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e e o ™= treatment systems using fluorescence
spectroscopy

Y. Shutova,® A. Baker,® J. Bridgeman® and R. K. Henderson*®

There is a need for a rapid and robust method of organic matter (OM) monitoring during drinking water
treatment. Although it has been shown that fluorescence spectroscopy has the potential for on-line appli-
cation in drinking water treatment plants, there has been no in situ OM fluorescence monitoring study
conducted during drinking water treatment. Three currently available fluorescence probes were chosen for
the on-line study of terrestrially-delivered unprocessed (Peak C) and microbially-delivered (Peak T) OM.
Probes were installed at two drinking water treatment plants (WTPs) measuring raw water and treated wa-
ter fluorescence over one month. Probe and sampling point specific temperature correction and inner filter
effect correction factors were applied to all fluorescence data. The Peak C fluorescence intensity had a sig-
Received 16th February 2016, nificant correlation with dissolved organic carbon (DOC) concentration (Rs = 0.85-0.93) and it was there-
Accepted 9th June 2016 fore concluded that it could be used to monitor DOC concentrations in raw and treated water. Peak C and
Peak T fluorescence signal changes corresponded to water quality fluctuations and operational conditions
enabling OM to be characterised. It was demonstrated that fluorescence probes can be used for monitor-
rsc.li/es-water ing OM concentrations and character in situ and in real-time.
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Water impact

This paper presents the first in situ organic matter fluorescence monitoring study conducted in a drinking water treatment context. It was determined that
fluorescence probes could be used to estimate organic matter concentration, removal efficiency and treatability across unit operations. The probes were
sufficiently sensitive to identify small changes in operating conditions, providing early warning to operators.

Introduction hydrophobicity, molecular weight, structure, and composi-
tion) require laboratory instrumentation, sample preparation
and time for sample analysis and data processing.' There are
also limitations of these OM characterisation techniques as-
sociated with sample preparation and analytical procedure.
For example, OM can be affected during resin fractionation
due to the extreme pH levels and pH changes during fraction-
ation, irreversible adsorption of OM compounds to the resin,

A simple, reproducible method for organic matter (OM) char-
acterisation and quantification is required to monitor OM
changes during drinking water treatment.”” Most of the OM
characterisation techniques (such as resin fractionation, fil-
tration, size exclusion chromatography (SEC), Fourier trans-
form infrared spectrometry (FTIR), nuclear magnetic reso-
nance (NMR), liquid chromatography-mass spectrometry (LC- contamination from resin, and size exclusion effects, while
MS), gas chromat‘ography “mass spectrometry (GC"MS) e‘tc.) filtration fractionation results may be affected by membrane
that give valuable information about OM character (including pore fouling. The interpretation of SEC, FTIR, NMR, LC-MS,

GC-MS and similar data is difficult due to OM complexity

“UNSW Water Research Centre, UNSW, Sydney, NSW, 2052, Australia and requires trained personnel. Thus, these methods have
b Connected Waters Initiative Research Centre, UNSW, Sydney, NSW, 2052, limited potential for on-line monitoring in water treatment
Australia systems. In contrast, total organic carbon (TOC) analysis is

_ School of Civil Engineering, University of Birmingham, Birmingham, UK useful for the quantitation of OM concentration and can be
bioMASS lab, School of Chemical Engineering, UNSW, Sydney, NSW, 2052,

Australia. E-mail: r.henderson@unsw.edu.au performed on-line.> However, TOC gives no information
1 Electronic supplementary information (ESI) available. See DOIL 10.1039/ about OM character. UV absorbance at 254 nm has been
c6ew00048g used previously as a surrogate measurement of DOC
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concentrations; however, most of the correlations have been
found to be sample specific.>® S::CAN UV monitoring sys-
tems can be used on-line, however UV spectra require com-
prehensive data analysis.” Recently, it was demonstrated that
OM removal identified using fluorescence spectroscopy at the
maximum intensity value in the region 300-360 nm excita-
tion and 400-480 nm emission (Peak C) had a stronger corre-
lation with DOC removal (R*> = 0.91) than UV absorbance at
254 nm (R* = 0.69).® Overall, fluorescence spectroscopy pro-
vides rapid and non-invasive analysis of aquatic OM samples,
with the potential for online monitoring of OM reactivity and
treatability, removal and changes during drinking water
treatment.’

On-line single wavelength ‘Peak C’ (Aex/Aem = 370/460 nm)
fluorescence probes have previously been used as a surrogate
measurement of dissolved and particulate organic carbon
concentrations."”"! Goldman et al. found this to be a useful
way of tracking seasonal variability of OM concentrations and
character."” In other studies, a good correlation between a
portable LED spectrophotometer measuring ‘Peak T’ (Aex/4em
= 280/360 nm) fluorescence intensity and total coliforms, E.
coli, heterotrophic bacteria and thermotolerant coliforms has
also been observed.'®™ This indicates that fluorescence
spectroscopy can be used to assess drinking water contami-
nation in the areas of poor sanitation that are subject to fae-
cal contamination, where infrastructure failure has occurred
in the supply of clean drinking water. This also agreed with
earlier research by Baker et al,'* where a portable fluores-
cence spectrometer that measured Peak T fluorescence was
used to investigate increasing anthropogenic OM inputs from
sewage and farm wastes in rivers. Carstea et al. conducted a
real-time fluorescence EEM monitoring study of surface water
using an in situ fibre-optic probe, showing that OM changes
correlated with rainfall events as well as with increased an-
thropogenic pollution during a diesel spill event.'®> However,
although research has highlighted the potential of on-line ap-
plication of fluorescence spectroscopy for drinking water
treatment plants,'®'® to date there has been no in situ study
conducted on OM changes at a drinking water treatment.

In a previous study investigating OM changes in five water
treatment plants, it was possible to identify four common
fluorescent OM fractions by applying parallel factor analysis
(PARAFAC).® These four components were representative of
terrestrially- and microbially-delivered OM components (Peak
C and Peak T, respectively) and were used to identify poten-
tial on-line monitoring wavelength pairs: P1 (Aex/Aem = 380/488
nm), P2 (Lex/Aem = 310/392 nm), P3 (Aex/Aem = 240/440 nm) and
P4 (Lex/Aem = 280/328 nm). Hence, the aim of the study was to
determine an OM monitoring protocol for application at wa-
ter treatment plants using commercially available probes that
measure fluorescence at spectral locations as close to the
four wavelength pairs identified as possible. The main objec-
tives were to determine whether the probes could be used to
(1) monitor OM concentrations, (2) determine source water
and treated water OM character, and (3) enable treatment
process optimisation. Two OM fluorescence probes were se-
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lected for point P1 and one for P4. There was no fluorescence
probe available that could measure fluorescence in wave-
length range for P2 (Aex/Aem = 310/392 nm) and, while there is
a fluorescence probe available that measures fluorescence
intensity at point P3,"*° it was not selected for the study
since C1:C3 had the weakest correlation with DOC removal.®
The monitoring protocol developed was applied to two water
treatment plants with contrasting water treatment techniques
and contrasting water quality.

Materials and method
Site description

Two sites of contrasting water quality were chosen for the on-
line monitoring study in order to maximise potential fluores-
cence variability due to location, catchment type and treat-
ment process applied. These were Capalaba WTP (Queens-
land) and Yarra Glen WTP (Victoria) which have been
described in detail in Shutova et al.® Briefly, Capalaba WTP
sourced water from a reservoir with an urbanised catchment
and is therefore vulnerable to contamination. Yarra Glen
WTP receives its raw water supply via an aqueduct from a res-
ervoir within a catchment completely closed to human activi-
ties. The Capalaba WTP process train is coagulation, floccula-
tion, clarification via sedimentation, sand filtration and
chlorination treatment. Yarra Glen WTP utilises coagulation-
membrane filtration followed by a chlorination disinfection
stage. The contrasting catchments and climate resulted in al-
most a four times higher concentration of DOC in the
Capalaba WTP raw water than in Yarra Glen WTP raw water
(Table S1}). Due to the lower OM concentration in the source
water, and a highly efficient water treatment procedure, typi-
cally Yarra Glen WTP had a higher OM removal and lower re-
sidual DOC in comparison to Capalaba WTP.

Two monitoring points were identified at each site: (1) raw
water of both WTPs; (2) partially-treated water post-
sedimentation (Capalaba WTP) and after coagulation-mem-
brane filtration but prior to sand filtration or chlorination
stages (Yarra Glen WTP). The second sampling point was
chosen on the basis that sedimentation and coagulation-
membrane filtration had the highest DOC removal in com-
parison with other treatment techniques,® while the sand fil-
ter did not reduce OM concentrations. Furthermore, these
processes can be operationally controlled through parameters
such as coagulant dose and water flow, and therefore there is
a potential that they can be optimised in situ and in real time
using fluorescence spectroscopy.

Probe specifications

The selected fluorescence probes measured fluorescence in
the range: 1) Aex/Aem = 365 £ 5 nm/480 + 40 nm (YSI); 2) Aex/
Aem = 368 = 17 nm/470 + 30 nm (Turner Designs); and 3) A/
Jem = 285 nm/350 + 27.5 nm (Turner Designs) (Table S2t).
Two types of data loggers were used with the fluorescence
probes: 1) EXO 2 (YSI) and 2) Cyclops 7 (Turner Designs).
Since the data loggers were combined with the three probes,
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in further discussion the combination of data logger and
probe will be referred to as follows (Table S2+):

*YSI Peak C probe with EXO2 data logger - ‘EXO C
probe’,

eTurner Designs Peak C probe with Cyclops 7 data logger
- ‘Cyclops C probe’,

eTurner Designs Tryptophan (Peak T) probe with Cyclops
7 data logger - ‘Cyclops T probe’.

The EXO C and Cyclops C probes were linked to
terrestrially-delivered OM (Peak C) while the Cyclops T probe
was linked to microbially-delivered OM (Peak T) (Table S27).
Conductivity, temperature, pH, and turbidity were measured
using on-line probes (YSI) with EXO2 data logger (YSI).

Probe calibration

All fluorescence probes were calibrated using a two point cali-
bration with MilliQ water and appropriate calibration stan-
dard. Specifically, EXO C and Cyclops C probes were cali-
brated using a 100 pug L™ quinine sulphate (QS) solution
(Sigma Aldrich) dissolved in 0.05 M (0.1 N) sulphuric acid
(H»S0,) (Sigma Aldrich). The Cyclops T probe was calibrated
using 50 pg L™ tryptophan solution (Sigma Aldrich).

The calibration of the probes was undertaken as
recommended by the suppliers as follows: the Cyclops probes
were calibrated using a 3 L non-fluorescent glass beaker with
a non-reflective black surface under the beaker. For the EXO
C probe, one of the EXO sonde guard cups was used for the
probe calibration. There is a potential for the QS calibration
standard to come into contact to the copper-based compo-
nents of the EXO sonde which could cause degradation of
the solution, therefore the calibration was performed within
five minutes.

Probe installation

The probes were installed at Capalaba WTP from the 26th
September to 31st October and from the 13th November to
13th December 2013 at Yarra Glen WTP. All probes were set
to collect measurements every 15 min. The data loggers were
synchronised based on UNIX time. All probes were manually
cleaned on weekly and fortnightly visits, and therefore no sig-
nificant probe fouling was observed.

The Capalaba WTP raw water was monitored using an
overflow glass container. The retention time of the container
was 10 min, ensuring a ‘fresh’ sample was obtained between
the 15 min sampling intervals. The probes were installed up-
right and were easily accessible for maintenance. The probes
which were monitoring treated water quality were installed
directly into the clarifier, positioned approximately 1 m below
the water surface to allow the direct measurement of the co-
agulated water from the top water layer of the clarifier. The
Capalaba WTP treatment regime was based on water demand
and therefore the site commonly operated from 7 am to 3 pm
on a daily basis while the probes monitored continuously.
The data generated when the WTP was offline were removed
from the data set based on the operational data logs.

This journal is © The Royal Society of Chemistry 2016
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At Yarra Glen WTP, source water was sampled directly
from the aqueduct, about 10 m downstream of the water in-
take to the treatment plant. Probes were installed on the wa-
ter gauge which was used to maintain a constant water level
for the WTP intake. Treated water quality was measured
using an overflow water drum that collected water prior to
chlorination. The water flow through the container was ad-
justed to ensure the water exchange during 15 min between
the sampling points. All probes were installed upright and
were easily accessible for maintenance. Similar to Capalaba
WTP, Yarra Glen WTP treatment regime was based on the wa-
ter demand and was not constant. The data generated when
the WTP was offline were removed from the data set based
on the operational data logs.

Verification of probe data using grab samples

WTPs were visited on a weekly to fortnightly basis for grab
sample collection. Grab samples were used to validate on-line
data. All samples were collected in triplicate in pre-labelled,
sterilised, polypropylene (PP) 50 mL tubes that had previously
been shown to have minimal fluorescent leachate.*" Samples
were kept at 4 °C in the dark and were further analysed
within 48 hours at UNSW. All samples were filtered through
0.45 um sterilised syringe filters prior to analysis.

Each of the samples were analysed using fluorescence
spectroscopy, UV absorbance spectroscopy and dissolved or-
ganic carbon (DOC) analysis using the same procedure for
samples analysed reported in Shutova et al® Briefly, DOC
concentrations were determined using a Shimadzu TOCCSH
total organic carbon analyser. UV absorption data were
obtained using a Varian Cary 50 Bio UV/visible spectrometer
and a 1 cm path length quartz cuvette (Starna, Australia). An
absorption range of 200-600 nm at an increment of 1 nm
and a scan speed of 600 nm min~" was applied. Fluorescence
EEMs were obtained using a 1 cm path length quartz cuvette
(Starna, Australia) and a Varian Cary Eclipse Spectrophotome-
ter. Fluorescence intensities were measured in triplicate at ex-
citation wavelengths of 200-400 nm in 5 nm increments and
emission wavelengths of 280-500 nm in 2 nm increments.
Fluorescence intensity of all spectra was normalised to Ra-
man units (RU).>*** Fluorescence EEMs were corrected to
minimise instrumental and sample-related biases, potentially
including wavelength-dependent variability in the transmis-
sion efficiency of monochromators, fluctuations in spectro-
meter light intensity and sample inner filter effects.>*>> Ray-
leigh-Tyndell and Raman scatter lines were removed using
Zepp's method.>®

On-line fluorescence signal correction

There are several factors that may affect the fluorescence
measurements: temperature, turbidity and inner filter effect
(IFE).>”*®* During the on-line study, measured turbidity
ranged from 5 FNU to 1 FNU in raw and treated water in both
Capalaba and Yarra Glen WTPs (Tables S3 and S47). The rela-
tionship between attenuation of fluorescence intensity and
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turbidity has been shown to be non-linear and instrument
specific.?” Since the turbidity range measured in all sampling
points was very low in this study, the attenuation of fluores-
cence intensity at turbidity lower than 5 FNU was less that 2-
3%.”” Therefore the effect of turbidity was considered to be
insignificant and turbidity correction of the fluorescence data
was therefore not undertaken. If the fluorescence monitoring
protocol was to be used in highly turbid water, such as fresh
water streams, turbidity correction should be considered for
fluorescence data processing. However, it was deemed neces-
sary to apply the following signal correction strategies for
temperature and inner filter effect.

Temperature correction. To investigate the impact of tem-
perature on Cyclops C and EXO C probes, samples of raw
and treated water from Capalaba and Yarra Gen WTPs were
collected prior to the chlorination stage in 10 L and 25 L
plastic drums and stored in the dark under 4 °C. Cyclops T
probe temperature experiments were conducted using Trypto-
phan standard solution, since there was a rapid increase of
microbial activity for the non-sterilised sample at high tem-
perature which impacted the Cyclops T fluorescence signal.

Samples were cooled to 4 °C and placed into three 3 L
clean glass beakers. The probes were placed into the water,
one probe per beaker, following the instructions from the
manufacturer for standard solutions and calibration require-
ments. Experiments were conducted under constant light
and constant mixing using a magnetic stirrer at 30 rpm. The
temperature increased under normal convection with the lab-
oratory air; no additional heating was applied. The probes
recorded fluorescence intensity every minute. The tempera-
ture correction of the fluorescence intensity was conducted
using eqn (1):*®

I = Im/[1 + p(Tm - Tr)] (1)

where I is fluorescence intensity, 7 is temperature (°C), p is
the temperature coefficient (°C™), and the subscripts r and
m stand for the reference and measured values.

Inner filter effect correction. The UV absorbance correc-
tion approach was selected in order to calculate the IFE cor-
rection factor and minimise potential contamination risks
(e.g. during sample dilution) as well as to simplify the sample
preparation. The fluorescence probes emitted and detected
light in only a small range of wavelengths (Table S2t). There-
fore, the fluorescence intensity measured by probes was the
sum result of OM excitation/emission in these ranges. It was
not possible to calculate the sum of UV absorbance correc-
tion factors that could be directly applied to fluorescence sig-
nal measured by the probes due to unknown OM absorbance
efficiency at the particular wavelength range. Therefore, the
IFE correction factors were calculated based on the grab sam-
ples analysed with EEM and UV absorbance. EEMs of grab
samples at all monitoring points were spectrally corrected,
where the same EEM was corrected including and excluding
IFE correction.>**? Then the sum of fluorescence intensities
in the selected regions of the EXO C, Cyclops C and Cyclops
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T probes were calculated in IFE corrected and uncorrected
EEMs. The IFE correction coefficient (K) for the EXO C,
Cyclops C and Cyclops T probes was calculated as a ratio of
these sums (eqn (2)).

K =3I/ I (2)

where K is IFE correction coefficient, Y I,,. is sum of the fluo-
rescence intensity in the EEM that was not corrected for the
IFE, and ) [ is sum of the fluorescence intensity in the EEM
that was corrected for the IFE.

In order to address changes of fluorescence intensity due
to IFE, eqn (1) was modified as follows:

I = Im/[K[l + p(Tm - r)]] (3)

where I is fluorescence intensity, T is temperature (°C), p is
the temperature coefficient (°C™"), K is IFE correction coeffi-
cient and the subscripts r and m stand for the reference and
measured values.

Data processing

Outliers were removed from the on-line data set using a mov-
ing median filter in which the median of adjacent sample
measurements is used. Statistical analysis of the collected
data was conducted using SPSS Statistics 22 (IBM) software.
Pearson's correlation coefficient (R) was used for the assess-
ment of the temperature correction factors. Spearman's corre-
lation (Ry) was used for the assessment of the non-normally
distributed data based on Kolmogorov-Smirnov test.*°

Results and discussion
Establishment of correction factors

Temperature correction. There was a negative linear corre-
lation between water temperature and fluorescence intensity
in all water samples (Table 1). For example, EXO C probe
fluorescence intensity decreased from 97.2 ug L™ to 82.7 g
L™ (QSE), as water temperature increased from 8.5 °C to 21.0
°C; this strong correlation was comparable with previous re-
search.>”*® All correlations were strong with R> between 0.97
and 0.99 (Pearson's correlations). The slope and intercept
values varied between the water types and probes due to dif-
ferent OM concentrations and character as well as different
probe design. An example of the correlation between the tem-
perature and fluorescence intensity in Capalaba WTP raw wa-
ter is shown in Fig. S1.f Despite the differences in the slope
and intercept values, the temperature coefficient was similar
between all the probes from -0.012 ug L™ °C™" to —0.015 ug
L' °C™" except for the EXO C in Yarra Glen raw water p =
-0.024 L' oC™, All the temperature coefficients were compa-
rable to previous research, where the temperature coefficients
identified in fresh water samples and for OM standard varied
from -0.007 pg L™ °C™" to -0.026 pg L™ °C™*.2**8

The reference temperature was considered to be 20 °C. An
example of corrected signal is shown in Fig. S1.f

This journal is © The Royal Society of Chemistry 2016
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Table 1 Pearson's correlation between fluorescence intensity and the solution and temperature coefficients p calculated based on the correlation be-
tween the temperature and fluorescence intensity in raw and treated water in Capalaba and Yarra Glen WTPs

Probe Parameter Capalaba WTP raw water Yarra Glen WTP raw water Yarra Glen WTP treated water Tryptophan standard
EXO C Slope (ug L' °C™")  -1.3491 -0.6431
Intercept (ug L") 111.29 26.76
R? 0.98 0.99
p EXO C (°C™) -0.012 -0.024
Cyclops C  Slope (ug L™ °C™")  -1.7623 -0.5688 -0.2365
Intercept (ug L") 109.48 36.105 14.65
R? 0.97 0.98 0.98
p Cyclops C (°C™")  -0.016 -0.016 -0.016
Cyclops T  Slope (ug L™ °C™) -1.4719
Intercept (ug L) 101.1
R? 0.98
p Cyclops T (°C™) -0.015

Table 2 IFE correction coefficients K calculated for EXO C, Cyclops C and Cyclops T probes for the fluorescence data obtained raw and treated water

in Capalaba and Yarra Glen WTPs

K EXO C K Cyclops C K Cyclops T UV,s54 (em™)
Excitation wavelength range (nm) 360-370 350-385 285
Emission wavelength range (nm) 440-520 440-500 320-380
Capalaba WTP raw water 0.82 0.80 0.52 0.55
Capalaba WTP treated water 0.98 0.98 0.92 0.10
Yarra Glen WTP raw water 0.94 0.94 0.83 0.13
Yarra Glen WTP treated water 1.00 1.00 0.96 0.02

Fluorescence intensity was corrected to 20 °C using the tem-
perature coefficient of —0.012 °C™". As a result, corrected fluo-
rescent signal was temperature independent at the fluores-
cence intensity of 85.5 + 1.3 ug L' (QSE).

Although the temperature effect on the fluorescence is sig-
nificant, the application of the temperature signal correction
should be decided based on the aim of particular measure-
ments. The temperature of raw water and treated water was
very similar in both sites (Tables S3 and S47), therefore the
temperature effect on the fluorescence intensities within the
sites was very similar as well. If the aim of the fluorescence
measurements is to monitor changes of OM from untreated
to treated water at the particular site, the fluorescence probes
signal could be used without the temperature correction.
However if the aim of the measurements is to monitor OM
seasonal variability or assess OM changes at sites with con-
trasting water temperatures, the temperature correction of
the fluorescence signal would be essential (Khamis et al,
2015; Watras et al., 2011; Lee et al., 2015).20>%31

IFE correction factor. The average IFE correction coeffi-
cients are summarised in Table 2. The lower the IFE coeffi-
cient, the higher the IFE correction that will be observed (eqn
(2) and (3)). In general, raw water IFE corrections were higher
for raw water data (K 0.80-0.82) in comparison to the treated
water sampling points (K 0.98-1.00) due to higher OM con-
centrations and UV absorbance of the untreated water in
comparison to the treated water samples. Capalaba WTPs IFE
corrections were higher than Yarra Glen WTP, since Capalaba
WTP had higher OM concentrations than Yarra Glen WTP

This journal is © The Royal Society of Chemistry 2016

(Table 2). The EXO C and Cyclops C probes had lower IFE
correction (K 0.80-1.00) than the Cyclops T probe (K 0.56-
0.96) (Table 2). Typically UV absorbance of OM increased at
lower wavelengths (e.g. Fig. S2t), therefore higher correction
of the fluorescence intensity was applied for IFE at the
shorter wavelengths in comparison to the longer wavelength
range (Table 2).*>

Water treatment processes such as coagulation-floccula-
tion-sedimentation and coagulation-membrane filtration
had a significant impact on the OM concentrations. IFE
had a different effect on the untreated and treated water
fluorescence. Therefore, there was a need to incorporate
the IFE correction coefficient into the fluorescence probe
signal processing procedure to be able to compare fluores-
cence intensity within the sites. The correlation between
the IFE as UV absorbance and fluorescence intensity
changes is not linear.”” The correction coefficients were cal-
culated for the particular water sample and fluorescence
probes at stable UV absorbance. If the water quality
changes, for example during flood events or treatment fail-
ure, and OM concentration significantly changes as well, it
will be essential to recalculate IFE correction coefficients
for the particular water quality.

Application of signal correction. The fluorescence signal
correction procedure was conducted on EXO C, Cyclops C
and Cyclops T probe data obtained at Capalaba and Yarra
Glen WTPs for raw and treated waters (Fig. 1, S3 and S4%).
The correction protocol was probe, temperature and OM con-
centration specific, and therefore the degree of the correction

Environ. Sci.: Water Res. Technol., 2016, 2, 749-760 | 753


http://dx.doi.org/10.1039/C6EW00048G

Published on 09 June 2016. Downloaded on 25/11/2016 02:02:23.

Paper

a) Capalaba WTP raw water EXO C

120 EXOC @)
f{‘{(rfﬂf(‘/‘ﬁ“{rnf‘/‘f/‘rf’»vrnws«pm EXO C (i)
—EXO C (iif)
~ 100 .
,g) \AAAA
2 /M«,h
2 807
g
3
S 601
o
2
g
g 40
e
= 04
o
N N N N
MmN M M N O 00 N0 on o0n0n
ao222222223232
=B =R =R =R = R = = = I = = = =3
998939894849 a4aaaa-8
g8 S 2S5 8288 82888 88
S oM YW AT e QM8 o
AN N O © © ™ ™ ™m =w N 8 AN
date
b) Yarra Glen WTP raw water EXO C
30 —EXO C (i)
EXO C (ii)
—EXO C (iif)

- 15 ~
T % 7

Fluorescence intensity (ng/L)
o

wn
1

(=]
1

| P P N AN A P A A A A A
Lot T T Tt W Wt Tt W Mt Wt Mot MGt MGt Mt
o e e e e e e e e e e e
S oo oL e e e e
A A AAAQAAAQAAQAQAQAQAQAQA
e e e R e R s B B B B B |
e e i R e e e e B B B B B N
MOV ® O N O Y ® O M
o - AN NN NS ©C OO -

e
2
@

Fig. 1 The raw water signal correction for (a) Capalaba WTP and (b)
Yarra Glen WTP where (i) original signal, (ii) temperature corrected
signal and (iii) temperature and IFE corrected signal, outliers removed.

applied varied between the sampling points. For example,
during the Capalaba WTP experiments, water temperature at
this sampling point was higher than the reference tempera-
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Fig. 3 Relationship between fluorescence intensity and DOC removal
in Capalaba and Yarra Glen WTPs based on grab samples.

ture of 20 °C (Table S371), therefore the temperature corrected
signal was higher than the original signal (Fig. 1a). Capalaba
WTP raw water had the highest OM concentration in compar-
ison to other sampling points with high UV absorbance
(Table 2) and therefore significant IFE correction was ap-
plied to the temperature corrected signal at this sampling
point (Fig. 1a). Similar changes of the corrected signals
were observed for the other probes in Capalaba WTP sam-
pling points. In contrast to Capalaba WTP, the Yarra Glen
WTP water temperature was below the reference tempera-
ture of 20 °C, thus the temperature corrected signal was
lower than the original signal obtained in both raw and
treated water sampling point (e.g. Fig. 1b). The tempera-
ture corrected signal was then also corrected for the IFE
where applicable, which resulted in an increase in fluores-
cence signal relative to the temperature corrected fluores-
cence intensity (Fig. 1b). The exception was the treated wa-
ter fluorescence intensity in Yarra Glen WTP, where there
was no need for the IFE correction due to the very low OM
concentrations and UV absorption (Table 2). Overall, the
temperature and IFE correction were essential for robust
dataset interpretation.
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Fig. 2 Correlations between fluorescence intensity and DOC concentrations measured by (a) Cyclops C and (b) EXO C probe.
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Table 3 OM removal from Yarra Glen and Capalaba WTP waters as DOC removal and EXO C and Cyclops C fluorescence intensity removal

Yarra Glen WTP

Capalaba WTP

DOC removal EXO C removal

Cyclops C removal

DOC removal EXO C removal Cyclops C removal

(%) (%) (%) (%) (%) (%)
Minimum 41.0 — 69.4 52.8 61.2 45.1
Maximum 73.7 — 82.5 57.7 63.5 53.7
Mean 59.7 — 76.0 55.3 62.4 49.5
Standard deviation 10.9 — 4.2 1.8 0.8 4.1

Correlations between fluorescent OM and DOC

Fluorescence intensity had a statistically significant
Spearman's correlation with DOC (Fig. 2a and b); for exam-
ple, Cyclops C and EXO C probes had correlations with DOC
(p < 0.01 for two-tailed test) of Ry = 0.93 and Ry = 0.85, re-
spectively. This indicates that fluorescence intensity can be
used as a surrogate measurement to monitor DOC in raw
and treated waters over a wide range of concentrations; spe-
cifically, DOC from 1.2 + 0.2 mg C L™" to 13.5 £ 0.4 mg C L™
and fluorescence intensity from 5.0 + 1.6 pg L™* QSE to 94.5 +
2.0 ug L™ QSE). This is supported by the literature.*

Site specific correlations between fluorescence intensity
and DOC were also investigated. For Capalaba WTP water,
both Cyclops C and EXO C probes had significant correla-
tions with DOC concentration at R, = 0.73 (p < 0.02) and R, =
0.82 (p < 0.01), respectively. At the Yarra Glen WTP, a signifi-
cant correlation was observed only for the Cyclops C probe
(Rs = 0.76, p < 0.01). The EXO C probe fluorescence did not
correlate with DOC in Yarra Glen WTP due to the low vari-
ability of OM in raw water in grab samples and the low con-
centration of OM in treated water.

The Spearman's correlation coefficients between the DOC
and uncorrected and temperature corrected signals remained
the same for site specific and for overall correlations, except
for the overall correlation of the EXO C probe. The minor re-
duction of the R, from 0.85 to 0.82 was observed between

120
Capalaba
WTP (a)

— Yarra Glen
100 “ WTP (a)
‘ ., Capalaba

= 80 WTP (b)
)
S |
@]
Q 607 g

| [ | I I |
0 20 40 60 80 100

Cyclops C (ug/L)

Fig. 4 Correlation between EXO C and Cyclops C probe fluorescence
intensity (ug L™ QSE) in (a) raw water and (b) treated water in Capalaba
and Yarra Glen WTPs.
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DOC and uncorrected EXO C probe response due to the IFE
interferences at the high OM concentration in Capalaba WTP
raw water. Fluorescence probes measure the fluorescence
intensity in the particular optical window. A good correlation
between the fluorescence intensity measured by the probe
and DOC means that the changes of fluorescent OM in that
optical window were representative of the changes of total
DOC.'® Hence, it should be noted that correlations observed
are specific to OM character. If the water character should
significantly change, this correlation would need to be re-
vised and adjusted.***"

The relationship between the fluorescence intensity reduc-
tion and DOC removal is shown in Fig. 3 and Table 3. DOC
removal was 60 + 11% in Yarra Glen WTP and 55 + 2% in
Capalaba WTP. Fluorescence intensity reduction was almost
the same as DOC removal in Capalaba WTP (Cyclops C re-
moval 50 + 4%), but it was higher than DOC removal in Yarra
Glen WTP (Cyclops C removal 77 + 4%). It has been shown
that aromatic OM is coagulated in preference to OM of other
character, since coagulation preferentially targets highly
charged, aromatic and fluorescent OM components if treat-
ment processes are optimised.>*® Hence, the higher Cyclops
C fluorescence removal relative to DOC removal that was
observed at Yarra Glen WTP indicated that coagulation-
membrane filtration was better optimised to remove the most
treatable fluorescent OM fraction. This was in contrast to
Capalaba WTP, where there was the potential to further opti-
mise the coagulation-flocculation-sedimentation process to
improve fluorescent OM removal. Research has shown that
DBP formation is highly correlated with the presence of the
aromatic, fluorescent OM fraction, where humic-like OM was
one of the major contributors to DBP formation.>**” There-
fore, fluorescence intensity could be used as a surrogate for
measurement of OM removal optimisation in order to reduce
the potential formation of DBPs."°

In general, there was a strong relationship between the
fluorescence intensities measured by two Peak C probes.
However, there were also sampling point specific trends
(Fig. 4). For example, at DOC concentrations lower than 13.5
+ 0.4 C L' in Capalaba WTP raw water, the variability of the
Cyclops C probe fluorescence was higher than the variability
of the EXO C probe (Fig. 4), whereas in Yarra Glen WTP
treated water, the EXO C signal was below the detection limit.
While, EXO C and Cyclops C probes measured fluorescence
intensity in a similar EEM region of terrestrially-delivered
OM (Table S2f), the Cyclops C probe had a wider optical
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Fig. 5 Fluorescence intensity measured in (a) raw water and (b) treated water during the coagulation-flocculation-sedimentation processes using
EXO C, Cyclops C, and Cyclops T probes during the in situ monitoring from 26/09/2013 to 30/10/2013 at Capalaba WTP.

Table 4 Fluorescence intensity measured in raw water and treated water during the coagulation-flocculation-sedimentation processes using EXO C,
Cyclops C, and Cyclops T probes during the in situ monitoring from 26/09/2013 to 30/01/2013 at Capalaba WTP

EXO C Cyclops C Cyclops T
Raw water Treated water Raw water Treated water Raw water Treated water
(ngL™) (ngL™) (ngL™) (ngL™) (ng L) (ngL™)
N 1129 1024 1119 914 404 149
Minimum 103.1 40.5 86.0 32.7 27.5 19.3
Maximum 119.3 60.3 99.2 56.2 44.0 22.3
Mean 115.3 44.6 94.5 44.0 35.2 20.7
Standard deviation 2.4 1.6 2.1 3.4 3.1 0.6

window than the EXO C probe (Table S2t). Since the probes
were calibrated using the same standard, a linear correlation
between the probes fluorescence intensity was expected; how-
ever, the Cyclops C probe was more sensitive than the EXO C
probe, enabling a wider measurement range for OM concen-
tration from 1.2 + 0.2 mg C L' to 13.5 + 0.4 mg C L™ and
fluorescence intensity from 5.0 + 1.6 ug L™ QSE to 94.5 + 2.0
ug L™ QSE. Therefore, the Cyclops C probe is recommended
for the on-line monitoring of the OM during drinking water
treatment when OM concentrations are low.

In situ monitoring of fluorescent OM

Capalaba water treatment plant. Between the raw and
treated water stages, EXO C fluorescence intensity reduced
from 115 + 2 ug L™ QSE to 45 + 2 ug L™ QSE, that of Cyclops
C reduced from 95 + 2 ug L™ QSE to 44 + 2 ug L™ QSE, while
Cyclops T intensity declined from 35 + 3 ug L™ TE to 21 + 1
ug L™ TE, respectively (Fig. 5 and Table 4), and thus

756 | Environ. Sci.: Water Res. Technol., 2016, 2, 749-760

remained relatively stable for the monitoring period. Hence,
there was a clear difference between the raw water and
treated water fluorescence intensity identified by all fluores-
cence probes, which was expected based on previous work.?
The raw water fluorescence intensity measured by EXO C and
Cyclops C probes changed on a daily basis, which
corresponded to the WTP operational conditions. Typically,
the fluorescence intensity of EXO C and Cyclops C probes in-
creased during the first three hours of the plant operation
and then stabilised until the plant went offline (Fig. 5).
Treated water fluorescence intensity was stable and was gen-
erally not affected by the daily changes of raw water. How-
ever, on the 12th of October 2013, there was an increase of
OM fluorescence intensity identified by both EXO C and
Cyclops probes (Fig. 5). EXO C and Cyclops C fluorescence
intensity increased by 36% and 26%, respectively, and it was
only after 5 hours that treated water quality stabilised and
fluorescence intensity reduced to the typical OM concentra-
tion of 44 + 2 pg L™ QSE and 39 + 3 ug L™ QSE for EXO C

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Fluorescence intensity measured for (a) raw water and (b) treated water during the coagulation-membrane filtration processes using EXO
C, Cyclops C probes during the in situ monitoring from 13/11/2013 to 13/12/2013 at the Yarra Glen WTP.

Table 5 Fluorescence intensity measured in raw water and treated water during the coagulation/membrane filtration processes using EXO C, Cyclops
C, and Cyclops T probes and rain events during the in situ monitoring from 13/11/2013 to 13/12/2013 in Yarra Glen WTP

EXO C Cyclops C Cyclops T
Raw water Treated water Raw water Treated water Raw water Treated water
(ngL™ (ngL™ (hgL™ (ngL™ (ngL™ (ngL™
N 1281 — 912 1207 1136 1076
Minimum 11.30 — 3.8 2.4 1.8 0.003
Maximum 23.21 — 371 12.2 126.7 158.8
Mean 16.32 — 20.8 5.0 29.1 40.2
Standard deviation 1.51 — 3.1 1.6 21.7 40.1

and Cyclops C probes, respectively. This change in water
quality had corresponded with an operational incident: when
the Capalaba WTP went on-line, the coagulant pumps had
failed and the operator had to restart the plant. This had po-
tentially caused an underdose of coagulant during the inci-
dent, as well as extensive mixing of the sediments in the clar-
ifier due to rapid changes of the water flow. Overall, these
examples demonstrate the sensitivity of the probes to
changes in plant operation and therefore validate their appli-
cability for monitoring water quality for process control.
Yarra Glen water treatment plant. Raw water fluorescence
intensity measured by EXO C and Cyclops C probes varied,
between 11.3-23.2 pug L™ QSE and 3.7-37.1 ug L™ QSE, re-
spectively (Fig. 6 and Table 5). This may be due to rain events
observed during the study in Yarra Glen WTPs (Fig. S57) as
the aqueduct water quality is susceptible to rain events. Mon-
itoring of OM in treated water using fluorescence was chal-
lenging due to the exceptionally low OM concentrations in
the treated water (DOC was 1.2 + 0.2 mg C L"). Treated water

This journal is © The Royal Society of Chemistry 2016

average fluorescence intensity measured by Cyclops C was 5.0
+ 1.6 ug L™ QSE (Table 5), which was at the lower boundary
of the instrument measurement interval 0-1250 pg L™ QSE,
but the instrument was still able to measure changes in water
quality and therefore the concentration was above level of de-
tection limit. The treated water fluorescence intensity of EXO
C was below the detection limit of 5.0 + 1.6 ug L™ QSE. This
is in agreement with the study of Capalaba WTP, where EXO
C had lower variability of fluorescence intensity in treated
water.

Two monitoring phases, named A and B, were identified
based on the Cyclops T fluorescence intensity data. During
phase A, raw water Cyclops T fluorescence intensity signifi-
cantly increased during the first two week of monitoring in
Yarra Glen WTP. Fluorescence intensity reached 126.7 pg L™
TE (Table 5) and then declined to 13.9 ug L™ TE on 27/11/
2013 at 2:40 am (Fig. 7A). During phase B, Cyclops T fluores-
cence remained stable (Fig. 7B). Treated water Cyclops T fluo-
rescence was lower during phase A of the monitoring in

Environ. Sci.: Water Res. Technol,, 2016, 2, 749-760 | 757
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Fig. 7 Fluorescence intensity measured in (A) raw water and (B) treated water during the coagulation/membrane filtration processes using
Cyclops T probe during the in situ monitoring from 13/11/2013 to 13/12/2013 in Yarra Glen WTP.

comparison to the raw water Cyclops T Peak intensity
(Fig. 7A). During phase B, there were multiple events where
Cyclops T intensity in the treated water gradually increased
and then dropped. Similar events were observed during
phase A on 16/11/2013 and 18/11/2013. The length of the
events varied between one to three days and the Cyclops T
intensity decrease occurred at various times of the day
(Fig. 7B). These changes did not correlate with changes in
fluorescence intensity monitored by EXO C and Cyclops C
probes, as well as other monitored parameters. However, pe-
riodical decline of the Cyclops T intensity in the treated water
could be linked to the membrane backwash cycle. Thus it is
suggested that this was due to flushing of the biofilm on the
membrane surface, which caused the release of microbial
OM in the treated water."

Raw water and treated water OM character

The influence of the OM character on OM removal was inves-
tigated further. Raw water OM was characterised using the ra-
tio of terrestrially-derived OM to microbially-derived OM
using the ratio of Cyclops C fluorescence intensity to Cyclops
T fluorescence intensity of the raw water and treated water of
Capalaba and Yarra Glen WTPs during the study (Fig. 8). OM
removal was calculated using Cyclops C fluorescence inten-
sity in raw and treated water in both sites, since the Cyclops
C probe was more sensitive to OM changes than the EXO C
probe. The relationship between the Cyclops C to Cyclops T
ratio was found to be site specific (Fig. 8).

Capalaba water treatment plant. In general, the raw water
Cyclops C: Cyclops T ratio was higher than in the treated wa-

758 | Environ. Sci.: Water Res. Technol,, 2016, 2, 749-760

ter (Fig. 8a). Reduction of both Cyclops C and Cyclops T
intensities during coagulation-flocculation-sedimentation
(Table 4 and Fig. 5) indicated that the treated water OM char-
acter changed and this suggested preferential removal of
terrestrially-derived OM in comparison to the microbially-
derived OM fraction. The Cyclops C to Cyclops T ratio had a
significant correlation with OM removal in both raw water (r
=0.515, p < 0.01) and treated water samples (r = —0.845, p <
0.01) at the Capalaba WTP. The higher the Cyclops C:
Cyclops T ratio in the raw water, the greater OM removal was
observed. This is in agreement with previous research, where
the ratio between terrestrial and microbial fractions of OM,
determined by the C1:C4 ratio, was also found to be useful
in assessment of raw water OM treatability.”® The lower the
Cyclops C:Cyclops T ratio of treated water was, the higher
the OM removal that was observed (Fig. 8a) and the more
optimised the coagulation-flocculation-sedimentation pro-
cess in Capalaba WTP.

Yarra Glen water treatment plant. There was no correla-
tion found between the Cyclops C:Cyclops T ratio and OM
removal observed in Yarra Glen WTP (Fig. 8b). In general,
there were two clusters of data, where raw water typically had
a higher Cyclops C:Cyclops T ratio than treated water sam-
ples (Fig. 8b). Coagulation-membrane filtration was highly
efficient in OM removal where up to 87% of Cyclops C fluo-
rescence intensity was removed, suggesting the coagulation-
membrane filtration was insensitive to raw water character
changes and thus a more robust process (Fig. 8b). At the
same time, there was an increase of Cyclops T fluorescence
intensity in treated water that can potentially be linked to
OM release by biofilm on the membrane surface as previ-
ously discussed. A lower Cyclops C: Cyclops T ratio of treated

This journal is © The Royal Society of Chemistry 2016
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water was also an indicator of OM removal optimisation in
Yarra Glen WTP, similar to Capalaba WTP.

Conclusions

Based on a fluorescence probe on-line study conducted at
two WTPs with contrasting raw water quality and water treat-
ment processes, the following conclusions are drawn:

oA standardised fluorescence monitoring protocol can be
applied universally; however, data interpretation was found
to be site specific due to differences in OM concentrations
and water treatment processes.

eTemperature and IFE correction were essential for robust
dataset interpretation.

eFluorescence intensity had a significant correlation with
DOC concentration; therefore, fluorescence spectroscopy can
be used to monitor OM concentrations in raw water and co-
agulated water as well as OM removal.

This journal is © The Royal Society of Chemistry 2016
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eThe Cyclops C probe was found to be more sensitive to
OM changes in both sites than the EXO C probe at low OM
concentrations and thus operation at the lower end of the in-
strument range. Fluorescence intensity changes were suffi-
ciently sensitive to identify changes in water quality and oper-
ational conditions using Cyclops C.

eFluorescence intensity ratios of Cyclops C: Cyclops T were
linked to raw water and treated water OM character and these
can be used to assess OM treatability and water treatment
process optimisation during coagulation-sedimentation.

eFluorescence can be monitored in real-time and in situ,
enabling OM characterisation at strategic locations within a
drinking water treatment system.
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