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1 General introduction 

Swimming is a popular year-round activity widely enjoyed for leisure, recreation and 

exercise by more than 250 - 300 million people in Germany per year [1, 2]. 

Comparable numbers of annual visitors have been reported for the United States 

(368 million people) [3]. A survey conducted in Germany in 2001 revealed that 

swimming is ranked on the second place of the most popular recreational activities 

placed only behind cycling [4]. These findings correlate with reported data from the 

United Kingdom [5] and the US [6]. The high level of acceptance of swimming among 

the population results in a high number of public and private pool facilities. The total 

number of public pools in Germany has been estimated in the year 2012 with 7.499 

(excluding natural pools, counting combined indoor-outdoor pools twice) [7]. 

Comparable pool counts have been reported for Germany in the year 2002 [8, 9]. 

Including private pool facilities, the highest number of in-ground and above-ground 

pools in Europe has been reported for France (1.466.000), Spain (1.200.000) and 

Germany (862.000) [10]. 

A major drawback resulting from the simultaneous use of swimming pools by many 

people is the fact that serious diseases can be easily spread [11]. These waterborne 

infections are often associated with pathogens embracing viruses, bacteria and 

protozoa [11-21]. Previous studies showed that a high number of living cells and 

pathogens are introduced into pool water by shedding from the human skin [22, 23] 

or by fecal release [13, 14, 22, 24]. 

To assure the hygienic safety in pool systems, requirements for the quality of pool 

water have been set down in standards and regulations such as the German 

Protection Against Infection Act (IfSG Infektionsschutzgesetz) [25]. On the basis of 

the IfSG, the German swimming pool standard DIN 19643 sets specific 

microbiological and chemical quality parameters for swimming pools [26]. 

To guaranty the hygienic safety for bathers, swimming pools have a re-circulating 

water system that allows removing microorganisms and unwanted chemical 

substances from the water body by water treatment (Figure 1.1). The different 

treatment concepts, as they are allowed to be used in public pools in Germany are 

defined in DIN 19643 as well [26]. Therein, water treatment by filtration with upstream 

flocculation is described to be the first barrier against microorganisms followed by 

disinfection, which is the second barrier [26]. Chemicals used as disinfectant must be 

capable of inactivating microorganisms by 99.99% within 30 seconds (i.e. the 

indicator microorganism Pseudomonas aeruginosa). Only chlorine-based chemicals 

are permitted to be used for disinfection in Germany. Besides chlorine gas (Cl2), salts 
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Thus, to guarantee optimal conditions for bathers, pool water treatment has to assure 

an efficient disinfection (i.e. low pathogenic risk) whilst having a minimal DBP 

formation. Zwiener et al. (2007) defined the following basic requirements for a 

suitable pool water treatment [3]: 

(i) removal of pathogens and particles, 

(ii) removal of dissolved organic matter and DBPs and 

(iii) sufficient disinfection with the lowest possible DBP formation. 

Recent research particularly emphasizes the importance of removing organic matter 

[24, 47, 48] and DBPs [49, 50] in the treatment train to lower concentration levels of 

DBPs in pool water. However, conventional pool water treatment (i.e. flocculation-

sand filtration-chlorination) is suggested to insufficiently remove both, dissolved 

organic contaminants and DBPs [51, 52]. This leads to their accumulation in the 

swimming pool water cycle and increasing DBP concentrations over the operation 

time [53]. To prevent accumulation of substances, fresh water is often added to the 

pool water cycle for the purpose of dilution, which in turn increases the water and 

energy demand for operating a swimming pool system. 

To overcome the process of accumulation of DBPs and precursor substances in pool 

water while lowering the need for fresh water, alternative water treatment 

technologies have been introduced over the last decade [54]. Some of the most 

promising technologies which could accompany or partially replace conventional 

water treatment such as membrane filtration or oxidation processes [54, 55] have 

recently been integrated in the revised German pool standard DIN 19643 [56]. 

However, a detailed evaluation of their removal efficiencies for DBPs and DBP 

precursors under typical swimming pool operation is, in large parts, still subject to 

future research. 
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2 Thesis outline 

This thesis is intended to provide profound knowledge about the potential of various 

novel and conventional combinations of water treatment technologies to reduce 

hazardous impurities present in pool water. The pool water quality is primarily 

assessed by means of the emerging class of hazardous low molecular weight 

disinfection by-products (DBPs) and their organic or inorganic precursors. A special 

focus of this thesis will be on the removal of inorganic chloramines in granular 

activated carbon filters. Inorganic chloramines are of particular interest since they are 

often used as an indicator parameter in the surveillance of DBPs in pool water. 

Further, they are known precursors for the formation of highly carcinogenic DBPs 

(e.g. N-nitrosodimethylamine (NDMA)). 

It is therefore the aim of the research presented in this thesis to provide insights and 

clarifications with regard to the following questions: 

(i) To which extend do novel and conventional water treatment technologies 

contribute to the mitigation of DBPs and DBP precursors in swimming pool 

water? 

(ii) Which mechanisms and processes determine the removal of inorganic 

chloramines in granular activated carbon filtration? 

(iii) To which extend does granular activated carbon filtration contribute to the 

mitigation of inorganic chloramines and NDMA in pool water? 

Background information, results and conclusions of this thesis are given in 

Chapters 3 to 7. 

Chapter 3 provides a brief overview on the complex system of a modern swimming 

pool system and the chlorine chemistry within it. The current state of knowledge will 

be introduced in a causal order starting with an overview of sources for particulate 

and dissolved organic compounds in pool water followed by an explanation of 

reactions between the organic material and chlorine that lead to the formation of 

hazardous DBPs. Finally, the current state of art with regard to DBP mitigation by 

pool water treatment will be introduced. 

Chapter 4 provides a comprehensive assessment of the efficiency of different water 

treatment combinations towards the mitigation of dissolved organic precursors and 

DBPs in swimming pool water. A swimming pool model was engineered in the frame 

of this thesis to determine removal efficiencies for organic substances and DBPs 

under fully controlled and reproducible conditions. 
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Chapter 5 and Chapter 6 provide information on the removal of inorganic 

chloramines by granular activated carbon treatment. In Chapter 5, mechanisms are 

described that limit the overall reactivity for chloramine removal in a granular 

activated carbon filters. Further, the process of decreasing carbon reactivity for 

chloramine removal is investigated in detail. Chapter 6 gives information on the 

importance of surface chemical carbon properties with regard to the type of product 

formed when chloramines are transformed in a GAC filter. Simulations with a 

numerical model of a swimming pool system have been conducted to highlight the 

importance of the type of carbon used in a granular activated carbon filter operated in 

a swimming pool system. Depending on the type of carbon used, the concentration of 

carcinogenic NDMA, which is formed via reactions including chloramines, are 

calculated and compared. 

Chapter 7 contains the final conclusions about the use of conventional and novel 

processes for water treatment with regard to the mitigation of organic and inorganic 

precursors and DBPs in swimming pool water. 
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3 Background 

3.1 Loading of swimming pool water with particulate and dissolved 
substances 

3.1.1 Pollutants and sources 

Two of the main sources of unwanted impurities found in swimming pool systems are 

the bathers entering the pool [22, 24] and filling water which is used for the purpose 

of dilution (typically taken from drinking water mains) [35, 57]. In the case of outdoor 

swimming pools, additional particulate and dissolved pollutants can be introduced 

from surrounding green areas [58]. 

Particulate matter introduced into pool water includes microorganisms (virus, bacteria 

and protozoa), anthropogenic particles (e.g. skin or hair cells) [24], ingredients of 

personal-care products such as sun screening-agents [59] and particles present in 

the filling water. Organic particles present in swimming pool water react with chlorine 

and thus, contribute to the formation of harmful disinfection by-products (DBPs) [34]. 

As the disinfection effectivity of chlorine is lowered for microorganisms that are 

attached to the surface of particles [60], the concentration of the sum of organic and 

inorganic particles is subject to pool water regulations (e.g. in means of the turbidity). 

Further, swimming pool water is loaded with dissolved substances originating from 

human body fluids [22, 24, 53], personal-care products [59] and filling water (i.e. 

drinking water) [35]. Loading of chlorinated pools with organic matter (OM) from all of 

these sources has previously been associated with increasing DBP concentrations. 

However, the potential to form certain DBPs has been found to be different for  

dissolved organic matter (DOM) from filling water compared to DOM from human 

body excretions [35]. This effect is mainly caused by differences in 

functionality [61, 62] and molecular size [35, 63] of the respective DOM. 

3.1.2 Loading of pool water with particulate substances 

3.1.2.1 Particulate substances from bathers 

The average total particle release of bathers (organic and inorganic) has been 

estimated recently with 1.46ꞏ109 particles per bather (30 min pool visit, size range of 

2 - 50 µm) [22]. The quantitative particle release among individual subjects varied by 

a factor of ~65 (0.97ꞏ109 - 63ꞏ109 particles per bather in the first 30 s) and strongly 

depended on individual characteristics of the bathers [24]. Since particles are 

primarily attached to the human skin and hair, the particle release rate drops after an 
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initial time of recreational activity until the release becomes negligible [22]. Previous 

studies particularly highlighted the importance of organic particles from hair and skin 

for the formation of DBPs in swimming pool systems [34, 59]. Kim et al. (2002) 

observed an elevating concentration of total organic carbon (TOC) when adding 

anthropogenic particles into pool water. When chlorinating the pool water, DBP 

concentrations increased with increasing amount of organic particles added [59]. 

DBP precursors in human hair are most likely amino acids (cysteine, serine and 

glutamic acid) [34] while corneocyte cells, lipids (ceramides, free fatty acids and 

cholesterol), urea (8 µg cm-2) and amino acids [64] are DBPs precursors present in 

the external skin layer of humans (stratum corneum) that is exposed to chlorinated 

pool water. 

Another emerging class of particles originating from bathers that has recently been 

associated with constrains regarding the pool water quality are sunscreen 

lotions [65]. Sunscreen lotions contain particulate UV filter substances that reduce 

the transmissivity of UV irradiation by reflection or absorption of light [66]. These 

filters could be of inorganic nature such as TiO2 [67] and ZnO [68] but also organic 

nature such as ethylcellulose, PLGA (poly(lactic-co-glycolic acid)) or Tinosorb M 

(methylene-bis-benzotriazolyl tetramethylbutylphenol) [69], which are used in lotions 

in concentrations of up to 10% by weight [70]. Until now, no study is known that 

quantitatively evaluated the release of organic particles from these products under 

conditions that are typical for real pool environments. Further, bathers release 

fecally-derived and non-fecally-derived microorganisms that have previously been 

associated with various waterborne outbreaks in swimming pools (virus, bacteria and 

protozoa) [21]. The amount of microorganisms (expressed as colony forming units 

(CFU)) released per bather ranges between 108 - 109 CFU  [71]. Table 3.1 

summarizes the most relevant microorganisms released by bathers. 

Table 3.1: Microorganisms associated with waterborne outbreaks in recreational 
systems released by bathers (as given by [21]). 

 Virus Bacteria Protozoa 

Fecally-
derived 

Adenovirus, Enterovirus, 
Hepatitis A, Norovirus 

E.coli, Shigella spp. Cryptosporidium, 
Giardia 

Non-
fecally-derived 

Adenovirus, 
Molluscipoxvirus, 
Papillomavirus 

Legionella spp., 
Leptospira spp., 
Mycobacterium spp.,
Pseudomonas spp., 
Staphylococcus 

Maegleria flowleri, 
Acanthamoeba spp., 
Plasmodium spp. 

 

Table 3.2 presents the quantitative data reported for anthropogenic load of pool 

water by viruses, bacteria and protozoa. Noticeable is the lack of data with regards to 
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the anthropogenic loading with viruses. Values given in in Table 3.2 are 

representative for average swimmers without obvious diseases. The release of 

microbiological contaminants of infected people (e.g. cryptosporidiosis) is higher by 

several orders of magnitude compared to average conditions [72]. 

Table 3.2: Quantities of microorganisms released by bathers (partially taken 
from [100]). 

 Release per bather Comments Ref. 

Viruses 

Enteric 
viruses 

1.6ꞏ104 

1.4ꞏ107 – 3.0ꞏ1013 

30 min shower 

Theoretically derived from literature data 

[73, 74] 

[74] 

Bacteria 

Coliform 
bacteria 

3.78ꞏ107 

1.1ꞏ106±5.13ꞏ107 

1.4ꞏ105 up, 1.5ꞏ105 sp 

 

10 - 15 min shower, 25 subjects 

10 - 30 min, pool experiment 

15 min of exposure, immersed bodies in 

550 L water, 6 subjectsup, 20 subjectssp 

[73] 

[75] 

[76] 

Fecal 
coliform 
bacteria 

2.27ꞏ106 

1.2ꞏ105 

10 - 15 min shower, 25 subjects 

15 min in bathtub, 8 subjects 

[73] 

[77] 

E.coli ~1ꞏ103 ID - 2ꞏ104 OD 

6.6ꞏ104 up, 2.1ꞏ105 sp 

60 s shower, 25 subjectsID, 8 subjectsOD 

15 min of exposure, immersed bodies in 

550 L water, 6 subjectsup, 20 subjectssp 

[24] 

[76] 

Enterococci 5.5ꞏ105 

 

~3ꞏ103 ID, 2ꞏ104 OD 

6.6ꞏ104 

15 min of exposure, immersed bodies in  

4,700 L water, 10 subjects 

60 s shower, 25 subjectsID,8 subjectsOD 

15 min of exposure 

[23] 

 

[24] 

[77] 

Staphylo-
coccus 
aureus 

6.1ꞏ106 

 

~1ꞏ106 ID, 1ꞏ107 OD 

 

7.5ꞏ106 

15 min of exposure, immersed bodies in  

4,700 L water, 10 subjects 

60 s shower experiment, 25 subjectsID, 

8 subjectsOD 

15 min of exposure 

[23] 

 

[24] 

 

[77] 

Streptococci 6.6ꞏ105 up, 1.6ꞏ105 sp 15 min of exposure, immersed bodies in 

550 L water, 6 subjectsup, 20 subjectssp 

[76] 

Protozoa 

Protozoa 1.4ꞏ104 - 3.0ꞏ107 Theoretically derived from literature data [74] 
up …  Unshowered subjects 
sp …  Showered subjects 
ID …  Indoor pool 
OD …  Outdoor pool 
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3.1.2.2 Particulate substances from filling water 

Since most pool facilities in Germany use drinking water as filling water, no 

pre-treatment is typically used before feeding it into the pool system. Thus, the 

quality of filling water is basically equal to the bulk water quality in the distribution 

network. Particle concentrations in drinking water are determined by various local 

and system specific factors of the drinking water main such as the characteristics of 

the offtake location, local hydraulic conditions in the distribution network, the type of 

piping material used, the type of raw water used and the type of drinking water 

treatment employed [78, 79]. Given the complexity of influencing factors, the ranges 

of reported properties of suspended particles in European drinking waters are very 

wide (see Table 3.3). Due to the required level of microbial safety of drinking 

water [11], loading of pool water with pathogens from filling water could be neglected. 

Table 3.3: Selection of characteristics reported for suspended particles taken 
from drinking water mains across Europe. 

Parameter Value Ref. 

Volume concentration 714 – 28,097 µm³ mL-1 (size 1 µm - 31 µm) [78, 80] 

Total suspended solids  <13 – 71 µg L-1 [80] 

Particle size ~1 – 120 µm [78, 81, 82] 

Particle number 50-120 mL-1 (>1 µm) [80] 

Particle density 1,000 – 1,300 kg m-³ [81] 

Organic content ~30 – 70 % (by weight) [83] 

Elemental composition a [80, 82] 

Total cell count 104 - 105 cells mL-1 [82, 84, 85] 
a …  Differences in the elemental composition are given elsewhere [80, 82] but have not been presented here 

due to the complexity of this matter 

 

3.1.3 Loading of pool water with dissolved substances 

3.1.3.1 Dissolved substances from bathers 

Loading of pool water with dissolved organic matter (DOM) from bathers has been 

found to depend on water parameters (e.g. temperature), personal characteristics of 

the bathers and the level of exercise [22, 24, 86]. Sweat (0.08 - 1.62 L h-1 [22, 87-92]) 

and urine (30 – 70 mL per bather [93, 94]) are the main sources of anthropogenic 

release of DOM. The total anthropogenic loading with DOM is reported to range 

between 0.5 - 1.4 gDOC per bather [95]. A breakdown of the chemical components of 

sweat and urine has been previously reported in great detail by 
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Consolazio at al. (1963) and Putnam (1971) [86, 96]. Up to 158 different chemical 

constituents are present in urine samples while 58 were found in sweat samples 

(including inorganic salts and organic compounds) [86, 96]. It revealed that urea 

(0.56 - 2.46 g per bather [31, 97]), creatinine (2 – 85 mg per bather [98]), ammonium 

salts (30 – 60 mg per bather [57]), amino acids (15 – 50 mg per bather [57]) and 

other organic acids represent the main organic components of human sweat and 

urine [86, 93, 96, 99]. Recent studies conducted by Keuten et al. (2012, 2014) 

showed that the anthropogenic release of organic matter could be subdivided into (i) 

initial, (ii) continual and (iii) incidental release (see Table 3.4) [22, 24]. 

Table 3.4: Stages of anthropogenic pollutants release. Taken from [22]. 
(Conditions: 30 min duration, without pre-swim shower, individual 
energy consumption of 60 – 70% of the maximum value)a. 

 TOC 
in mg per bather 

TNc 
in mg per bather 

Initial (first 60 s) 217 57 

Continual (up to 30 min) 250 77.3 

Incidental b 192 70 

Total 659 204 
a …  Please note that different anthropogenic releases have been reported in previous studies by the same 

group of authors [100]. 
b …  Based on a 30 mL urine release per bather 
c …  Total nitrogen (TN) 

 

Additional dissolved components could be released from bathers by sunscreen 

lotions applied previous to bathing activities. Ingredients of these lotions remain on 

the surface of human skin and permeate only in small amounts in the upper skin 

layers [101]. Consequently, these substances are washed from the human skin while 

bathing. Data about the anthropogenic release of ingredients of sunscreen lotions 

and personal care products into pools is very rare. Previous studies suggest that up 

to 100% of soluble components and 25% – 50% of lipophilic components present in 

sunscreen lotions could be released into pool water [65]. Assuming each bather 

applying in the mean 13 g of sunscreen lotion [102], concentrations of released 

sunscreen-compounds in pool water could be in the range of µg or even mg per liter 

[102]. Glauner (2007) showed that the sum of the concentrations of 4 sun screening 

agents (octyl methoxycinnamate, octocrylene, phenylbenzimidazole sulfonic acid and 

enzacamen) in a paddling pool was up to 59.1 μg L-1 [102]. The formation of DBPs by 

chlorination of these agents is still widely unknown. 

Several authors showed that the concentration of dissolved organic carbon (DOC) in 

swimming pool water significantly correlates with the number of swimmers attending 
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the pool. DOC concentrations of pools are substantially higher compared to the 

concentration of DOC found in the corresponding filling water [35, 103]. These 

findings particularly highlight the importance of anthropogenic DOM release for the 

overall quality of swimming pool water. 

3.1.3.2 Dissolved substances from filling water 

DOM found in filling water (i.e. drinking water) is a mixture of dissolved substances 

with aromatic, aliphatic, phenolic and quinonic structures and a specific distribution of 

molecular weights and functionalities. The overall concentration of dissolved organic 

carbon (DOC) and dissolved organic nitrogen (DON) in drinking waters from Europe, 

Australia and the US have been found to vary between 0.5 - 6.7 mgDOC L-1 and 

0.1 - 0.5 mgDON L-1, respectively [35, 103, 104]. Previous studies showed that 

fractionation of DOM into broad chemical classes of different molecular size is an 

appropriate first step to further examine its structure [63, 105-107]. The following 6 

major sub-fractions of DOM have been identified for natural waters based on their 

molecular size: biopolymers (BP), humic substances (HS), building blocks (BB), low 

molecular-weight acids (LMW acids), low molecular-weight neutrals (LMW neutrals) 

and hydrophobic organic carbon (HOC) [63]. HS, namely humic acids (HA) and fulvic 

acids (FA), are the prevailing DOM fraction found in finished drinking waters [108]. 

Previous results indicate that aromatic higher molecular weight HS are preferably 

removed during different drinking water treatment processes [109, 110]. Thus, 

hydrophilic, less aromatic humic substances remain in the finished drinking water that 

is used as filling water in swimming pools. Functional groups of humic acids include 

carboxylic acid groups (-COOH), phenolic and alcoholic hydroxy groups (-OH) as 

well as aldehyde (-CHO) and methoxy groups (-O-CH3) [111]. Since HS are known to 

significantly contribute to the formation of harmful DBPs [56], filling water has to be 

pre-treated in case it contains high concentrations of HS. 

3.1.4 Surrogates 

As shown in Section 3.1.1 – 3.1.3, the composition and amount of particulate and 

dissolved substances introduced into swimming pool water by bathers and filling 

water are subject to substantial variations. The fact that comparative studies in the 

field of swimming pool water treatment have to be performed under reproducible 

conditions [53] rises the need to control the rate of input of pollutants [53]. Previous 

studies propose to use surrogates (substitutes) that mimic physicochemical or 

environmental attributes of the item of interest. Surrogates are available in large 

amounts and constant quality and thus, permit experiments to be performed under 

fully controlled conditions [112-114]. Surrogates could be either recipes of chemicals, 
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Continuation of Table 3.5 

Pollutant Analogue Comment Ref. 

DOM from 
bathers 

Artificial mixtures 
representing 
sweat and urine 
(Body fluid 
analogues) 

Three different BFA compositions are 
known from the literature containing: 
albumin, aspartic acid, citric acid, 
histidine, creatinine, glucuronic acid, 
glycine, glutamic acid, hippuric acid, 
histidine, lactic acid, lysine, urea, uric 
acid; Some important nitrogen containing 
precursors are not included (e.g. α-amino 
acids) 

[47, 53, 
122] 

 

3.2 Chemistry of chlorine under special consideration of pool water 
conditions 

3.2.1 Chlorine speciation and decay 

In order to assure a sufficient disinfection capacity of swimming pool water, the 

concentration of free chlorine (Cl2, HOCl, OCl-) has to be kept in a range from 

0.3 - 0.6 mg L-1 (as Cl2) in German swimming pools [26]. Comparable free chlorine 

levels are recommended for Swiss pool water [123] while higher concentrations of 

free chlorine are recommended in the US, UK and Australia [3] but should in no case 

exceed 3 - 4 mg L-1 (as Cl2) in public swimming pools (as required by WHO and ANSI 

guidelines [21, 124]). According to DIN 19643, chlorine could be added to pool water 

in liquid form (sodium hypochlorite), solid form (calcium hypochlorite) or as molecular 

chlorine (Cl2) in the form of chlorine gas or from electrolysis (of e.g. hydrochloric  

acid) [26]. Chlorine (Cl2) disproportionates in water forming hypochlorous acid (HOCl) 

according to the following reaction: 

Cl2 + H2O 
k1
⇆
k-1

 HOCl + Cl- + H+,  KCl2 = 5.1ꞏ10-4 mol2 L-2 (25°C) [125] (3.1) 

HOCl is a weak acid and dissociates in aqueous solution forming hypochlorite ions 

(OCl-): 

HOCl ⇆ OCl- + H+,  Ka,HOCl = 2.9ꞏ10-8 mol L-1 (25°C) [126] (3.2) 

Previous studies suggest that also other chlorine intermediates (Cl3
-, Cl2O, H2OCl+) 

can be formed in environmental processes (Equation (3.3) - (3.5)) [27]. However, 

concentrations of these chlorine species are low, which is why they are recognized 

only very little in water treatment processes [27]. 
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Crypotosporidia) [140]. Inactivation of relevant microorganisms by primary or 

secondary disinfectants proceeds stepwise in the flowing order: (i) formation of 

covalent N-Cl bonds on the surface of microbes (chlorine cover on bacterial 

surfaces), (ii) penetration of chlorine species into the cell, which is the step limiting 

the overall killing rate, and (iii) destruction of vitally important cell 

components [141-143]. The widely accepted simplified Chick-Watson model 

expresses disinfection kinetics of microorganisms (Equation (3.6)) [144, 145]. 

ln
Nt

N0
=kCW∙c∙t (3.6) 

Here, t is the contact time, Nt and N0 are the concentrations of the microorganism at 

time t and at time 0, kCW is the first-order rate constant for inactivation and c is the 

concentration of disinfectant. At a given inactivation ratio Nt N0
-1, the product cꞏt 

represents the disinfection dose needed. Table 3.6 lists cꞏt values for primary and 

secondary disinfectants for microorganisms that have been found in pool water. 

Table 3.6: Concentration-time values (cꞏt) in mg min L-1 for 99 % inactivation of 
microorganisms by primary and secondary disinfectants [146]. 

Microorganism Free 
chlorine 
(pH 6 – 7) 

Chloramine 
(pH 8 – 9) 

Chlorine 
dioxide 
(pH 6 - 7) 

Ozone 
(pH 6 – 7) 

E. coli 0.034 – 0.05 95 - 180 0.4 – 0.75 0.02 

Poliovirus 1 1.1 – 2.5 768 - 3740 0.2 – 6.7 0.1 – 0.2 

Rotavirus 0.01 – 0.05 3806 - 6476 0.2 – 2.1 0.006 – 0.06 

Giardia lamblia cysts 47 - >150 2200a 26a 0.5 – 0.6 

Cryptosporidium parvum 7200b 7200c 78c 5 – 10b 
a …  Values for 99% inactivation at pH 6 - 9 
b …  99% inactivation at pH 7 and 25°C 
c …  90% inactivation at pH 7 and 25°C 

 

It is widely accepted that HOCl exhibits a bactericidal power which is approximately 

100 times higher compared to NH2Cl [147] or OCl- [130]. Since OCl- comprises a 

much lower disinfection potential compared to HOCl, the disinfection potential of 

chlorine in swimming pool water decreases significantly with increasing pH. 

In public swimming pools in Germany, the concentration of inorganic chloramines 

(quantified as combined chlorine) could be as high as 0.2 mg L-1 (as Cl2) (limited by 

the threshold given in DIN 19643) [26]. However, the bactericidal effect of inorganic 

chloramines is considered to be negligible compared to the primary disinfection with 

free chlorine. This assumption is supported by the fact that a proportion of combined 
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chlorine unintentionally refers to inorganic but also organic chloramines [149, 150], 

which have no or poor germicidal efficiency [148]. 

3.3 Disinfection by-products in swimming pool water 

3.3.1 Formation and occurrence of disinfection by-products in swimming pool 
water 

Primary and secondary disinfectants react with organic and inorganic precursors 

introduced into swimming pool water (see Section 3.1) forming a variety of hazardous 

disinfection by-products (DBPs). Additional to DBPs formed by chlorination alone, 

DBPs could be formed by dual water treatment with chlorine and other processes 

such as UV irradiation or ozonation. The variety of organic precursors, disinfectants 

used and secondary effects of combined water treatment lead to a huge diversity of 

DBPs found in swimming pool water. More than 100 DBPs have been identified 

previously in swimming pools [33], with trihalomethanes (THM), haloacetic acids 

(HAA), chloramines (CA) and haloacetonitriles (HANs) being the most studied 

examples [3, 30]. Table 3.7 summarizes the most important DBPs found in swimming 

pool water in dependence on the disinfectant or treatment method causing their 

formation. 

The halogenated compounds that are subject to regular surveillance in pools, 

cumulatively account for ~50 % - ~92 % of the adsorbable organic halogens (AOX) 

present in chlorinated water samples [102, 151]. The AOX sums up organic halogens 

that adsorb onto activated carbon and is used as a measure for the sum of less 

volatile DBPs found in swimming pool water. Thus, a significant proportion of 

halogenated substances in swimming pools is not subject to continuous water quality 

monitoring [102]. 
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Table 3.7: Selection of DBPs formed in swimming pool water depending on the 
type of disinfectant or treatment method employeda. 

Type of 
disinfection 
used 

DBPs formed Ref. 

Carbon-containing Nitrogen-containing Other 

Chlorine Trihalomethanes, 
haloacetic acids, 
haloketones, 
haloaldehydes, 
halobenzoquinones, 
chloral hydrate, 
halophenols 

Haloacetonitriles, 
chloropicrin, 
cyanogen chloride, 
chloramines 

Chlorate [29, 30, 33, 
35, 59, 61, 
152-156] 

Chloramines Haloacetaldehydes Nitrosamines, 
chloramines, 
cyanogen chloride 

 [62, 157-
160] 

Ozoneb Haloaldehydes, 
carboxylic acids, 
bromoform, 
haloketones 

Nitrosamines Bromate [55, 57, 
137, 160, 
161] 

UV 
irradiationb, c 

Trihalomethanes, 
halopropanones 

Haloacetonitriles, 
cyanogen chloride, 
chloramines, 
nitrosamines, 
dichloromethylamine 

Chlorate [49, 55, 
154, 159, 
162-164] 

a …  Modified version of the table given by [165] 
b …  In combination with chlorination or chloramination 
c …  Formation of DBPs has been found to strongly depend on the emission spectra 

of the UV lamp and the UV dose applied 

 

DBPs could be classified in carbon-containing (C-DBPs) and those that also or solely 

contain nitrogen (N-DBPs). Major representatives of C-DBPs found in pool water are 

trihalomathanes (THMs) and haloacetic acids (HAAs) [33]. At chlorine concentrations 

that are typical for pool water, the sum of HAAs primarily consists of dichloroacetic 

acid and trichloroacetic acids [166] while chloroform is usually the predominant 

THM [33]. At high bromide concentrations (e.g. when using high saline waters), 

bromoform becomes the predominant THM species [33]. Typical concentrations of 

HAAs in pool water in Germany are slightly lower compared to those of THMs [21, 

166] (see Table 3.8). The opposite has been shown in swimming pools located in the 

US, where higher free chlorine concentrations are applied compared to German 

swimming pools [167]. 

N-DBPs are formed by the reaction of chlorine with nitrogen-containing organic 

substances that are primarily introduced into pool water by the bathers (see  

Section 3.1.3) [29, 33, 153]. Although N-DBPs (e.g. haloacetonitriles (HANs)) are 

known to be more toxic compared to carbon-based DBPs [168], their concentration 

levels are still not implemented in pool water standardisations in Europe or the US. 
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Recent studies particularly focused on the formation and occurrence of trichloramine 

(NCl3), a volatile DBP formed by chlorination of urea and ammonium which are two of 

the main nitrogen-containing precursors introduced into pool water by the bathers 

(see Section 3.1.3.1). Trichloramine (TCA) is of particular interest since it causes 

adverse health effects such as irritations of the skin, eyes and respiratory tract [169] 

and is suggested to foster development of asthma [40]. 

Table 3.8 lists concentration ranges of a selection of relevant DBPs present in 

swimming pools in Germany and Switzerland (e.g. at moderate free chlorine 

concentrations ranging from 0.2 to 0.7 mgL-1 (as Cl2) [26, 123]). Depending on the 

type of DBP, typical concentrations in pool water range between ng L-1 to mg L-1.  

Table 3.8: Concentration ranges for a selection of relevant DBPs in swimming 
pools with concentrations of free chlorine of 0.2 to 0.7 mgL-1 (as Cl2). 

DBP / DBP class Concentration Ref. 

AOX 161 – 353 µg L-1 (as Cl) [46, 55] 

Combined chlorinea ~0.05 – ~0.8 mg L-1 (as Cl2) [39, 97, 170] 

Trichloramineb ~0.01 – ~0.07 mg L-1 (as Cl2) [50, 170] 

Total trihalomethanes (TTHM) 0 – 83 µg L-1 (as CHCl3) [46, 54, 55, 151] 

Total halogenated acetic acids (HAA) 0 – 716 µg L-1 [151] 

Total haloacetonitriles (HAN) 2.8 – 22 µg L-1 [151] 

Tirchloronitromethane (Clorpicrin) n.q. – 2.4 µg L-1 [151] 

N-nitrosodimethylamine (NDMA) n.q. – 46 ng L-1 [171] 

Dichloroacetonitrile n.q. – 12.9 µg L-1 [172] 

n.q. … Not quantifiable 
a …  Determined by the DPD method (see [173]) 
b …  Determined by the MIMS-method 

 

Besides the structure and amount of organic precursors present in pool water, the pH 

value, the concentration and type of disinfectant, the temperature and ion strength of 

pool water affect the concentration and composition of DBPs [59, 174, 175]. 

Decreasing the pH for instance enhances the formation of HANs [34] but lowers the 

formation of THMs in pool water [176, 177]. Controversy results are reported about 

the effect of pH change on the concentration of HAAs. While some studies reported 

increasing HAA concentration with decreasing pH [178], the exact opposite has been 

found in other studies [34]. Recent studies by Afifi and Blatchley (2015) indicated that 

seasonal variations in the concentrations of various DBPs occurring in a high school 

indoor swimming facility in the US could be as high as two orders of magnitude [179]. 

Given the manifold of influencing factors, concentrations of DBPs in swimming pool 
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water have to be taken on a regular basis to gain a comprehensive overview of 

typical concentration ranges. 

Some of the water borne DBPs found in swimming pools are volatile and thus, 

partition between the water and gas phase. Concentrations of volatile DBPs in the air 

space above a swimming pool basin strongly correlate with the characteristics of the 

air-water surface (e.g. number of swimmers and attractions) [61, 180], the ventilation 

system and the Henry's law constant (KiH) of the DBP of interest [36].  

The Heny’s law constant equals the ratio of the vapour pressure of a DBP pi  

(in bar) and its aqueous concentration ca,i (in mol L-1) (see Equation (3.7)). 

KiH=
pi

ca,i
 (3.7) 

Concentrations of volatile DBPs in swimming pool air have been reported for 

chloroform (Henry constant 3.9 L bar mol-1 (25 °C)) and trichloramine (Henry 

constant 10.1 L bar mol-1 (25 °C)) as follows: 1.7 - 1630 mg m-3 (Chloroform) [179-

181] and 0.05 - 18.8 mg m-3 (Trichloramine) [97, 153, 179]. In German pools with 

moderate free chlorine levels, the most comprehensive screening respecting air 

samples taken in 92 indoor pools revealed that 90% of trichloramine concentrations 

were below 0.37 mg m-3 [182]. 

3.3.2 Main formation pathways of selected DBPs in swimming pool water 

3.3.2.1 Trihalomethanes (THM) 

Previous studies showed that primarily phenolic structures, ketones and carboxylic 

structures react with HOCl to form THMs [27, 183, 184]. Humic acids, which are 

some of the dominating components of filling water DOM [63], are suggested to have 

a very high THM yield when being chlorinated compared to anthropogenic 

substances brought into swimming pool water by the bathers [35]. This finding has 

been recently confirmed by Hua et al. (2016), who determined the specific formation 

potential (µmolTHM mgC
-1) of trichloromethane (TCM) from chlorination of humic acids 

and BFA substances (Table 3.9) [185]. Among the substances found in human body 

fluids (see Table 3.5) citric acid comprises the highest formation potential for THMs 

and HAAs [35]. 
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Table 3.9: Apparent second order rate constants (kapp) and formation potential 
for the formation of trichloromethane by the reaction of humic acids 
and BFA substances with free chlorine after 168 h of reaction 
(TCMFP) (pH = 7.2 and T = 28±1 °C) [185]. 

DBP 
precursors 

kapp 

in L mol-1 h-1 

TCMFP 

in µmol mgC
-1 

Uric acid 7.22ꞏ10-5 0.02 

Urea 1.79ꞏ10-4 0.03 

L-Histidine 7.69ꞏ10-5 0.23 

Creatinine 6.91ꞏ10-5 0.03 

Ammonium              no contribution 

Hippuric acid 4.83ꞏ10-5 0.02 

Citric acid 5.12ꞏ10-5 11.7 

Humic acid 1.36ꞏ10-4 0.82 

 

Chlorination studies with aromatic model compounds for humic acids (e.g. resorcinol) 

revealed that chlorine initially reacts with aromatic compounds by stepwise 

electrophilic substitution (see Figure 3.3) [184], which has also been shown for 

phenol like structures [27]. With ongoing substitution, the charge density of the 

aromatic ring increases which leads to a faster substitution reaction [186]. Hydrolysis 

and an oxidative bond cleavage at the chlorinated aromatic ring structure leads to an 

opening of the ring under the formation of ketones. Chloroform is finally formed by a 

rate limiting base catalyzed hydrolysis of the chlorinated ketone structure (see 

Figure 3.3) [165, 184]. 

 
Figure 3.3: Pathway for the formation of chloroform (CHCl3) from chlorination of 

the humic acids model compound resorcinol (according to [165, 
184]). 

Among the substances used to simulate the mixture of body fluids excreted into pool 

water by the bathers (see Table 3.5), citric acid and urea have been found to be the 

main precursors for trichloromethane production (see Table 3.9 and [187]). Larson 

and Rockwell (1978) propose that chlorination of citric acid is initiated by a rate 

limiting oxidative decarbonisation of the carboxyl group leading to the formation of 
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β-ketoglutaric acid [188]. Formation of trichloromethane from 3-ketoglutaric acid is 

assumed to proceed via chlorine-substitution of the carboxyl groups followed by base 

catalyzed hydrolysis of the formed trichloromethyl ketone (see Figure 3.4) [188]. 

 
Figure 3.4: Pathway for the formation of trichloromethane (CHCl3) from 

chlorination of citric acid (taken from [188]). 

3.3.2.2 Inorganic chloramines and N-nitrosodimethylamine (NDMA) 

Chlorine is considered to be a primary disinfectant in swimming pool water. However, 

its reaction with nitrogenous precursors in swimming pool water (e.g. ammonium 

[135], urea [136] or secondary amines [136]) is initially induced by the formation of 

inorganic chloramines (mono-, di- and trichloramine) and organic chloramines [27, 

137]. The primary reactions for chloramination are represented by Equation (3.8) – 

(3.10) [135]. Since inorganic chloramines have a certain oxidative activity, they are 

denoted as secondary disinfectants. 

NH3 +HOCl →
	

 NH2Cl + H2O,  k1 = 4.2ꞏ106 mol s-1 (25°C, pH ~7)  (3.8) 

NH2Cl + HOCl →
	

 NHCl2 + H2O,  k2 = 3.5ꞏ102 mol s-1 (25°C, pH ~7) (3.9) 

NHCl2 + HOCl →
	

 NCl3 + H2O,  k3 = 2.1 mol s-1 (25°C, pH ~7) (3.10)

The distribution of the active chlorine species and inorganic chloramines in aqueous 

solutions at equilibrium has been found to be a function of the solution pH and the 

initial ratio of chlorine to nitrogen (Cl:N) (see Figure 3.5) [135]. A more 

comprehensive scheme of the chlormaination reactions has been proposed 

previously by Jafvert and Valentine (1992) (see Table 8.2) [135]. At conditions typical 

for swimming pool water, monochloramine (NH2Cl) is the predominant inorganic 

chloramine species [30]. 

HOCl HOCl
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induced by the formation of unsymmetrical dimethylhydrazine (UDMH). In a second 

step, NH2Cl oxidizes UDMH to form NDMA (<3% yields) (Figure 3.7) [195, 196]. 

 
Figure 3.7: Pathway for the formation of NDMA from the reaction of 

monochloramine with DMA. 

A faster pathway for NDMA formation has been proposed by Schreiber and  

Mitch (2006) by the reaction of dichloramine with DMA. Initially, chlorinated UDMH is 

assumed to be formed, followed by the oxidation of chlorinated UDMH to NDMA by 

the incorporation of dissolved oxygen (Figure 3.8) [157]. Under typical swimming pool 

water conditions, the majority of NDMA formation is assumed to take place via the 

dichloramine pathway [157]. 

 
Figure 3.8: Formation pathway of NDMA from the reaction of dichloramine and 

DMA. 

3.3.2.3 Halogenated acetic acids (HAA) 

A general approach to describe the formation pathway of HAAs by the reaction of 

chlorine with organic matter has been proposed by Hua and Reckhow (2008) (see 

Figure 3.9). It has been suggested that the initial chlorine substitution shown in 

Figure 3.9 is the rate limiting step for the overall reaction [27].  

 
Figure 3.9: Simplified pathway for the formation of HAAs and THMs from the 

reaction of chlorine/chloramines with organic matter (according 
to [197]). 
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By correlating the chloroform concentration in human blood, urine and alveolar air 

with that found in pool water and pool air, Erdinger et al. (2004) and Caro and 

Gallego (2008) showed that inhalation is more relevant for the uptake of volatile 

DBPs compared to the dermal route. Approximately 24 – 30 % of chloroform body 

burden results from dermal uptake while the remaining body burden is assigned to 

inhalation [1, 200, 201]. Further, exposure of THMs has been found to be less toxic 

via ingestion than via dermal absorption and inhalation. This effect is caused by 

enzymatic detoxification reactions in the liver that degrade DBPs [202]. Although a 

comprehensive exposure assessment for trichloramine (four times as volatile as 

chloroform) is still subject to investigation, the majority of existing analytical and 

epidemiological studies focus on trichloramine exposure via inhalation [61, 97, 203]. 

Since HAAs are non-volatile on the one hand and hydrophilic (e.g. with little skin 

permeability) on the other hand, ingestion has been found to be the major exposure 

route (94% of the total bod burden), followed by inhalation (via aerosols [204]) and 

the dermal route [205]. Given the complexity of hazardous DBPs in swimming pools, 

the beneficial effects of swimming with regard to recreation and sport must be 

confronted with the potential health risks associated with being exposed to these 

DBPs [198]. Epidemiological studies revealed correlations between attending 

chlorinated swimming pools (e.g. being exposed to different DBPs) and the following 

adverse effects on human health: (i) eye, skin and respiratory tract irritations 

(inorganic chloramines (primarily trichloramine)) [169], (ii) development of asthma 

(trichloramine) [42], (iii) bladder cancer (THMs) [44, 206] and (iv) adverse 

reproductive outcomes (controversial results for different DBPs) [207]. The toxicity of 

hazardous substances such as DBPs is typically characterized by their cytotoxicity 

and genotoxicity. The cytotoxicity describes the biological compatibility of a single 

substance by determining physiological effects of cells resulting from exposure. The 

genotoxicity is determined as a measure for the DNA damage caused by the 

substance. Table 3.10 lists DBPs found in swimming pool water according to their 

cytotoxicity and genotoxicity. 
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Table 3.10: Selection of DBPs found in pool water ranked according to their cyto- 
and genotoxicity (decreasing order) [168, 183]. 

Cytotoxicity   Genotoxicity  

Dibromoacetonitrile, 
=Iodoacetonitrile 
Bromonitromethane 
Bromoacetic acid 
Dichloroacetonitrile 
MX (3-chloro-4-(dichloromethyl)-
5-hydroxy-2(5H)furanone) 

Chloronitromethane 
Tribromoacetic acid 
Iodoacetic acid 
Dibromonitromethane 
Bromochloroacetonitrile 
Bromodichloronitromethane 
Chloroacetonitrile 
Dichloronitromethane, 
=Trichloronitromethane 
Dichloroacetic acid 
Bromoacetonitrile 
Dibromochloronitromethane, 
=Tribromonitromethane 
Bromochloronitromethane 
Trichloroacetonitrile 
Dibromoacetic acid 
Chloroacetic acid 
Trichloroacetic acid 

 Iodoacetic acid 
Dibromoacetonitrile 
Halogenated nitromethanes 
Bromochloroacetonitrile 
Chloroacetonitrile 
Chloronitromethane 
Bromoacetic acid 
Iodoacetonitrile 
Chloroacetic acid 
Trichloroacetonitrile 
Tribromoacetic acid 
Dibromonitromethane 
Bromoacetonitrile 
MX (3-chloro-4-(dichloromethyl)-5- 
hydroxy-2(5H)furanone) 

=Dichloronitromethane 
Dibromoacetic acid 
Dichloroacetonitrile 

 

 

3.4 Swimming pool operation and requirements for pool water quality 

A swimming pool system basically consists of a closed water cycle between the 

basin and the water treatment section. A simplified flow scheme of a common 

swimming pool system, which is in-line with the German pool standard DIN 19643, is 

presented in Figure 1.1. Swimming pool water taken from the basin (overflow water 

and splash water) is led into a splash water tank by gravitation. The splash water 

tank functions as a compensation and storage tank. To prevent accumulation of 

hazardous substances and microorganisms in the pool water cycle (e.g. due to an 

ineffective treatment section [53]), a proportion of 30 L per bather of fresh water is led 

into the splash water tank for the purpose of dilution. As fresh water has to have 

almost drinking water quality, it is typically taken from water mains [208]. The raw 

water taken from the splash water tank is actively fed by a pump into the treatment 

section. Finally, the treated water is fed back into the basin [26]. 

The hydraulic residence time of a swimming pool basin and thus, the total turnover 

water flow is not directly given by the German DIN regulation. Instead, the turnover 

water flow Q (in L h-1) is calculated depending on the type of pool (e.g. swimming 
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pool, diving pool), the pools size and the treatment scheme employed 

(see Equation (3.11)) [26]. 

Q=
Nb

kt
=

Ap∙nb

ab ∙ kt
 (3.11)

Here, Nb is the maximum allowed attendance rate of bathers entering the pool (in h-1) 

and kt (in m-3) is a specific loading factor that depends on the treatment concept 

employed and equals the maximum amount of bathers permitted to enter the pool 

per cubic meter of treated pool water (e.g. 0.5 m-3 for combinations of processes with 

fixed-bed filters and precoat filters). In Equation (3.6), Nb is calculated as the product 

of Ap ꞏ nb ꞏ ab
-1 where Ap (in m²) is the total surface area of the respective pool basin, 

nb (in h-1) is the frequency factor for bathers entering the pool (typically taken as 1) 

and ab is the specific surface area that is assigned to a bather during his activities in 

the pool (e.g. 4.5 m² per bather for swimming pools or 2.7 m² per bather for non-

swimmer pools). Table 3.11 shows the typical residence times of different pool types 

calculated according to the German DIN 19643. 

Table 3.11: Selection of dimensions and residence times of different types of 
swimming pools according to DIN 19643 [26]. A conventional water 
treatment comprising a loading factor (kt) of 0.5 m-3 was considered 
for all pool types. 

Pool type Ap in m² 
(Volume in m³)

ab 
in m² 

nb 
in h-1 

Q 
in m³ h-1 

Residence time
in h 

Swimmer pool 750 (1575) 4.5 1 333 4.7 

Non-swimmer pool 511 (409) 2.7 1 379 1.1 

Hot water pool 511 (613) 4 2 511 1.2 

 

Since water used for initial filling of pool basins has to have drinking water 

quality [26], pool water initially contains only a few mg L-1 of dissolved organic carbon 

(DOC) and thus, is not favorable for microbial growth [165]. However, with increasing 

attendance of bathers, the concentration of organics increases until a steady state is 

reached due to the dilution of pool water with fresh water (typically after ~150 - 600 h 

of operation [51]). As contact times in swimming pools are very long (see  

Table 3.11), pool water becomes a potential environment which favors the growth of 

microorganisms that are introduced by bathers (see Table 3.2) which in turn causes 

serious health issues [21]. These include infections of skin, eyes, middle ear and the 

alimentary tract [209, 210]. Thus, to assure hygienically safe pool water, the German 

pool water norm (DIN 19643) requires (i) disinfection, (ii) treatment of pool water as 

well as (iii) the continuous surveillance of microbiological, chemical and physical 

water quality parameters (see Table 3.12). 
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Microbiological water quality parameters 
Due to the huge variety of microbiological contaminants found in pool water 

(Table 3.1), only the concentration of a selection of indicator organisms is measured 

on a regular basis in pools in Germany (including E. coli, Coliform bacteria, 

Pseudomonas aeruginosa and Legionella pneumophila (see Table 3.12)). 

Interestingly, no European norm implemented Cryptosporidium oocysts or Giardia 

lamblia cysts for regular monitoring in swimming pools [211], although they have 

been found to be highly chlorine resistant (see cꞏt values in Table 3.6). Further, the 

concentration of viruses which have been associated with serious infections in 

swimming pools as well (e.g. Adenovirus, Enterovirus or Norovirus [21]) is not subject 

to regular surveillance in any European country at the moment. 

Chemical and physical water quality parameters 
In Germany, only disinfectants based on chlorine got permission to be used in 

swimming pool water treatment. The minimum and maximum concentrations of free 

chlorine (as Cl2) permitted in the basin are given in Table 3.12. The reason for higher 

chlorine concentrations in other countries such as the US primarily results from the 

indicator organism used to access the demand of disinfectant need for hygienically 

safe pool water. In Germany for instance, the concentration of the chlorine sensitive 

bacteria Pseudomonas aeruginosa has to be lowered by 4 log values within 30 

seconds of contact time with the chlorinated pool water [26]. Due to the fact that 

HOCl (pKa = 7.54) comprises the highest oxidation potential among the various 

chlorine species, the pH of pool water has to be maintained between 

pH 6.5 – 7.2 [26] in German pools (see Table 3.12). 

Organic as well as inorganic impurities may react with free chlorine, lowering the 

concentration of disinfectant present in pool water. To provide a sufficient level of 

free chlorine in pool water, the concentration of substances potentially being able to 

be oxidized by free chlorine is limited in German pools by means of the oxidative 

capacity. The oxidative capacity of pool water is measured as the consumption of 

potassium permanganate (KMnO4)) [212]. Manganese is present in its highest 

oxidation state in the permanganate anion (MnO4
-) and thus, acts as a strong oxidant 

in redox reactions. MnO4
- comprises almost the same standard redox-potential 

(+1.51 V) compared to HOCl (+1.49 V) [28] and thus, is a suitable indicator to assess 

only those substances that comprise a certain reactivity towards free chlorine. Some 

countries use the total organic carbon concentration (TOC) instead of the oxidative 

capacity to access the quality of pool water (e.g. in Switzerland [123]).  

The concentration of disinfection by-products (DBPs) is routinely monitored in the 

pool basin by means of the not well defined sum parameter “combined chlorine” and 
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total trihalomethanes (TTHM). Combined chlorine, which represents the sum of all 

inorganic chloramines (mono-, di- and trichloramine), is considered to be an general 

indicator parameter for DBPs and thus, is monitored continuously on site by online 

acquisition [183]. 

Table 3.12: Limits for a selection of water quality parameters regulated in 
German pool water [26]. Values are given for a standard swimming 
pool with conventional water treatment using aluminum based 
coagulants (i.e. kt = 0.5). 

Parameter Treated water Pool water Unit 

 min max min max  

Microbiological water quality parameters 

Heterotrophic plate count - 20 - 100 CFUa mL-1 

Escherichia coli - 0 - 0 CFU 100 mL-1 

Pseudomonas aeruginosa  - 0 - 0 CFU 100 mL-1 

Legionella spp. - -b - -b CFU 100 mL-1 

Chemical and Physical water quality parameters 

Free chlorine 0.3  0.3 0.6 mg L-1 (as Cl2) 

pH value 6.5 7.2 6.5 7.2 - 

Turbidity - 0.2 - 0.5 FNUc 

Specific absorption 
coefficient at 436 nm 

- 0.4 - 0.5 m-1 

Acid capacity to pH 4.3 - - 0.7 - mmol L-1 

KMnO4 consumption (O2 
consumption) 

- 2 (0.5) - 3 (0.75) mg L-1 

Nitrate  - - - 20 mg L-1 (above 
the nitrate 
concentration 
of filling water) 

pH value - 6.5 7.2 6.5 - 

Combined chlorine - 0.2 - 0.2 mg L-1 (as Cl2) 

Trihalomethanes - - - 0.02 mg L-1 (as 
chloroform) 

Bromate - - - 2.0 mg L-1 

∑ Chlorite + chlorate - - - 30.0 mg L-1 
a …  Colony-forming units (CFU) 

b …  Measures to be taken in case that Legionella have been detected are described in DIN 19643 
c …  Formazine nephelometric units (FNU) 
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3.5 Water treatment and DBP mitigation strategies in swimming pool 
systems 

3.5.1 General aspects 

Besides treatment of swimming pool water by technological processes, the following 

strategies that contribute to the reduction of DBPs, DBP precursors and 

microorganisms in swimming pool water have been reported previously: 

(i) Pre-swim showering of bathers to reduce both chemical and 

microbiological pollutants introduced into swimming pool water [24, 97]. 

(ii) Dilution of pool water by addition of fresh water [213]. 

(iii) Mitigation of DBP formation by pH and temperature adjustment [177]. 

Whilst the current state of knowledge regarding the treatment efficiency of 

conventional and novel pool water treatment technologies will be presented in more 

detail in the following Chapters, the strategies mentioned above (i, ii and iii) are not 

further discussed in this thesis since they were out to the overall scope. 

Combinations of water treatment processes permitted to be used in public swimming 

pools in Germany are defined in the standard DIN 19643. In the years 1997 and 

2000, four treatment methods have been defined: 

(i) Adsorption - flocculation - filtration - chlorination 

(ii) Flocculation - filtration - ozone treatment - fixed-bed adsorption  

- chlorination 

(iii) Flocculation - ozone treatment - multilayer filtration - chlorination 

(iv) Flocculation - filtration - fixed-bed adsorption - chlorination 

These combinations are typically referred to as “conventional” water treatment 

concepts. In the year 2012, the DIN 19643 was reworked and processes based on 

ultrafiltration and UV irradiation (medium pressure mercury lamps) were added. The 

way of how different processes could be combined has been left more open 

compared to previous versions of the DIN 19643 [214]. The following permitted 

treatment combinations are described in DIN 19643 (2012):  
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DIN 19643-2 (Process combinations including fixed-bed and precoat  

filtration) [56]: 

(i) Flocculation - filtration - chlorination 

(ii) Flocculation - multi-layer filtration with activated carbon - chlorination 

(iii) Adsorption at powdered activated 

carbon - flocculation - filtration - chlorination 

(iv) Flocculation - filtration - adsorption at granular activated 

carbon - chlorination 

(v) Flocculation - filtration - UV irradiation (medium pressure Hg-

lamp) - chlorination 

(vi) Flocculation - multi-layer filtration with activated carbon - UV irradiation 

(medium pressure Hg-lamp) - chlorination 

(vii) Adsorption at powdered activated carbon - precoat filtration - chlorination 

DIN 19643-3 (Process combinations including ozone treatment) [215]: 

(i) Flocculation - filtration - ozone treatment - fixed-bed adsorption 

- chlorination 

(ii) Flocculation - ozone treatment - multi-layer filtration (with adsorbent) 

- chlorination 

DIN 19643-4 (Process combinations including ultrafiltration) [208]: 

Process combinations with ultrafiltration (UF) include all combinations mentioned in 

DIN 19643-2 but instead of a single- or multi-layer filter, an ultrafiltration membrane is 

used. 

3.5.2 Removal of DBPs and DBP precursors with conventional and novel water 
treatment technologies 

3.5.2.1 Coagulation-flocculation and sand filtration 

The coagulation-flocculation process facilitates the agglomeration of suspended, 

colloidal particles and, to a certain extent, dissolved substances, which enhances 

their removal in the downstream sand filter. Only salts of aluminium or iron are 

allowed to be used as coagulants in pool water treatment in Germany [26]. 

Until now, relatively little is known about the capability of common sand filters to 

remove microorganisms, DBPs and dissolved organic matter from pool water. 

Removal rates obtained from slow sand filters (0.05 – 0.3 m h-1 [216]) operated for 
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drinking water treatment are hardly transferable to the pool water setting, where rapid 

sand filters are operated at very high filter velocities of 25 - 30 m h-1 [26, 72]. 

Transferability of results obtained by using rapid filters for drinking water treatment to 

the pool water setting are difficult as well since the mean molecular weight of organic 

matter found in pool water is smaller compared to that of drinking waters or raw 

waters due to (i) the introduction of low molecular weight substances by the 

bathers [114] and (ii) the oxidative bond cleavage in organic molecules initiated by 

free chlorine present in pool water (see Section 3.3.2). These low molecular weight 

substances are hardly removable by the flocculation sand filtration process [217], 

especially under the low coagulants doses applied in pool water treatment. A survey 

from the year 2006 which included 36 German swimming pools revealed that 

approximately 50 % of the surveyed pool facilities used doses of  

0.001 – 0.002 g (as Al) of alumn-based coagulants per m3 of pool water [218]. This 

range even falls below the minimum level of coagulant doses required by the 

DIN 19643 (>0.05 g m-3 (as Al)) [56]. Typical DOC removal values for sand filters 

operated in pool water settings are reported to be as low as 10 % [102]. 

Conclusively, conventional water treatment (flocculation-sand filtration) was rated to 

insufficiently remove pool water contaminants, especially under heavy bather 

load [52]. 

Further, sand filters have been found to be incapable to significantly reduce the 

concentration of AOX and low molecular weight DBPs in pool water. Instead, it has 

even been found that long backflush cycles of sand filters (several days) lead to long 

contact times of particulate matter accumulated in the filter bed with free chlorine. 

Under certain operation condition, the accumulation of organic material in the filter 

and subsequent reaction with free chlorine leads to the formation of DBPs across the 

filter bed [219]. Given the poor efficiency of deep bed filters for the removal of 

dissolved substances, the flocculation sand filtration process is primarily applied in 

pool water treatment with the aim to remove particulate and colloidal matter form the 

aqueous phase. Previous research has shown that Cryptosporidium oocysts (size of 

4.9 µm [220]) or equally sized polystyrene spheres (1 – 7 µm) are removed by  

0.4 – 2.0 log units in rapid sand filters operated under pool water conditions with 

addition of coagulants [221, 222]. Removal values are much lower for conventional 

deep bed filters operated without the addition of coagulants (<0.3 log units [222]). 

3.5.2.2 Membrane filtration 

In recent years, pool water treatment concepts based on ultrafiltration (UF) became 

promising alternatives to conventional water treatment processes based on sand 

filters [219, 223, 224]. Given its small pore size of <100 nm, UF membranes are 
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physical barriers with high removal efficiencies for relevant human pathogens as 

small as viruses [225]. A breakthrough of microorganisms as it might occur for sand 

filters is unlikely as long as membrane integrity is ensured [226]. UF membrane 

treatment is often used in combination with PAC as adsorptive coating 

material [227-229]. However, comparative studies by Glauner (2007) revealed that 

both, UF alone as well as UF with PAC coating were not capable to significantly 

remove DOC from swimming pool water [102, 230]. Further, UF alone was not 

capable to remove volatile DBPs due to their low molecular weight, which is typically 

smaller compared to the molecular weight cut-off of the UF membrane [55]. UF in 

combination with PAC has a certain advantage compared to sand and GAC filtration 

with regard to the consumption of free chlorine. While up to 82 % of free chlorine 

remains in the water body when using UF in combination with a PAC coating, no free 

chlorine was present when sand filtration with subsequent GAC filtration was used for 

water treatment [102]. Previous studies showed that operational costs of UF 

processes for swimming pool water treatment are approximately higher by a factor 

of 2 compared to conventional processes based on sand filters [224]. 

To reduce operational costs of membrane processes, microfiltration (MF) 

membranes featuring higher permeabilities compared to UF could be used. However, 

MF membranes comprise larger pore sizes compared to UF membranes. It is still 

subject to future research to elucidate removal efficiencies of MF membranes under 

typical pool water conditions and compare the results to UF membranes as well as 

conventional sand filters. 

Previous studies showed that MF and UF membranes have a limited ability to 

remove dissolved organic impurities [55, 231]. Nanofiltration (NF) membranes 

instead comprise a lower molecular weight cut-off compared to UF membranes and 

thus, are capable to remove a considerable proportion of dissolved organic matter 

from pool water(~40 - 60 %). Removal values were approximately three times as high 

compared to UF [55]. Both UF and NF membranes predominantly remove 

compounds with high molecular weight (e.g. humic substances) [230] while only NF 

membranes were capable to remove a significant proportion of low molecular weight, 

non-volatile compounds. These compounds have been found to compromise a high 

genotoxicity compared to other molecular size fractions of organic matter found in 

pool water [46]. Despite its low molecular weight cut-off, NF alone was also not 

capable to significantly remove low molecular weight DBPs such as THMs [54]. 

Despite its superior removal of dissolved organic components from pool water, 

operation of NF membranes in pool water treatment is not considered to be a 

feasible process due to economic reasons (e.g. high energy consumption) [232]. 
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3.5.2.3 Oxidation by free chlorine and ozone 

Free chlorine is the most common disinfectant used in swimming pools. Due to its 

high oxidation potential (see Section 3.2.2), free chlorine reactions with organic 

matter present in pool water partially lead to the complete removal of organic-C 

compounds by mineralization or volatilization [53]. Further, ammonia and inorganic 

chloramines could be fully oxidized under the formation of more innocuous products 

(nitrogen, nitrous oxide and nitrate) at a stoichiometric excess of chlorine over 

nitrogen. This process is referred to as “breakpoint” chlorination [28]. However, 

previous research implies that some organic-N and organic-C compounds present in 

pool water (e.g. urea, creatinine and amino acids) are not fully mineralized even 

under breakpoint conditions thus, forming hazardous DBPs [29, 233-235]. 

Besides using chlorine alone, combined treatment by chlorine and ozone is used in 

pool water treatment. Ozone is a strong oxidizing agent and directly reacts with the 

treatment targets (e.g. DOC) in a specific oxidation reaction (see Equation (3.12)). 

Previous studies showed that ozone reacts only slowly with organic N-compounds, 

organic C-compounds and ammonia [236, 237]. The reaction of ozone with 

chlorinated C-compounds is even slower. Since ozone competes with chlorine for the 

same sites in organic molecules to be oxidized, the chlorine reactivity towards DOC 

present in pool water decreases and thus, the formation of DBPs 

decreases [55, 238-240]. 

DOC + O3 → DOCselectively oxidized (3.12)

H2O + O3 → O2 + 2 OH•  
(catalyzed by OH-, slow at low pH [242]) 

(3.13)

DOC + OH• → DOCradical oxidized (3.14)

Due to the low reactivity of ozone with organic matter, it partly decompose to 

secondary oxidants such as hydroxyl radicals (OH•, Equation (3.13) [242]), which in 

turn oxidize a range of dissolved pollutants in a non-specific and fast oxidation 

reaction (Equation (3.14)). The reaction of organic matter with hydroxyl radicals 

increases the DBPs formation potential during chlorination [55, 164]. The reactivity of 

ozone towards DBPs is only slow while the reactivity of the secondary oxidant OH• is 

much higher. For instance the reaction rate constant of monochloramine with ozone 

is very slow (k = 2.6ꞏ101 L mol-1 s-1 [236]) while it is 2.8ꞏ109 L mol-1 s-1 for the reaction 

of OH• with DBPs [241]. It has to be noted here that the formation of hydroxyl 

radicals is a complex process and Equations 3.13 and 3.14 represent only a very 

simplified reaction scheme. 
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Previous research that elaborated on the use of ozone in swimming pool water 

treatment prior to chlorination revealed that ozone treatment alone only slightly 

removed organic carbon (by mineralization) [55] while it increased the THM formation 

potential. However, the THM formation potential decreased with subsequent ozone 

treatments (e.g. with increasing turnover times) [242]. Further, ozone treatment has 

been found to significantly decrease the formation potential of AOX in pool water and 

the concentration of inorganic chloramines [55, 243]. According to the German pool 

standard DIN 19643, all or a part of the recirculated pool water is ozonated at contact 

times >3 min [215]. To prevent ozone escaping to the air above the swimming pool 

and to prevent the formation of chlorate in the swimming pool [244], ozone residues 

have to be fully degraded in a granular activated carbon filter (GAC filter), which has 

to be implemented downstream to the ozonation. Interestingly, only a small 

proportion of the ozone dosage reacts with organic matter while the major proportion 

of ozone is destroyed in the GAC filter [237]. 

3.5.2.4 Activated carbon treatment 

Activated carbons are widely used in water treatment processes. All conventional 

pool water treatment combinations permitted in Germany (Section 3.5.1) include 

either powdered activated carbon (PAC) or granular activated carbon (GAC) 

treatment [245]. 

While fixed-bed filters comprising GAC are typically placed behind a filtration step 

(see Section 3.5.1), PAC is typically dosed inline, prior to the filtration step and prior 

to dosing of the coagulants [228]. 

Until now, only little is known about the removal performance of PAC or GAC 

treatment with regard to the removal of DBPs or organic precursor substances from 

the oxidative environment of swimming pool water. The majority of data reported on 

the performance of PAC or GAC has been generated in the field of drinking water 

production [246]. Given the different nature of organic matter found in pool water and 

the complexity of swimming pool facilities (bather load, water circulation, elevated 

temperature, presence of chlorine) the transfer of results of activated carbon 

performances found in the field of drinking water treatment to pool water settings is 

only hardly possible [54].  

The main advantage of using an adsorptive precoat PAC layer instead of a GAC filter 

is the fact that loaded PAC is removed from the system with each backflushing cycle 

of the corresponding sand filter or membrane while the GAC filter is typically 

operated for 1 - 2 years before exchanging the carbon grains. Thus, impurities that 
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are adsorbed on the PAC surface immediately leave the pool water system without 

being available for further reactions with free chlorine. However, waste management 

for PACs taken from pool water processes is typically difficult due to the high AOX 

content of of used PAC from pool water treatment [228]. 

Activated carbons adsorb a multiplicity of organic substances mainly by π-π 

interactions (in the case of aromatic adsorbates), weak intermolecular interactions 

(e.g. van der Waals forces) or, with minor relevance, by electrostatic interactions 

between the carbon surface and the organic molecules [246, 247]. The overall 

process of adsorption depends on both, the adsorption capacity of the adsorbent and 

the time required to reach the state of adsorption equilibrium (adsorption 

kinetics) [246]. 

Data reported about the adsorption capacity of activated carbons for low molecular 

weight substances introduced by the bathers (i.e. body fluid analogues, see 

Section 3.1.3.1) is very scarce. The little data reported regards mainly the adsorption 

capacity of activated carbons for ammonia, which has been reported to be poor due 

to the nonpolar surface chemistry of activated carbons [248, 249]. Previous studies 

revealed that the surface chemistry of activated carbons is one of the major factors 

influencing the adsorption mechanism of organic molecules from dilute aqueous 

solutions [250-252]. It revealed for instance that carbons with a high polarity (typically 

expressed as the sum of the N and O content) have been shown to comprise a low 

adsorption capacity and vice versa [253]. Further, the surface charge has been 

shown to influence the overall adsorption capacity. Previous studies showed that 

starting from neutral conditions, decreasing the pH value for a certain degree lowers 

the proportion of negative charges on the carbons surface and in organic matter 

leading to a more neutral surface charge at the sheer plane (i.e. the zeta-potential). 

It has been shown for some organic water impurities that this change in the surface 

charge increases the overall adsorption capacity of activated carbons [247]. 

However, the pool water pH is regulated in Germany to pH 6.5 – 7.2, giving only little 

potential for optimization in this regard. Physical properties of the carbon such as the 

internal pore surface and the pore size distribution have been rated to be important 

for the adsorption process as well. In particular, the proportion of pores with a width 

of 1.3 – 1.8 times the kinetic diameter of the targeted adsorbate control the overall 

adsorption capacity of activated carbons [254]. For most organic contaminants found 

in pool water (see Table 3.5), this relevant pore size falls in the size range of 

secondary micropores (0.8 – 2 nm) and mesopores [255, 256]. Previous studies 

revealed that complex organic matter such as humic acids that are introduced via 

filling water (see Section 3.1.3.2) may block the micropore region of activated 
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carbons [257]. Consequently, the adsorption capacity for organic pollutants with low 

molecular weight introduced by bathers may decrease more dramatically for 

microporous carbons than in adsorbents with larger pores [257]. The effective 

molecular size of the adsorbate has also been shown to be a crucial factor for the 

adsorption capacity of carbons. Activated carbon adsorption is suggested to be more 

effective for low molecular weight substances (BFA substances) compared to high 

molecular humic substances (humic acids) [258]. The adsorption capacity of 

activated carbons for humic substances has been shown to drop rapidly with ongoing 

filtration time due to constraints resulting from pore blockage [258]. 

Trihalomethanes (THMs) and haloacetic acids (HAA), two of the major DBP classes 

found in pool water, are usually removed from the aqueous phase by adsorption via 

activated carbon treatment [245]. The breakthrough capacity of a GAC filter 

containing a bituminous coal carbon (Filtrasorb F-400, Chemviron Carbon) operated 

under drinking water conditions were 2.83 g kgGAC
-1 (TTHM, as CHCl3) and 

4.37 g kgGAC
-1 (HAA5) [259]. The better adsorbability of HAAs compared to THMs 

has been shown in PAC applications in the field of drinking water treatment 

as well [260]. However, no data exists for the breakthrough behaviour of DBPs in 

GAC filters or precoat PAC layers operated under oxidative swimming pool 

conditions. Some studies performed under pool water conditions even indicate that 

THMs could be produced across carbon filters operated under pool water conditions 

[245, 261]. This effect is caused by chlorine reactions with the adsorbed or desorbed 

organic matter [261] and depends on the empty bed contact time applied. 

In most cases, the time dependent course of the adsorption process (i.e. the 

adsorption kinetics) in dilute aqueous solutions is limited by the mass transfer from 

the bulk phase to the adsorption sites within the carbon particles (e.g. intraparticle 

diffusion (i.e. pore diffusion and/or surface diffusion) and film diffusion). These mass 

transfer resistances determine the time required to reach the state of equilibrium 

[246]. Figure 3.11 presents a simplified scheme of the overall process of adsorption 

and (if applicable) surface reaction in carbon particles [262].  

For fixed-bed adsorbers (i.e. GAC filter or precoat layers of PAC on top of a sand 

filter or a membrane), film diffusion affects the time depended adsorption behavior to 

some extent and should be considered when describing the overall adsorption 

process [227]. However, PAC is dosed into the piping system of a pool water 

treatment train before it is rejected by the subsequent filtration step. The time PAC is 

suspended inline the piping system before it is rejected typically is 30 – 40 s. Due to 

the favoring hydrodynamic conditions at high flow velocities in piping systems, film 

diffusion can be neglected there [246]. Adsorption kinetics of the rejected PAC are 
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and (ii) affect the overall stoichiometry of the chloramine reaction. The stoichiometry 

of the chloramine-GAC reactions is of particular interest for pool water treatment 

because monochloramine, the predominant inorganic chloramine present in pool 

water [30], is only partly degraded to N2 [266], which will not react any further with 

other substances present in pool water. The predominant proportion of 

monochloramine is transformed to NH4
+, which will remain in the pool water cycle 

and reacts with chlorine in the pool basin forming inorganic chloramines again [268]. 

Detailed chemical equations are presented later in this thesis (see Section 5.1 

and 6.2.5.2). It is still subject to investigation to point out the importance of the type of 

transformation product formed in GAC filters on the overall water quality of pool 

water, especially with regard to the surveillance parameter “combined chlorine” (see 

Table 3.12). 

3.5.2.5 UV irradiation 

In the last decades, UV irradiation has been increasingly used in pool water 

treatment to reduce the concentration of DBPs [48], DBP precursors [49] and to 

inactivate chlorine resistant bacteria such as Cryptosporidium species [269]. 

Although low pressure (LP) [162, 163] and medium pressure (MP) [48] mercury 

lamps have been applied for pool water treatment previously, only medium pressure 

UV lamps are permitted to be used in public swimming pools in Germany [56]. In 

other countries such as France, both, UV(LP) and UV(MP) lamps are permitted to be 

used for pool water treatment [270]. UV(LP) and UV(MP) mercury lamps differ with 

regard to the emission spectra and the electric outputs. While LP mercury lamps 

deliver primarily monochromatic UV irradiation at a characteristic wavelength of 

253.7 nm and electrical powers of 75 to 300 Watts, MP lamps, whose power varies 

from 600 to 4000 Watts, are characterized by polychromatic output spectra [271]. 

Mineralization via direct photolysis of organic matter by UV(LP) irradiation has been 

reported to be negligible [272, 273]. However, UV(LP) irradiation is capable to induce 

significant structural changes in high molecular weight substances which leads to an 

apparent increase in lower molecular weight substances in the effluent of the UV 

reactor [274]. With regard to natural organic matter, larger molecules have higher 

molar absorptivities, absorb more photons and hence, photolysis proceeds faster 

compared to smaller molecules [275]. UV(MP) irradiation has been found to be 

capable to mineralize organic matter to a certain degree and thus, is capable to 

reduce the concentration of organic DBP precursors in pool water [49]. 

Combined UV/chlorine treatment in swimming pool systems has been found to 

degrade free chlorine (see Equation (3.15) - (3.17)), which leads to a higher overall 
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consumption of free chlorine in the pool system. HOCl and OCl- have been shown to 

absorb photons in the UV-B and UV-C wavelength range, which leads to the decay of 

chlorine species in swimming pool water [130]. Previous studies showed that 

photolysis of HOCl and OCl- induces the formation of reactive intermediates such as 

Cl•, OH•, OCl• and O•- (Equation (3.15) - (3.17)) [132, 133]. HOCl has been shown to 

be a significant scavenger for the formed free radicals [134]. These secondary 

reactions between HOCl and the reactive intermediates as well as other chain 

termination reactions have been found to lead to additional depletion of residual free 

chlorine (Equation (3.17) - (3.21)). Final end products of the photolytical HOCl 

destruction are HCl, O2 and HClO3. To minimize the UV induced depletion of free 

chlorine in pool systems, chlorine dosing should always been placed downstream to 

a UV lamp [276]. 

HOCl + hv → OH• + Cl• (3.15)

OCl- + hv → O•- + Cl• (3.16)

HOCl + OH• → H2O + OCl• (3.17)

HOCl + Cl• → HCl + OCl• (3.18)

Cl• + OCl• + H2O → 2 HOCl (3.19)

2 OCl• + H2O → HCl + HClO3 (3.20)

O•- + H2O → OH• + OH- (3.21)

Further, combined UV/chlorine treatment of swimming pool water leads to the 

formation of highly reactive intermediates (e.g., Cl•, OH•, singlet oxygen (1O2) and 

NH2
• [133, 134, 277]). Secondary reactions of organic matter with these 

intermediates, which are preferably formed by MP(UV) irradiation [49, 278], could 

lead to an additional mineralization of DOC present in pool water. 

The impact of UV irradiation on the formation of DBPs, particularly THMs, has been 

intensively studied previously. Given that low molecular weight molecules are highly 

reactive with chlorine, UV induced structural changes of organic material towards low 

molecular weight substances initially increase the formation potential for THMs [279]. 

Only a sufficient removal of DOC by UV induced mineralization led to a mitigation of 

THMs [272]. Further, combined UV(MP)/chlorine treatment leads to the progressive 

transformation of bromoform (CHBr3) into chloroform (CHCl3) and 

dichlorobromomethane (CHBrCl2). Since bromine–carbon bonds have a band 
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absorption in the spectral range of UV(MP) lamps and the energy needed to break 

bromine–carbon bonds is lower compared to the energy needed to break chlorine-

carbon bonds, bromine atoms in bromoform are progressively substituted by chlorine 

atoms with ongoing UV treatment [49]. The effect of UV irradiation was most 

pronounced with regard to the reduction of THMs. However, experiments with 

sequential exposure to UV (either UV(LP) or UV (MP)) and free chlorine revealed an 

increase in the concentration of haloacetic acids (HAAs), cyanogen chloride (CNCl) 

[276] and inorganic chloramines [277]. Li and Blatchley (2009) found that UV induced 

degradation of inorganic chloramines leads to the formation of unwanted products 

such as nitrate, nitrite and nitrous oxide [277] and possibly ammonia [277, 280]. 

Other authors suggest that UV irradiation could be complemented by an downstream 

biological activated carbon treatment, where formed nitrite could be removed [281]. 
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4 Comparing the impact of different water treatment processes 
on the concentration of DBPs and DBP precursors in 
swimming pool water. 

 

Abstract 

To mitigate microbial activity in swimming pools and to assure hygienic safety for 

bathers, swimming pools have a re-circulating water system ensuring continuous 

water treatment and disinfection by chlorination. A major drawback associated with 

the use of chlorine as disinfectant is its potential to react with organic matter (OM) 

present in pool water to form harmful disinfection by-products (DBP). Different 

combinations of conventional and novel treatment processes could be applied to 

lower the concentration of DBPs and OM in pool water. In this Chapter, the treatment 

performance of various treatment combinations was compared using a pilot scale 

swimming pool model that was operated under reproducible and fully controlled 

conditions. The quality of the pool water was determined by means of volatile DBPs 

and the concentration and composition of dissolved organic carbon (DOC). The 

relative removal of DOC across the considered treatment trains ranged between 

0.1±2.9 % to 7.70±4.5 % while conventional water treatment (coagulation, sand 

filtration combined with granular activated carbon (GAC) filtration) revealed to be 

most effective. Microbial processes in the deeper, chlorine-free regions of the GAC 

filter have been found to play an important role in removing organic substances. 

Almost all treatment combinations were capable to remove trihalomethanes to some 

degree and trichloramine and dichloroacetronitrile almost completely. However, the 

results demonstrate that effective removal of DBPs across the treatment train does 

not necessarily result in low DBP concentrations in the basin of a pool. This raises 

the importance of the DBP formation potential of the organic precursors, which has 

been shown to strongly depend on the treatment concept applied. Irrespective of the 

filtration technique employed, treatment combinations employing UV irradiation as 

second treatment step revealed higher concentrations of volatile DBPs in the pool 

compared to treatment combinations employing GAC filtration as second treatment 

step.  
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4.1 Introduction 

By their nature, people dispose microorganisms and organic substances into 

swimming pool water while bathing [22, 24]. To avoid microbiological pollution and to 

protect bathers from infections, pool water is disinfected using free chlorine [26]. By 

the reaction of organic substances with free chlorine, a wide range of harmful 

disinfection by-products (DBP) are formed. These halogenated reaction products are 

characterized as eye and skin irritating, carcinogenic or as triggers of respiratory 

problems [32, 41]. 

Many previous studies dealt with the occurrence and formation of DBPs in swimming 

pool water [31, 35]. More than 100 DBPs have been identified in swimming pools 

[33], with trihalomethanes (THM), halogenated acetic acids (HAA), chloramines (CA) 

and haloacetonitriles being the most studied examples [3, 30]. The amount and type 

of DBPs in swimming pool water depend primarily on the precursor load from the 

bathers, the composition of fresh water added to the pool and the type and dose of 

the disinfectant used [35]. To assure an efficient disinfection (i.e. low pathogenic risk) 

whilst having a minimal concentration of DBPs in the pool, swimming pool water is 

continuously circulated in a closed loop over a treatment train with the aim to reduce 

the concentration of organic substances and DBPs. The treatment train consists of 

different consecutive treatment steps. 

Besides conventional water treatment processes such as coagulation sand filtration 

or granular activated carbon (GAC) filtration, treatment combinations including novel 

technologies such as ultrafiltration (UF) or UV irradiation are increasingly used for 

pool water treatment [3, 55]. However, only a few studies determined the impact of 

UF and UV irradiation on the water quality in pools [3, 49, 162, 231, 282-284]. The 

few results reported are hardly comparable because the loading with organic 

substances varied among the different test pools. In order to compare the efficiency 

of different pool water treatment technologies, pilot studies have to be carried out 

under fully controlled conditions (i.e. controlling of the load with organic matter, 

operation conditions and fresh water quality).  

Solely Judd et al. (2000) and Goeres et al. (2004) established a swimming pool 

system in compliance with the before mentioned provisions [53, 122]. Goeres et al. 

focused their work on biofilm formation and did not further evaluate the removal 

efficiencies of different treatment processes. Judd et al. compared different 

swimming pool water treatment technologies using a pilot scale swimming pool 

model. However, the authors stated that the number of treatment combination 

compared was not enough to get a full picture of the various treatment combinations 
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typically used in swimming pools. Moreover, the assessment of the water quality was 

limited to a small selection of DBPs [285], not respecting other relevant nitrogenous 

DBPs such as trichloramine, dichloroacetonitrile or trichloronitromethane. 

Concluding from the current state of knowledge, the aim of this Chapter is to 

compare the impact of different novel and conventional water treatment combinations 

on the concentration of DBPs and organic precursors in the basin. The results should 

help to assess the treatment efficiency of a high number of treatment combinations 

commonly applied in swimming pool water treatment on a reproducible basis. 
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4.2.1.2 Dosing of fresh water and bather load 

In total 8.5 L h-1 of fresh water were fed in to the splash water tank for the purpose of 

dilution. This amount was calculated according to DIN 19843 using the maximum 

permitted bather loading of the pool model (~0.28 bather h-1) and a fresh water flow 

rate of 30 L per bather [26]. To maintain a constant water volume in the system, the 

same amount of pool water was taken from the system by a peristaltic pump P2 

(503S, Watson Marlow). Previous studies showed that the concentration and 

composition of DOC in tap water depend on the raw water source used for drinking 

water production (i.e. ground water or surface water) [35, 59] and seasonal 

changes [286]. To ensure fully controlled conditions, the local tap water used in this 

study was pre-treated by GAC filtration leading to a DOC of <0.1 mg L-1. The low 

DOC-concentration of less than 0.1 mg L-1 was attributed to adsorption and 

biodegradation. After GAC filtration, a synthetic humic acids (HA) solution was added 

to the fresh water stream to reach a DOC concentration of 1 mg L
-1 before it was 

dosed into the splash water tank. The dosed HA solution was prepared by dilution of 

a humic acids sodium salt (Sigma Aldrich) in deionized water and subsequently 

removing the colloidal and particular HA proportion by ultrafiltration 

(MWCO = 100 kDa). Tremendous amounts of HA were needed for operating the 

swimming pool model. Due to financial constraints, Sigma Aldrich HA has been used 

in this study instead of expensive natural humic substances extracted from aqueous 

solution (e.g. humic acids standard from the International Humic Substances 

Society). The input of soluble organic matter by the bather was simulated by dosing a 

body fluid analogue (BFA) [53] into the pool at 4 evenly distributed dosing points in 

1.2 m water depth (~0.025 L h-1). The BFA stock solution was prepared by dilution of 

the solid chemicals (all purchased from VWR, Germany) in deionized water. Table 

4.1 summarizes the composition and dosing rate of the BFA substances. Dosing of 

all chemical was performed using peristaltic pumps (dulco flex DF4a, Prominent). 
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Table 4.1: Composition of the BFA stock solution and dosing rates applied in 
the swimming pool model. 

BFA-substance Molecular weight Concentration in 
the BFA mixturea 

Dosing rate in the pool 
modelb 

in Da in gsubst L
-1 in mgsubst h

-1 (mgTN h
-1) 

Ammonia chloride 

Urea 

Creatinine 

Uric acid 

Citric acid 

L-histidine 

Hippuric acid 

53.49 

60.06 

113.11 

168.11 

192.12 

155.15 

179.18 

1.21 

8.95 

1.11 

0.30 

0.39 

0.74 

1.06 

30 (8.0) 

224 (105.8) 

27 (10.3) 

7.4 (2.5) 

9.7 (0) 

18 (5.0) 

26 (2.0) 
a …  As given by [53] 
b …  The dosing rate was calculated based on the amount of total nitrogen (TN) known to be introduced by 

bathers (~470 mgTN per bather). This amount includes initial bathing load (80 mgTN per bather), continual 
bathing load (120 mgTN per bather) and accidental bathing load (270 mgTN per bather) [100]. It was 
assumed that ~0.28 bather entered the pool model per hour. 

 

4.2.1.3 Pool water treatment combinations 

Table 4.2 presents the treatment combinations tested in the swimming pool model 

(Figure 4.1). The operation conditions of each single treatment process were chosen 

according to the German swimming pool standard DIN 19643 or according to 

recommendations of the module suppliers. Table 8.1 in the supporting information 

(SI) give further information about the design of each single treatment step and 

summarizes its operation conditions. 

Table 4.2: Treatment combinations used for the pilot scale experiments. 

Experiment 
No. (Exp.) 

Treatment combination 

1 Flocculation Sand filtration GAC filtration Chlorination 

2 Flocculation Sand filtration UV irradiation (LP)a Chlorination 

3 Flocculation Sand filtration UV irradiation (MP)a Chlorination 

4 Flocculation Ultrafiltration UV irradiation (LP)a Chlorination 

5 Flocculation Ultrafiltration UV irradiation (MP)a Chlorination 

6 Flocculation Adsorption at PACb Ultrafiltration Chlorination 

7 Flocculation Adsorption at PACb Sand filtration Chlorination 
a …  Low pressure (LP), medium pressure (MP) 
b …  Powdered activated carbon (PAC) 
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4.2.1.4 Operation of the swimming pool model 

For each treatment combination, an individual experiment was performed according 

to the following procedure: (i) filling the basin and the treatment train with DOC-free 

tap water, (ii) starting water circulation (experimental run time t = 0) and (iii) starting 

continued dosing of BFA, HA, fresh water, chlorine, pH chemicals and coagulant for 

24 h per day until DOC concentrations reached stationary conditions. The continuous 

loading with BFA and HA for 24 h was chosen to simulate the worst case scenario for 

a swimming pool system. All water and air flow rates of the swimming pool model are 

presented in Figure 4.1. Other standard operation parameters such as the 

concentration of free chlorine (cCl2), the pH value (pH), the temperature of pool water 

in the basin (Tbasin measured in 0.12 m below the water level) and the air temperature 

in the hut (Tair measured in 1.5 m above the water level) were maintained on a 

constant level during all experiments by feedback control. 

4.2.1.5 Sampling procedures 

As presented in Figure 4.1, sampling ports for aqueous samples were placed before 

and after each pool water treatment step, in the basin (placed in 0.12 m below the 

water level) and over the bed depth of the GAC filter and Sand filter (placed in 0 m, 

0.2 m, 0.4 m, 0.6 m, 0.8 m and 1.0 m across the bed depth). Automatic sampling was 

performed across the treatment train by consecutively opening magnetic valves at 

the sampling ports according to a pre-defined regime. After opening a sampling port, 

a water stream was fed at ~20 L h-1 to a standard electrode system, an online 

analyzer for dissolved organic carbon and a continuously operating membrane inline 

mass spectrometer for automatic analysis of volatile disinfection by-products. 

Manual samples were taken at the sampling ports to analyze the composition of 

organic water constituents by size exclusion chromatography. Additionally, a 

continuous sampling stream was taken from the basin to a standard electrode 

system for online analysis and feedback control of relevant process parameters. 

4.2.1.6 Simulation of the reference state 

For the purpose of comparison, the concentration of organic matter in the swimming 

pool model was simulated under absence of water treatment (i.e. neglecting the 

removal of organic substances across the treatment-train and transformation of 

organic substances by the reaction with chlorine). In the following, this state was 

denoted as reference state. For simulation of the reference state, a simplified 

numerical model of the pilot scale system was established using the simulation 
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environment AQUASIM [131]. The numerical model is described in detail in 

Section 8.1.2 of the supporting information (SI). In order to transform simulated 

concentrations of single BFA substances from the AQUASIM model to the fractions 

of organic matter defined by Huber et al. (2011a) [63], a simple data processing 

procedure was developed (see Section 8.1.6 (SI)). 

4.2.2 Analytical methods 

4.2.2.1 Online measurement of relevant process parameters 

Standard process parameters (free chlorine, combined chlorine, pH and Tbasin) were 

analyzed by a standard electrode system (Meinsberg, Germany). The electrode 

system was calibrated at least twice a week. Calibration of free and combined 

chlorine electrodes was performed by the DPD colorimetric method [173]. A Unicam 

UV2-200 UV/VIS spectrophotometer equipped with a 5 cm quartz cuvette was used 

for DPD absorbance measurements. 

Organic carbon was measured semi-continuously as non-purgeable organic carbon 

(NPOC) by the catalytic combustion method using a TOC-VCSH analyzer 

(Shidmadzu, Germany). The mean value and confidence intervals were determined 

by three repeated measurements. Correlation of NPOC and DOC showed that all 

organic carbon in the swimming pool model was present as dissolved matter 

(Figure 8.4 (SI)). Thus, NPOC was denoted as DOC in the following. 

4.2.2.2 Characterization of dissolved organic matter composition 

The characterization of DOC was performed using liquid size exclusion 

chromatography with DOC, dissolved organic nitrogen (DON) and UV detection 

(254 nm) (LC-OCD-OND-UVD, Model 8, DOC Labor, Germany) as described by 

Huber et al. (2011a) [63]. The method allows breaking down DOC and DON into 

fractions according to their apparent molecular weight (i.e. biopolymers, humic 

substances (HS), building blocks (BB), low molecular weight acids (LMW-acids) and 

low molecular weight neutrals (LMW-neutrals)). Following previous 

recommendations, the fraction of LMW-acids was calculated without correction 

accounting for the fraction of low molecular weight humic acids [287]. 

Using the ultraviolet absorbance of the sample at a wavelength of 254 nm 

(SAC254nm), the specific UV absorbance of the sample (SUVA) was calculated by 

forming the ratio of SAC254nm and DOC. The repeatability standard deviation of the 

LC-OCD method was determined for the relative proportion of each fraction as 
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follows: biopolymers (0.66 %), humic substances (4.9 %), building blocks (3.1 %), 

low molecular weight acids (2.2 %), neutrals (5.5 %) and SUVA (0.18 L mg-1 m-1). 

To allocate single BFA substances to one of the molecular weight fractions, 

standards of each component of the BFA substance (2.5 mg L
-1 (as DOC)) and the 

humic acids (1 mg L-1 (as DOC)) were prepared in ultrapure water and analyzed with 

LC-OCD-OND-UVD. Corresponding chromatograms and descriptions are presented 

in Figure 8.5 (SI). 

Quantification of urea and ammonium was performed using a modified version of the 

LC-OCD method proposed by Huber et al. (2011b) [288]. A detailed description of 

the method is given in Section 8.1.5 of the SI. 

4.2.2.3 Analysis of volatile disinfection by products 

Eleven volatile DBPs were measured by on-line membrane-introduction mass 

spectrometry as described previously [30]. A MIMS 2000 from Microlab (Aarhus, 

Denmark) with a Prisma QME 220 mass spectrometer (Pfeiffer Vacuum, Germany) 

with electron ionization (at 60 eV) was used for analysis. The sample flow rate was 

~10 mL min-1 and the temperature of the membrane inlet was fixed at 40 °C. For 

analysis, non-reinforced silicon membranes with a thickness of either 0.125 mm or 

0.25 mm were used (PERTHESE® LP 500-3 or NP 500-1, Perouse Plastie, France). 

The selected ion monitoring mode of the mass spectrometer was used for 

quantification of the DBPs. Signal intensities of the following m/z values and 

respective fragments were used to quantify the volatile DBPs in purified water 

samples: trichloramine (88, N37Cl2•
+), trichloromethane (83, CH35Cl2•

+), 

tribromomethane (173, CH79Br81Br•+), dibromochloromethane 

(208, CH79Br2
37Cl•+, CH79Br81Br35Cl•+), dichlorobromomethane (29, CH81Br35Cl•+, 

CH79Br37Cl•+), trichloronitromethane (chloropicrin) (117, C35Cl3•
+) and 

dichloroacetonitrile (76, CH37ClN•+). Further information on MIMS calibration and 

analysis is given in Section 8.1.7 (SI). 

4.2.2.4 Bacterial cell count 

Total cell concentrations in water samples from the swimming pool model were 

analyzed by quantitative flow cytometry (Accuri C6, BD Bioscience) together with 

fluorescence staining of microbial cells with the nucleic acid stain SYBRsGreen I 

(1:100 dilution in DMSO) according to the method described by 

Hammes et al. (2008) [84]. Staining was performed prior to FCM analysis in the dark 

for at least 13 min at 38 °C. SYBR Green I and propidium iodide (6 µM) were used in 
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combination according to Hammes et al. (2012) to differentiate between living and 

dead cells [289]. 

4.2.2.5 Concentration of bromide ions 

The concentration of bromide ions was determined in the BFA stock solution, the 

humic acids, the NaOCl stock solution and the filling water according to DIN 10304-1 

using liquid ion chromatography [290]. 

4.2.3 Water samples from a real swimming pool under heavy bather load 

In order to access the transferability of results gained from this study, the 

composition of organic matter in the swimming pool model was compared to that of a 

heavily loaded real swimming pool. The real pool water sample was taken in 30 cm 

below the water level at the middle of the short side of a local swimming pool. 

4.2.4 Statistical analysis 

Unless otherwise mentioned, indicated errors represent the 95 %-confidence interval. 

To determine if any of the measured fractions of organic matter found in the pool 

water samples could function as an indicator for DBP formation, correlation 

coefficients between the concentrations of the volatile DBPs and that of the fractions 

of organic matter were calculated according to Spearman’s rank method. 

Spearman’s rank correlation coefficients define the relationship between the two 

parameters assuming a monotonic function without assuming their probability 

distribution. 

Student’s t-tests were used for hypothesis testing a on the basis of a difference 

between concentrations of organic substances or DBPs among the different 

treatment concepts. The null hypothesis, which stated that no differences were 

observed, was rejected for a probability of p < 0.05.  
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4.3.2 Impact of pool water treatment on the concentration of dissolved organic 
matter 

4.3.2.1 Dissolved organic matter in the basin under stationary conditions 

The stationary concentration of DOC, the composition of DOC as well as the specific 

UV absorbance at 254 nm (SUVA) in the basin of the swimming pool model for all 

considered treatment combinations as measured by the LC-OCD method are 

presented in Table 4.3. 

Total dissolved organic matter 

The mean DOC concentration (measured as NPOC) in the basin of Exp. 1 - 7 ranged 

between 2.99±0.09 mg L-1 (UF-UV(MP)) and 5.94±0.11 mg L-1 (Sand-UV(LP)) while 

the DOC concentration of the reference state was 10 mg L-1. As compared to the 

swimming pool model, only slightly lower DOC concentrations have been reported 

previously for real pool water samples (1.2 to ~4.2 mg L-1 [3, 46, 55, 291]). The 

concentration of DOC in the real pool water sample taken from the high loaded 

swimming pool (see Section 4.2.3) was 2.01 mg L-1. The small discrepancy in DOC 

content between the pool model and real pool water samples can be explained by 

the difference in pool attendance, which is typically 10 - 13 h per day in real 

pools [31] and was simulated for 24 h per day in the swimming pool model. The 

following comparisons between the different treatment concepts employed in this 

study are noteworthy: 

(i) The amount of DOC found in the basin was significantly higher for 

combinations with sand filtration compared to those with ultrafiltration (UF) 

(comparing Exp. 2 with Exp. 4, Exp. 3 with Exp. 5 and Exp. 6 with Exp. 7). 

(ii) The amount of DOC found in the basin was significantly higher for 

combinations with UV(LP) than with UV(MP) (comparing Exp. 2 with Exp. 3 

and Exp. 4 with Exp. 5). 

(iii) Using powdered activated carbon (PAC) as a coating layer on sand filters 

instead of a GAC filter revealed higher DOC concentrations in the pool. 

(comparing Exp. 1 with Exp. 7). 

Due to the low molecular weight of the BFA substances (Table 4.1), differences in 

the removal performance between sand filter and UF (MWCO 100 kDa) by physical 

sieving can be neglected. It is suggested that the observed differences can partly be 

explained by the different coagulants used (polyaluminium chloride (PACl) for sand 

filtration, prehydrolized aluminium chlorohydrate (pACH) for UF). PACl and pACH are 
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known to perform differently in pre-coagulation filtration hybrid processes due to their 

features of chemical speciation [292]. 

When comparing treatment combinations with the same filtration step but different 

UV treatment (i.e. UV(LP) vs UV(MP)), differences in stationary DOC concentrations 

in the pool were very high. The higher level of DOC found for UV(LP) irradiation 

compared to UV(MP) irradiation could be explained by direct photolysis of organic 

molecules by UV(MP) irradiation [49]. Mineralization by photolysis via UV(LP) 

irradiation is suggested to be negligible [273]. It is also likely that secondary reactions 

of the organic matter with highly reactive intermediates (e.g., Cl•, OH•, singlet 

oxygen (1O2) and NH2
• [133, 134, 277]), which are formed by combined UV/chlorine 

treatment in swimming pools, could lead to a partially mineralization of DOC present 

in pool water. The fact that these highly reactive species are preferably formed by 

UV(MP) irradiation [49, 278] supports the different DOC levels found in the swimming 

pool model. 

The weak effect of PAC dosing compared to GAC filtration could be explained by the 

low amounts of PAC typically used in pool treatment that are not capable to remove 

large amounts of organic precursors. 

 
Dissolved organic matter composition 

In Exp. 1 – 7, LMW-neutrals were the prevailing fraction of organic matter with a 

proportion ranging from 80.8 - 91.5 % ([DOC]fraction [DOC]total
-1). The remaining DOC 

in Exp. 1 to 7 was bound in building blocks (3.9 – 8.9 %), LMW-acids (1.4 – 6.7 %) 

and humic substances (1.4 – 4.8 %). 

Stationary concentrations of humic substances in Exp. 1 to 7 were lower by 

65 to 87 % compared to the reference state. These findings indicate that water 

treatment and DOC mineralization by chlorine were effective in removing high and 

medium molecular weight HA introduced via filling water. 

Stationary concentrations of the LMW-neutral fraction contain  

79.2 - 96.6 % of urea ([DOC]urea [DOC]neutrals
-1). With regard to LMW-neutrals, 

concentrations were lower by 41 to 74 % in Exp. 1 to 7 compared to the reference 

state. Treatment combinations that make use of ultrafiltration revealed generally 

lower stationary concentrations of LMW-neutrals compared to those with sand 

filtration (comparing Exp. 2 with Exp. 4, Exp. 3 with Exp. 5 and Exp. 6 with Exp. 7). 

This fact is of particular interest because the non-volatile low molecular weight 
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fraction of halogenated organic matter found in pool water (<200 g mol-1) is 

associated with the highest genotoxicity [46]. 

The stationary DOC concentration of LMW-acids in the reference state was almost 

zero (0.02 mg L-1) while 0.05 - 0.38 mg L-1 were found in Exp. 1 – 7. Conclusively, 

LMW-acids must have been formed over the course of Exp. 1 – 7 by oxidation of 

BFA substances and humic acids [136, 233]. Treatment concepts with UV irradiation 

(LP or MP) as second treatment step had higher concentrations of LMW-acids 

compared to those with activated carbon treatment as second treatment step 

(comparing Exp. 2 – 5 with Exp. 1, 6 and 7). These findings indicate that either UV 

and chlorine co-exposure lead to high concentrations of low molecular weight organic 

matter, which is in accordance with previous findings [162, 293], or the adsorptive 

removal of formed LMW humic acids substances (quantified together with monoprotic 

acids in the LMW-acids fraction (see Section 4.2.2.2)) must have been high for 

activated carbon treatment (PAC or GAC). The concentration of LMW-acids was the 

lowest for water treatment with sand filtration and subsequent GAC filtration (Exp. 1) 

(0.05 mg L
-1). 

Stationary concentrations of ammonium were on a negligible level in all experiments 

(<10 µg L-1 (as N)), which could be explained by the high rate constant known for the 

reaction of ammonium with chlorine (1.5 ꞏ 1010 mol h-1 (at pH 7) [135]). With regard to 

SUVA, a measure for the aromaticity and grade of saturation of organic 

substances [294], treatment combinations with UV irradiation (LP or MP) led to lower 

values (0.41 – 1.08 L mg-1 m-1) than without UV irradiation (0.83 - 3.20 mg L-1m-1). 

This effect could be explained by an enhanced opening of the ring structure of some 

of the BFA substances observed during chlorine/UV co-exposure [98, 154]. Another 

explanation for the low SUVA values observed when UV irradiation is employed 

could be the fact that UV irradiation is capable to break N-Cl bonds [277]. Since N-Cl 

bonds comprise a certain absorption at a wavelength of 254 nm, this bond breakage 

could cause a decrease in the SAC254nm and SUVA. 
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Table 4.3: Mean values of DOC, SUVA and fractions of organic matter in the basin of the swimming pool model at stationary 
conditions for different treatment concepts. Values in brackets represent the relative proportion of each DOC 
fraction in relation to the total DOC measured with the LC-OCD method (i.e. [DOC]fraction [DOC]total

-1). 

Parameter Unit Reference 
statea 

Sand- 
GAC 

Sand-
UV(LP) 

Sand-
UV(MP) 

UF- 
UV(LP) 

UF- 
UV(MP) 

PAC-UF PAC-Sand 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6 Exp. 7 

DOCb mg L
-1 (as C) 9.99 3.11±0.01 5.94±0.11 4.49±0.23 4.98±0.03 2.99±0.09 4.06±0.16 5.90±0.06 

DOCtotal
c mg L

-1 (as C) 9.99 3.53 5.65 4.64 4.85 2.82 4.48 5.93 

 DOCBiopolymers mg L
-1 (as C) 0.00 (0.0) 0.02 (0.5) 0.00 (0.1) 0.00 (0.1) 0.00 (0.1) 0.00 (0.0) 0.01 (0.1) 0.00 (0.1) 

 DOCHumics mg L
-1 (as C) 0.60 (6.0) 0.10 (2.7) 0.08 (1.4) 0.19 (4.1) 0.14 (2.8) 0.13 (4.5) 0.21 (4.8) 0.17 (2.8) 

 DOCBuilding 

                     Blocks 
mg L

-1 (as C) 0.49 (4.9) 0.14 (3.9) 0.33 (5.8) 0.41 (8.9) 0.35 (7.3) 0.21 (7.4) 0.22 (5.0) 0.28 (4.6) 

 DOCLMW-acids +

              LMW HS 
mg L

-1 (as C) 0.02 (0.2) 0.05 (1.4) 0.38 (6.7) 0.28 (6.1) 0.28 (5.9) 0.18 (6.3) 0.09 (2.1) 0.25 (4.3) 

 DOCLMW-neutrals 
         (incl. urea) 

mg L
-1 (as C) 8.88 (88.9) 3.23 (91.5) 4.86 (86.0) 3.75 (80.8) 4.07 (84.0) 2.30 (81.8) 3.94 (88.0) 5.23 (88.2) 

Urea mg L
-1 (as C) 4.75 (47.5) 3.07 (87.0) 4.20 (74.4) 3.44 (74.1) 2.79 (57.5) 2.07 (73.5) 2.65 (59.1) 4.67 (78.8) 

Ammoniad µg L
-1 (as N) 0.85 n.d. n.a. 7.6 2.2 1.0 n.a. n.d. 

SAC254 nm m-1  4.94 4.02 5.18 2.22 2.65 4.84 5.14 

SUVA L mg-1 m-1  1.59 0.68 1.15 0.45 0.89 1.19 0.87 
a …  LC-OCD chromatogram of the reference state is presented in Figure 8.8 (SI) 
b …  As measured by the thermal combustion method as NPOC, Errors represent the standard deviation 
c …  Calculated as the sum of all DOC fraction (measured by LC-OCD) 
d …  n.a. = sample not analysed, n.d. = sample analyzed but compound was none detected  
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4.3.3 Impact of pool water treatment on the concentration of volatile disinfection  
by-products 

4.3.3.1 Volatile disinfection by-products in the basin under stationary conditions 

Figure 8.10 (SI) illustrates stationary concentrations of free chlorine, combined 

chlorine and volatile DBPs in the basin of the swimming pool model for different 

treatment concepts employed (Exp. 1 to 7). 

Combined chlorine 

The stationary concentration of combined chlorine, which is a measure for the sum of 

inorganic as well as some organic chloramines [150], remained below the threshold 

of 0.2 mg L-1 (as Cl2) (given by DIN 19643 [26]) for the treatment combinations 

Sand-GAC, Sand-UV(LP) and Sand-UV(MP). The threshold was slightly exceeded 

for treatment combinations of Sand-UV(MP) and UF-UV(LP) and significantly 

exceeded for both treatment combinations with precoat filtration employing PAC. 

Trichloramine 

Stationary trichloramine concentrations in the swimming pool model varied for 

Exp. 1 to Exp. 7 only by a factor of ~2 (0.11 to 0.24 mg L-1 (as Cl2)), which is lower 

than for the other volatile DBPs (see below). The low variability in stationary 

trichloramine concentrations indicates that water treatment has just minor influences 

on trichloramine levels. These findings give evidence that removing trichloramine in 

the treatment train does not compensate for the fast trichloramine formation 

occurring in the swimming pool basin and thus, is not a feasible mitigation 

strategy [61, 170]. Previous studies by Soltermann et al. (2014) showed that equal 

concentrations of free chlorine in real pools (of 0.5 mg L-1 (as Cl2)) led to lower 

trichloramine concentrations (~0.03 mg L-1 (as Cl2) [170]) compared to those 

determined in the swimming pool model (0.11 to 0.24 mg L-1 (as Cl2) in Exp. 1 - 7). 

The observed discrepancy could be explained by (i) a different residence time in the 

basin, which was 4.73 h in this study but as low as ~1 h in the study of 

Soltermann et al. (2014), (ii) the water level in the swimming pool model, which was 

not agitated and led to low partition of trichloramine to the air phase (Henry 

coefficient of 10 bar L mol-1 (25 °C) [297]) and (iii) the high concentrations of 

inorganic chloramines (i.e. combined chlorine) measured in this study, which could 

serve as a source for additional trichloramine formation. The latter might partly be 

explained by chlorination of monochloramine, which increased trichloramine 

formation in the basin [135]. The unusual high stationary concentrations of 
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trichloramine in Exp. 6 and 7 correlated well with the high concentration of combined 

chlorine. 

Trihalomethanes, Dichloroacetonitrile and Chloropicrin 

Contrary to trichloramine, the stationary concentrations of other volatile DBPs varied 

in Exp. 1 to Exp. 7 by a factor of >10 (TTHM: 11.0 – 48.2 µg L-1 (as CHCl3), 

dichloroacetonitrile: 4.2 – 62.6 µg L-1, chloropicrine: 0.2 (LOD) - 1.2 µg L-1) (see 

Figure 4.6). In a survey of 11 real pool systems, Weaver et al. (2009) found similar 

variations for volatile DBPs [30]. The concentration of total THMs (TTHM) was higher 

for treatment combinations with UV irradiation (Exp.  2 - 5) than without (Exp. 1, 6, 7). 

The additional formation of TTHMs in the case of UV irradiation could be explained 

by additional UV-induced formation of free chlorine from combined chlorine or by a 

UV-induced increase of the reactivity of organic matter towards free chlorine [49]. 

Brominated THMs are of special interest since they are known to have higher 

genotoxicity than chloroform [33]. The presence of brominated THMs in the 

swimming pool model can be explained by bromide ions, which were found in the 

sodium hypochlorite stock solution dosed into the pool (3.2 mg L-1 of Br- ions at a free 

chlorine concentration of 12 g L-1 (as Cl2)). The molar contribution of brominated 

THMs with regard to TTHMs ranged among the different treatment concepts between 

0 – 45 %. Mainly dibromochloromethane and dichlorobromomethane were found, 

while levels of tribromomethane were scarcely below the detection limit (except for 

Exp. 5, where it was 0.8±0.1 µg L-1). The contribution of brominated THMs between 

treatment concepts with UV irradiation (17.8±18.5 %, Exp. 2 - 5) and those without 

(1.7±2.1 %, Exp. 1, 6, 7) were likely different (p < 0.33) (errors represent standard 

deviation). These findings contradict previous data, where it has been shown that the 

energy needed to break bromine–carbon by UV(MP) is lower compared to break 

other chlorinated species. This fact resulted in an accumulation of CHCl3 and 

intermediate brominated compounds (CHBrCl2) in pool water [49, 162]. This 

discrepancy could be explained by the fact that the formation of brominated THMs in 

the basin of the swimming pool model was higher compared to the photolytic 

decomposition of brominated THMs in the UV reactor. 

The concentration of dichloroacetonitrile was significantly higher for treatment 

combinations with UV irradiation (Exp.  2 - 5) than without UV irradiation  

(Exp. 1, 6, 7). These findings are in accordance with previous data of Weng et 

al. (2012), who found that UV irradiation at 254 nm promotes formation of 

dichloroacetonitrile from chlorination of BFA substances (e.g. L-histidine) [163]. 

Concentrations of chloropicrin were mostly below the detection limit and thus, were 

not discussed any further. 
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LMW-acids. It is very likely that in water samples taken from the swimming pool 

model, the LMW-acids fraction contains mainly LMW humic acids rather than 

monoprotic acids. This conclusion was drawn since the SAC254 of the LMW-acid 

fraction was very high (results not shown) and chlorinated analogues of monoprotic 

acids (e.g. acetic acids) were found to eluate at the detection time of LMW-neutrals 

(Figure 8.6 (SI)). Previous studies agree that humic substances are a major source 

for THM formation [35, 298]. No evident relationship was found in this study between 

the stationary concentrations of trichloramine and urea (p = 0.88), which agrees with 

recent results of Soltermann et al. (2014) [170]. Although aromatic nitrogeneous BFA 

substances, that were mainly assigned to the fraction of LMW-neutrals, are known to 

serve as precursors for halonitromethanes (e.g. dichloroacetonitrile and 

chloropicrin [29]), no significant correlation revealed between these substances in 

this study. 

Table 4.4: Correlation analysis of stationary concentrations of DBPs and 
different fractions of organic matter in the basin of the swimming pool 
model (Exp. 1 - 7). The table shows Spearman’s correlation 
coefficients and the corresponding p-values in brackets. Correlation 
analysis for chloropicrin was not conducted because its 
concentrations were mainly below the limit of detection (see  
Figure 4.6). 

DBP DOC Fraction of organic matter 

Humic 
acids 
(HA) 

Building 
Blocks 
(BB) 

LMW-
acids 
(LMWa) 

LMW 
neutals 
(LMWn) 

Urea 

Combined 
chlorine 

0.11 
(0.82) 

0.82 
(0.02) 

0.07 
(0.88) 

-0.14 
(0.76) 

0.39 
(0.38) 

0.04 
(0.94) 

Trichlor-
amine 

0.07 
(0.88) 

0.50 
(0.25) 

-0.18 
(0.70) 

-0.11 
(0.82) 

0.29 
(0.53) 

-0.07 
(0.88) 

TTHMs 0.57 
(0.18) 

-0.21 
(0.64) 

0.86 
(0.01) 

0.93 
(0.003) 

0.29 
(0.53) 

0.29 
(0.53) 

Dichloro-
acetonitrile 

0.18 
(0.70) 

0.14 
(0.76) 

0.89 
(0.02) 

0.68 
(0.09) 

-0.04 
(0.94) 

-0.04 
(0.94) 

 

4.3.3.2 Removal of volatile DBPs across the water treatment train 

Concentrations of free chlorine, combined chlorine and volatile DBPs measured at 

different positions across the treatment trains of Exp. 1 – 7 when stationary 

conditions were reached in the pool model are presented in Figure 8.10 (SI). This 

data was used to calculate removal values for free chlorine, combined chlorine and 

volatile DBPs for each single treatment step presented in Figure 4.7 (calculated as 

Δc cin
-1). 



 

 69

The results in Figure 4.7 indicate that the loss of volatile DBPs in the stirred splash 

water tank of the swimming pool model caused by evaporation ranged between 

5.4±4.7 - 15.5±6.3 %. 

Sand filtration and UF showed only little effect on the concentrations of the 

considered volatile DBPs (0.21±11.1 - 10.2±7.3 % removal). No formation of DBPs 

across the bed depth of the sand filter, as it has been described previously for 

THMs [219], was observed in this study. Combined chlorine was partly formed across 

the ultrafiltration module. The selective retention of organic material (e.g. humic 

acids) on the membrane surface and its subsequent reaction with free chlorine could 

cause the formation of combined chlorine across the membrane [282]. This is in 

accordance with the strong correlation that revealed between the concentrations of 

humic acids and the concentration of combined chlorine in the basin of the swimming 

pool model determined when stationary conditions were reached (see Table 4.4). 

The precoat layer of PAC formed by upstream PAC dosing to UF or sand filtration 

removed a significant amount of free chlorine, combined chlorine and trichloramine. 

Differences in the removal efficiencies between free chlorine (~100 %) and combined 

chlorine (28.2±7.4 % (PAC-Sand) and 38.6±12.6 % (PAC-UF)) could be explained by 

the different reaction rates reported for the surface reaction of free chlorine and 

chloramines with carbonaceous materials [266, 295]. However, as being compared to 

treatment combinations with UV (Exp. 2 – 5), treatment combinations with PAC 

(Exp. 6 and 7) revealed higher concentrations of combined chlorine in the basin (see 

Figure 4.6). The removal of dichloroacetonitrile and TTHM by sand filtration or UF did 

not significantly increase by additional upstream PAC addition. 

UV(LP) irradiation at the doses applied in this study (Table 8.1 (SI)) reduced less 

volatile DBPs and combined chlorine than UV(MP) irradiation. These findings agree 

with previous results, where it has been shown that concentration levels of THMs 

could not be reduced by UV(LP) treatment [299], while a minor mitigation of THMs in 

pool water has been observed for UV(MP) treatment [49]. Although quantum yields 

for trichloramine photolysis in purified water were found to be similar for UV(LP) and 

UV(MP) irradiation [50], trichloramine removal was significantly higher in this study 

for UV(MP) irradiation (91±13 %) as compared to that of UV(LP) irradiation 

(56 ± 34 %). It is assumed that the relatively high trichloramine removal by UV(MP) 

irradiation could be explained by additional degradation caused by secondary 

reactions between trichloramine and free radicals (e.g. OH•) [50, 277] which are 

assumed to be preferably formed by UV(MP) irradiation of chlorinated pool 

water [49, 278]. Further, UV(MP) could preferably break N-Cl bonds in organic 
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considered treatment combinations were compared by the removal efficiencies 

regarding DOC and relevant volatile DBPs. The water quality was only accessed 

when stationary conditions were reached, which was after 25 – 27 d of fully 

controlled process operation. 

In general, the DOC composition found under stationary conditions was comparable 

to that found in a highly loaded real pool water sample. However, it must be 

envisaged that the nature of DOC, and thus, the variety of DBPs formed by 

chlorination in the pool model are specific to the synthetic loading applied and only 

partially represent conditions found in real pools. 

The relative removal of dissolved organic carbon (DOC) ranged from 0.1±2.9 % to 

7.70±4.5 % per cycle depending on the treatment concept employed. Measurements 

showed a discernible and general trend towards lower stationary DOC 

concentrations in the pool with increasing DOC removal across the treatment train. In 

general, stationary DOC concentrations were the lowest for sand filtration with 

subsequent GAC filtration. The high removal efficiency was primarily related to 

microbial process in the deeper, chlorine free regions of the GAC filter. Using 

powdered activated carbon (PAC) as a coating layer on sand filters or ultrafiltration 

membranes instead of a GAC filter did not reveal equal removal efficiencies for DOC. 

This effect could be explained by the low amounts of PAC typically used in pool 

water treatment. Only UV irradiation in combination with UF revealed stationary 

concentrations of organic matter similar to those found with GAC filtration. 

Several treatment combinations were capable to remove THMs to some degree and 

trichloramine and dichloroacetronitrile almost completely. However, the results 

demonstrate that the effective removal of DBPs across the treatment train does not 

necessarily result in low DBP concentrations in the basin. These findings raise the 

importance of the DBP formation potential and kinetics of the organic matter which 

has been shown to strongly depend on the treatment concept applied. In the 

particular case of trichloramine, only weak correlations with the concentration of urea 

were measured. Our results confirm that the removal of trichloramine across the 

treatment train is not a feasible mitigation strategy since it cannot compensate for the 

fast formation of trichloramine in the basin. Our results support the important role of 

the level of free chlorine for the concentration of trichloramine in pool water as found 

previously by Soltermann et al. (2015) [165]. 

Interestingly, the concentration of volatile DBPs was higher for treatment concepts 

with UV compared to those without UV. This effect could be explained either by 

additional UV-induced formation of free chlorine from combined chlorine or by an 
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UV-induced structural change of organic matter which resulted in a higher reactivity 

with chlorine.  
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5 Removal of inorganic chloramines with GAC filters: Impact of 
diffusional mass transport on the overall reactivity 

 

Abstract 

In this Chapter, mechanisms that dominate the overall reactivity of granular activated 

carbon filters for monochloramine removal under swimming pool water conditions are 

elucidated. The impact of parameters known to influence diffusional mass transport 

(filter velocity, grain size, water temperature and pore size distribution) on the overall 

reactivity was studied in fixed-bed experiments. 

Over a wide range of commonly used grain sizes (0.3 - 1.9 mm), both, the Thiele 

modulus of the reaction (42 - 3) and the corresponding effectiveness factor  

(0.02 – 0.3) indicate that diffusion of monochloramine in the pore system dominates 

the overall reaction of the GAC-filer. The activation energy for monochloramine 

removal at different carbons ranged from 20.4 to 29.8 kJ mol-1. Previous studies 

suggest that this range of activation energies is typical for a strong diffusional control 

of the reaction. The proportion of large mesopores (>10 nm) in the pore system has a 

significant impact on the carbon reactivity towards monochloramine. This effect can 

be explained by the effective diffusion coefficient of monochloramine in the pore 

system, which was found to be higher for those carbons with a high proportion of 

large mesopores. Moreover, it has been found that pores <1.3 nm might be barely 

accessible for the monochloramine conversion reaction. Thus, carbons with a 

significant proportion of pores larger than this critical pore size should be preferably 

used for monochloramine removal. Film diffusion was found to have no influence on 

the overall reactivity of a GAC filter, in particular at high filter velocities as they are 

typically applied for swimming pool water treatment (>30 m h-1).  
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5.1 Introduction 

Chlorine-based disinfection of swimming pool water is commonly used to ensure the 

hygienic safety of bathers. A major drawback associated with the use of 

hypochlorous acid (HOCl) as an disinfectant is its potential to react with inorganic 

and organic matter present in pool water forming halogenated disinfection 

by-products (DBPs) [3, 27, 135, 137]. The dominating nitrogen precursors for DBP 

formation introduced by bathers into the pool are urea (CO(NH2)2) and  

ammonia (NH3) [86, 96, 192]. The reaction of urea [31, 136] and ammonia [189-191] 

with HOCl is initially induced by the formation of inorganic chloramines (mono-, di- 

and trichloramine). Chloramines are known to be skin and eye irritating and are 

suspected to cause respiratory problems [38], including asthma [41, 42, 303, 304]. 

Consequently, the sum of all inorganic chloramines, which is denoted as combined 

chlorine, is strictly regulated to a concentration of <0.2 mg L-1 (as Cl2) in German 

swimming pools [56]. Among the variety of inorganic chloramines, 

monochloramine (MCA) is the most dominant species in pool water with 

concentrations up to 1.88 mg L-1 (as Cl2) [30]. Moreover, monochloramine is of 

particular interest because it was found to be an educt for the formation of 

cancerogenic N-nitrosodimethylamine (NDMA) [195, 196], which was also found in 

chlorinated pools [158]. To mitigate the risks for the bathers and to guaranty process 

operation in conformity with the provisions related to the water quality in swimming 

pools [56], the concentration of monochloramine in pool water must be controlled. 

Previous studies have shown that granular activated carbons (GAC) could serve as a 

reducing agent for monochloramine. Although activated carbons are widely known as 

effective adsorbents [246, 305], the reduction of monochloramine primarily proceeds 

via a chemical surface reaction [260, 306-308]. Thus, it is not surprising that the filter 

capacity for monochloramine removal was higher than expected when only 

adsorption is considered [265]. Over the course of the reaction, the reactivity of 

GACs decreased before stationary conditions were reached [266]. As a result of this, 

activated carbon filters operated under swimming pool water conditions need to be 

regenerated or replaced every 1 to 2 years. However, the exact mechanism of the 

initial decrease of reactivity has not been fully understood until now. Bauer and 

Snoeyink (1973) proposed a two-step process, where monochloramine initially 

oxidizes free active carbon sites (C*) in a very fast reaction forming surface oxides 

(C*O) while the monochloramine (MCA) is reduced to ammonium (NH4
+) 

(Equation (5.1)). As enough surface oxides were formed, the authors assume that 

monochloramine undergoes a second, slower reaction, where the surface oxides are 

reduced back to free active sites while MCA is oxidised to N2 (Equation (5.2)) [265]. It 

is assumed that this process causes the decreasing carbon reactivity over time. 



 

 75

NH2Cl + H2O + C* → NH4
+ + Cl- + C*O (5.1) 

2 NH2Cl + C*O + 2 H2O → N2 + 2 H3O
+ + 2 Cl- + C* (5.2) 

However, a more recent study indicates that the ratio of formed transformation 

products (i.e. NH4
+ and N2) did not change over the course of the reaction [309]. 

These findings contradict the above mentioned mechanism of Bauer and Snoeyink 

because the ratio of reaction products does not simply derive from a simple addition 

of Equation 5.1 and 5.2 but depends, as described above, on the time dependent 

increase of the concentration of surface oxides (C*O). Further, previous studies 

reasoned that the overall reactivity is dominated by pore diffusion rather than by the 

chemical surface reactions [254, 310]. Mass transport in the pore system of GACs is 

known to be influenced by various parameters such as the grain size, water 

temperature [262], the presence of surface oxides [311] and the pore size distribution 

of GACs [312]. A comprehensive analysis of the influence of these factors on the 

overall monochloramine reduction process at GACs is still subject to investigation. 

To theoretically describe the monochloramine removal process with GAC filters, the 

semi-empirical MCAT model was established by Kim (1977) [313] and was recently 

complemented by Fairey et al. (2007) with respect to the impact of DOM present in 

the feed water on the overall reactivity of a GAC filter [309]. However, the semi-

empirical MCAT model estimates carbon reactivity only after stationary conditions are 

reached [310] using basic GAC properties such as the porosity and tortuostity of the 

GACs. This makes the model inapplicable to further elucidate pore diffusional 

limitations of the monochloramine-GAC reaction. 

Considering the current state of knowledge, the process of decreasing reactivity of 

GACs at the beginning of the monochloramine reaction as well as the impact of pore 

diffusional limitations on the overall reactivity of a GAC filter are still not fully 

understood. Conclusively, the aim of this Chapter was to determine the impact of 

diffusional mass transport on the overall reactivity of a GAC filter for a wide range of 

operation conditions such as grain size, pore size distribution and water temperature. 

In-depth knowledge of the processes limiting monochloramine removal by GAC filters 

should give further indications for future research aimed at refining physical GAC 

properties for enhanced monochloramine removal.  
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5.2 Materials and Methods 

5.2.1 Determination of the carbon reactivity 

5.2.1.1 Kinetic approach 

The observable reaction rate constant of a GAC filter for monochloramine removal is 

given by Equation (5.3) assuming the overall reaction following first-order kinetics 

[314, 315]: 

keff=
1

tEBCT
∙ln

cbed,in

cbed,out
(5.3)

Here cbed,in and cbed,out are the monochloramine in- and out-flow concentrations and 

tEBCT represents the empty bed contact time (EBCT) defined with Vbed/Qbed or 

zbed/vbed. Vbed and Qbed define the bed volume and the flow rate of the filter column, 

respectively. The bed depth of the filter column is represented by zbed and vbed 

represents the flow velocity. Previous studies showed that the reactivity of GACs for 

monochloramine conversion decreases gradually over the time. However, the time 

the carbon reactivity decreases is far lower compared to the EBCT in GAC filters, 

which justifies the use of the pseudo first-order kinetic approach presented in 

Equation (5.3) [266]. 

In order to compare the effective reaction rate constant keff with the theoretical mass 

transfer coefficient of monochloramine through the laminar film layer kf (see 

Equation (5.10)), the former was normalized by the specific outer surface ao (in  

m2 m-3) of the filter bed (keff,a). 

The temperature dependence of keff is given by the Arrhenius Equation: 

keff(T)=k0 ∙ e
-

EA
R0T (5.4)

Here, k0 and EA are the frequency factor and the activation energy respectively, R0 is 

the universal gas constant and T is the temperature. EA is derived from the slope of 

the linear least-squares best fit of the correlation between ln(keff) and T-1 (Arrhenius 

plots). 

5.2.1.2 Experimental determination of the effective reaction rate constant 

Process parameters needed to calculate keff under fully controlled conditions were 

measured using the laboratory-scale fixed-bed column shown in Figure 5.1. The filter 
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column was continuously fed at a constant flow rate (Qbed) with a monochloramine 

solution from a rapidly stirred (~250 rpm) double walled glass tank with feedback 

controlled pH and temperature (Biostat B, B. Braun, Germany). The concentration of 

monochloramine in the tank, and thus the inflow concentration cbed, in was measured 

by an amperometric chlorine sensor and was held on a constant level.  

The water that passes the filter column was circulated in a closed loop between the 

tank and the filter column. This operation system allows reaction products to 

accumulate in the system, which increased the analytical resolution for detection of 

the NH4
+ yield of the monochloramine-GAC reaction (results are shown later in this 

thesis in Section 6.3.1). 

Since monochloramine is degraded in the GAC filter, a cooled monochloramine stock 

solution (4 to 6 °C) was continuously dosed into the tank by a feedback controlled 

peristaltic micro pump P2 to maintain a constant cbed,in. The corresponding dosing 

rate (Qst) is given by Equation (5.5): 

Qst=

∆m
∆t

ρst(T)
 

(5.5)

Here, ρst(T) is the temperature dependent density of the stock solution and Δm/Δt is 

the recorded, time dependent mass loss of the stock solution as determined in time 

intervals of 0.5 – 1 h. A constant water volume in the FBR system Vsys was 

guaranteed by withdrawing water from the tank by the feedback controlled peristaltic 

pump P3. The monochloramine outlet concentration of the GAC filter cbed,out was 

calculated by solving the mass balance around the tank of the FBR system 

(Equation (5.6)): 

Qbed∙cbed,out-Qbed∙cbed,in+Qst∙cst-Qst∙cbed,in+Rsys=Vsys∙
dc

dt
 (5.6)

Here Rsys is the time dependent loss of monochloramine in the system without GAC 

filter and cst is the concentration of the monochloramine stock solution. Blank 

experiments showed that monochloramine auto-degradation in the FBR system was 

negligible. Respecting that: 

Rsys=0 (5.7)

and assuming the system to operate under stationary conditions, the capacity term in 

Equation (5.8) gives: 



 

 

Consid

Equatio

Figure 

5.2.2 

Four c

study, 

from S

(Centa

(PBASC

The c

unfract

grain 

1.90 m

using a

ground

solely u

(0.55 m

routine

ering Equ

on (5.6) as

5.1: S
fl
ta

Granular 

ommercial

namely H

Silcarbon A

ur) and a 

C) Type 10

carbons, a

tionated ca

diameters

m (1.80 - 2

a sieve to

ing the fre

used at th

mm). Befor

: (i) Soaki

uation (5.7

s follows: 

cbed,o

Scheme of 
ows. Dash
ank. 

activated c

lly availab

ydraffin 30

Aktivkohle 

new type

00058 from

as provid

arbons. Gra

s of 0.30

2.00 mm) w

ower (AS 

esh unfract

e original 

re use, the

ng in ultra

Vsys

7) and (5.

ut=

∆m
∆t st

ρst∙Qbed

the labora
hed grey lin

carbons an

le granula

0 N from D

GmbH (K

e of polym

m Blücher G

ed by th

ain size fra

0 mm (0.25

were prepa

200, Ret

ionated ca

monomod

e fresh GA

apure wate

78

s
dc

dt
=0 

8), cbed,out

t

d
∙ cbed,in-c

atory-scale 
ne represe

nd solution

ar activated

Donau Ca

K835), Cen

mer-based 

GmbH (10

he manuf

actions of t

5 - 0.355 m

ared by sie

tsch, Germ

arbons usin

dal grain si

ACs were 

er for ~24

t was calc

cst +cbed,in

FBR syste
ents the ma

ns 

d carbons 

rbon Gmb

ntaur from 

spherically

0058). 

facturers, 

the 30N, K

mm), 0.57

eving the fr

many) and

ng a ball m

ize (dp) pro

treated b

h, (ii) Eva

culated by

em and rel
ass balanc

(GACs) w

bH (30 N),

Chemviro

y shaped 

were de

835 and C

7 mm (0.50

resh unfrac

d, if nece

mill. The 10

ovided by 

by the follo

acuating th

y simplifica

levant mas
ce around t

were used

, Silcarbon

on Carbon

activated 

enoted as

Centaur wit

0 - 0.63 mm

ctionated c

essary, pre

00058 carb

the manu

owing prep

he soaked 

(5.8)

ation of 

(5.9)

 
ss 
the 

d in this 

n K-835 

 GmbH 

carbon 

s fresh 

th mean 

m) and 

carbons 

eviously 

bon was 

facturer 

paration 

carbon 



 

 79

using a vacuum chamber until no air bubbles arise and (iii) Washing and decantation 

of the carbon using ultrapure water until the supernatant is particle free. 

Monochloramine stock solutions as used in the FBR experiments were prepared as 

described previously by drop-wise addition of a OCl- solution (pH 10) in a rapidly 

stirred NH4Cl or (NH4)2SO4 solution (pH 10) at final molar chlorine (as Cl2) to 

ammonia ratio of 1.00:1.03 [316]. 

5.2.3 Fixed-bed experiments 

5.2.3.1 General remarks 

FBR experiments were conducted to determine keff either at the beginning of the 

monochloramine-GAC reaction or after a certain time of operation, when stationary 

conditions were reached. 

The reactivity at the beginning of the reaction was determined after 

~0.1 mmol gGAC
-1 of monochloramine were converted in the GAC filter column. For 

these experiments, the fresh carbons were used as they were provided by the 

manufacturer. 

To determine the reactivity under stationary conditions, the fixed-bed experiments 

were divided in two consecutive steps: (i) Altering the carbons on a reproducible 

basis at cbed,in = 4.5 mg L-1 (as Cl2), T = 30°C and Qbed = 40 L h-1 (equals a filter 

velocity of vbed = 44.1 m h-1) until no change in keff was observed and stationary 

conditions were reached and, (ii) Determination of keff under various operation 

conditions (e.g. different cbed,in, T or vbed). Carbons operating under stationary 

conditions were denoted as aged carbons. All experiments were performed at a 

constant pH of 7, as it is recommended for swimming pool water [56]. For 

pH-adjustment either 0.3 mol L-1 phosphoric acid (H3PO4) or 0.1 mol L-1 sodium 

hydroxide (NaOH) were used. Moreover, the conductivity of the monochloramine 

solution at the beginning of the experiments in the tank was set to ~400 µS cm-1 by 

dosing a 1 mol L-1 NaCl solution. A detailed description of the FBR experiments is 

provided in the following Sections. Table 5.1 summarizes the process conditions of 

all experiments described in the following sections. 

5.2.3.2 Verification of the kinetic first-order approach 

To experimentally verify the kinetic first-order approach used in this study  

(see Equation (5.3)), the reactivity of the aged unfractionated K835 carbon was 
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determined for various monochloramine inflow concentrations. The level of 

reproducibility for determination of keff was tested by conducting a set of four 

repeated experiments. 

5.2.3.3 Impact of external mass transport on the overall reactivity 

To exclusively access the impact of pore diffusional mass transport on the overall 

reactivity of the GAC filter, the cross influence by extra-particle mass transport (film 

diffusion) has to be excluded [262]. To check for the absence of film diffusion, keff 

was determined for different flow velocities (vbed) for filter beds of the fresh and aged 

unfractionated K835 carbon. Following previous recommendations, vbed and the 

catalyst volume (Vbed) were varied simultaneously so that the EBCT in the filter 

column was constantly set to 2.88 s. 

To further elucidate the impact of film diffusion on the overall reactivity, the 

theoretical mass transfer coefficient of monochloramine through the laminar film 

layer (kf) was calculated (Equation (5.10)) [246] and compared to the experimentally 

derived specific reaction rate constant keff,a. 

kf=
Sh∙Dbulk,MCA

dhy
 (5.10)

Here Sh is the Sherwood number, which was calculated according to the empirical 

approaches of Williamson et al. (1975) (Equation (5.11)) [318] and  

Genielinski (1963) (Equation (5.12)) {Gnielinski, 1978 #2612}, Dbulk,MCA is the bulk 

diffusion coefficient of monochloramine in water, which was calculated using the 

Wilke-Chang correlation with 2.03ꞏ10-5 cm2 s-1 (at 30°C) [319] and dhy is the 

representative hydraulic grain size of a carbon with a certain grain size distribution. 

The calculation of dhy is explained later in Section 5.2.4.2. 

Sh = 2.4∙εs∙Re0.34∙Sc0.42            (0.08 > Re < 1                    
Sh = 0.442∙εs∙Re0.69∙Sc0.42        (125 > Re < 50000)                         

(5.11)

 Sh = (1+1.5ꞏ(1-εs))∙ShE                                                                      (5.12)

In Equation (5.12), ShE is the Sherwood number in the transient region between 

laminar and turbulent interfacial flow through the filter bed and εs is the interstitial 

porosity of the filter bed.  

ShE was calculated as follows [246]: 
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ShE=2 Shlam
2+Shturb

2  (5.13)

with 

Shlam=0.664∙Re
1
2∙Sc

1
3 (5.14)

and  

Shturb=
0.037∙Re0.8∙Sc

1+2.443∙Re-0.1∙ 1
 (5.15).

 

In Equations (5.11), (5.14) and (5.15), Re is the Reynolds number and Sc is the 

Schmidt number. 

5.2.3.4 Impact of internal mass transport on the overall reactivity 

Impact of grain size 

To check for the importance of grain size on the overall reactivity, keff was determined 

for different grain size fractions of the aged 30N carbon. To further elucidate the 

impact of grain size, the Thiele modulus Φ was calculated according to 

Equation (5.16) [315]. The Thiele modulus is a dimensionless constant representing 

the ratio of the overall reaction rate versus the diffusion rate of the reactant in the 

pore system. 

Φ=L∙
keff

η∙DE,MCA
(5.16)

Here, L is the diffusion path length within the adsorbent, which becomes dp/6 

assuming a spherical shape of the GAC grains [315]. In Equation (5.16), DE,MCA is the 

effective diffusion coefficient of monochloramine in the pore system and η is the 

effectiveness factor. The effective diffusion coefficient DE,MCA was estimated based 

on the pore size distribution of the individual GACs using the random intersecting 

pore model [320, 321] and assuming surface diffusion of monochloramine in the pore 

system of the GACs to be negligible [309]: 
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DE,MCA=
1

τ
∙
∑ Dbulk, MCA∙ 1-

dMCA
dp,j

4

∙Vp,j
∞
j=dMCA

∑ Vp,j
∞
j=dMCA

 
(5.17)

 

Here, τ is the tortuosity factor of the GACs, dpj and Vp,j are the diameter and the 

incremental pore volume of a pore in the size fraction j as derived from the pore size 

distribution of the 30N carbon and dMCA is the minimal pore diameter of the carbon 

that is still accessible for a monochloramine molecule. The effectiveness factor η is 

defined as the ratio of the actual reaction rate versus the theoretical reaction rate 

without diffusional limitations [262]. For a first-order reaction taking place at a 

spherical grain, η could be determined as follows [322]: 

η=
1

Φ
∙

1

tanh 3Φ
-

1

3Φ
 

(5.18)

Simultaneous solution of Equations (5.16) and (5.18) gives the corresponding values 

for η and Φ. 

Impact of water temperature 

The temperature dependence of monochloramine conversion in the GAC filter was 

determined by means of the activation energy EA (see Equation (5.4)) of the reaction 

for both, the fresh and the aged unfractionated carbons 30N, K835 and Centaur. In 

order to calculate EA, keff was experimentally determined in FBR experiments in wide 

range of temperatures typically found in in- and out-door swimming pools. Other 

process parameters except the temperature were kept constant. 

Impact of pore size distribution 

In this set of experiments, keff was determined for the aged 30N, K835, Centaur and 

100058 carbons. To overcome the disruptive influence of GAC grain size on keff and 

to allow comparison between the carbons, only filter beds of equal grain size 

fractions were used (0.05 mm (100058) and 0.57 mm (30N, K835, Centaur)). 

5.2.3.5 Process at the initial phase of the reaction 

To describe the process of decreasing reactivity of the heterogeneous 

monochloramine-GAC reaction, conversion-time curves were determined in 

FBR experiments for all GACs until stationary conditions in reactivity were reached. 

The general shape of the conversion-time curves can give evidence supporting 
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whether one of the two widely recognized reaction models applies (Progressive-

Conversion Model (PCM) [315] or Shrinking-Core Model (SCM) [323]). 

Table 5.1: Operation conditions of the FBR experiments. 

Type of study Sec-
tion 

Used type of 
carbon 

Variable parameters Constant 
parameters 

Verification of 
the kinetic first-
order 
approach 

5.3.2 K835 
(unfractionated) 

cbed, in = 0.5 - 9 mg L
-1  

(as Cl2) 

 

vbed = 44.1 m h-1 

T = 30 °C 

Vbed = 32 mL 

tEBCT = 2.88 s 

Extra-particle 
mass transfer 

5.3.3 K835, 30N 
(unfractionated) 

vbed = 8.3 - 132.2 m h-1 

(Vbed = 6 - 96 mL) 

T = 30 °C 

cbed, in = 4.5 mg L-1  
(as Cl2) 

tEBCT = 2.88 s 

Impact of grain 
size 

5.3.4 30N 
(size fractions 
and 
unfractionated) 

dgrain = 0.30 - 1.9 mm vbed = 44.1 m h-1 
T = 30 °C 

cbed, in = 4.5 mg L-1  
(as Cl2) 

Vbed = 32 mL 

tEBCT = 2.88 s 

Temperature 
dependence 

5.3.5 30N, K835, 
Centaur 
(unfractionated) 

T = 12 - 45 °C 
 

vbed = 44.1 m h-1 

cbed, in = 4.5 mg L-1  
(as Cl2) 

Vbed = 32 mL 

tEBCT = 2.88 s 

Process at the 
initial phase of 
the reaction 
and impact of 
pore size 
distribution 

5.3.6, 
5.3.7 

30N, K835, 
Centaur and 
100058 
(0.57 mm size 
fraction) 

- vbed = 44.1 m h-1 

T = 30 °C 

cbed, in = 4.5 mg L-1  
(as Cl2) 

Vbed = 32 mL 

tEBCT = 2.88 s 

 

5.2.4 Analytical methods 

5.2.4.1 Quantification of monochloramine and HOCl 

Monochloramine concentrations in the tank (Figure 5.1) were measured using a 

membrane-covered amperometric 2-electrode total chlorine sensor (CTE-1 DMT, 

Prominent, Germany) which was calibrated on a daily basis using the photometric 

DPD method [173]. 
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The concentration of the HOCl solution used to prepare the monochloramine stock 

solution was spectrophotometrically standardized at pH 10 as OCl- ion using a molar 

absorption coefficient at 294 nm (ε294) of 348 mol-1 cm-1 [324]. 

The monochloramine stock solution was spectrophotometrically standardized at least 

twice a day according to the method of Schreiber and Mitch, accounting for the 

overlapping absorbance peaks of monochloramine and dichloramine (NHCl2) at 

245 nm and 295 nm (εNH2Cl, 245 nm = 445 mol-1 cm-1, εNHCl2, 245 nm = 208 mol-1 cm-1, 

εNH2Cl, 295 nm = 14 mol-1, εNHCl2, 295 nm = 267 mol-1 cm-1) [325]. Spectroscopic 

measurements at 360 nm confirmed the absence of trichloramine εNCl3) in the 

monochloramine stock solution (εNCl3, 360 nm = 126 mol-1 cm-1) [326, 327]. The yield for 

transformation of NH4
+-N to MCA-N was found to be in a range of 95 % - 100 %. 

Both, spectroscopic and DPD measurements, were performed using a Unicam 

UV2-200 UV/VIS spectrophotometer. 

5.2.4.2 Physical carbon characterisation 

The specific outer surface area ao of the carbon bed was calculated based on the 

grain size distribution of the unfractionated carbons as follows: 

a0=
Abed

Vbed
=6∙

ρbed

ρgrain

∙
qi

dgrain,i
∙
1

ψ
i

 (5.19)

Here ρbed and ρgrain are the bulk density (dry) and the density of the carbon grains 

(dry), qi is the mass fraction of the corresponding mean grain size dgrain,i as derived 

from the grain size distribution and ψ is the dimensionless correction factor, 

introduced in order to respect the derivation in shape of the carbon grains from a 

spherical form (ψ = 0,75 for GACs [328]). Grain size distributions of all carbons were 

analysed according to a common German standard using a sieve tower (AS 200, 

Retsch, Germany) [329]. The representative hydraulic grain size dhy of the 

unfractionated carbons was calculated as follows [330]: 

dhy=
1

∑
qi

dgrain,i

 (5.20)

The internal surface area, pore volume and the pore size distribution (PSD) of the 

fresh unfractionated carbons were determined from nitrogen adsorption/desorption 

isotherms in a relative pressure range (p/p0) of 10-6 to 1 at 77 K using an 

Autosorb-1C automated gas-sorption apparatus (Quantachrome, Germany). The 

internal surface area aBET of the carbons was determined using the BET 

equations [331]. The surface area and pore size distribution (PSD) of the carbons 
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were determined using the quenched solid density functional theory (QSDFT) 

assuming graphite material with pores of slit-like shape [332]. The validity of this 

assumption is discussed in Section 5.3.2. 

The total pore volume was calculated from the nitrogen sorption data at p/p0 of ~0.98 

while the micropore volume was determined using the Dubinin-Radushkevich 

Equation at p/p0  of 10-6 - 10-1. For calculations, the ASiQWin Software (Version 3.0, 

Quantacrome Instruments) was used. 

The sum of meso- (2 – 50 nm) and macropore (> 50 nm) volume was calculated by 

subtracting the micropore (< 2 nm) volume from the total pore volume. N2 adsorption-

desorption isotherm were further used to estimate the tortuosity of the carbons using 

the CSTM-model as described Salmas at al. (2001) [333]. 

The proportion of macropores (> 50 nm) was determined by 

mercury intrusion porosimetry using a Porosimeter 2000 apparatus (Carlo 

Erba Instruments, Milan, Italy). The intrusion experiments were performed in a 

pressure range of 0.4 MPa to 200 MPa. 

To further elucidate the morphology of the 100058 carbon, images were taken from a 

cross-section of a single carbon grain with a High Resolution Scanning Electron 

Microscope (HRSEM, FEI Nova NanoSEM, 5 kV). HRSEM-images were taken at 4 

different positions across the grains radius. In total 6 close-up HRSEM images of 

each position across the diameter were taken. The pore size distribution of the 

100058 carbon across the grains diameter was analysed by image processing of the 

close-up HRSEM-images as described previously by Skibinski et al. (2016) [334]. 

Due to the limited resolution of the HRSEM-images, only pores >10 nm could be 

analysed.  
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5.3 Results and Discussion 

5.3.1 Physical characterization of the carbons 

The physical characteristics of the carbons used in this study are summarized in 

Table 5.2. Figure 5.2(A) presents N2 adsorption-desorption isotherms which were 

type I according to the Brunauer-Deming-Deming-Teller (BDDT) classification for all 

carbons considered. The significant step of N2-adsorption in the low pressure region 

indicates the presence of plentiful micropores [335]. The percentage of micropores 

with regard to the total pore volume was in the following order:  

30N (79 %) < 100058 (82 %) < Centaur (87 %) < K835 (94 %). The relative 

proportion of mesopores was the highest for the 100058 (18 %) and the Centaur 

carbon (17 %). 

The hysteresis of nitrogen physisorption (difference between adsorption and 

desorption isotherms) for the 30N and K835 carbon was almost zero. Following the 

principles of the model of Salmas et al. (2001) (CSTM-model), these findings indicate 

the tortuosity of the carbons to be near to 1.0 (1.26 for K835 and 1.27 for 30N) [333]. 

According to the CSTM-model, the tortuosity of the Centaur carbon was calculated 

with 2.05. Due to its inhomogeneous pore size distribution (Figure 5.3), the tortuosity 

of the 100058 carbon could not be calculated with the CSTM-model. The fact that 

adsorption and desorption isotherms branch in parallel to each other and almost 

horizontally is associated with the presence of narrow pores of slit-like shape, which 

are commonly found for activated carbons [336]. Mercury intrusion porosimetry 

measurements showed that the proportion of macropores (macropore volume related 

to the total pore volume) was very low and ranged between 1.6 - 3.6 %. 

Figure 5.2(B) shows the pore size distribution (PSD) of the fresh unfractionated 

carbons as calculated using the quenched solid density functional theory (QSDFT). 

In the micropore region (<2 nm), the Centaur, K835 and 100058 carbon had PSD 

peaks at the smallest detectable pore size of 0.6 nm and at ~1.1 nm. Both, Centaur 

and K835 had a PSD peak at 1.1 nm while the 30N carbon had peaks at 0.72 nm 

and 1.5 nm. The characteristic pore size distribution of the Centaur carbon is in 

agreement with data reported previously [337]. Both, the Centaur and the 100058 

carbon comprised a significant proportion of large mesopores >7 nm (0.015  cm³ g-1 

(Centaur) and 0.013 cm³ g-1 (100058)). 
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Table 5.2: Physical characterization of the fresh unfractionated carbons 30N, K835, Centaur and 100058. 

Carbon 
type 

Hydraulic 
diameter 
dhy, in mm 

Outer surface ao 
in m2 m-3 a 

Inner surface aBET

in m² g-1 a 
Specific pore volume in cm3 g-1 (%) 

Total Micropores Mesopores
(total) 

Mesopores 
>7 nmb 

Macro-
pores 

30N 1.18 5444 1105 0.522 0.411 (79) 0.092 (18) 0.003 (0.6) 0.019 (4) 

K835 1.39 4480 1073 0.446 0.419 (94) 0.020 (5) 0.001 (0.2) 0.007 (2) 

Centaur 1.00 5532 895 0.408 0.353 (87) 0.046 (11) 0.015 (3.7) 0.009 (2) 

100058 0.55 17418 1291 0.605 0.496 (82) 0.102 (17) 0.013 (2.1) 0.007 (1) 
a…  All pores of the activated carbons were potentially accessible for the monochloramine conversion reaction (differences in BET surfaces between granular carbons and their 

powdered counterparts were <5%). 
b …  As derived from the QSDFT calculation. 
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5.3.6 Progress of the reaction until stationary conditions were reached 

Figure 5.10(A) shows the conversion-time curves of monochloramine in the GAC 

filter for the 0.57 mm grain size fractions of the 30N, K835, Centaur and 100058 

carbon. It is apparent that the conversion-time plot of monochloramine removal for 

the conventional GACs (30N, K835, Centaur), which comprise a homogeneously 

distributed and strongly microporous pore size distribution, is hyperbolic while that of 

the 100058 carbon, with a structured pore size distribution (Figure 5.3), is sigmoid 

(S-shaped). The conversion-time behaviour of the GACs could be described by the 

Shrinking-Core Model (SCM) [323]. The SCM describes a reaction, which starts first 

at the outer surface of the GAC grains, while the reaction front then moves toward 

the centre of the grains with ongoing reaction time, leaving behind converted 

material [315]. The difference in conversion-time behaviour between the microporous 

GACs and the 100058 carbon could be explained by the unusual pore size 

distribution of the latter as follows: 

(i) Due to the high proportion of mesopores near to the external surface of the 

grains of the 100058 carbon (Figure 5.3(B)), the effective diffusion 

coefficient of monochloramine (DE,MCA) in this area is assumed to be high 

and the overall reaction becomes controlled by the intrinsic chemical 

reaction at the beginning. 

(ii) The observed decrease in mean pore size towards the centre of the grains 

of the GAC 100058 is assumed to lead to an increase of the accessible 

pore area reached by the reaction front when moving towards the centre. 

As a result, the reactivity of the 100058 carbon increased during the first 

~20 min of the reaction. 

(iii) With on-going reaction time, the reaction front moves further towards the 

grains centre and diffusion paths of monochloramine molecules increase 

until a shift in the reaction controlling mechanism from chemical control to 

diffusional control occurs. This shift results in a decrease in reactivity, 

which in turn leads to a sigmoid conversion time curve [345], as it was 

found for the 100058 carbon. 

(iv) Since keff did not decrease until zero when stationary conditions were 

reached, the reacted sites of the GAC grains in the filter column must be 

still reactive to some degree. This effect could be explained by oxygen 

groups formed according to Equation (5.1) that evolve continuously from 

the surface as CO or CO2, thus providing new free active sites [295]. 

In contrast to the 100058 carbon, the pore structure of the conventional GACs (30N, 

K835, Centaur) is assumed to be microporous throughout the entire particle. 
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By calculating DE,MCA using different values for dMCA > 0.5 nm, it has been found that 

DE,MCA and keff correlated well when dMCA was chosen to be equal or larger as 

~1.3 nm. Careful interpretation of these results leads to the conclusion that pores 

<~1.3 nm in width, which is twice the molecular diameter of a monochloramine 

molecule, might be barely accessible for monochloramine. This clogging could be 

explained by constrictions at the pore mouth caused by water molecules that adsorb 

onto oxygen-containing functional groups present at the carbon surface by hydrogen 

bonding [347-349]. These findings correlate well with the findings of 

Fairey et al. (2006), who assumed that certain pores might be barely accessible for 

monochloramine molecules due to diffusional limitations [254]. 

The significantly higher DE,MCA found for the Centaur carbon for dMCA >~1.3 nm 

compared to the 30N and K835 carbon mainly results from the large amount of 

mesopores (>7 nm), which the other carbons did not comprise. It should be noted 

here that calculation of DE,MCA for the 100058 carbon according to Equation (5.17) is 

not eligible due to the structured pore size distribution of the carbon grains [320]. 

5.4 Summary and conclusions 

The present work reports kinetic studies for monochloramine removal in GAC filters 

equipped with commercially available carbons. The investigations intended to: 

(i) determine the impact of operational filter parameters that are known to limit 

diffusional mass transport of monochloramine (filter velocity, grain size, water 

temperature and pore size distribution) and (ii) describe the process that is 

responsible for the drop of reactivity during the initial phase of the reaction. A kinetic 

first-order approach, which was used to describe the overall reactivity of GAC filters, 

was verified in this study in bench-scale fixed-bed reactor experiments. 

Both, the activation energies (20.4 - 29.8 kJ mol-1) and the Thiele Modulus  

(3.0 – 42.1) of the monochloramine-GAC reaction indicate that the overall reaction is 

strongly controlled by diffusional mass transport in the pore system of the considered 

GACs. Film diffusion of monochloramine has no impact on the overall reactivity even 

under high load filtration, as it is usually applied in swimming pool water treatment 

(filter velocity >30 m h-1). 

The use of smaller grain size fractions resulted in an increase of the overall reactivity 

of the GAC filter. However, it should be noted here that using smaller GAC grain 

sizes for enhanced monochloramine removal in full-scale applications would give a 

high pressure loss in fixed-bed GAC filters [340]. Unpublished data indicates that, by 

comparing the largest (1.9 mm) with the smallest grain size fraction (0.3 mm) of the 
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30N carbon, the difference in the monochloramine removal was only 15% while the 

pressure loss strongly increased by factor of ~27. 

The pore size distribution of the carbons has been found to have a significant 

influence on the reaction rate constant of the overall process of monochloramine 

removal in GAC filters. Concluding from the results of this study, it is assumed that 

pores <~1.3 nm were not accessible for the monochloramine-GAC reaction while the 

amount of large mesopores is suggested to be very important for a high overall 

reactivity of the GAC filter for monochloramine removal. 

From the shape of the conversion-time curves of the reaction it was concluded that 

the drop in reactivity of the GACs observed at the initial phase of the 

monochloramine-GAC reaction could be explained by increasing pore diffusional 

resistance that occurred with increasing reaction time. The increasing diffusional 

control could be explained by the fact that the reaction front starts at the grains outer 

surface and then moves towards the centre of the GAC grains.  
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6 Impact of chemical carbon properties on monochloramine 
removal with GAC filters and its relevance for swimming pool 
water quality. 

 

Abstract 

In this Chapter, yields of NH4
+ and N2 for monochloramine removal with different 

commercially available granular activated carbons (GACs) have been determined in 

fixed-bed column studies over a long term period. Experiments showed that, 

depending on the type of GAC used, the N2 yield of the monochloramine reaction 

ranged between 0.5 % - 21.3 %. Chemical properties of the GACs, such as the 

concentration of acidic oxide surface groups and elemental compositions were 

analyzed and correlated with the observed N2 yield of the reaction. Results indicate 

that the copper content of the carbons significantly correlates with the observed 

N2 yield. This can be explained by direct catalysis of the disproportionation of 

monochloramine by Cu(II) forming dichloramine, which in turn is known to be 

completely degraded at the carbon surface to N2. 

Chloramines react further with dimethylamine in pool water forming highly 

cancerogenic N-nitrosodimethylamine (NDMA). Model calculations performed with a 

simplified numerical swimming pool model showed that the concentrations of 

inorganic chloramines and NDMA in the pool were lower for GACs that exhibit a high 

N2 yield of the monochloramine-GAC reaction compared to those with a low N2 yield. 

Model results further indicate that the reduction of chloramines and NDMA in pool 

water could be increased by a factor of 2 - 3 in case the tested commercially 

available GACs could be chemically modified to transform up to ~80 - 100 % of 

monochloramine to N2.  
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6.1 Introduction 

In water treatment processes, granular activated carbon (GAC) filtration is typically 

used for adsorptive removal of organic impurities [246]. However, previous studies 

showed that GAC filters additionally could serve as a chemical reducing agent for the 

reduction of inorganic chloramines (mono, di- and trichloramine) [265, 266, 350]. 

Inorganic chloramines are disinfection by-products (DBPs) primarily formed via the 

chlorination of ammonia (NH3) [189-191] and urea (NH2CONH2) [136]. Among the 

variety of known DBPs, the occurrence and toxicological relevance of inorganic 

chloramines is one of the best known and most studied examples in the literature [61, 

136, 189, 191]. Chloramines received particular attention because they were found to 

react with dimethylamine (DMA) forming highly carcinogenic N-nitrosodimethylamine 

(NDMA) [158, 159, 195, 196]. 

The removal of chloramines from the aqueous phase is relevant for a variety of 

different process in the water industry such as swimming pool water treatment, 

production of dialysate for kidney dialysis [310], production of drinking water from 

pre-chlorinated surface water, soft drink manufacturing or fish farming [340]. This 

study focuses on the treatment of swimming pool water exclusively. 

At the neutral conditions and Cl:N ratios of swimming pool water, monochloramine is 

known to be the most dominant species among the inorganic chloramines [30]. Its 

concentrations in pool water are reported up to 1.88 mg L-1 (as Cl2) [30]. Previous 

studies indicate that monochloramine is transformed at GAC filters either to 

ammonium (NH4
+), by oxidation of free surface sites C* (Equation (5.1)), or to N2, by 

reduction of oxidized surface sites C*O (Equation (5.2)). Until now, no direct evidence 

for the oxidative decomposition of monochloramine to N2 according to Equation (5.2) 

has been presented. 

The type of reaction product formed by degradation of monochloramine in GAC filters 

is of great interest for practical applications. Formed NH4
+ for instance serves as 

substrate for microbiological processes leading to unintended microbiological 

contamination of GAC filters [245], which in turn was found to promote unwanted 

oxidation of ammonia to nitrite and nitrate [281]. Moreover, NH4
+ would act as a 

precursor for the formation of chloramines in case the filter effluent is chlorinated 

[135]. This adverse repercussion is particularly interesting for the application of GAC 

filters in swimming pool water treatment, which by nature is not a single pass process 

but a closed water cycle between treatment section and pool. Thus, it is 

hypothesized that using GACs with a high N2 yield (i.e. the molar ratio of N2 formed 
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versus monochloramine removed) would sustainably reduce nitrogen available in the 

closed swimming pool system, which in turn mitigates the concentration of 

chloramines and NDMA in the basin. 

To the best of our knowledge, data on modifying GACs to selectively foster 

monochloramine transformation to N2 is very scarce. However, a few studies dealt 

with the importance of surface chemical carbon properties on the N2 yield of 

unmodified carbons. Fairey at al. (2007) assumed that the N2 yield of the 

monochloramine-GAC reaction does not significantly differ among a set of five 

commercial GACs [309]. These findings consider the chemical characteristics of the 

individual GACs as irrelevant with regard to the N2 yield. However, the observed 

N2 yields in the study ranged between 0 to 40 % and only the low accuracy of the 

detection method did not allow to significantly distinguish between the N2 yields of the 

considered GACs [309]. Determination of the N2 yield using a more precise detection 

method is still subject to investigation. 

Previous findings indicate that the amount of formed N2 correlates with the amount of 

oxide groups present at the GAC surface (see Equation (5.2)). In this context it is not 

known, whether additional surface oxides formed by the reaction of GACs with free 

chlorine (Equation (6.1)) [263, 264, 295, 351], which is typically present besides 

chloramines in pool water, affects monochloramine transformation to N2. 

C* + HOCl → C*O + H+ + Cl-
 

(6.1) 

Other evidence suggests that trace elemental constituents might favour 

monochloramine transformation to N2. Various carbonaceous raw materials have 

been used to prepare activated carbons with different concentrations of hetero-atoms 

and trace elemental compositions [352-355]. Among those, iron, lead and copper 

were found to catalyse the process of monochloramine decay [356-360]. Copper 

appeared of particular interest because it favours disproportionation of 

monochloramine to form dichloramine [361], which in turn reacts at activated carbons 

forming N2 [265]. 

Concluding from the current state of knowledge, the objectives of this Chapter were 

to (i) elucidate the importance of various chemical GAC properties on the N2 yield of 

the GAC-monochloramine reaction and (ii) simulate the effect of the carbon type 

used on chloramine and NDMA concentrations in the basin of a simplified numerical 

pool model. The carbon reactivity and the N2 yield were quantified in fixed-bed 

reactor (FBR) experiments for four different commercial GACs. Chemical carbon 

properties in means of oxygen containing surface groups, elemental composition and 
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traces of noble and transition metals were analysed and correlated with the observed 

N2 yield. The expected results should give further indications for the modification of 

GACs with the aim to selectively foster monochloramine transformation to N2. 

Simulations with a simplified numerical swimming pool model should help to judge 

whether GAC treatment with carbons that transform plenty of monochloramine to N2 

could be used to mitigate the concentration of chloramines and NDMA in swimming 

pool systems. 

6.2 Materials and Methods 

6.2.1 Experimental determination of the carbon reactivity, NH4
+ yield and N2 yield 

Previous studies showed that the overall reactivity of a fixed-bed GAC filter for 

monochloramine removal follows first-order kinetics (see Section 5.2.1.1) and carbon 

reactivity could be expressed as the effective first-order reaction rate constant keff as 

given by Equation (5.3) [314, 315]. The procedure for determining keff in fixed-bed 

column experiments is described in detail in Section 5.2.1. 

Fixed-bed column experiments were conducted over a long term period until 

stationary conditions in GAC reactivity were reached [266]. Table 6.1 summarizes 

operation conditions of the bench scale pilot plant. A more detailed description of the 

experimental method is given in Section 5.2.1.2. 

Table 6.1: Operation conditions of the bench scale pilot plant. 

Parameter Value 

Column diameter 34 mm 

Bed depth, zbed 94 mm 

Flow velocity, vbed 44.1 m h-1 

Temperature, T 30 °C 

Monochloramine concentration, cbed,in 4.5 (mg L-1 (as Cl2)) 

pH 7 

 

The NH4
+ yield and the N2 yield of the reaction were calculated from the slope of the 

linear regression between time dependent amount of substance of monochloramine 

removed (FMCA(t)) and the time dependent amount of substance of ammonium 

formed (FNH4+(t)) or N2 formed (FN2(t)). While FMCA(t) and FNH4+(t) were quantified 

analytically, FN2(t) was indirectly determined from the difference between FMCA(t) and 

FNH4+(t) assuming that ammonium and N2 were the only nitrogenous reaction 

products present in the tank [265, 309]. 
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To determine the impact of surface oxidation by HOCl on the N2 yield of the 

monochloramine-GAC reaction, the carbons were pre-treated with HOCl. Therefore, 

the FBR system was operated as described before but instead of a solution of 

monochloramine, a constant concentration of 4.5 mg L-1 (as Cl2) of HOCl was 

maintained in the tank by feedback-controlled dosing of a HOCl stock solution. 

Experiments with HOCl were run until ~2.2 mmol gGAC
-1 of HOCl (as Cl2) reacted at 

the bench scale GAC filter. Immediately after HOCl treatment, the carbons were left 

in the filter column but the system was operated with a solution of monochloramine to 

determine the N2 yield of the monochloramine-GAC reaction. 

6.2.2 Used granular activated carbons and solutions 

Four commercially available GACs, Hydraffin 30N from Donau Carbon GmbH (30N), 

Centaur from Chemviron Carbon GmbH (Centaur), Silcarbon K-835 from Silcarbon 

Aktivkohle GmbH (K835) and Saratec 100058 from Bluecher GmbH (100058) were 

used in this study. The raw materials of the carbons were anthracite coal (30N), 

coconut shells (K835), bituminous coal (Centaur) and non-porous polymer-based 

spheres (100058). According to specifications provided by the manufacturers, all 

carbons were produced by initial carbonisation of the different raw materials at low 

temperatures followed by physical activation with steam (30N, 100058) [362-364], 

steam and carbon dioxide (K835) [365] or impregnation with urea and subsequent 

heating (Centaur) [366, 367]. The fixed-bed column experiments were performed with 

the fresh carbons as they were provided by the producers. 

Monochloramine stock solutions used in the fixed-bed column experiments were 

prepared as described in detail previously (see Section 5.2.2) by slowly purring a 

HOCl solution over an ammonia stock solution at final molar ratio of chlorine to 

ammonia ratio of 1.00:1.03 at pH 10. Monochlormaine and HOCl stock solutions 

were stored covered from light at 4 °C before use. Ultrapure water was produced by 

the Millipore direct Q UV3 water purification system from Merck Millipore (Germany). 

6.2.3 Analytical methods 

6.2.3.1 Quantification of monochloramine and free chlorine 

Monochloramine and free chlorine concentrations in the tank of the FBR system were 

continuously analysed by a membrane-covered amperometric 2-electrode total 

chlorine sensor (CTE-1 DMT, Prominent, Germany), which was calibrated on a daily 

basis using the photometric DPD method [173]. 
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The monochloramine stock solutions were standardized spectrophotometrically on a 

daily basis accounting the overlapping absorbance peaks of monochloramine and 

dichloramine (NHCl2) at 245 nm and 295 nm (εNH2Cl, 245 nm = 445 mol-1 cm-1, 

εNHCl2, 245 nm = 208 mol-1 cm-1, εNH2Cl, 295 nm = 14 mol-1 cm-1, εNHCl2, 295 nm = 

267 mol-1 cm-1) [325]. Spectroscopic measurements at 360 nm confirmed the 

absence of trichloramine εNCl3) in the monochloramine stock solution 

(εNCl3, 360 nm = 126 mol-1 cm-1) [326, 327]. T 

The HOCl stock solutions were standardized spectrophotometrically at pH 10 as 

OCl- ion using a molar absorption coefficient at 294 nm (ε294) of 348 mol-1 cm-1 [324]. 

A Unicam UV2-200 UV/VIS spectrophotometer was used for spectroscopic and DPD 

measurements. 

6.2.3.2 Quantification of ammonium 

For quantification of ammonium (NH4
+), samples were taken from the tank and 

analysed subsequently by size exclusion chromatography with organic carbon and 

organic nitrogen detection (LC-OCD-OND) as described elsewhere [63, 288]. It has 

to be noted here that the LC-OCD-OND was designed for organic nitrogen detection 

but was also capable to quantify ammonia (see Figure 8.5). Samples were stored in 

headspace free vials with screwcaps (25 mL) at ~4°C until analysis with 

LC-OCD-OND, which followed within 12 h after sampling. The limit of detection for 

ammonia is assumed to equal to that of urea previously found in deionized water 

using the LC-OCD-OND method (1 ppb [288]). 

6.2.3.3 Concentration of oxygen containing surface groups 

Quantification of oxygen groups present on the GAC surface was performed using 

the recently standardized method of Boehm [368-370]. This method allows 

distinguishing oxygen groups by their different acidity including phenols, lactonic 

groups and carboxyl groups. 

For analysis, the fresh and aged GACs were dried at 70°C for 24 h. The drying 

temperature was kept low to avoid volatile surface oxides being removed by 

drying [295]. Then, 1.5 g of the carbon was suspended in 50 mL solutions (VB) of 

either 0.05 mol L-1 NaHCO3, Na2CO3 or NaOH (cB). After shaking the suspension at 

150 rpm for 24 h, the samples were filtrated by 0.45 µm polycarbonate track etch 

membrane filters. A 10 mL aliquot (Va) of the filtrated NaHCO3 and NaOH solution 

was acidified with 20 mL (VHCl) 0.05 mol L-1 HCl (cHCl) each, while a 10 mL aliquot of 

the filtrated NaCO3 sample was acidified with 30 mL 0.05 mol L-1 HCl. CO2 was 
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stripped from the acidified samples by subsequently degassing the sample with N2 

for 2 h. Finally 0.05 mol L-1 NaOH (cNaOH) was carefully titrated to the acidified 

samples until pH 7 was reached. NaOH titration was performed under persisted 

degassing with N2. The volume of 0.05 mol L-1 NaOH needed to reach pH 7 was 

denoted as VNaOH and was determined in triplicate for each batch experiment. The 

amount of substance of carbon surface functionalities in terms of phenols, lactonic 

groups and carboxyl groups were calculated based on VNaOH as described in the 

following [368]: 

ηCFS,B=
cHClVHCl

cBVa
cBVB-(cHClVHCl-cNaOHVNaOH)

VB

Va
 (6.2) 

ηcarboxyl=ηCFS, NaHCO3
                                           (6.3) 

ηlactonic=ηCFS,Na2CO3
-ηCFS,NaHCO3

                        (6.4) 

ηphenole=ηCFS,NaOH-ηCFS,Na2CO3
                         (6.5) 

6.2.3.4 Zeta potential and isoelectric point 

To further elucidate the acidic character of the carbons, the zeta (ζ) potential of the 

fresh GACs was measured from their electrophoretic mobility [371] using a Zetasizer 

Nano ZS equipped with a MPT-2 autotitrator (Malvern Instruments, Worcestershire, 

UK). For zeta analysis, a suspension of grounded GACs was prepared in 0.01 mol L-1 

KCl solution. After a settling time of ~24 h, the supernatant of the suspension was 

used for analysis. 

Zeta potentials were analysed at different pH values as described previously [372]. 

Adjustment of the pH was performed by dosing solutions of either 0.1 mol L-1 HCl or 

0.1 mol L-1 NaOH to the supernatant taken from the settled GAC suspensions. Zeta 

potentials are given as mean value of three repeated measurements. The isoelectric 

point of the GACs is taken to be the pH at which the surface exhibits a neutral net 

zeta potential. 

6.2.3.5 Concentration of noble and transition metals 

The concentration of two groups of elements widely used as catalysts (e.g. noble 

metals (Pd, Rh) and transition metals (Mn, Co, Cu, Fe and Ni) [373, 374]) were 

analysed in fresh GACs by inductively coupled plasma atomic emission mass 

spectroscopy (ICP-MS) using a PQexCell instrument (Thermo Fisher Scientific Inc., 

USA) according to the German standard DIN-EN-ISO-17294-2. 
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Prior to ICP-MS analysis, powdered samples of the dried fresh GACs were digested 

for 30 min in a closed PTFE vessel at 180°C by a microwave (MARS 5 CEM Corp., 

United States). For digestion, 0.5 g powdered carbon sample was suspended in a 

mixture of 5 mL concentrated nitric acid (HNO3), 1 mL H2O2 (30 %) and 5 mL 

ultrapure water. Digested samples were filtered by a 0.45 µm polycarbonate track 

etch membrane filter (Satorius AG, Germany) and subsequently diluted with ultrapure 

water to 50 mL. Diluted samples were then analysed by ICP-MS. Concentrations of 

trace metals are reported as mean value of two repeated measurements. Limits of 

detection of the method were calculated as the threefold standard deviation of blank 

samples. Blank samples were prepared according to the above described routine but 

omitting the carbon sample. 

6.2.3.6 Elemental micro analysis 

Analysis of the carbon, hydrogen and nitrogen content of the GACs was performed 

using a CHN element analyzer (Vario EL, Elementar Analysesystem GmbH). The 

sulfur content of the carbons was analysed according to the German standard 

DIN 51724-3 using an Eltra CS 580 analyser. The following mass of powdered GAC 

samples were used: 5 - 7 mg (C, N, H) and 100 – 150 mg (S). The C, N, H and S 

content of the GACs is given as mean value of two repeated measurements. The 

limits of detection were 0.007 g gGAC
-1 (C), 0.017 g gGAC

-1 (N), 0.003 g gGAC
-1 (H) and 

<0.05 g gGAC
-1 (S). 

6.2.4 Statistical analysis 

Student’s t-tests were used for hypothesis testing on the basis of a difference in NH4
+ 

yields between the considered GACs. The null hypothesis, which stated that no 

differences were observed, was rejected for a probability of <0.05. If not mentioned 

otherwise, errors represent the 95 % confidence interval. 

6.2.5 Simulating chloramine and NDMA concentrations in a simplified numerical 
swimming pool model with GAC filter 

6.2.5.1 Model definition 

The simplified numerical model of a swimming pool system (Figure 6.1) was used to 

determine the effect of carbon type used in the GAC filter (e.g. different N2 yield and 

keff) on the concentration of chloramines and NDMA in the basin of a swimming pool. 

The model was established by combining the simplified hydraulic approach of a real 

scale horizontally flown swimming pool proposed by Cloteaux et al. (2013) [375] with 

the following widely accepted reaction models: 
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(i) Chloramination reaction model of Jafvert et al. (1992), which describes the 

formation of inorganic chloramines by chlorination of ammonia [135]. 

(ii) Urea chlorination model of Blatchley and Cheng (2010) as applied by 

Gérardin et al. (2015) [136, 376]. 

(iii) NDMA formation model proposed by Schreiber et al. (2006), which 

describes the formation of NDMA by the reaction of chloramines with 

DMA [157]. 

Chloramine removal over the bed depth of a GAC filter was calculated according to 

Equation (5.3) of this study.  

Both, ammonia and DMA were considered to be introduced into the basin by the 

bathers and the filling water. A detailed description of the hydraulic approach, the 

reason for using two instead of one completely stirred batch reactor for simulating the 

swimming pool basin and the model reactions are given in Section 8.2.1 in the 

supporting information (SI). 

Table 6.2 summarizes the relevant volumes, flow rates, bather load and process 

parameters of the simplified numerical pool model. According to usual practise in 

German pools, the temperature (T), pH and free chlorine concentration (cCl2) were 

assumed to be constant in the aqueous phase over the entire period of the 

simulations. Simulations were performed under continuous bather load and fresh 

water dosing until stationary concentrations of the respected reactants ci were 

reached in the pool. Model calculations were performed using the software 

AQUASIM [131]. 

It should be noted here that the effect of outgassing of volatile substances (i.e. 

trichloramine) has only a little effect on the substance concentration in the swimming 

pool [61] and was therefore neglected in this study. Given that this work particularly 

aims at determining the impact of chloramine removal in GAC filters on pool water 

quality, the removal of substances in the GAC filter by adsorption was not expected. 
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Table 6.2: Process parameters of the simplified numerical pool model. 

Parameter Value 

Total volume, Vtot 
(25 m x 11 m x 1.95 m (L x W x D))a 

536 m³ 

Circulated water flow, Qcir
a 180 m³ h-1 

Hydraulic parameters (a, b, c)a 0.46, 0.35, 1.22 

Hydraulic retention times in the pool 2.98 hb, 288 hc 

Bather loadd 62 bather h-1 

External water inflow, Qex
e 1.86 m³ h-1 

Ammonium loading by bathers, FNH4+,b
f 35.79 g h-1 

Ammonium loading by fresh water, FNH4+,f
f 0.93  g h-1 

Urea loading by bathers, Furea,b
g 5.28 g h-1 

Urea loading by fresh water, Furea,f
g 0.0025 g h-1 

DMA loading by bathers, FDMA,b
h 0.335 g h-1 

DMA loading by fresh water, FDMA,f
h 0.004 g h-1 

pH 7 

Free chlorine conc. 0.5 mg L-1 (as Cl2) 
a …  Chosen according to Cloteaux et al. (2013) [375].  

1.95 m is the mean of the given range of pool depth (1.5 – 2.4 m)  
b … Hydraulic retention time respecting the circulated water flow 
c … Hydraulic retention time respecting the external water flow 
d … Represents the maximum bather load calculated based on the surface area of the  

basin (275 m²) according to the German swimming pool standard DIN 19643 [56] 
e … Includes (i) 30 L per bather of fresh water [56], (ii) 1.76 L per bather of sweat 

(maximum value given by [31]) and (iii) 1.17ꞏ10-1 L per bather of urine (maximum value given by [31]) 
f … Fresh water contains 0.5 mg L-1 of ammonium (maximum value allowed according to DIN 19643 [56]), 

sweat contains 231.8 mg L-1 of ammonium [93] and urine contains 1447 mg L-1 of ammonium (mean value 
of the given concentration range in [38]) 

g … Fresh water is assumed to contain 8.1ꞏ10-3 mg L-1 of urea (half of the maximum concentration for urea in 
German tap waters given by [288]), sweat contains 1.46ꞏ103 mg L-1 of urea [93] and urine contains 
21.75ꞏ103 mg L-1 of urea (mean value of the given concentration range in [93]) 

h … Fresh water contains 2.2ꞏ10-3 mg L-1 of DMA (mean value of the given concentration range in [50]), sweat 
contains 1.8 mg L-1 of DMA [377] and urine contains 19.2 mg L-1 of DMA [378] 

6.2.5.2 Modelling chloramine removal in the GAC filters 

The concentration of chloramines in dependence of the bed depth z of the theoretical 

GAC filter of the numerical pool model was derived from integration of the first-order 

approach given in Equation (5.3) as follows: 

c(z)=cbed,in∙e
keff∙

zbed
vbed (6.6)

According to the German swimming pool standard DIN 19643, zbed and vbed were 

chosen with 0.9 m and 30 m h-1, respectively [56]. Assuming keff being constant 
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across the bed depth of the GAC filter, c(z) becomes a relative proportion of the 

inflow concentration (cbed,in). Conclusively, chloramine degradation could be 

described as a relative loss across the total bed depth of a GAC filter 

(i.e. cbed,out/cbed,in). 

It has to be considered here that the reaction rate constant keff for dichloramine is 

taken to be 20 fold higher compared to that found for monochloramine [266]. The 

same is assumed to be true for the removal of trichloramine by GAC filtration. Given 

a filter velocity of 30 m h-1 and a bed depth of 0.9 m, both di- and trichloramine are 

completely removed across the filter bed of a real scale GAC filter. This has been 

proven to be true for a wide range of keff (0 - 0.04 s-1) (results not shown). Thus, for 

simplification, the complete amount of di- and trichloramine present in the filter inflow 

is considered to be removed across the GAC filter at any time or inflow concentration 

during the simulations. Contrary to monochloramine, di- and trichloramine were 

assumed to be completely transformed to N2 in the GAC filter as they react with the 

carbon surface according to Equation (6.7) and (6.8) [265, 266, 313]. 

2 NHCl2 + H2O + C* → N2 + 4 H+ + 4 Cl- + C*O (6.7) 

2 NCl3 + 3 H2O + 3 C* → N2 + 6 H+ + 6 Cl- + 3C*O (6.8) 
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6.3 Results and Discussion 

6.3.1 Carbon reactivity and reaction products 

Figure 6.2(A-D) shows the amount of substance of NH4
+ produced and the observed 

reaction rate constant keff over the amount of substance of monochloramine 

degraded at the bench scale GAC filter (Figure 5.1) using filter beds of the 30N, 

K835, Centaur, and 100058 carbon. In agreement with previous findings, keff initially 

decreased until stationary conditions were reached [309], which was after 

0.75 to 1.25 mmol gGAC
-1 of monochloramine reacted (equal to 75 - 125 h of filter run 

time). The reaction rate constants keff at steady state revealed in the following order: 

0.015 s-1 (100058) < 0.016 s-1 (30N) < 0.018 s-1 (K835) < 0.024 s-1 (Centaur). The 

unusual course of keff for the 100058 carbon has been discussed previously (see 

Section 5.3.6) and was explained by a shift in the reaction controlling mechanism, 

which is caused by the inhomogeneous pore size distribution of the 100058 carbon. 

The NH4
+ yield of the considered carbons were derived from the slope of the 

correlation between the amount of substance of NH4
+ produced versus the amount of 

monochloramine removed in the GAC filter column (see Figure 6.2(A-D)). The 

correlation was linear for all GACs indicating that the NH4
+ yield did not change over 

the total course of the reaction. The coefficient of determination (r2) for linear fitting 

ranged among 0.993 to 0.999, giving evidence that the linear regression provides an 

adequate fit to the experimental data. The NH4
+ yields determined for the GACs 

varied within the range of 78.7±3.6 % to 99.5±4.2 %. To access the reliability of the 

measured NH4
+ yields, experiments with the K835 carbon were repeated three times 

(data not shown). Hypothesis testing (p<0.05) showed no significant differences in 

NH4
+ yield among the three repetitions, indicating a satisfying reproducibility of the 

detection method. It should be mentioned here that Fairey et al. (2007) reported a 

NH4
+ yield of 69±11 % for the Centaur carbon in nutrient water [309] while a higher 

NH4
+ yield of 95.8±2.2  % (p < 0.001) was determined in this study. This difference 

could be explained by the different batches of Centaur carbon used in both studies. 

It is assumed that the amount of degraded monochloramine that has not been 

recovered as NH4
+, is transformed to N2 instead (Equation (5.1), (5.2)) [265]. 

LC-OCD-OND analysis confirmed that no other nitrogen containing precursors were 

present in the water samples taken from the tank. The N2 yields were as follows: 

21.3±4.1 % (K835) > 11.6±3.1 % (100058) > 4.2±3.0 % (Centaur)> 0.5±4.7 % (30N). 

Slightly higher values for the N2 yield were reported in previous fixed-bed column 

studies (42 % [266], 23 to 40 % [309] and 27.3 % [313]). Contrary to the findings of 
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6.3.2 Formation of surface oxygen groups 

The amounts of acidic oxygen groups present on the surface of the GACs as 

determined by Boehm titration are shown in Table 6.3. The values are given for the 

fresh GACs and aged GACs as analysed at the end of the FBR experiments. 

Table 6.3: Concentration of acidic oxygen containing groups on the surface of 
the fresh and aged GACs. The standard method deviations were as 
follows: 75 µmol gGAC

-1 (Total), 15 µmol gGAC
-1 (Phenolic),  

76 µmol gGAC
-1 (Lactonic), 55 µmol gGAC

-1 (Carboxylic) (n = 8). 

Carbon Concentration of acidic surface functionalities in µmol gGAC
-1 

Total Phenolic Lactonic Carboxylic 

fresh aged fresh aged fresh aged fresh aged 

30N 1754 2036 0 76 62 155 1696 1805 

K835 1795 2163 51 96 152 212 1592 1855 

Centaur 1926 2166 43 110 105 208 1778 1849 

100058 1728 2092 8 75 51 173 1670 1844 

 
Characterization of fresh carbons 

The fresh carbons comprised total acidic oxidized functionalities in a concentration 

range from 1728 to 1926 µmol gGAC
-1. The majority of acidic oxygen containing 

groups is present as carboxylic groups, while only small amounts of lactonic and 

phenolic groups were present. This composition is typical for activated 

carbons [379-381]. 

The data in Figure 6.3 shows the ζ potential of the fresh GACs 100058, K835, and 

Centaur. It has to be envisaged that the effective effective chemical properties of the 

outer surface of the broken edges of the grinded carbon particles might be different 

from that of the native carbons used in the experiments. Conclusively, the ζ potential 

of the carbons analysed in this study carefully interpreted and critically discussed in 

the following. The data shown in Figure 6.3 indicates that the ζ potential of all 

carbons falls steeply with increasing pH until it remained constant at a pH of ~7 to 9. 

The net negative charge in this pH range could be explained by dissociation of the 

carboxylic groups, which occurs between pH 2 to 6 for activated carbons [372, 382]. 

The fresh 30N carbon has a higher isoelectric point (pHIEP) of ~7.2 when compared to 

the other fresh GACs (pHIEP = ~2). The fact that the 

ζ potential for the 30N carbon crosses the zero potential line indicates that a 

significant amount of groups with basic properties imparts the GAC surface. These 



 

 

basic g

potentia

negativ

neutral 

particle

might h

Figure 

Charac

The am

experim

(10005

al. (197

~1.000

high co

the hi

monoc

the pro

Hypoth

were no

A corr

contain

the cor

0.45 fo

groups how

al at neutr

ve for the 

 for the f

es had bee

have altere

6.3: Z
o
re

cterization 

mounts of 

ments w

58) > 278 µ

74) previo

 µmol gGAC

oncentratio

gher oxid

hloramine 

oportion of

hesis testin

ot significa

relation an

ning surfac

rresponding

r the aged

wever, we

ral pH, as 

fresh GA

fresh 30N 

en ground 

ed their sur

Zeta potent
over the pH
epeated ex

of aged ca

total acid

were as 

µmol gGAC
-1

ously repo

C
-1 when o

on of surfa

dation po

[28]. The 

f carboxylic

ng (p<0.05)

ant. 

nalysis wa

ce groups p

g N2 yield.

 carbons a

ere not qu

it was use

ACs 10005

carbon. I

prior to th

rface´s che

tials of the 
H. Error bar
xperiments

arbons 

dic surface

follows:

 (30N) >

orted an 

oxidizing G

ce oxides 

tential of 

proportion

c groups d

) showed t

as conduc

present on 

 The p-val

and thus, w

114

antified by

d in the fix

58, K835, 

It has to 

he determ

emical prop

fresh carb
rs represe
s. 

e groups f

: 369 µm

> 241 µmo

increase 

GACs with 

found by S

HOCl (

n of pheno

decreased

that differe

cted betw

the surfac

lue for the 

was rated t

y the Boe

xed-bed co

and Centa

be noted,

ination of 

perties. 

bons 10005
nt the stan

formed ov

mol gGAC
-1

ol gGAC
-1

in total 

hypochlor

Snoeyink e

E0 = 1.49 V

olic groups

d by ~7 % 

ences in the

ween the 

ce of the fre

correlation

o be not si

hm titratio

olumn expe

aur (~-60 m

that the 

the zeta-p

 
58, 30N, K
ndard deriv

ver the co

(K835) 

(Centaur).

acidic su

rous acid (

et al. could

V) compa

s increase

(mean va

e amount o

total amo

esh and ox

n was 0.79

ignificant. 

on method

eriments, w

mV) while

activated 

potential. G

K835 and C
vation of th

ourse of th

> 364 µmo

. Snoeyi

urface gro

(HOCl) [29

d be expla

ared to 

ed by ~3 %

alue of all 

of lactonic

ounts of 

xidized GA

9 for the fre

. The ζ 

was net 

e it was 

carbon 

Grinding 

Centaur 
ree 

he FBR 

ol gGAC
-1 

ink et 

oups of  

95]. The 

ained by 

that of 

%, while 

GACs). 

c groups 

oxygen 

ACs and 

esh and 



 

 115

In summary, it can be concluded that GAC surface oxidation by monochloramine 

leads to an increase in the amount of oxygen containing surface groups 

accompanied by a minor change in the composition of acidic oxygen functionalities. 

However, the N2 yield of the monochloramine-GAC was unaffected by the type or 

amount of oxygen containing groups present at the carbon surface. 

 

6.3.3 Impact of HOCl pre-treatment on the N2 yield 

In order to access the effect of HOCl oxidation, filter beds of the fresh K835 and 

Centaur carbon were pre-treated with HOCl prior to determination of the NH4
+ yield of 

the monochloramine-GAC reaction. Figure 8.11 (SI) presents the reactivity of the 

K835 and Centaur carbon for HOCl removal with ongoing reaction time. As for 

monochloramine removal, the carbon reactivity for HOCl removal decreased until keff 

reached a constant value. The stationary first-order reaction rate constants for HOCl 

removal were higher by a factor of ~3 compared to those of monochloramine 

removal. 

Figure 6.4(A,B) shows the reaction rate constant keff and amount of substance of 

NH4
+ produced for the monochloramine-GAC reaction after HOCl pre-treatment. 

Following Equation (5.2), It is hypothesized that the formation of oxygen groups at 

the GAC surface caused by HOCl pre-treatment [295] enhances the transformation 

of monochloramine to N2. However, as being compared to the NH4
+ yield observed 

before the GACs were treated with HOCl (see Figure 6.2(B,C)), the differences 

were -0.5% (K835) and -5.8% (Centaur). With regards to the standard derivation of 

the observed N2 yields, these differences were rated to be not significant. 

Since no change in N2 yield occurred after HOCl treatment, the impact of acidic 

oxygen functionalities present at the carbon surfaces on monochloramine 

transformation to N2 was rated to be negligible. These findings contradict with the 

reaction mechanism reported previously (Equation (5.2)). 
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significance (p = 0.05). The positive correlation coefficient indicated that copper 

promotes monochloramine conversion to N2. Previous batch studies, that support our 

findings, showed that copper catalyses monochloramine decay by direct catalysis of 

Cu(II) and indirect catalysis by formed active radical intermediates. In case of direct 

catalysis, which was found to be the major reaction path [356], monochloramine is 

degraded to dichloramine (Equation (6.9) and (6.10)): 

Cu2+ + NH2Cl → [CuIINH2Cl]2+ (complex) (6.9) 

[CuIINH2Cl]2+ + NH2Cl → NHCl2 + NH3 + Cu2+ (6.10)

Assuming the same process occurring in GACs, dichloramine would be further 

transformed at active surface sites to N2 according to Equation (6.7) [344]. This two-

stage process provides a feasible explanation for the monochloramine transformation 

to N2 found for GACs with a high Cu content. Table 8.3 in the supplementary material 

lists other processes that also could partially have an effect on the observed N2 yield 

of the monochloramine-GAC reaction. Concluding from these findings, the influence 

of other process on the observed N2 yields was rated as negligible. 
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Table 6.4: Elemental analysis of the tested GACs and correlation analysis of the dependency of N2 yield from the elemental 
composition. 

Carbon N2 yield 
in % a 

Elemental analysis  
in g gGAC

-1 
Trace metal concentration 
in µg gGAC

-1 

C N H S Fe Mn Co Ni Cu Rh Pd 

blank  n.d. n.d. n.d. n.d. 8.3 0.05 n.d. n.d. 0.4 n.d. n.d. 

K835 21.3±4.1 86.0±0.0 0.2±0.02 1.2±0.03 0.1±0.00 32±13 8.1±0.3 0.04±0.0 0.9±0.3 14.1±0.4 n.d. 0.004±0.001 

Centaur 4.2±3.0 81.5±4.1 0.7±0.14 1.4±0.03 0.8±0.01 172±50 2.5±0.9 2.2±0.3 9.4±2.9 10.2±2.0 n.d. 0.050±0.005 

30N 0.5±4.7 84.6±0.3 0.3±0.00 0.8±0.02 0.4±0.01 4306±216 90.5±11.2 9.2±1.0 16.0±0.1 6.8±0.3 n.d. 0.083±0.007 

100058 11.6±3.0 96.9±0.0 0.1±0.01 0.5±0.00 1.4±0.03 2483±349 47.5±11.5 1.1±3.5 74.8±0.0 10.9±2.7 n.d. 0.004±0.01 

r 0.32 0.55 0.03 0.26 -0.59 -0.55 -0.80 -0.02 0.95 - -0.89 

p-value 0.68 0.45 0.97 0.74 0.41 0.45 0.20 0.98 0.05 - 0.11 

n.d. …  None detected 
a …  Errors represent the standard deviation 
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6.4 Summary and conclusions 

To degrade hazardous inorganic chloramines (i.e. mono-, di- and trichloramine) in 

swimming pool water and thus, mitigate health risks for the bathers, water treatment 

by GAC filtration is typically applied. A detailed understanding of the reaction of 

GACs with monochloramine, the predominant chloramine species in swimming pools, 

is of particular interest because it is known to be either transformed to ammonium 

(NH4
+), which remains in the aqueous phase and stays available for subsequent 

chlorination and thus, DBP formation, or to nitrogen gas (N2), which leaves the 

aqueous phase. 

In long term fixed-bed experiments, it is shown that the N2 yield of the 

monochloramine-GAC reaction ranged among four commercially available GACs 

between 0.5±4.7 % and 21.3±4.1 %. Contrary to previous findings, it is assumed that 

monochloramine does not undergo a reaction with oxygen groups present at the 

carbon surface forming nitrogen gas. This hypothesis was derived from that fact that 

the amount of oxygen containing groups, especially carboxylic groups, formed by the 

monochloramine-GAC reaction increased with ongoing reaction time while the 

N2 yield of the monochloramine-GAC reaction remained constant. Even after intense 

pre-oxidation of the GAC surface with hypochlorous acid (HOCl), the N2 yield of the 

GAC did not significantly change. 

The observed N2 yield significantly correlated with the copper content of the carbons. 

This facilitates the interpretation that transformation of monochloramine to N2 at 

GACs is a two-stage process, where monochloramine is transformed to dichloramine 

in a first step by direct catalysis at Cu(II). In a secondary step, dichloramine reacts 

further at free active sites at the carbon surface forming N2. It has to be noted here 

that the number of used GAC in this study is very low (n=4) and further experiments 

using carbons with different amounts of Cu immobilized on the carbon surface are 

needed to validate the importance of the Cu content in GACs for the N2 yield. 

Simulations using a simplified numerical swimming pool model showed that 

monochloramine transformation to N2 in GAC filters mitigates the concentration of 

inorganic chloramines and NDMA in the basin. Among the tested GACs, the relative 

reduction related to the scenario without GAC filter ranged between 

0.5 to 2.7 % (inorganic chloramines) and 1.7 to 4.5 % (NDMA) depending on the type 

of GAC used. Model results indicate that the reduction of chloramine and NDMA in 

the pool could be increased by a factor of ~2  if the considered GACs could be 

modified to comprise a N2 yield of ~50 %. 
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7 General conclusions and outlook 

Swimming pool water is continuously circulated in a closed loop between the basin 

and a treatment section that consists of a combination of different treatment steps 

that pool water flows though subsequently. Among others, pool water treatment aims 

to reduce the concentration of harmful disinfection by-products (DBPs) formed by the 

reaction of free chlorine with organic DBP precursors introduced into the basin by 

bathers and filling water. This thesis provides profound knowledge about the potential 

of novel and conventional water treatment technologies to reduce hazardous 

impurities found in pool water. In particular, this thesis contributes to answer the 

following questions: 

(i) To which extend do novel and conventional water treatment technologies 

contribute to the mitigation of DBPs and DBP precursors in swimming pool 

water? 

(ii) Which mechanisms and processes determine the removal of inorganic 

chloramines in granular activated carbon filtration? 

(iii) To which extend does granular activated carbon filtration contribute to the 

mitigation of inorganic chloramines and NDMA in pool water? 

In this chapter the findings regarding every individual research question are 

summarized and final conclusions and recommendations are made at the end of 

each chapter. 

(i) As outlined in Chapter 4, a pilot scale swimming pool model was developed 

that facilitated the comparison of various novel and conventional pool water 

treatment combinations under fully controlled and reproducible operation conditions. 

It has been found that concentrations of organic matter (measured as dissolved 

organic carbon (DOC)) increase with ongoing operation time of a pool followed by a 

stationary phase. It has been found that even a low removal of organic matter across 

the treatment train results in a significant reduction in the stationary concentration of 

organic matter in the basin. Surprisingly, conventional pool water treatment 

employing flocculation, sand filtration with subsequent granular activated carbon 

(GAC) filtration revealed the lowest concentrations of dissolved organic matter 

among the various tested treatment combinations. The good performance of this 

treatment concept was partially related to microbial degradation of organic matter in 

the deeper, chlorine free regions of the GAC filter. In spite of its good removal 

performance, biologically active carbon filters could potentially become contaminated 

by pathogens and even promote their growth in the swimming pool water cycle, thus, 

becoming a potential health issue for bathers. It will be subject to future research to 
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elucidate the applicability of biofilters for pool water treatment under the particular 

light of the microbiological safety. 

Using powdered activated carbon (PAC) as a coating layer on the sand filter instead 

of a separate GAC filter revealed lower DOC removal over the treatment train and 

thus, leads to higher DOC concentrations in the basin. This effect could be explained 

by the low amounts of PAC typically used in pool water treatment. Using UV 

irradiation (low pressure (LP) or medium pressure (MP)) downstream to the filtration 

process (i.e. sand filter or ultrafiltration (UF) membrane) was not capable to 

significantly reduce the concentration of organic precursors in the basin compared to 

combinations using PAC addition instead. 

Several of the treatment combinations examined in this study were capable to 

significantly reduce the concentration of volatile DBPs in pool water. As for the 

concentration of organic precursors, DPB concentrations were the lowest for 

conventional water treatment employing flocculation, sand filtration and subsequent 

GAC filtration. However, the results presented in this study demonstrate that an 

effective removal of DBPs across the treatment train does not necessarily result in 

low DBP concentrations in the pool. These findings raise the importance of the 

reactivity of organic matter towards chlorine and the DBP formation kinetics in the 

basin. The results presented in this study allow the conclusion that UV irradiation 

could, to some extent, induce structural changes of organic matter which result in a 

high reactivity with chlorine and thus, higher DBP concentrations in the basin. 

However, it could not clearly been excluded that UV induced formation of free 

chlorine from combined chlorine supported the additional DBP formation too. Further 

research should aim to validate this assumption. 

Trichloramine is a DBP found in pool water known to cause severe adverse health 

effects. Trichloramine concentrations in the pool model varied only by a factor of 2 

among the different treatment concepts tested (0.11 to 0.24 mg L-1 (as Cl2)) while no 

correlation was observed with urea concentrations (p-value of 0.80). These results 

confirm previous finding by Soltermann et al. (2015), who found a strong correlation 

between the concentration of trichloramine and the level of free chlorine, which was 

held constant in the swimming pool model for all experiments  

(cCl2 = 0.54 ± 0.13 mg L-1 (as Cl2). It is intended that removing trichloramine in the 

treatment train does not compensate for the fast trichloramine formation occurring in 

the swimming pool basin and thus, is not a feasible mitigation strategy. To mitigate 

trichloramine in the pool water it is therefore recommended to reduce free chlorine 

concentrations in pool to the lowest levels permitted by local pool water standards. 
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In this thesis, water treatment technologies are basically compared based on their 

ability to reduce the concentration of chemical parameters such as dissolved organic 

precursors or DBPs. However, future research and on-site surveillance campaigns in 

swimming pools should aim to comprehensively assess pool water treatment using 

both, chemical and toxicological parameters. To this end, there is still the need for 

further evidence of direct links between DBPs found in pool water and health effects 

in human kind. 

(ii) Among all treatment technologies tested in the pool model, activated carbon 

treatment and in particular granular activated carbon filtration (GAC filtration) showed 

the highest removal for inorganic chloramines, which are subject to continuous 

surveillance in German swimming pools. As known from literature, monochloramine 

is the predominant species of inorganic chloramines found in pool water and it is 

removed in GAC filters by a surface reaction rather than by adsorption. In Chapter 5 

it is presented that monochloramine removal in a GAC filter could be described by a 

first order reaction. The activation energy of the heterogeneous reaction ranged 

between 20.4 - 29.8 kJ mol-1 depending on the carbon used and the Thiele Modulus 

was 3.0 – 42.1. These findings indicate that the overall process of monochloramine 

removal in GAC filters is strongly controlled by diffusional processes rather than by 

the intrinsic rate of the chemical reaction. Experiments performed using smaller grain 

size fractions and an increased filter velocity indicated that the overall reactivity is 

limited by diffusional processes in the pore system rather than by film diffusion. Pores 

<~1.3 nm are assumed to be hardly accessible for the monochloramine-GAC 

reaction while a large proportion of mesopores was important to achieve a high 

overall reactivity of the GAC filter for monochloramine removal. Further research is 

needed to find a well-balanced pore size distribution of carbons enabling fast 

diffusion processes for chloramines and thus, high overall reactivities of GAC filters. 

It has been shown experimentally that the monochloramine-GAC reaction starts at 

the grains outer surface and then moves towards the center of the GAC grain leaving 

behind a low reactive carbon shell. This process is called the shrinking-core 

mechanism and explains the increasing diffusion paths of monochloramine in the 

pore system with increasing reaction time. This, in turn, is assumed to be the reason 

for the decreasing reactivity observed at the initial time of filter operation. Based on 

these findings, future research aiming to simulate GAC filtration for chloramine 

reduction in swimming pools could model the initial drop in reactivity of a GAC filter 

based on a mechanistical rather than on an empirical approach. 

(iii) In long term fixed-bed experiments presented in Chapter 6, it is shown that 

monochloramine is transformed in GAC filters to N2 and NH4
+. The ratio of 
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monochloramine degraded and NH4
+ formed in GAC filters is of particular interest 

since the latter is fed back into the pool where it reacts further with free chlorine 

forming hazardous inorganic chloramines again. Thus, monochloramine should be 

transformed to N2 rather than NH4
+ in pool water treatment. Among the different 

commercial GACs tested, the N2 yield of the monochloramine-GAC reaction ranged 

between 0.5±4.7 % to 21.3±4.1 %. Correlations between the amount of oxygen 

containing groups on the surface of GAC particles and the observed N2 yield of the 

monochloramine-GAC reaction were not significant. These findings indicate that 

reaction mechanisms for monochloramine with carbonaceous material proposed in 

previous works could not sufficiently describe the overall process.  

A strong correlation between the copper content of the carbons and the N2 yield was 

found in this work (r = 0.95). The following two-stage transformation pathway of 

monochloramine to N2 at the used GACs has been derived from these findings: (i) 

conversion of monochloramine to dichloramine by direct catalysis via Cu(II) present 

on the carbon surface and (ii) reaction of dichloramine at free active surface sites 

forming N2. Simulations using a simplified numerical swimming pool model showed 

that among the tested GACs, the relative reduction of inorganic chloramines related 

to the scenario without GAC filter ranged between 0.5 to 2.7 %.  

Chloramines were found to react with dimethylamine (DMA) in swimming pool water 

forming highly carcinogenic N-nitrosodimethylamine (NDMA). Thus, reducing the 

level of chloramines in swimming pool water appears to be a suitable strategy to 

mitigate NDMA formation in pools. Simulations showed that among the tested GACs, 

the relative reduction of NDMA related to the scenario without GAC filter ranged 

between 1.7 to 4.5 %. Further, model results indicate that the reduction of 

chloramines and NDMA in the pool could be increased by a factor of ~2 if the 

considered GACs could be modified by Cu coatings to comprise a N2 yield of ~50 %. 

Further studies using carbons with different amounts of Cu immobilized on the 

carbon surface are needed to validate this assumption. As a further step it appears 

meaningful to physically separate the processes of (i) Cu(II) catalysed 

monochloramine transformation to dichloramine and (ii) reduction of dichloramine at 

GACs to N2. By separating these processes, highly specific copper-based catalysts 

with much higher efficiencies for monochloramine transformation compared to copper 

coated activated carbons could be used. 
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8 Supporting Information 

8.1 Supporting Information for Chapter 4 

8.1.1 Operation conditions of different treatment processes used in the swimming 
pool model 

Table 8.1: Operation conditions of different water treatment processes used in 
the swimming pool model. 

Treatment process Operation conditions 

Flocculation - 0.07 g m-³ (as Al) polyaluminium chloride (sand filtration) 
or pre-hydrolysed aluminium chlorohydrate (UF)  
(Dr. Nüsken, Germany) 

- In-line dosing at a flow velocity of ~1 m s-1 

- Dosed 10 s before entering the sand filtera 

- Dosed 40 s before reaching the UF-membraneb 

PAC dosing - In-line dosing of 1.5 g m-3 of a micro porous anthracite 
coal based PAC at a flow velocity of ~1 m s-1 

- Zeta potential of the PAC at pH 7 = -30 mV 

- The PAC suspension was dosed shortly after adding the 
coagulant 

Sand filtration - Glass filter column (dcolumn = 150 mm) 

- 30 m h-1 superficial velocity (empty bed contact 
time = 1.87 min) 

- 1 m filter layer of quartz sand (0.71 - 1.25 mm), 0.2 m 
supporting layer of quartz sand (3.15 - 5.6 mm) 

- 1 m freeboard 

- Manually backwashed in case the pressure loss over the 
bed depth exceeds ~1.0 barc 

Ultrafiltration - Dead-end inside-out driven capillary module with each 
capillary having a diameter of 1.5 mm (Dizzer S1.5 
Multibore, Inge AG) 

- Molecular weight cut-off (MWCO) of the membrane is 
100 kDa 

- Flux = 120 L m-² h-1 

- Automatically backwashed every 240 mind 

GAC filtration - Glass filter column (dcolumn = 150 mm) 

- 30 m h-1 superficial velocity  
(empty bed contact time = 1.87 min) 

- Coconut shell based GAC 

- 1 m filter layer of granular activated carbon  
(d60 = 1.57 mm) 

- 0.2 m supporting layer of quartz sand (3.15 - 5.6 mm) 

- 1 m freeboard 

- Manually backwashed at the same time as the sand filtere 
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(Continuation of Table 8.1) 

Treatment process Operation conditions 

UV irradiation - UV-lamp (LP): 65 mJ cm-2 f,g 

- UV-lamp (MP): 62 mJ cm-2 f,g 

pH adjustment - In-line dosing of either 0.1 mol L-1 H2SO4 or 0.1 mol L-1 
NaOH (VWR, Germany) at the end of the treatment train 

- Feedback controlled dosing to maintain a constant pH at 
the uppermost sampling port of the basin 

Chlorination - In-line dosing of 0.16 mol L-1 NaOCl-solution (VWR, 
Germany) at the end of the treatment train 

- Feedback controlled dosing to maintain a constant 
concentration of free chlorine (0.5 mg L-1 (as Cl2)) at the 
uppermost sampling port of the basin 

a …  As recommended by the German standard DIN 19643 [26]  
b …  As recommended by supplier of the UF-membrane 
c …  Backwashing procedure (according to German DIN 19643 [26]): 

 (i) Discharge of supernatant 
 (ii) Flushing with DOC-free drinking water at 60 m h-1 for t = 3 min 
 (iii) Air scour at 60 m h-1 for t = 5 min 
 (iv) flushing with DOC-free drinking water at 60 m h-1 for t = 5 min 
 (v) Filter to waste filtration at 0.57 m³ h-1 for t = 3 min 

d …  Backwashing procedure (according to manufacturer): 
 (i) Normal backwash: 
  - Backwashing with DOC-free drinking water for t = 60 s at a flux of 230 L m² h-1 

 (ii) Chemical enhanced backwash (according to manufacturer): 
  - After 3 filtration cycles with H2SO4 
  - After 6 filtration cycles with NaOH and H2SO4 

  - After 11 filtration cycles with NaOCl 
  - Backwashing with chemicals for t = 30 s at a flux of 120 L m² h-1 and a subsequent contact  
    phase of t = 5 min  

e …  Backwashing procedure (according to German DIN 19643 [26]): 
 (i) Discharge of supernatant 
 (ii) Air scour at 60 mh-1 for t = 3 min 
 (iii) Settling phase of t = 3 min 
 (iv) Flushing with DOC-free drinking water at 60 mh-1 for t = 6 min 
 (v) Filter to waste filtration at 0.57 m³ h-1 for t = 3 min 

f …  UV dose given for the transmission of the pool water which revealed under  
stationary conditions of Exp. 1 (92±1 % out of 10 mm) 

g …  Calibration performed by the supplier (biodosimetrically determined according to the method described in 
[387]) 
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from stock solutions by dilution in methanol, followed by 2 dilution steps in ultrapure 

water. 

Trichloramine standards were prepared by mixing solutions of ammonium chloride 

and hypochlorous acid (both pH 3.5) at a molar Cl:N ratio of 3:1. A slightly adapted 

version of the method of Soltermann et al. (2014), utilizing a T-mixing system with a 

dual channel peristaltic pump, was used for mixing both solutions [170]. 

Concentrations of the trichloramine solutions were standardized 

spectrophotometrically using a Unicam UV2 200 UV/VIS spectrophotometer (ε336 nm = 

190 mol cm-1, ε360 nm = 126 mol cm-1 [326]). 

Calibration procedure 

Plots of concentrations versus peak abundance for each of the considered DBPs 

were developed at their specific m/z values as they are needed for quantification. M/z 

values used for quantification are described in detail by Weaver et al. (2009) [30]. 

Each of the specific slopes revealed to be linear (data not shown). To consider 

changes in the response behaviour of the MIMS system, the MIMS was recalibrated 

periodically using chloroform standards as described previously by 

Weaver et al. (2009) [30]. The blank signal of each ion was determined previous to 

sample analysis by using deionized water. 

Concentration determination 

Since a mixture of volatile DBPs is ionized in the ionization chamber of the mass 

spectrometer, fragments of all volatile DBPs were measured in the mass spectrum at 

the same time. The concentration of single DBPs was evaluated from the mass 

spectrum according to the slightly modified method described previously by 

Weaver et al. (2011) based on linear algebra [30]. Gaussian error propagation was 

performed for each singe measurement respecting the following variables afflicted 

with errors: response factors, stability of the isotopic patterns, fluctuations of m/z 

signal used for calibration, fluctuations of the base signal. 
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8.2 Supporting information for Chapter 6 

8.2.1 Modelling swimming pool water quality 

8.2.1.1 Hydraulic approach 

A typical swimming pool system consists of a basin, a buffer tank and a treatment 

section [56]. The water flows gravity driven from the basin over a spillway into the 

buffer tank from where it is fed by circulation pumps over the treatment section back 

into the basin. In a recent survey by Cloteaux et al. (2013), the residence time 

characteristics of real swimming pools were found to be very close to that of 

continuous stirred tank reactors (CSTR) [139]. In particular, the authors identified two 

distinct areas in a numerical model of a common vertically flown pool (Vtot = 536 m³), 

one massive recirculation region which occupies half the pool and a second weakly 

agitated part. Both parts were in parallel position to one another. A simplified 

hydraulic model based on two completely stirred reactors (CSTR) with their own 

outlet and exchange flows between them was found to be an appropriate 

representation of the complicated hydraulics in the vertically flown pool [375]. A set of 

hydraulic parameters (a, b, c) defines these exchange flows (see Table 6.2). It must 

be noted here that the system of 2 CSTRs includes the water volume of the buffer 

tank. 

8.2.1.2 Modelling chlorination of ammonia 

Inorganic chloramines (i.e. mono-, di- and trichloramine) are known to be mainly 

formed by the reaction of ammonia with free chlorine, which is predominantly present 

as hypochlorite acid (HOCl) at neutral pool water pH. Ammonia is one of the main 

anthropogenic nitrogen containing precursors introduced into the swimming pool by 

bathers. The widely accepted kinetic model for the formation of inorganic 

chloramines from chlorination of ammonia as proposed by Jafvert et al. (1992) was 

applied in in this study [135]. The chloramination reaction scheme is presented in 

Table 8.2 below. 

8.2.1.3 Modelling chlorination of urea 

Chlorination of urea is known to lead to the formation of NCl3 as end product. 

However, reactions schemes for chlorination of urea have been rarely described in 

the literature. The few studies known suggest that the overall reaction of urea with 

chlorine is very low compared to that of ammonia [136, 192]. The first reaction step of 
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urea chlorination leads to the formation of N-chlorourea and is assumed to be rate 

limiting for the overall reaction (k = 2.35ꞏ104 mol-1 s-1) [136]. The kinetic constants for 

the reactions of chlorourea and its intermediates with chlorine are assumed to be 

significantly faster [136, 376]. 

8.2.1.4 Modelling NDMA formation 

Dimethylamine (DMA) has been found to be an important NDMA precursor in pool 

water, which is mainly introduced by humans. The initial process of NDMA formation 

from DMA has been explained primarily via reactions involving dichloramine [157]. 

The overall NDMA formation occurs slowly within days indicating that systems with 

high hydraulic retention times (i.e. swimming pool facilities) tend to have higher 

NDMA concentrations than those with short contact times [392]. A kinetic model of 

the proposed reaction mechanism has been proposed by Schreiber and Mitch (2006) 

[157] and was implemented in both CSTRs as well (Table 8.2). 



 

 141

Table 8.2: Model reactions used in the simplified numerical pool model. 

No. Stoichiometry Rate constant Rate expression 

Chloramination [135, 393] 

1 HOCl + NH3 → NH2Cl + H2O 4.17ꞏ106 mol-1 s-1 k[NH3][HOCl] 

2 H2O + NH2Cl → HOCl + NH3 2.11ꞏ10-5 s-1 k[NH2Cl] 

3a HOCl + NH2Cl → NHCl2 + H2O 1.50ꞏ102  mol-1 s-1 k[NH2Cl][HOCl] 

4 NHCl2 + H2O → HOCl + NH2Cl 6.39ꞏ10-7 s-1 k[NHCl2] 

5b 2 NH2Cl + H+ → NH4
+ + NHCl2 6.94ꞏ103 mol-1 s-1 k[NH2Cl]2 [H+] 

6 NHCl2 + NH3 → NH2Cl + NH2Cl 6.00ꞏ104 mol-2 s-1 k[NHCl2][NH3][H
+] 

7 NHCl2 + H2O → Ic 1.11ꞏ102 mol-1 s-1 k[NHCl2][OH-] 

8 Ic + NHCl2 → HOCl + productsd 2.78ꞏ104 mol-1 s-1 k[NHCl2][I] 

9 Ic + NH2Cl → productsd 8.33ꞏ103 mol-1 s-1 k[NH2Cl][I] 

10 NH2Cl + NHCl2 → productsd 1.53ꞏ10-2 mol-1 s-1 k[NH2Cl][NHCl2] 

11e HOCl + NHCl2 → NCl3 + H2O 3.18ꞏ109 mol-1 s-1 k[NHCl2][HOCl][OH-] 

12 NHCl2 + NCl3 + 2 H2O → 2 HOCl + productsd 5.56ꞏ1010 mol-2 s-1 k[NHCl2][NCl3][OH-] 

13 NH2Cl + NCl3 +H2O → HOCl + productsd 1.39ꞏ109 mol-2 s-1 k[NH2Cl][NCl3][OH-] 

14f NCl3 + H2O → HOCl + NHCl2 3.20ꞏ10-5 s-1 k[NCl3] 

Urea chlorination [136, 376, 394] 

15 Cl2 + NH2CONH2 → NH2CONHCl + Cl- 2.35ꞏ104 mol-1 s-1 k[Cl2][NH2CONH2] 

16 HOCl + NH2CONHCl → NHClCONHCl + H2O 0.75 mol-1 s-1 k[HOCl][NH2CONHCl] 

17 HOCl + NHClCONHCl → NCl2CONHCl + H2O 7.5 mol-1 s-1 k[HOCl][NHClCONHCl] 

18 HOCl + NCl2CONHCl → NCl2CONCl2 + H2O 7.5 mol-1 s-1 k[HOCl][NCl2CONHCl] 

19 HOCl + NCl2CONCl2 → CO2 + NHCl2 + NCl3 7.5 mol-1 s-1 k[HOCl][NCl2CONCl2] 

20 NCl3 + CO3
2- + H2O → NHCl2 + CO3

2- + HOCl 6.5ꞏ105 

[HCO3
-] [OH-] s-1 

k[NCl3] 

NDMA formation [157] 

21 HOCl + (CH3)2NH → (CH3)2NCl + H2O  6.1ꞏ107 mol-1 s-1 k[HOCl][(CH3)2NH] 

22 (CH3)2NCl + NH4
+ → NH2Cl + (CH3)2NH2

+ 5.8ꞏ10-3 mol-1 s-1 k[(CH3)2NH2][NH2Cl] 

23 NH2Cl + (CH3)2NH → (CH3)2NNH2 + H+ + Cl- 8.1ꞏ10-2 mol-1 s-1 k[NH2Cl][(CH3)2NH] 

24 NH3 + (CH3)2NCl → (CH3)2NNH2 + H+ + Cl- 4.9ꞏ10-3 mol-1 s-1 k[NH3][(CH3)2NCl] 

25 NHCl2 + (CH3)2NH → (CH3)2NNHCl + H+ + Cl- 52 mol-1 s-1 k[NHCl2][(CH3)2NH] 

26 NHCl2 + (CH3)2NNH2 → (CH3)2NH + productsc 4.5 mol-1 s-1 k[NHCl2][(CH3)2NNH2] 

27 NHCl2 + (CH3)2NNHCl → productsc 7.5ꞏ10-1 mol-1 s-1 k[NHCl2][(CH3)2NNHCl] 

28g O2 + (CH3)2NNHCl → (CH3)2NNO + HOCl 1.4 mol-1 s-1 k[O2][(CH3)2NNHCl] 
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Continuation of Table 8.2 

No. Stoichiometry Equilibrium constant 

Acid-/Base Speciation [27, 130]  

E.1 HOCl ↔ OCl- + H+   pKa = 7.5 mol-1 s-1 

E.2 NH4
+ ↔ NH3 + H+   pKa = 9.3 mol-1 s-1 

E.3 CO2 + H2O ↔ HCO3
- + H+   pKa = 6.4 mol-1 s-1 

E.4 HCO3
- ↔ CO3

2- + H+   pKa = 10.3 mol-1 s-1 

E.5 (CH3)2NH2
+ ↔ (CH3)2NH + H+   pKa = 10.7 mol-1 s-1 

E.6 (CH3)2NHNH2
+ ↔ (CH3)2NNH2 + H+   pKa = 7.2 s-1 

a …  Rate constant taken from [393] 
b …  Acid catalysis by H2CO3 (k = 0.75 mol-2 s-1) and HCO3

- (k = 2.0ꞏ10-3 mol-2 s-1) was also respected (It is 
assumed that the concentration of HCO3

- in pool water equals the amount of acid capacity with sufficient 
accuracy. In this study, the pool waters’ acid capacity is assumed to be constant at 0.35 mmol L-1, which 
equals the maximum allowed value of the acid capacity to pH 4.3 according to DIN 19643 [56]. At pH 7, 
the concentration of CO3

2- and H2CO3 is assumed to be zero.) 
c …  Unidentified intermediate 
d …  Products may include N2, NO3

-, H2O, Cl-, H+ and other unidentified reaction products 
e …  Base catalysis by OCl- (k = 5.0ꞏ104 mol-2 s-1) was also respected (all rate constants of reaction 11 

represent the low end of values given by [324]) 
f …  Base catalysis by OH- (k = 18.8 mol-1 s-1) was also respected 
g … The concentration of dissolved oxygen was assumed to be constant at 8 mg L-1 

 

8.2.2 Assessing the role of other processes possibly affecting the observed N2 yield 

Table 8.3: Accession of other processes possibly affecting the observed 
N2 yield of the monochloramine-GAC reaction in the FBR-system. 

Process Relevance 

Adsorptive removal of 
NH4

+ in the GAC filter 
[311, 395, 396] 

negligible Due to the nonpolar surface chemistry of activated 
carbons, absorptivity for ammonium is reported to 
be very poor [248, 249]. 

At the end of the FBR experiments (see Figure 6.2), 
a theoretical ammonium loading qe of the bench 
scale GAC filter of 0.001 to 0.053 mmol gGAC

-1 was 
roughly estimated. This loading equals 
~0.02 to 3.5 % of the measured amount of 
ammonium formed from monochloramine 
transformation (~1.2 – 1.5 mmol gGAC

-1), which is 
negligible considering the observed errors of the 
NH4

+ yield reported (2.2 to 4.2 %). 

The adsorbed amount of ammonium was calculated 
using the Freundlich isotherm equationa. 
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Fairey et al. (2007) [309], Kim (1977) [313] and Scaramelli et al. (1977) [266] 

(Table 8.4). 

Table 8.4: Literature data sets of reaction rate constants and N2 yield for various 
GACs. 

Name Raw material Operation conditions Rate 
constant 

N2 yield Ref. 

F400 Coal-based 
 

vbed = 6.1 m h-1 

zbed = 15 cm 

T = 23 ± 3 °C 

cbed,in = 2 mg L-1 (as Cl2) 

0.026 s-1 

 

23 % 

 

[309] 

F600 Coal-based see F400 (above) 0.028 s-1 31 % [309] 

F400 Coal-based vbed = 7.6 m h-1 

zbed = 6.7 cm 

T = b 

cbed,in = 18 mg L-1 (as Cl2) 

0.030 s-1 27.3 % [313] 

Sca_01a Coal-based  
(dp = 0.12 mm) 

vbed = 21 m h-1 

zbed = 140 cm 

T = 20 - 23 °C 

cbed,in = 63.8 mg L-1 (as Cl2)

0.006 s-1 42 % [266] 

Sca_02a Coal-based 
(dp = 0.05 mm) 

 

see Sca_01 0.009 s-1 42 % [266] 

30N Anthracite coal vbed = 44.1 m h-1 

zbed = 3.53 cm 

T = 30 °C 

cbed,in = 4.5 mg L-1 (as Cl2) 

0.016 s-1 0.5 % c 

K835 Coconut shell see 30N 0.018 s-1 21.3 % c 

Centaur Bituminous coal see 30N 0.024 s-1 4.4 % c 

100058 Polymer-based 
spheres 

see 30N 0.015 s-1 11.6 % c 

a …  Abbreviation chosen by the authors since no producer or name of the carbon has been provided in the 
corresponding reference 

b …  Not determined 
c …  This study  
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9 List of abbreviations, symbols and Greek symbols 

Abbreviations 

BB Building Blocks 

BFA Body fluid analogue 

CHN Carbon, hydrogen and nitrogen (analyser) 

CSTR1, CSTR2 

 Completely mixed reactors 1 and 2 

DBP Disinfection by-products 

DMA Dimethylamine 

DON Dissolved organic nitrogen 

DOC Dissolved organic carbon 

EBCT Empty bed contact time 

FCM Flow cytometry 

FBR Fixed bed reactor 

GAC Granular activated carbon 

HA Humic acid 

HS Humic substances 

ICP-MS Inductively coupled plasma mass spectrometry 

LC-OCD-OND-UVD 

 Liquid chromatography with organic carbon, organic nitrogen und UV 

  detection 
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LMW Low molecular weight 

MCA Monochloramine 

MF Microfiltration 

MIMS Membrane inlet mass spectrometry 

MWCO Molecular weight cut-off 

NDMA N-Nitrosodimethylamine 

NPOC Non purgeable organic carbon 

OM Organic matter 

PAC Powdered activated carbon 

PCM Progressive Conversion Model 

PSD Pore size distribution 

QSDFT Quenched solid density functional theory 

SCM Shrinking-Core Model 

SEM Scanning Electron Microscopy 

SUVA Specific UV absorbance 

TTHM Total Trihalomethanes 

UV(LP) Low pressue UV irradiation 

UV(MP) Medium pressure UV irradiation 

UF Ultrafiltration 
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Symbols 

a, b, c Hydraulic parameters of the simplified pool model (dimensionless) 

Ap Total surface area of a pool basin (m²) 

ab Specific surface area that a bather makes use of during his activities in 

 the pool (m² bather-1) 

ao bed volume specific outer surface area (m² m-³) 

ca,i Aqueous concentration of substance i in the pool model (mg L-1) 

cbed,in  MCA in-flow concentrations of a GAC filter (mg L-1 as Cl2) 

cbed,out MCA out-flow concentrations of a GAC filter (mg L-1 as Cl2) 

ci,1, ci,2 Variable concentrations of substances i in CSTR 1 and CSTR 2  (mg L-1) 

ci,cir Variable concentrations of substances i in the circulated water flow of the 

pool model (mg L-1) 

cst Concentration of the monochloramine stock solution (mg L-1 as Cl2) 

Dbulk,MCA Bulk diffusion coefficient of MCA in water (m² s-1) 

DE,MCA Effective diffusion coefficient of MCA in the pore system of a GAC grain 

(m² s-1) 

dhy Hydraulic diameter (m) 

dMCA Minimal pore diameter of a GAC that is still accessible for a MCA 

molecule (nm) 

dmstock dt-1 Time dependent mass loss of the MCA stock solution (g s-1) 

dp,i Pore diameter of pore size i (nm) 

dgrain,I Grain size i (mm) 
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dhy Hydraulic diameter (mm) 

dpore,i Pore diameter of pore size i (nm) 

E0 Standard electrode potential (V) 

EA Activation energy (J mol-1) 

FNH4+,b, Furea,b and FDMA,b 

 Amount of ammonium, urea and DMA introduced into the pool by the 

 bather (mg h-1) 

FNH4+,f, Furea,f and FDMA,f 

 Amount of ammonium, urea and DMA introduced into the pool by fresh 

 water (mg h-1) 

keff Observable pseudo first order reaction rate constant (s-1) 

keff,a Pseudo first order reaction rate constant normalized by the specific outer 

surface ao of the GAC in the filter bed (m s-1) 

k0 Frequency factor (s-1) 

kf  Mass transfer coefficient of MCA through the laminar film layer (m s-1) 

KiH Henry’s law constant (mol m-3 Pa−1) 

kt Specific loading factor of a swimming pool 

 (equals the maximum amount of bathers permitted to enter the pool per 

 cubic meter of treated pool water) (m-3) 

L Diffusion path length within the adsorbent (m) 

Nb Maximum allowed attendance rate of bathers entering the pool (h-1) 

nb Frequency factor for bathers entering the pool (typically taken as 1 h-1) 

pi Vapour pressure of substance i (Pa) 

Q Volumetric fluid flow rate (L s-1) 
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Qbed Volumetric fluid flow through a GAC bed (L s-1) 

Qex External water inlet (fresh water, urea and sweat) (L s-1) 

qi Mass fraction of the corresponding mean grain size i 

Qst Volumetric dosing rate of a MCA stock solution (L s-1) 

Qcirc Circulation rate of a swimming pool (L s-1) 

Re Reynolds number (dimensionless) 

R0 Universal gas constant (R = 8.314 J K-1 mol-1) 

Rsys Time dependent loss of MCA in the system without GAC filter 

 (mg s-1 as Cl2) 

Sc Schmidt number (dimensionless) 

Sh Sherwood number (dimensionless) 

ShE Sherwood number in the transient region between laminar and turbulent 

 interfacial flow (dimensionless) 

T Temperature (K) 

td Dead time (s) 

tEBCT Empty bed contact time (EBCT) (s) 

Vbed Bed volume (L) 

vbed Superficial filter velocity (m s-1) 

Vsys Water volume in the FBR system (L) 

zbed Bed depth (m) 

Greek symbols 



 

 151

ε Molar absorption coefficient (mol-1 cm-1) 

ζ ζ-potential (mV) 

η Effectiveness factor of a heterogeneous reaction (dimensionless) 

ρstock(T) Temperature dependent density of a MCA stock solution  

 (g L-1) 

ρbed Bulk density (dry) (g L-1) 

ρgrain Density of the carbon grains (dry) (g L-1) 

ρst(T) Temperature dependent density of a monochloramine stock                   

 solution (g L-1) 

τ Tortuosity factor of a GAC (dimensionless) 

Φ Thiele modulus of a heterogeneous reaction (dimensionless) 

ψ Dimensionless correction factor accounting for the non-spherical form of 

 GACs (dimensionless) 
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