16.03 25.03 display  

Pool water 0.91 0.57 0.99 1 
Outlet AG filter 0.74 0.58 - 0.9 

Outlet GAC filter 0.05 - - 0.1 

Pool display - - - - 

 
To calculate the concentration added, a calculation example for 21st of February (sample 1-10) is 

presented. Calculations for all measurments is presented in Feil! Fant ikke referansekilden..  

 

The averaged concentration of Na is 388 mg/L, Cl is 511 mg/L, and Ca 3 mg/L. Molecular weights are 

MwNa= 22.99 g/mol, MwCl = 35.45 g/mol, and MwCa = 40.08 g/mol.   

 

The concentration of sodium added: 

𝑐𝑁𝑎

𝑀𝑤𝑁𝑎
=

(388
𝑚𝑔

𝐿
)

22.99 𝑔/𝑚𝑜𝑙
= 16.9 𝑚𝑚𝑜𝑙 /𝐿 

 

The concentration of chlorine added: 

𝑐𝐶𝑙

𝑀𝑤𝐶𝑙
=

(505
𝑚𝑔

𝐿
)

35.45 𝑔/𝑚𝑜𝑙
= 14.2 𝑚𝑚𝑜𝑙 /𝐿 

 

The concentration of calcium added. Thus, based on the measured value compared to sodium and 

chlorine  it can be neglected: 

𝑐𝐶𝑎

𝑀𝑤𝐶𝑎
=

(3
𝑚𝑔

𝐿
)

40.08 𝑔/𝑚𝑜𝑙
= 0.075 𝑚𝑚𝑜𝑙 /𝐿 

 
Consumption of chlorine / chlorine in pool 

 

Pool: 0.91 mg/L  

Outlet AG filter:  0.74 mg/L (90% of volumetric flow) 

Outlet GAC filter: 0.05 mg/L (10 %) 

 

Consumption of chlorine pr. cyclus = (0.91 − (0.74 ∙  0.9 + 0.05 ∙ 0.1)) 𝑚𝑔/𝐿 = 0.24 𝑚𝑔/𝐿 
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To ensure a constant concentration of chlorine in the pool, to fulfill Norwegian regulations, the pool 

water must be added NaOCl. Hence, 0.24 mg/L chlorine as NaOCl must be added. The addition of 

chlorine added through NaOCl is then: 

 

𝑀𝑜𝑙𝑠𝑡𝑟ø𝑚 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑢𝑠 =
𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐ℎ𝑙𝑜𝑟𝑖𝑛𝑒

𝑀𝑤𝐶𝑙
=

0.24
𝑚𝑔

𝐿

35.45
𝑔

𝑚𝑜𝑙

     

 

                                            = 0.0069 
𝑚𝑚𝑜𝑙

𝐿
 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑢𝑠  

 
 
Table 21: Consumption of chlorine. Concentration of chlorine according to ICP-MS results. Concentration removed during 
operations units. Addition per cyclus to compensate for the removal in operation units. 

Sampling date Concentration [mmol/L] Removed [mg/L] Addition NaOCl per cyclus 
[mmol/L] 

21.02 14.3 - - 

16.03 16.3 0.05 0.0014 
25.03 display - 0.32 0.0090 

Silvestro - 0.24 0.0068 
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2.4 Calculations of bed life 
 

From the plots of q against DOC, it is possible to calculate the Freundlich adsorption parameters. 

These parameters are used to find q. The values for the Freundlich parameters 1/n and KA are 

presented in Table 16: Presentation of equations for the regression line for all ln-ln plots, with the 

corresponding R2 value, 1/n and KA.Table  

  

When the break through of the filter has been reached c = DOCads. To calculate the time until 

breakthrough an average of the DOCads is used, which is at 2.73 mg/L. This, along with a q-value of 10 

mg/L is used to find the bed life before breakthrough. 

  

The flow rate through the GAC filters at Rud svømmehall are gathered from [6] to be 10 % of the 

volumetric flow rate of 200 m3/h, which equals a flow of 20 m3/h. The bed volume of each filter is 

1.13 m3, which corresponds to a total bed volume of 2.26 m3 for two AC filters. [6] The apparent bed 

density of the GAC DGK filter is 490 +-30 kg/m³, gathered from datasheet Carbotech (Feil! Fant ikke 

referansekilden.). The apparent density refers to wet carbon, and needs to be divided by 1.5 to find 

the density of dry carbon. The filter mass is found by multiplying the total bed volume with the 

density of the filters:  

  

𝑚𝑓𝑖𝑙𝑡𝑒𝑟 =  𝑉𝑓𝑖𝑙𝑡𝑒𝑟 ∙ 𝜌𝑓𝑖𝑙𝑡𝑒𝑟 = 2,26 𝑚3 ∗  490
𝑘𝑔

𝑚3 ∗
1

1.5
 =  740 𝑘𝑔 𝐺𝐴𝐶 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑤𝑜 𝑓𝑖𝑙𝑡𝑒𝑟𝑠  

  
When neglecting kinetics stochiometry can be found through by firstly finding the amount of DOC 
adsorbed at stoichiometric breakthrough.  
 

𝑞 ∙ 𝑚𝐺𝐴𝐶 = 10
𝑚𝑔

𝑔
∗ 740000 𝑔 = 7.4 ∗ 106 𝑚𝑔 = 7400 𝑔 𝐷𝑂𝐶𝑎𝑑𝑠 

   
Further, the water that can be treated at ideal stoichiometric breakthrough needs to be considered: 
 

𝑚𝐺𝐴𝐶

𝐷𝑂𝐶𝑎𝑑𝑠
=

740000 𝑔

2.73
𝑔

𝑚3

= 271 000 𝑚3 𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑛𝑑 𝑎𝑙𝑙 𝐷𝑂𝐶𝑎𝑑𝑠 𝑖𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑  

  
  
Finally the bed life can be found 
 

𝑉𝑡𝑟𝑒𝑎𝑡𝑒𝑑,𝑓𝑖𝑙𝑡𝑒𝑟

𝑄𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑓𝑖𝑙𝑡𝑒𝑟
=

271 000 𝑚3

20
𝑚3

ℎ

= 13 550 ℎ =  564 𝑑𝑎𝑦𝑠 = 1.55 𝑦𝑒𝑎𝑟𝑠 
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2.5 Determining DOCnonads and SAC254, nonads 
 

Figure 29 presents the graphs used to determine outliers and DOCads for drinking water in Trondheim 

for 4th of March. The first step to determining the capacity from the adsorption isotherms is to 

determine the outliers by plotting SAC254 against DOC. Further DOC and q(DOC) are plotted against 

the mass-volume ratio (m/V) to verify the values found for DOCads, and lastly q(DOC) is plotted against 

DOC. From (a) DOCads is found to be 0.40 mg/L for w 1-3 drinking water, which fits with (c). From (b) 

DOCads is found to be 0.7 mg/L for DGK drinking water, which fits with (d).  

 

(a) (b) 

(c) (d) 

Figure 29: The figure presents SAC254 vs DOC (a) and (b), DOC vs m/V (c) and (d) for w 1-3 and DGK from Trondheim 4th of 
March.  

 

Figure 30 presents the graphs used to determine outliers and DOCads for fill up water and pool water 

from the 16th of March. The first step to determining the capacity from the adsorption isotherms is to 

determine the outliers by plotting SAC254 against DOC. Further DOC and q(DOC) are plotted against 

the mass-volume ratio (m/V) to verify the values found for DOCads, and lastly q(DOC) is plotted against 

DOC. From (a) DOCads is found to be 3.30 mg/L for fill up water, which fits with (c). From (b) DOCads is 

found to be 2.70 mg/L for pool water, which fits with (d).  
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(a) (b) 

(c) (d) 

Figure 30: The figure presents SAC254 vs DOC (a) and (b), DOC vs m/V (c) and (d) for fill up water and pool water from the 
16th of March. 

Figure 31 presents the graphs used to determine outliers and DOCads for fill up water and pool water 

in for th 25th of March. The first step to determining the capacity from the adsorption isotherms is to 

determine the outliers by plotting SAC254 against DOC. Further DOC and q(DOC) are plotted against 

the mass-volume ratio (m/V) to verify the values found for DOCads, and lastly q(DOC) is plotted against 

DOC. From (a) DOCads is found to be 2.60 mg/L for fill up water, which fits with (c). From (b) DOCads is 

found to be 2.30 mg/L for pool water, which fits with (d).  

(a) (b) 

(c) (d) 

 

Figure 31: The figure presents SAC254 vs DOC (a) and (b), DOC vs m/V (c) and (d) for fill up water and pool water from the 
25th of March. 
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2.6 Mass balance 
 
In step 1,  the source of DOC is the fill up water. DOC in step 1 is removed by using a coagulant and 

AG filter. To calculate the addition and removal of DOC till its steady state, it is necessary to know 

the initial concentration of DOC, t/ τ and the minimum of DOC after filtration. The initial DOC 

concentration, c0, in the water is a measured value of 3.478. The minimum DOC after filtration is 

measured after the jar test to be 1,985. Τ is the pool's volume divided by the volume flow from the 

pool. Each cycle is of one hour. The new concentration from each cycle is calculated until the system 

reaches a steady flow.  Figure 32 shows the 1st step in the mass balance.Feil! Fant ikke 

referansekilden. 

 

Figure 32: Step 1 in the mass balance.  

 

Example: 

In cycle 3, the initial DOC concentration is found in the previous cycle to be 2,333 mg/L. The new 

concentration after cycle 3 is then calculated to be 2.024 mg/L.  

 

𝑦(𝑡) = 𝑦0 + (1 − 𝑒−
𝑡
𝜏) kΔ𝑢 

 

𝑐𝐴(3) = 2.333 + (1 − 𝑒−
3

1.374) ⋅ (1.985 − 2.333) = 2.024 

 
 

 

In step 2, there is an addition of DOC from bathers, illustrated in Figure 33. The initial DOC 

concentration in this system is 1,985, which is the DOC concentration at a steady state from step 1.  



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

  
 

XV 

 

Figure 33: Step 2 in the mass balance. 

   

Example: 

 

In the table, relevant information  for the calculation is presented. 

  

DO 
C per bather [mg/L] 

2.5 = 28.5 g/h 

Bathers per hour [60 bathers/h] 60 

Opening hours [h] 12 

Maximum pool water volume available [L] 190 

MaximTital volum pool water [m3] 274 

Initial concentration in cycle 12 [mg/L] 3.233 

 
𝐷𝑂𝐶 𝑎𝑙𝑟𝑒𝑎𝑑𝑦 𝑖𝑛 𝑝𝑜𝑜𝑙 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑟. ℎ𝑜𝑢𝑟 ⋅ 𝑡𝑜𝑡𝑎𝑙  𝑝𝑜𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

= 3.233
𝑚𝑔

𝐿
⋅ 274 𝑚3 = 885.89 𝑔/ℎ  

 
𝑇𝑜𝑡𝑎𝑙 𝐷𝑂𝐶 = 𝐷𝑂𝐶 𝑎𝑙𝑟𝑒𝑎𝑑𝑦 𝑖𝑛 𝑝𝑜𝑜𝑙 + 𝐷𝑂𝐶 𝑎𝑑𝑑𝑒𝑑 𝑏𝑦 𝑏𝑎𝑡ℎ𝑒𝑟𝑠 

= 885.89
𝑔

ℎ
+ 28.5

𝑔

ℎ
= 914,39 𝑔/ℎ  

 

𝑁𝑒𝑤 𝐷𝑂𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑝𝑜𝑜𝑙 =
𝑡𝑜𝑡𝑎𝑙 𝐷𝑂𝐶

𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 
 

=
914,39

𝑔
ℎ

274 𝑚3 = 3.337
𝑚𝑔

𝐿 ⋅ ℎ 
  

 
After a day, 12 hours, the DOC concentration in the water is calculated to be 3.337 mg/L. This value 

is based on there not being any DOC removed from the “pool” water, only from the fill up water.   

 

 

In step 3, the initial concentration is 3.337 mg/L, which is the concentration of DOC after 12 hours in 

step 2.  In this system, the GAC filters are aded. DOC from the fill up water is removed in both the AG 

filter and the GAC filter, which is presented in Figure 34. DOC in pool water contaminated by bathers 
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is removed in the GAC filter. The following calculations were done to find the new concentration of 

DOC out of the pool with dilution rate, in cycle 0. 

 

Figure 34: Step 3 in the mass balance. 

Example : 

Mass DOC in pool water: 

= 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑡𝑜 𝑝𝑜𝑜𝑙 ⋅ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
199.4𝐿

ℎ
⋅ 3.337

𝑚𝑔

𝐿
= 665,436 𝑔/ℎ   

 
Mass of DOC removed from pool water in GAC filter: 

= 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ 𝐷𝑂𝐶𝑛𝑜𝑛𝑎𝑑𝑠 = = 3.337
𝑚𝑔

𝐿
− 2.418

𝑚𝑔

𝐿
= 0,919 𝑔/ℎ  

 
 
Mass DOC removed pool water (10%) 

= 𝑀𝑎𝑠𝑠 𝐷𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝐺𝐴𝐶 𝑓𝑖𝑙𝑡𝑒𝑟
⋅ 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟𝑝𝑜𝑜𝑙𝑤𝑎𝑡𝑒𝑟 𝑡𝑜  𝐺𝐴𝐶 𝑓𝑖𝑙𝑡𝑒𝑟 (10%) 

 = 0,919
𝑔

ℎ
⋅ 19.94/ℎ = 18.329

𝑔

ℎ
  

 
Mass DOC out of GAC filter, poolwater (10%) 
= 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝐺𝐴𝐶 𝑓𝑖𝑙𝑡𝑒𝑟 (10%)

− 𝑚𝑎𝑠𝑠 𝐷𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑖𝑛 𝐺𝐴𝐶 𝑓𝑖𝑙𝑡𝑒𝑟 ⋅ 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝐺𝐴𝐶 𝑓𝑖𝑙𝑡𝑒𝑟 (10%) 

 = 3.337
𝑚𝑔

𝐿
⋅ 19.94 𝐿/ℎ −  0.919

𝑔

ℎ
⋅ 19.94𝐿/ℎ = 48.215

𝑔

ℎ
  

 
Mass of DOC in pool water outside GAC filter (90%) 

= 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑜𝑓 𝐺𝐴𝐶 𝑓𝑖𝑙𝑡𝑒𝑟 (90%)

= 3.337
𝑚𝑔

𝐿
⋅ 179.46 𝐿/ℎ = 598,892 𝑔/ℎ   

 
 
New DOC concentration into pool: 

=
(𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑖𝑙𝑙 𝑢𝑝 𝑤𝑎𝑡𝑒𝑟(90 % + 10%) + 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 (90% + 10%))

𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑙𝑜𝑤 𝑡𝑜 𝑝𝑜𝑜𝑙

=
1.0719

𝑔
ℎ

+ 0.04227
𝑔
ℎ

+ 598.89
𝑔
ℎ

+  48.215
𝑔
ℎ

199.4𝐿/ℎ
= 3.251 𝑚𝑔/𝐿  
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New concentration in pool with addition of bathers: 
 

=
(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟) + 𝐷𝑂𝐶 𝑓𝑟𝑜𝑚 𝑏𝑎𝑡ℎ𝑒𝑟𝑠

𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑜𝑜𝑙 𝑤𝑎𝑡𝑒𝑟
 

=
(3.337

𝑚𝑔
𝐿

⋅ 274 𝑚3) + 28.5
𝑔
ℎ

274𝑚3 = 3.441 𝑚𝑔/𝐿  

 
 
New concentration of DOC with dilution rate: 
 

𝑐𝐴(0) = 3.441
𝑚𝑔

𝐿
+ (1 − 𝑒−

0
1.374) ⋅ (2.418 − 23.441

mg

L
) = 3.441mg/L 
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Appendix 3 – Process Schemes of Operation Units at Rud svømmehall 
 

 

 

Content  Drawing number  Date  Revision  

drinking water system  1115-V-B---310-70-101  25.10.21  4  

Opplæringsbasseng part 1  1115-V-B-1-383-70-121  19.05.21  F  

Opplæringsbasseng part 2  1115-V-B-1-383-70-122  27.11.20  E  

Instrument list of pool water systems:  

  

 



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

 

 
 

 

XX  



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

 

 
 

 

XXI  



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

 

 
 

 

XXII  



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

 

  

   

    

 

XXIII 

Appendix 4 – Risk Assessment 
 

Table 1. 1 presents the risk value as the correlation between probability and consequence, fetched from NTNUs Risk Assessment1. Table 1.2 displays the 

colour codes for the extent of risk factors. CAS-numbers, hazard and precautionary statements are developed from the safety data sheet for each 

compound, fetched from Sigma Aldrich (acids and base) and Aquateam COWI (remaining). The value of risk is evaluated and determined based on 

comparing hazard and precautionary statement with Table 1.1. 

  
Value of risk = Probability ⋅ Consequence 
 

Table 1. 1 Risk matrix. 

C
o

n
se

q
u

en
c

e 

5 – Permanent disability 5 10 15 20 25 
4 – Serious injury 4 8 12 16 20 

3 - Moderate 3 6 9 12 15 

2 - Injury 2 4 6 8 10 
1 – Minor injury 1 2 3 4 5 

  1 - Quite small 2 - Small 3 - Moderate 4 - High 5 - Quite high 
Probability 

 
Table 1. 2 Extent of risk. 

Red   Unacceptable risk. Measures need to be implemented.  

Yellow   Medium risk. Measures need to be considered.  

Green   Acceptable risk. Measures can be considered.  

 
1Risk value templat approved by the Director of HSE at NTNU - 03.12.2013 -  HMSRV2608E.  
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Table 1. 3 presents the risk evaluation, based on hazard and precautionary statements for each chemical. The CAS-number is implemented in the table as 
well. 
Table 1. 3 Risk evaluation of chemicals and actions. 

Incident 
CAS-

number 
Description 

Hazard and precautionary statements Risk 
 

[Probability x 
Consequence] 

Hazard statements Precautionary statements 

H number H statement P number P statement 

Aluminium chlorine  
AlCl3 (50%) 

1327-41-9 Coagulant. H290 
 
 
H318 
  
  
  
  
  

May be corrosive to 
metals 
 
Corrosion damage to skin 
and eyes. 
  
  
  
  
  

P102  
 
P261 
 
P280 
 
 
P302+P352  
 
P361 
 
P305+P351+P338 
 
 
P313 

Keep out of the reach of children. 
 
Avoid breathing dust/ fume/ gas/ mist/ vapours/ spray. 
 
Wear protective gloves/ protective clothing/ eye 
protection/ face protection/ hearing protection. 
 
IF ON SKIN. Wash with plenty of water. 
 
Contaminated clothing must be removed immediately. 
 
IF IN EYES: Rinse cautiously with water for several minutes. 
Remove contact lenses, if present and easy to do. Continue 
rinsing. 
 
Get medical attention 

Small, Small  
4  

Hydrochloric acid  
HCl (37%) 

7647-01-0 pH adjustment 
for DOC-
analysis.   
 
Desorber of 
carbon on glass 
walls. 

H290 
 
 
H314 
 
 
H335 
  
  
  
  

May be corrosive to 
metals. 
 
Causes severe skin burns 
and eye damage. 
 
May cause respiratory 
irritation. 
  
  
  
  

P234 
 
P261 
 
P271 
 
P280 
 
 
P303+P361+P353 
 
 
P305+P351+P338 

Keep only in original packaging. 
 
Avoid breathing dust/ fume/ gas/ mist/ vapours/ spray. 
 
Use only outdoors or in a well-ventilated area. 
 
Wear protective gloves/ protective clothing/ eye 
protection/ face protection/ hearing protection. 
 
IF ON SKIN (or hair): Take off immediately all contaminated 
clothing. Rinse skin with water. 
 
IF IN EYES: Rinse cautiously with water for several minutes. 
Remove contact lenses, if present and easy to do. Continue 
rinsing. 

Quite small, 
Small 2 
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Incident 
CAS-

number 
Description 

Hazard and Precautionary Statement Risk 
 

[Probability x 
Consequence] 

Hazard statement Precautionary statement 

H number H statement P number P statement 

Nitric acid HNO3 (65%) 7697-37-2 pH 
adjustment 
for Jar test.  
 
 
Pre-
treatment 
for ICP-MS-
analysis. 

H272 
 
 
H290 
 
 
H314 
 
 
 
H331 

May intensify fire; 
oxidizer 
 
May be corrosive to 
metals. 
 
Causes severe skin 
burns and eye 
damage. 
 
Toxic if inhaled. 

P210 
 
 
P220 
 
P280 
 
 
P303+P361+P353 
 
 
P304+P340+P310 
 
 
P305+P351+P338 

Keep away from heat, hot surfaces, sparks, open flames, and 
other ignition sources. No smoking. 
 
Keep away from clothing and other combustible materials. 
 
Wear protective gloves/ protective clothing/ eye protection/ 
face protection/ hearing protection. 
 
IF ON SKIN (or hair): Take off immediately all contaminated 
clothing. Rinse skin with water. 
 
IF INHALED: Remove person to fresh air and keep comfortable 
for breathing. Immediately call a POISON CENTER/ doctor. 
 
IF IN EYES: Rinse cautiously with water for several minutes. 
Remove contact lenses, if present and easy to do. Continue 
rinsing. 

Medium, 
Small  

6 

Sodium hydroxide  
(NaOH, 0.1M) 

1310-73-2 pH 
adjustment 
for Jar test. 

H290 
 
 
H314 
  
  
  

May be corrosive to 
metals. 
 
Causes severe skin 
burns and eye 
damage. 
  
  
  

P234 
 
P280 
 
 
P303+P361+P353 
 
 
P304+P340+P310 
 
 
P305+P351+P338 

Keep only in original packaging. 
 
Wear protective gloves/ protective clothing/ eye protection/ 
face protection/ hearing protection. 
 
IF ON SKIN (or hair): Take off immediately all contaminated 
clothing. Rinse skin with water. 
 
IF INHALED: Remove person to fresh air and keep comfortable 
for breathing. Immediately call a POISON CENTER/ doctor. 
 
IF IN EYES: Rinse cautiously with water for several minutes. 
Remove contact lenses, if present and easy to do. Continue 
rinsing. 

 
 

Small, Small  
4 
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Incident CAS-number Description 

Hazard and Precautionary Statement Risk 
 

[Probability x 
Consequence] 

Hazard statement Precautionary statement 

H number 
Hazard 

statement 
P number P statement 

Activated Carbon powder 
(100% carbon) 

7440-44-0 Adsorbent in 
GAC filters.  

H319 
 
 
H335 
  

Cause serious 
eye irritation. 
  
May cause 
respiratory 
irritation. 
  

P102  
 
P261 
 
P305+P351+P337+ 
P313 

Keep out of the reach of children. 
 
Avoid breathing dust/ fume/ gas/ mist/ vapours/ spray 
 
IF IN EYES: Rinse cautiously with water for several minutes. 
Remove contact lenses, if present and easy to do. Continue 
rinsing. In case of persistent eye irritation: Get medical 
assistance. 

Medium,  
Quite small 

3 

Potassium dihydrogen 
phosphate (<50%) 
 
disodium hydrogen 
phosphate (<27%)  
 
N, N-Diethyl-1,4-
phenylenediammonium 
sulfate (<25%) 
 
 
Ethylenediaminetetraacetic 
acid disodium salt 
dihydrate (<0.5%)  

7778-77-0 
  
 
7558-79-4  
 
 
 
6283-63-2  
 
 
 
 
6381-92-6  

Chlorine kit 
LCK310-1 

H302 
 
 
H312 
 
 
 
H315 
 
 
H319 

Harmful if 
swallowed. 
 
Harmful in 
contact with 
skin.  
 
Irritates the 
skin. 
 
Cause serious 
eye irritation.  

P280 
 
 
P302+P352  
 
P305+P351+P338 
 
 
P337+P313 

Wear protective gloves/ protective clothing/ eye protection/ 
face protection/ hearing protection. 
 
IF ON SKIN. Wash with plenty of water. 
 
IF IN EYES: Rinse cautiously with water for several minutes. 
Remove contact lenses, if present and easy to do. Continue 
rinsing. 
 
In case of persistent eye irritation: Get medical assistance.  

Quite small, 
Medium 

3 

 
Potassium iodide (<10%)              
Water (>90%) 

7681-11-0  

Chlorine kit 
LCK310-2 

H372 May cause 
damage to 
organs 
through 
prolonged or 
repeated 
exposure. 

P314 Seek medical assistance in case of discomfort. 

Small, Small 
4 
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Orthophosphoric acid 
≥85% ACS 

7664-38-2 

Determination of DOC 

H290 
 
 
 
H302 
 
 
H314 
 
 

 
 

May be 
corrosive to 
metals. 
 
Harmful if 
swallowed. 
Causes 
severe skin 
burns and 
eye damage. 
 

P234 
 
P270 
 
P280 
 
 
P301 + P312 
 
 
P303+P361+P353 
 
 
 
P305+P351+P338 

Keep only in original packaging. 
 
Do not eat, drink or smoke when using this 
product. 
 
Wear protective gloves/ protective clothing/ 
eye protection/ face protection/ hearing 
protection. 
 
IF SWALLOWED: Call a POISON CENTER/ doctor 
if you feel 
unwell. 
 
IF ON SKIN (or hair): Take off immediately all 
contaminated clothing. Rinse skin with water. 
 
 
IF IN EYES: Rinse cautiously with water for 
several minutes. Remove contact lenses, if 
present and easy to do. Continue rinsing. 

Medium, 
Small  

6 

Incident Reflected Hazard statement Reflected Precautionary statement Risk 

Detemination of DOC and 
Tot N.2 

The instrument uses oxygen gas and synthetic air. The 
system has a built-in gas flow meter that regulates the 
pressure. Possible event will therefore not be related to 
the instrument itself, but rather to the possibility of gas 
leakage in the external hoses or valves. 
A smaller amount of dilute phosphoric acid is used which 
is automatically dosed by the instrument. Possible event 
will therefore not be related to the operation of the 
instrument, but rather in connection with the 
preparation of the phosphoric acid solution 

Regarding operation of the instrument (quite small - 1).  
Gas hoses, valves are checked regularly for gas leakage or if additional consumption of gas is 
observed during operation. 
 
 
Regarding maintenance and preparation of solutions (small - 2). 
Protective gloves,  clothing, and eye protection is worn while the phosphoric acid is prepared. 
 

Quite 
small, 
Quite 
small 

1 

Transport of samples 
from Oslo to Trondheim. 
 

Something can be crushed or leak of samples. 
 

Safe packing of the samples. The containers must stand upwards. Treat the samples with 
caution. 
 

Medium, 
Small 6 

Handling of samples 
during laboratory work. 

Something may shatter or the samples may tip over and 
the content goes to waste. 
  

Treat the samples with caution.  Small, 
 Quite 
small  

2 
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Appendix 5 – Instruction Manual, Hach Lange LCK310 
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Appendix 6 – Tune Parameters for Agilent Technologies, Agilent 8800 

QQQ  
 

 

  



Options to Improve Water Quality and Operation of Treatment at Rud Svømmehall (Bærum)  
Silje Ekeberg, Mari Eikenes, Helene Paulsen | Submitted 27.05.2022, Trondheim NORWAY 

 

 
 

 

XXXII 

Appendix 7 – Instruction Manual Klotz PCSS Fluid lite 
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Appendix 8 – Tune Parameters for Shimadz TOC-L  
 
To analyse the samples, the DOC analyser Shimadzu TOC-L, with sample exchanger ASI-L, was used 

with the software Shimadzu TOC-Control L (version 1.09).  

 

 

The removal of inorganic carbon from the samples was carried out using a diluted orthophosphoric 

acid. 50 mL orthophosphoric acid (85% ACS Reagent grade) was diluted to 250 mL with MQ-water 

Elix3. 

 
 Standards 

Total Carbon 1000 mgC/L  made from Reagent grade (VWR) Potassium hydrogen pthalate – 
diluted to a fitting standard solution 

Inorganic Carbon 1000mg/L made from Reagent grade (VWR) sodium hydrogen carbonate 
(bicarbonate) and sodium carbonate 

Control 10ppmC/L made from 1000ppmC/L KHP-solution (Teledyne Tekmar) 

Gas HiQ synthetic air (5.5) 
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Appendix 9 – Safety Data Sheet for Coagulant, BWT-Flock 
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Appendix 10 – Operating Manual, Kemira Flocculator 2000  
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Appendix 11 – Sample information 
 
Table 2.1 presents sample information for all samples measured. Independent parameters, such as terms of analysis from extern laboratories are inscribed 

in blue. For ICP-MS a total concentration of 0.1M HNO3 was required due to background equivalent concentration. Hence, the laboratory personal required 

3 drops of HNO3 (65%) to 15mL. According to the required pH value of 7.3,  the samples with jar test was pH adjusted with acid or base. HNO3 (0.01M) or 

NaOH (0.1M) were used based on the alkalinity of the sample. For DOC analysis a pH value of 2 was required due the analysis program. All samples are either 

acidified-filtrated (AF), or filtrated-acidified (FA). Dependent parameters such as location and date in addition to the choice of filter is inscribed in orange. Jar 

test settings is also inscribed as a dependent parameter. Addition of activated carbon to the DOC samples are either CarboTech GAC DGK 8x30/60 (shortened 

DGK in the table) or CarboTech Pool W1-3 (shortened w 1-3 in the table). Information of mass activated carbon added, and results of DOC and SAC254 measured 

is presented in the tables. 
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Table 2. 1 Sample information of all samples. 

Sample number Content ICP-MS [15mL] Total Organic Carbon analyzer (Shimadzu TOC-L) [50mL] 

Measure requirements ICP-MS: 3 drops HNO3 (65%) ~ 0.1M Measure requirements DOC: 3 drops HCl (37%), pH ~ 2. All samples FA 

FA/ 
AF 

pH adjustment, pH ~ 7.3 
Element concentration [mg/L] Mass PAC added [mg] DOC measured [mg/L] SAC measured  

[1/cm] (Abs. pr 5cm) Al Na Ca Cl 

Oslo, 21.02.2022 at 14:30 |No tests for Jar/PAC] Polyethersulfone filter (0.2 µm) 

1 Fill up water AF  0.2 12 26 20    

2 Pool water AF  0.3 403 29 530    

3 Outlet Balance Tank AF  0.3 399 29 535    

4 Inlet AG-filter AF  0.3 398 29 533    

5 Outlet AG- filter AF  0.2 400 29 526    

6 Fill up water FA  0.2 11 26 20  5.0960 0.4726 

7 Pool water FA  0.3 398 29 529  4.6790 0.1032 

8 Outlet Balance Tank FA  0.3 395 29 520  4.6350 0.1032 

9 Inlet AG-filter FA  0.2 394 29 517  4.6470 0.1062 

10 Outlet AG- filter FA  0.2 397 29 517  5.3500 0.1187 

Trondheim, 06.03.2022 Polyethersulfone filter (0.2 µm) 

 Jar-test settings 
Fast: 60 rev/min – 30 sec |Slow: 20 rev/min – 30 min  

Sedimentation time > 1 hour 

 

11 Drinking water Jar, 0 mg/L FA HNO3 (0.01M) 0.2 19 103 27    

12 Drinking water Jar, 2 mg/L FA HNO3 (0.01M) 24.7 4 19 8    

13 Drinking water Jar, 4 mg/L FA HNO3 (0.01M) 39.9/103.8 8/20 36/93 18/45    

14 Drinking water Jar, 6 mg/L FA HNO3 (0.01M) 83.1 19 91 51    

15 Drinking water Jar, 8 mg/L FA HNO3 (0.01M) 72.2 19 89 59    

16 Diluted HNO3, 1 -         

17 Diluted HNO3, 2 -         

18 Deoinized water -         

Trondheim, 04.03.2022 Polyethersulfone filter (0.2 µm) 

 Activated Carbon Shaking, 48 hours 

19 Drinking water blank 1 FA      - 3.5960 0.4509 

20 Drinking water blank 2 FA      - 3.6100 0.4522 

21 Drinking water blank 3 FA      - 3.2310 0.4346 

22 Drinking water 1.2 mg, w 1-3 FA      1.4 3.0200 0.3729 

23 Drinking water 4 mg, w 1-3 FA      3.5 2.3430 0.266 

24 Drinking water 10 mg, w 1-3 FA      10.9 1.7150 0.1432 

25 Drinking water 30 mg, w 1-3 FA      31.2 1.1640 0.0680 

26 Drinking water 70 mg, w 1-3 FA      72.6 0.6055 0.0244 

27 Drinking water 150 mg, w 1-3 FA      145.4 0.4612 0.0197 

28 Drinking water 1.2 mg, DGK FA      1.4 3.9880 0.4319 

29 Drinking water 4 mg, DGK FA      4.6 3.3690 0.3909 

30 Drinking water 10 mg, DGK FA      10.2 3.7160 0.3580 

31 Drinking water 30 mg, DGK FA      30.6 2.4720 0.2563 

32 Drinking water 70 mg, DGK FA      70.0 1.4620 0.1384 

33 Drinking water 150 mg, DGK FA      150.0 1.0730 0.0648 
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Sample number Content ICP-MS [15mL] Shimadzu TOC-L [50mL] 

Measure requirements ICP-MS: 3 drops HNO3 (65%) ~ 0.1M Measure requirements DOC: 3 drops HCl (37%), pH ~ 2. All samples FA 

FA/ 
AF 

pH adjustment, pH ~ 7.3 
Element concentration [mg/L] Mass PAC added [mg] DOC measured [mg/L] SAC measured  

[1/cm] (Abs. pr 5cm) Al Na Ca Cl 

Oslo, 16.03.2022 at 13:10 Polycarbonate filter (0.4 µm) 

34 Fill up water FA  0.3 11 26 18  3.600 0.467 

35 Pool water FA  0.3 443 29 589  4.995 0.027 

36 Outlet Balance Tank FA  0.3 442 29 601  4.587 0.025 

37 Inlet AG-filter FA  0.3 447 29 596  4.851 0.023 

38 Outlet AG- filter FA  0.3 448 29 602  4.674 0.023 

39 Outlet UV FA  0.3 445 30 603  4.958 0.029 

40 Fill up water AF  0.3 11 27 19    

41 Pool water AF  0.3 446 29 590    

42 Outlet Balance Tank AF  0.3 450 30 597    

43 Inlet AG-filter AF  0.3 441 29 593    

44 Outlet AG- filter AF  0.3 447 29 597    

45 Outlet UV AF  0.3 440 30 588    

Oslo, 16.03.2022 at 13:10 Polycarbonate filter (0.4 µm) 

 Jar-test settings 
Fast: 400 rev/min – 30 sec |Slow: 40 rev/min – 20 min  

Sedimentation time> 30 min 

 

46 Fill up water Jar, 0 mg/L FA NaOH (0.1M) 0.2 12 27 20  3.819  

47 Fill up water Jar, 2 mg/L FA NaOH (0.1M) 0.9 12 26 25  2.268  

48 Fill up water Jar, 4 mg/L FA NaOH (0.1M) 7.1 13 25 30  2.426  

49 Fill up water Jar, 6 mg/L FA NaOH (0.1M) 17.5 14 25 36  2.325  

50 Fill up water Jar, 8 mg/L FA NaOH (0.1M) 17.6 14 24 42  2.487  

51 Pool water Jar, 0 mg/L FA NaOH (0.1M) 0.3 429 29 583  5.054  

52 Pool water Jar, 2 mg/L FA NaOH (0.1M) 0.8 428 29 573  4.623  

53 Pool water Jar, 4 mg/L FA NaOH (0.1M) 1.0 420 28 570  4.599  

54 Pool water Jar, 6 mg/L FA NaOH (0.1M) 5.6 406 27 567  4.462  

55 Pool water Jar, 8 mg/L FA NaOH (0.1M) 36.0 397 27 554  4.465  

Oslo, 16.03.2022 at 13.10 Polycarbonate filter (0.4 µm) 

 Activated Carbon Shaking, 24 hours 

56 Fill up water blank 1 FA       3.989 0.459 

57 Fill up water blank 2 FA       3.749 0.468 

58 Fill up water 1.2 mg, DGK FA      1.3 3.748 0.442 

59 Fill up water 4 mg, DGK FA      4.8 3.225 0.430 

60 Fill up water 10 mg, DGK FA      10.4 3.298 0.380 

61 Fill up water 30 mg, DGK FA      29.8 2.672 0.288 

62 Fill up water 70 mg, DGK FA      70.9 1.818 0.154 

63 Fill up water 150 mg, DGK FA      149.9 1.1012 0.045 

64 Pool water blank 1 FA       4.902 0.050 

65 Pool water blank 2 FA       4.902 0.050 

66 Pool water 1.2 mg, DGK FA      1.5 4.572 0.040 

67 Pool water 4 mg, DGK FA      4.3 3.961 0.031 

68 Pool water 10 mg, DGK FA      10.3 3.713 0.021 

69 Pool water 30 mg, DGK FA      30.2 2.830 0.009 

70 Pool water 70 mg, DGK FA      69.7 2.691 0.004 

71 Pool water 150 mg, DGK FA      149.8 2.354 0.002 
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Sample number Content ICP-MS [15mL] Total Organic Carbon analyzer (Shimadzu TOC-L) [50mL] 

Measure requirements ICP-MS: 3 drops HNO3 (65%) ~ 0.1M Measure requirements DOC: 3 drops HCl (37%), pH ~ 2. All samples FA 

FA/ 
AF 

pH adjustment, pH ~ 7.3 
Element concentration [mg/L] Mass PAC added [mg] DOC measured [mg/L] SAC measured  

[1/cm] (Abs. pr 5cm) Al Na Ca Cl 

Oslo, 25.03.2022 at 09:15 |No tests for Jar/PAC] Polycarbonate filter (0.4 µm) 

72 Fill up water FA       2.870 0.466 

73 Pool water FA       3.790 0.048 

74 Outlet Balance Tank FA       3.892 0.046 

75 Inlet AG-filter FA       3.737 0.046 

76 Outlet AG- filter FA       3.697 0.046 

77 Outlet UV FA       3.824 0.045 

Oslo, 25.03.2022 at 09:15 Polycarbonate filter (0.4 µm) 

 Jar-test settings 
Fast: 400 rev/min – 30 sec |Slow: 40 rev/min – 20 min  

Sedimentation time> 30 min 

 

78 Fill up water Jar, 0 mg/L FA NaOH (0.1M) 0.2 11 27 19/28  3.137  

79 Fill up water Jar, 2 mg/L FA NaOH (0.1M) 0.1 12 26 24  1.703  

80 Fill up water Jar, 4 mg/L FA NaOH (0.1M) 4.0 13 26 21  1.184  

81 Fill up water Jar, 6 mg/L FA NaOH (0.1M) 16.3 14 25 36  1.763  

82 Fill up water Jar, 8 mg/L FA NaOH (0.1M) 35.4 14 25 42  1.687  

83 Pool water Jar, 0 mg/L FA NaOH (0.1M) 0.4 434 29 605  3.865  

84 Pool water Jar, 2 mg/L FA NaOH (0.1M) 1.6 433 29 598  3.474  

85 Pool water Jar, 4 mg/L FA NaOH (0.1M) 2.8 425 28 587  3.467  

86 Pool water Jar, 6 mg/L FA NaOH (0.1M) 3.4 416 27 578  3.257  

87 Pool water Jar, 8 mg/L FA NaOH (0.1M) 2.3 406 27 570  3.392  

88 NaOH (0.1M) - -        

Oslo, 25.03.2022 at 09:15 Polycarbonate filter (0.4 µm) 

 Activated Carbon Shaking, 24 hours 

89 Fill up water blank 1 FA       2.870 0.466 

90 Fill up water blank 2 FA       2.870 0.466 

91 Fill up water 1.2 mg, DGK FA      1.5 2.783 0.442 

92 Fill up water 4 mg, DGK FA      3.9 2.704 0.424 

93 Fill up water 10 mg, DGK FA      8.8 2.498 0.393 

94 Fill up water 30 mg, DGK FA      31.1 1.918 0.285 

95 Fill up water 70 mg, DGK FA      70.2 1.247 0.188 

96 Fill up water 150 mg, DGK FA      150.1 0.500 0.168 

97 Fill up water 300mg, DGK FA      300.1 0.397 0.021 

98 Pool water blank 1 FA       3.790 0.048 

99 Pool water blank 2 FA       4.697 0.048 

100 Pool water 1.2 mg, DGK FA      1.6 3.835 0.038 

101 Pool water 4 mg, DGK FA      4.0 3.428 0.030 

102 Pool water 10 mg, DGK FA      10.2 3.667 0.020 

103 Pool water 30 mg, DGK FA      30.9 2.657 0.007 

104 Pool water 70 mg, DGK FA      68.4 2.794 0.003 

105 Pool water 150 mg, DGK FA      149.5 2.526 0.003 

106 Pool water 300 mg, DGK FA      300.2 2.482 0.002 
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