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a b s t r a c t

Reverse osmosis (RO) permeates from three Australian water recycling plants were characterised using

three-dimensional excitation–emission matrix (EEM) fluorescence spectroscopy. The plants differed in

terms of their RO operational configurations: RO feed water and pretreatment processes. Intermediate

permeates from multiple staged RO treatment processes could be distinguished using Peak C (lEx/Em¼

340/426 nm) and Peak T1 (lEx/Em¼ 285/350 nm) fluorescence. Monte-Carlo analysis of Peak C and Peak

T1 rejection showed typical rejection of over 98% and permeate fluorescence intensities were used to

determine Peak C as the most suitable for RO monitoring purposes. The results of this work indicate

that fluorescence monitoring is a promising technique for sensitive quantitative and qualitative

performance monitoring of RO treatment processes.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

High pressure filtration using reverse osmosis (RO) membranes is
a proven and increasingly widely adopted technique for reclaiming
very high quality water from wastewater sources [1]. Removal of
many microbial and chemical contaminants is very effective under
optimal operating conditions. The Australian guidelines for water
recycling attribute greater than 6 log reduction of pathogens such as
viruses to RO processes [2]. However, depending on specific solute,
solution and membrane characteristics, as well as operational para-
meters such as temperature and flux, removal of some chemical and
biological species can be variable [3]. This can be further exacerbated
by performance issues such as membrane fouling and integrity loss
[4,5]. The variable treatment performance for trace chemical and
biological contaminants highlight the importance of monitoring
the ongoing performance of RO treatment processes for some
applications.

The most established online monitoring techniques for high
pressure membrane treatment performance involve monitoring of
electrical conductivity or total organic carbon (TOC) [6,7]. Electrical
conductivity is a reliable and relatively inexpensive technique for
monitoring the removal of ionic species. However, uncharged trace
organic chemicals are not detected by conductivity measurement.
ll rights reserved.
Furthermore, it is known that such chemicals are typically rejected by
different physical mechanisms to ionic species and thus conductivity
is likely to be a poor surrogate measure for their removal [3].

TOC is a widely used bulk measurement of organic chemical
species. A range of online TOC analysers are available on the
market boasting low level organic carbon detection down to 20
ppb [8,9]. However, initial investment requirements for online
TOC analysers are high and these do require regular maintenance
making it costly for many utilities to implement [7].

TOC measurement does not distinguish between various frac-
tions of the organic carbon and is thus not sufficiently sensitive to
demonstrate significant log-removal of trace constituents.
Accordingly, online TOC measurement is unlikely to be suffi-
ciently sensitive for the detection of micro-changes in specific
organic rejection within RO permeate concentrations. Further-
more, TOC measurement provides little insight into the character
of the organic matter, which may further limit its usefulness for
RO treatment performance monitoring [10].

Throughout the last decade, there has been rapidly growing
interest in the development of fluorescence monitoring techniques
for a wide range of water quality applications. Published investiga-
tions have covered a diverse range of applications, including river
water quality monitoring [11], industrial wastewater monitoring
[12] and the measurement of oil in water [13]. A recent literature
review identified the strong potential of fluorescence monitoring
for sensitive online assessment of recycled water quality and
treatment process performance [14].

www.elsevier.com/locate/memsci
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Fig. 1. Schematic diagrams of treatment process for the three advanced water

recycling plants with sampling points illustrated.
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In water analysis, fluorescence spectroscopy has recently been
used as a tool for the characterisation of organic matter. Other
characterisation tools such as organic carbon detection, ultravio-
let spectroscopy (UV) and Fourier transform infrared spectro-
scopy (FTIR) have also been successfully used for this purpose
[15–17]. Fluorescence is a rapid analytical technique that requires
no reagents or sample preparation, and has previously been
shown to achieve sensitivities 10–1000 times greater than those
achieved by UV absorbance [18]. Spectroscopic data can be
acquired within a few minutes as a three-dimensional matrix of
excitation and emission wavelengths and emission intensity
known as an excitation–emission matrix (EEM) [19].

Water quality analysis using fluorescence relies upon the
presence of naturally fluorescing dissolved organic matter
(fDOM). This is present in all natural sources of water and
wastewater and has characteristic fluorescent signatures. The
most commonly monitored fDOM are generally referred to as
humic-like (Peak A: lEx/Em¼ 237–260/400–500 nm; Peak C1: lEx/Em¼

320–340/410–430 nm and Peak C2: lEx/Em¼370–390/460–
480 nm), tyrosine-like (Peak B1:lEx/Em¼ 225–237/309–321 nm
and Peak B2:lEx/Em¼275/310 nm), and tryptophan-like (Peak T1:
lEx/Em¼ 275–290/340–360 nm and Peak T2: lEx/Em¼ 225–237/
340–381 nm) [20,21]. These key fluorescence signals have pre-
viously been used to distinguish treated sewage effluent and river
water [20], identify paper mill effluent in river water [22], and as
a surrogate measure for biochemical oxygen demand (BOD) in
municipal wastewaters [23].

Membrane systems have received some scrutiny using fluor-
escence spectroscopy. Several publications have focused on foul-
ing in membrane bioreactors (MBR) for wastewater treatment
[15,24–27]. Fluorescence spectroscopy has also been used to
monitor and model the performance of membrane bioreactors
[28,29]. Microfiltration (MF) and ultrafiltration (UF) membranes
have been assessed using 3D fluorescence in order to understand
fouling behaviour and characteristics of foulants [30,31]. The
potential for organic chemical fouling of nanofiltration mem-
branes during drinking water treatment was recently assessed
using fluorescence spectroscopy to monitor membrane feed and
permeate solutions. The authors of this study found fluorescence
to be a highly sensitive technique, revealing more subtle varia-
tions in water quality than could be perceived by high perfor-
mance size exclusion chromatography (HPSEC) [32]. Very little
research has been reported on applications of fluorescence
spectroscopy for monitoring RO membrane performance. How-
ever, preliminary investigations have suggested that the techni-
que may be sufficiently sensitive to detect small variations in RO
permeate qualities [33].

This paper presents fDOM signatures in RO permeate sourced
from three different RO-based municipal water recycling plants in
Australia. The objective was to establish a profile for future
performance monitoring applications, and in doing so, identify
fluorescence characteristics in RO permeates and the changes to
these during the RO process. This in turn demonstrates the
effectiveness of fluorescence in detecting subtle variations in RO
treatment process performances. Parallel factor analysis (PAR-
AFAC) of these data was published as part of a wider analysis [34].
Findings from that study established that multivariate data
analysis methods such as PARAFAC, which are based on full
fluorescence EEM characteristics, were not significantly more
effective than the judicious use of single coordinate pairs in
characterising wastewater and recycled water samples from a
variety of sources.

The aim of this study is to identify optimum fluorescence
peak(s) for online membrane integrity and underperformance
monitoring. To do this, we have assessed fluorescence intensities
from select excitation–emission coordinate pairs within the 3D
fluorescence spectra. The results illustrate the potential for future
online membrane performance monitoring applications using
fluorescence spectroscopy.
2. Materials and methods

2.1. Water recycling plants

Three RO-based water recycling plants were monitored in this
study. Two of these (Beenyup and St Marys) were pilot-scale
plants constructed in order to optimise process performance for
future full-scale water recycling plants. These plants receive final
effluents from existing full-scale municipal wastewater treatment
plants and treat the water for future high grade recycled water
applications. The third plant (WRAMS) is a full-scale plant
that treats a combination of stormwater and secondary effluent.
A schematic illustration of the three water recycling plants
showing approximate hourly flow rates and sampling locations
is provided in Fig. 1.

2.1.1. WRAMS treatment plant

The water reclamation and management scheme (WRAMS)
water treatment plant was constructed as part of a sustainable
water management plan at Sydney Olympic Park for the 2000
Olympic Games. This plant features continuous-flow microfiltra-
tion (MF) and reverse osmosis (RO) membrane filters (filmtec
BW30-FR) to treat a combination of stormwater and secondary



Table 1
Fluorescence instrument parameters for Varian Cary Eclipse.

Method Slit widths (nm) PMT
voltage
(V)

Raman intensity
of blank

(kex/em¼348/393 nm)

No. of
transient
averages

Time for EEM
completion
(min)Ex Em

Low sensitivity 5 5 770–840 2072 1 1

High sensitivity 10 10 860–900 27078 3 5
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effluent with a total capacity of 7.5 megalitres per day. All the
water is filtered through the MF units while a maximum of 2 ML
per day is further treated by RO. The finished water is a
combination of both RO permeate and microfiltered water,
blended in a non-specific ratio to maintain the final recycled
water quality requirements. Chlorine is added as a disinfectant at
the blending stage. This facility has two RO trains, each consisting
of six Stage 1 modules and three Stage 2 modules. Generally,
these trains are operated one at a time with the change-over
occurring every 10 h.

2.1.2. St Marys pilot plant

St Marys advanced water treatment pilot plant was located on
site at the St Marys sewage treatment plant at St Marys in
Western Sydney, NSW. This pilot plant treated tertiary effluent
from the St Marys STP, which was chloraminated prior to
ultrafiltration (UF) followed by a 3-stage RO unit (Hydranautics
ESPA2). The RO process was operated with a recovery of approxi-
mately 47% at each stage to give an overall combined recovery of
around 84%.

2.1.3. Beenyup pilot RO plant

The Beenyup pilot RO plant was located on site at the Beenyup
wastewater treatment plant in Perth, Western Australia. The pilot
plant treated approximately 96 kl/day of secondary treated was-
tewater. The raw water was chloraminated by dosing 5:1 v/v ratio
of sodium hypochlorite (12.5% solution) and ammonia (25%
solution), the inlets for which are approximately 100 mm apart,
directly into the raw water and allowing the formation of
monochloramines in the raw water tank at a residence time of
3 h. This water was then treated by microfiltration (MF) followed
by a 2-stage RO process (Hydranautics ESPA2) operated to achieve
a combined recovery of 79–80%.

2.2. Sample collection

Triplicate grab samples were collected in fluorescent leachate-
free 50 mL polypropylene containers. Samples from Beenyup pilot
RO plant were collected on a weekly basis for 12 weeks during
March–June, 2009. This sampling was conducted by onsite plant
personnel and the samples were packed chilled in an ice box and
shipped to the laboratory in Sydney by overnight courier. Samples
from St Marys pilot RO plant were collected on eight nonconse-
cutive days within a 4 weeks period between November–
December, 2008. Collection was undertaken by UNSW personnel
and all samples were transported to the laboratory on the same
day. Samples from WRAMS were also collected by UNSW person-
nel on a weekly basis for 12 weeks during April–June, 2010. This
comprised of 4 weeks of samples from RO Train A and 8 weeks
from RO Train B.

2.3. Sample analysis

Fluorescence EEMs were acquired on a Varian Cary Eclipse
fluorescence spectrophotometer (Varian, Australia) using 1 cm path-
length (Starna) quartz cuvette at a scan speed of 9600 nm min�1.
Each EEM consisted of excitation wavelengths from 200 to 400 nm
in stepwise increments of 5 nm and emission wavelengths from 280
to500 nm, in 2 nm increments. A low sensitivity method was used
for samples obtained pre-RO whilst a high sensitivity method was
used for post-RO samples. Specific instrument parameters used for
these methods are detailed in Table 1.

Additional measurements of pH, electrical conductivity, UV
absorbance and total organic carbon (TOC) were also acquired for
all samples. Electrical conductivity and pH levels were measured
with a HACH HQ14d portable meter (Biolab, Australia), and TOC
was measured with a TOC-5000A analyser (Shimadzu, Australia).
UV absorbance was measured on a Varian Cary 50 Win UV
spectrophotometer (Varian, Australia).

2.4. Data analysis

2.4.1. EEM interpretation

All EEMs were post-processed using Matlab 2007b software
(Mathworks, US). The first step in the process was a blank
subtraction using a sealed cell containing purified water as
supplied by Varian, Inc. This was followed by application of
instrument specific excitation and emission correction factors
and removal of Rayleigh–Tyndall and Raman scatter lines. The
Raman peak at an excitation wavelength of 348 nm (lem ¼380–
410 nm) was measured prior to each analysis using the purified
water sealed cell. All corrected data were normalised to Raman
units (R.U.), allowing direct comparison of RO feed and RO
permeate intensity values despite the fact that these were
acquired by different instrument methods.

Pre- and post-RO fluorescent intensities were represented as
excitation–emission wavelength pairs lex/em¼ 240/426 nm (Peak
A), 340/426 nm (Peak C), 285/350 nm (Peak T1) and 235/350 nm
(Peak T2). The only exception was the post-RO samples from the
Beenyup pilot plant where lex/em¼ 300/400 nm (Peak C) and 240/
400 nm (Peak A).

2.4.2. Lognormal probability plots

Lognormal probability plots were constructed to test whether
the data could be fitted into a lognormal distribution. Data in
the probability plot can be assumed to be lognormally distributed if
the data points fit relatively well within a linear trend line. Replicate
data for each sampling point were averaged and the plotting positions
of these calculated according to procedures detailed previously [35].
This sampled data were then plotted as lognormal probability plots
using SigmaPlot ver. 10 (Systat software, Inc) to facilitate character-
isation of RO treatment variability as recommended for contaminants
in water treatment facilities [36].

2.4.3. Probabilistic analysis

Once the sampled data were confirmed to be reasonably
fittable to a lognormal distribution, it was fitted to cumulative
lognormal probability density functions (PDFs) using @Risk ver.
5.5 software (Palisade Corporation). @Risk software was also used
to generate Monte-Carlo simulations and goodness-of-fit tests.
Fitted PDFs were assessed using the Anderson–Darling goodness-
of-fit test, with test values less than 1 indicative of a good fit [37].
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Test values for RO feed and permeate fluorescence all scored less
than 1. The fitted PDFs were then used to simulate PDFs for RO
percentage rejection as given in Eq. 1. Monte-Carlo simulations
were undertaken using Latin Hypercube sampling with 10,000
iterations and an assumed correlation coefficient of 0.99 in
Fig. 2. Fluorescence EEMs of R
sampling of RO feed and RO permeate PDFs.

PDFROrejectionð%Þ ¼ 100� ðPDFROFeed2PDFROPermeateÞ=PDFROFeed ð1Þ

Eq.1 shows the calculation for Monte-Carlo simulation of RO
rejection.
O feed and RO permeates.
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3. Results and discussion

3.1. Fluorescence excitation–emission matrices

The RO feed and permeate EEMs contained the five major
fDOM signatures (Peaks A, C, T1, T2 and B) at varying intensities
(Fig. 2). The predominant peaks in all RO Feed EEMs were related
to humic-like fluorescence. The maxima for these are located at
lEx/Em¼ 340/426 nm (Peak C) and 240/426 nm (Peak A).

Post-RO EEMs, although not directly comparable with RO Feed
EEMs in terms of intensity, showed significant removal of fluor-
escence during the RO process. Peak B was the predominant peak
in all RO permeate EEMs. An exception to these were the Stage
2 permeates from the WRAMs site (Train B) which had enhanced
fluorescence signatures compared to its Train A counterpart, and
permeates obtained from the Beenyup pilot plant.

The dominant peaks in permeates from the Beenyup plant
were related to humic-like fluorescence but the maxima for these
had shifted to lower excitation and emission wavelengths (Peak
C: lEx/Em¼ 320/400 nm and Peak A: lEx/Em¼ 240/400 nm). A
small peak was also visible below Peak A at lEx/Em¼ 220/400 nm.
To the knowledge of the authors this peak has not been pre-
viously reported and has been labelled as Peak S. The fluorescence
intensity signals for Peaks A, T2, B and S within the RO permeates
exhibited large variability between replicate samples, partially
due to the noise from these regions within the EEMs, and are thus
excluded from further discussion.

3.1.1. Beenyup pilot plant

Peak C, Peak T1, EC and TOC data are presented as lognormal
probability plots in Fig. 3. These charts allow visual distinction
between the RO operational stages and a rudimentary assessment
Fig. 3. Lognormal probability plo
of exclusivity between distributions. Exclusivity between two
distributions can be assessed by drawing a horizontal line across
the plot. If a line can be drawn, such that it does not intersect both
distributions within a defined probability range then the distribu-
tions are considered exclusive to each other.

The Stage 1 RO feed for the Beenyup plant, sourced solely from
secondary treated effluent, contained the highest concentrations
of fDOM among the three plants. Peak C intensities ranged from
2.5 to 7.5 R.U., while Peak T1 ranged from 1.9 to 3.7 R.U. The RO
feed also contained the highest measure of ionic species
(EC¼1240–2024 mScm�1) in comparison to the other plants in
this study, however TOC concentrations (4.8–11.0 mgL�1) were at
similar levels to the other plants. Stage 2 feed was the reject
stream from the Stage 1 RO process and contained concentrated
levels of contaminants compared to Stage 1 feed (Peak C¼7.1–
17.4 R.U.; Peak T1¼3.8–9.0 R.U.; EC¼2897–4063 mScm�1; TOC¼
10.2–35.5 mgL�1).With the exception of TOC, all other para-
meters displayed exclusivity below the 90th percentile of Stage
1 feed and above the 10th percentile range of the Stage 2 RO feed
(Fig. 3).

Significant removal of fDOM was observed in the permeates
after RO treatment with Stage 2 permeates containing higher
Peak C intensities in comparison to Stage 1. Intensities ranged
from 0.02 to 0.06 R.U. for Stage 1 and 0.06 to0.09 R.U. for Stage 2.
A similar trend was also observed in the EC measurements (Stage
1¼14–80 mScm�1; Stage 2¼39–72 mScm�1), with both Peak C
and EC having exclusive distributions for Stage 1 (o90th per-
centile) and Stage 2 permeates (410th percentile). Unlike the
trend observed with the RO feeds, no distinction between perme-
ates could be made using either Peak T1 intensities (Stage
1¼0.02–0.24 R.U.; Stage 2¼0.04–0.13 R.U.) or TOC values (Stage
1¼0.8–2.8 mgL�1; Stage 2¼0.7–2.5 mgL�1).
ts from Beenyup pilot plant.
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A more distinctive feature of the RO permeates from this plant
was the blue shift in the wavelength maxima for Peak C. EEM
results suggest that there are two fluorophores present that
fluoresce at lEx¼300 nm and at lEx¼340 nm. The fluorophores
responsible for the lowered wavelength (300 nm) are retained in
the permeate, while the fluorophores responsible for lEx¼

340 nm fluorescence are removed during RO. As this is trend
was not observed in the other two plants this is either a unique
feature of the feed water at this plant or due to reaction with
chlorine.

Peak shifts have been reported to occur due to reduced
aromaticity or conjugation when fDOM interacts with free chlor-
ine [38,39]. The raw water had been exposed to chlorine (as
hypochlorite) during the generation of chloramines, and it is
plausible that a small portion of this chlorine has reacted with
the fDOM responsible for Peak C fluorescence, with the result
becoming evident after the RO process has removed most of the
fDOM. The chloramination dosing involved manual input and was
not accurately controlled during the pilot phase of this plant and
may have been a contributing factor.

3.1.2. WRAMS treatment plant

The source water for WRAMS constituted secondary treated
effluent blended with stormwater, which had a diluting effect on
fluorescence and EC values. The RO feed for this plant had lower
fluorescence intensities in comparison to Beenyup and a higher
variability compared to St Marys, with the fDOM intensity on any
day dependent on the amount of stormwater blending into the
secondary effluent. Peak C fluorescence ranged from 1.4 to
3.9 R.U. while Peak T1 ranged from 0.90 to 2.6 R.U. Lognormal
probability plots are presented in Fig. 4.

Distinction between the operational stages at WRAMS could
also be made using Peak C intensities in grab samples collected on
Fig. 4. Lognormal probability
the same date. The lognormal probability plots for Stage 1 perme-
ates had Peak C intensities from 0.002 to 0.01 R.U., which partially
overlapped with Peak C intensities from Train A Stage 2 permeates
(0.01–0.04 R.U.). Exclusivity between stages was observed for
measurements less than the 80th percentile range for Stage
1 and the greater than the 10th percentile for Stage 2 in the RO
feed and permeates.

The fDOM peaks in the Train B Stage 2 permeates had enhanced
fluorescence signals compared to the Train A Stage 2 permeates.
It is suspected that the Train B Stage 2 modules were under-
performing due to an undetermined reason. Peak C intensities
(0.05–0.10 R.U.) for this were higher than the Stage 1 and Train B
Stage 2 permeate intensities. This was in contrast to the Stage
1 permeates, which could not be distinguished from the two Trains.
Peak T1 signals for Stage 1 (0.01–0.04 R.U.) and Stage 2 (Train
A¼0.02–0.05 R.U.) permeates were indistinctive except for those
sourced from Stage 2 (Train B¼0.06–0.10 R.U.). Lognormal prob-
ability plots for EC and TOC showed that while EC measurements
had a similar trend to Peak C fluorescence, TOC did not have the
sensitivity to distinguish the operational stages and membrane
underperformance (Fig. 4). The lognormal probability plots were
used to assess whether the measured parameters could reliably
detect the underperformance in the Stage 2 membranes within a
defined signal range (Stage 1o90th percentile and Stage 2410th
percentile). TOC and Peak T1 had overlapping distributions between
the Stage 2 permeates making these unreliable parameters for this
particular underperformance. Exclusivity was observed in both EC
and Peak C distributions making both techniques more reliable in
detecting this particular underperformance.

3.1.3. St Marys pilot plant

Lognormal probability plots for St Marys plant are presented in
Fig. 5. Peak T1 fluorescence ranged between 1.2–1.6 R.U. except
plots from WRAMS plant.



Fig. 5. Lognormal probability plots from St Marys pilot plant.
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on the first sampling date, where the fluorescence averaged
4.8 R.U., the highest recorded for the three plants. This enhanced
fluorescence was also observed in the RO concentrates and
permeates, and may have been related to fluorescent material
leached from the new membranes and plumbing, as samples
collected on later dates had significantly lower T1 fluorescence.
Peak C fluorescence ranged from 2.6 to 3.4 R.U. and did not
exhibit the enhanced signals observed for Peak T1. The mem-
branes in this plant were brand new and had been in operation for
only a few days before the sampling commenced. The distribu-
tions of RO feed stages could be distinguished between the 5thh

and 95th percentile ranges using Peak C and EC.
No clear distinctions between RO stages could be made from St

Marys RO permeates using fluorescence. The Stage 3 permeates
generally contained higher concentrations of Peak C fluorophores
(0.01–0.19 R.U.) in comparison to Stage 1 (0.005–0.05 R.U.) and
Stage 2(0.003–0.04 R.U.). It is unclear if membrane age or the
onset of fouling would enhance the differences between Peak C
fluorescent characteristics of the RO permeate stages. Peak T1

signals from the three RO stages were indistinctive (Stage
1¼0.03–0.21 R.U., Stage 2¼0.02–0.12 R.U., Stage 3¼0.03–
0.22 R.U.). EC distributions of the RO permeates could be distin-
guished (o90th percentile of the initial stage and 410th
percentile of subsequent stage). No TOC data had been collected
for the RO permeates.
3.1.4. Comparison between the three plants

The plant influent at the Beenyup site was sourced from
secondary treated effluent and contained the highest fDOM
intensities (Peak C¼5.02 R.U., Peak T1¼2.32 R.U.) and EC values
(1330 mScm�1) as illustrated by 50th percentile values. St Marys
and WRAMS sites had similar fDOM and EC values. At St Marys
the plant influent was sourced from tertiary treated effluent,
which had lower fDOM intensities (Peak C¼3.10 R.U. and Peak T1

¼1.41 R.U.) and EC values (837 mScm�1) in comparison to Bee-
nyup. The plant influent at the WRAMS site was a blend of
secondary treated effluent and stormwater, combined in daily
variable proportions that had a dilution impact based on the
proportion of stormwater (Peak C¼2.70 R.U., Peak T1¼1.76 R.U.
and EC values¼826 mScm�1). Peak C intensities were higher than
Peak T1 in all three feedwaters.

Pretreatment at the three sites involved either MF or UF
membranes. This had no noticeable impact on DOMs and ions as
described by fluorescence, DOC and EC parameters. Additionally,
the plant influents at Beenyup and St Marys sites were chlorami-
nated prior to pretreatment. However, there was no discernable
impact of this on the fDOM in the RO feed. The WRAMS RO feed
displayed high variability in fDOM intensities and EC compared to
the other two plants due to the blending with stormwater. This
was illustrated by coefficient of variation for Peak C fluorescence
(Beenyup¼6%, St Marys¼9% and WRAMS¼43%), Peak T1 fluores-
cence (Beenyup¼9%, St Marys¼16% and WRAMS¼38%) and EC
(Beenyup¼23%, St Marys¼4% and WRAMS¼33%) for the entire
sampling duration.

Subsequent to RO, the Peak C intensities were lower than Peak T1

in the permeates. RO permeates from Beenyup mimicked the trend
observed with the RO feeds, and had the highest fDOM intensities
(Stage 1: Peak C¼0.025 R.U., Peak T1¼0.032 R.U.), EC (22.3 mScm�1)
and DOC (1.45 mgL�1) of the three plants as shown by 50th
percentile values. The lowest values were recorded for the WRAMS
Stage 1 RO permeates (Peak C¼0.005 R.U., Peak T1¼0.015 R.U.,
EC¼7.0 mScm�1 and DOC¼0.39 mgL�1). Water quality parameters
measured from St Marys Stage 1 permeates were intermediary
between Beenyup and WRAMS (Peak C¼0.017 R.U., Peak T1¼0.037
R.U. and EC¼9.4 mScm�1) and did not reflect the trends observed
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with the RO feed. It is not known why this differs but may reflect the
performances of the different RO membrane brands to the distinc-
tive RO feeds. The impact of chloramination on the RO permeates
was only observed at the Beenyup site and not at St Marys. The
reason for this is unclear but it may be due differences in RO feeds or
the chloramination processes.

3.2. Probabilistic analysis of fDOM removal

Probabilistic analysis was determined to be an appropriate
approach for assessing RO treatment performance due to the
stochastic rather than deterministic nature of fluorescent con-
taminants in the RO permeates, the concentrations of which had a
high degree of variability and are impacted by a range of factors
including pH and temperature. Summary box plots of the simu-
lated distributions for Peak C and Peak T1 removal by RO are
presented in Fig. 6. Most of the fDOM was removed during RO,
with over 98% removal (50th percentile) observed at all three
plants. Peak C was better rejected by RO compared to Peak T1,
with at least 97% removal achieved at the three plants. The most
consistent rejection of all parameters (based on distribution
spreads) was observed at the WRAMS plant, but it cannot be
ascertained whether this was a feature of the RO membranes used
at this plant or due to other operational factors.

The difference in performance of the Stage 2 membranes at the
WRAMS site was evident with less efficient removal of fDOM by
Train B membranes compared to Train A membranes. By comput-
ing the difference between the median values (50th percentile) of
Fig. 6. Summary box plots of simulated distribu
the two PDFs it was observed that Peak T1 rejection was 1.0%
lower in Train B compared to Train A while Peak C was 0.8%
lower. Peak C % removal PDFs of the two Trains were exclusive to
each other for values less than 95th percentile values (Peak
C¼99.2%), of Train B and values greater than 5th percentile (Peak
C¼99.5%) of Train A. Peak T1% removal PDFs had a small degree of
overlap between the 95th percentile values of Train B (99.8%) and
the 5th percentile values of Train A (98.8%). EC rejection distribu-
tions confirmed lowered performance in the Stage 2 Train B
membranes relative to Train A, however no differences could be
detected based on TOC rejection.

In all three plants Peak T1 removal appeared to improve after
each subsequent operational stage. The PDFs of each stage were
indistinguishable due to overlapping ranges but median values
(50th percentile) increased after each operational stage. The most
distinctive example of this trend was at the St Marys plant (Stage
1¼97.2%, Stage 2¼98.2% and Stage 3¼99.0%). Beenyup (Stage
1¼98.6% and Stage 2¼99.2%) and WRAMS (Stage 1¼99.1% and
Stage 2 Train A¼99.4%) plants also exhibited similar trends. Peak
C removal provided no distinction between operational stages
thus showing stable rejection. It is not understood why improved
rejection of Peak T1 was achieved after each subsequent RO stage.
At the St Marys plant the Stage 1 Peak T1 removal exhibited a high
degree of variability. The distributions for these were skewed by
the high Peak T1 concentrations found in feed and permeate in the
first two sets of samples. It appears that a longer stabilisation
period for Peak T1 is required compared to Peak C for optimum
rejection to be achieved by new membranes.
tions for fDOM removal by reverse osmosis.
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3.3. Implications for integrity monitoring

Peak C at lEx/Em¼ 340/426 nm appears to be best suited for RO
membrane performance and integrity monitoring. This fluores-
cent region is responsive to the differences in feed quality as
observed by the differences in Stage 1 and Stage 2 permeates,
showing sensitivity to subtle changes in permeate characteristics.
More importantly, it demonstrates high sensitivity to membrane
underperformance as observed in the enhanced intensities of the
Train B Stage 2 permeates from the WRAMS site. Peak C was the
only fluorescence region that no overlapping intensities between
Train A and Train B permeates (5th–95th percentile range). RO
rejection data corroborated this with a clear and distinct reduc-
tion in RO rejection observed for the same permeates.

It is possible to collect near-real time EEMs; the method
employed in this study requires 5 min to generate an EEM.
However, the cost of spectrophotometers and the skill and
maintenance requirements (with or without multivariate data
analyses) may be difficult for many utilities to implement.
Monitoring these smaller wavelength regions or specific
excitation–emission coordinate pairs provide as much relevant
information as full EEMs coupled with multivariate datamining
tools for process performance monitoring [34]. In the current
study five distinct fDOM peaks were detected, three of which
were in regions of high noise and did not provide consistent
results (Peak A, Peak B and Peak T2). More consistent results were
obtained from Peak C and Peak T1. Of these, Peak C was more
sensitive to subtle changes in RO permeate quality. Thus no
significant advantage can be obtained from monitoring full EEMs
in comparison to smaller wavelength regions.

Several fluorescence sensors which measure only a small
fluorescence band are available on the market. Many of these
use light emitting diode (LED) technology, which has significantly
improved sensitivity and reduced costs to below AU$10,000,
making these economically competitive to technology such as
TOC analysers, which can cost over AU$40,000. These can be more
easily implemented into RO plants and provide a simple signal
output that can trigger an alarm when designated critical
control points are exceeded. One such low cost fluorometer, the
Cyclops 7 CDOM sensor (Turner Designs) has been identified for
future online monitoring trials. This sensor measures fluorescence
at lEx/Em¼ 350/430 nm (Peak C region) and was obtained for
AU$2500.

Fluorescence peak maxima shifts observed from addition of
chlorine/chloramines can be potentially problematic to account
for using portable fluorescence instruments capable of measuring
only within a limited wavelength region. These regions are
typically selected by bandpass filters which cover a small range
of excitation and emission and not a specific wavelength pair.
Also the output is usually the maximum emission signal detected
within that range. The user can have the choice when purchasing
equipment to either obtain instruments with interchangeable,
broad bandpass filters; or to select an instrument with a fixed
bandpass that covers the range required. This range should ideally
include the peak maxima wavelength pairs from before and after
the peak shift. It should also be noted that an exact match to the
wavelength coordinate pair used in this study is not essential. The
fDOM peaks are broad and cover a relatively large area of optical
space within the EEM. The decrease in fluorescence intensity from
the peak maxima is gradual and a strong signal can still be
obtained from wavelength coordinate pairs that are located
several nanometres from the peak maxima. Finally, in an integrity
loss scenario it is expected that DOM responsible for fluorescent
maxima signatures (prior to the peak shift) would not be removed
as efficiently and enter the permeate stream in higher concentra-
tions. Thus it is likely to mask out any effects of the peak shift.
4. Conclusions

In this study, the fluorescence signatures of RO feed and
permeate samples sourced from three municipal recycled water
treatment facilities were analysed and characterised. Multiple
peaks were identified including the novel peak S at lEx/Em¼ 220/
400 nm. Peak C and Peak T1 were identified as suitable for
investigative purposes due to relatively low noise and variability
in replicate samples and the rejection of these fluorescent organic
molecules was assessed by Monte-Carlo analysis.

It was found that the Peak C was better rejected by RO than
Peak T1 although typical rejection for both peaks was over 98%.
Peak T1 rejection appeared to improve after each subsequent RO
stage although the reason for this could not be determined. Peak
T1 also requires a longer stabilisation period compared to Peak C
when new membranes are commissioned as observed from the
rejection trends for the St Marys plant. Peak C was determined to
better suited for RO performance monitoring than Peak T1 based
on the exclusivity of underperforming membrane fDOM rejection
PDFs and the permeate fluorescence intensity PDFs to those of
unimpaired membrane. RO feed samples from different opera-
tional stages could be distinguished based on Peak C and Peak T1

intensities. In contrast, only Peak C could be used to distinguish
permeates from different operational stages which were only
valid for two of the plants in this study. This is attributed to the
improving rejection of Peak T1 at each subsequent RO stage.

Results in this study show fluorescence has the capability of
detecting subtle changes in RO permeates. This demonstrates that
monitoring a small fluorescence region or excitation–emission
coordinate pair would be more practical than measuring full
EEMs. This will also make it easier and more cost effective to
implement in water utilities using RO and flags the potential for
fluorescence-based online monitoring of RO performance.
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