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Assessing UV- and ﬂuorescence-based metrics as
disinfection byproduct precursor surrogate parameters
in a water body inﬂuenced by a heavy rainfall event
Ashley D. Pifer, Sarah L. Cousins and Julian L. Fairey

ABSTRACT
Although disinfection byproducts (DBPs) were discovered decades ago and surrogate parameters
have been developed to track their precursors, the accuracy of these metrics in waters impacted by
heavy rainfall events is largely unknown. We measured DBPs and their precursor surrogate
parameters in a water body impacted by 28 cm of rain between 4/24/11 and 4/26/11. Raw waters
collected from four locations within the water body from April to August 2011 were treated by
coagulation and anion exchange. Ultraviolet absorbance at 254 nm (UV254) and ﬂuorescence
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excitation-emission pairs (IEx/Em) were measured. Excitation-emission matrices (EEMs) were
processed with parallel factor (PARAFAC) analysis, which resulted in six component ﬂuorophore
groups (C1-C6), each with a maximum intensity (FMAX). DBP formation potential (DBPFP) with free
chlorine was used to assess the precursor concentrations. Chloroform (TCM) was the predominant
DBP formed, and 37–63% of its precursors were removed by treatment. The trichloromethane
formation potential (TCMFP)-UV254 correlation was poor (r 2 ¼ 0.25) and adversely impacted by the
inﬂux of dissolved iron from the heavy rainfall event; in contrast, correlations with ﬂuorescencebased metrics were strong – TCMFP-I278/506 (r 2 ¼ 0.88) and TCMFP-C1 FMAX (r 2 ¼ 0.87) – illustrating
the accuracy of these precursor surrogate parameters in waters impacted by a heavy rainfall event.
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INTRODUCTION
Disinfectants, such as free chlorine, react with natural

DBPs: (1) use alternative disinfectants and/or (2) remove

organic matter (NOM) in drinking water treatment plants

additional DBP precursors. This study focuses on support-

(DWTPs) and distribution systems to form disinfection

ing the latter approach, by developing metrics to track

byproducts (DBPs), some of which are suspected carcino-

trihalomethane (THM) precursors. A unique aspect of

gens (Cantor et al. ) and teratogens (Nieuwenhuijsen

this study is the focus on a water body during a period

et al. ). The United States Environmental Protection

in which an extreme weather event occurred – speciﬁcally,

Agency currently regulates 11 DBPs in ﬁnished drinking

28 cm of rain over a 3-day period (4/24/11 to 4/26/11) in

water – four trihalomethanes, ﬁve haloacetic acids, chlor-

northwest Arkansas.

ite, and bromate – under the Stage 2 Disinfectants and

Although coagulation (Krasner & Amy ) is com-

Disinfection By-Product Rule. Despite nearly 40 years of

monly used to remove NOM at DWTPs (Crittenden et al.

research, DBP control remains a challenge at many

), other processes such as anion exchange have shown

DWTPs, primarily because of difﬁculties associated with

promise for DBP-precursor removal (Bolto et al. ). The

removing sufﬁcient NOM, the primary pool of DBP precur-

Commonwealth Scientiﬁc and Industrial Research Organiz-

sors. DWTPs can take a two-pronged approach to curb

ation and Orica Australia Pty Ltd developed magnetic ion
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exchange (MIEX®) resin, an anion exchange resin that has a

intensity (FMAX) value. A recent study of raw and alum coa-

high selectivity for NOM and can be used in completely

gulated samples (Pifer & Fairey ) demonstrated that

mixed reactors (Drikas et al. ). While an extensive body

trichloromethane

of research exists regarding DBP precursor removal with

strongly correlated to FMAX values of a humic-like ﬂuoro-

MIEX® (Drikas et al. ; Singer et al. ; Jarvis et al.

phore, characterized by an excitation maximum of 238 nm

), no broadly applicable THM precursor surrogate par-

and emission maximum of 430 nm. However, correlations

ameters have been developed and evaluated for alum- or

between ﬂuorescence-PARAFAC components and THMFP

MIEX®-treated waters that have been impacted by a heavy

have not been evaluated for MIEX®-treated waters.

rainfall event. The availability of robust THM precursor surro-

Additionally, data directly from EEMs (e.g. IEx/Em pairs)

gate parameters would allow DWTPs to better adapt THM-

have not been compared to PARAFAC FMAX data as THM

control processes during such storm events.

precursor surrogate parameters. Discrete IEx/Em pairs

formation

potential

(TCMFP)

was

NOM is derived from terrestrial and aquatic sources, is

could be measured in real-time and with less computational

rich in organic carbon, and can have an array of physical

effort relative to PARAFAC, potentially adding to their value

and chemical properties which vary temporally (Miller &

as a THM precursor surrogate parameter.

McKnight ) and spatially (Pifer et al. ). The proper-

The objective of this study is to evaluate and compare

ties of NOM lend themselves to characterization by

UV- and ﬂuorescence-based metrics as THMFP precursor

spectrophotometric techniques, such as UV absorbance

surrogate parameters in a water body inﬂuenced by a

and ﬂuorescence. Edzwald et al. () showed that UV254

heavy rainfall event. Raw waters were sampled from four

was a strong total THM formation potential (TTHMFP) pre-

DWTP intakes on Beaver Lake (Lowell, AR) between

r 2 > 0.9),

the

4/11/11 and 8/4/11 to capture the impact of the 28 cm rain-

correlations were slightly different for the two waters evalu-

fall event that occurred between 4/24/11 and 4/26/11. Raw

ated. Similarly, Singer & Chang () found a strong

waters underwent treatment in the laboratory at pH 6, 7,

TTHMFP-UV254 correlation for their study of 12 full-scale

and 8 with alum and MIEX®, and UV- and ﬂuorescence-

DWTPs, but these data were scattered at UV254 values

based metrics were measured and calculated. The raw and

cursor

surrogate

parameter

(e.g.

but

–1

greater than 0.4 cm . Speciﬁc UV254 (SUVA254), the

treated waters were chlorinated in formation potential

UV254 normalized by the dissolved organic carbon (DOC)

tests and DBPs were quantiﬁed. Correlations were sought

concentration, is an intensive parameter that is useful for

between spectrophotometric surrogate parameters and

estimating the proportion of total carbon present as aro-

TCMFP using the group of raw and treated waters, a portion

matic carbon in aquatic systems (Weishaar et al. ).

of which were impacted by a heavy rainfall event.

Not surprisingly, therefore, DBP-SUVA254 correlations are
weak in waters over the typical range of SUVA254 values
(0.5–7 L mg–1 m–1) (Weishaar et al. ; Ates et al. ;

METHODS

Pifer & Fairey ). However, SUVA254 can provide insight
into the effectiveness of treatment processes, such as coagu-

Sampling locations

lation, by comparison with both UV254 and DOC in raw and
treated waters.

Raw water samples (18 L each) were collected in pre-

Fluorescence excitation-emission matrices (EEMs) have

cleaned high-density polyethylene carboys on 4/11/11,

been used to characterize NOM in natural waters and ident-

5/13/11, 5/31/11, 6/28/11, 7/14/11, and 8/4/11 at the

ify DBP precursors (Hua et al. ). Because of the

intakes of the four DWTPs on Beaver Lake: Beaver Water

complexity of ﬂuorescence data, parallel factor (PARAFAC)

District

analysis has been used to decompose groups of EEMs into

Water Authority, referred to as Two Ton (TT), Carroll

principal ﬂuorophore groups or components (Stedmon

Boone Water District (CB), and Madison County Regional

et al. ). For all components within each EEM,

Water District (MC). An additional sample was taken at

PARAFAC analysis determines a maximum ﬂuorescence

BWD on 5/6/11 to help capture the major rainfall event.
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MIEX® experiments

variability of DBP-precursors within Beaver Lake and determine the impact of this variability on MIEX® treatment and

MIEX® resin (Orica Watercare, Watkins, CO) was obtained

DBP formation.

in a 5% brine solution. The resin was prepared by decanting
with glass Pasteur pipettes and rinsing with Milli-Q water

Water quality tests

until the conductivity of the supernatant, measured with a
four-cell conductivity probe (Accumet), was less than or

All glassware, with the exception of volumetric ﬂasks, was

equal to 1 mS/cm. The MIEX® resin-Milli-Q water slurry

washed with a solution of tap water and Alconox detergent,

was transferred to a 10 mL graduated cylinder and allowed

rinsed multiple times with Milli-Q water (18.2 MΩ-cm), and

to settle for approximately 10 min before use. A resin dose

baked for 30 min at 400 C. Volumetric ﬂasks and plastic-

of 6 mL/L was chosen for all MIEX® treatments based on

ware were washed with an Alconox and tap water solution,

preliminary experiments that showed DOC reduction

rinsed with Milli-Q water and air-dried at room temperature.

greater than 50%.

W

MIEX® experiments were conducted at pH 6, 7, and

For vacuum ﬁltration, 0.7 μm glass ﬁber ﬁlters (GFFs) were
W

pre-combusted (400 C for 30 min) and pre-rinsed with 1 L

8. To control pH, 10 mL of phosphate buffer (68.1 g/L

of Milli-Q water (Cory et al. ). Therefore, in this work,

KH2PO4 and 11.7 g/L NaOH) was added to each 490 mL

dissolved natural organic matter (DOM) is operationally

raw water sample. The pH of the samples was further

deﬁned as the portion of NOM passing a 0.7 μm GFF.

adjusted using HCl or NaOH. The samples were transferred

These ﬁlters were used instead of the more common

to 500 mL amber glass bottles, and glass pipettes were used

0.45 μm membrane ﬁlters to reduce leaching and/or sorp-

to deliver settled resin to the pH-buffered raw water

tion of organic carbon that could interfere with the UV254

samples. The samples were tumbled end-over-end at 45 revo-

measurements (Karanfil et al. ). Other researchers

lutions per minute for approximately 18 hours, a time

have used these GFFs in recent DOM-ﬂuorescence studies

sufﬁcient to ensure equilibrium was achieved based on pre-

(Cory et al. ; Goldman et al. ), presumably to

liminary experiments (data not shown). The samples were

ensure adequate particle removal while not leaching or sorb-

ﬁltered with 0.7 μm GFFs prior to further analyses.

ing

organics

that

could

introduce

artifacts

to

the

ﬂuorescence measurements.

Disinfection byproduct formation potential tests

Raw water quality parameters, i.e. pH, alkalinity, turbidity, DOC, total dissolved nitrogen, ammonia, and total

DBPFP tests were conducted on 250 mL portions of raw

phosphorus, were measured as part of an alum coagulation

and MIEX®-treated water samples collected on 5/13/11,

study (Pifer & Fairey ), and a description of the methods

6/28/11, 7/14/11, and 8/04/11 according to Standard

can be found in its Supplementary Data. UV254 was

Methods 5710-B with modiﬁcations. The samples were

measured on ﬁltered samples following Standard Methods

adjusted to pH 7.0 with phosphate buffer and spiked with

5910-B (Eaton et al. ) using a Shimadzu UV-Vis 2450

NaOCl solution such that the chlorine residual was between

(Kyoto, Japan) spectrophotometer with a 1 cm path length

3 and 7 mg/L as Cl2 after storage for 7 days in the dark at

quartz cell. The instrument was blanked with Milli-Q

25 C. Chlorine residuals were measured using DPD total

water before the ﬁrst sample and after every six samples

chlorine powder pillows (Hach Company) with a Shimadzu

W

thereafter. SUVA254 was calculated by dividing the UV254

UV-Vis 2450 spectrophotometer at a wavelength of 552 nm,

absorbance by the product of the UV cell path length

calibrated with standard curve between 1.0 and 7.0 mg/L as

(0.01 m) and the DOC concentration (mg/L). Total dis-

Cl2. Precisely 30 mL of each chlorinated sample was taken

solved iron was measured daily at the BWD following

for DBP analysis, and the remainder was quenched by

Hach Method 8146. Samples were ﬁltered using 1.1 μm

sodium sulﬁte and reserved for further analyses. The

GFFs and diluted, as required, with deionized water such

30 mL portions were quenched using ammonium chloride

that dissolved iron concentrations were less than 3 mg/L.

to preserve haloacetonitriles, and DBPs were extracted by
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liquid–liquid extraction following EPA 551.1 with modiﬁ-

procedure are provided elsewhere (Pifer et al. ; Pifer &

cations detailed in Pifer & Fairey (). The extraction

Fairey ). The PARAFAC algorithm decomposed the

solvent and internal standard were combined as 0.5 mg/L

EEM dataset into its principal ﬂuorophore groups (called

1,1,1-trichloroethane in pentane (Wahman ). A GC-

components) and reported the FMAX values for each com-

2010 with an electron capture detector (Shimadzu Corp.)

ponent in each sample.

was used to quantify DBPs. A standard curve (1, 2, 5, 10,
20, 40, 60, 80, and 100 μg/L) containing eight DBPs (chloroform,

dichlorobromomethane,

dibromochloromethane,

RESULTS AND DISCUSSION

bromoform, 1,1,1-trichloro-2-propanone, dichloroacetonitrile, trichloroacetonitrile, and dibromoacetonitrile) was

Raw water parameters

run prior to the samples. Blanks and 10 μg/L check standards were run after every twelfth injection, and 90% of

The inset of Figure 1 shows a map of Beaver Lake, with

checks were within ±20% of the standard concentration

the locations of the four DWTPs and the dam noted. The

and all check standards were within ±25%, which is con-

water ﬂows in a northerly direction in this water body,

sidered to be acceptable based on EPA 551.1.

which has a surface area of 103 km2 and a hydraulic catchment area of 310,000 ha of mostly forest and agricultural

Fluorescence-PARAFAC analysis

lands (Sen et al. ). Select raw water parameters (e.g.
pH, conductivity, alkalinity, total dissolved nitrogen, total

Fluorescence EEMs of 200 raw and MIEX®-treated waters

phosphorus, and trophic state index) were collected from

were collected using a dual monochromator ﬂuorescence

5/13/11 to 8/4/11 and are presented in Pifer & Fairey

detector (Agilent Technologies, Model G1321A) at exci-

(). Additional raw water parameters are shown in

tation wavelengths from 200 to 400 nm and emission

Table 1 for sampling dates before and after the heavy rain-

wavelengths from 270 to 600 nm, each in 1 nm increments.

fall event (28 cm from April 24–26, 2011, NOAA Satellite

The scan speed was 28 ms per data point and the ﬂuor-

and Information Service). Speciﬁcally, Table 1 shows

escence cuvette had an inner diameter of 0.5 mm, as

values

opposed to the more common 1 cm cuvette. EEMs were cor-

SUVA254 on 4/11/11, 5/6/13, 5/13/11, 5/31/11, 6/28/11,

rected for Raleigh and Raman scattering using Cleanscan in

7/14/11, and 8/4/11. The impact of the heavy rainfall

®

for

raw

water

turbidity,

UV254,

DOC,

and

(Zepp et al. ). To facilitate comparison to

event was apparent at BWD and TT (at the upstream end

alum coagulation or MIEX®-treatment, 190 EEMs were

of the lake, see inset of Figure 1), where the raw water tur-

added to the PARAFAC model from a previously reported

bidity spiked (>120 NTU) for the samples collected on

alum coagulation study (Pifer & Fairey ). Following

5/6/11 and 5/13/11. In contrast, at CB (adjacent to the

removal of outliers, the ﬁnal PARAFAC model contained

dam, see inset of Figure 1), the turbidity was less than 11

378 EEMs. PARAFAC modeling was done in MATLAB®

NTU for the three sampling dates after the heavy rainfall

using the DOM-Fluor toolbox (available for download at

event and, at MC, only as high as 36 NTU on 5/13/11.

www.models.life.ku.kd/algorithms). The function, Split-

In terms of organic indicators, DOC ranged from 1.4 to

Data, divided the EEM dataset into two pairs of halves.

9.4 mg L–1 as C and peaked on 5/31/11 in all four

These halves were used in the functions SplitHalfAnalysis

sampling locations, with no apparent impact from the

MATLAB

and SplitHalfValidation, which compared the shape of the

heavy rainfall event. Interestingly, raw water DOC was

components. When component shapes from each half

uncorrelated with UV254 (r 2 ¼ 0.01). SUVA254 ranged

were identical, the corresponding model and number of

from 0.3 to 12.4 L mg–1 m–1, with a mean of 4.8 L mg–1 m–1.

PARAFAC components was considered robust. Stedmon

The data in Table 1 show the SUVA254 values were

& Bro () suggested that the component plots have a

atypically large for BWD on 5/6/11 and 5/13/11 and

single emission peak at wavelengths that slightly overlap

for TT on 5/13/11 and 6/28/11. For these samples,

the excitation peaks. Additional details of the PARAFAC

high UV254 absorbance produced the high SUVA254, as
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Fluorescence-PARAFAC component maxima (FMAX) of the ﬁve components (C1, C3, C4, C5, and C6) for the raw water samples collected on each sampling date (noted under
each bar) and location. BWD is the Beaver Water District, TT is Two Ton, CB is the Carroll-Boone Water District, and MC is the Madison County Regional Water District. The inset
shows the Beaver Lake watershed and the locations of the dam and the four drinking water plants.

opposed to low DOC. Weishaar et al. () showed that

Fluorescence-PARAFAC analysis

UV254 increased linearly with dissolved ferric iron and
that 3 mg Fe3þ/L produced a UV254 absorbance of approxi-

The 378 EEMs in the dataset resulted in a six-component

mately 0.2 cm–1. Figure 2 shows the total dissolved iron

PARAFAC model, which was validated by the SplitHalf-

concentration in the raw water at BWD between April

Analysis function. The six components were numbered

and August 2011 (data for the other DWTPs were not

consecutively and referred to as C1–C6. C2 was identiﬁed

available). These data show a spike in total dissolved

as ﬂuorometer instrument noise (excitation maximum

iron, beginning in late April and subsiding in late May,

<225 nm, EEM not shown) based on a previous study

with a maximum in excess of 30 mg/L in early May. There-

(Pifer et al. ), leaving ﬁve meaningful components. The

fore, we concluded that the heavy rainfall event (4/24/11–

locations of the excitation and emission maxima for these

4/26/11) temporarily increased dissolved iron at BWD and

components are listed in Table 2. Based on the location of

TT and caused high UV254 measurements, and, in turn,

these maxima and the ﬂuorophore identiﬁcations deter-

high SUVA254 values. This contention is advanced further

mined by Santin et al. (), the following component

in the discussion of the MIEX®-treated samples in the

assignments were made: C1 – fulvic acid-like, C3 and C5 –

‘Speciﬁc ultraviolet absorbance’ section. On balance, the

humic acid-like, C4 – tryptophan-like, and C6 – microbial

data in Table 1 indicate that the heavy rainfall event

humic-like.

impacted the turbidity, UV254, and SUVA254 of the raw

Figure 1 contains the FMAX values of the ﬁve PARAFAC

waters from BWD and TT more so than those at CB and

components for

MC.

sampling date and location. On balance, total FMAX values
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Location

BWD

Date

Turbidity
(NTU)

UV254
(cm1)

DOC
(mg L1)

SUVA254
(L mg1 m1)

4/11/11

13

0.049

4.8

1.0

5/6/11

180

0.203

2.7

7.6

a

125

0.367

3.2

11.6

81

0.287

5.9

4.9

a

4

0.077

2.2

3.4

7/14/11a

2

0.072

2.0

3.6

a

8/4/11

2

0.072

2.8

2.6

4/11/11

2

0.056

4.8

1.2

5/6/11

143

NM

NM

NM

5/31/11a
6/28/11

5/13/11

a

120

0.452

3.6

12.4

5/31/11a

37

0.174

5.9

3.0

a

60

0.265

2.4

11.1

7/14/11a

12

0.097

1.4

6.8

8/4/11

14

0.149

2.2

6.8

4/11/11

<1

0.040

6.6

0.6

5/6/11

1

NM

NM

NM

5/13/11a

3

0.034

2.2

1.6

5/31/11a

11

0.097

6.7

1.4

6/28/11a

12

0.113

2.0

5.6

7/14/11a

12

0.131

2.3

5.6

8/4/11

10

0.105

2.0

5.4

4/11/11

<1

0.022

6.2

0.4

6/28/11
a

CB

a

MC
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Raw water parameters for the Beaver Lake samples

5/13/11

TT

|

5/6/11

6

NM

NM

NM

5/13/11

a

36

0.137

2.9

4.8

5/31/11

a

33

0.209

9.4

2.2

6/28/11a

4

0.066

1.8

3.6

7/14/11a

1

0.056

2.1

2.7

8/4/11a

1

0.059

2.2

2.6

BWD – Beaver Water District; CB – Carroll Boone; DOC – dissolved organic carbon; MC –
Madison County; NM – not measured; SUVA254 – speciﬁc ultraviolet absorbance at
254 nm; TT – Two Ton.
a

Reported in Pifer & Fairey (2012), with the exception of the turbidity data.

Figure 2

|

Total dissolved iron (Fe) concentrations in raw water samples at the Beaver
Water District between April and August 2011.

Table 2

|

Maxima location and characteristics of the ﬂuorescence-PARAFAC components
Excitation maxima

Emission maxima

Component

(nm)

(nm)

C1

238 (329)

428

Fulvic acid-like

C3

271 (371, 212)

456

Humic acid-like

C4

229

359

Tryptophan-like

C5

371 (229)

481

Humic acid-like

C6

322 (209)

396

Microbial humiclike

Identiﬁcationa

Values in parentheses are secondary and tertiary Excitation Maxima.
a

Santin et al. (2009).

dissolved iron on the FMAX values. Similarly, Pullin et al.
() found no general trends between the effect of dissolved iron on various ﬂuorescence peaks of resinextracted DOM isolates. However, future DOM studies
regarding the impact of heavy rainfall events should include
the measurement of dissolved iron.
For the raw water FMAX data presented in Figure 1

(the sum of the ﬁve components at a given location and

and those for the MIEX® and alum-treated waters, there

date) were higher for BWD and TT compared to those for

were no consistent trends with sampling date or location.

CB and MC. At each sampling location, total FMAX generally

As such, the following were calculated for the FMAX data

increased in May and remained high through August. Unlike

and are presented in Table 3: (1) the average contribution

the SUVA254 data, there was no apparent impact of

of each PARAFAC component to the total FMAX and
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Average contribution and percent removal for each ﬂuorescence-PARAFAC component for samples collected on 5/13/11, 6/28/11, 7/14/11, and 8/4/11

Treatment

C1

C3

C4

C5

C6

Raw

51 ± 5

17 ± 2

13 ± 3

10 ± 5

9±3

MIEX®, pH 6

31 ± 7

4±1

21 ± 4

25 ± 6

20 ± 4

MIEX®, pH 7

33 ± 8

5±2

21 ± 4

22 ± 7

19 ± 5

MIEX®, pH 8

35 ± 7

5±2

22 ± 5

21 ± 7

18 ± 4

Average contribution

a

38 ± 3

8±3

25 ± 8

16 ± 6

14 ± 4

Alum, pH 7a

41 ± 3

11 ± 3

24 ± 7

12 ± 4

12 ± 3

a

44 ± 3

14 ± 3

23 ± 6

9±4

10 ± 3

MIEX®, pH 6

82 ± 5

94 ± 3

49 ± 14

10 ± 25

32 ± 14

MIEX®, pH 7

76 ± 7

88 ± 5

35 ± 29

 10 ± 68

11 ± 51

MIEX , pH 8

78 ± 7

90 ± 4

45 ± 18

21 ± 27

36 ± 19

Alum, pH 6a

73 ± 8

83 ± 9

27 ± 34

28 ± 35

40 ± 29

a

61 ± 11

67 ± 17

10 ± 35

28 ± 35

32 ± 29

Alum, pH 8a

41 ± 16

42 ± 20

 22 ± 37

27 ± 31

28 ± 24

Alum, pH 6
Alum, pH 8

Average percent removal

®

Alum, pH 7

Values are averages ± standard deviations.
a
Data from Pifer & Fairey (2012).

(2) the average percent removal of each component by

Speciﬁc ultraviolet absorbance

treatment. C1 (fulvic acid-like) was the largest contributor
to the average overall ﬂuorescence before and after treat-

UV254, DOC, and SUVA254 values for the raw and MIEX®-

ment, and was removed by alum and MIEX® for all

treated samples are shown in Figure 3 as a function of

sample locations. Alum treatment at pH 6 performed simi-

sampling date and location. For BWD, SUVA254 was highest

®

larly to MIEX at all three pH values tested. The absence
of a pH trend for MIEX

®

treatment may indicate that the

in the 5/13/11 MIEX®-treated samples and decreased from
6/28/11 through the remainder of the study. Similarly, for

portions of NOM removed by anion exchange are rela-

TT, SUVA254 was high for 5/13/11 and 6/28/11 samples

tively insensitive to pH changes between 6 and 8,

before decreasing in the last two sampling dates. For CB

similar to the ﬁndings reported by Boyer et al. ().

and MC, SUVA254 was comparatively low throughout the

C3 (humic acid-like) was largely removed (>80%) by

entire study. These data show that SUVA254 values in

MIEX® treatment and alum coagulation at pH 6, and to

MIEX®-treated samples were higher than the corresponding

a lesser extent by alum at pH 7 and 8. C4 (tryptophan-

raw waters for BWD on 5/13/11 and TT for 5/13/11 and

like), C5 (humic acid-like), and C6 (microbial humic-

6/28/11. Similar to the raw water SUVA254 data discussed

like) were more signiﬁcant fractional contributors after

previously, the presence of dissolved iron (Figure 2) was

MIEX® treatment, possibly indicating that MIEX® prefer-

the likely cause. MIEX® is an anion exchange resin, there-

entially removed C1 and C3 and/or these components

fore iron (a cation) remains in solution following MIEX®

were impacted by dissolved iron. The percent removals

treatment. As shown in Figure 3, there was disproportionate

of C5 and C6 for both alum and MIEX® were inconsist-

removal of DOC relative to UV254-absorbing moieties (e.g.

ent, as noted by the high standard deviations relative to

DOM and iron), which produced higher SUVA254 values fol-

their means. In Table 3, negative values for the average

lowing MIEX® treatment. This is further evidence that the

percent removals indicate that the treatments achieved

heavy rainfall event added dissolved iron to the BWD and

little-to-no removal.

TT
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Ultraviolet absorbance at 254 nm (UV254), dissolved organic carbon (DOC), and speciﬁc UV254 (SUVA254) by sampling location and treatment for the waters collected on
(a) 5/13/11, (b) 6/28/11, (c) 7/14/11, and (d) 8/4/11. R indicates a raw water sample, and 6, 7, and 8 indicate the target pH for MIEX® treatment. The bars represent
SUVA254, empty triangles represent UV254, and the ﬁlled circles represent DOC. BWD is the Beaver Water District, TT is Two Ton, CB is the Carroll-Boone Water District, and
MC is the Madison County Regional Water District.

measurements. These SUVA254 data follow the trends

were no consistent spatial or temporal trends in DBPFP,

observed in turbidity (Table 1), further supporting the asser-

so their concentrations and percent reductions were aver-

tion that the heavy rainfall event impacted the water quality

aged for each DBP and listed in Table 4. As expected,

at BWD and TT more so than CB and MC. Throughout the

TCM was the dominant DBP formed by chlorination of

®

study, the DOC values in the MIEX -treated samples were

the raw and treated waters. The TCMFP was reduced by

between 0.70 and 2.15 mg L–1 as C, indicating MIEX® did

MIEX® treatment (58–63% on average) and was insensi-

not remove a portion of the organic carbon. The role of

tive

these compounds in DBP formation is explored in the next

component data (Table 3). Interestingly, BDCM concen-

sections.

trations increased in several instances following MIEX®

to

pH,

similar

to

the

ﬂuorescence-PARAFAC

treatment, suggesting that bromide ion leached from the
Disinfection byproduct formation potential

resin and reacted to form bromine-substituted DBPs.
This is a potentially troubling result considering these

Of the eight DBPs screened, only three – chloroform

DBPs are generally considered to be more toxic than

(TCM), dichloroacetonitrile, and bromodichloromethane

fully chlorinated DBPs. Based on the DBP data presented

(BDCM) – formed consistently at detectable levels

in Table 4, UV- and ﬂuorescence-based correlations were

(>1 μg/L) in the raw and MIEX®-treated samples. There

sought with TCM only.
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Average formation potential and percent reduction in formation potential as a
function of treatment for samples collected on 5/13/11, 6/28/11, 7/14/11, and
8/4/11

Chloroform

Dichloroacetonitrile

BDCM

Average formation potential (μg/L)
120 ± 25

4±2

8±1

®

MIEX , pH 6

44 ± 10

3±1

14 ± 2

MIEX®, pH 7

49 ± 12

3±1

13 ± 2

Raw

®

MIEX , pH 8

46 ± 9

3±1

15 ± 3

Alum, pH 6

46 ± 7

3±1

6±1

Alum, pH 7

56 ± 8

3±1

6±1

Alum, pH 8

73 ± 14

3±2

6±1

Average percent reduction
MIEX®, pH 6

63 ± 9

20 ± 24

 86 ± 31

MIEX , pH 7

58 ± 11

16 ± 21

 76 ± 38

MIEX®, pH 8

61 ± 9

21 ± 24

 97 ± 29

These r 2 values were determined with the group of EEMs consisting of raw,

62 ± 8

29 ± 30

24 ± 7

MIEX®-treated, and alum-treated waters from BWD, TT, CB, and MC collected

Alum, pH 7a

52 ± 10

25 ± 33

22 ± 11

Alum, pH 8a

37 ± 9

8 ± 35

17 ± 11

®

Alum, pH 6

a

Figure 4

|

Correlation coefﬁcients (r 2) between chloroform formation potential (TCMFP)
and ﬂuorescence intensity values for each excitation-emission pair (IEx/Em).

on 5/13/11, 6/28/11, 7/14/11, and 8/4/11. I278/506 is indicated with a circle and
is the highest correlated pair (r 2 ¼ 0.88). BWD is the Beaver Water District, TT is
Two Ton, CB is the Carroll-Boone Water District, and MC is the Madison County
Regional Water District.

Values are averages ± standard deviations; TCM – chloroform; DCAN – dichloroacetonitrile; BDCM – bromodichloromethane.
a

From Pifer & Fairey (2012).

Weak TCMFP correlations were determined for SUVA254
(r 2 ¼ 0.00) and DOC (r 2 ¼ 0.23) and were not shown. It is

Correlations between DBPs and DBP-precursor

important to note that data in Figure 5 include samples col-

properties

lected on 5/6/11, 5/13/11, 6/28/11, 7/14/11, and 8/4/11, a
portion of which were inﬂuenced by the heavy rainfall
2

Figure 4 shows a plot of the correlation coefﬁcients (r )

event. In Figure 5(a), the circled cluster of MIEX®-treated

between TCMFP and IEx/Em for each excitation and emis-

samples (on the border of the lower 95% prediction interval)

sion wavelength pair. This plot was generated using

were from BWD and TT sampled on 5/6/11 and 5/13/11,

ﬂuorescence and TCM data from the four sampling

and had UV254 values inﬂuenced by dissolved iron

locations and four sampling dates (5/13/11, 6/28/11,

(Table 1 and Figure 2). In contrast, correlations with ﬂuor-

7/14/11, and 8/4/11). Interestingly, Figure 4 reveals that a

escence-based TCMFP surrogate parameters – both from

large group of IEx/Em pairs correlated strongly (r 2 > 0.8)

PARAFAC FMAX components and EEM-intensity pairs

with TCMFP. This region is approximated by excitation

(I278/506) – were not negatively impacted by the presence

wavelengths between 225 and 300 nm and emission wave-

of dissolved iron. This result demonstrates that ﬂuor-

lengths between 430 and 550 nm. Compared to the

escence-based metrics were superior to UV254 for tracking

ﬂuorophore groups identiﬁed by PARARAC analysis, this

TCMFP surrogate parameters in a water body impacted by

region encompasses the maxima of a fulvic acid-like ﬂuoro-

a heavy rainfall event.

phore (C1) and two humic acid-like ﬂuorophores (C3 and
2

TCMFP was also positively correlated to C3 (r 2 ¼ 0.83),

C5). The highest r value (0.88) occurred at I278/506 and is

a humic acid-like component. In contrast, there was weak

noted in Figure 4 and used in subsequent correlations.

correlation with the tryptophan-like C4 (r 2 ¼ 0.20); however,

Figure 5 shows correlations between TCMFP and (i)
2

2

ﬂuorophore groups like C4 may be useful surrogate par-

UV254 (r ¼ 0.25, Figure 5(a)), (ii) C1 FMAX (r ¼ 0.87,

ameters of nitrogen-containing DBPs, a potentially fruitful

Figure 5(b)), and (iii) I278/506 (r 2 ¼ 0.88, Figure 5(c)).

topic of future research. Similarly, C5 and C6 were
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Correlations between chloroform formation potential (TCMFP) formed during the free chlorine disinfection byproduct formation potential tests and (a) UV254, (b) FMAX for
Component 1, and (c) I278/506. Linear best-ﬁt models were generated from least-squares analyses of raw waters, MIEX-treated waters, and alum-treated waters from all four
sampling locations collected on 5/13/11, 6/28/11, 7/14/11, and 8/4/11. Grey-shaded regions encompass the upper and lower 95% prediction intervals for the linear models.

uncorrelated with TCMFP (r 2 ¼ 0.10 and 0.23, respectively),
suggesting they could be impacted by the heavy rainfall

•

Fluorescence-PARAFAC analysis of the raw and treated
waters revealed ﬁve meaningful component ﬂuorophore

event (e.g. dissolved iron). In summary, FMAX values from

groups: a fulvic acid-like group (C1), two humic acid-

ﬂuorescence-PARAFAC produced an accurate DBP-precur-

like groups (C3 and C5), a tryptophan-like group (C4),

sor surrogate parameter because the algorithm is able to

and a microbial humic-like group (C6).

differentiate between components that are strongly correlated to TCMFP (e.g. C1) without signiﬁcant interferences

•

TCM was the predominant DBP formed following chlorination of the raw and treated waters; MIEX® removed

from dissolved iron which resulted in erroneously high

approximately 60% of TCM precursors, regardless of

UV254 values.

the treatment pH (between 6 and 8).

•

UV254

was

a

poor

TCMFP

surrogate

parameter

2

(r ¼ 0.25); this was in part due to interferences in
the UV254 data produced by dissolved iron at the

CONCLUSIONS

BWD and TT sampling locations from the heavy rainfall
UV- and ﬂuorescence-based metrics were compared as DBP
precursor surrogate parameters at four locations within a

•

event.
Fluorescence-based metrics, both from PARAFAC (FMAX)

water body between April and August 2011, during which

and EEM pairs (IEx/Em), were strong TCM precursor sur-

a heavy rainfall event occurred (28 cm from April 24–26,

rogate parameters (r 2 ¼ 0.87 for C1 FMAX and r 2 ¼ 0.88

2011). Raw waters were treated at pH 6, 7, and 8 by

for I278/506) for the entire dataset and were not negatively

®

alum coagulation and ion exchange with MIEX . Based

impacted by the inﬂux of dissolved iron from the heavy

on the results of this study, the following conclusions can

rainfall event.

be made:

•

After the heavy rainfall event, the raw water turbidity
increased at BWD and TT more so than at CB and MC,
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