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ARTICLE INFO ABSTRACT
Keywords: This study investigates surface water contamination of Ben-Kazza River in Morocco, fed by effluents from an
Wastewater adjacent lagoon-based wastewater treatment plant (WWTP) and seasonally by industrial effluents, and which
WWTP L occasionally serves to irrigate agricultural fields. This study has two purpose: i) to track the main sources of
iﬁ?}i::;;ﬁi contamination through the evolution of dissolved organic matter (DOM) characteristics along the watercourse,

PARAFAC-PCA and ii) to characterize the WWTP influents and effluents with a focus on the efficiency of the lagoon treatment.
We characterized a total of 495 water samples across the watercourse and from the inlet and outlet of the WWTP,
using UV-visible absorption and excitation-emission fluorescence coupled with chemometric analyses. Ab-
sorption indicators and fluorescence indices were calculated and compared across sampling points. Results
highlight spatial shifts together with temporal changes in DOM. PARAFAC identified components that varied
between protein-like, humic-like and anthropogenic-like fluorophores along the river, permitted to trace the
anthropogenic components and their sources. The lagoon treatment appeared to better remove fresh organic
material than humic material: fluorescence intensity decreased by 68 % for peak T1 and by 22 % for peak C.
Maximum fluorescence intensities (Fmax) decreased across all PARAFAC components, leading to more than 55 %
reduction of XFmax.
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1. Introduction

In Morocco, over the last few decades, water resources controls have
been increased to manage the country’s water supply while taking local
needs into account. With this in mind, interest in water recycling is
growing rapidly; it is aimed to mobilize 325 million m® of treated water
by 2030, mainly to help irrigate cropland exposed to limited freshwater
resources [1]. Hence, monitoring surface waters subjected to effluent
discharges is being increasingly required. Entrapment of anthropogenic
micropollutants by water organic matter (OM), via a variety of molec-
ular interactions [2,3], increases their solubility, weight, and hydro-
philicity [4]. However, even after treatment, WWTP effluents still
contain a substantial OM load. Consequently, the rate of removal of OM
fractions is among the indicators of water treatment efficiency [5].

Dissolved organic matter (DOM), which constitutes the bulk of water
OM, includes humic acids, fulvic acids, carbohydrates and amino acids.
It plays key roles in controlling the fate of environmental pollutants and
the biogeochemistry of organic carbon in the global ecosystem [6-8];
consequently, determining the types and origins of DOM fractions in
waters has become a growing concern worldwide. In this sense, fluo-
rescent dissolved organic matter (FDOM), which is the fraction of DOM
that absorbs and emits light over a broad range of ultraviolet-visible
wavelengths, is a surrogate for tracking changes in water OM content
[9-12]; and the relative distributions of different fluorescent compo-
nents could help to distinguish DOM sources [13]. In natural water and
wastewater science, sophisticated techniques such as Fourier-Transform
Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR) and
Liquid Chromatography/Mass Spectrometry (LC/MS) usually require
laborious and time-intensive procedures [14-17]. However, excita-
tion-emission fluorescence and ‘Parallel Factor Analysis’ (PARAFAC)
chemometrics is increasingly being used to monitor and study the dy-
namics of DOM [18]. Fluorescence excitation—emission matrices (EEM)
is a rapid, relatively inexpensive and highly sensitive tool for charac-
terizing the DOM components found in water systems [19,20].

The aim of the present research was to i) to track the main sources of
contamination through the evolution of DOM characteristics along the
Ben-Kazza River, where it crosses the commune of Ain Taoujdate in
Morocco, and ii) monitor the performance of the WWTP adjacent to and
feeding into the watercourse. The analytical approach adopted to track
DOM changes throughout the river is based on EEM fluorescence com-
bined with UV-visible absorption, and supported by PARAFAC chemo-
metrics and principal component analysis (PCA). Indeed, fluorescence/
absorption/chemometrics-based metrics has several advantages over
other chromatographic analyses techniques in the continuous moni-
toring of waters and wastewaters [9,21-23]. Firstly, EEM provides a
comprehensive characterization of dissolved organic matter (DOM)
based on its fluorescence properties, allowing for the identification of
various fluorescent components. This method can effectively distinguish
between different types of organic matter, such as protein-like,
humic-like, and anthropogenic-like fluorophores, providing valuable
information about the sources and nature of contaminants. Secondly,
UV-Vis absorption spectroscopy offers a rapid and cost-effective way to
quantify the concentration of organic compounds in water samples. It
provides information about the absorbance of organic matter at different
wavelengths, allowing for the identification of specific organic com-
pounds. Additionally, PARAFAC analysis, when combined with EEM,
allows for the decomposition of EEM data into individual fluorophores,
enabling a more detailed and accurate characterization of DOM
compared to traditional chromatographic methods. Combined with
PCA, it also facilitates the tracking of spatial and temporal changes in
DOM components. Moreover, the rapidity, reliability and versatility of
techniques make them suitable for routine monitoring of water quality
and pollutant assessment in complex environmental samples such as
drinking waters and wastewaters.

A previous study [24] attempted to characterize DOM quality and
quantity in raw sewage waters of the Seine Centre WWTP (France),
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aiming to better control the biological treatment process and reduce
energy costs at the WWTP. However, despite the richness and reliability
of this laboratory investigation, the approach adopted, based on
empirical relationships between BOD5 and fluorescence parameters,
including PARAFAC components along with HIX and BIX indices, seems
complex and difficult to apply at real scale for WWTPs. Also, such an
approach required a conceptual mathematical model to describe re-
lationships between fluorescence indices, absorption indicators, and
conventional global quality parameters of sewage water. Another recent
study [25] used EEM/PARAFAC fluorescence analysis to study the
geographical and spatial variations of fluorescence signal along the
Gapeau River (France), from upstream of a WWTP to the coastal waters,
and to evaluate the impact of effluent wastewaters on the river DOM.
However, this investigation did not consider either absorption mea-
surements to control the internal filter effect, or fluorescence indices to
enrich the fluorescence measurements. Therefore, the adopted EEM/-
PARAFAC fluorescence approach could be improved by reconsidering
the experimental parameters to obtain reliable information on the
spatial and temporal variations of river DOM. The present work, which
is combining absorption, fluorescence and chemometric analyses, aims
to enrich experimental studies to monitor chromophoric/fluorescent
DOM in river waters.

2. Materials and methods
2.1. Study area

The commune of Ain Taoujdate is part of the province of El Hajeb in
the Fez—Meknes region in Morocco, located about 20 km from Fez and
50 km from Meknes (Fig. 1). This commune, characterized by a semi-
arid sub-continental climate and covering an area of 11 km? with an
average altitude of 465 m, has an estimated population of approximately
40,000 people whose activity consists mainly in farming and livestock.
The Ben-Kazza River springs from Ben-Kazza source (33°57°06.3"N
5°12°55.9"W) and flows through the Ain Taoujdate area towards Mikkes
River, part of the Sidi Echahed dam watershed.

As shown in Fig. 1, there is a WWTP installed in the area of Ain
Taoujdate (at 33°58’17.1"N 5°13°30.7"W), and an olive oil production
facility adjacent to the watercourse (at 33°57°06.3"N 5°13°10.1"W).
These two installations discharge their effluents into the Ben-Kazza
River, while the downstream water flow is used to irrigate agricultural
fields in times of drought and to provide water for livestock [26]. The
WWTP, covering an area of 10 ha, is a natural lagoon model based on a
series of anaerobic ponds. Its treatment capacity is about 1500 m® per
day, for an estimated pollutant load of approximately 700 kg of
biochemical oxygen demand (BOD5) per day. The WWTP is fed by an
inlet pipe carrying domestic and urban wastewaters from Ain Taoujdate
city community. The agro-industrial oil mill processes olives, soybeans
or sunflower seeds depending on the season, and discharges its partially
treated effluents into the Ben-Kazza River. In addition to these two
sources of pollution, run-off from agricultural activity is another diffuse
source of pollution. This combination of industrial activity, WWTP
effluent and natural runoff obviously compromises the natural envi-
ronmental compartments of the Ain-Taoujdate area [26].

2.2. Sampling

In order to follow the pollution gradient along Ben-Kazza River,
sampling was carried out at seven points (P1 to P7) along the river over a
distance of 2.79 km from the river’s source (P1). Fig. 1 maps these
sampling points along with their spatial coordinates.

The source of the river (P1), which is located far upstream from the
various sources of contamination flowing into the watercourse, is
considered as a reference. P2 is a secondary groundwater source that
seems receiving infiltrations from the oil mill’s marginal storage tanks.
P3 is a discharge point for effluents from the industrial oil mill facility.
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P4 is a first confluence point where waters from P1, P2 and P3 meet. P5
and P6 represent respectively the influent and effluent zones of the
WWTP. P7 is an overall confluence point where all the waters received
into the Ben-Kazza River meet.

As the hydraulic residence time of the WWTP is 14 days [26], A first
series of two campaigns was conducted 14 days apart in March and April
2022; and a second series of two campaigns, also conducted 14 days
apart, was conducted in May and June 2022. The aim of these campaigns
was to monitor OM removal between the WWTP inflow and outflow and
to track the spatial and temporal changes in DOM throughout the river
from the upstream source (P1) to the downstream confluence zone (P7).
A total of 495 water samples were collected, as a relevant sampling
program allows for better chemometric analysis [27,28].

2.3. Sample preparation

Water samples were collected into 30 mL amber glass vials that had
been cleaned and oven-dried 200 °C for 4 h. Immediately after sam-
pling, the vials were placed in a light-shielded cooler at approximately
+ 4 °C, and then transported to the laboratory and placed in refrigerated
storage at 4 °C. The following day, the water samples were filtered
through 0.7 um pore-size Whatman GF/F filters using a borosilicate
glass syringe with a stainless steel membrane holder. Analysis began
immediately after filtration, and continued for approximately ten days.
Under these storage conditions, water can remain stable for up to 59
days without undergoing any changes that would interfere with the
intended spectrometric measurements [29].

The pH values measured in the different waters were around 7.5,
except in samples from points P2 and P3 in which they were close to 8.6.
These higher pH levels do not cause major distortions in absorption or
fluorescence spectra [30]; pH values between 5 and 9 have generally
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shown relatively small differences in UV absorption [31].

2.4. Environmental parameters

We monitored the meteorology of the Ain Taoujdate area throughout
the sampling period. Indeed, rainwater can transfer organic compounds
from the atmosphere to surrounding environments [32] and high tem-
peratures can induce changes in the properties of water OM [33]; also,
dissolved organic matter (DOM) in surface waters can vary with sea-
sonal variations in rainfall intensity, UV radiation, and temperature
[34]. Based on meteorological data from the Meteoblue service, there
was almost no precipitation, and temperatures fluctuated around 15 °C
[35] (Fig. S1). Under these conditions, organic material in the sampled
water cannot be subject to rainfall or temperature-induced changes.

2.5. DOM characterization methods: analytical techniques

Dissolved organic carbon (DOC) concentrations in filtered samples
were determined using the high-temperature catalytic combustion
method according to standard NF EN 1484 [36]. The analysis was per-
formed using a multi N/C® model 3100 Analytik Jena TOC analyzer.
Each measure was repeated three times and averaged. These measure-
ments were carried out on samples from the second campaign.

Absorbance measurements on filtered water samples were recorded
on a Jasco UV/VIS/NIR V-570 spectrophotometer in the 200-800 nm
spectral range using a 1 cm optical path quartz cell and Milli-Q ultrapure
water as a reference blank. The absorption indicators (specific ultravi-
olet absorbance at 254 nm (SUVA), E2/E3, E2/E4, S275-295, S350-400
spectral slopes and slope ratio) used in this study are described in
Table 1.

The EEM-fluorescence were generated using a Shimadzu RF-5301PC
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Fig. 1. Study area (Ain-Taoujdate city) and sampling sites along the Ben-Kazza River. P1 (33°57°06.3"N 5°12’55.9"W), P2 (33°57°08.8'N 5°12’59.2"W), P3

(33°57°27.6'N  5°12’59.3"W), P4
(33°58’30.6"N 5°13°42.9"W).

(33°57°39.6'N  5°13°01.3"W), P5

(33°58°'14.2'N  5°13’32.6"W), P6

(33°58’11.3'"N  5°13’27.4"W) and P7
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spectrofluorometer equipped with a xenon lamp, using a 1 cm optical
path quartz cell and a high-sensitivity sample holder. For all water
samples, 5 nm/5 nm slits were used in both excitation and emission,
except for samples collected at site P1 for which 10 nm/10 nm slits were
used. The matrices were recorded at 5nm increments in the
220-550 nm spectral range in excitation, and at 1 nm increments in the
220-600 nm spectral range in emission. In order to avoid any internal
filter effect that would compromise the fluorescence intensities, the
samples were diluted until absorbance neared 0.05 at 254 nm [55]. In
addition, EEMs of pure deionized water were obtained for each day of
measurements. Each sample required 67 excitation-emission scans, and
each EEM required a time of 23 min overall. The EEMs were generated
using the Lab-Solution software controlling the spectrometer. In order to
refine the interpretation of the fluorescence results, we used three
indices in this study: fluorescence index (FI), biological index (BIX), and
humification index (HIX). Descriptions of these indices can be found in
Table S1.

2.6. Creation of a fluorescence database

Given the prevalence of anthropogenic organic pollutants in aquatic
environments, and particularly wastewater, identifying them in envi-
ronmental samples using EEM/PARAFAC fluorescence remains hard due
to the superposition of multiple fluorescence foci. To solve this problem,
we previously established a database using EEM fluorescence data for
108 micropollutants [56]. The main objective is to facilitate EEM/-
PARAFAC fluorescence-based identification of micropollutants
belonging to hormones, pharmaceuticals and pesticides families
providing researchers with a catalog of valuable fluorometric spectral
fingerprints. That encloses information on excitation and emission
properties over a wide optical spectral range. This database constitutes a
user-friendly tool for exploring the fluorescence landscapes of environ-
mental matrices. These landscapes are often hard to interpret (as was the
case here) due to the strong fluorescence of the OM, and to micro-
pollutants emitting in nearby spectral regions.

2.7. Chemometric analysis

PARAFAQC, is a data decomposition algorithm. It consists in decom-
posing experimental fluorescence EEMs into individual sub-matrices
corresponding to the fluorophores coexisting in the analyzed samples.
This multivariate analysis method is applicable to datasets arranged in
3rd-order arrays (in the case of fluorescence data) that cross-reference
the three data inputs: sample, excitation wavelength, and emission
wavelength [57,58].

The algorithm consists in a trilinear decomposition of a data cube
according to Eq.1:

F
Xijk = Z = (lgrbjfckf + Eijk (€8}
=t

wherei=1,2...j=1,2...J,k=1,2 ... K, and I, J and K designate
the numbers of samples, emission wavelengths and excitation wave-
lengths, respectively.

X is the fluorescence intensity of sample i for the pair of excitation
and emission wavelengths j, k. F is the number of components in the
model, i.e. the presumed number of the fluorophores coexisting in the
samples analyzed, ay is directly proportional to the concentration of
fluorophore F in sample i, defined by the scores, while bjs and c;s are
estimates of the emission and excitation spectra for component f,
defined as loadings. & is the variance not accounted for by the model, i.
e. the residual signal [59,60]. An example of PARAFAC decomposition is
shown in Fig. S3. PARAFAC chemometric analysis is widely used in
water and soils monitoring [61,62].

The experimental fluorescence matrices acquired for all samples

Table 1

UV-visible absorption indicators for DOM and their descriptions.
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Parameter

Description and indication

References

Absorbance at
A =355nm
(Abs355)

Specific UV absorbance at
254 nm, SUVA254 (L.

mg’l.m’l)

Eo/3 = Aoso /Ases

E2/4 = Azsq /A43e

-1
S275/205 M

and

-1
S350/400 M

SR =

$275/295
$350/400

— Abs355 increases significantly as
water quality deteriorates.

— Abs355 indicates that the
concentration of dissolved organic
matter progressively increases with
decreasing water quality.

— SUVA254 is calculated by
normalizing the UV absorbance at a
254 nm wavelength to the
concentration of dissolved organic
carbon (DOC). It is an indicator of
the aromaticity of organic matter,
providing a general quantitative
estimate of aromatic content per
unit concentration of carbon.

— SUVA254 is positively correlated
with the aromaticity of CDOM

— Waters with high SUVA254 values, i.
e. > 4 L.mg—1.m™}, have a high
content of complex heterogeneous
aromatic-rich macromolecular
organic compounds

— Waters with low SUVA254 values, i.
e. < 3L.mg—1.m™?, predominantly
contain homogeneous aromatic-
poor low-molecular-weight
materials.

— Negatively related to protein-like
DOM as proteins contain signifi-
cantly fewer aromatic rings than
humic substances.

— Calculated as the ratio of absorbance
between 250 and 365 nm.

— It is an indicator of the degree of
humification of organic matter in
water, and can also indicate the
source of the organic matter.

— E2/E3 serves to track the changes in
the relative size of organic matter
molecules; it is inversely correlated
with the molecular size of DOM.

— When E2/E3 < 3.5, it mainly
reflects the absorption
characteristics of larger organic
molecules such as humic acid.

— When E2/E3 > 3.5, it mainly
reflects the absorption
characteristics of smaller organic
molecules, such as fulvic acid.

— Calculated as the ratio of absorbance
at 254 nm to absorbance at 436 nm,

— E2/E4 values in the range 4-11 are
indicative of terrestrial DOM.

— Median E2/E4 values in the range
11-30 are indicative of DOM
derived mostly from microbial
sources.

— The smaller the E2/E4 value, the
greater the degree of condensation
of organic molecules.

— Means that the slopes of the straight-
line natural logarithm of the absor-
bance spectra fit between 275 and
295 nm and 350 and 400 nm.

— Used to characterize the ratio of
fulvic acid to humic acid.

— Higher S values typically indicate
low-molecular-weight material and/
or decreasing aromaticity

— Generally increases on irradiation.

— Waters with SR < 1 are
predominately terrigenous and rich
in high-molecular-weight organic
matter.

[37,38]

[39-43]

[44-46]

[47-50]

[50-52]

[52-54]

(continued on next page)
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Table 1 (continued)

Parameter Description and indication References

— Waters with SR > 1 are
predominately rich in fresh
microbial and low-molecular-weight
organic matter

collected at each sampling point during the two campaigns were pro-
cessed by PARAFAC. Here, PARAFAC modeling was performed in
MATLAB® R2020a using the DrEEM 0.6.0 toolbox [57]. The
pre-processing step comprised blank subtraction, Raman normalization,
smoothing and cutting of the Rayleigh and Raman scatter lines [57].

Models ranging from 2 to 9 components were used to assess the
presence of the appropriate fluorophores in the samples from each
sampling point. The most suitable model was selected based on the sum
of squared residuals and core consistency, which decreases progressively
with increasing the number of components. Split-half validation was
applied to set the number of PARAFAC components [57] that was
determined as the highest number that enabled validation of all
compared splits.

Outliers encompassing outlier samples or wavelengths [63] were
excluded from processing in this study; this enables the PARAFAC model
to calculate the maximum fluorescence intensity (Fmax) for each
component using the standardized N-way toolbox for quantitative data
[57]. These Fmax values then served to quantify components.

Factors of similarity between components were calculated using
Tucker’s congruence coefficient (TCC) according to the formula (Eq.2):

TTC(xy) = — 2= @

VXY

where TTC (x,y) is the congruence coefficient and x; and y; are the
excitation or emission loadings of the two PARAFAC components to be
compared [64]. According to [59], the component similarity factor is
calculated as the product of the excitation loading similarity TCCg, and
the and emission loading similarity TCCgp, (Eq.3)

mTCC = TCCg * TCCgp 3

This similarity factor metric mTCC ranges from 0 to 1 from
completely different components to identical components [65,66].

Principal component analysis (PCA) was performed on the fluores-
cence and absorption data using OriginPro® 2024 software.

3. Results and discussion
3.1. Dissolved organic carbon

Monitoring the DOC gradient along the Ben-Kazza River highlighted
the variability of waters feeding this watercourse, i.e. industrial dis-
charges, WWTP effluents, and agricultural runoff. Table 2 reports the
average DOC levels measured at all sampling points.

The DOC concentrations were perfectly consistent with the positions
and characteristics of the various sampling points: the lowest DOC
concentration was observed at the source P1 located far upstream where
the water is clean, whereas the highest DOC concentrations were found
at P2 and P3 where the water is charged with oil mill effluents. Oil mill
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wastewaters contain high levels of organic content, oil and grease, fatty
acids, sulfates, phosphates, and phenolic chemicals [67,68]. The DOC
content observed for site P4 can be explained by its proximity to point P3
and the dilution due to water flow from P1. The DOC concentrations at
points P5 and P6 were respectively 150 and 29 mg/L, consistently with
their respective positions upstream and downstream of the WWTP. The
DOC content then decreased at the final sampling point P7; this can be
explained either by dilution of the charged waters far from the sources of
contamination, or by the photobleaching and mineralization induced by
exposure to sunlight [69]. On other side, aver all sampling points the
conductivity variation seems in concordance with this DOC gradient
(Table 2).

3.2. UV-visible DOM characterizing

To gain insights into the DOM composition gradient across the Ben-
Kazza River and to track its changes between the wastewater treatment
plant (WWTP) influents and effluents, we studied key parameters based
on UV-Visible absorption measurements. Fig. 2 shows the UV-visible
absorption spectra measured on all sampled waters.

3.2.1. Absorbance spectra

The absorbance spectra measured here showed similarities to
absorbance spectra described in previous studies involving natural wa-
ters [70] and typical urban wastewaters [70,71]. The absorption spec-
trum corresponding to water source P1 is characteristic of natural
waters, with the band around 300 nm due to the humic material [72]
and the peak below 230 nm due to the inorganic chemicals present in
natural waters [70,73]. The other sampling points encompassed a broad
range of organic material spanning protein-like, detergent-like and
human urine-like chromophores, while sampling points P2 to P6 also
included colored chromophores absorbing at around 500 and 600 nm.
This DOM absorbance variability across the sampling points manifested
quantitatively in the absorption coefficient at 355 nm that increased
significantly as water quality deteriorated (Fig. 3.f). High absorbance at
this wavelength is generally associated with high levels of organic ma-
terial; it is often related to chromophoric dissolved organic matter
(CDOM) content in water and water quality [38].

The P3, P4 and P7 sampling points showed a more particular pattern,
as the collected absorption spectra led to two different sets of spectra.
This is not surprising, as all these sampling points are connected to the
oil-mill effluents, which almost certainly carried different feedstock
materials processed by the oil mill between the first and the second
sampling campaigns. On another side, the spectra measured on the
water samples collected at the point downstream of the WWTP (P6)
showed a strong drop in absorbance compared to spectra measured on
water samples collected at the upstream point (P5), which is consistent
with the observed decrease of DOC between points P6 and P5, as shown
above. The removal of suspended solids by settling during natural
lagoon treatment removed absorbing organic materials from the
wastewaters.

3.2.2. Absorption indicators: SUVA, absorbance ratios, spectral slopes and
slope ratios

To ascertain differences in the aromatic quality of the flow of water
in the river through all sampling points, we calculated specific UV

Table 2

Physico-chemical parameters measured at the sampling points along the river.
Sampling point P1 P2 P3 P4 P5 P6 P7
DOC (mg/L)* 1.9+0.2 100 + 10 160 + 20 39+5 150 + 20 29+ 3 18+ 2
Conductivity (uS/cm) 470 1750 2210 1570 2235 1910 1880
Flow rate (L/s) 149.5 24.8 5.7 164.6** 76.4** 49.0 207.7%*
Flow velocity (m/s) 0.68 0.83 nd 0.94 1.62 1.08 0.20

“ (mean = standard deviation, n = 3). * * approximate value. nd: not determined.
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Fig. 2. UV-Vis absorption spectra of the water samples collected along the Ben-Kazza River. P1 (n = 20), P2 (n = 55), P3 (n = 80), P4 (n = 80), P5 (n = 90), P6

(n = 80) and P7 (n = 90). (n = number of samples collected at each point).

absorbance at 254 nm (SUVA254) ( Fig. 3.a). This parameter is
considered a useful proxy for DOM aromatic content and molecular
weight in environmental matrices [74,75], it correlates positively and
linearly with the aromaticity of CDOM [31,42].

The SUVA254 values obtained here are typical of surface waters [75,
76], mainly distributed between 1 and 6 L.mg!.m™. The upstream water
source P1 showed a broad distribution of SUVAs in the range 2-4 L.mg .
m}, and so this interstitial water may be dominated by terrigenous OM
[47]. Similar values were reported for a pristine African tropical
watercourse in the Congo [76]. The relatively low SUVA254 values
observed for sampling points P2 and P3 lead to the assumption that the
released oil mill wastewaters are rich in protein-like or fresh OM; a fresh
material contains significantly fewer aromatic rings than humic sub-
stances. As expected from the DOC measurements, the SUVA254 values
were substantially higher at point P4, as its waters are a combination of
low-flow waters from P2 and P3 and high-flow waters from P1. In
contrast, SUVA254 values were higher for the WWTP effluents (sam-
pling point P6) than the influents (sampling point P5), which indicates
that the natural lagoon process preferentially removed non-aromatic
carbon components. Other studies have reported increased SUVA
values in treated sewage [77]. The downstream sampling point P7
showed relatively higher SUVA values, which may be due to absorption
at 254 nm from iron, colloids, or other constituents, as point P7 is the
confluence of all the water streams [21].

Across all the river sampling points P1 to P7, the calculated absor-
bance E2/E3 and E2/E4 ratios showed similar overall patterns (Fig. 3.b,
Fig. 3.c). Consistently with the variation in SUVA254 along the river, the
upstream source P1 dominated by terrestrial OM presented the lowest
E2/E3 value, nearing 2.5, whereas all other sampling points except P5
presented values ranging between 3.5 and 3.9, which are indicative of
mixed OM with different degrees of humification, the highest of which
was found for P1 water. The WWTP influent point P5 showed a unique
pattern of an E2/E3 absorbance ratio very close to 5.5, which is un-
surprising as raw wastewaters are rich in protein-like material. As ex-
pected, the E2/E4 absorbance ratio showed similar variation through all
sampling points with values lower than 8.5, while the influent waste-
waters at P5 gave a value of around 11. These changes suggest that from
the upstream source P1 down to the other sites, DOM shifts from a
terrestrial humic-rich OM toward mixtures with smaller and less aro-
matic compounds [78].

The Sa75_295 spectral slope of the natural logarithm of absorbance as
well as the slope ratio (SR) between 275-295 nm and 350-400 nm ob-
tained for the upstream water source P1 were lower than 0.014 nm™ and
1, respectively (Fig. 3.d, Fig. 3.e). This is consistent with the SUVA and
E2/3 parameters obtained above, and highlights a terrestrial humic-rich
water. All the other sampling points gave globally higher slopes and
higher ratios, indicating that as we move downstream, the DOM shift
towards less humic fractions and lower-molecular-weight material due
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Fig. 3. UV-Vis absorption indicators of the water samples collected along the Ben-Kazza River. a: SUVA254, b: E2/E3 (Abs250/Abs365), c: E2/E4 (Abs254/Abs436),
d: Slope (275_295 nm-1), e: slope ratio (5275_295/5350_400), f: Absorption coefficient (Abs355 nm).

to decreasing aromaticity. This behavior is obviously due to the dis-
charges of the oil mill and the WWTP effluents into the river, enhanced
by sunlight irradiation [78].

However, when comparing their spectral slopes and ratios, the up-
stream WWTP influents point (P5) and the downstream effluent point
(P6) stood out from the rest. The decrease in both parameters in the
effluent compared to influent waters cannot be attributed to an
enhancement of aromatic fractions in the effluent DOM, since as we saw
with the SUVA values, the natural lagoon process preferentially
removed non-aromatic carbon components. Consequently, it is more
likely that the observed decrease is induced by exposure to direct sun-
light at decantation during the natural lagoon treatment. A similar
pattern of SR ratio behavior has been reported by other authors [52]. All
these parameters may complete and enrich the global water quality ones
based on other analyses such as COD and BOD5 measurements.

3.3. Excitation-emission/PARAFAC exploration of DOM

The optically-active DOM fractions are protein-like and humic-like,
which are characterized by emission at wavelengths lower than
380 nm and higher than 380 nm, respectively [9]. The relative distri-
bution of these fluorescence components generally helps to distinguish
DOM sources between forested streams, agricultural streams, ground-
waters, marine waters, and domestic or urban wastewaters, as well as oil
mill wastewater discharges [10,59,79].

Ben-Kazza River, originally supplied by the groundwater source
feeding the sampling point P1, is expected to have an almost constant
content and quality of fluorescent OM, and so any additional in-feeding
surface water or wastewater would bring about changes in the river’s

DOM fluorescence signatures [80]. To explore these changes, we
investigated samples of river water using EEM/PARAFAC in order to i)
examine the distribution of different DOM fluorophores across the river,
and ii) estimate DOM removal efficiency within the WWTP discharging
into the river at point P6. For that purpose, we determined the DOM
fluorophores and fluorescence indices and correlated them with the
absorption indicators considered above. All 495 samples collected were
explored by excitation-emission measurements in tandem with PAR-
AFAC chemometrics.

Fig. 4 charts the patterns of experimental EEMs corresponding to
each sampling point, from P1 to P7. The spectral loadings corresponding
to the excitation-emission maxima values of each PARAFAC component
are shown in Fig. S4 and Fig. S5, while the Aex/Aem characteristics of the
PARAFAC components are given in Table 3. Fig. S6 plots the fluores-
cence indices HIX and BIX, calculated as described in Table S1, and
averaged over all samples.

3.3.1. Upstream source P1

The experimental excitation-emission landscape corresponding to
water source P1 (Fig. 4. P1) shows three main fluorescence regions at
230-300 nm/330-400 nm, 230-280 nm/400-500 nm, and
300-370 nm/400-500 nm excitation/emission, often referred to as
humic material and commonly observed in groundwaters [81]. An
additional very-low-intensity and red-edge fluorescence region is also
observed at 230-450 nm/500-600 nm. PARAFAC analysis resulted in
three components (C1, C2, and C3; Fig. 5. P1). Component C1_P1
(275-330 nm/380 nm) and component C2_P1 (265-355 nm/450 nm),
which are respectively associated to peak M and humic-like materials,
are widely observed in natural waters [59]. Peak M indicates the
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presence of organic material from recent biological activity (soluble
microbial humic-like material) [82,83]; components similar to compo-
nent C1 have been reported for groundwaters [84]. The third component
C3_P1 (260-420 nm/525 nm), with two excitation peaks, appears
similar to component C2 identified by Ishii et al. (2012) in natural
systems and associated to UVC humic-like and UVA humic-like material
[58]. The secondary peak at 420 nm/525nm indicates that this
component C3_P1 consists of large-molecular-weight hydrophobic
compounds [85] positively associated with apparent molecular weight
[86] and susceptible to UVA-induced photodegradation [87]. It may
derive from terrestrial organic matter rich in humic content [88].

The absence of any protein-like fluorescence signal indicates the
absence any kind of microbial/biological anthropogenics; indeed, the
water source is far from any source of contamination. The calculated
fluorescence indices FI, BIX and HIX are around 1.55, 0.65 and 4.3,
respectively. FI is indicative of a DOM combining terrestrial and mi-
crobial sources likely related to the soluble microbial humic-like mate-
rial, as revealed by PARAFAC component C1_P1 (or peak M). The value
of the BIX index (0.6-0.7), which is well below 1, can be associated with
a low biological production of autochthonous-origin OM [10,89]. The
HIX index, very close to 4, is indicative of a weak humic character
and/or the presence of recent autochthonous organic material. This is
consistent with the occurrence of peak M reflective of the presence of an
organic material from recent biological activity.

wavelength (nm)

matrices (EEMs) measured on the collected water samples (P1 to P7).

3.3.2. Downstream points P2, P3 and P4

Point P2. The experimental EEM together with the PARAFAC com-
ponents obtained for waters sampled at point P2 are given in Fig. 4. P2.
The EEM revealed two main fluorescence regions, at 250-290 nm/
280-380 nm and at 350-460 nm/ 440-540 nm, very different from
those obtained for the sampling point P1. PARAFC analysis led to five
components (Fig. 5. P2): the first two components C1_P2 and C2_P2,
both located at emission wavelengths lower than 380 nm, present very
different emission and excitation features from those typically reported
for protein-like fluorescence [59]. Component C1_P2 at 270 nm/320 nm
could correspond to a polar phenolic-like compound [90,91], whereas
component C2 P2 at 270 nm/290 nm may be related to an anthropo-
genic cresol-like fluorophore, likely a pesticide residue [9]. Component
C3_P2 at 430 nm/470 nm, located above 380 nm and which does not
correspond to any humic-like signal reported in waters [92,93], could be
associated with oxidation products of vitamin E originating from olive
oil waste [94]. Nevertheless, it worth noting that both tocopherols and
polyphenols absorb and emit in the same ranges [95,96]. Component
C4_P2 at 230-280 nm/380 nm, emitting in the UV region, appeared
somewhat similar to peak M often observed in natural waters, and could
be related to organic fluorophores emerging from recent biological ac-
tivity [97]. Component C5_P2 observed at 260-360 nm/450 nm is
almost certainly due to the humic-like DOM fraction in the water driving
the oil mill waste, and corresponds to component C2_P1 observed in the
waters sampled on the upstream source P1. Table 4 reports comparative
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Fig. 5. PARAFAC components corresponding to sampling sites P1, P2, P3 and P4.

Table 3
PARAFAC components based on excitation-emission wavelengths. (Aex &+ 5 nm/Aem + 10 nm; nd: not detected).

Sampling points

Component P1 P2 P3 P4 P5 P6 P7

Cl 275-330/380 270/320 270-310/440 270/300 280/355 260-315/400 275/355

C2 265-355/450 270/290 280/350 280-350/450 270-350/440 270-350/445 275-355/450
C3 260/420/525 435/470 280_360/455 275/355 305/400 285/350 320/400

C4 nd 230-280/380 270/295 260-325/400 270-380/465 270-380/470 270-390/470
C5 nd 260-360/450 340/400 260-440/475 270/300 (375) 260/(350) 450 270/300

C6 nd nd 260-470/515 nd 260-495/520 260-340-495/520 265/(380) 445
c7 nd nd nd nd nd nd 280-495/520
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analysis and similarity between the PARAFAC components through the
seven sampling points.

Point P3. The excitation—emission landscape collected on the oil mill
wastewaters sampled at site P3 (Fig. 4. P3) is clearly different from the
previous landscape corresponding to site P2. It exhibits two large and
overlapped fluorescence regions, with two main peaks at 250-290 nm/
270-350 nm and at 250-400 nm/390-500 nm, and a lower-intensity
red-edge fluorescence around 450 nm/500 nm. PARAFAC analysis
resulted in six components (Fig. 5. P3), C1 to C6. Component C1_P3
(270-310 nm/440 nm) with two excitation sub-regions could be related
to humic material probably interacting with by-products of the vege-
table oil refining process. Component C2_P3 (280 nm/350 nm) presents
excitation and emission features of protein-like components, but polar
phenolic-like compounds also present similar absorption and emission
positions [98]. Component C3_P3 (280-360 nm/455) is quite similar to
components C5 P2 and C2_P1, both of which were attributed to
humic-like fluorophores in the water body, whereas component C4_P3
(270 nm/295 nm) appears analogous to component C1_P2 associated to
polar phenolic-like fluorophores. Component C5_P3 (340 nm/400 nm)
presents absorption and emission spectral ranges, maxima and shapes
comparable to those previously found for some carbamates used as
fungicides such as the commercial product (Ridomil Gold MZ 68) [99];
this residue could be entrapped in humic fractions of the water OM.
Component C6_P3 (260-470 nm/515nm) is likely a residual
riboflavin-like fluorophore in the oil mill wastewater [100-102]. Ribo-
flavins (vitamin B group) are a family of yellow-colored compounds with
the basic structure of 7,8-dimethyl-10-alkylisoalloxazine. They are
characterized by absorption in the ultraviolet and visible regions and an
intense yellow-green fluorescence, and they are stable when heated and
leach into hot water, but degraded by light [103].

Point P4. The experimental excitation-emission landscape collected
on the waters sampled at the downstream point P4 (Fig. 4. P4) is very
similar to the landscape corresponding to point P3, although it also
gathers waters from point P2 (Table 4). Four overlapping fluorescence
regions can be distinguished, at 250-300 nm/270-350 nm,
250-350 nm/370-430 nm, 250-370 nm/440-470 nm, and
350-480 nm/450-520 nm, while five PARAFAC components (C1 to C5)
were obtained (Fig. 5. P4). Components C1_P4 (270 nm/300 nm) and
C3_P4 (275 nm/355 nm) are the same as the above components C4_P3
and C2_P3, and show very similar loadings. Component C2_P4 (280 nm/
350 nm) is the same as component C2_P1 and C5_P2 attributed to humic-
like material in the natural groundwater DOM. Component C4_P4
(260-325 nm/400 nm) appears fairly similar to the humic-like compo-
nent C1_P1. However, component C5_P4 (260-440 nm/475 nm) ex-
hibits very particular features and was not observed in any of the sites
P1, P2 nor P3. This component could be associated to a yellow dye-like
fluorophore, as its absorption maximum was around 430 nm. The exis-
tence of more than one excitation peak is most probably related to
electron transitions from the ground state to different higher-energy
excited states. However, because of the lack of data on EEMs relative
to oil mill wastewaters in the literature, it is difficult to confidently
identify all the PARAFAC components obtained in the present case. Oil
mill wastewaters are by-products including various compounds such as
lipids, phenols, polyphenols, organic and inorganic constituents in
addition to nutrients, with high levels of chemical oxygen demand
[104]. This wide variety of compounds is also revealed by fluorescence
of olive oil compost [105].

The characterization of DOM from sites P2, P3 and P4 was further
investigated by the determination of the BIX and HIX indices (Fig. S6) to
give more insight in the variation of water DOM through these sampling
points. We did not use the fluorescence index (FI) here, as previous re-
ports conclude that it is not suitable as a parameter for waters whose
organic material comes from a diversity of sources and contains signif-
icant amounts of non-humic substances [10,106], as is the case for water
containing oil-mill waste effluents. The BIX values obtained for waters
sampled at points P2, P3 and P4 are distributed in the ranges 0.87-0.93,
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0.80-0.88 and 0.80-0.83, respectively, while the HIX values were
distributed around 0.20-0.25, 1.20-1.30 and 0.4 -1.75, respectively.
The fact that all these BIX indicators are in the range 0.80-1.0 indicates
freshly-produced organic materials in all three sampling points. The HIX
values, all very low, also indicate freshly-produced organic material.
Consequently, both fluorescence parameters are consistent with the
nature of the sources feeding the sampling points, which are particularly
rich in oil-mill wastewater. Similar values have been reported for
municipal wastewater in Eastern China [107]. However, the relatively
low HIX values at point P2 could also indicate stronger microbial ac-
tivity [24], given that point P2 is a secondary water source that is likely
to be contaminated by hidden leakage form the oil mill wastes. The HIX
values for point P4, scattered between 0.40 and 1.75, reflect the fact that
this point gathers waters from both P2 and P3 in addition to the flow of
water from P1. Furthermore, all points P2, P3 and P4 show lower HIX
values and higher BIX values than the upstream point P1 which is fed by
older organic matter with a higher degree of humification. This is also
consistent with the variation in E2/E3 absorbance ratio discussed above.

3.3.3. WWTP influents and effluents: DOM characterizing and assessment
of treatment performance

In wastewaters, a low OM content is considered as indicator of good
water quality, and the efficiency of water treatment is commonly
assessed on the basis of OM fractions removal [5]. Hence, before
considering the downstream point P7, which is the outlet of all upstream
watercourses, it is important to consider the sampling points P5 and P6
receiving the WWTP influent and effluent waters. The goal is to assess
the efficiency of this WWTP that uses natural lagoon across successive
ponds for a period varying between 13 and 17 days.

3.3.3.1. Characterization of DOM in the influent and effluent waters.
Fig. 4 reports the patterns of the experimental EEMs corresponding to
influent (P5) and effluent (P6) waters. These water fluorescence land-
scapes exhibited similar shapes characteristic of wastewaters [10], with
three overlapping fluorescence regions at 240-300 nm/300-400 nm,
240-300 nm/400-500 nm, and 300-430 nm/400-500 nm, with an
additional low-intensity red-edge fluorescence. The three regions are
those commonly known as peak T1, peak A/M, and peak C, respectively
associated with protein-like (tryptophan) material, fluvic-like/soluble
microbial humic-like material, and humic-like material [108]. As ex-
pected, the main difference between the influent and effluent landscapes
concerned the variation in relative intensity of the first fluorescence
region (peak T1) versus the third one (peak C), as the fluorescence in-
tensities of these two well-resolved regions were not equally reduced
between influents and effluents. The decrease in intensity between raw
and treated waters was about 75% for peak T1 but only 22% for peak C.
PARAFAC analysis led to six components (C1 to C6) for both sites.
Based on the wavelength ranges in emission and excitation (Fig. 6),
component C1_P5 (280 nm/355 nm) was identified as a protein-like
fluorescence most likely related to tryptophan amino acid [9,59]. This
fluorescence region has been also associated with living and dead
cellular materials and their exudates in fecally-contaminated waste-
water. It indicates microbial activity [109] and material derived from
anthropogenic activities [110]. This component also shared spectral
similarities with many pharmaceutical products, such as diclofenac,
lamotrigine, naproxen, propranolol HCL, salbutamol, sulfamethoxazole,
trimethoprim, and others. Consequently we cannot rule out that this
fluorophore could also contain pharmaceutical-like protein substances
[56], as pharmaceutical compounds are regularly found in WWTP ef-
fluents [111]. Component C2_P5 (270-350 nm/440 nm) showed pri-
mary and secondary excitation peaks that very likely point to humic-like
with fulvic-like materials commonly related to peaks C and A [10]. A
similar component was identified in other studies [58] and labelled
component E by Murphy et al. [59]. Another similar component,
designated by peak W, has also been detected in several studies on the



H. Ba-Haddou et al.

300

Excitation wavelength (nm)

500

400

300

400

Journal of Hazardous Materials 480 (2024) 135899
500 P 5
400

300

500 600

500
400

300

Emission wavelength (nm)

Fig. 6. PARAFAC components corresponding to sampling points P5 and P6.

fluorescence of detergents, in particular 4,4'-bis(2-sulfostyryl)disodium
biphenyl (DSBP) and diaminostilbene [112,113]. These substances,
which are fluorescent bleaching agents, represent a form of anthropo-
genic DOM that is widely ubiquitous in polluted rivers, and they are
known to be very poorly degradable [114]. Component C3_P5
(305 nm/400 nm) could be approximated as peak M related to soluble
microbial humic-like material and indicating the presence of organic
compounds from recent biological activity [10]. However, a number of
pesticides show similar fluorescence patterns, such as diflufenican, flu-
dioxonil, norflurazon, pirimicarb and others [56], which could thus link
this fluorophore to pesticide-like humic substances [115]. Component
C4_P5 (270-380 nm/465 nm) exhibits a high-intensity excitation peak
at 380 nm along with a very-low-intensity secondary peak at 270 nm. It
appears to originate from a mixture of fluorophores that emit over the
same wavelength range, mainly resembling Coble’s peak C but also peak
A [116]. Peak A was attributed to high-molecular-weight humic-like
substances while peak C indicates more aromatic humic matter than
peak A [117]. Other authors reported a similar component in WWTP
influents and effluents and associated it with a high-molecular-weight
hydrophobic humic-like component thought to be exported from
terrestrial sources [24,118]. Component C4_P5 could be attributed to
humic-like compounds found across areas rich in nutrients and affected
by sewage water [97].

Component C5_P5 (270 nm/300 nm, 380 nm) shows spectral char-
acteristics very different from those commonly known for DOM fluo-
rophores, and is obviously related to an anthropogenic fluorophore.
Note that the commercial fungicide Orsalis 5% SC is widely used in
Morocco and exhibits similar spectral features [99]. A possible expla-
nation for the observed bimodal nature of the emission spectrum could
be either intra-molecular formation of charge-transfer complexes in the
excited state or excimer formation [55], or the existence of different
conformations in the excited sate [119]. Nevertheless, phenanthrene,
which fluoresces in the same region, cannot be ruled out [120].
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Phenanthrene is a polycyclic aromatic hydrocarbon (PAH) generally
formed during incomplete anthropogenic combustion of OM; in rural
zones such as Ain Taoujdate, wood is still widely used as a fuel source.
Component C6-P5 (260-340-495 nm/520 nm) is a really intriguing
fluorophore absorbing and emitting at the red edge of the spectrum, far
from any other DOM signals. This component could originate from any
anthropogenic colored-like free fluorophore with a relatively low
contribution in the entire fluorescence response of the WWTP influent
waters. Fluorescein and its derivatives, widely used as dyes, have similar
fluorescence characteristics [121,122].

Considering all the effluent waters discharged by the WWTP at point
P6, five of the six components highlighted by PARAFAC analysis (C1, C2,
C3, C4 and C6) respectively matched to the components (C3, C2, C1, C4
and C6) found in the influent waters from point P5 (Table 4). Compo-
nent C5_P5 was not recovered in P6 effluent waters, but a new fluo-
rophore C5_P6 emerged in these P6 effluents. The new emerging
component C5_P6 (260 nm/(350 nm), 450 nm) exhibits two well-
resolved fluorescence peaks with relative intensities that are indepen-
dent of excitation wavelength, and shows emission loading with a
vibrational shape very similar to what is commonly observed for PAHs.
Furthermore, the wavelength ranges of the excitation—emission loadings
seem to indicate that the PAH could be likely a congener of fluoranthene
that absorbs in the ranges 265-300 nm (S0_S2) and 300-390 nm
(S0_S1), and emits in the range 400-600 nm with an emission maximum
at 450 nm [123]. Incomplete burning of wood, coal, and organic matter
is a major source of this pollutant, which is also produced by many in-
dustrial processes [124]. Furthermore, in the influent waters sampled at
point P5, the non-appearance of component C5_P6 may be explained by
a fluorescence quenching effect induced by the high content of anthro-
pogenic OM. It has been experimentally demonstrated that a high OM
content induces fluorescence quenching of many organic pollutants in
wastewaters, whereas OM abatement enhances their fluorescence [125].
On another side, the component C5_P6 may not be seen as a soluble



H. Ba-Haddou et al.

microbial product (SMP), often identified on biologically treated
effluent wastewater, as SMP usually show fluorescence landscapes
different from that revealed by this component [126]. Nevertheless, it is
not excluded that during the long lagoon process, the fluorophore C5_P5
could be transformed into the fluorophore C5_P6 (PAH). Also, it is worth
noting that exchanges between dissolved organic matter (DOM) and
particulate organic matter (POM) play a critical role in the mobility and
bioavailability of pollutants in surface waters [127].

3.3.3.2. Evaluation of the WWTP performances. To assess the efficiency
of the wastewater treatment and characterize DOM removal by lagoon
treatment, we tracked the extracted PARAFAC components via their
maximum fluorescence intensities (Fmax) across the wastewater treat-
ment (Fig. 7). The Fmax values are considered to be proportional to the
relative concentrations of the different components [128]. Over the
course of the lagoon treatment, and consistently with the measured DOC
as well as the measured fluorescence intensities, Fmax decreased on all
components, leading to a XFmax decrease of more than 55%. This was
expected, as the measured DOC values decreased from influents to ef-
fluents (Table 2). Furthermore, considering the effect of lagoon treat-
ment on the relative contributions of protein-like material and
humic-like material in the overall fluorescence signal, between raw
water and treated water, the relative contribution of the protein-like
component decreased from 35% (C1_P5) to 25% (C3_P6) while the
relative contributions of humic-like components increased from 18%
(C2_P5) to 27% (C2_P6), from 17% (C3_P5) to 25% (C1_P6), and from
8% (C4_P5) to 10.5% (C4_P6). These patterns are perfectly being
consistent with the UV-Vis absorption indicators that showed an in-
crease in SUVA254 values in parallel with a decrease in E2/E3 and
E2/E4 absorbance ratios, all related to an increase of aromaticity in the
water DOM. This aromaticity behavior is also highlighted by the in-
crease in HIX values in parallel with a clear decrease in BIX from influent
to effluent waters (Fig. S6). The increase in HIX after the long settling
periods in the successive lagoon ponds could imply either a trans-
formation of small protein molecules into humic-like substances [129]
or a more efficient removal of non-aromatic OM than aromatic material.
The lagoon process also reduced the relative contribution of anthropo-
genic organic pollutants in the entire fluorescence signal from 22.3%
(C5_P5 and C6_P6) to 12.3% (C5_P6 and C6_P6).

Other WWTPs based on lagoon process, such as that of Ain Chiffa in
Sefrou city, have been assessed on the basis of other parameters, such as
BOD5, COD and suspended matter [130]. Here, we find that fluores-
cence intensities with HIX values are rapid fluorescence indicators
suitable for real-time monitoring of the efficiency of wastewater treat-
ment by natural lagoon. Nevertheless, in addition to absorption in-
dicators, other readily accessible parameters such as conductivity,
turbidity, suspended solids, pH and chroma [131] may also be consid-
ered to usefully refine the assessment of treatment efficiency. In the
present case, the lagoon treatment has decreased the conductivity by
about 15%.
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Fig. 7. Variation of fluorescence intensity Fmax values (in Raman units) from
influents to effluents. (Gray column represents non-similar components).
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3.3.4. Fate of DOM downstream

After describing the water DOM at the original groundwater source
and across all sampling sites, we looked at water samples from the
confluence point P7, which also includes possible runoff from neigh-
boring agricultural fields. The fluorescence landscape of waters from
this point P7 (Fig. 4. P7) is characteristic of contaminated surface waters
[10], exhibiting a protein-like/microbial-like fluorescence area
(250-300 nm/330-400 nm) as the higher intensity region, a
lower-intensity humic-like region at 280-375 nm/380-500 nm, a
fulvic-like region at 240-300 nm/400-500 nm, and a red-edge low in-
tensity fluorescence region. PARAFAC analysis led to 7 components
(C1_P7 to C7_P7; Fig. 8) with the following excitation-emission char-
acteristics: Component C1_P7 (275 nm/355 nm), component C2_P7
(275-355 nm/450 nm), component C3_P7 (320 nm/400 nm), compo-
nent C4 (270-390 nm/470 nm), component C5_P7 (270 nm/300 nm),
component C6_P7 (265 nm/(380 nm), 445 nm) and component C7_P7
(280-495 nm/520 nm) (Table 3). As highlighted by the loading shapes,
all these components match those already identified in the upstream
sampling points.

Table 4 shows the similarities between each point for mTCC > 74.
Strikingly, neither component C3_P1 (UVC humic-like with UVA humic-
like material) nor component C5_P4 (a yellow dye-like fluorophore)
appeared in P7 samples. This may be explained by solar radiation-
induced photodegradation, as these large-molecular-weight fluo-
rophores may be photodegraded before the other anthropogenic organic
pollutants. In terms of the relative contribution of each category of
fluorophores to the entire fluorescence signal (Fig. S7), the overall
humic-like material (C2, C3 and C4 at point P7) contributes about 50%,
protein-like material (C1_P7) contributes 31%, while free anthropogenic
organic pollutants (C5_P7, C6_P7 and C7_P7) contribute the remaining
19%. For the upstream water source P1, which is far from any source of
organic pollution, humic-like material contributed 100%. This observed
variation in fluorescent DOM between the upstream groundwater source
P1 and the downstream confluence point P7 was further highlighted by
HIX and BIX fluorescence indicators. The humification index HIX
showed a drastic decrease, while the biological index BIX showed a
strong increase, revealing a loss of humification accompanied by the
production of recent organic material from biological/microbial activ-
ity. Very likely solar radiation is also contributing to the observed shift
of fluorescent DOM towards low molecular and less aromatic material
[871].

3.3.5. Spatiotemporal variability of DOM in a river

To get a better understanding of the spatial shift in DOM between the
upstream source P1 and the far downstream confluence point P7, and
track the time-course change in DOM between the two sampling-
campaign periods, we ran a multivariate statistical PCA on 17 absor-
bance and fluorescence parameters and a set of 110 water samples
collected at sites P1 and P7. The intermediate points have not been
considered as they all have a direct impact on the downstream P7 zone.
Principal components (PCs) represent maximum variance in the set of
samples and therefore describe the spectral factors that changed most
significantly between samples. Here, the parameters considered in the
analysis were Agss, E2/E3, E2/E4, So75_ 295, Sr, BIX and HIX, along with
relative abundance scores (% Fmax) corresponding to the 10 compo-
nents of the two sites P1 and P7.

Analysis of these parameters resulted in two principal components
(PC1 and PC2) that accounted for 88.5% of the total variance in the
dataset (Fig. 9). PC1 explaining 73% of the variance appeared to be
principally related to the size of the fluorescent DOM fractions; it is
positively correlated to BIX and negatively correlated to HIX. The second
component PC2 explaining 15.5% of the variance appeared to concern
the type of pollutant in the water, as reflected by the PARAFAC com-
ponents. PC2 is positively correlated to component C6_P7 and negatively
correlated to component C5_P7.

Fig. 9.a and 9.b show respectively the loading plot of all variables
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and the score plot of all samples onto the PC1 x PC2 plane. These dia-
grams reveal clear differences in DOM composition between the two
sampling points and between the two sampling campaigns. The spatial
shift in DOM appears to be governed essentially by the size of the
chromophores: Waters from the upstream source P1 correlate positively
with HIX and PARAFAC components associated with humic-like mate-
rial. In contrast, waters from the downstream confluence point P7
correlate positively with BIX, reflecting biological/microbial activity at
the sampling point, and with PARAFAC components associated with
either protein-like or pollutant-like materials. Additionally, the absor-
bance at 355 nm indicates the degradation of water quality. Time-course
analysis did not detect any change in DOM at the upstream source P1,
while DOM clearly changed at the downstream confluence point P7. The
sample distribution on the PC1 xPC2 plane clearly shows two sets of
samples according to the sampling campaign. Samples from the first
campaign (March and April 2022) correlated positively with PARAFAC
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plots of all variables and b) score plots of all samples on the PC1 x PC2 plane.
Ellipses represent identifiable sample groups.

component C6_P7, whereas samples from the second campaign (May
and June 2022) correlated with PARAFAC component C5_P7. PARAFAC
component C6_P7 has been associated with a PAH-like fluorophores and
PARAFAC component C5_P7 has been associated with polar phenolic-
like fluorophores. This is not surprising, as the downstream waters at
site P7 were highly impacted by wastes discharged from upstream in-
termediate sites, i.e. P6 and P3. These wastes change according to the
activities of the neighboring WWTP (P6) and the oil mill facility (P3).

Although this statistical analysis did not show any strong positive
correlation with any of the initial spectral factors, the spatial shift in
DOM appears governed by fluorophore size and biological/microbial
activity of the OM, while temporal change appears more related to the
kind of the organic pollution reaching the downstream waters.
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4. Conclusion

This study investigated the combination of UV-Vis. absorption and of
EEM-fluorescence supported by PARAFAC and PCA chemometrics to
track fluorescent DOM in surface waters in Morocco, specifically in the
Ben-Kazza River in the Fez-Meknes region. We addressed two main is-
sues: i) the spatial and temporal changes in DOM across the river subject
to different sources of effluent discharges, and ii) the efficiency of the
lagoon treatment provided by the Ain-Taoujdate WWTP. Our approach
highlighted a surface water that was typical of river water impacted by
wastewater inputs, with significant amounts of protein-like material in
addition to anthropogenic organic pollutants likely related to pesticides,
dyes, PAHs and pharmaceuticals. Moreover, in addition to the spatial
changes in the DOM of the river due to the variability of the in-feeding
sources, we also highlighted temporal changes in DOM due to the
temporal variability in anthropogenic activities around the river area.

The assessment of the efficiency of the lagoon treatment in the
adjacent wastewater treatment plant showed that it removed about 55%
of the DOM and was more efficient on fresh organic material. Humic
material and anthropogenic organic pollutants were more refractory.

Overall, this investigation showed that the combination of UV-Vis
absorption and excitation-emission fluorescence is suitable as a low-
cost approach to: i) monitor real-time changes in DOM along the
watercourse, and ii) assess lagoon WWTP treatment. These analytical
methods, are relevant, cost-effective, and do not require specific high-
level skills. They are ideally suited for rural communities, making
them well positioned to meet the growing need for efficient monitoring
of harmful environmental contaminants in surface waters.

This ongoing investigation is now focusing on the long-term impact
of irrigation by the partially-treated WWTP effluents on the irrigated
agricultural soils.

Environmental implication

This study focused on identifying the sources and distributions of
anthropogenic contaminants from wastewater and partially treated ef-
fluents discharged into the Ben-Kazza River as a surface water. It is based
on crossing UV-Vis absorption, EEM fluorescence and chemometrics.
The high levels of DOM detected at the discharge points correlate with
the occurrence of various pollutants such as phenols, pesticides and
pharmaceuticals. These contaminants pose a risk to livestock drinking
from the river and to agricultural soils irrigated by these surface waters.
The investigation represents a relevant and cost-efficient approach to
monitoring harmful pollutants in surface waters.
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