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Water impact

Assessing the potential of fluorescence
spectroscopy to monitor contaminants in source
waters and water reuse systemst

Joseph Wasswa, @ 1*@ Natalie Mladenov @2 and William Pearce®

It is of ongoing interest to evaluate real-time instruments for monitoring water contaminants for source
water control and water reuse system performance applications. Portable fluorescence sensors have the
potential to provide instantaneous measurements of fluorescent organic compounds present in chemical
and biological pollutants. Comparisons between one-dimensional fluorescence data from portable sensors
and data obtained from higher sensitivity benchtop fluorometers, capable of three dimensional spectral ac-
quisition, are needed to evaluate the performance of portable instruments. We tracked fluorescence inten-
sities in titration experiments with diverse pollutants, including two volatile organic compounds (diesel, gas-
oline), three pharmaceuticals (ibuprofen, caffeine, lopinavir), and a pesticide (isoxathion), added to creek
water, tertiary treated wastewater, and water from different treatment stages at a water reuse facility. Our
results indicated that optical filters with wavelength bands in the tryptophan-like and tyrosine-like peak re-
gions were able to track the peaks of most organic chemicals studied. Fluorescence intensities measured
with both portable and benchtop instruments were highly correlated for all samples and all contaminants
(R? > 0.90). In the final product water of the water reuse facility, both portable and benchtop fluorometers
displayed high sensitivity, being able to discern contaminants from the background at concentrations as
low as 0.2 ppb. However, in creek water, post-ozone water, and tertiary effluent, pollutant detection limits
were much higher for both portable and benchtop fluorometers. Therefore, in waters with substantial
background fluorescence, fluorescence-based sensors may be best suited for tracking higher concentra-
tions of organic contaminants, such as those found in chemical spills in source waters.

Our work attempts to evaluate the limits of detection for online fluorescence sensors and the performance of fluorescence-based sensors in diverse water
types with different amounts of background fluorescence for public health protection. In addition, we aimed at comparing the measurements taken by a

portable fluorometer and the gold-standard, laboratory-based benchtop fluorometer to monitor trace organic water pollutants. The presence of high con-
centrations of background DOM affects the sensitivity of both instruments to detect trace levels of contaminants. We also observed that for the purpose of
monitoring water quality, optical filters with wavelength bands that capture both the tryptophan and tyrosine-like peak regions are recommended for on-
line contaminant monitoring. Our results have broad implications for source water protection, identification of contaminants and other forensic informa-

tion (e.g., that may help track illicit dischargers), and triggering an action (e.g:, used as a critical control point) in the water industry.

1. Introduction

nants in a wide range of water types. Analytical approaches
have been very effective at quantifying some organic

The occurrence of organic contaminants in surface water, po-
table water, domestic wastewater, and other water sources
has led to increased interest in monitoring these contami-
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chemicals of concern in water supplies.”> However, as the
time shortens between water treatment and delivery of water
to the consumer (e.g., direct potable water reuse) there is in-
creasing interest in tracking of contaminants in real-time.?
Currently, potable water reuse facilities already use real time
on-line total organic carbon analyzers to measure the bulk
parameter; however, characterizing the individual organic
contaminants requires significant laboratory analysis time
and preparation. Also, total organic carbon analyzers cannot
differentiate between different organic compounds, such as

This journal is © The Royal Society of Chemistry 2019
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those from soils and leaf litter vs. those from synthetic or-
ganic chemicals.” From the perspective of responding to con-
tamination events, being able to elucidate the general source
of organic contaminants in real-time has added value for wa-
ter managers. Therefore, continuing to evaluate the suitabil-
ity of new in-line, real-time sensors for organic contaminant
monitoring is of interest.

Fluorescent dissolved organic matter is derived from
naturally-occurring organic compounds, such as bacteria, al-
gae, and higher plants, as well as a wide range of manmade
chemicals, including various compounds from the petroleum
industry, paper and pulp mills, agrochemical industries, and
other industrial and domestic wastewater constituents. Many
aromatic and double-bonded structures produced by diverse
organic compounds are fluorescent and can therefore be vi-
sualized as a three-dimensional excitation-emission matrix
(EEM) spectrum.” Fluorescence spectral acquisition, even for
3D EEM spectra, is relatively rapid when compared to chro-
matographic spectroscopic techniques, such as gas or liquid
chromatography. Due to its ability to provide rapid informa-
tion about the presence of diverse organic compounds, fluo-
rescence spectroscopy has been widely used to track organic
compounds in natural and engineered
systems.

Considerable attention has been given to tracking waste-
water inputs to riverine systems with fluorescence.”® For ex-
ample, the tryptophan-like fluorescence peak (Peak T) identi-
fied in EEM spectra (Fig. 1 and Table 2) has been shown to
discriminate contributions of bacteria in sewage-impacted
rivers® and pathogenic enteric viruses in groundwater-
derived potable water supplies in Africa.” Zhou et al.® found a
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highly significant (R*> = 0.9, p < 0.0001) correlation between
wastewater addition and an increase in Peak T intensity.
Other studies have demonstrated the potential of fluores-
cence spectroscopy as a method for assessing the treated wa-
ter quality and efficacy of the treatment plants.”™ In a study
of online monitoring of organic matter concentrations and
character in drinking water systems, Shutova et al.'® observed
that the fluorescence intensity of a peak associated with
humic-like substances had a high correlation (R*> of >0.85)
with dissolved organic carbon (DOC) concentration and con-
cluded that it can be used to monitor DOC in raw and treated
water. Online monitoring of reverse osmosis membrane foul-
ing by Singh et al'® revealed a strong correlation between
humic-like peak intensities and transmembrane pressure.
Recent applications of parallel factor analysis (PARAFAC)
modeling have made it possible to resolve the complex 3D
EEM spectra into its dominant components and quantify
each component's contribution to the total fluorescence. For
example, Sgroi et al.'* used EEM-PARAFAC to characterize
emerging organic compounds and monitor their trends in
two catchment basins impacted by wastewater discharges.
EEM-PARAFAC has also been used to study and predict the
removal of emerging trace organic compounds (ETOrCs) dur-
ing conventional wastewater treatment.”'® Sgroi et al.'* con-
cluded that fluorescence based peaks can be used as surro-
gates for wastewater contamination indication. Similarly,
Zhou et al.® applied EEM-PARAFAC to identify tryptophan-
like fluorescence at a wavelength of 275/342 nm as a key indi-
cator of point source contamination by sewage in a lake in
China used for drinking water supply. Although the
tryptophan-like peak has been associated with microbial
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Fig. 1 Typical fluorescence EEM spectra acquired with an Aqualog benchtop fluorometer of the different water types, a) creek water, b) tertiary
effluent, c) post-ozone and BAC treated water and d) reverse osmosis and UV-AOP final product water, before the spiking experiments. The same
EEMs of post-ozone treated water (e) and UV-AOP product water (f) are shown with lower intensities in the colorbar. The locations of typical peaks

B, T, A, C, and M are shown in 1b.
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Table 1 Classification, typical usage, and chemical properties of selected contaminants

MW
Contaminant Category Usage (g mol™) Log Koy Public health concern
Ibuprofen Pharmaceutical Analgesic 206.3 3.97¢ Endocrine disrupting
compound
OH
o
o e Volatile organic Internal combustion engine 100-105 2.17-5.18” Carcinogenic
‘ compound as
Gasoline® e C\l:ﬂ P &
Hc\E /C\CHS
CHs Volatile organic Internal combustion engine ~200 3.37-7.2"  Carcinogenic
H_ _C__H compound gas
L ooe CFC
Diesel .
H/ Q$/ \CH3
H
Isoxathion Synthetic organic Pesticide 313.308 3.73° Carcinogenic and endocrine
HyGOx p,/s Nes compound disrupter
Va2
o © =
HJC) %
Q Pharmaceutical Protease inhibitors in HIV 628.814 6.26° Endocrine disrupting
¢ treatment compound
Lopinavir () " 3, (1
® °
o Personal care product Stimulant 194.194 -0.07¢ Endocrine disrupting

Caffeine N
O)\N l N/>
|

compound

“ Sgroi et al.” ” Trapp et al.>® © Saito et al.>” ¢ Wood et al.>* © Molecular structure of one of the representative fluorescent compounds (1-ethyl-3

methylbenzene) in gasoline and (1,3 dimethyl benzene) in diesel fuel.

Table 2 Typical peaks in 3D fluorescence EEMs and their properties

Ex/Em Source
Peak wavelength Description (ref)
A" (Ex260,Em Terrestrial humic-like, high molecular weight, aromatic humic, hydrophobic acid fraction (HPOA); 33-35
(380:460)) always high in wetlands and forested environments
B (Ex275,Em310) Tyrosine-like organic compounds, associated with amino acids and hydrophobic neutral fraction 33-36
(HPON); indicates more degraded peptide material
T (Ex275,Em340) Tryptophan-like organic compounds, associated with amino acids, hydrophobic base fraction (HPOB), = 33-35
and hydrophilic acid fraction (HPIA); indicates less degraded peptide material
C*  (Ex350,Em(420:480)) High molecular weight, humic-like compounds; high in terrestrial environments 33-36
M“  (Ex312,Em(380:420)) Low molecular weight, marine humic-like compounds 33-36
I (Ex 260,Em 290) Due to ibuprofen 37, this
study

“ Consolidated as humic-like peak in the manuscript. : Indicates a range.

sewage contamination, studies are still needed to evaluate
fluorescent components associated with synthetic organic
contaminants.

Benchtop fluorometers, which are considered to be more
sensitive than portable fluorescence sensors, have recently
been used to characterize organic matter in drinking
water'®"® with typically low DOC concentrations (up to
<1.0 mg L™). Fluorescence analysis with benchtop fluorom-
eters can be a challenge in field settings due to the poor
portability of most benchtop instruments and longer times
for spectral acquisition compared to portable sensors. Porta-
ble fluorescence sensors, which can provide real-time data

372 | Environ. Sci.: Water Res. Technol,, 2019, 5, 370-382

or have data-logging capabilities and are often submersible
or weather-resistant, are thus better suited to monitoring
contaminants onsite. Most portable fluorometers are
equipped with sensors to provide single point fluorescence
intensity data for a limited number of excitation/emission
(Ex/Em) pairs (typically 1-7 sensors for brands such as
Seapoint™ and Turner™). Comparisons of fluorescence
data obtained from portable and benchtop fluorometers
would help evaluate the performance of portable fluores-
cence instruments compared to their more sensitive bench-
top counterpart; however, to date, such studies are lacking
for water treatment or water reuse systems.

This journal is © The Royal Society of Chemistry 2019
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In addition, given the ability of fluorescence sensors to
track different types of fluorescent organic contaminants,’
there is a potential role of fluorescence sensors to serve as a
warning system for source water protection and treatment
performance for water reuse systems.>’® However, much still
remains to be understood about the different classes of con-
taminants that can be traced with commercially-available
sensors and whether the contaminants can be detected at
environmentally-relevant concentrations. Therefore, the main
objectives of this study were to (i) assess the potential of fluo-
rescence spectroscopy to monitor select organic chemical
contaminants in different water sources and (ii) compare the
ability of a portable submersible fluorometer to monitor
changing chemical concentrations with that of a 3D benchtop
fluorometer.

2. Methods and materials
2.1 Water sources and sampling

This study was conducted using creek water, as an example
of a surface water body, and recycled water from different
steps in the treatment train. Grab samples were collected
from Alvarado Creek (32° 46'42.3"N, 117° 03'48.97"W) near
San Diego State University and from three points in the treat-
ment train of the Demonstration Pure Water Facility (DPWF),
a water reuse demonstration facility in San Diego, California.
Grab samples were collected from the following locations: 1)
from the tertiary-treated effluent flowing into the inlet of
DPWF (referred to as “tertiary effluent water”), 2) after the
ozonation and biological activated carbon (BAC) treatment
steps (referred to as “post-ozone water”), and 3) after the reverse
osmosis and UV-advanced oxidation processes (referred to as
“UV-AOP water”). Detailed information about the sampling
locations and the treatment train of the DPWF are shown on
Fig. S1,f and a detailed report of the facility is available in
Trussell et al.>' Water samples from both the creek and the
DPWF were collected between 15th December 2016 and 15th
February 2017.

2.2 Chemicals and reagents used as contaminants

Four different chemicals and two hydrocarbon-based fuels,
which contain aromatic carbon rings in their structure and
therefore may serve as fluorescent tracers for contamination,
were utilized in this study: gasoline, diesel, ibuprofen,
lopinavir, isoxathion, and caffeine. Diesel and gasoline were
selected because they are environmental pollutants that are
made up of a wide range of chemicals and they regularly find
their way into surface waters due to runoff or accidental
spills. Isoxathion was chosen in this study because it is a type
of organophosphate insecticide, which is a class of widely
used pesticides and is commonly found in natural waters.>?
Caffeine and ibuprofen are common pharmaceuticals and
personal care products (PPCPs) that have been reported in
many wastewater studies.”*® Lopinavir was used in this study
because it is one of the pharmaceuticals that are used in the
manufacture of anti-retroviral (ARVs) (Table 1). In African

This journal is © The Royal Society of Chemistry 2019
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countries where HIV/AIDs is very prevalent, there has been
increased consumption of ARVs. Studies have expressed con-
cern over the fate of such pharmaceuticals in wastewater.>*>*
Lopinavir, caffeine, and isoxathion were all purchased from
Fischer scientific and were all of high purity and laboratory
grade standards. Ibuprofen was obtained from a local phar-
macy, and diesel and gasoline were obtained from a local fill-
ing station. Table 1 shows chemical properties of the contam-
inants, including molecular weight (MW) and the log-
transformed value of the octanol-water partitioning coeffi-
cient (logK,,) for each. Details for chemical stock solution
preparations and spiking experiments are presented in the
ESIT Methods.

2.3 Analytical methods

Samples for DOC and fluorescence analysis were filtered
through pre-combusted glass fiber filters with 0.7 pum nomi-
nal pore size before analysis. The DOC and total dissolved ni-
trogen (TDN) concentrations of each triplicate sample were
determined using a Shimadzu TOC-L total organic carbon
and total nitrogen analyzer. DOC was measured as non-
purgeable organic carbon (NPOC) using a high temperature
combustion method in which acidified samples were purged
with carbon-free air prior to measurement to remove inor-
ganic carbon.

2.3.1 Fluorometer specifications and properties. Excita-
tion-emission matrices (EEMs) were collected for all samples
using a Jobin Yvon Aqualog fluorometer. The EEMs were gen-
erated by scanning at an excitation range of 250 to 450 nm
with 5 nm increments and an emission range of 300 nm to
600 nm with 1 nm increments and an integration time of
0.25 s. All EEMs were corrected in Matlab R2015b for the in-
ner filter effect and normalized to the area under the Raman
peak (excitation of 350 nm and emission of 398-420 nm) of
an ultrapure water sample run on the same day. Therefore,
fluorescence intensities are reported in Raman units (RU). A
Raman-normalized ultrapure water blank was subtracted
from all EEMs to remove the Raman scatter peaks. First and
second order Rayleigh scatter bands were also excised.® Five
commonly identified DOM fluorescent peak intensities
(peaks A, C, T, B, and M; Table 2) were extracted from the
EEM matrices using MATLAB R2015b.

The portable, submersible fluorometer (C3 Turner De-
signs™) used in this study, has three sensors, one for
tryptophan-like substance fluorescence, second one for chro-
mophoric dissolved organic matter (CDOM), and third one
for chlorophyll a. The submersible fluorometer has a mini-
mum detection limit (MDL) of 0.5 ppb for CDOM while that
of a tryptophan-like substance sensor is 3 ppb.>® Physical and
electrical specifications of C3 submersible fluorometer are
provided in Table S11 and the wavelength for sensors are
given in Table S2.f To be consistent with previous stud-
ies,*>3! values were recorded in the raw fluorescence mode
and are referred to as “relative fluorescence units” (RFU),
which are relative values, not blank subtracted or scaled to a

Environ. Sci.: Water Res. Technol., 2019, 5, 370-382 | 373
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standard. We also did not apply temperature correction as
recommended by Wasswa and Mladenov®> because all experi-
ments were performed at a consistent room temperature of
~20 °C. For a 3D benchtop fluorometer, all experiments were
carried out in duplicate for lopinavir, isoxathion and caffeine
or triplicate for ibuprofen, diesel and gasoline. In case of a
C3 submersible fluorometer, measurements were taken for a
minimum of 2-5 minutes under constant mixing in the dark
and with values loading at every second generating more
than 200 values and all experiments were done in duplicate.
A mean value for each of the experiment was used. Detailed
methods describing contaminant titration experiments and
in situ fluorescence measurements are presented in the ESIT
Methods.

3. Results and discussion
3.1 Properties of selected water sources

The DOC, TDN, and fluorescence characteristics of four dif-
ferent water sources used in our spiking experiments (creek
water, tertiary effluent, post-ozone water, and final product
water) are shown in Table 3. Not surprisingly, the highest
DOC and TDN concentrations were observed in tertiary efflu-
ent. By contrast, the lowest concentrations were found in the
UV-AOP water, which receives the highest level of treatment
in the water reuse system. Ozonation and BAC did not affect
TDN concentration while reverse osmosis and UV-AOP pro-
cesses substantially decreased TDN.

The water sources used in this study contained the ubiqui-
tous fluorescent Peaks A, C, B, T, and M that have been previ-
ously identified in natural waters and wastewater settings
(Table 1). Peaks A, C and M have been consolidated into
humic-like peaks for discussion. The Humic-like peaks are
known to be associated with aromatic C bonded structures in
humic and fulvic acids*****° and has the highest intensity in
all water sources compared to rest of the peaks (Table 3).
Peak B (maximum at Ex/Em of 275/310 nm), Peak T (maxi-
mum at 275/340 nm), are associated with microbial sources
of organic matter.>®*° Peaks B (tyrosine-like) and T (trypto-
phan-like) have been attributed more specifically to aromatic
amino acids and fluorescent compounds derived from micro-
bial sources.*®*° Significant relationships previously identi-
fied between wastewater addition and Peak T intensity. Zhou
et al.® may help explain the presence of more intense Peak T
in tertiary effluent and post-ozone water (Fig. 1), which are
from early treatment steps at the water reuse facility, com-
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pared to UV-AOP and creek water, which should be devoid of
wastewater influence. The lower overall fluorescence of the
post-ozone water (Fig. 1c and e) reflects the substantial trans-
formation and removal of organic compounds after ozona-
tion and BAC processes.

The EEMs of contaminants in ultrapure water (different
concentrations chosen for best resolution) are presented in
Fig. 2. The fluorescence intensity peak of ibuprofen (Fig. 2a)
was centered at an Ex/Em of 260/290 nm, which is in agree-
ment with the observations of Sadecka et al.*” At low concen-
trations, ibuprofen has high fluorescence intensities (see
z-axis colorbar in Fig. 2a), which reflect its high quantum
yield. Diesel, gasoline, caffeine, isoxathion and lopinavir all
had maxima at Ex/Em between (250-290)/(300-380) nm
(Fig. 2), which overlap Peaks B and T. The peak positions of
other fluorescent substances, including polyethylene and
polystyrene plastics soaked in water, bacteria in water and
untreated wastewater, not used in titration experiments are
shown in Fig. 2 for comparison.

3.2 Effects of contaminant addition on organic matter
fluorescence

For each sample in the titration experiments, we extracted peak
intensity data for the commonly identified DOM fluorescent
peaks shown in Table 2. Correlations between the five DOM
fluorescent peaks and contaminant concentrations in the titra-
tion experiments are presented in Table S3.f Regression analy-
ses revealed that, compared to the other fluorescent peaks,
Peak B intensities, measured using the benchtop fluorometer,
were most significantly correlated with gasoline, diesel, iso-
xathion, caffeine and lopinavir concentrations (Table S3 and
Fig. S21). To illustrate the significant correlations, Fig. 3 shows
correlations between Peak B intensities and select contami-
nants in tertiary effluent. Peak T intensities were also signifi-
cantly correlated with concentrations of most contaminants
(Table S37), but the correlations with Peak B were more signifi-
cant. At higher contaminant concentrations (e.g., >400 ppm
for diesel and >800 ppm for gasoline) a decrease in Peak B
fluorescence intensities occurred due to signal quenching (Fig.
S2t). At very high concentrations, light cannot pass through
the sample to cause excitation, and the signal becomes
quenched; therefore, as water becomes highly concentrated in
organic matter the linear relationship does not hold.*!
Correlations between ibuprofen concentration and peak B
and T intensities in different water types had weak linear and

Table 3 DOC and TDN concentrations and average peak fluorescence intensities acquired with an Aqualog benchtop fluorometer for the different wa-

ter sources used in this study

Peak intensities (RU)

DOC TDN
Water sources (mgL™) (mgL™) A B T C M
Creek water 5.667 1.713 2.788 0.503 0.725 1.255 1.649
Tertiary effluent 7.894 20.09 2.300 0.806 1.518 2.255 2.132
Post ozone and BAC effluent 5.132 20.06 0.383 0.097 0.204 0.302 0.307
Reverse osmosis and UV-AOP effluent 0.236 0.777 0.023 0.006 0.000 0.004 0.005

374 | Environ. Sci.: Water Res. Technol., 2019, 5, 370-382
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Fig. 2 Fluorescence EEM spectra acquired with an Aqualog benchtop fluorometer for contaminants a) ibuprofen (at 15 ppm), b) caffeine (at 10
ppm), c) isoxathion (at 100 ppm), d) lopinavir (at 100 ppm), e) gasoline (at ~80 ppm), and f) diesel (at ~400 ppm) in ultrapure water, (g) oil from
natural seep in sea water, (h) polyethylene plastic soaked in water, (i) polystyrene plastic soaked in water, (j) Pseudomonas sp. bacteria in water and

(k) raw wastewater.

insignificant relationships (Fig. S2t and Table S3t). The
weaker response of peaks B and T intensities in ibuprofen-
titrated water can be explained by the fact that ibuprofen has
a fluorescence maximum at Ex/Em of 260/290 nm, which is
substantially offset from the positions of peaks B and T. At
ibuprofen concentrations >100 ppm, there was a linear in-
crease in peak B intensity, which is likely due to the enlarge-
ment of the ibuprofen peak at higher concentration.

To more directly track ibuprofen contamination using the
benchtop fluorometer, we also measured the intensity of the
newly identified peak I (at Ex/Em of 260/ (290-300) nm) in ti-
tration experiments. Compared to the weak relationships
with peaks B and T especially for post-ozone and UV-AOP wa-
ter (R*> ~ 0 for both water types; Fig. S21), there was a sub-
stantial improvement in the R values with peak I, even at
low concentrations (R*> = 0.98 and 0.99 for UV-AOP and post-
ozone water respectively; Fig. 3d and S37).

3.3 PARAFAC modeling

To evaluate contributions from different organic matter
sources and contaminants in spiking experiments for the
range of water types towards total fluorescence, PARAFAC
modeling was used to discriminate the major components in
a dataset of 119 samples. The PARAFAC model identified five
components, which were validated using a split-half valida-

This journal is © The Royal Society of Chemistry 2019

tion procedure. The EEMs and spectral loadings of these five
components are presented in Table 4. Components C1 and
C4 had maxima at EX/Em of 240/(414-440) nm and Ex/Em of
370/456 nm, respectively. C1 and C4 track peaks A and C, re-
spectively, due to the presence of terrestrial humic-like mate-
rials.>**® The secondary peak of C4 at Em/Ex 260/456 has
been observed as component 6 in Zhou, et al.** and found to
be associated with the presence natural humic-like com-
pounds and oil. In our study, the identified components
closely track contaminant additions to different water
sources. Components C1 and C4 were typically present in
creek water and tertiary effluent water, and low or missing in
post ozone water and UV-AOP water. Low maximum fluores-
cence intensity (F,ay) values, which are analogous to concen-
trations, of C1 and C4 in UV-AOP water indicate that reverse
osmosis followed by advanced oxidation was able to remove
these humic-like constituents from water (Table S47).
Component C2 was in almost the same position as the
fluorescent peak associated with gasoline (at ExX/Em maxima
at 275/322 nm), and C3 corresponded to the peak of diesel
(at 275/332 nm) (Fig. 3). Both C2 and C3 are similar to oil re-
lated components in other studies.*” Beltra et al.** observed
a peak similar to C2 in their study, and this resulted from
the presence of pyrene. Similarly, Mendoza et al** and
Christensen et al.*> observed a peak similar to C3, which was
due to the presence of naphthalene. Both naphthalene and
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Fig. 3 Scatterplots of contaminant concentration and tyrosine-like peak B intensity measured with an Aqualog benchtop fluorometer for a) gaso-
line, b) diesel, and c) ibuprofen in tertiary effluent water. Scatterplot of ibuprofen of peak | intensities in tertiary effluent (d). Significant relationships

are shown (*p < 0.05, **p < 0.005, ***p < 0.0001).

pyrene are petroleum hydrocarbons and both possess aro-
matic rings that enable them to fluoresce. As expected, high
Fax values for both of these components were found in our
diesel and gasoline spiked samples. C2 was more prominent
in gasoline spiked samples while C3 was often more predom-
inant in diesel spiked samples (Table S4t). Since hydrocar-
bon based fuels have a mixture of many aromatic compounds
which may fluoresce with different peaks, our hypothesis was
that there may be hidden peaks that would be more suitable
for monitoring such compounds that we may have missed by
focusing on the usual five peaks. However, PARAFAC demon-
strated otherwise.

Since lopinavir, caffeine and isoxathion have maximum
peaks in similar positions to diesel and gasoline, creek water
spiked with these contaminants also contained substantial
amounts of C2 and C3 (Table S4t). Peaks B and T associated
with tryptophan-like and tyrosine-like organic compounds
overlap with the maximum Ex/Em peaks of synthetic organic
contaminants in the regions of components C2 and C3.
Therefore, the tertiary effluent, which is expected to contain
substantial amounts of tyrosine-like and tryptophan-like com-
pounds, also showed high amounts of components C2 and
C3.

Component C5 (with an Ex/Em maximum at 260/290 nm)
had high Fmax values only in the ibuprofen spiked samples
(Table S41). A PARAFAC component specifically related to

376 | Environ. Sci.: Water Res. Technol., 2019, 5, 370-382

ibuprofen has not previously been identified. However, using
peak-picking techniques, Sadecka et al.®” also identified this
peak location to correspond to ibuprofen. It is worth noting
that samples not spiked with ibuprofen did not have any
amount of C5, which suggests that ibuprofen was not present
in any source waters or treated waters at detectable
concentrations.

3.4 Monitoring with an portable submersible fluorometer

Using the portable submersible fluorometer, we found signif-
icant relationships between Region T fluorescence intensities
(tryptophan-like substance sensor) and contaminant concen-
trations (Table S57). Fig. 4 shows Region T fluorescence for
contaminants added to tertiary effluent to illustrate these re-
lationships. Scatterplots for contaminants added to other wa-
ter types were also produced and are found in the ESI} (Fig.
S4). It was initially surprising that the linear regressions de-
termined using the portable fluorometer had higher R’
values than those calculated for experiments using the
benchtop fluorometer (Fig. S31), which is considered to be a
“gold standard” instrument in terms of its high sensitivity
and high signal:noise ratio. The likely reason is that we used
the benchtop instrument to track fluorescence intensities at
wavelength pairs associated specifically with peaks B and T.
Therefore, due to the high accuracy and precision of the

This journal is © The Royal Society of Chemistry 2019
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Table 4 EEMs, peak loadings, and description of components identified in the PARAFAC model
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benchtop instrument, the specific peaks of some contami-
nants were missed. For example, in the case of ibuprofen,
when the specific peak (peak I) was intentionally tracked, re-
lationships were found to be much more significant. By con-
trast, optical filters of the portable instrument capture a
broader fluorescence band centered on the tryptophan-like
peak, which can track multiple compounds (including ibu-
profen) that fluoresce within this band. The in situ portable

This journal is © The Royal Society of Chemistry 2019

instrument is therefore advantageous for online applications,
such as source water control for water treatment and water
reuse systems in which a range of microbial and chemical
constituents may be present. The Region T sensor was well
suited to tracking the chemicals used in our study, and
would likely be able to track other contaminants shown in
Fig. 1. Experiments targeting different chemicals selected
based more on their molecular structure than on the class of
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chemical (as in our study) are needed to evaluate if fluores-
cent regions other than the Region T peak are associated
with contaminants of interest for source water protection or
water reuse treatment systems.

3.5 Fluorometer sensitivity

It is useful for performance monitoring and contaminant de-
tection applications to understand the lowest contaminant
concentrations that can be detected by benchtop and porta-
ble fluorometers. Different water types will have different
background concentrations and the instrument detection
limits (IDLs) must, therefore, be calculated separately for
each water type. Using our four water sources we found the
IDLs for tryptophan-like fluorescence intensities to range
from 0.013 RU for UV-AOP product water to 1.237 RU for ter-
tiary effluent for the Aqualog benchtop fluorometer (Table
S6t1). The IDLs for the Turner in situ portable fluorometer
ranged from 157.09 for post-ozone water to 227.31 RFU for
tertiary effluent water for the Region T peak and from 26.56
for UV-AOP water to 4296.97 RFU for tertiary effluent for the
CDOM peak (Table S7%). In other words, below these IDLs it
would not be possible to distinguish the contaminant from
the background fluorescence of the different water sources.
In addition to determining the IDL for different water
types, it is also necessary to determine the lowest concentra-
tions at which the chemical in question can still be distin-
guished from the background. We refer to this as a
compound-specific detection limit. Using a benchtop fluo-
rometer (Varian Cary Eclipse) with lower sensitivity (lower sig-
nal to noise ratio), Baker et al.® found the detection limit for
tryptophan-like peak intensity for pure tryptophan in deion-
ized water to be 0.9 ppb. Using the same approach, we spiked
three of the contaminants in this study (ibuprofen, gasoline,
and diesel) into three water types (UV-AOP, post-ozone and
tertiary effluent) at parts per trillion (ppt) and ppb concentra-
tions. Our results indicate that the bench top fluorometer
was able to track ibuprofen at concentrations <2 ppb in UV-
AOP and post-ozone water sources when peak I intensity was
monitored (Fig. S51) but was able in tertiary effluent. Peak I
intensities were greater than the IDL at this concentration
and increasing ibuprofen concentrations resulted in a linear

378 | Environ. Sci.: Water Res. Technol., 2019, 5, 370-382

fluorescence response (Fig. S5t). In the tertiary effluent, al-
though there was a linear positive correlation between Ibu-
profen concentration and peak I intensities, the intensities
were below the IDL (Fig. S5t).

For gasoline and diesel fuels in UV-AOP water, Peak B
intensities measured on the benchtop fluorometer were
greater than the IDL at concentrations lower than ~0.5 ppb
(Fig. S5T). In the tertiary effluent and post-ozone water, the
benchtop was not able to detect peak B intensities at concen-
trations up to 1 ppb. This suggests that at fairly low concen-
trations, gasoline and diesel could not be differentiated from
the background fluorescence in these waters, (Fig. S51) until
concentrations reached the ppm level (Fig. S21). The lack of
relationships between peak B and gasoline and diesel at low
concentrations may be due to the volatile nature of the two
fuels and rapid loss of the fluorescent chemicals from water.

By contrast, the portable submersible fluorometer
equipped with the Region T sensor showed linear relation-
ships starting from concentrations as low as 0.5 ppb of gaso-
line and diesel (Fig. S61). Our results also show that fluores-
cence intensities due to gasoline and diesel addition were
higher than the IDL for all water types and had a linear rela-
tionship with fluorescence above 0.5 ppb for both (Fig. S6t).
Due to the mismatch of the Region T sensor fluorescence
band and the ibuprofen peak, ibuprofen addition could not
be detected using the submersible fluorometer at concentra-
tions <6 ppb in any water type (Fig. S6t). Nevertheless, the
low detection limits for other chemicals and the 3 ppb detec-
tion limit for tryptophan standard, as described by the instru-
ment manufacturer,® indicate that the portable instrument
is as good as the benchtop instrument in terms of detecting
fluorescent chemicals, such as diesel and gasoline.

3.5.1 Comparison of benchtop and portable fluorometer.
To evaluate how well the measurements taken with the
benchtop and portable fluorometers during the contaminant
spiking experiments correlated with each other, we compared
tryptophan-like intensity readings taken by the two instru-
ments. We found significant positive correlations between
the two instruments for all contaminants in all water types
(Fig. 5 and Table S8t). Some of the non-linearity in the rela-
tionships (Fig. 5) may be due volatilization of gasoline from
water, while the spectra of the sample was being acquired

This journal is © The Royal Society of Chemistry 2019
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(several minutes time) using the benchtop instrument. The
more instantaneous measurement of gasoline in water using
the portable submersible fluorometer may offer some advan-
tage for the detection of volatile chemical contaminants.

3.6 Ratio of tryptophan-like (Region T) to CDOM peak
intensities

As was presented in Fig. 1 surface water sources and waste-
water effluent used in water reuse systems have substantial
background fluorescence due to natural organic matter al-
ready present in the water. One approach for trying to discern
fluorescent contaminants from the background fluorescence
is to take a ratio of fluorescence intensities in two regions,
one representative of pollutants and the other representative
of background fluorescence. Assuming that the tryptophan-
like region is where most synthetic organic contaminants
fluoresce, it would be expected that, when contamination
events occur, the fluorescence intensity in this region will in-
crease substantially in comparison to the region associated
with humic-like substances found in natural waters (e.g,
Fig. 1). Therefore, we evaluated whether tracking the ratio of
tryptophan-like to CDOM peak intensities would provide bet-
ter relationships with contaminant concentrations.

Our results from the 3D benchtop fluorometer revealed
that the ratio of tryptophan-like to CDOM peak intensities for

2000

—_
(3]
(=3
o
1
*

1000+ & .

Intensities (RFU)

500{ ¢

Portable fluorometer

Aqualog intensities (RU)

3000

2000- . .

1000- .

Portable fluorometer
Intensities (RFU)

*®

R?=0.93***
PS *

o L) ] )
0 1 2 3 4

Aqualog intensities (RU)

View Article Online

Paper

gasoline spiked samples was linear with increasing contami-
nant concentration (Fig. S71) and could therefore also serve
as a robust method for tracking this contaminant. Interest-
ingly, as the purity of the water increased (from tertiary efflu-
ent to UV-AOP water) the ratios also increased by approxi-
mately an order of magnitude for each water type. This trend
reflects the much lower background CDOM fluorescence in
the UV-AOP water compared to the tertiary effluent or creek
water background. In the case of our diesel-spiked samples,
the relationship was not linear (Fig. S77), presumably due to
the rapid volatilization of diesel that also produced poor rela-
tionships in earlier titrations with diesel (e.g., Fig. S21). We
did not evaluate the ratio for ibuprofen since it has little to
no effect on tryptophan-like peak intensities.

For in situ fluorescence with the portable submersible
fluorometer, our monitoring of ratios produced linear rela-
tionships in some water types, but there was generally more
variability using this ratio technique (Fig. S71) than by track-
ing the tryptophan-like peak region directly (e.g., Fig. S47).
One reason for this lack of correlation is that the wide fluo-
rescence bands captured by sensors in the Turner fluorome-
ter result in an overflow of contaminant fluorescence, which
is centered in the tryptophan-like region, into the humic-like
fluorescence region. This was not only true for the diesel
peak, but also for isoxathion and lopinavir, which also over-
lap with the CDOM region of the submersible fluorometer
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Fig. 5 Correlation between intensities produced by the Region T sensor on the submersible fluorometer and peak T on the benchtop fluorometer
for spiking experiments using gasoline in: (a) creek water, (b) tertiary effluent water, (c) post-ozone water and (d) UV-AOP water. All correlations

were significant (*p < 0.05, **p < 0.005, ***p < 0.0001).
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slightly (see Fig. 2c and d). Wang et al.*® observed that the
presence of protein-like and humic-like components in water
samples resulted in overlap behavior between their fluores-
cence peaks related to inter-component interactions. Addi-
tionally, Wang et al.* also concluded that fluorescence of the
protein-like components could be greatly quenched by the
humic-like components in the samples. This effect therefore
makes the ratio of Region T fluorescence to CDOM fluores-
cence for the portable submersible fluorometer less effective
for contaminant monitoring (Fig. S87).

4. Conclusion

Our results indicate that among the commonly identified DOM
fluorescent peaks, peak B with Ex/Em of 275/310 nm for a 3D
benchtop and the Region T peak for a portable submersible
fluorometer were the most suitable peaks for the monitoring of
organic contaminants used in this study. Overall, the signifi-
cant linear increase in fluorescence intensities, using both sub-
mersible and benchtop instruments, with increased contami-
nant concentrations in a range of water types suggest that
fluorescence can be used for real-time monitoring of fluores-
cent organic contaminants in water. Since multiple chemicals
can possess similar fluorescence peaks, observations of fluores-
cence in a specific region may signal that more than one con-
taminant is present. Such observations are still particularly use-
ful for monitoring product water, where no fluorescent
chemicals should be present (e.g., Fig. 1f). Fluorescence moni-
toring efforts can serve as a first alert before more advanced
techniques like gas and liquid chromatography are used.

Our results further demonstrated that the submersible
fluorometer was able to track all contaminants used in this
study with compound-specific detection limits that were simi-
lar to those found using the benchtop instrument. This unex-
pectedly high performance is possible because the submers-
ible instrument uses a filter with fairly broad wavelength
bands in both excitation and emission, which can capture
the fluorescence of more chemicals. By contrast, the bench-
top fluorometer tracked the Ex/Em wavelengths for specific
peaks, which resulted in the fluorescent peaks of some
chemicals (e.g., ibuprofen) being missed. Post-processing of
the 3D EEMs acquired by benchtop fluorometers would be
recommended to track a range of excitation and emission
wavelengths. In addition, it would be, in practice, possible to
alter the Matlab algorithm so that the intensity of any unique
peak that stands out from the background is identified. In
this way, new fluorescence peaks associated with unexpected
contaminants, such as peak I, would not be missed.

It is worth noting that fluorescent organic compounds
may be a useful warning system indicating the presence of
other non-fluorescent chemicals. The visualization of 3D
EEMs would also be advantageous for easily tracking contam-
inants, especially in high quality permeates or product waters
where any deviation from the typical low intensity back-
ground would likely signify the presence of organic chemicals
that were not removed in earlier treatment steps. For cases
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when the higher costs of benchtop fluorometers (three-to-
four times the cost of portable sensors) is prohibitive or when
instantaneous measurements are necessary, a portable sub-
mersible fluorometer was shown to be just as responsive to
detecting contaminant concentrations as the “gold standard”
benchtop instrument.
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