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Abstract

Better insight into non-potable reclaimed water dnidking water can produce
more reliable risk assessment and help to achiegstisable water reuse in the
long-term. This study illustrates the effectiveneg$luorescence excitation-emission
matrix (EEM) for rapid cross-connection detectiBased on samples collected from
three different sites of China, it is identifiectlihe overall fluorescence intensity was
6-31 times of reclaimed to drinking water in wasamples at all FRI regions. This is
shown to be highly sensitive over conventional wgtelity parameters. Furthermore,
based on parallel factor analysis (PARAFAC), hunaiid and tryptophan are
considered as the main components contributindumrdscence both in secondary
and tertiary effluents. Total fluorescence inteasitas well as fluorescence peaks of
EEM pairs were investigated. Under different mixsgenarios, it is found that the
signal is distinguishable as low as 20% of reclainmater. This study also offers
possibility of exploring portable devices with idiéed fluorescence peaks in EEM

regions for risk prevention and water quality moniitg at end user sites.

Keywords. reclaimed water; fluorescence excitation-emissioatrix; PARAFAC

analysis; cross-connection; portable devices

1. Introduction

Nowadays, reclaimed water is being increasinglyswered as an important

2
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alternative water resource to alleviate water stgwtand contamination situations in
many places of the world (WateReuse, 2019; Lefel®0&8; Yamashita, 2018; Wang
et al., 2017). It has been widely applied for agticral, industrial and urban uses
(Ban, 2015; Cooper, 2003; GWI, 2017; Xu et al., @0ZThere are examples of
large-scale water reuse schemes in office buildislggpping centers, sporting venues
and residential areas worldwide (Lazarova et @l1,32 Takeuchi and Tanaka, 2020).
For instance, water reuse quantity in urban aré&hma has already reached to 8.6
billion m® in 2018 and is projected to increase further ie tipcoming years
(MOHURC, 2019). The proportion of centralized systeaccounts for 80% of the
overall water reuse systems across the countrZli&n et al., 2017; Qu et al., 2019).
Given the huge amount of available treated effluestlaimed water for municipal
and residential applications is likely to be furthexploited in the near future,
especially in water deficient regions and densapuytated urban areas (Salgot &
Folch, 2018).

Considering the economic feasibility, the concept“fa-for-purpose” water
reuse normally applies in real practices which dbss the treatment of reclaimed
water to a quality that meets the needs of thended use. However, reclaimed water
(i.e. secondary and tertiary effluent) usually eamé higher amount of organic
matters, nutrients and microorganisms than thalrioking water (Chen et al., 2017;
Cui et al., 2019; Rebelo et al., 2020). Hence, samnection issues of drinking and

reclaimed water pipelines need to be addressedppately.
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Notably, there have been many reported accidentsogk-connection in the past
years, and some events have caused residentsvitaibhg consume or even drink
reclaimed water for a certain period of time. Fwstance, in May 2016, the anomaly
in tap water quality was detected in one resideatiea of Beijing, China, affecting
tens of thousands of residents in seven communitidds was caused by
cross-connection events between drinking and raeldiwater pipelines (Xu et al.,
2019). In Australia, more than 50 cases of crossiection were discovered at Rouse
Hill in 2001, and a case in 2007 led to illnessésstaff in a treatment plant in
Melbourne (Hambly et al., 2012). Similar cases weported in the U.S., Netherland,
Israel and Finland (Friedler et al., 2015; Lainalet2011; Xu et al., 2019).

Mena et al. (2008) conducted quantitative microbimk assessment on
cross-connection simulation and concluded thatkdrg water that is affected by a
cross-connection event can result in a greateraoaniated supply than that was due
to inadequate treatment. They calculated that w$lSalmonella infection range from
0.1 after a 1-day exposure to 0.99 for 30 and 90al@osure of cross-connection
durations. As a result, cross-connections issuedeza to potential health risks and
public misgivings, which might hinder the utilizati and expansion of reclaimed
water to a large extent (Son et al., 2012; Thayaheakal., 2013; Weber et al., 2006;
Yi et al., 2011).

Consequently, it is vital to identify cross-connect events via effective

detection methods and guarantee reclaimed watetysafd reliability in distribution
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systems. At present, conventional parameters sgcpHy temperature, turbidity,
conductivity, oxidation reduction potential (ORR)daresidual chlorine are commonly
applied for water quality monitoring. These methods be employed at reasonable
cost, but the reliability is compromised due toited sensitivity and high fluctuation
(Friedler et al., 2015; Jayaratne, 2015; Xu et 2019). Some studies reported that
DOC and conductivity can be surrogate parameteasdess the removal efficiency of
trace organic chemicals during wastewater treatnasmd reclamation processes
(Dickenson et al., 2009; J. Drewes et al., 2012)weler, as for cross-connection
detection, Hambly et al. (2010) observed that caotigeal parameters (e.g. Wy,
DOC, conductivity and pH) normally involve with higletection limits. For instance,
a minimum of 70% contamination of reclaimed waterdrinking water is required
when using conductivity for differentiation.

Another low-cost approach is to add non-toxic amgestants, dyes and/or
colorants as tracers in water distribution systégterey et al., 2007). Nevertheless,
there are limited research and due to the compleritdistribution networks, it is
difficult to determine the proper dosing points afmdquency. In addition, some
studies demonstrate that total organic carbon (T@3l organic halides (TOX) and
ultraviolet (UV) light absorbance can be selecteg@edictors of the contaminants of
concern. Hajj-Mohamad et al. (2019) identified eafé, theophylline and
acetaminophen can be suitable markers for sewess-@annections, especially in

residential sectors. Although these methods cavigganore insight into the origin of
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organic matters, they are often costly and recuinggh degree of expertise for proper
assessment and maintenance (Dickenson et al., 20E1Drewes et al., 2003). There
are also some emerging biological sensors and rapatobiological detection
approaches (e.g. flow cytometry and adenosine dgphate bioluminescence), yet
these methods are relatively costly and requirevallof expertise, which might be
impractical for rapid and wide investigation of sseconnection events (Sorensen et
al., 2018; Storey et al., 2011).

Optical technologies such as ultraviolet and flsoe:ice spectroscopy are
considered to be sensitive and of high resolutarcharacterizing organic matters in
aquatic systems in recent years (Henderson et2@D9; Hudson et al., 2008)
Particularly, fluorescence spectroscopy requiréke ltime, no addition of chemical,
small amount of sample, and can be handled easfly. fluorescence
excitation-emission matrix (EEM) measures the f#soence intensity that is
generated at selected excitation wavelengths anelctéed at a certain emission
wavelength range (A. Hambly et al., 2010). It hdseay been employed to
characterize the raw water quality, monitor thetimeent processes and serve as an
early warning of drinking water pollution (A. Baket al., 2004; Carstea et al., 2016;
Hudson et al., 2008; Heibati et al., 2017). Sorterdiure findings also demonstrate
the potentials of using fluorescence EEM as a rapdication of microbial water
quality based on intrinsic fluorophores of micrcamgms (Andy Baker et al., 2015;

Nowicki et al., 2018; Sherchan et al., 2018; Scearet al., 2018).
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Several studies have already applied fluoresceaseebmethod for the detection
and monitoring of cross-connection events in AulistrgA. C. Hambly et al., 2010a;
Henderson et al., 2009). However, there are limapplications in other places, and
the applicability and characteristic wavelengthamiye to various reclaimed water
samples and different mixture ratios still needshier research. Consequently, this
study aims to explore the effectiveness of fluoeese-based approaches in several
centralized water reuse systems in different placEsChina, and identify the
characteristic fluorescence intensity peaks as agetletection limits of reclaimed and
drinking water samples. Afterwards, there is a deegussion on the potential
application of portable devices to provide quickigament and early warning of

cross-connection risks.

2. Material and methods
2.1 Samplelocations

Due to collection difficulties of water samples rfrodistribution pipelines in
operation and end user sites, this study colleatehimed water samples from three
large-scale centralized water reuse systems irerdiit locations of China. One
system is in Beijing, northern China (plant A), aadother two systems are in
Shenzhen, southern China (plant B and C). The dadter treatment capacity of
plant A, B and C is 1 million, 0.5 million and 0.38&illion m® respectively. The

process flow charts of each system are shown inlFifp address varied reclaimed



148 water quality under different treatment scenarilbg,reclaimed water sampling points
149 include influent, treatment units (e.g. filtratiooxidation and disinfection), storage
150 tanks and distribution pipelines. Meanwhile, drimckivater samples are sourced from
151 tap water outlets. Table 1 illustrates average ma@lity of reclaimed and drinking
152 water samples. Differences in bulk water qualityap@eters including turbidity,
153 conductivity, DOC can be observed. The samples weilected monthly over a
154  7-month period. After collection, water samples eveansported in cold storage (4
155 to the laboratory and then filtered with 0.45 pmlypmide membrane filter

156 (Whatman, England) for measurement.

Secondary AD Denitrification AQ ... AQ .
@ | Sedimentation tank biofilter (DNBF) *  Ulnafiltration(UF) =+ Ozoation
[a@
i ; A®B
Ultr ?‘.lmet .(UV) ——* Water storage tank ——> A6
disinfection
Secondary B [ Ultraviolet (uv) B®@ A -
¥ F——>BQ
® Sedimentation tank disinfection Distribution system ®
cm o c® Cloth filtration, c® .
(C) -S&:‘COH(-imy Ultcll'fli.lci_lett.ﬂf\") ———® ozonation and chlorine Distribution system — C (‘_D
Sedimentation tank isinfection dioxide disinfection
Ultrafiltration (UF) —» C®

157

158 Fig 1. Process flow chart and sampling points efdbntralized water reuse systems
159 (a) PlantA, (b) Plant B and (c) Plant C

160

161 Table 1. Conventional water quality parameterseofaimed and drinking water

162 samples

Water quality Reclaimed Reclaimed Drinking Drinking
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parameters water (A) water (S) water (A) water (S)

7.16-7.84
pH 6.86-7.34 6.427.84 7.247.74
Turbidity
2.3-43 0.4-4.7 0.11-0.36 0.12-0.28
(NTU)
Conductivity
617-1033 497-729 613-816 107-142

(uS/cm)
DOC (mg/L) 8.0-11.1 4.89-11.27 2.2-4 1.32-2.37
UV 254 (cmi®) 0.062-0.118 0.062-0.130 0.013-0.023 0.010-0.023

Notes: A-Plant A in northern China; S-Plant B anthGouthern China; number of

reclaimed water samples (n=21), number of drinkirager samples (n=9).

2.2 Water quality analysis

Apart from collected reclaimed and drinking watemples, mixtures of different
proportions of water samples were also conductedrder to identify the sensitivity
and effectiveness of detection methods for crossiection detection under low
mixing scenarios. The mixing ratio are set to b&04@0%, 20%, 10%, 5% (the
volume proportion of reclaimed water) respectively.

Fluorescence EEMs were determined by F-7000 flgerese spectrophotometer
(Hitachi, Japan) using quartz cuvette with 1 cmagpipath. Before sample analyzing,
quinine sulfate solution (Lg-QS/L) was applied to evaluate the stability ohowe
lamp of fluorescence spectrophotometer. Afterwavdster samples were analyzed
and ultrapure water was used as negative conttabréscence EEMs of water
samples were depicted for excitation wavelengtB26i-450 nm at 5 nm increments
and emission wavelength of 240-600 nm at 1 nm merds. In EEM spectra,

Rayleigh scattering region and Raman scatteringmegere excluded. Notably, some
9



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

studies also highlight the necessity for correctidrthe inner filtration effect (IFE)
with the presence of high contents of dissolved ibumaterial (Ohno, 2002; Carstea
et al., 2016). In this case, correction method$ @sdilution or empirical correction
based on the absorbance profile of the sample eapplied (Henderson et al., 2009).
In this study, no IFE correction was conductedhe dataset and raw fluorescence
values since it is indicated that IFE can be nagtbavhen the U, absorbance
value is <0.3 cm (Ohno, 2002) or TOC of < 25 mg/L in treated wastexs (Hudson
et al., 2007; Henderson et al., 2009).

Other conventional water quality parameters wese aleasured for comparison.
Ultraviolet absorbance (UM, spectra were obtained by UV-2600 2300Il ultragiol
spectrophotometer (Shimadzu, Japan). Conductivag measured by HACH-3400
2100Q portable meter (HACH, USA) and pH was meabkurg PB-10 pH meter
(Sartorious Design, Germany). Dissolved organid@ar(DOC) was detected by
TOC-VCPH analyzer (Shimadzu, Japan).

2.3 Data processing and inter pretation

The EEMs were processed by using the software of IM¥B R2010b, and the
contour maps were drawn by the software of Origih. The Rayleigh scattering
region and Raman scattering region are omitted fitenspectrum. The fluorescence
spectra of water samples are divided into five admeusing the Fluorescence region
integration (FRI) method described by Chen et2008) and Wang and Zhang (2010).

In addition, parallel factor analysis (PARAFAC) wamployed to further interpret the

10
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possible fluorescence components of water sampRRAFAC is a generalization of
Principle Components Analysis (PCA) to higher orderays, which is a useful
method decomposing the fluorescence signal int@ntietl individual fluorescent
phenomena signal to characterize, model and vmuatiultivariate data of EEM and
guantify the changes of DOM (Bro, 1997; Stedmon Bra 2008). In the analysis, it
models the data of EEM using the following equatigmminimizing the residual sum

of squares (Sedmon and Bro, 2008).

Xijk = Z;aifbjfckf +éi=1..,.Lj=1.,;k=1.,K; (1)

where:

x;jr- the fluorescence intensity of samplemeasured under the excitation
wavelength ok and emission wavelength jof

ais, bjs, i the parameters of the model;

&ijk- the residual sum of squares, representing theplaeed signal (including
noise and other variation).

The PARAFAC simulation was conducted by MATLAB RB01 and the
DOMFluor toolbox developed by Stedmon and Bro (30881 Murphy et al. (2011).

Specifically, leverage was conducted to remove i@stl Residual and split-half

analysis were then used to identify the optimal gonents of the PARAFAC model.

11
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3. Results and discussion
3.1 Conventional water quality parameters

A wide range of conventional parameters are usedss8ess water quality of
reclaimed and drinking water samples in three W8Rwo different cities in China.
As shown in Table 1, bulk parameters such as titybwbnductivity, DOC and U,
enable differentiation between reclaimed and drigkvater. These parameters can be

equipped and implemented at low cost and are wigsdyl for online monitoring.

3.2 Florescence EEM s of reclaimed water and drinking water

Typical fluorescence EEMs obtained over the studyiool at each sample
location are illustrated in Fig. 2, Fig. S1 and.F&@ respectively. The spectrograms
are analyzed by FRI approach as depicted by Chah €003) and Wang and Zhang
(2010). Each spectrogram includes fluorescence spdla&t are mostly related to
humic-like, tryptophan-like, and/or fulvic-like argic compounds (Hambly et al.,

2012).

12
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236 Fig 2. Typical EEMs of effluents of Plant A: (a)ceadary sedimentation tank; (b)
237 DNBF; (c) ultrafiltration; (d) ozonation; (e) ultreblet disinfection; (f) water storage
238 tank; (g)-(i) drinking water.

239 Notes: Region I: Aromatic Protein | and tyrosinegi®n II: Aromatic Protein Il and
240 tryptophan. Region llI: Fulvic acid-like. Region:I8oluble microbial by-product-like.
241 Region V: Humic acid-like. Regions are divided aduog to Chen et al. (2003).

242

243 Overall, the fluorescence intensity of reclaimedenaamples decreased along
244  through the treatment trains, both in secondartyeft (i.e. secondary sedimentation

245 and DNBF) and tertiary effluent (i.e. ultrafiltrati, ozonation and ultraviolet
13
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disinfection). Relatively more significant fluoreste intensity decline was observed
in UF (Fig. 2(c)) and ozonation (Fig. 2(d) and F2g. (e)) stages. Comparatively, Vera
et al. (2017) studied drinking water samples anahébthat UF stage hardly removed
fluorescent organic matters due to little effecttba rejection of medium and low
molecular weight compounds. Since tryptophan, mentide adenine
dinucleotide-hydrogen (NADH) and riboflavin in badh and metabolites can also
exhibit fluorescence emissions, the removal of auoganisms (e.g. bacterial
indicators) might contribute to the decrease obriiscence intensity in UF stage to
some extent as well. Nevertheless, the presenoggahic matters in reclaimed water
makes it difficult to quantify fluorescence signafsmicroorganisms solely (Sherchan
et al., 2018).

After ozonation, the fluorescence intensity hasrelesed considerably since
ozone may oxidize and destroy the conjugated streaf fluorescent molecules and
affect the intersystem crossing efficiency (Coryg avicknight, 2005). Despite that
UV disinfection processes can remove bacterialcaitdrs to some extent, there are
limited impacts on overall fluorescence signalstiVespect to geographical disparity,
since the DOC concentrations of both reclaimed @mntking water samples in Plant
A of Beijing are slightly higher than that of PlaBtand C in south regions, more
intense fluorescence signals are generally obsarvedcondary effluent from Plant
A.

To better distinguish reclaimed water from drinkimgter, statistical analyses on

14
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fluorescence EEMs of water samples are further wcted. The total fluorescence
intensity of reclaimed water is found to be 13 nhégher than that of drinking water.
UV 54 absorbance and total fluorescence (TF) are batielated with concentrations
of organic matters (Gerrity et al., 2012), and $leasitivity of these two parameters

are further compared during advanced treatmentepess (i.e. secondary to tertiary

effluent).

m UV disinfection © Ultrafiltration

A ozonation water storage tank
- A
~ 50
> A
2 o}
@
A
540 | N
=
4 .
o
3 30
S |m
) o A
=3
&
5
° 20 ]
= y
S
% ©
g -
<= 10 | 0 ]
Q
0 L 1 R ] : ! . 1 L 1
0 10 20 30 40 50

change rate of UV absorbance (%)

Fig 3. Differential U\is4 absorbanceAUV) and total fluorescenceATF) during

secondary to tertiary treatment (n=15)

According to Fig. 3, both U), absorbance and total fluorescence declined

along through the water reclamation processesafsimgle fluorophore, th&TF and
15
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299

AUV 354 show the same relative change when the concenmtratiries. However, in
actual reclaimed and drinking water samples, soluerdscent substances may
exhibit low absorbance at 254 nm. As shown in Bigduring advanced treatment
processes, larger variations ATF are observed in most reclaimed water samples,
indicating thatATF is a more sensitive indicator than 4dy absorbance. Similar
phenomena are also noticed in other previous studie C. Hambly et al., 2010b;
Saadi et al., 2006).

Meanwhile, comparative analyses are conducted en ttital fluorescence
intensity of all reclaimed and drinking water saegoin each FRI region (W. Chen et
al., 2003). This research did not further sepaietiimed water samples according to
WRPs and treatment processes in order to repraserder range of different WRP
effluents.

According to Fig, 4, the fluorescence intensitieseglaimed water samples were
6, 13, 16, 13, and 31 times higher than those iokohg water samples in Region —

[ separately, and 13 times higher when the intessitf the five regions were
summed up. Particularly, distinct differences carobserved in Regions, [, [ and

. In general, fluorescence peaks at these regiomsetated to aromatic proteins,
fluvic acids, soluble microbial byproducts, humicids and microbial NADH (W.
Chen et al., 2003; Fujioka et al., 2018). Similasults have been observed in the
study of Hambly et al. (2010b), in which the diffatiation of fluorescence intensity

in reclaimed and drinking water samples of Austrai about 5-12 times. These

16
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results demonstrate that the fluorescence EEM eatohsidered as a promising and

straightforward tool for water quality monitoringdcross connection detection.

. Region1  Region II Region [l Region IV Region V

*

8

150

Total fluorescence intensity/10

*

100
= 3

50-1
B ==y S , &

RW TW RW TW RW TW RW TW RW TW

Fig 4. Fluorescence intensity of reclaimed and kilnigp water samples in each FRI

region. ‘RW’=reclaimed water (n=21), ‘TW’=drinkingater (n=9).

In addition to real-time monitoring via FRI apprbathe PARAFAC technique is
further applied to identify the key fluorescent qments in reclaimed water samples.
Particularly, it can decompose the fluorescencetspén a set of unique components
to further analyze the potential underlying EEMsabdgast square algorithm (Hidayah
& Cahyonugroho, 2019; Oloibiri et al., 2017; Parakt 2017; Vera et al., 2017). This
approach can also shed light on the fingerprintrexflaimed water treatment in
different degrees (Murphy et al., 2011).

More specifically, in the PARAFAC simulation prosgsnodel fit was evaluated
17



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

by checking the residuals. Comparison of the logsliand spectral sum of squared
error of 3, 4 and 5 component models showed thatiticrease of number of

components hardly improved model fit, which sugeésthat 3 or 2 component

models were suitable for the data. Split-half asialyvas then used to further check
the validity of 3 and 2 component models by running models on two randomly

split halves of the data.

As can be seen from Fig. 5, for secondary efflueatpmponent PARAFAC
model is validated. The identified components eixhébsingle peak aikex/em of
260/425 nm and 280/355 nm respectively. Compaigtit@er tertiary effluent, both 2
and 3 component models were validated. The plotesafluals in 2 and 3 component
models indicated that the latter fit tertiary e#fiu better. The component C1 exhibit a
single fluorescence peak whereas components C2@3contains two peak signals.
The inferred contributing substances in water samplre presented in Table 2. In
general, humic acid-like, tryptophan and tyrosiike-l substances are major
fluorescence components identified in all reclaimedter samples despite of
treatment levels. The spectral shift during secontiatertiary treatment is probably
attributed to oxidation processes as well as o#féects (e.g. pH, matrix and
interactions) that affect the fluorophores (Murgtyal., 2011). Nevertheless, most of
current studies that combine EEM with PARAFAC ompipal component analysis
(PCA) are restricted to tracking organic matterstufe research should also address

fluorescence signals that emitted by microbial sseand related activities especially

18
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338 Fig 5. Fluorescence EEM contour plots and spechoadings of the major
339 components in secondary and tertiary effluents tiied by EEM-PARAFAC
340 analysis

341

342 Table 2. Characteristics of components identifigdeEM-PARAFAC analysis

Component Peak location Aegem (NM) Substances References
(a) Component 1 260/425 Terrestrial humic-like Yanhgl., 2017
Tryptophan &
(a) Component 2 280/355 o W. Chen et al., 2003
protein-like
(b) Component 1 280/375 Tyrosine-like Yang et2017
Humic acid-like &  W. Chen et al., 2003;
(b) Component 2 330/420; 230/420 ) o
fulvic acid-like Vera et al., 2017
. ... Veraetal, 2017; Wu
(b) Component 3 275/475; 385/475 Humic acid-like
etal., 2018

343
344 3.3 Detection limits of florescence EEM with different mixing ratios

345 Remarkably, cross connection issues not alwaystteadcomplete displacement

346 of drinking water with reclaimed water (A. C. Hamldt al., 2010b; Xu et al., 2019).

19
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If the cross connection happens in branches ofrvehséribution networks or at end
user sites, it is likely that only a proportion wdclaimed water is blended with
drinking water. In these situations, it is vitaldetermine the fluorescence responses
under different water mixing ratios and figure the detection limits. Fig.6 shows the
typical fluorescence EEMs under different mixingoportions of reclaimed and
drinking water samples. Notably, reclaimed watengas of different quality (i.e.
secondary and tertiary effluent) are included forestigation. With the decreased

proportion of reclaimed water interfusion, fluoresce signals diminish
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Fig 6. Typical fluorescence EEMs of water sampléh different mixing ratios

The calculated total fluorescence intensities wéspect to different reclaimed

water quality and varied mixing ratios as well asking water are listed in Table 3.
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The detection limit of cross connection is gengrdifined as the value at which the
fluorescence peak of mixed water sample can camligtbe at least three times than
that of uncontaminated drinking water (A. C. Hamielty al., 2010b). Differences
between EEMs of mixed water samples (Fig. 6) amakohg water samples (Fig. 2)
could be observed in even the 10% samples, howeased on the results in Table 3,

20% was a more reliable detection limit.

Table 3. Calculated average fluorescence intessfienixed water samples (n=12)

Different ratios of reclaimed o
] ) . . Drinking water
Total fluorescence intensity (30 water interfusion (n=9)
n=
40% 20% 10%
Blend of reclaimed water (secondary
o 187 139 93
effluent) and drinking water 39
Blend of reclaimed water (tertiary
o 169 135 80
effluent) and drinking water

Apart from total fluorescence intensity, peak signa different FRI regions are
further investigated. The identified fluorescenaals (wavelength paifs/em) in
each region which can distinguish reclaimed watemfdrinking water largely offer
possibility of developing portable fluorescence ides for onsite cross connection
detection (Coble, 1996; A. C. Hambly et al., 201D&e & Ahn, 2004). Compared to
full excitation wavelength scanning, peak pickisgmore convenient and affordable
for portable devices (Henderson et al., 2009; Metaal., 2017). The identified
fluorescence peaks in each FRI region of differneater samples are illustrated in

Table 4. The recognized EEM pairs are comparabbeewious studies in other places
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(Carstea et al., 2016; A. C. Hambly et al., 20102 & Ahn, 2004). The reclaimed
water samples from Plant B and C in southern CHisplayed apparent fluorescence
signals with related to humic acid-like substanice®egion V, while samples from
Plant A generated fluorescence signals as a resoitiltiple compounds and possible

interactions.

Table 4. Fluorescence peak of EEM pairs identifieddifferent water samples

(Excitation-emission pairgedem(nm))

Reclaimed Water  Drinking water  Reclaimed Water  Drinking water

Region
(A) (A) (S) S
I 250/320 250/320 230/290 230/290
Il 245/378 245/378 250/340 250/340
I 245/402 240/402 240/450 240/450
1Y 285/362 270/370 280/350 275/320
Y, 280/380 265/380 335/430 335/430

Notes: A-Plant A in northern China; S-Plant B anthGouthern China.

Furthermore, at each FRI region with identified EEMdirs, the sensitivities
under different scenarios of reclaimed water ingdn are researched. As
summarized in Table 5, in all FRI regions, a sigfit detection of cross connection
by fluorescence approach required a minimum of @%-8eclaimed water in drinking
water. As shown in Table S2, there are minor flatans in conventional parameters
under different scenarios of reclaimed water int&gidn, suggesting that EEM is more
sensitive than conventional parameters. The abamtioned results suggest that

when cross-connection incidents happen, fluoregcertensity at certain EEM pairs
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can also respond sensitively. Therefore, it is psorg to use portable devices with
selected EEM pairs for cross connection detectidevertheless, the response
threshold value (i.e. signal-to-noise ratio) thatcurrently set to be roughly 3 still

needs further investigation (A. C. Hambly et a@1@b; Lee & Ahn, 2004).

Table 5. Ratio of fluorescence signals of mixedewaample to drinking water at FRI

peak positions (n=12)

Different scenarios

of reclaimed water  Region | Region Il Region lll Region IV Region V
interfusion

10% 2.86+1.12 2.3240.73 2.53+0.56 2.65+0.68 2.56%0.

20% 4.86+2.05 3.65+0.83 6.03+£1.24 4.87+0.84 4.082:0.

30% 5.20+1.89 4.49+0.58 7.84+2.24 6.71+1.23 5.8330.

40% 6.27+£1.78 5.51+0.96 9.06+2.19 8.83+1.50 7.5291.

3.4 Discussion

For the actual cross-connection issues of duatutetiion water supply systems,
the mixing ratio of reclaimed and drinking waterymary with time depending on
water supply pressures, pipe junction locationsl, @se situations, etc. Hence, high
sensitivity of detection tools is of great importan This study indicates that full
wavelength fluorescence spectroscopy can servesassitive and reliable tool with
considerably low detection limit of chemical andcrobial compounds in water. This
provides application potentials to detect failuessl risks promptly in WRPs and
water treatment plants. As such, water quality tgaéan be guaranteed in a more

reliable and systematic way, and engineered stdiegiies within plants would be
23
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435

likely reduced due to faster response time, regyiti significant cost savings.
Meanwhile, since cross connection events could ladgpen at the ends of pipe
networks and/or end use sites, portable detectiewicds with certain EEM
wavelength pairs can be considered which are hdesty,costly and easy to operate.
They are expected to have broad application praesgec water practitioners as well
as the community. The findings from this study ssig the design of portable
devices with several characteristic excitation/aiis pairs (e.ghex/em of 240/450
nm and 280/350 nm at FRI region Il and IV respasii) for real applications. In
addition, characteristic wavelength pairs can kedua portable monitoring devices
with composite probes (e.g. fluorescence spectrwoupled with conventional
parameters) to further ensure detection accuraese&chers have proposed the idea
of composite monitoring devices. For example, Luakt(2012) have reported a
portable device with both UV/vis absorbance andridscence detectors for food and
agricultural safety tests, which is convenient andnomical for field analyses.
Although this research analyzed reclaimed and drgnkvater samples from
three different places in two cities of China, aiddial field information is suggested
to be collected in future studies so as to givewrview towards a broader area. At
present, there are several commercially availabla® fluorescence sensors yet the
optional wavelengths of the light sources are diiited. With the enhanced
awareness of water safety among the public, as agethe promotion of reclaimed

water reuse for multiple purposes, there are gyppbrtunities and wide prospect for
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online monitoring. Much effort can be devoted tgmwe water quality monitoring
devices adaptive in water and wastewater treatrpemtesses, as well as water

distribution and end use sites.

4. Conclusion

This study conducted water quality analyses ofaiewd and drinking water
samples in several locations of China with an ermjshaf fluorescence techniques.
Notably, the fluorescence EEM is found to be effecin terms of high sensitivity (i.e.
6-31 times of reclaimed to drinking water in anagzsamples at all FRI regions) and
low detection limit under a small proportion of 20%claimed water blending. This
offers possible indications for cross-connectiontamination of reclaimed water (i.e.
secondary and tertiary effluent) with drinking watéoreover, the EEM-PARAFAC
approach further recognized humic acid and trypaophs main fluorophores despite
of different treatment stages. In addition, the nideed characteristic EEM
wavelength pairs such asex/em at 240/450 nm and/or 280/350 nm offer the
possibility of designing portable detection deviéasreal applications at distribution

and end use sites.
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