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Summary 
 
A matrix of 18 synthetic waters with variable water quality parameters (alkalinity, natural organic matter (NOM), 
and halide concentration) was prepared. The DBP formation potential of these 18 samples was examined both before 
treatment, after enhanced coagulation (EC) and after a sequential treatment using EC followed by either powdered 
activated carbon (PAC), granular activated carbon (GAC), silver-impregnated activated carbon (SIAC), or MIEX® 
resin. The study shows that natural organic matter (NOM) concentration is greatly reduced with EC, and further 
reduced by each secondary treatment. Halide adsorption was not possible with EC or PAC, however, MIEX® and 
GAC had some halide adsorption capacity. SIAC exhibited the greatest halide removal (average 99% adsorption). 
Total DBP formation was reduced by EC, and further reduced by each secondary treatment process, however, 
specific highly brominated DBPs increased in concentration with each successive treatment step in all cases except 
after SIAC treatment. The more highly brominated DBPs may be of a greater public health concern than their 
chlorinated counterparts, therefore, in salinity-impacted waters, halide removal is desirable. 
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Introduction 
 
Understanding the formation and minimisation of disinfection by-products (DBPs) (emerging and regulated) in 
drinking water is important for the continued protection of public health (Richardson et al., 2007). DBPs are 
primarily formed by the reaction of natural organic matter (NOM) and halides (bromide and iodide) with 
disinfectants such as chlorine and monochloramine. Some DBPs may be associated with detrimental health effects 
after long-term exposure at sufficiently high concentrations, therefore their concentrations must be kept to a 
minimum in drinking water (Bove et al., 2002; Kargalioglu et al., 2002). Chlorination is widely used globally in 
drinking water due to its excellent efficiency in removing pathogenic organisms, thereby protecting the public from 
waterborne disease. Each disinfection method produces its own unique suite of DBPs, including both regulated and 
unregulated compounds, however, DBPs from chlorination have received the most attention so far, with about 50% 
of the total organic halogen (TOX) in chlorinated water having been identified to date (Richardson et al., 2007). 
 
DBP minimisation strategies can be broadly categorised into three groups (Zwiener, 2006): controlling disinfection 
parameters to minimise DBP formation (eg, disinfectant dose/disinfection method management); removing DBPs 
after disinfection (eg, air-stripping to reduce trihalomethanes (THMs)); and removing DBP precursors from the 
source water prior to disinfection. Precursor removal prior to disinfection is an attractive strategy for DBP 
minimisation, in that it can potentially minimise all DBPs (known and unknown) rather than targeting a known, 
measureable suite of DBPs, which may omit toxicologically important compounds. Iodinated and brominated DBPs 
are often of greater concern from a public health perspective than their chlorinated analogues, and these may be 
formed in disinfected waters in which these halides are present (eg, salinity-impacted waters (Nielson, 2003)) (Agus, 
Voutchkov and Sedlak, 2009). Bromide is oxidised to hypobromous acid by hypochlorate, and this reacts with NOM 
to form Br-DBPs. This reaction is favoured under conditions of low NOM (high Br-/DOC ratio), since NOM and 
bromide compete for oxidant. That is, removing NOM allows bromide to compete more effectively for oxidant 
(chlorine), thereby allowing formation of the reactive form of bromide (hypobromous acid), and ultimately Br-DBPs. 
Therefore, organic DBP precursor removal techniques applied during water treatment have the potential to form 
increased concentrations of Br-DBPs. So, although traditional DBP precursor removal techniques focus on the 
removal of organic matter from water sources, the removal of halide precursors is also important. DBP precursor 
removal strategies can generally be classified as; membrane techniques, electrochemical techniques, and adsorptive 
techniques (Watson, 2012). Membrane techniques such as reverse osmosis are very efficient in removing both 
organic and inorganic DBP precursors, however, this technology is relatively expensive compared to, for example, 
adsorptive techniques such as activated carbon filters. 
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NOM consists of a complex mixture of many different organic compounds, primarily arising from plant detritus, and 
comprised of humic acids, fulvic acids, amino acids and carbohydrates (Chow et al., 2008). Coagulation, which is 
widely used in water treatment, is able to remove the high molecular weight, high hydrophobicity NOM compounds 
efficiently, however it is not optimal for removing low molecular weight, high hydrophilicity NOM compounds, 
which may be important for DBP formation. Adsorptive techniques such as activated carbons and ion exchange 
resins can allow greater NOM removals to be achieved than what could be achieved with coagulation alone, however 
many of these techniques do not adsorb halides, particularly in the presence of competing ions such as bicarbonate 
(Kristiana et al., 2011). 
 

The significance of this study is in the development of an understanding of how the interrelationships between NOM 
and halide DBP precursors impact on DBPs formation and speciation upon disinfection, and how selected adsorptive 
DBP precursor removal strategies can be best utilised in the control of DBP formation. The pre-treatment strategies 
studied enabled lower concentrations of disinfectants to be used during water treatment, as well as lowering the 
formation of many DBP species. 
 
Methodology 

Chemicals 
 

All DBP standards were purchased from Accustandard, excluding the iodinated trihalomethanes (THMs), which 
were purchased from Orchid Cellmark (Canada). Sodium sulfate (anhydrous) was purchased from Mallinckrodt 
chemicals, and phosphate buffers (Na2HPO4 and KH2PO4) were purchased from Acros Organics. Commercial DPD 
test kits (HACH) were used for the analysis of free and total chlorine. All other chemicals were purchased from 
Sigma-Aldrich. 
 
Synthetic Water Matrix 
 

Matrices of 18 synthetic waters of differing characteristics were utilised for all DBP formation potential and DBP 
precursor removal experiments (Table 1). The experimental matrix was developed based on a face-centred central 
composite design, with three variables, namely, NOM concentration, halide precursor concentration (combined Br- 
and I-) and alkalinity. Synthetic waters were made by dosing 1 L samples of laboratory purified water with sodium 
bromide standard (to give final concentrations of 100 µg/L, 450 µg/L, or 800 µg/L as Br-), potassium iodide standard 
(to give final concentrations of 4 µg/L, 18 µg/L, or 32 µg/L as I-) and NOM isolate (Suwannee river NOM) to give a 
final dissolved organic carbon (DOC) concentration of approximately 3 mg/L, 7.5 mg/L, or 12 mg/L. Alkalinity 
concentrations were 38 mg/L, 138 mg/L, or 238 mg/L as CaCO3. Sodium chloride was added to give a Br-/Cl- ratio of 
1:300 by weight, to mimic a natural water (Magazinovic et al., 2004). Calcium sulfate and magnesium sulfate were 
also added, in proportion to alkalinity, as described (Eaton, 2005). After making the waters, the pH was adjusted to 7 
with dilute HCl. Each 1 L sample was stored in an amber glass bottle until use (within 24 hrs). 
 
Table 1. Concentrations of components of the synthetic water matrix are shown. 
 

Sample 
Number 

Alkalinity (mg/L 
NaHCO3) 

CaSO4.2H2O 
(mg/L) 

MgSO4 
(mg/L) 

Br- (µg/L) I- (µg/L) Cl- (mg/L) TOC 
(mg/L) 

1 32 20 20 100 4 30 3 

2 32 20 20 100 4 30 12 

3 32 20 20 800 32 240 3 

4 32 20 20 800 32 240 12 

5 200 125 125 100 4 30 3 

6 200 125 125 100 4 30 12 

7 200 125 125 800 32 240 3 

8 200 125 125 800 32 240 12 

9 116 72.5 72.5 450 18 135 3 

10 116 72.5 72.5 450 18 135 12 

11 116 72.5 72.5 100 4 30 7.5 

12 116 72.5 72.5 800 32 240 7.5 

13 32 20 20 450 18 135 7.5 

14 200 125 125 450 18 135 7.5 

15 116 72.5 72.5 450 18 135 7.5 

16 116 72.5 72.5 450 18 135 7.5 

17 116 72.5 72.5 450 18 135 7.5 

BLANK 116 72.5 72.5 0 0 135 0 
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DBP Formation Potential Tests 
 
DBP formation potential tests were performed on 225 mL samples buffered to pH 7 with phosphate buffer (20 mM). 
Samples were individually dosed with sodium hypochlorite equal to the chlorine demand (calculated according to 
Method 5710, Standard Methods for the Examination of Water and Wastewater (Eaton, 2005)), plus 2 mg/L chlorine 
(as Cl2), to ensure a final residual in the range 2 ± 1.5 mg/L after the 72 hrs contact time. Each formation potential 
test was then allowed to react in headspace free amber glass bottles at constant temperature (25oC) for 72 hrs. After 
this time, chlorine residual was measured using the N,N-diethyl-p-phenylenediamine (DPD) method (Eaton, 2005) 
then quenched with ascorbic acid and stored, headspace free, at 4°C until extraction (within 24 hrs). 
 
DBP Analysis by Gas Chromatography with Electron Capture Detection (GC-ECD) 
 
Samples were prepared for DBP analysis by liquid-liquid salted extraction, and analysed by GC with ECD (Krasner 
et al., 2006). All samples were extracted in duplicate. The sample pH was adjusted to pH 3.5 with 0.2 N sulfuric acid 
then dosed with 3 mL of methyl tert-butyl ether (MtBE) containing 200 µg/L of 1,2-dibromopropane as an internal 
standard. Approximately 10 g of pre-baked sodium sulfate was then added, and the samples were shaken for 
1 minute and left to settle for at least 5 min. Aliquots of the MtBE layer were then transferred into amber glass vials 
for analysis. The room temperature was maintained at 21-24°C, since at higher temperatures low recoveries of 
volatile DBPs were experienced. The analysis was carried out on an Agilent 7890A GC-ECD, and the 
chromatographic separation was performed on both a DB-5 Agilent column (30 m length × 0.25 mm inner diameter 
× 1.0 µm film thickness) and on a DB-1 Agilent column (30 m length × 0.25 mm inner diameter × 1.0 µm film 
thickness). Pulsed splitless injection was used at a temperature of 200ºC. The temperature program was as follows: 
40ºC for 25 min, ramp to 145ºC at 5ºC/min and hold for 2 min and then ramp to 260ºC at 20ºC/min and hold for 
10 min. The temperature of the ECD detector was set at 290ºC. The relative percent differences of the analysis of 
duplicate samples were in all instances less than 10%. The reporting limit for all DBPs was 0.1 µg/L and the 
recovery for all analytes was between 70% and 130%. The DBPs analysed for were: trichloromethane (TCM), 
bromodichloromethane (BDCM), dibromochloromethane (DBCM) and bromoform (TBM), dichloroacetonitrile 
(DCAN), trichloroacetonitrile (TCAN), bromochloroacetonitrile (BCAN), dibromoacetonitrile (DBAN), 1,1-
dichloropropanone (1,1DCP), 1,1,1-trichloropropanone (1,1,1TCP), trichloronitromethane (TCNM), chloral hydrate 
(CH) dichloroiodomethane (DCIM), chlorodiiodomethane (CDIM), bromochloroiodomethane (BCIM), 
dibromoiodomethane (DBIM) and bromodiiodomethane (BDIM). 
 
Other Analyses (Bromide, DOC, UV254) 
 
Bromide analysis was conducted using a Dionex ICS-5000 ion chromatography system, fitted with an IonPac AS19 
analytical column (4 mm internal diameter × 250 mm length). Injections of 50 µL enabled bromide detection from 
20 µg/L when running the instrument in 1-dimensional mode. The gradient employed was as follows: the first 
10 minutes held KOH concentration at 10 mM, then a gradient was applied which ramped to 58 mM KOH over 
30 minutes. This concentration was held for 5 minutes before returning the KOH concentration to 10 mM over 
3 minutes. 
 
DOC concentration was analysed on a Shimadzu TOC-VCSHTOC analyser using a high temperature catalytic 
oxidation method (Standard Method 5310A) (Eaton, 2005). Samples were filtered through 0.45 µm syringe filters 
prior to analysis and a blank (filtered milliQ) was also included in the analysis to determine the background DOC of 
the system. Certified reference materials of known DOC concentration were included in each analytical run, and the 
concentrations calculated were always within 10% of the reported value. 
 
UV254 was measured using a Bio-Rad SmartSpec Plus spectrophotometer. All samples were filtered through 0.45 µm 
syringe filters prior to analysis. 
 
Enhanced Coagulation (EC) 
 
Bench-scale enhanced coagulation jar tests were performed in accordance to US EPA’s Enhanced Coagulation and 
Enhanced Precipitative Softening Guidance Manual (USEPA, 1999), using a Platypus Jar Tester, equipped with four 
overhead stirrers and 1 L jars. The synthetic waters were treated using individual coagulant doses optimised to give 
greatest NOM removal and a final pH in the range 5.5 – 6.5 for each sample (from 30 to 120 mg/L Alum (as 
Al2(SO4)3•18H2O) depending on the sample alkalinity and starting NOM concentration).  Following the addition of 
the coagulant, the samples were subjected to rapid mixing for 1.5 min at 200 rpm, flocculation for 13.5 min at 
30 rpm, then settled for 60 min before vacuum filtering through Whatman No. 1 filter papers to simulate sand 
filtration at the WTP (Hudson, 1981). 
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Secondary Treatment 

Powdered Activated Carbon (PAC) and MIEX Treatment 
 
After EC, samples were dosed with either 60 mg/L of Norit W35 PAC, or 10 ml/L regenerated, settled MIEX resin, 
then jar tested for 30 min at 100 rpm, settled for 5 minutes, then vacuum filtered through Whatman No. 1 filter 
papers. 
 
Granular Activated Carbon (GAC) and Silver-Impregnated Activated Carbon (SIAC) Treatment 
 
After EC, samples were passed through either Norit 1240 GAC or Norit 1840, 0.1% Ag SIAC columns (treated 
sample approximately 120 bed volumes). The activated carbons were washed with purified water prior to loading 
into activated carbon columns. Column aspect ratio was 8.1. 
 
Results 

NOM Removal 
 
EC was found to precipitate approximately 56% of the organic carbon from the matrix of synthetic waters. High 
removals were achieved in high NOM, high alkalinity waters (average 59 ± 5%) and lower removals were achieved 
in low alkalinity, low NOM waters (average 36%). PAC removed an average of 20 ± 6% of the DOC remaining after 
EC, with highest removals occurring in high NOM waters (Table 2). MIEX® resin adsorbed only approximately 
13% of the DOC remaining after EC, however DOC adsorption was highly dependent on both DOC concentration 
and alkalinity, with DOC removals of approximately 36% under low alkalinity, high NOM conditions. This reflects 
competition for binding sites on MIEX® resin between bicarbonate and anionic NOM. Activated carbon beds (GAC 
and SIAC) both exhibited additional DOC removal beyond what was achieved by EC, with average removals of 25 ± 
10 % by GAC and 44 ± 12% by SIAC. 
 
Halide Removal 
 
EC and EC combined with PAC had no capacity to adsorb bromide (Table 2). GAC and MIEX®, however, had a 
moderate affinity for bromide ions. MIEX® was able to achieve approximately 49% bromide removal under 
conditions of low alkalinity (ie, 38 mg/L), but this was reduced to approximately 10% under high alkalinity 
conditions (ie, 238 mg/L). This reflects competition for binding sites on MIEX® between bicarbonate and bromide. 
Bromide adsorption by GAC was less affected by the presence of competing ions, with an average of 29 ± 11% 
bromide adsorption capacity under low alkalinity conditions and 21 ± 11% in high alkalinity waters. SIAC exhibited 
excellent bromide removal capacity irrespective of alkalinity or starting NOM and bromide concentration. Waters as 
high as 800 µg/L in bromide had bromide concentration reduced to below detection limit (10 µg/L). 
 
Table 2. The average bromide and NOM (as DOC) removal for EC, four secondary treatments, and combined EC/secondary 
treatment is summarised. 
 

 

EC Treatment Average 
Br- 
Removal 
(%) 

Average 
DOC 
Removal 
(%) 

Secondary 
Treatment 

Average Br- 
Removal (%)  

Average 
DOC 
Removal (%)  

Combined EC/ 
Secondary 
Treatment 

Total 
Average Br- 
Removal 
(%) 

Total 
Average 
DOC 
Removal 
(%) 

PAC (Norit 
W35) 

0 19 EC/PAC (Norit 
W35) 

0 75 

GAC (Norit 
1240) 

21 25 EC/GAC (Norit 
1240) 

21 82 

MIEX resin 32 13 EC/MIEX resin 32 66 

Alum 
Coagulation 

0 56 

SIAC, 0.1% 
Ag, Norit 
1840 

99 44 EC/SIAC, 0.1% 
Ag, Norit 1840 

99 90 

 
DBP Formation 
 
The change in concentration of the individual DBPs studied throughout each treatment process for the centrepoint 
samples (medium alkalinity, starting halide concentration, and starting NOM concentration) of the experimental 
matrix is shown (Figures 1-3). All treatment strategies studied led to increases in concentrations of TBM and DBAN, 
except EC combined with SIAC, since this treatment was the most efficient for concurrent DOC and bromide 
removal (Figures 1 and 2). Although GAC and MIEX® had some bromide adsorbing ability, this was not sufficient 
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to stop a significant increase in the Br-/DOC ratio upon treatment, thereby increasing the production of Br-DBPs. 
DBCM was also increased by some treatment methods, with GAC and SIAC being the only treatment strategies that 
were able to lower the formation of this DBP. 
 
The formation of chlorinated DBPs, however, was very effectively mitigated by all of the treatment methods studied 
(Figures 1-3), with approximately 93% less TCM being formed after EC, and further reductions in formation after 
each of the secondary treatments. This suggests that the combined treatment methods would be excellent for DBP 
management in waters in which bromide concentrations are low, not only forming lower levels of DBPs, but 
requiring much lower doses of disinfectant. On the other hand, in the presence of bromide (eg, salinity-impacted 
waters) all treatments except EC combined with SIAC will preferentially form Br-DBPs, which is undesirable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The speciation of individual THMs after each treatment is shown, and compared to THMs formed without any DBP 
precursor removal treatment. Average of triplicate analyses of centrepoint samples for each treatment method is shown. Starting 
water quality parameters were as follows: bromide concentration 450 µg/L, DOC 6 mg/L, alkalinity 83 mg/L as CaCO3 mg/L. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The speciation of individual HANs after each treatment is shown, and compared to HANs formed without any DBP 
precursor removal treatment. Average of triplicate analyses of centrepoint samples for each treatment method is shown. Starting 
water quality parameters were as follows: bromide concentration 450 µg/L, DOC 6 mg/L, alkalinity 83 mg/L as CaCO3 mg/L. 
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Figure 3.  The speciation of specific chlorinated DBPs after each treatment is shown, and compared to DBPs formed without any 
DBP precursor removal treatment.  Average of triplicate analyses of centrepoint samples for each treatment method is shown. 
Starting water quality parameters were as follows: bromide concentration 450 µg/L, DOC 6 mg/L, alkalinity 83 mg/L as CaCO3 mg/L. 
 
 
Total THMs and tHANs are also shown (Figure 4), and illustrate the overall decrease in these parameters with EC, 
and further decrease with secondary treatment in most cases. It is important to note that a parameter such as tTHM 
does not illustrate the changes in THM speciation that occur during treatment, and the concurrent change in 
toxicological profile of the mixture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Total THMs and total HANs after each treatment is shown, and compared to concentrations formed without any DBP 
precursor removal treatment. Average of triplicate analyses of centrepoint samples for each treatment method is shown. Starting 
water quality parameters were as follows: bromide concentration 450 µg/L, DOC 6 mg/L, alkalinity 83 mg/L as CaCO3 mg/L. 
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Conclusions 
 
 The combination of EC with SIAC beds was excellent at removing both organic and inorganic DBP 

precursors from waters of variable alkalinity, therefore, this is the optimal method of those studied for DBP 
precursor removal from salinity-impacted waters. 

 All secondary treatments improved removal of organic precursors, beyond EC alone, thus low chlorinated 
DBP formation was achieved in all cases. 

 All secondary treatments except SIAC caused an increase in the formation of specific, highly brominated 
DBPs due to the increased Br-/DOC ratio created by the treatment. 

 MIEX® and GAC had some halide adsorption capacity, but it was insufficient to stop increased formation of 
some Br-DBPs compared to ‘no treatment’ samples. 

 Brominated THMs may indicate formation of other brominated species. 
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