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Abstract: Optimization of organic matter (OM) removal is of key importance for effective water treatment, as its presence affects treatment
processes. In particular, OM increases the operational cost of treatment caused by increased coagulant and disinfectant demands. In the
work reported here, fluorescence spectroscopy is used to assess the effect of changing coagulation pH on OM removal, character, and
composition. The results of a 3-month trial of low pH coagulation operation at a major surface water treatment works in the Midlands
region of the UK are discussed, together with the effect upon total organic carbon (TOC) removal. OM removal was assessed on the basis
of both measured removal and fluorescence-inferred removal (through intensity-reduction measurements). Fluorescence spectroscopy dem-
onstrated that optimized coagulation affects the quantitative and qualitative OM properties. Fluorescence analyses were shown to complement
other OM measurements, with reductions of peak intensities correlating well with removal of TOC in a range of different treatment
conditions. DOI: 10.1061/(ASCE)EE.1943-7870.0000371. © 2011 American Society of Civil Engineers.
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Introduction

Water-treatment works optimization involves changes to the treat-
ment processes and treatment infrastructure to increase the water-
treatment effectiveness, secure supplies of potable water, reduce the
production of undesirable treatment by-products [e.g., sludge, dis-
infection by-products (DBPs)], prolong the life of treatment infra-
structure, and lower operational costs. Optimization of organic
matter (OM) removal is of key importance to effective water treat-
ment, as its presence affects treatment processes and treated water
quality. Poor removal of OM can result in the formation of poten-
tially carcinogenic DBPs, such as trihalomethanes (THMs) and
haloacetic acids (HAAs) formed when residual natural organic mat-
ter (NOM) reacts with disinfectants such as chlorine. In England
and Wales, drinking-water regulations stipulate an absolute
maximum contaminant level value of 100 μg=L for four combined
THMs (chloroform, dichlorobromomethane, dibromochlorome-
thane, bromoform) measured at the customers’ taps. HAAs are cur-
rently unregulated. In the United States, the U.S. Environmental
Protection Agency’s (U.S. EPA) Disinfectants and DBPs Rule reg-
ulates the same four THMs and five HAAs (monochloro-ClAA,
monobromo-BrAA, dichloro-Cl2AA, dibromo-Br2AA, and tri-
chloroacetic acid Cl3AA). The U.S. EPA limit on selected HAAs
is 60 μg=L (U.S. Environmental Protection Agency 1999).

The extent of OM removal by coagulation, flocculation,
and clarification is dependent on raw-water OM properties and
the treatment conditions (Randtke 1988; Kim and Yu 2005; van
Leeuwen et al. 2005; Fabris et al. 2008). The hydrophobic,
high-molecular-weight fraction is known to be preferentially re-
moved, whereas the low-molecular-weight hydrophilic OM is more
recalcitrant to removal. The relative contribution of the more recal-
citrant OM fraction to the total OM is specific to the particular raw
water and exhibits seasonal changes induced by natural and
anthropogenic effects. Consequently, coagulation optimization
can be achieved by appropriate adjustment of the coagulant type,
dosage, pH, and pretreatment processes (e.g., ozonation). However,
although OM character and coagulant type and dose are critical, for
a given raw water and coagulant, the coagulation pH has been
found to be the most significant treatment parameter affecting
the extent of OM removal by coagulation (Edzwald and Tobiason
1999; O’Melia et al. 1999; Yu et al. 2007).

Fluorescence Spectroscopy

River, waste, and potable-quality waters all have distinctive
spectrophotometric properties in both absorption of light and fluo-
rescence. As well as strong absorption in the ultraviolet (UV) re-
gion, much dissolved organic matter (DOM) is present in water
fluoresces. Recent studies have demonstrated that fluorescence
spectroscopy is a useful tool for determining qualitative aspects
of OM character and functional properties, such as alumina adsorp-
tion, hydrophilicity, and buffering capacity (Baker et al. 2008); and
technological advances now allow rapid acquisition (< 1 min) of
three-dimensional excitation-emission matrices (EEMs) from just a
few milliliters of sample volume.

EEMs display the intensity of fluorescence within the sample
against the excitation wavelengths and the wavelength at which
excited fluorophores emit light. Fluorescence regions can be attrib-
uted to both natural fluorescence (humic- and fulviclike, defined as
Peaks A and C), and microbial-derived organic matter (tryptophan-
and tyrosine-like fluorescence, defined as Peaks T and B) at shorter

1Senior Research Associate, Centre for Sustainable Water Management,
Lancaster Environment Centre, Lancaster, LA1 4YQ, UK.

2Professor, School of Civil and Environmental Engineering and School
of Biology, Earth and Environmental Sciences, The Univ. of New South
Wales, 110 King St., Manly Vale, NSW 2093, Australia.

3Reader in Environmental Engineering, School of Civil Engineering,
Univ. of Birmingham, Edgbaston, Birmingham, B15 2TT, UK (correspond-
ing author). E-mail: j.bridgeman@bham.ac.uk

Note. This manuscript was submitted on January 12, 2010; approved on
February 1, 2011; published online on February 3, 2011. Discussion period
open until December 1, 2011; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Environmental En-
gineering, Vol. 137, No. 7, July 1, 2011. ©ASCE, ISSN 0733-9372/2011/
7-596–601/$25.00.

596 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / JULY 2011

Downloaded 06 Jul 2011 to 147.188.91.234. Redistribution subject to ASCE license or copyright. Visithttp://www.ascelibrary.org

http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000371
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000371
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000371
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000371
j.bridgeman@bham.ac.uk
j.bridgeman@bham.ac.uk
j.bridgeman@bham.ac.uk
j.bridgeman@bham.ac.uk


emission wavelengths (Coble 1996). Chlorophyll fluorescence is
found at longer wavelengths and is indicative of algal activity.
In standard fluorescence EEM data analysis, the maximum fluores-
cence intensity for each peak is recorded along with its spectral
location (excitation and emission wavelengths).

To date, fluorescence has been used for monitoring river water
quality, specific pollutants in industrial wastewater, oil in water, and
failures in recycled water treatment and distribution systems (e.g.,
Hudson et al. 2007; Kuzniz et al. 2007; Lambert 2003; Henderson
et al. 2008). However, few studies have investigated the use of fluo-
rescence in drinking-water treatment works (WTWs). Bieroza et al.
(2009) investigated OM removal across the coagulation, floccula-
tion, and clarification processes at 16 WTWs in the UK and found
that Peak C characterized the OM and that Peak T characterized
microbial activity. The authors also demonstrated that OM fluores-
cence properties could be used to determine temporal variations
of OM at specific sites and spatial variations of OM between
different sites.

Investigation of the link between fluorescence and DBP forma-
tion has received some attention in recent years; and results from
two studies that indicate a correlation between fluorescence inten-
sity, chlorine demand, and DBP formation have now been pub-
lished (Roccaro et al. 2009; Beggs et al. 2009). The research
undertaken at drinking-water plants thus far demonstrates that fluo-
rescence is a promising tool for characterizing OM; however, the
number of studies undertaken remains limited. Further research is
required to determine, inter alia, the effect of specific processes on
fluorescent OM. The work reported here goes into addressing this
limitation in the available literature. Specifically, an investigation
was undertaken to assess improvements in TOC removal efficiency
by coagulation pH reduction. The work reported in this paper dis-
cusses a 3-month trial of low pH coagulation operation at a major
surface water treatment works in the Midlands region of the UK
and the effect on TOC removal. OM removal was assessed on
the basis of both measured removal and fluorescence-inferred re-
moval (through intensity-reduction measurements). The results
were combined with a larger data set from 15 other WTWs to assess
the capability of fluorescence measurements to describe TOC
removal.

Materials and Methods

Site Description

WTWA abstracts raw water from the river Leam in the Midlands
region of the UK. This lowland source is stored in an impounding
reservoir with a theoretical retention time of 2 days. The catchment
area is 372:9 km2 and comprises 65% nonirrigated arable land and
25% pasture (European Environmental Agency 2007). The process
flow sheet at the works incorporates screening, preozonation,
coagulation, flocculation, intermediate ozonation, clarification, fil-
tration, granulated activated carbon (GAC), and disinfection. Maxi-
mum and minimum flows to the works are 45 and 10 ML=day,
respectively. Water leaving the WTW is held in a final water storage
reservoir (nominal retention time is approximately 20–22 h under
normal operating circumstances) before entering the distribution
system.

Fluorescence spectroscopy analysis was carried out on samples
of raw and clarified water from WTW A and 15 other surface
WTWs in the Midlands region of the UK, collected monthly be-
tween August 2006 and February 2008 (Bieroza et al. 2009).
All WTWs sampled are owned and operated by Severn Trent Water
Ltd. Fluorescence properties for WTW A are presented and

compared to the average values for all 16 surface water treatment
sites in Table 1. The high and seasonally variable Peak C intensity
and TOC values indicate the presence of substantial amounts of
organic matter in WTWA raw water. The average raw-water Peak
C emission wavelength for WTWA is slightly lower than the aver-
age for all sites and indicates the predominance of the hydrophilic
fraction of organic matter (Baker et al. 2008). High tryptophan-like
fluorescence intensity suggests the presence of a microbial organic
matter fraction including algae-derived material.

Analytical Methods

Fluorescence

Organic matter fluorescence was measured using a Cary Eclipse
fluorescence spectrophotometer (Varian, Surrey, UK), by scanning
excitation wavelengths from 200 to 400 nm in 5-nm steps, and
detecting the emitted fluorescence in 2-nm steps between 280
and 500 nm. Excitation and emission slit widths were set to
5 nm and the photomultiplier tube voltage to 725 V. To maintain
the consistency of measurement conditions, blank scans with a
sealed cell containing deionized (DI) water were run systematically
following the procedure described by Baker (2001), and the inten-
sity of the Raman line of water at 348 nm excitation wavelength
was recorded. To enable comparison between samples, all the fluo-
rescence intensities were corrected and calibrated to a Raman peak
intensity of 20 units at 396 (392–400) nm emission wavelength.
OM fluorescence was measured on unfiltered samples in 4-ml
cuvettes. TOC values observed in the water samples obtained were
well below 25 mg=L; and therefore, any inner-filter effect was neg-
ligible, thereby negating the need for dilution (Hudson et al. 2007).
Fluorescence intensities were measured in the following spectral
areas:

PeakA : λemh400∶450i, λexh225∶260i
PeakC : λemh400∶450i, λexh300∶355i
Peak T1 : λemh330∶370i, λexh225∶235i
Peak T2 : λemh330∶370i, λexh270∶280i

A Java script was written to facilitate basic fluorescence data
processing and automated extraction of the fluorescence peak data.

TOC was measured using a Shimadzu TOC-V-CSH analyzer
with autosampler TOC-ASI-V. HCl was added to the samples,
which were then sparged with CO2-free air to strip inorganic

Table 1. Raw and Clarified Water Properties for WTWA and All 16 Water
Treatment Sites (August 2006–February 2008)

Parameter

WTW A All sites

Mean SD Mean SD

Tryptophan-like intensity RAW (au) 42.2 6.8 34.9 15.8

Tryptophan-like intensity CLA (au) 36.1 5.7 27.8 15.8

Peak C emission wavelength RAW (nm) 423 5 428 11

Peak C emission wavelength CLA (nm) 418 8 422 10

Peak C intensity RAW (au) 162.9 46.9 141.1 48.0

Peak C intensity CLA (au) 127.8 25.9 86.2 40.4

TOC RAW (mg=L) 6.1 1.3 6.4 16.6

TOC CLA (mg=L) 5.1 1.0 4.1 9.1

OM removal fluorescence Peak C (%) 21.5 9.7 37.8 20.2

OM removal TOC (%) 20.0 11.8 40.6 21.7

Coagulation dose (mg=L Fe) 6.8 1.5 7.6 3.6

Coagulation pH 7.4 0.1 6.6 1.1

Note: RAW: raw water; CLA: clarified water; SD: standard deviation.
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carbon before catalytically aided platinum 680°C combustion. The
nonpurgable organic carbon (NPOC) determination method was
employed and the resulting NPOC was calculated as a mean of
three valid measurements. The typical error of the duplicated analy-
ses was less than 10%.

UV absorbance was measured in duplicate with the Biochrom
Libra S12 spectrophotometer between 200 and 800 nm, with DI
water as the blank. Samples were filtered through a 0.45-μm
membrane. A quartz cuvette with 1.0-cm path length, rinsed with
DI before each analysis, was used.

Results

Organic matter removal at WTWA is limited, as calculated both on
the basis of fluorescence analysis (reduction in Peak C intensity
between raw and clarified water, 21.5%) and from the reduction
in measured TOC concentrations (20.0%). The OM removal at
WTW A is significantly lower than the average value for all 16
WTWs, and the WTW A coagulation pH is higher compared to
all sites, as a result of the initial high raw-water pH (raw-water aver-
age for the work reported here was pH 8.1).

Edzwald and Tobiason (1999) considered the extent to which
OM would be removed by different coagulants for different values
of specific UV absorbance (SUVA) at 254 nm. The authors pre-
dicted more than 50% removal for SUVA values in excess of 4,
less than 25% removal for SUVA values below 2, and between
25 and 50% removal for SUVA values between 2 and 4. The high
raw-water SUVA (in a range of 2.9 to 5:6 mg=L-m, average value
of 3:8 mg=L-m, Table 2) observed at WTWA indicates the pres-
ence of a relatively hydrophobic OM fraction that could therefore
be favorably removed by coagulation. It was considered that the
efficiency of the coagulation process could potentially be improved
by manipulation of the coagulation pH. Thus, to investigate the
potential improvements in TOC removal efficiency by coagulation
pH reduction, the removal of OM on the basis of both TOC removal
and fluorescence intensity reduction measurements was evaluated.

To determine the impact of pH adjustment on organic mat-
ter removal efficiency at WTW A, a full-scale coagulation
enhancement experiment was carried out over the period November
2008 to February 2009. For four successive weeks, the coagulation
pH was decreased from the current operational level of 7.5 to 5.5;
and in February, the coagulation conditions were initially evaluated
at a coagulation pH of 6.5, followed by a period at pH 5.0 (Table 2).
For each week of pH change, samples of raw, clarified, and final
water were collected on three separate days. For all samples, fluo-
rescence and absorbance measurements were performed along with
determination of TOC. The data were then used to assess the impact
of pH lowering on organic matter removal effectiveness.

Fig. 1 shows the raw-water fluorescence properties (Peak C and
Peak T) annotated with TOC removal for two sets of data from
WTWA. The data have been derived from a historic fluorescence
data set (August 2006–February 2008) and from the low pH coagu-
lation investigation (November 2008–February 2009). Raw-water
hydrophobicity (Peak C emission wavelength) and microbial frac-
tion content (tryptophan-like intensity) of the low pH coagulation
samples are similar to the historic OM properties. However, the
TOC removal of the low pH samples is significantly higher than
TOC removal obtained historically. Thus, by lowering the coagu-
lation pH, TOC removal was improved with no change in raw-
water OM character.

For each coagulation pH, an average TOC removal was calcu-
lated and compared to the historic removal at pH 7.0 (34.0%)
(Table 2). A decrease in coagulation pH enabled more effective
TOC removal; removal increased from 34.0% at pH 7.0 to
39.7% at pH 6.5, 50.9% at pH 6.0, 66.2% at pH 5.5, and
54.7% at pH 5.0. The greatest TOC removal was observed for
pH 5.5, and not for the lowest pH 5.0. As the coagulation pH in-
vestigation was carried out over several weeks, the raw-water OM
concentrations varied over the study period (from 6:2 mg=L
on February 8, 2009, to 10:8 mg=L on December 10, 2008).
The higher raw-water TOC concentrations would require higher
coagulant doses for effective removal of DBP precursors. Thus,

Table 2. Coagulation Enhancement Measurements at WTW A from November 2008 to February 2009

Date
Coag dose
mg=L Fe

Coag dose/
TOC R Coag pH

TOC SUVA OM removal (%)

R C F R C F TOC FLU UV254

11.18.08 7.5 1.1 7.0 7.0 4.8 3.3 4.4 3.4 1.7 32.0 37.4 47.8

11.19.08 6.4 0.9 7.0 6.9 4.7 3.3 3.9 3.1 1.9 32.0 33.1 46.3

11.20.08 5.4 0.8 7.0 6.8 4.7 3.3 4.1 3.4 1.9 29.9 31.6 41.5

11.25.08 6.1 0.8 6.5 7.4 4.5 3.2 3.5 2.2 2.6 39.9 30.8 62.7

11.26.08 6.6 1.0 6.5 6.6 3.7 2.7 4.0 2.6 0.7 43.0 42.4 62.6

11.27.08 7.2 1.0 6.5 7.2 3.7 2.6 3.7 2.5 0.3 49.0 46.1 65.2

12.02.08 8.3 1.3 6.0 6.3 3.8 2.4 3.5 2.3 1.2 39.7 48.3 61.0

12.03.08 7.5 1.2 6.0 6.3 3.3 2.4 3.8 2.7 0.9 47.6 52.3 63.0

12.04.08 7.4 1.2 6.0 6.3 3.3 2.5 3.7 2.1 0.7 47.6 52.1 71.0

12.09.08 12.8 1.3 5.5 10.1 3.7 2.0 5.4 2.4 1.6 63.4 67.0 83.9

12.10.08 14.1 1.3 5.5 10.8 3.3 1.7 5.6 3.7 1.8 69.4 70.0 79.8

12.11.08 14.1 1.4 5.5 9.9 3.9 1.6 4.1 2.3 1.8 60.6 61.7 78.1

02.06.09 9.2 1.6 6.5 5.8 3.3 2.7 3.3 2.2 1.3 43.0 40.3 61.7

02.07.09 7.6 1.3 6.5 6.0 2.9 1.9 3.2 2.7 1.2 50.8 49.6 58.9

02.08.09 6.4 1.0 6.5 6.2 2.9 1.9 2.9 2.8 1.0 53.5 47.8 55.9

02.10.09 5.4 0.8 5.0 6.5 3.7 2.2 3.1 2.3 0.9 42.9 44.1 58.1

02.11.09 6.6 1.0 5.0 6.6 3.1 2.0 3.1 2.6 0.7 53.1 52.0 60.3

02.12.09 9.9 1.4 5.0 7.2 2.4 1.8 3.3 2.1 0.6 66.6 67.9 78.5

Note: TOC (mg=L) and SUVA (mg=L-m) of raw (R), clarified (C), and final water (F). Organic matter removal (%) measured as a reduction in TOC,
fluorescence intensity of Peak C (FLU), and UV254 absorbance.
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the difference in TOC removal efficiency between the two lowest
coagulation pH values may result from higher TOC concentrations
of raw water and higher coagulant doses applied (pH 5.5,
average TOC ¼ 10:3 mg=L; pH 5.0, average TOC ¼ 6:8 mg=L,
Table 2). To address the change in TOC and its effect on OM re-
moval, a ratio of coagulant dose to raw-water TOC was calculated
(Table 2). It can be seen that for pH 5.5, a higher coagulant dose to
raw-water TOC ratio (average 1.3) was observed compared to con-
ditions at pH 5.0 (average 0.9, excluding February 12, 2009).
However, at a given coagulant dose to TOC ratio, the degree of
OM removal depends on coagulant pH, TOC, and SUVA. For
example, on both December 11, 2008, and February 12, 2009,
the coagulant dose to TOC ratio was 1.4, while pH was 5.5 and
5.0, respectively. A higher TOC removal was observed for the
lower coagulation pH and lower SUVA (3:3 mg=L-m and
4:1 mg=L-m for December 11, 2008, and February 12, 2009, re-
spectively). On December 9, 2008, and December 10, 2008, the
coagulant dose to TOC ratio was 1.3, coagulation pH was 5.5,
and SUVA values were 5.4 and 5:6 mg=L-m, respectively. Here
TOC removal was 63.4% and 69.4%, respectively.

The impact of low pH coagulation on OM removal is shown in
Fig. 2 and Table 2. OM removal was calculated from the reduction
in TOC concentration, UV254, and fluorescence intensity of Peak C
between raw and clarified water. Fig. 2 shows that the fluorescence-
derived OM removal (calculated as Peak C intensity reduction) cor-
relates strongly with TOC removal (R2 ¼ 0:91). The decrease in
absorbance in percentage plotted against the TOC removal yielded
a poorer correlation (coefficient value of R2 ¼ 0:69). The percent-
age removal of UV-absorbing material, however, is higher than
TOC removal (average 15%), indicating that coagulation preferen-
tially removes the aromatic organic matter fraction (Chow et al.
1999; Volk et al. 2000).

To compare the effect of enhanced coagulation on OM charac-
ter, fluorescence data corresponding to baseline operational
(November 18, 2008, coagulation pH 7.0) and optimized

conditions (February 12, 2009, coagulation pH 5.0) were evaluated
(Table 3). The raw-water properties (pH and TOC concentrations)
were similar for both sets of samples: pH 8.0 and TOC 7:0 mg=L
for baseline, and pH 8.2 and TOC 7:2 mg=L for optimized
conditions, respectively. This suggests that raw-water properties
were relatively similar before coagulation. There was, however,
a difference in SUVA for both sampling events, with a lower value
of 4:4 mg=L-m observed for the baseline conditions compared to
5:4 mg=L-m for optimized conditions. Raw water EEMs for
the baseline and optimized coagulation regimes are shown at
Figs. 3(a) and 3(c). Visual inspection of these raw-water EEMs in-
dicates very similar OM composition for the two samples, with
higher fluorescence intensities in the Peak A region for the baseline
raw-water EEM. Figs. 3(b) and 3(d) show differences in fluores-
cence properties of clarified waters obtained for baseline and opti-
mized coagulation conditions. The results for clarified water
indicate a greater reduction in all fluorescence peak intensities
for the optimized conditions compared with the baseline conditions
(increased reduction: Peak A: 74 units, Peak C: 30 units, Peak T2:
27 units) (Table 3). Furthermore, the difference in emission wave-
lengths between raw and clarified water was also found to be
greater for the optimized samples (Peak A: 20 nm, Peak C: 6 nm),
indicating that the residual OM is more hydrophilic. Final water-
fluorescence intensities for the baseline case are consistently higher
than the corresponding low pH coagulation values (Table 3), indi-
cating that there was more NOM removal at the lower pH. Thus, the
reduced residual OM content arising from low pH coagulation can
reduce costs of OM removal postcoagulation and reduce problems
arising from the presence of OM in downstream treatment
processes.

Fig. 2. OM removal calculated as a change in Peak C intensity (OM
removal FLU) and as a change in UV254 (OM removal UV254) be-
tween raw and clarified water versus TOC removal (OM removal
TOC); correlation coefficients obtained for all historic data (circles);
results obtained for WTW A for baseline conditions (large circles)
and optimized coagulation conditions (large squares); dotted lines
represent trend line and 95% confidence intervals

Fig. 1. WTW A raw-water spectral properties; Peak C emission
wavelength versus Peak T intensity with % TOC removal shown for
all data August 2006–February 2008 [baseline conditions, (a)] and
coagulation experiment data [optimized coagulation conditions, (b)]
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Conclusions

The ability of fluorescence spectroscopy to characterize OM prop-
erties and removal effectiveness under a range of different coagu-
lation scenarios was studied on the basis of an optimization
investigation carried out at a full-scale WTW. The results show that
fluorescence spectroscopy was able to provide an insight into the
effect of coagulation on changes in NOM character and concentra-
tion across treatment processes. A greater reduction in fluorescence
intensity (and hence, TOC removal) between raw and clarified
water was observed for optimized coagulation conditions. An
analysis of fluorescence EEMs demonstrated that lowering the
coagulation pH from a baseline pH of 7.5 to pH 5.5 yields signifi-
cant improvements in OM removal (from 30% for baseline to
60% for optimized conditions). The fluorescence response is con-
sistent with changes in TOC and UV because of coagulation and
implies a change in character that is in agreement with the accepted
observation that residual OM exhibits an increased degree of hy-
drophilicity. Furthermore, TOC removal was found to correlate
well with percentage reduction of Peak C fluorescence intensity.

Fluorescence-derived OM removal (calculated as Peak C intensity
reduction) correlated strongly with TOC removal (R2 ¼ 0:91),
whereas the correlation between UV absorbance removal and
TOC removal was less robust (R2 ¼ 0:69). Thus, fluorescence
spectroscopy was shown to be an effective OM characterization
technique in a range of different treatment conditions.
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