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A B S T R A C T   

Extracellular polymeric substances (EPS) play a vital role in biological wastewater treatment systems. This study 
investigates the impact of herbicide atrazine (ATZ) on the overall performance, EPS yield, composition, and 
sludge morphology in an activated sludge (AS) system operated in a sequencing batch reactor (SBR). Since 
conventional methods for analyzing EPS are time-consuming and releases residues, a new approach was 
developed in this work to evaluate the EPS fractions and components, based on the morphological character-
ization of the biomass using quantitative image analysis (QIA) technique coupled with multivariate statistics. 

Results showed that exposure to ATZ inhibit biomass activity in terms of organic matter (COD) and nitrogen 
removal. Moreover, both tightly bound EPS (TB-EPS) and loosely bound EPS (LB-EPS) increased under ATZ, 
indicating that microorganisms release EPS as a defense mechanism against environmental changes. The PN/PS 
ratio also increases, indicating likely increased hydrophobicity in ATZ phases. Furthermore, ATZ phases exhibit a 
predominance of large aggregates compared to intermediate and small ones, indicating a change in aggregate 
morphological structure associated with EPS production. The new approach using QIA coupled with partial least 
squares (PLS) modeling provides accurate predictions of EPS content. The increase in TB-EPS is closely related to 
the rise of large aggregates in phases exposed to higher ATZ concentrations. The PLS models demonstrate high 
accuracy for EPS prediction (coefficients of determination, R2 above 0.86), showcasing the feasibility of using 
QIA for EPS assessment in AS systems. This approach offers significant potential for regular process monitoring 
and management, providing a more environmentally friendly methodology by eliminating the need for chemical 
usage.   

1. Introduction 

Emerging compounds are being released into the environment at an 
accelerated rate due to the development and complexity of new products 
manufacturing. Pesticides are widely employed to protect plants from 
diseases, grass weeds and insect damage [1]. Among pesticides, atrazine 
(ATZ) is commonly used in agricultural activities [2]. Since 2004, ATZ 
has been banned for use in the European Union due to concerns over its 
environmental and health impacts but is still found in groundwater [3]. 
However, despite this ban, ATZ continues to be used in the United States, 
as it was recently reapproved for use in the fall of 2020 [4]. As a 
consequence, ATZ can be found in wastewater treatment plants (WWTP) 

and natural aquatic environments [5]. Improper discharges from fac-
tories, containing highly variable concentrations from 0.1 to 107 mg L− 1 

of these substances, are a significant source of emerging compounds in 
WWTP and water bodies [6]. Research on the impacts of ATZ in bio-
logical wastewater treatment (WWT) is therefore essential, especially in 
activated sludge (AS), the main biological process employed worldwide. 

Extracellular polymeric substances (EPS) are defined as biopolymers 
of microbial origin which in microbial aggregate systems are frequently 
responsible for binding cells and other particulate materials [7]. Loosely 
bound (LB-EPS) and tightly bound (TB-EPS) are EPS fractions, composed 
mainly by their components, proteins (PN) and polysaccharides (PS). 
Different roles can be attributed to EPS components influencing the 
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chemical properties of the aggregates surface, where the PN/PS ratio has 
been reported as an indicator of hydrophobicity and PN is the leading 
contributor to this characteristic [8,9]. The features of EPS make them 
well-suited to take part in the biosorption process by interacting with 
hazardous molecules, like ATZ, through their functional groups, and 
allowing bacterial cells to degrade these substances [10]. Additionally, it 
was previously found that EPS fractions have distinct responses to 
changes in the microorganisms’ environment. Many studies have stated 
that increasing EPS concentration, mainly in the form of LB-EPS, appears 
to have a negative effect on bioflocculation properties causing a dete-
rioration in cell adhesion and weakened the aggregate structure, 
decreasing the capacity of biomass-water separation [11,12]. 

To assess EPS fractions and components, various extraction methods 
are commonly employed, along with conventional analytical tech-
niques. These methods are preferred due to their wide availability and 
established nature compared to more advanced approaches like micro-
scopy or spectroscopy [13]. Nonetheless, the chemical quantification of 
EPS is a time-consuming process that generates chemical waste. Hence, 
it is imperative to innovate and develop environmentally friendly 
monitoring tools. 

Quantitative image analysis (QIA) has proven to be a successful tool 
in studying AS characteristics. Given the multitude of variables inherent 
in AS monitoring, including operational and QIA parameters, the 
importance of multivariate statistics, such as partial least squares (PLS), 
has increased significantly. PLS is specifically designed to manage large 
datasets, making it particularly valuable for investigating complex bio-
logical processes. In this context, PLS coupled to QIA, has been applied 
in AS systems to estimate effluent chemical oxygen demand (COD), 
ammonia (N-NH+

4 ), and nitrate (N-NO-
3) concentrations [14]. More 

recently, in aerobic granular sludge a QIA-based methodology coupled 
to PLS was used, and it was found good assessment abilities for the 
effluent COD, N-NH+

4 , N-NO-
2, N-NO-

3, salinity (Cl-), and total suspended 
solids (TSS) [15]. 

To overcome the limitations of standard analytical techniques, the 
current study explores a cutting-edge monitoring approach centered on 
QIA. This method incorporates chemometrics to integrate image-based 
parameters assessing biomass structure with traditionally determined 
EPS fractions and components, aiming to gain a deeper understanding of 
the complex interactions within the biomass. 

2. Material and methods 

2.1. Reactor setup and operation 

A lab-scale SBR with a 2 L working volume was operated at room 
temperature (19.5 ± 2.5 ◦C) in cycles of 6 h as follows: 40 min feeding, 
240 min aeration, 40 min sludge settling, and 40 min effluent discharge. 
Oxygen was supplied (air flow of 2 L min− 1) at the bottom during 
aeration phase to ensure good mixing and saturation with dissolved 
oxygen. The SBR was inoculated with AS from a municipal WWTP at an 
initial concentration of 3000 mg/L of mixed liquor suspended solids 
(MLSS). The sludge retention time was set at approximately 10 days, and 
the hydraulic retention time was 12 h with a volumetric exchange ratio 
of 50 %. The reactor was operated at a pH of 7.0 ± 0.6, on average. In 
the feeding phase, the reactor received a one-litre addition of a synthetic 
medium containing NaCH3COO⋅3H2O (1.450 g L− 1), NH4Cl (0.120 g 
L− 1), K2HPO4 (0.028 g L− 1), MgSO4⋅7H2O (0.030 g L− 1), CaCl2⋅2H2O 
(0.07 g L− 1), KCl (0.015 g L− 1) and a concentrated trace solution (3.5 
mL L− 1) consisting of: FeCl3⋅6H2O (1.5 g L− 1); H3BO3 (0.15 g L− 1); 
CuSO4⋅5H2O (0.03 g L− 1); KI (0.18 g L− 1); MnCl2⋅4H2O (0.12 g L− 1); 
Na2MoO2⋅2H2O (0.06 g L− 1); ZnSO4⋅7H2O (0.12 g L− 1); CoCl2⋅6H2O 
(0.25 g L− 1). The SBR was operated for 139 days: phase I (32 days, day 
0 to 32) in the absence of ATZ, phase II (32 days, day 35–67), phase III 
(33 days, day 70–103), and phase IV (33 days, day 106–139) containing 
ATZ concentrations of 2.1 ± 0.06, 6.1 ± 1.2 and 12.5 ± 2.6 mg L− 1 

each. 

2.2. Analytical methods 

Chemical oxygen demand (COD), ammonium (N-NH+
4 ), nitrite (N- 

NO-
2), and nitrate (N-NO-

3) were determined with Hach Lange cell tests 
(Hach-Lange GmbH, Dusseldorf, Germany). A Hach Lange HT 200 S 
thermostat and a Hach Lange DR 2800 spectrophotometer were used in 
this analysis. The total inorganic nitrogen (TIN) concentration in the 
influent was assumed to be equal to the ammonium concentration, while 
the TIN in the effluent was determined as the sum of ammonium, nitrite, 
and nitrate concentrations. MLSS, mixed liquor volatile suspended solids 
(MLVSS) and the sludge volume index at 30 min (SVI) were determined 
in accordance to standard methods [16]. 

The analysis of ATZ was performed using a Shimadzu apparatus 
(Shimadzu Corporation, Tokyo, Japan) comprising a Nexera UHPLC 
system with a Kinetex 5 μ EVO C18 column (150 × 4.6 mm i.d.) provided 
by Phenomenex, Inc. (CA, USA). The system includes a multi-channel 
pump (LC-30 CE), an autosampler (SIL-30AC), an oven (CTO-20AC), a 
diode array detector (M-20A), and a system controller (CBM-20A) with 
built-in software (LabSolutions). The mobile phase consisted of water 
(pump A) and acetonitrile (pump B). An isocratic method was employed 
using 15 % A and 85 % B. The flow rate was set to 1.0 mL min− 1. The 
samples were monitored in the range of 190–400 nm, and chromato-
grams were extracted at 220 nm. The column oven was maintained at 
25 ◦C, and the injection volume was 30 μL [17]. 

2.3. EPS extraction and quantification 

LB-EPS and TB-EPS were extracted from sludge using a heat 
extraction method. Initially, a sludge suspension was dewatered through 
centrifugation (5810 R, Eppendorf) in a 40 mL tube at 8000 g for 5 min. 
The resulting sludge pellet was then resuspended in a 100 mM NaCl 
solution, maintaining the original volume of 40 mL, with the NaCl so-
lution having a salinity similar to that of the SBR reactor solution. To 
ensure rapid heating of the sludge suspension, the NaCl solution for 
dilution was preheated to 70 ◦C, thereby achieving a temperature of 
50 ◦C for the sludge suspension. The sludge suspension was sheared 
using a vortex mixer for 1 min and subsequently centrifuged at 4000g for 
10 min. The organic matter present in the supernatant was considered as 
the readily extractable EPS, representing the LB-EPS. For TB-EPS 
extraction, the remaining sludge pellet in the centrifuge tube was re- 
suspended in a 100 mM NaCl solution to its original volume of 40 mL. 
The sludge suspension was then heated to 60 ◦C in a water-bath for 30 
min, after which the mixture was centrifuged at 12,000g for 20 min at 
4 ◦C. The collected supernatant was considered as the TB-EPS extraction 
of the sludge. All supernatant samples were filtered using 0.45 μm ac-
etate cellulose membranes. For each fraction, PS and PN were analyzed 
using colorimetric methods, resulting in the determination of poly-
saccharides in loosely bound EPS (PS LB-EPS), proteins in loosely bound 
EPS (PN LB-EPS), ratio between proteins and polysaccharides in loosely 
bound EPS (PN/PS LB-EPS), polysaccharides in tightly bound EPS (PS 
TB-EPS), proteins in tightly bound EPS (PN TB-EPS) and ratio between 
proteins and polysaccharides in tightly bound EPS (PN/PS TB-EPS). The 
sum of LB-EPS (PN LB-EPS + PS LB-EPS) and TB-EPS (PN TB-EPS + PS 
TB-EPS) was also assessed as Total EPS. The PN analysis was performed 
using a UV/VIS spectrophotometer (DR 500 Hach Lange, Dusseldorf, 
Germany), following the modified Lowry method with bovine serum 
albumin (BSA) as the standard. The PS content was determined using the 
anthrone-sulfuric acid method, employing glucose as the standard [18]. 

Three-dimensional excitation-emission matrix (3D-EEM) fluores-
cence was also used to analyze the extracted EPS samples. Fluorescence 
regional integration, a quantitative technique that integrates the volume 
below an EEM was applied to analyze EEMs, resulting in the percent 
fluorescence response (Pi,n) of the organic compounds, as protein-like 
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substances [19]. The 3D-EEM spectra were collected according to [20]. 
A luminescence spectrophotometer (Aqualog, Horiba) and the software 
Origin 8.0 were used to collect and process the spectra from EPS sam-
ples, respectively. 

2.4. Image acquisition, processing, and analysis 

A volume of 10 μL, of a sample collected at the beginning of the 
aeration phase, was placed on a slide and 50 images were acquired in the 
upper, middle and bottom of the slide, resulting in a total of 150 images 
(3 × 50 images per slide). An Olympus BX51 microscope (Olympus, 
Shinjuku, Japan) at 40 × magnification, coupled to an Olympus DP72 
camera (Olympus, Tokyo, Japan), was used for visualization and 
acquisition. Images were then acquired with cellSens software 
(Olympus, Shinjuku, Japan) in 1360 × 1024 pixels and 8-bit format. 
Matlab 9.2 (The Mathworks, Inc., Natick, USA) was used to process all 
acquired images. Detailed description of these routines can be found 
elsewhere [14,21]. From the resulting binary images, aggregates and 
filaments were characterized. Aggregates were divided into 3 size clas-
ses according to their equivalent diameter (Deq): small (<25 μm), in-
termediate (25–250 μm), and large (>250 μm). The parameters obtained 
from the processed images can be found in the supplementary infor-
mation (SI, Section 1, Table S1.1). Furthermore, the total filaments 
length per mixed liquor suspended solids (TL/MLSS) parameter was also 
assessed, given that it is considered a valuable parameter in QIA. 

2.5. Multivariate statistical analysis 

In order to extract additional, uncorrelated components (latent 
vectors), from the original input dataset, relevant to the output param-
eter(s) model, PLS, a linear multivariate statistical approach is 
frequently applied [22]. PLS was used to assess EPS fractions and 
components (Y), namely LB-EPS, PS LB-EPS, PN LB-EPS, TB-EPS, PS TB- 
EPS, PN TB-EPS, and Total EPS, using 51 parameters (SI, Section 2, 
Table S2.1). Two different PLS analysis were fed with the acquired data, 
PLS-1 considering all experimental observations (n = 60, composed the 

X matrix) and PLS-2 considering each phase as an independent model (n 
= 15, composed the X matrix). Tables 1 and 2 present the selected 
variables and variable importance in the projection (VIP) values for each 
PLS model describing the different EPS types. The first step employed for 
modeling the EPS was the PLS analysis using the raw dataset containing 
all QIA variables. The variables were sorted by the highest VIP values, 
with cross-correlation performed next to eliminate one variable for each 
pair representing a correlation factor above 0.9. The second step was to 
perform the PLS analysis again and select the latent variables (LV) with 
the highest VIP values [15]. After modelling each individual phase, a 
correlation regression was performed combining the ensemble of the 
individually obtained results for each phase. For each PLS analysis, the 
prediction model regression equation, coefficient of determination (R2), 
root mean square error of prediction (RMSEP), and residual prediction 
deviation (RPD) values were determined. The models’ limits of appli-
cability (minimum and maximum) for each studied EPS fraction and 
component were also identified. PLS was performed with Matlab 9.2 
software (The MathWorks, Inc. Natick, USA). 

3. Results and discussion 

3.1. Reactor performance 

Data on SBR performance in terms of COD, TIN, and ATZ removal 
efficiencies can be found in the supplementary material (SI, Section 3, 
Table S3). Briefly, the obtained results suggest that both organic matter 
and TIN removal were affected under ATZ exposure, showing a high 
variability in removal efficiencies. The sudden decrease in COD and N- 
NH4

+ in the beginning of each phase can be attributed to ATZ addition 
causing a temporary shock to the microorganisms due to the sudden 
change in the concentration and composition of feeding solutions [23] 
(SI, Section 3, Fig. S3.1). The larger impact on TIN removal efficiency 
indicates a higher effect on the nitrification, denitrification, and/or 
assimilation capacity of AS exposed to ATZ (SI, Section 3, Fig. S3.1). The 
results from ATZ removal efficiency (46.7 %, on average) indicate that 
microorganisms involved in ATZ biodegradation may prevail in the 

Table 1 
Selected variables and VIP values for PS and PN LB-EPS, PS and PN TB-EPS, LB-EPS, TB-EPS, and total EPS for the global PLS regression models.  

GLOBAL DATA 

PS LB-EPS PN LB-EPS PS TB-EPS PN TB-EPS LB-EPS TB-EPS TOTAL EPS 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

Eccint  1.60 %Nbint  1.43 Deqsml  1.45 Widthint  1.49 %Nbint  1.44 Lengthint  1.44 Area/Volint  1.43 
Deqint  1.36 LrgCsml  1.34 RelArealarg  1.25 Sollarg  1.48 Lengthint  1.43 Area/Vollarg  1.37 %Nblarg  1.35 
Complarg  1.27 Solsml  1.27 Lengthsml  1.24 %Nblarg  1.28 Eccint  1.38 Sollarg  1.32 Sollarg  1.34  

Extsml  1.15 Roundlarg  1.24 Robsml  1.22 RelArealarg  1.26 FFsml  1.33 Areasml  1.29 Lengthint  1.33 
LrgClarg  1.12 %Aint  1.15 Area/Volint  1.15 Widthsml  1.23 Solint  1.22 RelArealarg  1.19 Area/Vollarg  1.24 
Robint  1.10 TL/MLSS  1.14 Roblarg  1.11 Area/Volint  1.11 Persml  1.19 Area/Volint  1.17 %Nbint  1.21 
Nbfil/Vol  1.03 LrgCint  1.08 Extint  1.07 TL/MLSS  1.11 Area/Vollarg  1.06 Lengthsml  1.12 FFsml  1.16  

Areasml  1.01 Persml  1.06 Sollarg  1.04 Roblarg  1.07 LrgCsml  0.98 TL/MLSS  1.11 RelAreaint  1.02 
Widthlarg  1.00 Nb/Vollarg  0.95 FFlarg  1.01 Lengthsml  1.00 RelAreaint  0.95 %Nblarg  1.07 FFint  1.01 
TA/Vol  0.98 Eccint  0.94 Convint  1.00 Nb/Vollarg  0.98 Nbfil/Vol  0.91 Ecclarg  0.99 TL/TA  0.98 
LrgCsml  0.93 FFint  0.92 TL/MLSS  0.98 %Nbiint  0.92 Area/Volint  0.88 Extsml  0.92 Eccint  0.93  

%Nblarg  0.93 %Nblarg  0.90 Area/Vollarg  0.96 TA/Vol  0.90 Sollarg  0.86 Deqlarg  0.81 LrgCsml  0.89 
%Aint  0.92 Nb/Volint  0.89 %Nblarg  0.91 Arealarg  0.80 FFlarg  0.82 RelAreaint  0.80 Ecclarg  0.87 
Perint  0.90 Convlarg  0.86 Extsml  0.86 FFlarg  0.78 Convlarg  0.75 Perlarg  0.77 Eccsml  0.86 
RelArealarg  0.72 Robsml  0.82 Lengthint  0.83 Perlarg  0.73 Robsml  0.75 Ecclarg  0.71 FFlarg  0.69  

Robsml  0.72 RelAreaint  0.79 Perlarg  0.75 FFsml  0.67 TA/Vol  0.73 Lengthlarg  0.66 Convint  0.66 
Nb/Volint  0.71 TA/Vol  0.78 Eccint  0.74 %Asml  0.64 Ecclarg  0.72 Eccint  0.65 Ecclarg  0.60 
Roblarg  0.69 Roblarg  0.66 Ecclarg  0.68 Eccsml  0.64 Complarg  0.72 FFlarg  0.64 RelArealarg  0.58 
Perlarg  0.68 Widthsml  0.63 Widthlarg  0.64 LrgCsml  0.58 %Nblarg  0.60 Extlarg  0.63 Arealarg  0.50 
FFlarg  0.59 FFlarg  0.63 Convlarg  0.62 Robint  0.52 Lengthlarg  0.49 Robsml  0.58 Perlarg  0.43  
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Table 2 
Selected variables and VIP values for PS and PN LB-EPS, PS and PN TB-EPS, LB-EPS, TB-EPS, and total EPS for the PLS regressions for phases I-IV.  

PS LB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

LrgClarg 1.66 Robsml 1.48 Eccsml 1.36 Ecclarg 1.60 
Complarg 1.16 TL/Vol 1.42 Widthlarg 1.10 Area/Volint 1.28 
TNb/Vol 1.11 Nb/Vollarg 1.29 %Alarg 1.07 Convint 1.09 
Lengthint 1.00 LrgCint 0.95 %Aint 1.07 Roblarg 1.02 
%Aint 0.88 Lengthlarg 0.93 Sollarg 1.05 TL/TA 1.01 
Nb/Volint 0.86 Nbthn/Vol 0.85 RelArealarg 0.90 LrgCint 0.91 
Area/Volint 0.85 TL/TA 0.72 LrgClarg 0.89 RelAreaint 0.72 
Area/Vollarg 0.76 FFsml 0.64 Eccint 0.87 Convlarg 0.71 
Ecclarg 0.71 RelAreaint 0.62 Roblarg 0.79 TA/Vol 0.70 
Areaint 0.58 Deqlarg 0.53 Perlarg 0.75 LrgClarg 0.49  

PN LB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

Eccint 1.89 LrgCint 1.46 Solsml 1.38 FFsml 1.47 
Ecclarg 1.47 RelAreaint 1.23 LrgClarg 1.37 Ecclarg 1.05 
RelArealarg 0.94 Deqlarg 1.20 Eccint 1.28 FFlarg 1.05 
Deqlarg 0.92 Robsml 1.11 %Nblarg 0.92 Area/Vollarg 1.04 
RelAreaint 0.87 LrgCsml 0.91 RelArealarg 0.87 Nb/Volint 0.99 
Perlarg 0.73 Lengthint 0.90 Convlarg 0.86 Nbfil/Vol 0.99 
Convlarg 0.69 Robint 0.87 Perlarg 0.80 Extlarg 0.98 
%Aint 0.58 Nb/Vollarg 0.79 Lengthlarg 0.76 Perlarg 0.85 
Area/Volsml 0.58 Convlarg 0.67 Extint 0.73 Convint 0.75 
Roblarg 0.27 TA/Vol 0.47 Arealarg 0.70 Widthlarg 0.62  

PS TB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

%Nblarg 1.48 Eccsml 1.43 Convlarg 1.62 FFlarg 1.31 
TL/MLSS 1.47 Widthsml 1.26 Convint 1.41 Perlarg 1.29 
Ecclarg 1.40 Widthlarg 1.11 Roundsml 1.10 Deqsml 1.24 
Roblarg 1.18 Nb/Vollarg 1.10 %Alarg 0.97 %Nblarg 1.14 
Areasml 1.13 Solsml 1.04 %Aint 0.94 %Nbint 1.00 
RelAreaint 0.53 %Aint 0.95 Robsml 0.88 Nb/Volint 0.87 
Convsml 0.51 %Alarg 0.88 Perlarg 0.76 Eccsml 0.82 
TA/Vol 0.50 Ecclarg 0.68 Extint 0.63 Lengthsml 0.68 
Widthsml 0.45 LrgCint 0.67 Arealarg 0.56 TA/Vol 0.66 
Widthint 0.16 Perlarg 0.50 Lengthlarg 0.54 TL/TA 0.65  

PN TB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

Widthint 1.61 Widthsml 1.46 Convint 1.70 Nb/Volint 1.34 
RelAreaint 1.57 Nb/Vollarg 1.18 Roundsml 1.33 Lengthsml 1.27 
TL/MLSS 1.19 Widthlarg 1.13 LrgCsml 1.06 %Nbsml 1.15 
%Alarg 0.94 Compsml 1.10 Ecclarg 0.97 Nbfil/Vol 1.03 
TL/TA 0.89 FFsml 1.03 Robsml 0.96 Deqsml 1.02 
LrgCsml 0.81 Nbthn/Vol 0.88 TA/Vol 0.86 FFlarg 0.96 
Convsml 0.70 Convlarg 0.84 Area/Vollarg 0.81 %Nblarg 0.80 
%Nblarg 0.54 Solsml 0.78 Arealarg 0.66 Convlarg 0.78 
Roblarg 0.48 Compint 0.74 Convlarg 0.59 Area/Vollarg 0.72 
Nb/Vollarg 0.48 TL/TA 0.54 Perlarg 0.42 %Alarg 0.68  

LB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

Eccint 1.63 LrgCint 1.39 Eccint 1.55 FFsml 1.38 
Areasml 1.26 Compint 1.23 Convlarg 1.09 Arealarg 1.36 
Arealarg 1.21 Robsml 1.02 Sollarg 1.09 Nbfil/Vol 1.25 
Robsml 0.99 Robint 1.01 Solsml 1.07 Widthlarg 1.22 
RelArealarg 0.99 Deqlarg 0.98 Extint 1.06 Areaint 0.94 
Ecclarg 0.80 Nblarg 0.98 Lengthlarg 0.96 Ecclarg 0.93 
Convlarg 0.75 Convlarg 0.94 Arealarg 0.87 Roblarg 0.85 

(continued on next page) 

A. Melo et al.                                                                                                                                                                                                                                    



Separation and Purification Technology 349 (2024) 127831

5

system (SI, Section 3, Fig. S3.1). Previous studies have reported ATZ 
removal efficiencies above 47 % [23], and of 51 % [24], which aligns 
with the results obtained in the present work. 

3.2. EPS fractions and components 

LB-EPS and TB-EPS in the biomass were monitored throughout the 
experimental phases (Fig. 1). It became evident that ATZ exposure 
affected the EPS fractions. LB-EPS increased from phase I to phase II and 
from phase III to phase IV, while TB-EPS increased from phase I to phase 
IV (Fig. 1a). The presence of toxic substances is known to intensify EPS 
production, reducing damage to microbial [25–27]. Additionally, LB- 
and TB-EPS might interact differently with herbicide compounds [28]. 
The PN/PS ratio has been used as an indicator of EPS fractions’ relative 
hydrophobicity [29,30], with all PN/PS ratio fractions exhibiting an 
increase following the addition of ATZ (Fig. 1a; SI, Section 3, 
Table S3.2). Consequently, significant differences (p < 0.05) in the PN/ 
PS EPS ratio were observed between phase I and phases II–IV (SI, Section 
3, Table S3.2), indicating an increased hydrophobicity of the sludge 
surface due to changes in the PN content. Our findings revealed the 
substantial impact of elevated ATZ concentrations on microbial activity 
and EPS composition, particularly LB-EPS. Microscopic analysis, out-
lined in the SI (Section 3, Fig. S3.2), unveiled noticeable alterations in 
microbial structure. Notably, exposure to ATZ led to the suppression of 
filamentous bacteria and an increase in the prevalence of large aggre-
gates. These observed changes likely contributed to the variations in LB- 
EPS values. Consequently, during phase IV, the production of PS resulted 
in a reduction in the PN/PS ratio of LB-EPS. Thus, the adaptability of 
microorganisms to toxic compounds likely facilitated increased EPS 
release, consequently altering its composition [31], potentially affecting 

the stability and structure of biomass aggregates [32]. Moreover, the 
findings presented in this study align with those previously mentioned. 

Fig. 1b, c shows the LB-EPS and TB-EPS components. Oxidative stress 
is one of the reported adverse effects of ATZ in microorganisms, being 
also observed significant changes in their metabolism in response to ATZ 
exposure. Existing literature indicates that amino acids serve to protect 
against oxidative stress by enhancing and stabilizing redox enzyme [33], 
and may additionally function as a defensive mechanism against protein 
oxidation [34]. Moreover, EPS has been identified as a protective 
mechanism to alleviate toxicity, such as oxidative stress, triggered by the 
concurrent presence of perfluorooctanoic acid and polystyrene micro-
plastics [35]. The overall results for LB-EPS and TB-EPS components 
suggest that the addition of ATZ favored the increase of hydrophobic 
regions in EPS [29,36,37] since PN/PS ratio results were more 
remarkable in the phases with ATZ addition than in phase I. It was 
further calculated that the percent fluorescence response of protein-like 
substances remained almost stable for phases I, II and IV, increasing 
during phase III for LB-EPS and decreasing for TB-EPS (SI, Section 3, 
Table S3.3). In the presence of ATZ, it is possible to observe that the 
percent fluorescence response values of protein-like substances, only for 
TB-EPS, were consistently below the values obtained without ATZ, 
suggesting that protein-like substances were quenched in the presence of 
ATZ. Moreover, the results obtained for LB-EPS indicate that this frac-
tion of the biopolymers did not interact with ATZ, which explains the 
increase in the percent fluorescence response in phase III. Indeed, PN 
might dominate the interaction between ATZ and EPS due to the pres-
ence of more potential adsorption sites for ATZ adsorption than PS. 
Furthermore, PN contains more functional groups than PS, such as ar-
omatic amino acid substances, favoring the formation of an ATZ-EPS 
complex [38], thus giving a protective response of bacteria under ATZ 

Table 2 (continued ) 

PS LB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

Complarg 0.68 Lengthsml 0.92 LrgClarg 0.75 TL/TA 0.58 
LrgCsml 0.64 TA/Vol 0.73 Eccsml 0.67 TL/MLSS 0.51 
Roblarg 0.54 LrgCsml 0.54 Widthsml 0.50 Extlarg 0.35  

TB-EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

RelAreaint 1.37 Widthsml 1.59 Convint 1.65 FFint 1.25 
Ecclarg 1.35 Widthlarg 1.41 Roundsml 1.14 %Nbsml 1.23 
Arealarg 1.29 Eccsml 1.20 Extint 1.10 Nbfil/Vol 1.21 
Roblarg 1.09 LrgCsml 0.99 %Alarg 0.91 Deqsml 1.16 
Complarg 1.03 Extsml 0.97 LrgClarg 0.90 FFsml 1.16 
TA/Vol 0.98 Nbint/Vol 0.93 Convlarg 0.88 Lengthsml 0.84 
TL/MLSS 0.77 Roblarg 0.69 LrgCsml 0.85 Perint 0.82 
Nb/Vollarg 0.59 Persml 0.59 Robsml 0.84 %Nblarg 0.76 
Widthint 0.53 Convlarg 0.53 Arealarg 0.71 Eccsml 0.72 
Convsml 0.46 LrgClarg 0.39 TA/Vol 0.66 %Alarg 0.52  

Total EPS 

Phase I Phase II Phase III Phase IV 

Parameters VIP Parameters VIP Parameters VIP Parameters VIP 

Nbint/Vol 1.74 Nbint/Vol 1.59 RelArealarg 1.58 FFlarg 1.31 
Area/Vollarg 1.19 Roundsml 1.48 %Aint 1.11 Nb/Volint 1.26 
Roblarg 1.10 Eccint 1.36 Eccint 1.08 Extlarg 1.26 
Widthlarg 1.07 Widthsml 1.01 %Alarg 1.07 Complarg 1.23 
%Aint 1.01 Ecclarg 0.87 Roundsml 1.07 Convint 1.16 
LrgCsml 0.80 LrgCint 0.82 Arealarg 1.04 Arealarg 0.94 
%Nblarg 0.76 LrgCsml 0.58 Sollarg 0.85 Ecclarg 0.69 
Perlarg 0.73 Widthlarg 0.57 Nb/Vollarg 0.61 FFint 0.67 
Nb/Vollarg 0.68 Roundint 0.45 Robsml 0.61 Areaint 0.60 
Convsml 0.34 Perlarg 0.32 Compsml 0.52 Nb/Vollarg 0.31  
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exposure. 

3.3. Settling ability and quantitative image analysis 

The settling ability and morphological changes of AS during ATZ 
exposure were also assessed (Fig. 2). The TL/MLSS, a valuable param-
eter determining the relationship between the presence of free fila-
mentous bacteria and aggregates [21], decreased mainly in the first two 
experimental phases, consistently falling below the threshold value of 
10,000 mm mg− 1 MLSS reported by [39]. This indicates the absence of 
possible filamentous bulking phenomena (Fig. 2a). Additionally, the 
settling ability of AS evolved throughout the different phases, with SVI 
varying from 167 to 68 mL g− 1 MLSS (Fig. 2a). The sludge exhibited 
poor settling ability when SVI values were higher than or close to 150 
mL g− 1 MLSS, observed mainly during phase I and until the middle of 
phase II. This result suggests that factors beyond filamentous content 

influenced the sludge settling properties [40]. Interestingly, data from 
phase II demonstrate a positive correlation between LB-EPS and SVI 
results (SI, Section 3, Table S3.4). Considering the significance of EPS in 
the formation of sludge flocs, it is essential to recognize that an over-
abundance of LB-EPS may impair cell attachment and weaken the floc 
structure. This phenomenon often leads to suboptimal sludge-water 
separation [12]. The increase in LB-EPS content observed during 
phase II probably disrupted the microenvironment of floccular sludge, 
intensifying the degradation of the sludge floc structure and reducing 
the settling capacity of AS. However, as the phases progressed, SVI 
values decreased, reaching the lowest value of 68 mL g− 1 MLSS during 
phase IV. 

The aggregates area distribution, presented in Fig. 2b, reveals a 
significant presence of intermediate aggregates during phase I (%Aint of 
81.2 ± 4.7 %, on average). In phase II, the behavior was opposite for 
large and intermediate aggregates. While %Aint decreased to 50.6 ± 1.7 

Fig. 1. EPS fractions and components during the SBR operation. LB-EPS, TB-EPS and total PN/PS ratio (a), PS, PN, and PN/PS ratio of the LB-EPS fraction (b), PS, PN, 
and PN/PS ratio of the TB-EPS fraction (c). 
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%, the %Alarg increased to 42.3 ± 3.8 %. From the beginning of phase III 
(day 74) until the end of phase IV, there was a notable presence of large 
aggregates (%Alarg from 48.2 ± 5.2 % to 64.0 ± 5.8 %) especially in 
phases III and IV exposed to higher ATZ concentrations. This rise in large 
aggregates seems to be closely related to the increase in TB-EPS and total 
EPS production. The evolution of the aggregates structure across all 
phases can be observed in the supplementary information (SI, Section 3, 
Fig. 3.2). 

Furthermore, aggregates were morphologically characterized based 
on solidity (Sol, Fig. 2c), convexity (Conv, Fig. 2d), and eccentricity 
(Ecc, Fig. 2e). In general, intermediate aggregates exhibited compact 
and elongated structures with regular boundaries (high Sol, Ecc, and 
Conv values, respectively) across all phases. On the other hand, large 
aggregates became more compact (Sol values increased from 0.57 to 
0.84), and their boundaries became smoother within phase I, though 
they could still be considered irregular (low Conv) across all phases 
(Fig. 2c, d). As for the intermediate aggregates, large aggregates pre-
sented somewhat elongated structures, though with increased vari-
ability (Fig. 2e). The results obtained allowed us to infer a positive 
impact of the EPS changes across the different phases on the AS settling 
ability, sludge structure, and morphology. This research aligns with 
previous studies demonstrating the influence of AS aggregates’ surface 
chemical properties, such as different EPS fractions and components (PS, 
PN, LB-EPS, TB-EPS, and PN/PS ratios), on the sludge settling ability 

[11,40,41]. 

3.4. Variable reduction and VIP 

In this work, PLS was used to assess PS and PN LB-EPS, PS and PN TB- 
EPS, LB-EPS, TB-EPS and total EPS. 

In PLS-1, the primary variables (VIP > 0.80) used for modeling all 
EPS forms are related to morphological descriptors, which is evident 
from the consistently high VIP values across all PLS models (PS and PN 
LB-EPS, PS and PN TB-EPS, LB-EPS, TB-EPS, and total EPS), as presented 
in Table 1. Following the morphological descriptors, the aggregates 
content descriptor constitutes the second most influential group 
contributing to the PLS models, encompassing 3–5 variables. Interest-
ingly, the percentage of aggregates per class (%Nb) significantly influ-
enced all PLS models with VIP values greater than 0.90. Specifically, for 
PN LB-EPS and LB-EPS, the intermediate class %Nb had the highest 
contribution to the model with VIP values of 1.43 and 1.44, respectively. 
Regarding the descriptor group of filamentous bacteria, the variable TL/ 
MLSS was the most impactful in building the PLS regression models for 
PN LB-EPS, PS TB-EPS, PN TB-EPS, and TB-EPS. In contrast, for PS LB- 
EPS and LB-EPS, the number of filaments per volume (Nbfil/Vol) 
played a more significant role, presenting VIP values of 1.03 and 1.44, 
respectively. Moreover, TL/TA, with a VIP value of 0.98, emerged as 
more significant in the total EPS PLS model. 

Fig. 2. AS profile during SBR operation. TL/MLSS and SVI (a), Area percentage of aggregates, %Asml, %Aint, and %Alarg (b), Solidity of aggregates, Solint and Sollarg 
(c), Convexity of aggregates, Convint and Convlarg (d), Eccentricity of aggregates, Eccint and Ecclarg (e). 
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Regarding PLS-2, the role of different descriptor groups for EPS 
assessment can be observed in Table 2. The morphological characteris-
tics and aggregates content descriptor groups predominated across all 
PLS models, contributing with a higher number of variables with VIP >
0.80. The filamentous bacteria content descriptor group appeared in 9 
out of 28 PLS models for EPS content assessment, contributing solely 
with up to 2 variables per model with VIP > 0.80. For the LB-EPS 
fraction, the aggregates morphological descriptor group accounted for 
4 variables in phase I, 5 variables in phase II, 5 variables in phase III, and 
3 variables in phase IV, with VIP > 0.80. Additionally, 2 variables from 
the aggregates content descriptor group with VIP > 0.80 appeared in the 
PLS models for phases I and IV, and 1 variable for phases II and III. Only 
1 variable from the aggregates size descriptor group presented a VIP >
0.80 for phases II, III, and IV, and 1 variable from the filamentous 
bacteria content descriptor group for phase IV. Concerning the PS LB- 
EPS component, and for all phases, the variables from the aggregates 
morphological and content descriptor groups were the most relevant. 
For phases I, II, and III, a single variable from the aggregates size 
descriptor group presented a VIP > 0.8, whereas the filamentous bac-
teria content descriptor group also contributed to the models with VIP >
0.8 for phases II and IV. For the PN LB-EPS models, the variables that 
contributed the most were again from the aggregates morphological 
descriptor group (4 to 5 variables) for all phases. The aggregates content 
descriptor group accounted for only 1 and 2 variables with VIP > 0.8 for 
phase III and IV, respectively. On the other hand, a single variable from 
the aggregates size descriptor group presented a VIP > 0.8 for phase I, 2 
variables for phase II, and 1 variable for phase III, whereas the fila-
mentous bacteria content descriptor group accounted for a single vari-
able with VIP > 0.8 for phase IV. 

For the TB-EPS fraction, variables with a VIP > 0.8 were obtained 
from both the aggregates morphological and content descriptor groups, 
influencing the models for all phases. Additionally, the aggregates size 
descriptor group influenced the PLS models for phases II and IV, and the 
filamentous bacteria content descriptor group for phase IV. Both the 
aggregates morphological and content descriptor groups presented at 
least 2 variables with a VIP > 0.8 for PS TB-EPS across all phases. 
Additionally, 2 variables from the aggregates size descriptor group 
presented a VIP > 0.8 for phases II and IV. Interestingly, TL/MLSS, a 
variable from the filamentous bacteria content descriptor group, pre-
sented a VIP value of 1.47, largely contributing to the PS TB-EPS PLS 
model of phase I. Moreover, three out of the four descriptor groups 
(aggregates morphology, aggregates content, and filamentous bacteria 
content) impacted the PLS models for PN TB-EPS. In contrast, the ag-
gregates size descriptor group only contributed for phases II and IV with 
2 variables presenting a VIP > 0.8. 

Regarding the total EPS, a single variable from the filamentous 
bacteria content descriptor group presented the highest VIP values of 
1.74 and 1.59 for phases I and II, respectively. On the other hand, the 
aggregates morphological descriptor group was the most suited for 
assessing total EPS, with the higher number of variables presenting a 
VIP > 0.8 across all phases. Furthermore, the aggregates size descriptor 
group also influenced the prediction of total EPS, mainly in phases I and 
II, whereas the aggregates content descriptor group impacted phases I, 
III, and IV. 

So far, it is well-established that EPS play a crucial role in the for-
mation of flocs (aggregates), facilitating hydrophobic interactions and 
binding floc constituents, which may be associated with their morpho-
logical characteristics [42]. Additionally, higher EPS quantities have 
been linked to larger flocs [43], and EPS are known to participate in the 
granulation processes, contributing to the maintenance of granule 
structure, indicating their involvement in changes in aggregates’ size 
[44]. Furthermore, it has been recognized that specific EPS components, 
rather than just the overall amount of EPS, play a significant role in 
determining differences in sludge morphology [44–46]. 

PN has been reported to influence microbial cell aggregation and the 
alteration of hydrophobic interactions between microbial cells [47]. In 

line with this [44] identified PN, particularly β-sheets, as critical factors 
in causing changes in sludge size during the sludge granulation process. 
Additionally, hydrophobicity, often measured by the PN/PS ratio, has 
also been observed to impact the aggregation process, leading to shifts in 
bioaggregates’ morphology [44]. 

In line with these findings, Wang et al. (2021) observed that after TB- 
EPS extraction, the free energy (ΔG) of sludge samples increased, indi-
cating a significant reduction in sludge hydrophobicity and an increase 
in the adsorption capacity between sludge and water. The authors 
attributed this effect to TB-EPS, which played a crucial role in sludge 
granulation by enhancing its adsorption on sludge cells and promoting 
cell aggregation [48]. 

Taking the above into consideration, it is evident that the different 
EPS fractions and components possess distinct physical and chemical 
properties, leading to various effects on sludge properties and influ-
encing the morphology of the aggregates [48]. Consequently, this fact 
can elucidate the prevalence of aggregates morphology descriptors with 
higher VIP values (Tables 1 and 2) in assessing PS, PN, LB-EPS, TB-EPS, 
and total EPS content. Additionally, the present results suggest that a 
higher concentration of ATZ led to an increase in EPS content, primarily 
governed by large aggregates during phases III and IV. Furthermore, the 
assessment of EPS fractions and components mainly relied on large and 
intermediate morphological descriptors, which represented the key 
variables. 

3.5. EPS assessment 

The regression equation, LV, RMSEP, and RPD values are presented 
for the global (training + validation) dataset, while the R2 values are 
presented separately for the global, training and validation datasets 
(Table 3). An RPD value, indicating the ratio between the standard de-
viation of the observed values and RMSEP, larger than 3 is recom-
mended for screening purposes [17,49]. 

For PLS-1, the obtained PLS models did not fit well with the EPS 
contents (matrix Y). The RPD values for all global models were consis-
tently below 3, indicating that the PLS regression models obtained were 
not effective in assessing the EPS fractions and components. Addition-
ally, low R2 values were achieved, ranging from 0.42 for PS LB-EPS to 
0.74 for total EPS (Table 3). 

In contrast, PLS-2 proved to be more successful in assessing the EPS 
fractions and components, as shown in Table 3. Regarding LB-EPS 
fraction, the RMSEP varied from1.9 mg g− 1

ML VSS to 6.4 mg g− 1
ML VSS, rep-

resenting from 3.85 % to 17.30 % of the observed values range. For the 
PS LB-EPS component, the RMSEP ranged from 0.5 mg g− 1

ML VSS to 1.3 mg 
g− 1

ML VSS, corresponding from 10.21 % to 22.86 % of the observed values 
range, respectively. For the PN LB-EPS component, the RMSEP varied 
from 2.0 mg g− 1

ML VSS to 3.0 mg g− 1
ML VSS, representing from 5.17 % to 8.71 

% of the observed values range. Similarly, for the TB-EPS fraction, the 
RMSEP ranged from 2.2 mg g− 1

ML VSS to 7.3 mg g− 1
ML VSS, representing from 

4.76 % to 20.79 % of the observed values range. Additionally, the 
RMSEP for PS TB-EPS varied from 1.1 mg g− 1

ML VSS to 1.9 mg g− 1
ML VSS, 

corresponding from 10.86 % to 18.90 % of the observed values range, 
and for PN TB-EPS, RMSEP ranged from 3.2 mg g− 1

ML VSS to 3.5 mg 
g− 1

ML VSS, corresponding from 6.14 % to 15.50 % of the observed values 
range. Regarding total EPS, RMSEP values varied from 5.63 mg g− 1

ML VSS 

to slightly above 10 mg g− 1
ML VSS, corresponding from 10.68 % to 9.54 % 

of the observed values range. In general, the EPS fractions and compo-
nents presented RPD values above 3 (Table 3) for the global set (training 
+ validation), with exceptions for LB-EPS phase III, PS LB-EPS phase I, 
and TB-EPS phase I (RPD of 3.0). As for the R2 values, good prediction 
abilities (above 0.9) were obtained for the assessment of the EPS frac-
tions and components (Table 3), except for PS LB-EPS phase I (R2 of 
0.86, Table 3). 

Finally, Fig. 3 presents the data combining the ensemble of 
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individually obtained results for each phase. The results demonstrate 
that modeling each phase individually proved to be the most effective 
strategy in this case (R2 higher than 0.94). In summary, the imple-
mented strategy, considering the characteristics inherent to each phase, 
can produce satisfactory PLS models with a remarkably high level of 
accuracy for EPS prediction, and considerably better than the PLS 
models considering the whole global data [50]. The present results 
highlight the significance of conducting independent analyses on data 
gathered from each phase. Consequently, employing multiple PLS 
models to predict specific features in a data-variable system can lead to 
more precise models [51,52]. 

4. Conclusion 

This study has demonstrated that exposure to ATZ hampers both 
organic matter and TIN, leading to significant variations in removal 
efficiencies. Notably, the ATZ removal efficiency increased progres-
sively from phase II to phases III and IV, indicating the prevalence of 
ATZ-degrading microorganisms. Moreover, EPS results indicated a po-
tential interaction between TB-EPS and ATZ. The application of both 
QIA and chemometrics allowed for the assessment of EPS fractions and 
components. It was found that employing individual PLS models for 
each experimental phase was the most effective strategy in successfully 
assessing EPS content, yielding coefficients of determination (R2) above 
0.86. Finally, this research has unveiled that using QIA parameters to 
evaluate EPS fractions and components is an environmentally friendly 

method that reduces the reliance on chemicals, saves time, and holds 
promise as a complementary monitoring approach in the future. The 
obtained results offer valuable new insights, particularly from an oper-
ational standpoint, into AS monitoring when exposed to ATZ. This 
contribution will aid in the timely evaluation of EPS fractions and 
components, specifically in the presence of environmentally relevant 
concentrations of ATZ. As a result, it is anticipated that this methodol-
ogy could be applied to monitor full-scale systems in the presence of 
emerging compounds in the near future. 

CRediT authorship contribution statement 

Antonio Melo: Writing – original draft, Investigation, Formal anal-
ysis. Joana Costa: Investigation, Formal analysis. Cristina Quintelas: 
Writing – review & editing, Investigation, Formal analysis. António L. 
Amaral: Writing – review & editing. Eugénio C. Ferreira: Writing – 
review & editing, Supervision, Funding acquisition. Daniela P. Mes-
quita: Conceptualization, Supervision, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Table 3 
Regression equation, LV, R2, RMSEP and RPD values for each studied EPS fraction and component (glb – global, trn – training set, and val – validation set, Min – 
minimum value, Max – maximum value).  

Matrix (Y) PLS Phase LV Regression Equation glb R2glb R2trn R2val RMSEP RPD Min Max 

PS LB-EPS PLS-1 global 10 Y = 0.69 x  + 3.00  0.42  0.75  0.11  4.1  1.2  1.10  20.32 
PLS-2 I 5 Y = 0.99 x  + 0.74  0.86  0.97  0.89  1.3  3.0  1.10  14.73 

II 5 Y = 1.01 x – 0.17  0.96  0.98  0.95  0.7  5.1  2.85  15.00 
III 5 Y = 1.00 x – 0.10  0.96  0.98  0.93  0.5  4.9  1.18  10.39 
IV 5 Y = 0.93 x  + 0.32  0.92  0.91  0.96  1.6  3.5  2.98  20.32  

PN LB-EPS PLS-1 global 10 Y = 0.81 x  + 6.45  0.56  0.66  0.58  12.4  1.4  0.69  58.36 
PLS-2 I 5 Y = 1.00 x  + 0.00  0.92  0.96  0.86  2.6  3.5  0.69  31.41 

II 5 Y = 0.95 x  + 2.00  0.96  0.98  0.90  2.0  5.5  18.2  54.94 
III 5 Y = 0.96 x  + 0.50  0.97  0.99  0.97  2.8  6.1  9.11  58.36 
IV 5 Y = 1.00 x – 0.01  0.96  0.98  0.93  3.0  5.1  14.55  56.04  

PS TB-EPS PLS-1 global 10 Y = 0.80 x  + 2.54  0.51  0.78  0.24  6.0  1.2  2.17  38.12 
PLS-2 I 5 Y = 1.00 x  + 0.80  0.93  0.99  0.95  1.9  3.3  2.17  22.01 

II 5 Y = 1.00 x  + 0.01  0.95  0.96  0.92  1.1  4.5  5.25  22.60 
III 5 Y = 1.00 x  + 0.54  0.96  0.98  0.95  1.9  4.8  9.93  38.12 
IV 5 Y = 1.01 x – 0.41  0.93  0.96  0.93  1.9  3.8  5.66  27.04  

PN TB-EPS PLS-1 global 9 Y = 0.73 x  + 10.12  0.58  0.66  0.53  13.1  1.4  3.47  83.49 
PLS-2 I 5 Y = 0.97 x  + 0.67  0.95  0.94  0.97  3.7  4.6  3.47  50.60 

II 5 Y = 0.98 x – 0.21  0.91  0.96  0.79  3.7  3.2  16.99  52.64 
III 5 Y = 0.97 x – 0.57  0.95  0.98  0.91  4.5  4.2  14.7  71.85 
IV 5 Y = 0.94 x  + 3.40  0.97  0.99  0.95  3.2  6.1  25.25  83.49  

LB-EPS PLS-1 global 9 Y = 0.95 x  + 2.06  0.52  0.80  0.43  18.5  1.1  1.79  73.83 
PLS-2 I 5 Y = 1.03 x – 0.62  0.97  0.99  0.94  2.0  6.1  1.79  46.14 

II 5 Y = 0.99 x  + 1.33  0.98  1.00  0.94  1.9  7.4  21.05  69.94 
III 5 Y = 1.01 x  + 0.83  0.90  0.94  0.91  6.4  3.0  10.48  66.28 
IV 5 Y = 1.01 x  + 1.31  0.94  0.98  0.94  5.4  3.7  18.92  73.83 

TB-EPS PLS-1 global 10 Y = 0.79 x  + 10.22  0.63  0.74  0.54  16.3  1.6  5.78  109.97 
PLS-2 I 5 Y = 0.97 x  + 2.94  0.90  0.80  0.99  7.3  3.0  5.78  72.61 

II 5 Y = 1.01 x  + 0.00  0.98  0.99  0.96  2.2  7.4  22.24  71.63 
III 5 Y = 0.99 x  + 1.15  0.97  0.98  0.93  4.3  6.4  26.41  109.97 
IV 5 Y = 0.99 x – 1.06  0.93  0.98  0.71  7.2  3.6  32.20  109.69 

Total EPS PLS-1 global 10 Y = 1.00 x – 1.24  0.74  0.86  0.72  19.8  1.7  23.36  154.78 
PLS-2 I 5 Y = 1.00 x – 0.32  0.93  0.94  0.94  5.6  3.9  23.36  95.60 

II 5 Y = 0.99 x  + 1.01  0.92  0.93  0.91  6.1  3.4  55.1  141.57 
III 5 Y = 0.99 x  + 2.19  0.94  0.97  0.88  7.3  4.1  48.73  141.68 
IV 5 Y = 0.91 x  + 5.99  0.90  0.96  0.86  10.6  3.1  60.34  154.78  
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