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EXECUTIVE SUMMARY 
 

Polyelectrolytes are organic polymers used in the water treatment coagulation process, and are 
becoming increasingly important as some water treatment plant operators move away from the use of 
inorganic metal based coagulants, such as alum. Poly(diallyldimethylammonium chloride) based 
polyelectrolytes (polyDADMACs) are the main polymers used as primary coagulants. There is some 
concern over the health effects of residual polyelectrolytes and associated contaminants in finished 
water. There is also the potential for residual polymers to react with disinfectants and contribute to 
disinfection by-product (DBP) formation. The CRC recognised this as an area requiring further 
investigation, and through this study sought to gain insight into the possible contribution of 
polyDADMACs to DBP formation. 

The aim of the work presented here was to determine some of the major DBPs generated from the 
reaction of a commercial polyDADMAC with chlorine, ozone and a combination of chlorine and ozone. 
The impact of the presence of bromide on ozonation by-products was also investigated. This research 
employed an extensive range of analytical techniques to detect DBPs, including standard tests for 
compounds such as trihalomethanes (THMs), haloacetic acids (HAAs) and adsorbable organic halide 
(AOX). More sophisticated techniques such as closed loop stripping analysis and purge and trap - gas 
chromatography - mass spectrometry (GC-MS) were also employed. 

The results indicated that chlorination of the polymer produced very few DBPs, with minimal AOX and 
THM formation, a result supported by other workers. However, ozonation of the polymer resulted in 
formation of significant levels of aldehydes and ketoacids, as well as a series of disinfection by-
products, tentatively identified as di-keto acids.  

Ozonation of polyDADMAC in the presence of bromide resulted in the formation of significant AOX, 
brominated THMs and HAAs. Traces of a compound tentatively identified as dibromoethene was also 
identified. 

Chlorination of pre-ozonated solutions of polyDADMAC resulted in a dramatic increase in THMs, 
HAAs and AOX levels. Of particular concern was the unusually high level of the potential carcinogen 
trichloronitromethane produced under these conditions. Dichloroethene was also detected. 

This study demonstrates that under certain conditions, residual polyDADMAC may contribute to the 
production of some DBPs highlighted in the NH&MRC drinking water guidelines, including THMs, 
HAAs and trichloronitromethane. It should be noted that in this study, elevated levels of oxidants were 
applied to emphasise DBP formation. Under each of the oxidation regimes trialed, the halogenated 
DBPs that were identified accounted for only a fraction of the total AOX measured, implying that a 
large portion of the disinfection by-products could not be detected by the analytical techniques used. 
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1 INTRODUCTION 
1.1 Background 

Polyelectrolytes are organic polymers used in water and waste water treatment to enhance the 
coagulation and/or flocculation process. For drinking water treatment, they are either used in 
conjunction with inorganic coagulants such as alum, or alone as primary coagulants. Benefits arising 
from polyelectrolyte use may include enhanced coagulation/flocculation and floc strength, reduced 
chemical usage and reduced waste generation. Furthermore, alum or other inorganic coagulant 
dosages may be decreased or eliminated, which may lead to lower levels of residual metals in the 
finished water. These benefits, among others, have made polyelectrolytes a widespread and useful 
addition to the water treatment plant operator’s arsenal. 

Although polyelectrolytes have been in use for decades, concern remains over the potential health 
implications of residual polymers in finished water. As low levels of these polyelectrolytes are very 
difficult to quantify, polymer residual levels are usually not known. This accentuates the uncertainty 
and concern with polyelectrolyte use, and makes any assessment of their potential health impact very 
difficult. Contaminants such as monomers and other impurities from the manufacturing process may 
also be present in commercial polyelectrolyte products (Letterman and Pero 1990). In addition to the 
possible impact of residual polyelectrolytes and their associated contaminants, the reaction products 
of these compounds and oxidants during pretreatment or disinfection is another area for concern, 
which has not been fully explored. 

The Co-operative Research Centre for Water Quality and Treatment identified residual polyelectrolyte 
detection as an area in need of further research. Subsequent work with fluorescently tagged 
polyelectrolytes revealed that polyelectrolyte residual may be considerable in some cases (Eldridge 
and Bennett 1999). The need therefore arose for research into the contribution of residual 
polyelectrolytes to DBPs in finished water, as the literature revealed little work had been carried out in 
this area.  

 

1.2 Literature Review 

1.2.1 General 

There are two classes of synthetic polyelectrolyte products approved for use in Australia: 
poly(diallyldimethylammonium chloride) based (polyDADMACs) and polyacrylamides. Figures 1 and 2 
show the generalised structure of the polymers and their basic monomer units.  

Polyacrylamides can be anionic, cationic or non-ionic, and vary widely in structure, charge density and 
molecular weight. Polyacrylamides are more often used as flocculant or coagulant aids. Their charge 
properties are determined by copolymerisation with other charged monomers or by modification of the 
amide group. 

PolyDADMACs are exclusively cationic with maximum charge density, are often used as primary 
coagulants and generally used at higher dose rates than polyacrylamides. Another sub-class of these 
two polymers is the DADMAC-acrylamide copolymers, which have a higher molecular weight and 
lower charge density than polyDADMAC. These were not considered in this study, although it is 
reasonable to assume the DBP and contaminant aspects will be a combination of both types of 
products. 
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Figure 1. Generalised structure of polyacrylamide (1) and acrylamide (2) 

 

 

 

 

            1         2 

Figure 2. Generalised structure of polyDADMAC (1) and DADMAC (2) 

 

1.2.2 PolyDADMAC 

Contaminants that may be found in polyDADMAC products as a result of the manufacturing process 
include the DADMAC monomer, dimethylamine, allylchloride and 5-hexenal (Letterman and Pero 
1990). Of these compounds, DADMAC is likely to be present in the highest concentration. 

In contrast to polyacrylamide, the toxicity of the DADMAC monomer is less than that of the polymer 
(Singh 1985). DADMAC has a LD50 (mouse) of 7100 mg/kg, while the polymer has an LD50 of 1720 
mg/kg (Sigma-Aldrich MSDS). The American National Standards Institute/American Water Works 
Association Standard B451-92 (ANSI/AWWA 1998a) stipulates a maximum DADMAC content of 5.0% 
of active product weight. The National Health and Medical Research Council recommends a maximum 
DADMAC content of 2%, and a maximum polyDADMAC dose rate of 10 mg/L. This equates to a 
maximum residual monomer level of 0.2 mg/L (NH&MRC, 1982). A survey of various polyDADMAC 
products revealed that most products available in this country satisfied the 2% DADMAC criterion 
(Donati 1992). It has been demonstrated that cationic polyelectrolytes have a higher toxicity toward 
aquatic organisms than non- or anionic products. PolyDADMAC products were among those 
producing the most severe short and long-term effects on all organisms tested. The greater toxicity of 
the cationic polyelectrolytes toward aquatic organisms was attributed to the adsorption of the polymer 
onto anionic cell and organ surfaces, inhibiting vital functions (Beim and Beim 1994). 

 
1.2.1.1 Reaction of polyDADMACs and oxidants 

In a study by Kaiser and Lawrence (1977), a polyDADMAC product was found to have a 
trihalomethane formation potential (THMFP) up to 1.5 µg/L at 10 mg/L polyelectrolyte dose and 24 
hour exposure to chlorine. THMFP increased significantly when UV radiation was used in conjuction 
with chlorine (simulating an open, chlorinated storage tank), with up to 7.9 µg/L chloroform produced 
from 10 mg/L polyelectrolyte solution and one hour of photoactivation. Amy and Chadik (1983) in a 
study of four different commercial polyelectrolytes determined the THMFP of one polyDADMAC based 
polymer to be 3.0 µg CHCl3/mg of polymer at a chlorine to TOC ratio of 5:1 over 96 hours. No DBPs 
beside THMs were examined.  

Chang et al. (1999) reported the effect of polyDADMAC on chlorinated DBPs. The chlorine demand 
and THM production of both the monomer and the polymer were determined.  A 50 mg/L 
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polyDADMAC solution was determined to have a chlorine demand of 3 mg/L, while the monomer at 
the same concentration had a demand of less than 0.1 mg/L. PolyDADMAC produced 50 µg/L of 
chloroform over a period of 170 hours. The production of chloroform was linear with the chlorine 
demand up to a point, where the chloroform production increased from 30 µg/L to 50 µg/L, with no 
increase in chlorine demand.  The authors postulated that until that point, the chloroform was being 
produced from the polymer, and thereafter was produced from secondary, more reactive by-products 
of the polymer.  Chloroform production was decreased by increasing the ionic strength of the solution, 
and by decreasing the pH. An increase in the ambient UV light intensity resulted in an increase in 
chloroform production, supporting the findings of Kaiser and Lawrence (1975). The increase in 
chloroform production was attributed to the conversion of chlorine to more reactive free chlorine 
radicals by the UV radiation. Again no other DBPs besides THMs were examined. 

Child et al. (1991) found that the chlorination of a polyDADMAC product may be the source of the 
mammalian carcinogen N-nitrosodimethylamine (NDMA) which was found in a small Canadian 
community’s treated water. The Canadian Guideline for NDMA at the time was 9 ng/L (the analytical 
detection limit), and the pollutant is normally considered to be a result of industrial contamination. 
However, it was found that when a highly concentrated solution of polyDADMAC (5000 mg/L) was 
treated with hypochlorite (1.5 mg/L) over 20 hours, a significant amount of this compound was 
produced (56 ng /L). No NDMA was detected when both polymer and hypochlorite were in the low 
mg/L range. Subsequent reports appeared which revealed NDMA continued to be generated in the 
treatment process even after the use of polyDADMAC was discontinued (Jobb et al.1993). The focus 
then moved away from the polyelectrolyte to other precursors in the raw water, such as dimethylamine 
and a fungicide, thiram. The latter was identified as a potent NDMA precursor under simulated plant 
conditions. (Graham et al. 1996a,b). No further studies were found in the literature regarding the 
production of NDMA from the chlorination of polyDADMAC, and it appears the issue has not yet been 
fully explored. This example also highlights the potential for certain DBPs to have health and 
regulatory consequences at the nanogram per litre level, as opposed to the microgram per litre levels 
normally considered significant for most regulated DBPs. 

Fielding et al. (1999) conducted a range of DBP analyses on ozonated and chlorinated polyDADMAC 
and polyacrylamide polymers, among other types of polyelectrolytes. No significant chlorination DBPs 
were detected after chlorination of polyDADMAC, however, ozonation of a 2 mg/L polyDADMAC 
solution produced low levels of aldehydes including formaldehyde, glyoxal and methyl glyoxal. Some 
glyoxylic acid and pyruvic acid was also detected. Low levels of dimethylamine were detected in 
ozonated polymer solution. This was the only publication found in the literature describing ozonation of 
a polyDADMAC product. 

 
1.2.3 Polyacrylamides 

Polyacrylamides are used at lower concentrations than polyDADMAC polymers, with a maximum 
permissible dose of 1 mg/L stipulated in the ANSI/AWWA Standard (1998b). Acrylamide monomer is 
an irritant and central nervous system toxin, and is considered to be more toxic than polyacrylamide. 
The limits of polyacrylamide use are therefore based around the level of monomer. ANSI/AWWA and 
the NH&MRC (1979) have set the maximum permissible monomer content at 0.05% of the active 
polymer. Under these regulations, a product used at the maximum allowable dose would result in a 
maximum acrylamide contamination of 500 ng/L, the maximum limit specified by the World Health 
Organisation. In the United Kingdom, the maximum polyacrylamide dose rate is 0.5 mg/L and the 
maximum acrylamide content set at 0.025%, corresponding to a maximum possible acrylamide 
concentration of 125 ng/L. (Drinking Water Inspectorate 1998). Other contaminants, which may be 
present as a result of the manufacturing process or impurities in the starting materials, include other 
monomers (eg. acrylate) and hydroxypropionitrile, a by-product from the monomer synthesis 
(Letterman and Pero 1990). 

 
1.2.3.1 Reaction of polyacrylamides and oxidants 

The information available on the DBPs from polyacrylamides far outweighs that on polyDADMAC. 
THM production from the chlorination of polyacrylamides has been noted by a number of authors 
(Fiege 1980, Kaiser and Lawrence 1977, Mallevialle et al. 1984, Aizawa et al. 1991), and ozonation 
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work has also been conducted (Suzuki et al. 1978a, b, Suzuki et al. 1979, Soponkanaporn et al. 1987, 
Mallevialle et al. 1984). Some of this work is discussed below. 

Mallevialle et al. (1984) treated a polyacrylamide and known contaminants of the commercial products 
such as acrylamide, acrylic acid and hydroxypropionitrile with ozone and chlorine. They concluded that 
the polymer is resistant to chlorine, and that most of the chloroform production may result from the 
impurities acrylamide and acrylic acid.  An increase in total organic halide (TOX) was found with 
chlorination, which could not be accounted for by the small amount of chloroform produced. The 
polymer was found to rapidly deteriorate upon ozonation, as monitored by gel permeation 
chromatography.  

Aizawa et al. (1991) found that the effectiveness of a polyacrylamide as a coagulant aid was reduced 
after chlorination, as may occur when raw water is prechlorinated. This was attributed to the oxidation 
of the polymer and to a reduction in the molecular weight. They also noted that THMs were only a 
small proportion of the total TOX formation.  To determine how TOX was distributed, the chlorinated 
polymer was fractionated by ultra filtration, revealing that the majority of the chlorinated polymer had 
an apparent molecular weight of less than 1 kDa after 24 hours reaction time. In addition, the TOX 
formation potential was found greatest at high pH. The major DBPs from the chlorination of acrylamide 
monomer were found to be 2,3-dichloropropionic acid and monochloroacrylic acid. 

Saponkanaporn et al. (1987) utilised size exclusion chromatography (SEC) to gain information on 
degradation of a cationic polyacrylamide by chlorine, ozone, biological processes and age.  Ozonation 
and chlorination degradation was found to be greater at pH 9 than at pH 3. Chlorination at higher pH 
produced the higher chloroform levels. They found greater chloroform production when chlorination 
was combined with UV irradiation.  The chloroform production plateau was found to be 15 days, and 
may be linked to chlorination of the age breakdown products of the polymer.  

 
1.3 Project Approach 

1.3.1 Experimental design 

From the literature reviews it was apparent that the following aspects were in need of further research: 

• Identification of chlorination DBPs of polyDADMAC other than THMs 

• DBPs from ozonation of polyDADMAC  

• Molecular weight distribution studies of oxidised polyDADMAC 

• Mixed oxidation regimes - eg ozonation of polyDADMAC followed by chlorination.  

1.3.1.1 Chlorinated disinfection by-products 
The acronym “DBP” is often used in reference to the conventional or regulated by-products derived 
from natural organic matter (NOM), such as THMs or haloacetic acids (HAAs). When looking at the 
potential by-products of polyelectrolytes, quite different by-products may be formed due to the different 
structures of the precursors. The methods closed loop stripping analysis gas chromatography mass 
spectrometry (CLSA / GC-MS) and base-neutral/acid liquid–liquid extraction / GC-MS (LLE / GC-MS) 
were chosen to identify low molecular weight volatile-semivolatile organic compounds in the nanogram 
to microgram per litre range. Purge and trap GC-MS is a technique used to monitor volatile-
semivolatile compounds in water. Although it is less sensitive than CLSA, it is a highly automated and 
relatively simple analysis. The instrumentation for this analysis became available in the latter half of 
the experimental phase. The “conventional” DBPs THMs, HAAs and the EPA method 551 analytes 
(chloropicrin, haloacetonitriles, chloral hydrate and chloroacetones) were also included in the suite of 
analyses. General structures of these analytes are shown in Figure 3. 
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trichloroacetic acid   chloral hydrate  1,1,1-trichloroacetone 

 

 

chloropicrin      trichloroacetonitrile 

Figure 3. Structures of selected disinfection by-products 

The above methods were not capable of detecting any highly polar or ionic by-products, such as 
chlorinated monomer or polymeric material. Non-specific methods were selected to monitor the 
general character of the polymer solutions, including adsorbable organic halide (AOX), ultraviolet-
visible spectroscopy (UV-vis) and dissolved organic carbon (DOC).  

The consumption/degradation of polyacrylamide has been monitored using high performance size 
exclusion chromatography (HP-SEC) by some workers (Mallevialle et al. 1984, Soponkanaporn et 
al.1987, Suzuki et al.1978a). No analogous studies of the molecular weight distribution of oxidised 
polyDADMAC were found in the literature. Work in this area could not be carried out in this project as 
the equipment necessary for SEC analysis of polyDADMAC was not available. 

Ames testing (modified) and cytotoxicity testing were also included in the suite of tests. These were 
included to give an indication of water quality from a biological perspective. The Ames test is designed 
to monitor and identify possible genetic mutagens. The method used in this study was a modified 
Ames test, using fewer stains of test organisms than the full method. This method, along with 
cytotoxicity testing, is part of the testing procedure for Australian Standard AS4020 (Products for use 
in Contact with Water Intended for Human Consumption With Regard to Their Effect on the Quality of 
Water). Ames testing has been adopted by other researchers for monitoring of mutagenic ozone and 
chlorine DBPs of polyacrylamides, acrylamide and acrylic acid (Mallevialle et al. 1984), however no 
Ames or cytotoxicity test data on oxidised polyDADMAC was found in the literature.  

To monitor any changes in the polymer nitrogen, the polymer and oxidised polymer were analysed for 
total Kjeldahl nitrogen (TKN), oxidised nitrogen (OxN) and ammonia. 

 
1.3.1.2 Ozonation disinfection by-products 

Aldehydes and keto acids are DBPs formed from the ozonation of NOM, and were included in the 
series of tests conducted on ozonated polymer. These polar compounds are derivatised with 
pentafluorbenzyl hydroxyl amine (PFBHA) to form non-polar, solvent extractable PFB oximes, which 
are then quantified by GC-ECD (Figure 4). 

To identify unknown carbonyl compounds, the PFBHA-solid phase extraction method (PFBHA-SPE) 
introduced by Glaze and Weinberg (1993) was used. This involves PFBHA derivatisation of a 250ml 
sample and concentration of the oximes using an SPE cartridge. The eluted oximes were analysed by 
GC-MS, allowing qualitative identification of low levels of carbonyl DBPs. 

Ozonated polymer solution was analysed for DOC, UV, nitrogen species, CLSA / GC-MS, LLE-GC-
MS, Ames testing and cytotoxicity. 

Table 1 summarises the classes of DBPs targeted and the analyses selected for both chlorination and 
ozonation experiments. Not all classes of DBPs were determined with each experiment. 
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Aldehydes 

 

 

Ketoaldehydes 

 

 

Ketoacids 

 

 

 

 

Figure 4. Generalised carbonyl compound structures and their derivatives 

Table 1. Summary of DBPs and analyses 

 
Classes of Disinfection By-products 

 
 

Conventional low molecular 
weight organic compounds 

 
Unknown low 
molecular weight 
organic compounds 

 
High molecular 
weight/ionic/highly polar 
intractable compounds 

 
THMs 

 
CLSA / GC-MS 

 
DOC / UV 

HAAs LLE / GC-MS AOX 
DBP 551s PFBHA-SPE / GC-

MS 
cytotoxicity testing 

aldehydes and ketoacids Purge and trap/GC-
MS 

Ames testing 

  nitrogen speciation 
 

2 MATERIALS AND METHODS 

2.1 Experimental  

2.1.1 General 

The polymer used in this work was a commercial polyDADMAC product containing 40% active 
polymer in aqueous solution (Ciba, LT-35). Diallyldimethylammonium chloride monomer was obtained 
from Wako Pure Chemicals Ltd (Japan) as a 70% aqueous solution. A 20 mg/mL polymer or monomer 
stock solution was prepared prior to each experiment. 
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Reagent water was prepared using a Milli-Q system (Millipore Corporation, USA). Solvents, reagents 
and chemical standards used were all of analytical grade. 

Ultraviolet-visible spectra were measured using a GBC UV/Vis 918 spectrophotometer with 1cm 
quartz cells, from 190-800 nm.  

 
2.1.2 Chlorination procedure 

The chlorine stock solution was prepared by either dilution of hypochlorite solution and adjusting to pH 
3 (concentration ~1000 mg Cl2/L) or by bubbling chlorine gas through Milli-Q water (concentration 
1000-5000 mg Cl2/L). Exact stock chlorine concentrations were determined by chlorine residual 
measurements using the method outlined in 2.2.1. 

The polymer or monomer solution (10 mg/L) was made by direct addition of the 20 mg/mL polymer 
stock to 2.25 or 4.25L amber glass bottles with teflon lined screw caps. To achieve pH 7 a 
predetermined volume of sodium hydroxide solution was added to the solutions prior to the addition of 
the chlorine stock. After 24 hours in the dark, the samples were divided into separate aliquots and 
quenched with sodium thiosulphate, sodium suphite or ammonium chloride according to the analytical 
method employed. Sodium sulphite was used in a stoichiometric amount (0.1 ml of a 17.7 g/L sodium 
sulphite solution to quench 1 mg chlorine) in an attempt to minimise the degradation of by-products by 
excess sulphite ion. 

 
2.1.3 Ozonation procedure 

Ozone gas was generated with an Ozonia LN-103 ozone generator using oxygen as the supply gas. A 
semi-batch method of ozonation was used, i.e. the ozone/oxygen gas was bubbled directly through 
the polymer or monomer solution. 

The contactor vessel was a Pyrex bottle with a modified Quickfit lid, fitted with an inlet and exhaust 
ozone gas tubes (Figure 5). The total sample capacity was 6.0 L. Polymer solutions were made in this 
contactor by addition of polymer stock (3 ml of a 20 mg/mL solution) and diluted to 6 L. pH 
adjustments were made by addition of sodium hydroxide solution (1M) or hydrochloric acid solution 
(1M). 

For experiments requiring bromide, potassium bromide stock solution (1.0 mL of an 8.9 mg/mL KBr 
solution) was added to the 6 L polymer solution prior to ozonation, resulting in an overall bromide 
concentration of 1.0 mg/L. 

An ozone monitor (OREC O3DM-110) was used to measure the ozone concentration in the influent 
gas stream (Oi, mg/L) and the flow rate (F, L/min) was monitored with an in-line gas flow meter. The 
total ozone dose (Ot, in milligrams) was therefore dependent on the time of dosing (t), as summarised 
below. 

Ot=Oi x F x t  

The PTFE inlet tubing was carefully positioned directly above the rapidly stirring magnetic follower, 
which dispersed the gas into bubbles ranging in diameter from ~ 1 mm to 5 mm. The outlet gas was 
bubbled through a potassium iodide solution (400mL, 2% w/v KI). The quantity of ozone trapped (OKI) 
was calculated by iodometric titration according to the APHA Method 2350 E (Standard Methods for 
the Examination of Water and Wastewater 1998), which allowed calculation of the transfer efficiency 
(E).  

E (%)=[1-(OKI/Ot)] x 100 
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Figure 5. Schematic diagram of ozone contactor 

The contactor consistently achieved an ozone transfer efficiency of 40-50%. For ozonation of polymer 
samples, ozone was passed through the system for 25-30 minutes depending on actual Oi, F and an 
assumed transfer efficiency rate of 40%, to obtain an ozone dose of approximately 20 mg/L. The 
actual amount of ozone applied was determined after the experiment when OKI and the transfer 
efficiency could be calculated. 

 
2.1.4 Ozonation and chlorination procedure 

Samples of polyDADMAC (10 mg/L) were ozonated using the procedure described in section 2.1.3. 
The residual ozone was allowed to decay (approximately 45 minutes) and a portion of the ozonated 
polymer solution decanted into a 2.25 L amber glass bottle. The solution was then chlorinated using 
the procedure outlined in section 2.1.2. 

 
2.1.5 Oxidation experiments 

Table  2 summarises the oxidation experiments conducted, and oxidant doses. For each of the 
experiments, appropriate controls were analysed alongside the oxidised polymer samples. Controls for 
Experiment G (polymer + Cl2 and polymer + O3) provided additional data for the single oxidation 
experiments and are discussed in sections 3.1 and 3.2. Similarly, data from the polymer + ozone 
control in Experiment H was included in section 3.2.  Chlorine and ozone dosages for these controls 
are included in Table 2. 
 

KI trap 

O3 in (OI) 

Sample 

to waste 

O3 monitor 

Ozone 
generator 

O2  

Flow meter 



CRC for Water Quality and Treatment                                                Research Report 4-2000 

   19

Table 2. Summary of chlorination and ozonation experiments on polyDADMAC and DADMAC, and analyses conducted 

Oxidation experiments and conditions Analyses conducted 

Exp 
No.  

Experiment Cl2 Dose
initial/24hr 
(mg/L) 

Transfere
d O3 Dose 

(mg/L) 

pH 
initial/final 

THM HAA EPA 
551 

Aldehyd
e 

Ketoacid AOX BRP DOC Purge 
& Trap 
GC-
MS 

CSLA PFBH
A/SPE

LLE Nitrogen Ame
s 

BrO3
-/Br- 

A Poly. + Cl2 15.8/15.5 - 7.0/6.0 • • •   •        • •  

B Poly. + Cl2 23.5/22.4 - 7.0/6.8 • • •   •  •  •  • • •  

C Poly. + Cl2 21.1/20.3 - 7.0/6.9    • •   •      •  

D Poly. + O3 - 17.0 7.0/4.2    • •   •  • •  • •  

E Poly. + O3 - 25.5 6.9/6.6*    • •   •   •     

F Poly. + O3 - 22.0 10.0/10.0*    • •   •   •     

G Poly. + O3+Cl2 
 
Poly. + Cl2 
Poly. + O3 
 

21.4/13.4
 

21.4/19.5
- 

26.2 
 
- 

26.2 

6.9/4.41 

7.1/6.42 

7.1/7.1 
6.9/4.4 

 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

 • 
• 
• 

 • 
• 
• 

• 
• 
• 

 

H Poly. +Br- + 
O3

∞ 
Poly. +Br- + 
O3

∞ 
Poly. + O3 
 

- 
- 
- 

24.7 
24.5 
23.4 

7.0/4.9 
7.1/4.9 
7.1/4.5 

 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 
• 
• 

  • 
• 
• 

• 
• 
• 

  • 
• 
• 

• 
• 
• 

• 
• 
• 

I DADMAC + Cl2 22.0/22.0 - 7.1/7.0 • • •   •  •  •  • • •  

J DADMAC + Cl2 21.1/20.0 - 7.0/7.0    • •   •        

K DADMAC + O3 - 22.0 7.1/4.5    • •   •  • • • • •  

• signifies analyses conducted    1 ozonation of polymer solution 
* borate/boric acid buffer system used   2 chlorination of ozonated polymer solution after adjustment to pH 7.1 
∞ ozonation of polymer/bromide solution duplicated 
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2.2 Analytical procedures 

2.2.1 Residual chlorine determination 

Residual chlorine was measured using the N,N-diethyl-p-phenylene diamine (DPD) – ferrous 
ammonium sulphate method (DPD-FAS), as per AWQC Test Method T0012-03, “Determination of 
Free and Combined Chlorine Residual”. This method is based on the American Public Heath 
Association (APHA) Method 4500-Cl F (Standard Methods for the Examination of Water and 
Wastewater 1998). Where the concentration of chlorine exceeded the range of the analysis (0.2-5 
mg/L), the samples were diluted, and results adjusted accordingly. 

 
2.2.2 Residual ozone determination 

Ozone residuals were determined using the indigo method as per APHA Method 4500-O3 B (Standard 
Methods for the Examination of Water and Wastewater 1998), where the ozone concentration is 
determined by a measurement of the decrease in absorbance of an indigo solution at 600nm. 
Absorbance measurements were taken using 5cm cells on a Shimadzu UV-1201 UV-Vis 
Spectrophotometer. 

 
2.2.3 Dissolved organic carbon determination 

Dissolved organic carbon (DOC) was determined according to AWQC Draft Test Method T0116-09, 
“Dissolved Organic Carbon”. This method uses a Sievers 820 Portable Total Organic Carbon 
Analyser. The analyser incorporates a perchlorate - UV oxidation system, with conductivity detector. 
Samples were filtered through 0.45 µm filters (Gelman Acrodisks) before analysis. 

 
2.2.4 Trihalomethane determination 

Trihalomethane (THM) determination was carried out using a Perkin-Elmer Headspace Autosampler 
(HS40) coupled with a Varian 3400 gas chromatograph (GC) which was fitted with an electron capture 
detector (ECD). Data analysis was carried out using the Varian Star Chromatography Workstation 
software, Version 4.51. Analytical methods and quality control were as per AWQC Test Method 
T0050-01. The analytes and associated limits of reporting are given below in Table 3. 

 

Table 3. THMs determined and their limits of reporting 

 
 
Analytes 
 

 
Limit of 
Reporting 

  
Chloroform 1.0 µg/L 
Bromodichloromethane 1.0 µg/L 
Dibromochloromethane 1.0 µg/L 
Bromoform 
 

1.0 µg/L 

 

2.2.5 Haloacetic acid determination 

Haloacetic acid determination was carried out by methyl tert-butyl ether (MtBE) extraction, 
diazomethane derivatisation and GC-ECD analysis, as per AWQC Test Method TMS-005. The method 
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is based on EPA Method 552 (Hodgeson and Cohen 1990a), with diazomethane (2.2.5.1) used for 
methylation of the acids. The analytes determined are given below in Table 4. Residual chlorine was 
quenched with ammonium chloride prior to extraction. Analysis of the MtBE extracts was carried out 
using a Varian 3400 GC- dual ECD system, which was fitted with the following capillary columns: 

Helwett-Packard HP-1, 30 m x 0.25 mm x 1 µm film 

J&W DB-1701 30 m x 0.25 mm x 0.25 µm film. 

 

Table 4. Haloacetic acids determined and their limits of reporting  

 
Analytes 
 

 
Limit of 
Reporting 

  
Monochloroacetic acid 5.0 µg/L 
Dichloroacetic acid 1.0 µg/L 
Trichloroacetic acid 1.0 µg/L  
Bromoacetic acid 1.0 µg/L  
Dibromoacetic acid 1.0 µg/L 
Bromochloroacetic acid 1.0 µg/L 

 
 

Data analysis was carried out using Varian Star Chromatography Workstation software, Version 4.51. 
The GC temperature program used for the analysis is given below in Table 5. 

Table 5. GC conditions used for haloacetic acids analysis 

 
Injector tempertature 

 
200 oC 

Detector temperature 300 oC 
Initial oven temperature 50 oC, hold 3.0 min 
Oven ramp 1 10 oC/min final temp 120 oC 
Oven ramp 2 30 oC/min final temp 280 oC 
Final time 
 

3 min 

 

2.2.5.1 Generation of diazomethane 

Diazomethane was generated by the base-catalysed decomposition of N-nitroso-N-methyl-4-
toluenesulfonamide (pTSN, - Diazald® Sigma-Aldrich). 

A three necked glass flask equipped with screwthread adapters was custom-made for diazomethane 
generation, and allowed the insertion of two glass tubes and a 20 mL dropping funnel. pTSN (~10mL 
20% w/w pTSN in methoxyethanol) was added very slowly via the dropping funnel into the flask, which 
contained 20 mL of a methanolic potassium hydroxide solution (10% w/w) at 40 oC. Nitrogen was 
bubbled gently though the methanolic solution via the glass gas inlet tube. The outlet tube extended 
from the flask directly into MtBE (100mL) in a 125 mL crimp-top style glass bottle. As the 
diazomethane gas was generated (as indicated by the methanolic solution turing a pale yellow colour), 
it was transferred via nitrogen flow from the generation flask and bubbled into MtBE solution, which 
gradually turns a bright yellow colour. The solution was then sealed using a PTFE lined crimp caps 
and septum, and stored at –20 oC, until required. 
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2.2.6 Haloacetonitrile, chloroketone, chloropicrin and chloral hydrate 
determinations (EPA 551 analytes) 

Analysis of the EPA 551 method analytes was by MtBE extraction of an aliquot of sample (35mL) 
followed by GC-ECD analysis, as per AWQC Test Method MS-5. The method is based on the EPA 
Method 551 (Hodgeson and Cowen 1990b). Analytes determined in this work are given in Table 6. 

Table 6. Analytes determined in the EPA 551 analysis and their limits of reporting 

 
Analytes 
 

 
Limit of Reporting 

  
Trichloroacetonitrile 0.1 µg/L 
Dichloroacetonitrile  0.1 µg/L 
Bromochloroacetonitrile  0.1 µg/L 
Dichloroacetonitrile  0.1 µg/L 
Chloropicrin  0.1 µg/L  
Chloral hydrate  0.1 µg/L 
1,1 dichloroacetone  0.1 µg/L 
1,3 dichloroacetone  0.1 µg/L 
1,1,1-trichloroacetone  0.1 µg/L 
  

 
 

Samples were dechlorinated with ammonium chloride prior to extraction. Analysis of the MtBE extracts 
was carried out using the GC-ECD system described in 2.2.5 with the GC conditions in Table 7. 

Table 7. GC-ECD conditions for EPA 551 analysis 

 
Injector tempertature 

 
200oC 

Detector temperature 300oC 
Initial oven temperature 35oC hold 9.0 min 
Oven ramp 1 6oC/min  final temp 130oC 
Oven ramp 2 50oC/min final temp 280oC 
Final time 3 min 

 
 

2.2.7 Adsorbable organic halide determination 

Adsorbable organic halide (AOX) was determined according to DIN 38409 H 14 standard method, at 
the University of South Australia. Samples were acidified to pH 1.5-2.0 with concentrated nitric acid 
and residual chlorine was quenched with a few sodium thiosulphate crystals prior to storage. The 
samples were stored in PET bottles, free of any headspace at 4oC to minimise loss of volatile 
organohalides. The AOX method involved adsorption of organic halides to powdered activated carbon. 
Inorganic halides were prevented from adsorption to the carbon by the addition of sodium nitrate to the 
sample. The carbon was collected by filtration and combusted in a furnace at 1000oC, releasing 
hydrogen halides which were measured by microcoulometric titration. 

 
2.2.8 Aldehyde determination 

Aldehydes were determined using a procedure based on the method by Glaze et al. (1989), and 
validated at AWQC (Kostakis 1998). The limits of reporting are summarised in Table 8. 
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Table 8. Aldehydes determined and their limits of reporting  

 
Analytes 
 

 
Limit of 
Reporting 

  
Formaldehyde 2 µg/L 
Acetaldehyde 1 µg/L 
Propionaldehyde 1 µg/L 
Butyraldehyde 1 µg/L 
Heptaldehyde 1 µg/L 
Benzaldehyde 1 µg/L 
Glyoxal 1 µg/L 
Methyl glyoxal 1 µg/L 
  

 

A pH 6 buffer solution was prepared by addition of potassium hydrogen phthalate solution (100mL 
0.5M) to sodium hydroxide solution (43.6 mL 1 M) and made up to 200 mL. A measured volume of 
sample (20 mL), pH 6 buffer solution (1.0 mL) and pentafluorobenzyl hydroxylamine hydrochloride 
solution (PFBHA 10 mg/mL, 1.0mL) were placed into a 40 mL screw capped glass vial, and heated at  
45 oC in a water bath for 1 hour and 45 minutes. The reaction mixture was allowed to reach room 
temperature and was quenched with 2 drops of sulphuric acid. Hexane (4mL) was added and the 
reaction vessel was shaken for 90 seconds.  

Table 9. GC-ECD conditions for aldehydes analysis 

 
Injector tempertature 

 
200 oC 

Detector temperature 300 oC 
Initial oven temperature 50 oC hold 1.0 min 
Oven ramp 1 4 oC/min  final temp 220 oC 
Oven ramp 2 20 oC/min final temp 275 oC 
Final time 4 min 

 

 

The extract was analysed by GC-ECD using the system described in 2.2.5, using the GC conditions in 
Table 9. The normal range of concentration for this analysis was 1-100 µg/L. Extracts which exceeded 
this level were diluted with MtBE and reinjected. 

 
2.2.9 Ketoacid determination 

Ketoacids were determined using a method based on a published method (Xie and Reckhow 1992b) 
and validated at AWQC (Kostakis 1998). The analytes are summarised in Table 10. 

Table 10. Ketoacids determined and their limits of reporting 

 
Analytes 
 

 
Detection limit 

  
Glyoxylic acid 1 µg/L 
2-Ketobutyric acid 1 µg/L 
Ketomalonic acid 1 µg/L 
Pyruvic acid 1 µg/L 
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A pH 6 buffer solution was prepared by the combination of sodium dihydrogen phosphate (87.7 mL, 
0.2 M) and disodium hydrogen phosphate (12.3 mL, 0.2M) and made up to 200 mL. A portion of this 
buffer (1.0 mL) and aqueous PFBHA (1.0mL, 10 mg/mL) were added sequentially to a measured 
volume of sample (20 mL) and placed in a 45 oC water bath for 1 hour and 45 minutes. The reaction 
mixture was then allowed to cool, then quenched with 2 drops of concentrated sulfuric acid. MtBE 
(4mL) was added and the reaction vessel was shaken for 90 seconds. An accurate aliquot of the MtBE 
layer (1.0 mL) was transferred to a 2mL GC vial and diazomethane solution (500 �L, 2.2.5.1) was 
added. The vial was sealed and left for an hour before excess diazomethane was quenched by the 
addition of activated silica (10-20 mg). The methylated extract was analysed by GC-ECD using the 
system described in 2.2.5 using the GC conditions in Table 11. 

Table 11. GC-ECD conditions for ketoacid analysis 

 
Injector tempertature 

 
220 oC 

Detector temperature 300 oC 
Initial oven temperature 50 oC hold 1.0 min 
Oven ramp 1 5 oC /min  final temp 100 oC 
Oven ramp 2 10 oC /min final temp 220 oC 
Oven ramp 3 20 oC /min final temp 280 oC 

 

2.2.10 Closed loop stripping analysis 

The closed loop stripping analysis (CLSA) procedure used was based on the AWQC Test Method MS-
1, “Analysis of trace volatile-semivolatile organic chemicals in water”. This method is based on APHA 
Method 6040 B (Standard Methods for the Examination of Water and Wastewater 1998). Specifics of 
the procedure adopted are outlined below.  

Prior to analysis of samples, a reagent water blank was analysed and used as the system blank. 
Chlorinated samples were quenched quantitatively with sodium sulphite prior to analysis and spiked 
with D3-methylisoborneol (30 ng/L), D5-Geosmin (30 ng/L), and D5-2,4,6-trichloroanisole (3 ng/L) 
surrogate standards.  The samples were stripped for 2 hours at 35 oC, the carbon trap eluted with 
25µL of dichloromethane. This extract was then analysed by GC-MS as described in section 2.2.11. 
Efficiency of the stripping process was gauged by recovery of the surrogate standards against 
injections of pure standard solutions. Recoveries were generally in the region of 55-120%. 
Compounds detected in the samples and not in the blank water extracts were tentatively identified by 
comparison with the mass spectral library (National Institute of Standards and Technology mass 
spectral database, 1998 - NIST 98). 

 
2.2.11 Gas chromatography – mass spectrometry of solvent extracts 

The gas chromatograph – mass spectrometer (GC-MS) used for solvent extract analysis was a 
Hewlett-Packard 5980 Series 2 GC equipped with a Hewlett-Packard 5971 mass selective detector. 
The conditions column and parameters are detailed in Table 12. 
Table 12. GC-MS parameters for solvent extract analysis 

 
Column 

 
J&W DB-5 30m x 0.25mm x 0.25µm 

Injector tempertature 200 oC splitless 
Purge on 0.5 min 
Initial oven temperature 40 oC hold 6.0 min 
Oven ramp 1 10 oC /min  final temp 150 oC 
Oven ramp 2 15 oC /min final temp 280 oC, 5 min 
Final time 7 min 
MSD Mode Electron ionisation 
Interface temperature  230 oC 
Mass Range 40-550amu  
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2.2.12 Purge and trap gas chromatography – mass spectrometry 
The purge and trap analyses were conducted using an O.I. Analytical 4560 purge and trap 
concentrator equipped with a 4551 vial multisampler and standards addition module. This instrument 
was interfaced to a Hewlett-Packard 6890 GC equipped with a 5973 mass selective detector. The 
method employed followed the US EPA Method 524.2. Equipment and conditions are detailed in Table 
13. 

 
2.2.13 Base/neutral and acidic compound determination by liquid-liquid 
extraction 

This method was adopted from a number of liquid-liquid extraction methods including (Lin et al. 1998) 
and APHA Method 6410 B (Standard Methods for the Examination of Water and Wastewater 1998), 
and is designed to allow simultaneous extraction of up to six samples, including a reagent water blank. 

Each sample (1.0 L) was measured into a 1 litre glass bottle, equipped with a PTFE lined screw cap. 
Surrogate standard solution (0.125 mL, Table 14) was added. 

Table 13. Purge and trap analysis instrumentation parameters  

 
PT Trap type 

 
O.I. trap #10 Tenax/silica gel/cms 

PT Sample volume 25mL 
PT Sample temperature 45 oC 
PT Purge pressure 20psi 
PT Purge time 11min 
PT Initial trap temp Ambient 
PT Desorb temp  190 oC 
PT Desorb time 2 min 
PT Transfer line temperature 100 oC 
GC Inlet split 10:1 
GC Inlet temperature 100 oC 
GC Inlet pressure 10.25 psi 
GC Column HP-624, 30m x 0.2mm x 1.12um film 
GC Purge on 0.5 min 
GC Initial oven temperature 35 oC hold 4min 
GC Oven ramp 1 8 oC /min final temp 200 oC 
GC Final time 3 min 
MSD Mode Electron ionisation 
MSD Source temperature  230 oC 
MSD Quad temperature 150 oC 
MSD Mass Range 35-260 amu 

 
 
Table 14. Surrogate standard solution components and concentrations 

Surrogate Standard 
 

Working solution 
concentration 

(µg/mL in acetone) 

Concentration in spiked 
sample (µg/L) 

 
4,4-dibromobiphenyl 

 
588 

 
73.5 

2-fluorophenol 384 48.0 
pentafluorophenol 464 58 
D5 trichloroanisole 84 10.5 
   

 

The sample was adjusted to pH 11 (2 mL 10 M sodium hydroxide solution) and dichloromethane 
added (40 mL). All samples were placed on a mechanically coupled rotometer, and rotated at 45 rpm 
for 60 minutes. After settling, the dichloromethane layer was removed. A further portion of 
dichloromethane (20mL) was added to the aqueous layer, and the bottle was shaken vigorously for 20 
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seconds. The organic layer was removed and combined with the first extract in a 40 mL glass screw-
top vial, then stored at –20 oC until the concentration step. The aqueous layer pH was adjusted to <2 
(1.5mL 50% sulphuric acid), and extracted with dichloromethane (40 mL) on the rotometer for 60 
minutes. The organic extract was removed and the aqueous layer re-extracted with dichloromethane 
(20mL) for 20 seconds. The acidic extracts were combined and stored in 40mL glass screw capped 
glass vials at –20 oC until the concentration step was commenced.  

Each extract was dried with anhydrous sodium sulphate and transferred to a 50mL tapered 
evaporation vial, fitted with Snyder columns (3 ball, macro). Anti-bumping granules were added and 
the sample concentrated to approximately 2 mL in a water bath (45-60 oC). Prior to GC-MS analysis, 
the acidic extract was further derivatised by addition of 1 mL of diazomethane solution in MtBE 
(2.2.5.1). After 60 minutes the excess diazomethane was destroyed by addition of silica-gel (~50 mg, 
activated by heating at 400C, 4 Hr.).  Compounds detected in the samples but not in the reagent water 
blank extract were tentatively identified by comparison against a mass spectral library (NIST 98). 

 
2.2.14 Qualitiative determination of carbonyl compounds and ketoacids  
Carbonyl compounds present in samples were derivatised with PFBHA and concentrated by solid 
phase extraction using a procedure based on published methods (Glaze and Weinberg 1993, 
Weinberg and Glaze 1997). If present, chlorine was removed prior to analysis using ammonium 
chloride crystals (100 mg/L). 

An aliquot of sample (250 mL) was decanted to a 250 mL glass container and spiked with either 5 
µg/L or 20 µg/L of a surrogate standard solution (4-fluorobenzaldehyde solution 19.9 mg/mL in  
methanol). Aqueous PFBHA solution was added (1 mL of 25 mg/mL), the solution adjusted to pH 4 
then heated at 45 oC for 3 hr.  The PFBHA was quenched with 10 drops of concentrated sulphuric acid 
and samples adjusted to pH 3 with 0.5 M NaOH. The samples were passed through a 500 mg C18 
Waters Sep-Pac solid phase extraction tube (5 mL/min), which was pre conditioned with 10 ml 
methanol and 10 mL water.  The oximes were eluted from the cartridge with MtBE (6 mL) containing 
1,2-dibromopropane (10 ng/uL) as an internal standard.  The MtBE extract was dried by passing it 
through a pasteur pipette plugged with deactivated glass wool and packed with anhydrous sodium 
sulphate.  The volume of the extract was reduced to 2 mL under nitrogen and 1 ml removed for 
diazomethane methylation (2.2.5.1). Extracts were analysed by GC-MS as described in section 2.2.11. 
Compounds were identified by either direct comparison against known ketoacid or aldehyde 
pentafluorobenzyl oxime derivatives or tentatively identified from molecular weights and fragmentation 
data as described in the literature (Glaze et al. 1989). 

 
2.2.15 Ames mutagenicity testing 
Ames mutagenicity testing was conducted at the AWQC following the method set out in the Australian 
Standard AS/NZS 4020(Int) 1994 (Standards Australia, 1994a) which in turn is based on that of Maron 
and Ames (1983). This procedure is a microbiological assay which uses the Salmonella typhimurium 
histidine reversion system. Mutagenic chemicals can induce a his- to a his+ reversion through either a 
base change or a frame shift in the genome of the organism.  

If a chlorine residual was present in the sample, it was quantitatively removed with sodium sulphite 
solution. The sample was then sterilised by passing through a 0.2µm filter (Gelman Acrodisks). Three 
strains of S. typhimurium (TA98, TA100 and TA102, each in triplicate) were exposed to the test 
sample (0.100mL), both in the absence and the presence of a metabolic activator (S9 rat liver post-
mitochondrial extract). After 72 hrs incubation, revertant colonies were counted and compared to the 
number of spontaneous revertants in a control culture. If the number of revertant colonies exceeded 
the spontaneous revertants in the control by more than two standard deviations, the sample was 
reported as having a mutagenic effect (positive result).  A toxic effect on the organisms was indicated 
by a decrease in the number of spontaneous revertants in a sample culture relative to the control 
culture. 

 
2.2.16 Cytotoxicity testing 
Cytotoxicity testing was carried out at the Institute of Medical and Veterinary Science, South Australia. 
This method conforms to the Test Method for cytotoxicity as set out in the Interim Australian Standard 
AS/NZS 4020 (Int) (Standards Australia 1994b). The test was conducted by culturing African green 
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monkey kidney cells in a medium containing a portion of the test sample (3 mL) and noting 
microscopically, the effects on the cell morphology relative to a reference culture after 24 hours of 
exposure. All samples were tested in triplicate. A sample was then deemed as having either a 
cytotoxic response or no cytotoxic response depending on morphological changes observed to the 
cells. 

 
2.2.17 Nitrogen species determination 
The total Kjeldahl nitrogen (TKN), ammonia nitrogen (NH3) and combined nitrate and nitrite nitrogen 
(oxidised nitrogen OxN) were determined. Organic nitrogen (OrgN) and total nitrogen (TN) are derived 
from these determinations. The relationship between these species of nitrogen is given below: 

TKN=OrgN + NH3  

Total Nitrogen= TKN + OxN 

TKN was determined following AWQC Test Method 112-01. This method utilises Kjeldahl digestion 
followed by automated colorimetric determination of ammonia and is based on Technicon Method 
376-75W and Technicon Method 155-71W. A Gerhardt Kjeldatherm digester and Alpkem segmented 
flow analyser were employed for the automated analysis.  The limit of reporting was 0.1 mg/L nitrogen. 

NH3 was determined following AWQC Test Method 100-01 which is based on APHA Method 4500 
NH3 H (Standard Methods for the Examination of Water and Wastewater 1998). This is a colorimetric 
method, employing a Skalar segmented flow analyser for automated measurements. The limit of 
reporting was 0.005 mg/L nitrogen. 

OxN was determined following AWQC Test Method T161-01 which is based on APHA Method 4500-
NO3

- F (Standard Methods for the Examination of Water and Wastewater 1998). This method uses the 
cadmium reduction method, employing a Skalar segmented flow analyser for automated 
measurements. The limit of reporting was 0.005 mg/L nitrogen. 

 
2.2.18 Bacterial regrowth potential (BRP) 
BRP was determined using the method of Werner and Hambsch (1986), adapted and modified at the 
AWQC (Withers and Drikas 1998) which is outlined below. 

Samples were prefiltered through pre-rinsed glass fibre filters (Whatman 0.45µm) to remove any large 
particulate matter, a nutrient solution was added in a ratio of 1:11 and vacuum filtered through the pre-
rinsed 0.2 �m polycarbonate membrane (Poretics). A 250 mL aliquot of sample was added to the 300 
mL cuvette. The cuvettes were placed in a multichannel, continuously monitoring turbidimeter 
(Monitek), the instrument zeroed and cuvettes inoculated with bacteria (isolated from a raw water 
source) at a concentration of 5x104 cells/mL. The bacterial growth was monitored by turbidity 
measurements, automatically recorded every 30 minutes for a minimum of 72 hours. Samples were 
maintained at a temperature of 22°C ±2°C during the experiment and the samples were continuously 
stirred except when turbidity measurements were recorded. 

At the end of the experiment, growth curves were constructed and the growth factor (f, increase in 
biomass) and the growth rate (µ, slope of growth curve) were determined. The acetate carbon 
equivalent (ACE) was derived from f. 

 
2.2.19 Bromate and bromide determination 
Levels of bromide and bromate were measured using an ion chromatograph (Dionex DX500) 
equipped with a conductivity detection system, and utilising a AS9-HC anion and guard column with 
carbonate eluent. Detection limits of the analysis are outlined in Table 15. 

Table 15. Detection limits of bromate and bromide analysis 

Analyte Detection limit (µg/L) 
Bromate 5 
Bromide 10 



CRC for Water Quality and Treatment                                                Research Report 4-2000 

28 

3 RESULTS AND DISCUSSION 

3.1 Chlorination 

3.1.1 Chlorination of polyDADMAC 

A polyDADMAC concentration of 10 mg/L was chosen, which is the upper dose limit permissible in 
Australian water treatment plants. A high chlorine dose (20 mg/L) was used in an attempt to maximise 
the DBPs formed to facilitate their detection. Controls were analysed alongside chlorinated samples in 
each experiment. Due to the excessive time required for some analyses, the full range of analyses 
was not conducted in all experiments. A summary of the chlorination experiments and the analyses 
done on each is given in Table 2, section 2.1.5. 

 
3.1.1.1 Chlorine consumption 

The 30-minute chlorine demands of the polyDADMAC solution were very low. A 10 mg/L polymer 
solution typically had a demand of 0.2 mg/L, approaching the lower limits of the DPD-FAS chlorine 
analysis. Chlorine demand of a 50 mg/L solution was only 0.75 mg/L. Similarly, for each of the 
chlorination experiments, the residual chlorine in the chlorinated polymer samples was not significantly 
less than that of chlorinated reagent water controls. 

 
3.1.1.2 Dissolved organic carbon and UV absorbtion 

Trials were conducted to assess the effect of excess quenching agent (sodium sulphite) on DOC 
analyses, as a reducing agent may consume oxidiser reagent (ammonium persulphate) during DOC 
measurements. It was found that if a stoichiometric amount of sodium sulphite is used there is no 
significant effect on DOC measurements. The theoretical maximum DOC for a 10 mg/L polyDADMAC 
solution is 5.94 mg/L. The DOC levels recorded were lower than this (typically 75-80% of theoretical), 
indicating the polymer may not be completely oxidized by the oxidation regime used by the analyser. 
Alternatively, the product supplied may be of lower purity than that specified by the manufacturer.  

Table 16. Summary of DOC measurements of chlorinated and non-chlorinated polyDADMAC solutions 

 
 
 

 
DOC 
(mg/L) 

 
Polymer  

 
4.6 

Polymer + Cl21 4.5 
 
Polymer  

 
4.5 

Polymer + Cl22 4.2 
 
Polymer  

 
4.5 

Polymer + Cl23 
 

4.8 
 

1 Experiment B 
2 Experiment C 
3 Experiment G 
 

No chromophores are present on the polymer backbone, and a polymer solution at 10 mg/L had no 
significant absorbance in the UV-visible region (290-800 nm). The spectra of the samples were 
unchanged after chlorination.  
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3.1.1.3 Nitrogen species 
In general there was little change in the distribution of nitrogen species in the samples after 
chlorination, however, the TKN in one case did increase slightly. The determined TKN for the 10 mg/L 
polymer solution was generally10% lower than the theoretical maximum of 0.87 mg/L, which may be 
within experimental error. The results are summarised in Table 17. 

Table 17. Summary of nitrogen speciation for chlorinated polyDADMAC 

 TKN 
 (mg/L) 

OxN 
(mg/L) 

NH3 
(mg/L) 

Org N 
(mg/L) 

Total N 
(mg/L) 

 
Polymer 1 

 
0.76 

 
<0.005 

 
0.010 

 
0.75 

 
0.76 

Polymer + Cl21 0.78 <0.005 * * 0.78 
 
Polymer 2 

 
0.78 

 
<0.005 

 
0.011 

 
0.77 

 
0.78 

Polymer + Cl22 0.83 0.007 0.005 0.82 0.84 
 
Polymer 3 

 
0.77 

 
<0.005 

 
0.010 

 
0.76 

 
0.77 

Polymer + Cl23 
 

0.76 0.006 0.022 0.74 0.77 

1 Experiment A 
2 Experiment B 
3 Experiment G 
* NH3 result not available  
 

3.1.1.4 Chlorinated disinfection by-products 

A summary of the chlorinated by-products (THMs HAAs, DBP551s and AOX) detected in the 
chlorinated polyDADMAC solutions is shown in Table 18. To simplify presentation, the results are 
adjusted to take into account residual disinfection by-products detected in control samples. Total 
calculated chlorine is the calculated chlorine contribution of the individual DBPs quantified. 

The levels of identified DBPs are very low, just above the limits of reporting. These levels can be 
considered insignificant in an actual treatment plant situation, where DBPs formed from NOM would 
generally be much higher than this. Although the level of AOX generated is very low, the conventional 
disinfection by-products quantified could only account for a fraction of the organic chloride in solution. 
This demonstrates that the majority of chlorinated by-products were possibly ionic, high molecular 
weight or highly polar compounds. It should be noted that the AOX analysis, by definition, only 
quantifies organohalides that can be adsorbed by powdered activated carbon. The adsorption is 
carried out at a low pH, which may result in a positive overall carbon surface charge. This would not 
be conducive to adsorption of cationic halogenated polymeric by-products. As a result, the AOX 
measured here may be underestimated. Further investigations into this aspect were not undertaken, 
as it was outside the scope of this project. 

Table 18. Chlorinated DBPs formed in chlorinated polyDADMAC solutions  

 Polymer + Cl21 Polymer + Cl22 Polymer + Cl23 
Chlorinated DBPs (µg/L) 
 

DBP 
(µg/L) 

Cl 
(µg/L) 

DBP 
(µg/L) 

Cl 
(µg/L) 

DBP 
(µg/L) 

Cl 
(µg/L) 

Chloroform <1 - 4 3.5 2 1.51 
Dichloroacetic acid <1 - <1 - 2 1.10 
Trichloroacetic acid  <1 - 2 1.3 <1 - 
Trichloroacetonitrile*       
Chloral Hydrate 1.14 0.8 0.76 0.5 0.22 0.16 
Total calculated chlorine 
(µg/L) 

- 0.8 - 5.3 - 2.8 

AOX (µg/L chlorine) - 10 - 32 - 22 
*trichloroacetonitrile could not be analysed due to an analytical problem 
1 Experiment A 
2 Experiment B 
3 Experiment G 
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3.1.1.5 Aldehydes and ketoacids 

Trace amounts of formaldehyde, glyoxal and pyruvic acid were detected in the polymer solution and in 
the polymer + Cl2 solution, but were not significant in terms of water quality. Table 19 summarises 
aldehyde and ketoacid concentrations in the chlorinated polymer solution in Experiment C. 

Table 19. Summary of aldehydes and ketoacids in chlorinated polymer solution 
 

 
DBP concentration 

(Experiment C) 
 Pyruvic acid 

(µg/L) 
Formaldehyd

e 
(µg/L) 

Acetaldehyd
e 

(µg/L) 

Glyoxal 
(µg/L) 

 
Chlorine  
 

 
<1 

 
3 

 
<1 

 
2 

Polymer 
  

7 3 1 <1 

Polymer + 
Chlorine 
 

5 4 <1 2 

 

3.1.1.6 Closed loop stripping analysis- GC-MS 

CLSA was conducted for detection of trace amounts of volatile organics in chlorinated polymer 
solutions. As a one-litre sample is stripped of suitably volatile organic compounds and concentrated to 
an extract volume of approximately 20 µL for GC-MS analysis, this method has the potential to be very 
sensitive for volatile DBPs (50x103 concentration factor). Some drawbacks of the method include the 
length of time for analysis and frequent problems associated with interference of trace contaminants in 
the laboratory atmosphere. Care was therefore taken to ensure that a clean system was used and 
adequate blanks were obtained prior to sample analysis.  

Early in the experimental process it was found that if left unquenched, the high levels of chlorine used 
for this work caused serious problems with the CLSA method. Several chlorinated compounds were 
detected in the extract of an unquenched 20 mg/L chlorine solution, including trichlorophenol, 
dichloropentane and chlorobutane (tentative assignments). These compounds may have resulted from 
the reaction of chlorine with either trace organic compounds trapped on the carbon trap, or with the 
carbon itself. Ammonium chloride is the reagent used for removal of chlorine from samples prior to 
analysis for DBP551s, HAAs and aldehydes/ketoacids. It acts by converting chlorine to chloramines, 
which tend to be less reactive and less destructive to many DBPs. However, severe deterioration of 
the carbon trap and formation of a sticky brown deposit resulted when ammonium chloride was used 
to quench a 20 mg/L chlorine solution. This may be due to the high concentration of chloramines 
reacting with the carbon itself or with trace organic compounds on the trap.  

Sodium sulphite was chosen as a quenching agent, as it has a simple quenching reaction and can be 
easily added in a stoichiometric amount. Minimising excess quenching agent (ie. reducing agent) as 
much as possible was considered important as it may degrade DBPs, which are likely to be in an 
oxidised state. Sodium thiosulphate has a more complex quenching chemistry than sulphite, having 
intermediate products such as sulphur and sulphur dioxide, which may then react further with DBPs 
and chlorine, and was therefore more difficult to add in a stoichiometric amount. Ascorbic acid was 
considered as a quenching agent, but it was decided to avoid adding any extra organic compounds to 
the chlorinated solution in case additional DBPs were generated.  

Figure 6 shows a comparison between chlorinated and non-chlorinated polymer sample. No significant 
DBPs were found in the chlorinated polymer solution. 
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3.1.1.7 Liquid – liquid extraction 

This method was included to screen for N-nitrosodimethylamine (NDMA) and other low molecular 
weight polar organic compounds. The GC-MS chromatograms of the basic and acidic extracts are 
shown in Figures 7 and 8. Prior to extraction, samples were dechlorinated with sodium sulphite in a 
stoichiometric amount, to avoid artefacts resulting from interaction of extraction solvents and residual 
chlorine. Using this method, compounds are typically detected in the microgram per litre range. 
Although this method was adapted and modified to facilitate simultaneous extraction of multiple 
samples, the extraction procedure and concentration of the dichloromethane extract was an intensive 
and time consuming operation with the available equipment. Although all reasonable steps were 
introduced to reduce contamination, some contaminating compounds were present in all extracts. 
However, these compounds did not interfere with the analysis of the extracts. 

Careful analysis of the base-neutral and diazomethane derivatised acidic extracts did not reveal any 
new disinfection by-products. The mass spectrometer acquisition mode was switched to selected ion 
monitoring, to target NDMA in the base-neutral extract, but none was detected. The detection limit for 
NDMA using this analysis was approximately 75 ng/L. To lower this detection limit, further 
development and validation of the liquid-liquid extraction method would be required, but this was 
outside the scope of this work. CLSA has a higher concentration factor and is therefore often more 
sensitive than liquid – liquid extraction for many compounds. Preliminary attempts at extracting NDMA 
from water using this method were not successful, and it was concluded that the compound was too 
polar for extraction by CLSA. 

 
3.1.1.8 Ames testing (modified) 

The Ames test was included to give a preliminary indication of the possible biological effects of the 
oxidized polymer. The method used here is a modified Ames Test, using only one species of test 
organism (Salmonella typhimurium). 

Problems associated with the quenching of the chlorine were anticipated, as chlorine levels as high as 
20 mg/L would certainly have destroyed the test organisms. The chlorine residuals in standard Ames 
test samples is typically very low, and is not normally a consideration. For this work, dechlorination 
was achieved using sodium sulphite in stoichiometric amounts to minimise toxic effects from excess 
sulphite. No toxic effect was noted in spontaneous revertant organisms using this dechlorination 
method.  

No mutagenic effect was noted for any of the chlorination experiments. 

 
 3.1.1.9 Cytotoxicity testing 

The controls (sodium thiosulphate quenched chlorine water and polymer solution) and chlorinated 
polymer exhibited cytotoxic responses. This result demonstrated the sensitivity of the cells to both 
polymer and chlorine quenching agent. It was therefore not possible to determine if the chlorinated 
polymer had any cytotoxic effect. Further work in this area is presented in section 3.4. 
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Figure 6. Comparison of CLSA / GC-MS chromatograms of polyDADMAC, Chlorine + reagent water and 
chlorinated polyDADMAC 
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Figure 7. GC-MS chromatograms of the basic LLE extracts of polymer solution, chlorinated reagent water 
and chlorinated polymer solution. 
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Figure 8. GC-MS chromatograms of the methylated acidic LLE extracts of polymer solution, chlorinated 
reagent water and chlorinated polymer solution. 

 

5.00 10.00 15.00 20.00 25.00 30.00
0

5000000

   1e+07

 1.5e+07

   2e+07

Time-->

Abundance

TIC: C0301003.D

5.00 10.00 15.00 20.00 25.00 30.00
0

5000000

   1e+07

 1.5e+07

   2e+07

Time-->

Abundance

TIC: C0101001.D

5.00 10.00 15.00 20.00 25.00 30.00
0

5000000

   1e+07

 1.5e+07

   2e+07

Time-->

Abundance

TIC: C0201002.D

Acidic LLE extract chlorinated polyDADMAC 

Acidic LLE extract chlorinated water 

Acidic LLE extract polyDADMAC 

4,4-dibromobiphenyl IS 

2-fluorophenol 
IS 

pentafluoromethoxy 
phenol IS 

IS

IS

IS

IS

IS
IS



CRC for Water Quality and Treatment                                                Research Report 4-2000 

35 

 

3.1.2 Chlorination of DADMAC monomer 

Previous workers have indicated that it is likely that some chlorination by-products of a acrylamide-
acrylic acid copolymer were derived from residual monomers (Mallevialle et al. 1984, Aizawa et 
al.1990). Limited information on the reactivity of the DADMAC monomer to chlorine was found in the 
literature (Fielding et al. 1999, Chang et al.1999). It was suspected that the monomer may be a more 
significant producer of DBPs in the commercial product than the polymer itself, especially since the 
permissible monomer content in polyDADMAC is quite high compared to polyacrylamides (<0.05% 
acrylamide in polyacrylamides compared to 2% DADMAC in polyDADMACs). Therefore to highlight 
the production of any monomer DBPs, a 10 mg/L DADMAC solution was chlorinated at 20 mg/L. The 
experiments and analyses conducted are summarised in Table 2, section 2.1.5. 

3.1.2.1 Chlorine consumption 

Chlorine demand of the monomer was very low, with a 50 mg/L monomer solution consuming only 0.2 
mg/L of chlorine, compared to the polymer chlorine demand of 0.8 mg/L. Although the reactivity at 
neutral pH of alkenes such as DADMAC was not expected to be high, its low reactivity relative to the 
polymer was not anticipated. The low reactivity of the monomer relative to the polymer has also been 
demonstrated in other studies published during the course of this work (Chang et al. 1999, Fielding et 
al. 1999). 

3.1.2.2 Dissolved organic carbon, UV absorption 

There were no significant decreases in DOC or changes in the UV spectra of monomer solutions after 
chlorination. The maximum theoretical DOC for a 10 mg/L solution of monomer is 5.94 mg/L which 
agrees with measured values. It is possible that the monomer is more easily degraded by the 
persulphate/UV oxidation regime of the DOC instrument than the polymer, which gave DOC results 
lower than theoretical maximum (Table 16). 

Table 20. Summary of DOC measurements for chlorinated and unchlorinated DADMAC monomer. 

 
 
 

 
DOC (mg/L) 

 
Monomer1 

 
6.1 

Monomer + Cl21 6.2 
 
Monomer2 

 
5.9 

Monomer + Cl22 

 
6.0 

1 Experiment I 
2 Experiment J 
 
3.1.2.3 Nitrogen speciation 

An increase in TKN in the chlorinated monomer solution was observed, but this small increase is not 
significant. The maximum theoretical TKN of a 10 mg/L solution is 0.87 mg/L N. In summary no 
significant change in N speciation was observed. 

Table 21. Summary of nitrogen speciation for chlorinated DADMAC 

 TKN  
(mg/L) 

OxN 
(mg/L) 

NH3 
(mg/L) 

Org N 
(mg/L) 

Total N 
(mg/L) 

 
Monomer 

 
0.82 

 
<0.005 

 
<0.005 

 
0.82 

 
0.82 

monomer + 
Cl2 

0.87 <0.005 <0.005 0.87 0.87 
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3.1.2.4 Chlorinated DBPs 

The results for chlorinated disinfection by-products are given in Table 22 below. The results are 
adjusted to account for residual amounts of DBPs detected in the controls.  

Table 22. Chlorinated DBPs from chlorination of DADMAC 

  
Conventional DBPs 
results (µg/L) 

DBP 
µg/L 

 As 
Chlorine  
µg /L 

 
Chloroform 1 0.89 
Trichloroacetonitrile* nr - 
Chloropicrin 0.73 0.47 
1,1,1-trichloroacetone 0.26 0.17 
TOTAL ug Chlorine  1.5 
AOX (ug chlorine)  5 

* Trichloroacetonitrile could not be analysed due to an analytical problem 

Only 5 µg/L organic chloride was formed in the chlorinated monomer solution. Of this amount only 1.5 
µg could be identified. From the low AOX and DBP formation, it can be concluded that residual 
DADMAC probably would not be the major source of chlorinated DBPs in commercial products. 

3.1.2.5 Carbonyl compounds 

Some very low levels of carbonyl compound were detected, but are not significant in terms of water 
quality (Table 23). 

Table 23. Summary of aldehydes and ketoacids produced from chlorination of DADMAC. 

 DBP Concentration 
(Experiment J) 

 Pyruvic 
acid 

Formaldehyde Acetaldehyd
e 

Glyoxal 

 
Chlorine  

 
<1 

 
3 

 
<1 

 
2 

Monomer  <1 2 2 <1 
Monomer + chlorine 6 3 2 2 

 
 

3.1.2.6 Closed loop stripping analysis  

GC-MS analysis of the CLSA extract of chlorinated monomer did not result in the detection of any 
chlorination by-products.  

3.1.2.7 Liquid – liquid extraction 

GC-MS analysis of the LLE extract of chlorinated monomer did not result in the detection of any 
chlorination by-products. 

3.1.2.8 Ames testing 

No mutagenic responses were obtained for the chlorinated monomer samples. 
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3.2 Ozonation  

PolyDADMAC solutions (10 mg/L) were exposed to a total of 20 mg/L ozone over approximately 25 
minutes and residual ozone allowed to decay naturally. No buffers were used at the outset, and pH 
was adjusted to 7 with sodium hydroxide. After the contact period of the first experiment, however, the 
pH of the solution had decreased to 4.5. Two subsequent experiments were done to ascertain the pH 
effect by buffering the solutions to pH 7.0 and 10.  

The effect of bromide ion during ozonation on DBP formation was also examined.  

3.2.1 Ozonation of polyDADMAC 
The analyses and experiments conducted with ozone and polyDADMAC are summarised in Table 2, 
section 2.1.5. 

3.2.1.1 Dissolved organic carbon 
DOC measurements (Table 24) indicated a slight increase in DOC after ozonation. 

Table 24. Summary of DOC measurements on ozonated polymer 

 
 

DOC 
(mg/L) 

Polymer 1 4.5 
Polymer + O3

1 4.9 

Polymer 2 4.6 
Polymer + O3

2 5.2 

Polymer 3 5.2 
Polymer + O3

3 6.9 

Polymer 4 4.5 
Polymer + O3

4 5.0 
1 Experiment D 
2 Experiment E 
3 Experiment F 
4 Experiment H 
In section 3.1.1.2, it was postulated that the polymer was not entirely oxidised by the persulphate -UV 
regime. Ozonation may have degraded the polymer to less refractory components, which were then 
more easily oxidised by the DOC instrumentation oxidation regime. 

3.2.1.2 Nitrogen speciation 
The results of nitrogen species determination of polymer and ozonated polymer solutions are set out 
in Table 25. 

Table 25. Nitrogen Speciation of ozonated polyDADMAC 

 TKN 
(mg/L) 

OxN 
(mg/L) 

NH3 
(mg/L) 

Org N 
(mg/L) 

Total N 
(mg/L) 

 
Polymer 1 

 
0.73 

 
<0.005 

 
0.009 

 
0.72 

 
0.73 

Polymer + O3
1 0.66 0.009 0.014 0.65 0.67 

 
Polymer 2 

 
0.77 

 
<0.005 

 
0.010 

 
0.76 

 
0.77 

Polymer + O3
2 0.70 0.016 0.020 0.68 0.72 

 
Polymer 3 

 
0.80 

 
<0.005 

 
0.012 

 
0.79 

 
0.80 

Polymer + O3
3 0.64 0.013 0.016 0.62 0.65 

1 Experiment D 
2 Experiment G 
3 Experiment H 
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A general trend of a decrease in TKN is observed in the ozonated polymer solutions. Total N could not 
be balanced, with losses of up to 0.14 mg/L N in the ozonated solutions. One explanation of this 
observation is that N may be sparged from solution during ozonation. A slight increase in OxN is seen, 
indicating the mineralisation of a small amount of polymer nitrogen. The ammonia levels increased 
slightly, which is an unexpected result given the high oxidation potential of ozone.  

3.2.1.3 Aldehydes and ketoacids  

The aldehyde formation results are summarised below in Table 26. All results are adjusted to account 
for residual compounds detected in the controls and extracted blanks. 

Previous workers have shown ozonation of a non-ionic polyacrylamide at high pH resulted in a greater 
decrease in molecular weight than at lower pH. (Soponkanaporn and Gehr 1987, Suzuki et al. 1978a) 
This is consistent with the decomposition of ozone to form the more reactive, and shorter lived 
hydroxyl radical at high pH. Experiment 5 was conducted in a buffered pH 10 solution to observe the 
effect of pH. Higher carbonyl compound production was not observed, with the exception of 
formaldehyde. It is difficult to ascertain whether the reduction in glyoxylic and ketomalonic acids is due 
to decomposition of these DBPs by the hydroxyl radical, or a result of reduced DBP formation from the 
polymer due to different mechanisms. 
 

Table 26. Summary of aldehyde and ketoacid analyses on ozonated polymer  

 
DBP Concentration 

 
 Formaldehyde Glyoxal Methyl 

glyoxal 
Glyoxylic 

acid 
Pyruvic 

acid 
Ketomaloni

c acid 
       
PolyDADMAC + O3

1 145 19 62 66 34 27 
PolyDADMAC + O3

2 153 36 89 34 18 20 
PolyDADMAC + O3

3 229 20 52 <1 12.7 <1 
PolyDADMAC + O3

4 248 28 84 22 19 44 
PolyDADMAC + O3

5 204 17 68 32 18 30 
       
1 Experiment D 
2 Experiment E 
3 Experiment F 
4 Experiment G 
5 Experiment H 
 
3.2.1.4 Qualitative carbonyl compound analysis (PFBHA/SPE) 

This analysis was used to detect compounds with carbonyl functional groups that were not determined 
by the quantitative analysis in section 3.2.1.3. Sample extracts were analysed by GC-MS, then 
derivatised and analysed to identify any additional compounds with carboxyl functional groups. In all 
pentafluorobenzyl (PFB) oximes, the base peak is the 181 ion, which corresponds to the 
pentafluorobenzyl ion fragment (C6F5CH2

+). Some other characteristic ion fragments for PFB oxime 
derivatives (Glaze et al. 1989, Xie and Reckhow 1992a) are given below in Table 27.  

Table 27. Summary of some typical PFBHA derivative fragments  

Ion Assignment 
 
181 

 
C6F5CH2

+ 
161 C6F5CH2

+- HF 
M+-28  Loss of N=O 
59 COOCH3

1  
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1-fragment indicates methyl ester derivative, suggesting oxime is a ketoacid  

In the electron impact (EI) mass spectrum of all PFB oxime compounds, the molecular ion is very 
small, which can make positive identification of compounds difficult. Mass spectrometry in chemical 
ionisation mode (CI) would have allowed a more definitive assignment of the molecular weight of the 
unknowns, as the intensity of the molecular ion (actually M+ + 1) in CI spectra is very high. However, 
the instrumentation required for CI was not available at the time of this work. 

To clarify the chromatograms and to highlight only the PFBHA derivatives, extracted ion 
chromatograms of the 181 ion are shown (Figure 9). For further clarity the first 15 minutes of the 
chromatograms were omitted from the figures. No significant peaks were found to elute before this 
time, with the exception of formaldehyde, which was usually too high in magnitude to be meaningful 
on the scales used. Figure 9 shows a comparison of the chromatogram of the non-methylated extracts 
of ozonated reagent water, non-ozonated polymer and ozonated polymer. The internal standard at 
approximately 22.5 minutes is at a concentration of 20 µg/L. With the exception of symmetrical 
ketones and formaldehyde, PFB oximes generally have two geometrical isomers, or more for multiply 
derivatised compounds. Therefore multiple peaks are seen in the chromatograms for each carbonyl 
compound. The major compounds present in the ozonated polymer extract are the ketoaldehydes 
glyoxal and methyl glyoxal. In addition an unidentified compound at a retention time of 29.6 minutes 
(Unknown A), with a (tentative) molecular weight of 474. The mass spectrum of the compound is 
shown in Figure 10. The compound is possibly a di-carbonyl compound, but no structure could be 
assigned with certainty. 

After methylation of the extract with diazomethane and reanalysis, glyoxylic and pyruvic acid were 
detected (Figure 11). Identities were confirmed by the injection of the derivatised ketoacids. In contrast 
to the quantitative analysis in Section 3.2.1.3, no ketomalonic acid was detected. The oxime of this 
dicarboxylic ketoacid compound will be more polar than the pyruvic or glyoxylic acid oximes, and the 
SPE cartridge may not be as efficient in recovering the compounds from solution. Some additional 
peaks appear in the 25-27 minute region (unknowns B, C, and D). The two major peaks in this group 
had identical mass spectra and (tentative) molecular ions of 506 amu (unknown B, Figure 11), 
indicating that they are geometric isomers. The mass spectrum of unknown B is shown in Figure 12. 
The compounds are carboxylic acids and have two PFB derivatised carbonyl groups ie. diketoacids. A 
possible structure of the underivatised diketoacid is given in Figure 12. Smaller peaks with molecular 
ions 520 and 534 were found (unknowns C and D), which are also di-PFB derivatised diketoacids. As 
the molecular weights of these compounds are 14 and 28 mass units greater that unknown B, they are 
most likely similar in structure with additional methylene groups (CH2). Several structural isomers are 
possible for each of these compounds. Generalised structures are given with the mass spectra in 
Figures 13 and 14. 
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Figure 9. Extracted ion chromatograms (181 ion) of PFBHA-SPE extracts of ozonated reagent water, 
polyDADMAC solution and ozonated polyDADMAC 
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Figure 10. Mass spectrum of unknown A in Figure 9 
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Figure 11. Extracted ion chromatograms (181 ion) of methylated PFBHA-SPE extracts of ozonated reagent 
water, polyDADMAC solution and ozonated polyDADMAC 
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Figure 12. Mass spectrum of Unknown B in Figure 11, and postulated structure of the underivatised 
compound 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Mass spectrum of Unknown C in Figure 11, and possible structure of the underivatised 
compound 
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Figure 14. Mass spectrum of Unknown D in Figure 11, and possible structure of the underivatised 
compound 

 

3.2.1.5 Closed loop stripping analysis 

CLSA / GC-MS of ozonated polymer solution did not detect any low molecular weight volatile 
compounds  

3.2.1.6 Liquid-liquid extraction 

LLE-GC-MS did not result in the detection of any additional compounds in the ozonated polymer 
solution.  

3.2.1.7 Ames testing 

No mutagenic responses were obtained for the ozonated extracts. 

3.2.2 Ozonation of DADMAC 

One experiment on ozonation of the monomer DADMAC was conducted. The analyses conducted and 
the conditions used are summarised in Table 2, section 2.1.5. 

3.2.2.1 Dissolved organic carbon, UV and nitrogen species 

There was a slight decrease in DOC of the monomer solution after ozonation, as shown in Table 28. 
No change in the UV absorbance was observed for the monomer solution after ozonation. 
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Table 28. DOC measurements on ozonated monomer solution 

 
 
 

 
DOC (mg/L) 

 
monomer 

6.0 

monomer + 
O3 

5.6 
 

 
3.2.2.2 Nitrogen speciation 

Nitrogen speciation for the ozonated monomer is summarised in Table 29. No significant effect on 
nitrogen species distribution was observed after ozonation. A slight increase in NH3 was again found 
in the ozonated solution, but no increase in OxN was seen, which is in contrast to the ozonated 
polymer (Section 3.2.1.2) 

Table 29. Nitrogen speciation for ozonated monomer 

Treatment TKN (mg/L) OxN 
(mg/L) 

NH3 
(mg/L) 

Org N 
(mg/L) 

Total N 
(mg/L) 
 

 
monomer 

 
0.81 

 
<0.005 

 
<0.005 

 
0.81 

 
0.81 

monomer + ozone 
 

 
0.80 

 
<0.005 

 
<0.015 

 
0.78 

 
0.80 
 

 

3.2.2.3 Aldehydes and ketoacids  

Table 30 shows the DBPs formed from ozonation of DADMAC. Formaldehyde and glyoxylic acid were 
produced, at levels several times those produced from ozonation of the polymer (Table 26). The 
concentration of the monomer in commercial polyDADMAC products is <2% (Donati 1992). If a 
polyDADMAC with DADMAC contamination of 2% was used at its maximum permissible dose (10 
mg/L), a maximum of 0.2 mg/L of the monomer would be present. By a approximate extrapolation from 
the DBPs formed at 10mg/L, this DADMAC concentration has the potential to result in approximately 
12 µg/L formaldehyde, 6 µg/L glyoxal and 3 µg/L glyoxylic acid. The monomer contribution to ozone 
DBPs is therefore not significant in terms of effect on water quality. Furthermore, the low levels of 
ketomalonic acid, pyruvic acid and glyoxal produced from the monomer indicates that the polymer is 
the major source of these compounds in ozonated polymer solution, not residual monomer.  

Table 30. Aldehyde and ketoacid formation from ozonation of DADMAC 

 
 

DBP Concentration  
(Experiment K) 

 
 Formaldehyd

e 
Glyoxal Methyl 

glyoxal 
Glyoxylic 

acid 
Pyruvic 

acid 
Ketomalonic 

acid 
       
DADMAC (10 mg/L) 
+ ozone (20 mg/L) 
 

605 309 15 161 <1 <1 
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3.2.2.4 Qualitative carbonyl compound analysis (PFBHA/SPE) 

Figure 15 shows the partial chromatograms of the methylated PFBHA extract of DADMAC solution 
and ozonated DADMAC solution. No significant carbonyl compounds besides those found using the 
quantitative methods were detected.  Although this analysis is qualitative there appeared to be less of 
the unknowns A, B, C, and D (Figure 11) in the ozonated monomer than in the ozonated polymer 
solution.  

3.2.2.5 Closed loop stripping analysis 

No significant compounds were detected in the CLSA / GC-MS analysis of ozonated monomer 
solution. 

3.2.2.6 Liquid-liquid extraction 

No significant compounds were detected in the LLE / GC-MS analysis of ozonated monomer solution. 

3.2.2.7 Ames testing 

No mutagenic responses were recorded for the ozonated monomer solution. 
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Figure 15. Extracted ion chromatograms of methylated PFBHA/SPE extract of ozonated water, DADMAC 
solution and ozonated DADMAC solution 
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3.2.3 Ozonation of polyDADMAC in the presence of bromide 

Polymer was ozonated in the presence of bromide to assess the DBP formation from the reaction of 
bromine (in the form of HOBr/BrO-) and polymer ozone by-products. A summary of the analyses 
conducted is given in Table 2, section 2.1.5. The bromide + ozone + polymer experiment was done in 
duplicate. 

3.2.3.1 UV measurements 

No change in the UV spectra were found. 

3.2.3.2 Nitrogen speciation 

Inclusion of bromide in the sample matrix resulted a smaller decrease in TKN and slightly more OxN 
formation. Less NH3 was present in the ozone + polymer + bromide relative to the ozone + polymer 
sample, which may be due to the formation of bromamines from ammonia and bromine.  

Table 31. Nitrogen speciation of polyDADMAC after ozonation in the presence of bromide 

Experiment H TKN 
(mg/L) 

OxN 
(mg/L) 

NH3 
(mg/L) 

Org N 
(mg/L) 

Total N 
(mg/L) 
 

 
 polymer 

 
0.80 

 
<0.005 

 
0.012 

 
0.79 

 
0.80 

polymer + O3 0.64 0.013 0.016 0.62 0.65 
polymer + Br- + O3  0.71 0.019 <0.005 0.71 0.73 
polymer + Br- + O3  0.72 0.018 0.006 0.71 0.74 

 
3.2.3.3 Halogenated disinfection by-products 

The results for brominated THMs, HAAs and AOX are summarised below in Table 32, with results 
expressed in terms of bromide and as µg/L DBP. No EPA 551 analytes were detected. 

Table 32. Halogenated DBPs present after ozonation of polyDADMAC in presence of bromide 

 Polymer 
+ O3 

Polymer + 
bromide + O3 

Polymer + 
bromide + O3 

 
Conventional DBPs 
Results  
 

DBP 
µg/L 

DBP 
as Br 
µg/L  

DBP 
µg/L 

DBP 
as Br 
µg/L 

DBP 
µg/L 

DBP 
as Br 
µg/L 

Bromoform <1 <1 28 27 34 32 
Chloroform <1 <1 2 - 2  
Bromoacetic acid <1 <1 <1 <1 8 5 
Bromochloroacetic acid <1 <1 <1 <1 <1 <1 
Dibromoacetic acid <1 <1 <1 <1 7 5 
Total DBP as Br (µg/L Br)  -  27  42 
AOBr* (µg/L Br)  7  124  136 
       

*AOBr (µg/L Br) converted from AOX (µg/L Cl). (AOBr=[AOX/35.5] x 80) 
 

Of the 124-136 µg/L bromide as AOBr formed in the polymer + ozone + bromide samples, only 27-42 
µg/L was identified. This indicates that a significant amount of AOBr is contained in high molecular 
weight, ionic or highly polar compounds. This study shows that the ozone DBPs formed from the 
polymer can form brominated DBPs as a result of reaction with HOBr/BrO-. 
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3.2.3.4 Aldehydes and ketoacids 

Table 33 summarises the aldehyde and ketoacid results for polyDADMAC treated with ozone in the 
presence of bromide. In the sample containing bromide, there were considerably lower levels of 
methyl glyoxal and the ketoacids. This implies that these compounds are reacting with bromine and 
may be the precursors for at least some of the AOX detected in section 3.2.3.3. Alternatively, the 
carbonyl compounds may be lower in abundance as ozone may react with bromide in preference to 
the polymer. 

Table 33. Aldehyde and ketoacids present after ozonation of polyDADMAC in presence of bromide 

 
DBP Concentration 

(Experiment H) 
 Formaldehyd
e 
 
 

Glyoxal Methyl 
glyoxal 

Glyoxylic 
acid 

Pyruvic 
acid 

Ketomalonic 
acid 

 
Polymer + O3

 

(control) 

 
204 

 
17 

 
68 

 
32 

 
18 

 
30 

Polymer + 
Br-+ O3

 
188 12 24 2 2 <1 

Polymer + 
Br-+ O3 
 

184 13 27 <1 <1 <1 

 

3.2.3.5 Purge and trap gas chromatography mass spectrometry 

Although it is generally considered less sensitive than CLSA / GC-MS, purge and trap / GC-MS has 
many advantages, including a high level of automation and reproducability and it is able to scan a very 
wide range of volatile-semivolatile organic compounds. In addition, the method used on the instrument 
included chloromethane and bromomethane. These were identified as potential by-products which 
may result from attack of chloride or bromide on the quaternary amino methyl groups of the polymer 
(Klass and Reynolds, 1999). 

The GC-MS chromatograms for the ozonated polymer and ozone/bromide polymer are shown in 
Figure 16. Bromoform and traces of a compound tentatively identified as dibromoethene (unknown E) 
were detected using this analysis. The mass spectrum and associated mass spectral database library 
match (National Institute of Standards and Technology mass spectral database, 1998 - NIST 98) are 
shown in Figure 17. No bromomethane was detected in the samples (detection limit <5 µg/L). The 
aldehydes octanal, nonanal and decanal were detected in the ozone + bromide sample, but were not 
present in the other ozonated samples, and their origin is not clear. 

3.2.3.6 Closed loop stripping analysis 

Bromoform and traces of dibromoethene were detected by closed loop stripping analysis of the 
ozone/bromide sample. The purge and trap was found to be more sensitive for dibromoethene than 
CLSA. 

3.2.3.7 Bromide/bromate 

Ion chromatography was used to monitor the consumption of bromide and its conversion to bromate. 
Table 34 summarises the bromate/bromide results, as well as organic bromide data from Table 32, for 
comparison. Bromate formation occurs through the oxidation of bromide to bromine (HOBr/BrO-) to 
bromate by ozone or the hydroxyl radical. In the absence of polymer, there was as a very high 
conversion to bromate (89%) as there is no other organic or inorganic compounds present to interfere 
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with the oxidation pathway. When polymer was present, 14-20% of bromide was oxidised to bromate 
and 12-14% converted to organic bromide (AOBr). 54-60% of bromide remained after ozonation, 
suggesting that ozone was preferentially reacting with the polymer rather than with bromide, or that 
HOBr/BrO- was reacting with the polymer/polymer by-products to form bromide and brominated DBPs 
rather than forming bromate. Previous studies on NOM have noted the decrease in bromate formation 
as the DOC increases (Westerhoff et al. 1993), and has been attributed to preferential reaction of 
ozone with NOM rather than with bromide. The remaining bromide in the samples (approx. 10%) is 
unaccounted for and may be present as other inorganic bromide species not determined. 

Table 34. Bromide mass balance in ozonated polyDADMAC/bromide solutions 

Bromide species concentration 
(Experiment H) 

 Bromide 
(µg/L) 

Bromate 
(as bromide 

µg/L) 
 

AOBr *§ 
(as bromide 

µg/L) 

Known 
DBPs 

(as bromide 
µg/L) 

Total Br ¶ 
(µg/L) 

    
Br- + O3 
(control)] 

<10 890 <2 - 890 

Polymer + 
O3(control) 

<10 <5 <2 - <10 

Polymer + Br-

(control) 
1020 <5 20 - 1040 

Polymer + Br- + O3 
 

540 200 124 27 890 

Polymer + Br- + O3 
 

600 140 136 42 920 

 
* AOBr (µg/L Br) converted from AOX (µg/L Cl). (AOBr=[AOX/35.5] x 80,) 
§  data transposed from Table 32 
¶ total bromide as Br-, BrO3

-, AOBr and known brominated DBPs 
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Figure 16. Purge and trap chromatograms of polymer + ozone, ozone + bromide and ozone + polymer + 
bromide 
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Figure 17. Comparison of the mass spectra of unknown E in Figure 16 and library entry for 
dibromoethene 

3.2.3.8 Ames Testing 

No mutagenic response was obtained for the ozone/bromide sample. 

3.3 Ozonation and Chlorination 

Following ozonation in a treatment plant, it is normally necessary to introduce a more persistent 
disinfectant such as chlorine to maintain a disinfectant residual in the distribution system. This study 
found that ozonation of polyDADMAC produced considerable carbonyl DBPs, with which chlorine may 
be more reactive. The formation of DBPs from chlorination (at ~20 mg/L) of an ozonated polymer 
solution was investigated. The analyses conducted on the samples are summarised in Table 2, 
section 2.1.5. 

3.3.1 Ozonation and chlorination of polyDADMAC 

The results of the ozonation of polyDADMAC followed by chlorination are discussed below. 

3.3.1.1 Chlorine consumption 

The chlorine demand of the polymer was very low as discussed in section 3.1.1.1. However after 
ozonation, the 30 minute chlorine demand increased from 0.3 mg/L for the original 10 mg/L polymer 
solution to 1.6 mg/L after ozonation. This was reflected in the residual chlorine measurements of the 
samples after 24 hours, where the ozonated polymer solution consumed 7.6 mg/L Cl2 compared with 
of 0.5 mg/L in the polymer solution. 

3.3.1.2 Dissolved organic carbon 

Little change in the DOC of the polymer solution was observed after ozonation and chlorination (Table 
35). 
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Table 35. DOC measurements of polyDADMAC after chlorination and ozonation  

 
 

 
DOC (mg/L) 

polymer 4.5 
polymer + O3

 5.0 
polymer + Cl2 4.8 
polymer + O3 + Cl2 4.9 

 
3.3.1.3 Nitrogen speciation 

Inorganic and organic nitrogenous compounds detected following ozonation, chlorination and 
ozonation/chlorination of the polymer are shown in Table 36. 

The OxN in the ozonated polymer solution increased from 0.016 mg/L to 0.036 mg/L after chlorination, 
while NH3 remained relatively constant. Although an OxN increase of this magnitude is not significant 
in terms of water quality, it indicates that the polymer nitrogen is being mineralised to some extent. 
Total N in the polymer + O3 solution is less than that of the Cl2 + polymer and the O3 + Cl2 + polymer. 
This result may be due to a low TKN measurement in the O3 + polymer sample. The control results 
(polymer, polymer + chlorine and polymer + ozone) were included in Tables 17 and 25. 

Table 36. Nitrogenous compounds present after ozonation and chlorination and ozonation/chlorination of 
polyDADMAC 

 Nitrogen Species 
(Experiment G)  

 TKN 
 (mg/L) 

OxN 
(mg/L) 

NH3 
(mg/L) 

Org N 
(mg/L) 

Total N 
(mg/L) 
 

 
polymer  

 
0.77 

 
<0.005 

 
0.010 

 
0.76 

 
0.77 

polymer + Cl2 0.76 0.006 0.022 0.74 0.78 
polymer + O3 0.70 0.016 0.020 0.68 0.72 
polymer + O3  + Cl2  0.72 0.036 0.019 0.70 0.76 

 
3.3.1.4 Chlorinated compounds 

Considerably more DBPs were formed from chlorination of the ozonated polymer solution compared to 
the non-ozonated solution, as summarised in Table 37. The results are expressed in terms of 
concentration of the DBP and the total calculated concentration of chloride from the DBP to allow 
comparison to AOX. 

Table 37. Summary of chlorinated DBPs formed in ozonated/chlorinated polyDADMAC solution 

 Polymer + O3
 Polymer + 

Cl2 
Polymer + O3 

+ Cl2 

Conventional DBPs 
Results  

DBP 
µg/L 

As Cl 
µg/L  

DBP 
µg/L 

Cl 
µg/L  

DBP 
µg/L 

Cl 
µg/L  

       
Chloroform 3.0 2.6 2 1.78 57 50.7 
Dichloroacetic acid <1 - <1 - 54 29.7 
Trichloroacetic acid <1 - <1 - 26 17.0 
Chloral hydrate <0.1 - 0.22 - 25 18 
Chloropicrin <0.1 - <0.1 - 197* 127 
1,1,1-trichloroacetone <0.1 - <0.1 - 1.46 0.96 
1,3-dichloroacetone <0.1 - <0.1 - 3.3 1.8 
 
Total µg chlorine 

  
2.6 

  
1.8 

  
228.2 

AOX µg/L  4  22  435 

* Estimation from successive dilution of the extract 
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The presence of chloropicrin and chloral hydrate were confirmed by analysis of the extract by GC-MS 
and comparison against authentic standards. Chloropicrin in particular was found in very high levels. 
There is no guideline value specified by NHMRC/ARMCANZ (NH&MRC 1996), as insufficient 
physiological data was available for this compound. In a survey of Australian drinking waters (Simpson 
and Hayes 1996) the levels of chloropicrin found did not exceed 1 µg/L (in water from conventional 
flocculation/chlorine or monochloramine plants). Hoigne and Bader (1985) reported a four-fold 
increase in chloropicrin formation in waters which had been ozonated prior to chlorination, and that 
formation could be enhanced by the addition of nitrogen containing compounds such as nitrilotriacetic 
acid and particularly, triethanolamine. The presence of nitrite has been shown in several studies to 
enhance chloropicrin production in chlorinated waters (Hoigne and Bader 1985, Duguet et al. 1985). 
The higher OxN level resulting from chlorination of the ozonated polymer (Table 36) may therefore 
have contributed to the production of chloropicrin in this sample. 

Chloral hydrate (trichloroacetaldehyde) was also found in relatively high levels. The NH&MRC 
guideline value for this DBP is 20 µg/L (NH&MRC 1996), and it has been found in chlorinated 
Australian water at levels up to 19 µg/L (Simpson and Hayes 1996). Given that the polymer, ozone 
and chlorine concentrations are higher than would be used in practice, chloral hydrate from residual 
polymer is not likely to make a significant contribution above that formed from natural organic matter. 

The levels of chloroform and chloroacetic acids increased considerably after chlorination of ozonated 
polymer. Although the levels produced are not outside the drinking water guideline values specified by 
NHMRC/ARMCANZ (1996), they may contribute to DBP levels produced from NOM. 

Analogous to the formation of chloropicrin in the ozone/chlorine sample, bromopicrin (1,1,1-
tribromonitromethane) may have been present in the ozone/bromide samples (Section 3.2.3). This 
compound was not included in the quantitative EPA551 analysis and LLE / GC-MS analysis was not 
conducted on the sample. The EPA551 MtBE extract of the sample was analysed by GC-MS, but the 
compound was not detected, and it may have been present in levels lower that the detection limit of 
this method. 

In conclusion this study indicates that residual polyDADMAC ozonation by-products may serve as 
precursors for several DBPs relating to the NHMRC/ARMCANZ (1996) guidelines. Of the total 435 
µg/L of AOX generated from chlorination of ozonated polyDADMAC approximately 228 µg/L was 
identified, implying that much of the AOX is contained in intractable/high molecular weight / ionic 
compounds. Most of the identified AOX was present as chloropicrin. 

 
3.3.1.5 Aldehydes and ketoacids  

The results of the aldehyde and ketoacid analysis of ozonated and chlorinated polymer solutions are 
summarized below in Table 38. 

Table 38. Summary of aldehyde and ketoacids in ozonated/chlorinated samples 

DBP Concentration (µg/L) 
(Experiment H) 

 Formaldehyde Glyoxal Methyl 
glyoxal 

Glyoxylic 
acid 

Pyruvic 
acid 

Ketomalonic 
acid 

 
Polymer + O3

 
 

248 
 

28 
 

84 
 

22 
 

19 
 

44 
Polymer + Cl2 46 3 <1 <1 <1 <1 
Polymer + O3 + Cl2 54 25 11 <1 <1 <1 

A considerable decrease is seen in levels of all ozone DBPs after chlorination, with the exception of 
glyoxal. This suggests that formaldehyde, methyl glyoxal and the ketoacids act as precursors to some 
of the AOX reported in section 3.3.1.4. This is similar to the result observed for the ozone/bromide 
treatment of polymer in section 3.2.3.4. The level of formaldehyde formed in the chlorinated polymer is 
very high compared with results obtained earlier (Table 19). It is unclear why more formaldehyde was 
produced in this experiment. This experiment was conducted some months after the initial one, and 
age related changes to the polymer may have contributed to the higher formaldehyde production upon 
treatment with chlorine. Further work in this area would be required to confirm this, but given that the 
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level of formaldehyde produced in this instance was not significant in terms of health concerns in 
drinking water, further investigation was not warranted.  

 
3.3.1.6 Qualitative carbonyl compound analysis (PFBHA/SPE/GC-MS) 

This qualitative analysis was carried out to identify any carbonyl compounds, especially chlorinated 
carbonyl compounds, not identified in the quantitative analysis (3.3.1.6). Several compounds were 
found in the chlorinated sample and control extracts, which had molecular weights corresponding to 
the chlorine-PFBHA reaction by-products described by Glaze et al. (1989). Figure 18 shows a partial 
chromatogram of the chlorinated polymer, ozonated polymer and combined ozonated/chlorinated 
polymer methylated extracts. The contaminants are labelled on the chromatogram as C1 and C2. The 
reduction in the size of peaks corresponding to the aldehydes, ketoacids and the unknowns (B, C and 
D) is clear from the chromatograms. No chlorinated aldehydes or ketones or ketoacids were detected 
in the extracts. A search for ions specific for chloral hydrate (trichloroacetaldehyde) was not 
successful, although it was detected in this sample by the EPA 551 method. 

The reduction of carbonyl compounds following chlorination suggests that these compounds and 
possibly other undetected ozone DBPs react with chlorine to form some of the AOX detected in this 
sample (Table 37). Pyruvic acid is a precursor for chloroform, dichloroacetic acid and total organic 
halide (TOX), and glyoxal produces no TOX on reaction with chlorine (Reckhow et al. 1985). No data 
was available on the reaction of chlorine with the other major carbonyl ozonation by-products found in 
the sample.  

 
3.3.1.7 Purge and trap gas chromatography mass spectrometry 

Figure 19 shows the purge and trap GC-MS chromatogram of the polymer + ozone, polymer + 
chlorine and polymer + ozone + chlorine samples. It was anticipated that the instrument and trapping 
material may have been sensitive to excess levels of chlorine, so chlorinated samples were 
quantitatively dechlorinated with sodium sulphite prior to analysis. 

Chloroform was the major compound found in the gas chromatogram, while bromodichloromethane 
was also present in low concentration. The latter THM is probably a product of the reaction of 
hypobromous acid and polymer/polymer DBPs. Hypobromous acid forms upon oxidation of residual 
bromide by chlorine or ozone. Bromodichloromethane was also detected by the THM analysis, but at a 
level below the limit of reporting (1 µg/L). A trace of a chlorinated compound, tentatively identified as 
dichloroethene (DCE) was also detected (unknown F in Figure 19). The mass spectra of F and DCE 
are shown in Figure 20. This compound is listed in the NHMRC/ARMCANZ guidelines (1996) as a 
potential contaminant from industrial pollution, and has a guideline value of 30 µg/L. Although this 
analysis was qualitative only, the level of DCE in the sample was estimated to be <5ug/L. 

No chloropicrin was detected using this method, which is surprising given that the compound is 
suitably volatile for detection and was shown to be present in large amounts using the EPA551 
analysis. Sulphite ion, which was used to dechlorinate the sample prior to purge and trap analysis, is 
known to reduce halopicrins to THMs. This ion may have destroyed the analyte, even though all 
attempts were made to minimise excess sulphite ion added to the solutions. 

In most water filtration plants where ozone is employed, a post-ozonation filtration step (eg. granular 
activated carbon or sand filtration) is included prior to final disinfection and distribution. This step aids 
in reducing the level of biologically assimilable natural organic matter (NOM) and ozone DBPs, and 
can also reduce levels of precursors to chlorinated DBPs (Camel and Bermond 1998). This step may 
also remove DBPs formed from ozonation of residual polyDADMAC, and consequently may reduce 
levels of some of the precursors to the chlorinated DBPs observed in this study. 

3.3.1.8 Ames testing 

No mutagenic response was obtained for the ozonated/chlorinated sample. 
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Figure 18. Extracted ion chromatograms of methylated PFBHA/SPE extract of chlorinated polyDADMAC, 
ozonated polyDADMAC and ozonated/chlorinated polyDADMAC 
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Figure 19. Comparison of PT-GC-MS chromatograms chlorinated, ozonated and ozonated/chlorinated 
polymer solution. 

2.00 4.00 6.00 8.00 10.0012.0014.0016.0018.0020.0022.0024.0026.00
0

100000

200000

300000

400000

500000

Time-->

Abundance

TIC: [BSB1]0101002.D

2.00 4.00 6.00 8.00 10.0012.0014.0016.0018.0020.0022.0024.0026.00
0

100000

200000

300000

400000

500000

Time-->

Abundance

TIC: [BSB1]0101001.D

2.00 4.00 6.00 8.00 10.0012.0014.0016.0018.0020.0022.0024.0026.00
0

100000

200000

300000

400000

500000

Time-->

Abundance

TIC: [BSB1]0101003.D

unknown F 

bromodichloromethane 

Chlorinated Polymer 

Ozonated Polymer 

Ozonated and chlorinated polymer 

IS IS

IS

IS

IS

IS

IS

IS
IS

chloroform 

chloroform 



CRC for Water Quality and Treatment                                                Research Report 4-2000 

58 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Comparison of the mass spectrum of peak F in Figure 19 with the library match. 

3.3.1.9 Bacterial regrowth potential 

Table 39 summarises the BRP results for the ozonation and chlorination experiment.  

Table 39. Bacterial regrowth potential results for polyDADMAC  

Sample u 
 

f ACE 

 

Milli Q 
 

0.029 
 

1.6 
 

12 
Milli Q + O3 0.176 5.5 90 
Milli Q + Cl2 0.024 1.2 4 
Milli Q + O3+ Cl2 0.210 6.3 106 
PolyDADMAC  0.081 6.7 115 
PolyDADMAC+ O3 0.186 10.9 198 
PolyDADMAC+ Cl2*    
PolyDADMAC+ O3+ Cl2 
 

0.246 15.0 279 

* no result available 

Ozonation of Milli-Q water resulted in an increase in BRP. PolyDADMAC itself was found to have a 
small BRP, which increased after ozonation. Chlorination of the ozonated polymer resulted in a further 
increase in BRP. The magnitudes of the acetate carbon equivalent (ACE, a standardised measure of 
bacterial growth) are similar to that of some conventionally treated waters. A water with an ACE 
greater than 80 is considered biologically unstable, and may lead to bacterial regrowth in the 
distribution system if disinfectant residuals are inadequate. The high levels of DBPs such as 
aldehydes and ketoacids reported in sections 3.3.1.5 and 3.3.1.6 serve as carbon sources for the test 
bacteria. Similarly, there was a considerable increase in BRP after chlorination of the ozonated 
polymer suggesting that the chlorinated DBPs may also contribute to bacterial regrowth.  
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In a worst case scenario, residual polyDADMAC levels from a plant using the polymer would most 
likely be less than a third of the levels used in this study. The polymer by-products are therefore not 
likely to present a major problem in terms of bacterial regrowth, especially given that ozone DBPs from 
NOM will also be present. As discussed in section 3.3.1.7, a post ozonation filtration step may remove 
these assimilable organic compounds and further reduce any impact polyDADMAC DBPs may have 
on the BRP of a treated water. 

 
3.4 Cytotoxicity Testing 

As mentioned in section 3.1.1.9, all polymer samples chlorinated and non-chlorinated, produced 
cytotoxic responses, suggesting that the polymer itself may be cytotoxic. A chlorine water control, 
which had been quenched with a mild excess of sodium thiosulphate also produced a positive 
response, suggesting that this quenching agent was also cytotoxic (Table 40).  

Table 40. Cytotoxicity results for chlorinated polyDADMAC 

Sample submitted for cytotoxicity testing  
 

Response 

 
Milli-Q water 

 
none 

Chlorine water control1 Cytotoxic 
Polymer + Chlorine 1 Cytotoxic 
Polymer 10 mg/L Cytotoxic 
  

1 15.8 mg/L Cl2, 24hr, pH 7, quenched with sodium thiosulphate 
 

To confirm the cytotoxicity of the polymer, a subsequent polymer sample (10 mg/L, non-chlorinated) 
was tested, returning a positive result. To determine the degree of toxicity, a further set of samples at 
concentrations from 0 to 10 mg/L were tested (Table 41).  The polymer was non-cytotoxic at 1 mg/L, 
but produced a cytotoxic response at 5 mg/L. PolyDADMAC residuals of 1 – 3 mg/L may be 
encountered if overdosing occurs in practice (Eldridge and Bennett 1999). Given the emphasis placed 
on the cytotoxicity testing of leachates from products in contact with drinking water in AS-4020 
(Standards Australia 1994b), these results are significant. Other workers have demonstrated that 
PolyDADMACs and other cationic polyelectrolytes can produce toxic responses in aquatic organisms 
(Beim and Beim 1994).  

Toxicity testing of chemicals used in drinking water treatment according to the American National 
Standards Institute/National Sanitation Foundation International Standard for Drinking Water 
Treatment Chemicals – Health Effects (ANSI/NSF International 1996) stipulates a broad range of 
testing including Ames genetic toxicity, rodent subchronic effects and reproductive toxicity testing. 
These tests may be more relevant to human ingestion of drinking water chemicals than cytotoxicity 
testing alone. Further analysis of the significance of the cytotoxicity of polyDADMAC is beyond the 
scope of this project, and should be further investigated. 

Table 41. Cytotoxicity results for polyDADMAC at various concentrations 

PolyDADMAC 
concentration (Milli-Q 

Water) 

Response 

  
0 mg/L none 

0.5 mg/L none 
1.0 mg/L none 
5.0 mg/L cytotoxic  
10.0 mg/L cytotoxic  
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4. SUMMARY AND CONCLUSIONS 

The aim of this CRC project was to assess the potential contribution of residual polyelectrolytes to the 
formation of disinfection by-products. An extensive literature search found that the information 
available on the reaction of polyDADMAC based polyelectrolytes with disinfectants such as chlorine 
and ozone was limited. This investigation was therefore focussed on the DBPs formed from 
polyDADMAC. Investigations into the chlorine and ozone DBPs of the monomer DADMAC (a 
contaminant present in the commercial polymer) were also conducted. A summary of the findings of 
this research follows. 

 
4.1 Chlorination of polyDADMAC 

A solution of polyDADMAC in reagent water was chlorinated in several experiments. The polymer 
concentration (10 mg/L) was representative of the maximum permissible dose limit in use in Australia, 
and an elevated chlorine dose rate (20 mg/L) was used to emphasise formation of DBPs. In terms of 
specific DBPs, trace levels of THMs, trichloroacetic acid and chloral hydrate were detected. No volatile 
or semivolatile organic DBPs could be detected using closed loop stripping analysis (CLSA) or liquid-
liquid extraction (LLE) gas chromatography mass spectrometry (GC-MS) or purge and trap GC-MS. 
The AOX levels produced from chlorination of the polymer were very low. The majority of the AOX was 
not identified by the analytical methods employed, implying that there are high molecular weight or 
highly polar DBPs generated which could not be detected by the analytical methods employed. The 
chlorinated polymer was not found to be mutagenic by the Ames test.  

The monomer was found to produce fewer chlorinated DBPs overall than the polymer. It can be 
concluded that residual amounts of this compound in the commercial polymer will not make a 
significant contribution to the formation of the DBPs specified in the drinking water guidelines (NHMRC 
1996 and Appendix). 

This study has demonstrated the stability of the polyDADMAC to chlorine treatment, and in 
conventional chlorination procedures, residual polymer will not contribute to DBP levels specified in 
the NHMRC guidelines (1996). However, it should be noted that although the AOX levels generated 
were very low, the majority of the chlorinated compounds produced were unable to be isolated or 
identified by the chosen methods. Although they were detected at very low levels, some of these 
unidentified compounds may still be significant in terms of health effects. 

 
4.2 Ozonation of polyDADMAC 

The polymer was found to produce significant amounts of glyoxal, methyl glyoxal formaldehyde, 
glyoxylic acid and pyruvic acid upon ozonation. In addition some new carbonyl DBPs were found, and 
tentatively identified as a series of dicarbonyl carboxylic acids. The ozonated polyDADMAC solution 
was not mutagenic according to the Ames test. Ozonation of the monomer DADMAC produced 
significant amounts of aldehydes and ketoacids, in particular formaldehyde, glyoxal and glyoxylic acid. 
No mutagenic response was observed in the Ames test. Residual monomer, which is present in 
commercial products (<2%) may contribute to a small extent to the overall production of carbonyl 
compounds, but not in levels significant to water quality. 

The significance of the production of these compounds in relation to treatment plant situations is not 
clear, but given that the polymer residual is low, these compounds will contribute little to the carbonyl 
DBPs in finished water. Of the all the ozonation DBPs detected, only formaldehyde is given a health 
limit by NHMRC (1996, see Appendix). Biological regrowth potential measurements of the ozonated 
polymer solution indicated that ozone DBPs may serve as substrates for bacterial growth. When this 
growth is extrapolated to the low levels of residual polymer likely to be encountered in treated water, 
the contribution would be minor. 

When the polymer was ozonated in the presence of bromide ion, the ozonation by-products decreased 
in concentration, serving as precursors for brominated DBPs. These included bromoform, bromoacetic 
acids, and also a new DBP tentatively identified as dibromoethene. It seems likely that these 
compounds may contribute to the brominated DBPs in finished water to a small extent. A significant 
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amount of the AOBr produced was not identified by the methods employed. This suggests that this 
unidentified AOBr was present as high molecular weight/ionic or highly polar compounds. 

Upon chlorination of an ozonated polyDADMAC solution, the aldehydes and ketoacids decreased in 
concentration, with a concurrent increase in chlorinated DBPs. A high level of AOX was produced, 
which was present as chloroform, chloroacetic acids chloropicrin and chloral hydrate. A trace of a 
compound tentatively identified as dichloroethene was detected, which is normally associated with 
industrial pollution rather than as a disinfection by-product. Of the chlorinated DBPs detected, 
chloropicrin is the more significant. The concentration of this DBP was measured at 200 µg/L, whereas 
the level encountered in Australian waters is normally less than 1 µg/L. No health limit for chloropicrin 
is specified by the NHMRC/ARMCANZ guidelines (1996,) at this stage. Chloral hydrate was found at a 
concentration of 25 µg/L, which exceeds the 20 µg/L guideline value (see Appendix). However, in a 
treatment plant situation where the polymer residual and oxidant doses are lower that those used in 
this study, the chloral hydrate produced from the polymer will most likely be minor relative to that 
produced from NOM. Much of the AOX generated from the chlorination of ozonated polymer remains 
unidentified, and its significance in terms of health effects is not clear. The ozonated/chlorinated 
polymer sample did not produce a mutagenic response in the Ames test 

It should be emphasised that the polyDADMAC samples were treated with oxidants in reagent water 
and free of natural organic matter, which may influence DBP formation. 

 
4.3 Cytotoxicty aspects 

During the course of the study, polyDADMAC was found to be cytotoxic to cultured green monkey 
kidney cells at levels between 1 and 5mg/L. The significance of this result is not clear in relation to 
human health, and further research into this finding was outside the scope of this project. 

 
4.4 Recommendations 

The residual levels of unidentified AOX detected in the chlorinated polyDADMAC and 
ozonated/chlorinated polyDADMAC solutions should be further investigated, as the significance of 
these compounds in terms of their health effects are not known. If further information is to be gained 
about the fate of the polymer after chlorination and chlorination/ozonation, methods to discriminate 
between the parent polymer and its oxidised by-products are required. One possibility is the use of 
high performance size exclusion chromatography (HP-SEC) to monitor the changes in molecular size 
and character, employing a suitable detection method such as evaporative light scattering, 
conductivity or mass spectrometry. 

Ozonation followed by chlorination of residual polyDADMAC may result in AOX, chloral hydrate and 
chloropicrin precursors. Levels of these DBPs, particularly chloropicrin, should be monitored if this 
treatment regime is employed. A further study is required to determine the contribution of 
polyDADMAC at residual levels to chloropicrin production. Such a study should also include a 
comparison of residual polyDADMAC and NOM as chloropicrin precursors upon ozonation and 
chlorination. 

Given that other polyelectrolytes such as polyacrylamides are considered more reactive to oxidants 
than polyDADMAC, it is recommended that ozone/chlorine work on other polyelectrolytes be 
undertaken. 

It is also recommended that the significance of the cytotoxicity of polyDADMAC be further 
investigated. 
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7. APPENDIX 

 
Selected disinfection by-products and their NHMRC/ARMCANZ health limits (where available)  
 

Compound 
 

Health limit 
(µg/L) 1 

 
formaldehyde 

 
500 

 
trihalomethanes (total) 

 
250 

 
chloroacetic acid 150 

dichloroacetic acid 100 

trichloroacetic acid 100 

1,1-dichloroacetone * 

1,1,1-trichloroacetone * 

1,3-trichlrooacetone * 

dichloroacetonitrile * 

trichloroacetonitrile * 

dibromoacetonitrile * 

bromochloroacetonitrile * 

chloral hydrate 
(trichloroacetaldehyde) 
 

20 

chloropicrin 
(trichloronitromethane) 
 

* 

1,1-dichloroethene 30 

1,3-dichloroethene 60 

  

 
 
1 Data transposed from Australian Drinking Water Guidelines (NH&MRC 1996) 
*  Insufficient data to set a guideline value based on health considerations  
 


