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Abstract: In the last 20 years, several articles related to the use of fluorescence excitation–emission
matrices—parallel factor analysis (EEM-PARAFAC) to monitor dissolved organic matter (DOM) in
drinking- and wastewater treatment plants were published. Noteworthy, its use in respective quality
control laboratories remains scarce. To extend its popularisation, in this work, EEM-PARAFAC was
employed to analyse the DOM composition changes along the different stages of the drinking water
treatment plant administrated by Società Metropolitana Acque Torino. The best PARAFAC model was
the one of three components, indicating that the Po River is constituted, mainly, by humic acid-like
(HA-L) and tryptophan-like (Try-L) substances, the tyrosine-like ones being negligible (Tyr-L). Results
indicated that physical treatments (sedimentation) did not produce a reduction in the PARAFAC
scores; however, a 50% decay in 254 nm absorbance was observed. Fluorescent DOM was only
removed with chemical treatments, obtaining ca. 70% HA-L scores decay with ozonation and 40%
with chlorination. Furthermore, although ozonation degraded HA-L substances, the Try-L scores
increased by 25%, indicating the transformation of HA-L into smaller molecules. On the contrary,
total organic carbon measurements only exhibited a significant change when comparing the treatment
plant’s inlet and outlet (approximately a 45% decrease), but not within intermediate processes.

Keywords: chemometrics; chlorination; fluorescence spectroscopy; ozonation; quality control

1. Introduction

Dissolved organic matter (DOM) consists of a complex mixture of derivatives of
aromatic and aliphatic hydrocarbons, mainly humic substances, arising from soil and
aquatic sources. Its composition is highly variable and depends on countless factors, such
as its origin or agglomeration [1]. It has a remarkable influence on aqueous ecosystems, i.e.,
affecting the regulation of the nutrients’ cycle or the microbial loop [2].

Within drinking water treatment plants (DWTPs), DOM monitoring is essential due to
its many detrimental associated issues. For example, we can cite the generation of geno-
toxic and carcinogenic disinfection by-products (e.g., trihalomethanes or haloacetic acids)
occurring after oxidation by the chlorination process [3], microorganism proliferation [4],
or even membrane fouling enhancement [5], all of which result in an overall increase in
water production costs.

Despite the paramount importance of DOM analysis, the most employed methods are
based on non-specific measurements, such as non-purgeable organic carbon (NPOC) or
ultraviolet absorbance at 254 nm (UVA). However, these methods provide partial informa-
tion on the behaviour of the organic matter along the process [6]. Therefore, implementing
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new analytical techniques able to provide deeper information on the composition of DOM
whilst also being sensitive, fast, and easy to use, are necessary. In this sense, fluorescence
spectroscopy meets all these requirements.

Excitation–emission matrices (EEMs) are three-dimensional plots of fluorescence inten-
sity for each combination of excitation and emission wavelengths. The use of tridimensional
data is an essential advantage of EEMs against UVA when studying samples with DOM
from different sources, since the latter cannot differentiate between compounds with sim-
ilar absorption spectra, while this might be possible if they differ in their fluorescence
fingerprint [7].

Since typical fluorescence spectrometers could take between 10 and 40 min to acquire
an EEM, the use of a single excitation wavelength is more practical for the real time moni-
toring. The most typical dimensionless values obtained from single emission spectra are
the fluorescence index (FI), biological index (BIX), and humification index (HIX) [8–10].
Fortunately, due to the constant advancements in fluorescence spectrometers (as the re-
placement of the Xe lamp and monochromator for multiple single-wavelength LEDs as
the excitation source [11]), the development of economic equipment for the instantaneous
acquisition of EEMs is granted. This is important as FI, BIX, or HIX values have similar
limitations as UVA, providing only background information compared to EEMs [12].

Traditionally, different types of DOM in an EEM were identified and quantified
based on the visible peak-picking method [6,13]. Multivariate analysis methods, such as
PARAFAC (parallel factor analysis), allow for the deconvolution of overlapping signals
within an EEM, one being able to measure the individual fluorescence of the different DOM
fractions on a set of samples, as well as elucidating their fingerprints [6,14,15]. Due to
these reasons, PARAFAC is the most employed algorithm to analyse fluorescent organic
matter within water treatment plants; the information about cases of application can be
find elsewhere [16–18]. Currently, EEM-PARAFAC is still gaining momentum with its
application with DOM real-time continuous monitoring [19–21], combination with machine
learning [22,23], or even its detection of fluorescent emerging contaminants in wastewater
effluents [24]. In this sense, our group has thoroughly explored, with success, the use of
EEM-PARAFAC to visualise oxidative changes in fluoroquinolones (antibiotics), also being
able to track the formation of fluorescent oxidation by-products and estimate its molecular
structure [25–27].

Despite its gratifying progress, the real use of EEM-PARAFAC for DOM monitoring in
DWTPs is still infrequent. Therefore, in this work, we have proposed to the facility that
supplies drinking water to ca. 20% of Turin (Piedmont, Italy) inhabitants to apply this
tool for the DOM monitoring along with the respective treatment lines. Its outcomes were
compared with rutinary quality controls, NPOC and UVA, as well as with the FI, BIX, and
HIX. The effects of the different treatment steps on the behaviour of the obtained scores for
each PARAFAC-modelled component were evaluated in order to improve the efficiency of
the treatments, as well as to adapt its application to tackle the recurring issue of seasonal
algal blooms.

2. Materials and Methods
2.1. A Description of the Working Environment: The DWTP of Turin

Società Metropolitana Acque Torino (SMAT) is the company in charge of water cycle
management in the Metropolitan Area of Turin. SMAT operates drinking, and wastewater,
treatment plants, as well as the distribution networks in the area, supervising 291 munici-
palities and supplying a population of about 2.3 million inhabitants. The description of the
treatment steps of the studied DWTPs reported in this work (shown in Figure 1) is below.
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Figure 1. Sampling sites from SMAT DWTP, (A) scheme, (B) air pictures (taken from Map data ©2019
Google). Sampling sites are denoted with red colour letters.

The studied DWTP treats a mix of water from the river Po (site C) and a lagoon located
about 10 km upstream (sites A and B, for the lagoon’s inlet and outlet, respectively). The
lagooning pre-treatment was included in the studied DWTP to improve the characteristics
of treated water and reduce the amounts of chemical reagents needed along with the
different processes. Water from sites B and C is mixed and passed through a wire mesh
filter (6 mm2 mesh size), which removes most of the coarse contaminants and sediments
(site D) before flowing into the treatment plant. The river bed is pumped (ca. 3.6 m3 s−1

flow) through 100 cm diameter steel pipelines into a static horizontal flow pre-settling
basin (designed to handle a flow of 2 m3 s−1), which consists of a circular pool of 33 m
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in diameter and 5.15 m high (4300 m3 capacity and effective surface area of 850 m2) and
equipped with a rotary dredge for the mechanical removal of sludge, where additives (iron
or aluminium chloride salts) are used to promote the sedimentation process. Powdered
activated carbon (PAC) is also added to remove emerging contaminants in this step. The
sludge, accumulated at the bottom, is evacuated by two electric pumps with a capacity of
35 L s−1. At the outlet of the pre-settling basin (site E), the treatment plant is divided into
three different lines, Po1 and Po2 (identical treatment lines hereafter named as Po1/Po2,
with a total output of 1.1 m3 s−1) and Po3 (with an output of 1.5 m3 s−1).

For the two identical treatment lines, Po1/Po2, a pre-chlorination step takes place
using chlorine dioxide (ClO2, produced on-site by the combination of HCl and NaClO2
with an output of 12 kg h−1 and conveyed to the various potabilisation system inlet
points via PVC conduits) and sodium hypochlorite (NaClO, stored in fibreglass reinforced
resin reservoirs and added to the treatment cycle by piston pumps via PVC pipes). Alu-
minium polychloride (pAlCl3) flocculant is also administrated here with a capacity of
75–750 L−1 h−1. Subsequently, the water is headed to the clarification step (site L), consist-
ing of an “Accelerator” type sludge recirculation tank (diameter ca. 25 m, 1600 m3 volume,
and maximal output of 500 L s−1). Finally, the treated water is filtered on 12 parallel
lines units of granular activated carbon (GAC, filtering layer of 800 cm) and afterwards
introduced into a tank where the final disinfection step with ClO2 occurs (site M).

Regarding the other parallel line, Po3, the water undergoes an ozonation process (site
F). O3 is produced by four generators made up of 558 dielectric tubes with a production
capacity of 8 kg h−1 each; the O3 is blown into the water via porous ceramic plates arranged
along the bottom of the contact chambers (a concentration of 1–2 mg L−1 of O3 and a contact
time of 5–10 min is finally reached). Right after ozonation, the water is transferred to three
parallel CYCLOFOC clarifiers (where the precipitation of the sludge formed takes place
promoted by the addition of pAlCl3 and microsand) with an overall capacity of 1.5 m3 s−1.
Each CYCLOFOC has a diameter of 24 m and a volume of 3150 m3. At the outlet from one
basin, a further oxidation treatment with NaClO takes place to eliminate NH3 and related
nitrogenated compounds, and afterwards, the water is passed through eight GAC filtration
lines units (site G). To reduce the chlorinated disinfection by-products formation, the outlet
from the other two CYCLOFOC basins is headed, instead, to 16 biological treatment units
(BAC) (site H) and mixed with the ones from the chlorination process. G and H combination
water is transferred to a tank where a final disinfection treatment with ClO2 takes place in
order to avoid the regrowth of bacterial colonies along with the distribution system during
the delivery of the water to the final users (site I).

2.2. Sampling and Measurements

Samples from sites A to M were collected in dark glass vials (24 mL) with a Teflon
septum and stored at 2–10 ◦C for up to 7 days before their analysis. pH changes between
samples were negligible, exhibiting an average pH = 8.0 ± 0.3. Samples analysed by fluores-
cence spectroscopy were previously filtered through Chromafil Xtra PTFE 0.45 µm filters.

NPOC and dissolved organic carbon were determined using a Shimadzu TOC-VCPH
Total Organic Carbon Analyzer (Kyoto, Japan) equipped with a Shimadzu ASI-V autosam-
pler (Kyoto, Japan). Prior to the analyses, samples were acidified with HCl 2 M (VWR
Chemicals, Radnor, PA, USA) and sparged with ultra-pure carrier air to eliminate inorganic
carbon. For dissolved organic carbon determinations, samples were previously filtered with
0.45 µm Whatman cellulose filters. However, since these values presented no significant
differences with the NPOC ones, only the last ones are here reported. UVA was measured
at 254 nm using a Hach Lange DR6000 spectrophotometer (Loveland, CO, USA). EEMs
from both, samples and blanks, were recorded employing a Horiba PTI Quanta Master
400 spectrofluorometer (Kyoto, Japan); excitation range: 250–400 nm, and emission range:
300–600 nm (both recorded within 5 nm intervals).
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2.3. FI, BIX, and HIX Calculation

The FI was calculated as the ratio between the emission intensity at 450 nm with
that at 500 nm when employing an excitation wavelength of 370 nm [28]. The BIX was
calculated as the ratio between fluorescence intensities from the emission spectrum at 380
and 430 nm, respectively, excited at 310 nm [29]. Finally, the HIX was calculated as the ratio
of the 435–480 nm emission spectrum with the analogous one of 300–345 nm (excitation
wavelength 254 nm) [30].

2.4. EEM-PARAFAC Model

The PARAFAC analysis was performed employing MATLAB2018b, with a free graph-
ical user interface based on the drEEM toolbox, EEMlab [31]. The dataset consisted of
88 EEMs, 6 blanks, and 6 Raman scans. Due to the low absorbance of the samples, the
inner filter effect correction was not considered (the samples’ absorbance within the range
250–600 nm were always below 0.05). Intensity standardisation was carried out by us-
ing the water Raman scatter peak at 350 nm excitation wavelength [32]. The modelling
methodology was analogous to that of previous works [26,33]: (i) scattering was corrected
(first-order Rayleigh scattering was eliminated with missing values, whereas second-order
Rayleigh and Raman first- and second-order scattering were corrected by interpolation,
respectively) and outliers were detected and eliminated (mostly EEMs from I site due to
their negligible fluorescence); (ii) EEMs were normalised to their total signal to give the
same leverage to each fluorophore; (iii) an exploratory modelling was carried out, observ-
ing that the model of three components was the one that, tentatively, could better describe
the dataset; (iv) the model obtained was refined and afterwards validated based on the core
consistency diagnostic (CORCONDIA) and split-half analysis [23,34]; (v) normalisation
was reversed to obtain the scores corresponding to each component from the respective
EEM on the dataset.

3. Results and Discussion
3.1. UVA and NPOC Measurements

UVA and NPOC are indicators of total DOM content in each sampling site, without
giving information about their origin or class [26]. As expected, inlet sites exhibited
greater UVA and NPOC values than the outlet ones (see Figures 2A and 2B, respectively).
In this sense, site D (DWTP’s inlet) had a UVA of 4 ± 1 m−1, being of 1.0 ± 0.4 m−1

at the end of treatment line Po1/Po2 in site M (ca. 75% absorbance decay), and of
0.38 ± 0.02 m−1 after treatment line Po3 in site I (ca. 90% absorbance decay). On the
other hand, NPOC results showed an average value around 1250 µg L−1, only observing
a reduction of 40–50%, approximately, at the final effluent from each treatment line,
being of (6.6 ± 0.9) × 102 µg L−1 at the site I, and (7.8 ± 0.7) × 102 µg L−1 at site M. This
indicates that organic matter separation is through sedimentation/filtration processes
or oxidation/mineralisation in the case of chemical treatments. In addition, it can also
be observed that: (i) sites A to D showed analogous UVA values, whereas the NPOC
indicated that site B had slightly less organic matter content than A and C, site D having
the average between B and C as expected; (ii) the sedimentation (and adsorption by PAC)
step reduces influent UVA (site E = 1.8 ± 0.5 m−1), but the NPOC remains unchanged;
and (iii) analogous DOM degradation efficiency by BAC and chlorination as similar UVA
values were obtained in sites H (1.2 ± 0.6 m−1) and G (1.5 ± 0.5 m−1), respectively.

3.2. Fluorescence Results
3.2.1. Fluorescence, Biological, and Humification Indexes

In order to obtain a quick overview of the behaviour of fluorescent DOM in the DWTP,
a set of three indexes was calculated: the fluorescent index (FI), biological index (BIX), and
humification index (HIX), results shown in Figure 3.
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By calculating the FI from the lagoon inlet and outlet (sites A and B, respectively), Po
River’s raw water (site C), and the inlet to the DWTP (site D, mixture of sites B and C), the
FI is in all cases below 1.4, indicating that DOM sources are mostly terrestrial [28]. The
FI values remained practically constant along the whole DWTP, indicating that it is not a
sensitive parameter to analyse the aforementioned processes, although useful to rapidly
characterise the raw water at the inlet points (sites A to D).

The BIX of inlet sites is approximately 0.8, which indicates an intermediate au-
tochthonous component on DOM sources [8,29]. The BIX drastically changed from the
inlet points (sites A to D, where it was practically constant as mentioned before) to the
ones that suffered a chemical/biological process (treatment lines Po1/Po2 and Po3). In
fact, BIX values are inversely proportional to those obtained by UVA and NPOC (discussed
above) and EEM-PARAFAC (vide infra), being much higher at those where a chemical
(ozonation or chlorination) or biological process was applied. Although, in this case, it
is clearly not related with the presence of β fluorophore (characteristic of autochthonous
biological activity), due to its definition, the obtained results indicated that a degradation
process produces an increment on a 380 nm emission signal and/or a reduction in the
430 nm one, which is in line with the expected reduction in the double bond conjugation
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and production of smaller molecules (i.e., fluorescence shift to shorter excitation–emission
wavelengths or blue-shift) [35].

In line with the results from the BIX, the HIX was negligible after the ozonation process
(site F) but considerable after chlorination (site L). It is worth mentioning that a decrease in
the HIX is correlated with a decrease in acute toxicity along water treatment plants [10].

3.2.2. PARAFAC Model

Three models were explored in this EEM-PARAFAC analysis, decomposing the EEM
into two, three, and four components, respectively. According to CORCONDIA results
(Table 1), the model which best fitted the data was the one with three components, since
an abrupt decrease in the core consistency was observed between the three- and four-
component model. When performing the split-half analysis, this model was validated with
a 0.95 Tucker’s correlation coefficient. Residuals were also distributed randomly (Table 2).

Table 1. CORCONDIA obtained results for each tested PARAFAC model.

Number of Components CORCONDIA (%)

2 92.5

3 98.0

4 11.7

Table 2. Measured, modelled, and residuals from some example sampling points obtained for the
three−component PARAFAC model.

Site Measured EEM Modelled EEM Residual

D
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The three components’ fingerprints can be found in Figure 4. According to their exci-
tation and emission maxima, the PARAFAC components can be characterised as follows:
deconvoluted component number 1 (X1), with a maximum < 250 nm excitation axis and
ca. 440 nm emission axis that could be associated with either terrestrial humic or humic
acid-like substances (HA-L). X2 with its maximum at 270/330 nm excitation/emission
coordenates could be assigned to tryptophan-like substances (Try-L). Finally, X3, with its
maximum at <250/300 nm, can most likely be associated with tyrosine-like substances
(Tyr-L) [17,36]. In this sense, X2 could be considered the most relevant component regard-
ing quality assurance monitoring, as it is reported that Try-L are potential indicators of
Escherichia coli presence, whereas algal organic matter is associated with X1 [37,38].
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3.2.3. DOM Characterisation

As shown in Figure 5, when analysing the score values from each modelled component,
the HA-L (X1) and Try-L (X2) have significant fluorescence signals along with the whole
dataset, whereas Tyr-L (X3) score values were negligible in all cases, only detected at the
outlet of both treatment lines (sites I and M). It is important to highlight that score values
cannot be related directly to the abundance of each chromophore, as the fluorescence
emission is not only dependent on the concentration but also on its quantum yield, which
is characteristic of each chromophore.

In the lagoon inlet (site A), HA-L had a lower fluorescence signal than at the outlet
(site B), and the same was observed for the Try-L ones. The influents had score values of
2.1 ± 0.2 of HA-L and 0.42 ± 0.02 of Try-L, respectively, and after the lagooning process,
they increased to 3.2 ± 0.6 of HA-L and 0.83 ± 0.09 of Try-L. These observations might be
attributed to organic matter derived from algae growth or the biodegradation of protein-like
substances, whose by-products emit as HA-L and Try-L, resulting in an overall fluorescence
increment for these two [39]. Comparable levels of these types of DOM were detected in
raw river water (site C), being 2.6 ± 0.3 and 0.60 ± 0.06 for HA-L and Try-L, respectively.
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The characterisation of DOM is in line with that observed from the FI and BIX values
(Figure 3). As expected, in the spot where the lagoon outlet and Po River are mixed (site D),
the HA-L and Try-L scores were the average between the ones from sites B and C, being
2.9 ± 0.3 for HA-L and 0.63 ± 0.04 for Try-L, in line with NPOC results (Figure 2B).
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3.2.4. Effect of Water Treatments

At the outlet of the pre-settling basin (site E), HA-L and Try-L scores remained con-
stant with respect to site D, indicating the negligible effect of FeCl3, pAlCl3, or PAC on
fluorescent DOM. However, regarding total DOM, from site D to E, an UVA reduction of
51 ± 32% was observed (Figure 2A), thus indicating colloidal organic matter and/or only
the non-fluorescent DOM is removed by sedimentation process, which is in line with the
observations reported by other authors [40,41].

Regarding line Po3, in the samples from the ozonation treatment (site F), a 68%
reduction in HA-L score values was observed compared to site E, indicating that O3 is
efficient to remove these types of substances. Contrarily, Try-L scores exhibited a 25%
increment compared to site E. Therefore, HA-L oxidation by-products might be similar
molecular structure to (or emit in the same region as) Try-L substances, in agreement with an
aromatisation decay of DOM, reflected on the observed excitation–emission blue shift [35],
which is in line with the BIX results (see Figure 3). The latter blue-shift was not observed
with the chlorination process applied at the exit of one of the CYCLOFOC basins (site G),
where an overall decay of both PARAFAC components scores was observed (Try-L scores
being negligible). Although slightly higher than after the chlorination process, very low
score values were also observed at site H (approximately 0.4 and 0.1 for HA-L and Try-L,
respectively), in line with UVA results (Figure 2A), indicating that more hazardous NaClO
use might be replaced by BAC if the DWTP is re-designed. The treatment line’s outlet
(site I, which concerns water ready for distribution to the city network and consumption)
effectively had negligible levels of fluorescent DOM.

On the other hand, analysing line Po1/Po2, the water coming from site E to site L
(treatment with NaClO and ClO2), the score values from HA-L and Try-L decayed 43 and
59%, respectively. Interestingly, when comparing these results with the ones from the
ozonation in line Po3, the set of by-products was clearly different: whereas for ozonation a
plausible transformation from HA-L to Try-L was observed, in samples obtained from site L,
an indistinct decrease for both components was evidenced. These results can be explained
by taking into account that ClO2/ClO− are less selective than O3, which normally shows a
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clear preference towards double bonds [42,43], thus favouring the conversion of HA-L into
Tyr-L. At the final stage of this treatment line (site M), the outflow had negligible levels of
Try-L substances but considerable for HA-L ones (0.566 ± 0.008), contrary to the treatment
line Po3’s final outflow (site I).

4. Conclusions

EEM-PARAFAC was successfully applied to track and characterise DOM at almost
trace levels along the DWTP of Turin, Italy, providing information about the types of DOM
and plausible chemical reactions happening along the DWTP. Even though NPOC and
UVA are useful methodologies in DWTPs to rapidly check the DOM behaviour along the
plant, only EEM-PARAFAC was able to properly track the trends of the different types
of DOM and provided deeper layers of information regarding chemical changes. NPOC
was the less sensitive technique, and changes were only observed when comparing the
inlet and the outlet of each treatment line (D vs. I and M, respectively). When comparing
EEM-PARAFAC with the FI, BIX, and HIX, although the indexes might offer a rapid on-line
monitoring of fluorescent DOM, they do not differentiate HA-L substances from Try-L
ones. Nevertheless, the BIX was shown to be a sensitive parameter to analyse fluorescence
blue-shift due to decay on conjugated double bonds as a result of oxidative processes.

In terms of processes’ efficiency, the lagooning pre-treatment did not produce signifi-
cant water quality improvement (site A vs. B) in terms of DOM content. Measurements of
emerging contaminants by high-resolution mass spectroscopy will be required to better
understand its usefulness. Differences between fluorescent and non-fluorescent DOM were
observed when comparing the effect of flocculation and sedimentation (from sites D to E),
since only a reduction in UVA was observed, HA-L and Try-L scores remained without
significant changes. Chlorination and ozonation oxidise DOM into smaller molecules,
although the first might lead to the formation of chlorinated disinfection by-products. The
use of BAC was shown to reduce HA-L/Try-L content in a similar way as NaClO, the
former being evidently safer.

In future studies, we expect to analyse the reproducibility of works reporting that
DOM monitoring by EEM-PARAFAC is a useful tool to predict emerging contaminants
(e.g., pharmaceuticals) degradation or chlorinated disinfection by-products formation. The
water treatment field certainly needs more studies to prove the reproducibility of these
statements, as it will mean that extremely valuable information could be extracted from
a simple and economic methodology. Furthermore, measuring DOM content at different
stages of the year could be useful towards algae proliferation evaluations (one of the most
challenging issues in DWTPs).
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