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HIGHLIGHTS

e H,O, improved water treatability by
reducing turbidity, pH, and cyano-
bacterial chlorophyll-a concentration.

e Exploratory factor analysis (EFA) can be
applied to elucidate the individual
characteristics of a given reservoir.

e EFAs are able to indicate which vari-
ables are important to monitor to
determine the effectiveness of in situ
treatment.

e EFA is a useful tool for monitoring the
effects of water treatment.
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ABSTRACT

The evaluation of water quality improvement brought about by in situ treatment of eutrophic water bodies,
especially those used for human supply is a challenging task since each water system responds differently. To
overcome this challenge, we applied exploratory factor analysis (EFA) to understand the effects of using
hydrogen peroxide (H205) on eutrophic water used as a drinking water supply. This analysis was used to identify
the main factors that described the water treatability after exposing blue-green algae (cyanobacteria) contami-
nated raw water to HyO5 at both 5 and 10 mg L. Cyanobacterial chlorophyll-a was undetectable following the
application of both concentrations of HyO after four days, while not causing relevant changes to green algae and
diatoms chlorophyll-a concentrations. EFA demonstrated that the main factors affected by both HyO, concen-
trations were turbidity, pH, and cyanobacterial chlorophyll-a concentration, which are important variables for a
drinking water treatment plant. The HyO, caused significant improvement in water treatability by decreasing
those three variables. Finally, the use of EFA was demonstrated to be a promising tool in identifying which
limnological variables are most relevant concerning the efficacy of water treatment, which in turn can make
water quality monitoring more efficient and less costly.
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1. Introduction

Eutrophication is a growing concern worldwide (Padedda et al.,
2017). It contributes to water quality deterioration and increases
harmful algae blooms (HABs) in many lakes and reservoirs (Glibert,
2020). Eutrophication may cause the increase of water turbidity,
depletion of dissolved oxygen, and negatively impact fish and other
aquatic organisms (Kong et al., 2017; Zi et al., 2018). In addition, the
effect of eutrophication can be intensified in tropical regions because of
high ambient temperatures and light intensities, contributing to cya-
nobacterial dominance (Paerl and Huisman, 2008; Haakonsson et al.,
2017; Munoz et al., 2019).

Eutrophic waters and HABs present considerable challenges to water
treatment plants (WTPs) (Wert et al., 2013, 2014). In addition to the
increase of turbidity, cyanobacterial cells may break through to the
treated water, accumulate, or lyse in conventional WTP unit processes
(coagulation, flocculation, clarification, and filtration), releasing intra-
cellular metabolites and decreasing drinking water safety (Fan et al.,
2014; Pestana et al., 2019). There is an urgent need for the development
of complementary treatment strategies to help reduce cyanobacterial
cells and their metabolites efficiently before raw water enters WTPs.

Hydrogen peroxide (H203) has received attention as a potential
alternative to mitigate HABs in situ since it does not leave any chemical
residues or disinfection byproducts in the aquatic environment (Santos
et al., 2021; Matthijs et al., 2012). Despite this, the initial application
may present potential ecotoxicological effects if extreme dosages are
applied. Different studies at laboratory and in-situ scale (mesocosm)
have suggested a concentration of 10 mg/L as the maximum concen-
tration to avoid any negative effects to the phytoplankton and
zooplankton community (Matthijs et al., 2012; Weenink et al., 2015,
2022; Santos et al., 2021).

Additionally, natural UV radiation increases the rate of HyO»
decomposition, generating reactive oxygen species (ROS) thus
increasing the efficiency of organic matter removal (Barrington et al.,
2013). Many studies have indicated that cyanobacteria are more sensi-
tive to HpO, than other groups of phytoplankton due to their cellular
structure and physiological characteristics, which indicates that the
treatment with HyOy can selectively remove cyanobacteria (Matthijs
et al., 2012; Sinha et al., 2018; Yang et al., 2018).

The use of HyO, for in-reservoir treatment, in addition to reducing
cyanobacteria densities, can also improve other limnological parameters
important to water treatment processes such as turbidity, color, dis-
solved and particulate organic matter, and pH (Menezes et al., 2021;
Patki et al., 2021). However, due to the complex nature of monitoring
and interpreting the magnitude of HyO; efficiency on parameters
important to water treatability only few studies tackled this topic (Varol,
2020). The application of an established statistical tool to normalize the
effects of the HyO; treatment on improving the water quality would not
only be beneficial for the interpretation of the data but would also
simplify comparisons between different treatment strategies and
reservoirs.

Multivariate statistics approaches, such as Exploratory Factor Anal-
ysis (FEA) and Principal Component Analysis (PCA), can be helpful to
interpret environmental systems with many different variables that are
intercorrelated. Although those techniques have been frequently used to
identify which parameters are important in a water resource system and
to develop natural water quality indices (Barros et al., 2020; Tripathi
and Singal, 2019; Varol, 2020), to the authors’ knowledge no reports on
using those tools to assess the water quality improvements after the use
of treatment with HyO5 exist. This paper aims to apply EFA and PCA to
evaluate the effects of HoO5 on water quality variables relevant to water
treatment plants in a reservoir used for human supply.
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2. Materials and methods
2.1. Study area and reservoir water quality

Raw water samples were collected in February and March 2019,
from Gaviao Reservoir (Fig. 1) in the Northeast of Ceara State (Brazil) at
a depth of 90 cm next to the WTP intake (Table and Fig. S1 for average
details on physico-chemical and biological parameters of the reservoir).
This reservoir has a storage capacity of 33.3 million m®, a surface area of
5.9 km? (COGERH, 2020), which exclusively supplies water to more
than 4 million inhabitants in the metropolitan region of Fortaleza (IBGE,
2010). This reservoir, historically, has a high cyanobacterial diversity
and is either hypereutrophic or eutrophic with cyanobacterial cell
densities as high as 1.16 million cells/mL. Therefore, this reservoir is a
suitable model for WTPs and water management agencies worldwide
that are challenged with cyanobacterial blooms (COGERH, 2021; Barros
et al., 2019, 2020).

2.2. Effect of H202 on the phytoplankton community

Two jar-test apparatus with six containers each filled with 1.4 L of
raw water from Gaviao reservoir with a stirring mechanism were used to
perform the experiments. A propeller rotation of approximately 70 rpm
(velocity gradient ~ 69.4 s~) was maintained to provide homogeneous
suspension. The HyO, concentrations applied to each condition were 5
mg L™! and 10 mg L™!. In addition, the control samples were set up
simultaneously using jars with the same raw water but with no Hy0,
added. The Hy0, concentration was monitored daily. On day four the
H30, concentration was below detection limit. Then, samples (5 mL)
from each jar were collected (section 2.3.1) and eight days after the
application of HoO, new samples were collected again. All the experi-
mental conditions were performed in triplicates.

The experiment was initiated immediately after the raw water
collection, and it focused on analyzing the effects of H,O5 (5 mg L™} and
10 mg L 1) on the chlorophyll-a concentration and photosynthetic yield
of the phytoplankton community (cyanobacteria, green algae, and di-
atoms). Physical-chemical variables important to the water treatment
process (pH, temperature, conductivity, turbidity, true color, and dis-
solved oxygen), and phycocyanin concentration were also analyzed in
all samples.

Throughout the treatment, the light source was provided by an LED
light. A digital lux meter (YF — 1065 F, Taiwan) was used to measure the
light intensity in Lux, and then this measure was converted to photo-
synthetic photon flux density. Average photosynthetic photon flux
density was 10 pmol photons m~2s~! in a light/dark cycle of 12 h:12 h.
This intensity was used in other bench-scale studies with cyanobacteria
and Hy05 (Menezes et al., 2021). This photon flux density is consider-
ably lower compared to the photon flux density that can be expected in
the equatorial region (~780 pmol photons m~2s~* - Ritchie, 2010). The
lower flux density was chosen to be able to observe the effects of the
H30, on the phytoplankton community in the raw water as higher flux
densities made changes so rapid as to be unobservable (data not shown).

2.3. Laboratory analysis

2.3.1. Hydrogen peroxide quantification

The concentration of the HyO5 stock solution was determined before
the start of the experiment by an iodometric method (Skellon and Wills,
1948). Since the main objective of the present study was to assess the
final impact of HyO, on the native phytoplankton and changes in
physical-chemical variables used for water treatability assessment, the
degradation kinetics of HyO, were not evaluated. Therefore, a
semi-quantitative method (Quantofix® Peroxide test strips) was used
daily to identify when HoO; reached the limit of detection of this method
(<0.5 mg Hy0, LY. Further, this approach was selected as the hy-
draulic retention time of Gaviao Reservoir is 20 days with a constant
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Fig. 1. Location of Gaviao reservoir in the metropolitan basin within Ceara State in the Northeast of Brazil.

influx of fresh raw water (Ceara, 2017), which is considered a very short
retention time for reservoirs of that size; thus, the results of the oxidation
equilibrium would be sufficient information in regard to our determi-
nation of the effects of HoOy on the treatability variables of the raw
water.

2.3.2. Pigment and photosynthetic activity estimation

To quantify chlorophyll-a and elucidate the effect of HoO2 on the
phytoplankton community, the PHYTO-PAM II Phytoplankton Analyzer
(Walz, Germany) was used. Chlorophyll-a is excited at four different
wavelengths making it possible to distinguish phytoplankton groups
with different types of light-harvesting pigment antennae (Walz, 2003),
estimating the chlorophyll-a concentration (g L™1) from cyanobacteria,
green algae, and diatoms. Additionally, using the same equipment, the
effective quantum yield of photosynthetic energy conversion in photo-
system II (@PSII) was determined at 64 pmol photons. m~2s~! for those
three phytoplankton groups considering the following equation (Genty
et al., 1989):

@PSIl = AF | Fm= (Fm—F) /| FM @

where is the maximum fluorescence and is the minimal fluorescence,
which is obtained when emitted a low intensity measuring light, which
is measured momentarily before the saturation pulse is applied (Fig-
ueroa et al., 2017; Houliez et al., 2013; Le Rouzic, 2012). Phycocyanin
detection was performed according to Bennet and Bogorad (1973), in
which the water sample was concentrated in a centrifuge, the superna-
tant was removed, and the concentrated sample was frozen and thawed
three times to break the cells. Then, sodium azide and distilled water
was added and the mixture was again centrifuged. Finally, the sample
was read in the spectrophotometer (wavelengths 615 and 652 nm) and
the phycocyanin concentration was then calculated.

2.3.3. Physico-chemical analyses

Physical and chemical analyses were performed for all samples to
evaluate the effect of HoO5 on variables used to assess water treatability:
True color (TC) was measured by sample absorbance at 455 nm ac-
cording to method 2120 C (Eaton et al., 2005). Organic matter was
estimated by sample absorbance at 254 nm according to Eaton et al.
(2005). To determine turbidity a 2100 P turbidimeter (Hach, USA) was
used and analyses were performed according to method 2130-B (Eaton
et al., 2005). Sample pH and dissolved oxygen were determined using
Model 60 and 55 probes respectively (both YSI, USA). Conductivity and
salinity were determined using a 105 A probe (Orion, USA).

2.4. Data analysis

2.4.1. Exploratory factor analysis

An exploratory factor analysis (EFA) was used to evaluate the impact
of different H,O5 concentrations on latent variables. The latent variables
represent the changes of the measured variables (pH, true color, organic
matter 254 nm, temperature, turbidity, conductivity, salinity, dissolved
oxygen, cyanobacteria, green algae, and diatom chlorophyll estimation).
The EFA algorithm diagram is presented in Fig. 2. The EFA was per-
formed using RStudio statistical software applying the library obtained
from Revelle (2021). This library contains tools to perform multivariate
analysis using factor analysis, principal component analysis, cluster
analysis and reliability analysis.

In this step, a Pearson’s correlation matrix was created to assess if
there were any inappropriate correlations (r < 0.3). In the case of
inappropriate variables (IV) for the factor analysis, they must be
excluded before the analysis is performed (Lu et al., 2016).

ii. Evaluating the measure of sampling adequacy

The Measure of Sampling Adequacy (MSA) is a value used to assess
the adequacy of the inter-correlations among other variables in a dataset
and was used to select which IV should be excluded. The IV that pre-
sented MSA >0.5 were separated from the general dataset. After that, all
the possible subsets of 1 to n features were obtained, where n is the
number of IV. Each subset was then removed from the general dataset
and the Kaiser-Meyer-Olkin (KMO) was calculated. The KMO is a mea-
sure that can vary from 0 to 1 and indicates the degree that each variable
in a dataset is predicted without error. Then, the subset removal that
generated a dataset with the highest value of KMO was the chosen
dataset. This was the variable selection algorithm.

iii. Confirmation of MSA

Bartlett’s test of sphericity (p < 0.05) and the determinant of the
matrix (det>0) were used to confirm the choice of the dataset.

iv. Selection of the EFA number of factors

Parallel analysis was used to preliminarily estimate the number of
factors to retain. The first step to determine the number of factors was to
simulate a random dataset that has the same range and number of items
of the observed values. Then, the eigenvalues were extracted and plotted
for both, the simulated and observed data. The eigenvalue is directly
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Fig. 2. Diagram presenting the step sequence to perform the factor analysis algorithm.

i. Checking for inappropriate variables

proportional to the variance of the correlation matrix, the higher the
eigenvalue, the higher the variance within the correlation matrix
(Zanker et al., 2022). The maximum number of factors in which the
observed eigenvalues are larger than the simulated eigenvalues is the
number of factors to retain. To verify the best fit of the final model, the
numbers of factors tested were n-1, n, and n+1, where n is the number of
factors obtained after the parallel analysis.

v. Checking the model fitting criteria

First, the orthogonal (varimax) and oblique (promax) rotations were
evaluated to find more easily interpretable results. In addition, those
rotations were used to confirm, or not, the existence of a correlation for
the factors to be used (Revelle, 2021). Then, the Tucker-Lewis index
(TLD) and root mean square error of approximation (RMSEA) were
calculated. According to Brown (2006) and Preacher et al. (2013), TLI
values should be higher than 0.9 or, preferably 0.95, and RMSEA values
should be lower than 0.02. The details of the algorithm used to deter-
mine the number of factors that should be used on the EFA are available
in the supplementary material.

The correlation among each factor was obtained using maximum

likelihood (ML) and oblique rotation. Also, communality — which is the
variability ratio of each variable that is explained by the four factors —
was calculated as an extra fitting criterion. Also, for a variable to
continue on the EFA, its communality value must be higher than the
specific variance. Watkins (2020) states that communality values above
0.6 are considered robust, which indicates that the variables are well
represented by their factors.

2.4.2. Effect of H202 on the water quality of the latent variables

The adjusted model made it possible to evaluate if the effect of the
H»0; treatment was significant using the score of each factor. The factor
score was obtained with a linear combination where the weights are the
factor loading. The factor loading is the correlation coefficient for the
variable and factor i.e., it shows the variance explained by the variable
on that particular factor.

A non-parametric test was performed to evaluate if the changes in the
factors due to the use of HyO, were significant or not. The non-
parametric test was the Wilcoxon-rank sum exact with pairwise com-
parison and p-value adjustment with Bonferroni post hoc (p < 0.05).
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3. Results and discussion

Water quality modeling can present some difficulties, due to non-
linear and non-stationary patterns (Rousso et al., 2020). To evaluate
patterns and relationships, a high number of observations and variables
are needed. Supplementary Table S2 presents a set of limnological
variables with their main descriptive statistics to detect the effect of the
application of HoO3 on water quality.

3.1. Effect of H,0z on the phytoplankton community

Although Table S2 shows that the HyOy treatment caused clear
changes on part of the limnological variables, drawing conclusions
about the improvements on the water treatability and which variables
are more important for water quality is challenging due to their large
number. For instance, the mean value of true color decreased but pH did
not change considerably (Table S2). As for the biological variables, the
treatment with both concentrations of HyO, improved water quality by
reducing the cyanobacterial chlorophyll to a level below the limit of
detection the method (Fig. 3). This improvement can have highly posi-
tive effect on WTPs (section 3.2.4), as a reduction of chlorophyll-a, in
general, represents a reduction in the biological load of the raw water,
which, in turn, means that lower dosages of treatment chemicals can be
applied and that filter run times are extended, all of which represents a
significant economical and energy saving. Additionally, if the
chlorophyll-a is of cyanobacterial origin, drinking water safety is
improved, provided the cyanobacterial assemblage in the raw water is
non-toxigenic or potentially released cyanotoxins are otherwise miti-
gated against. On the other hand, both HyO, concentrations (5 and 10
mg L 1) did not present great changes in the chlorophyll estimation from
the diatoms and green algae groups (Fig. 3A). Green algae even showed
an increase on the 8th day compared to the control condition and
became the most dominant phytoplankton after the treatment (Fig. 3B).
Additionally, neither diatom and green algae groups presented any
change in their photosynthetic activity as cyanobacteria showed in both
concentrations and time when comparing to control (Fig. 4).

The results of this experiment were similar to other studies which
demonstrated that cyanobacteria are more sensitive to HyO than green

Chemosphere 333 (2023) 138895

algae and diatoms (Matthijs et al., 2012; Sinha et al., 2018). Cyano-
bacteria do not produce sufficient enzymes to eliminate reactive oxygen
species (ROS) generated after the application of HyO,, causing the
oxidation of lipids and proteins in the cells, leading to loss of cellular
membrane integrity, inactivation of enzymes, and, ultimately, leading to
cell death (Sinha et al., 2018). The main enzymes responsible for ROS
degradation are ascorbate peroxidase, not present in cyanobacteria cells,
and the haem peroxidase family found only in some cyanobacteria
(Bernroitner et al., 2009). Furthermore, Matthijs et al. (2012), proposed
that the apparent high sensitivity of cyanobacteria to HoOy could be
related to the Mehler reaction. The Mehler reaction is a photosynthetic
electron transfer that produces HyO; in eukaryotic phytoplankton and
higher plants when exposed to high light intensities. This reaction is
suppressed in cyanobacterial cells by flavoproteins without further
formation of ROS, suggesting that cyanobacteria are not adapted to
these higher levels of oxidative stress and lacking the mechanisms to
deal with the presence of these radicals.

Even though chlorophyll a concentration and photosynthetic yield
are important to characterize water quality, they provided only isolated
and individual conclusions and do not consider possible interactions
between all the variables. Thus, a broad interpretation of the HyO,
impact on water treatability is desirable. Therefore, exploratory factor
analysis was performed also considering pH, true color, organic matter
(254 nm), conductivity, temperature, dissolved oxygen and phycocy-
anin concentration.

3.2. Factor analysis modeling

Although in some cases not all limnological variables monitored are
used during the modeling process, it is important to maintain, at least
preliminarily, the largest dimensionality possible to verify which vari-
ables are more relevant to the studied system. The level of correlation on
the database was verified using the Pearson’s correlation matrix (pre-
sented on the supplementary data). Since there were inappropriate
correlations (r < 0.3) in Fig. S2, the dataset was not suitable for the EFA.
Therefore, a process to adapt the database was performed before starting
the EFA.
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Fig. 3. Effect of HyO, (5 and 10 mg LY on the phytoplankton of Gaviao reservoir compared to the raw water and the control condition (no H,0,) over 4 and 8 days
after the application of the HyO,. (A) Shows the variation of estimated chlorophyll-a concentration due to the H>O, application for each group of phytoplankton. The
error bars represent the standard deviation (n = 3). (B) Shows the relative percentage of chlorophyll a from each phytoplankton group of the total chlorophyll a.
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3.2.1. Adequacy of the dataset

This step was performed to extract the inappropriate variables (IV)
for the EFA from the database. To select the IV, measure of sampling
adequacy (MSA) was applied to the dataset, and variables with
MSA<0.5 were considered inappropriate. Supplementary Fig. S3A
shows that true color, organic matter 254 nm, temperature, turbidity,
salinity, and phycocyanin presented MSA<O0.5. Then, the variable se-
lection algorithm was applied to the dataset and showed that the
removal of organic matter 254 nm and salinity allowed for the best value
of KMO (KMO = 0.7). The variable selection algorithm also improved
the MSA values of the remaining variables (Fig. S3B). Besides the KMO
criteria, Bartlett’s sphericity test (354, gl, p < 0.001) and the matrix
determinant (3.3981 x 107°) confirmed the adequacy of the remaining
dataset, which indicates that the EFA could be performed (Brown, 2006;
Reyment and Jvreskog, 1996).

3.2.2. — number of factors definition

Parallel analysis was performed to determine the preliminary num-
ber of factors for the EFA. This is a crucial step because extracting too
many factors can reduce the quality of the analysis due to analyzing
factors that are not relevant for that water treatability analysis. On the
other hand, extracting too few factors can remove a factor that repre-
sents the system (Watkins, 2020).

Supplementary Fig. S4 shows the result of the parallel analysis,
indicating that the best number of factors was three. However, the
model fitting evaluation using the Tucker-Lewis index (TLI) showed that
four factors had a better fit for the model. Therefore, to reduce over- or
underestimation of the number of factors, models containing two, three,
and four factors were adjusted based on TLI (>0.95) and RMSE (<0.02)
values. The model using four factors presented a better fit.

3.2.3. - Grouping the variables into factors

After deciding the number of factors, the factor loading was calcu-
lated to define the variables that would be contained in each factor
(factor loading>0.5). Fig. 5 shows that the variables that were similar
and better explained the variance on factor 1 were: Turbidity, pH, and
cyanobacteria chlorophyll-a concentration. Factor 2 were: Temperature,
conductivity, true color, and dissolved oxygen; factor 3: green algae and
diatoms Chlorophyll-a concentrations; factor 4: phycocyanin
concentration.

Supplementary Fig. S5 presents the relevant correlations among each
factor. Factor 1 is negatively correlated to factor 3 (—0.5), indicating
that when turbidity, pH, and cyanobacteria chlorophyll-a concentration
decrease, the green algae and diatom chlorophyll groups would in-
crease. Factor 2 is negatively correlated to factor 4 (—0.4), suggesting
that when there is a decrease in temperature, conductivity, and true
color, phycocyanin concentration increases. The temperature seemed to
be relevant for the experiment probably because the temperature in-
fluences the decomposition rate of HoOy. Arvin and Pedersen (2015)
found that when the temperature increases, so does the H,O5 decom-
position rate. However, the negative correlation of Factor 2 with Factor
4 should be further analyzed in a larger scale study (mesocosm), since
the microcosm scale created a unique scenario and it appears that, in this
case, the phycocyanin pigment would not be a good proxy for estimating
viable cyanobacteria cells.

Then the communality was calculated to evaluate the model fitting.
Supplementary Fig. S6 shows that all ten variables presented commu-
nality above 0.5 and that all variables of Factor 1 present high values of
communality. The same trend can be observed for Factors 2, 3, and 4. It
is important to highlight that even though conductivity presents the
lowest value of communality from all the variables, it is still higher than
its specific variance (represented by the darker grey in Fig. S6). There-
fore, it is possible to infer that the four chosen factors well represented
the original space of the ten variables, allowing a clear evaluation of the
H,0,, effects on the water quality with a smaller number of variables.
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3.2.4. — Effect of H205 on the factors

The factor analysis result (Fig. 6) showed that the HO4 application
promoted significant impact only in factors 1 and 4. For factor 1 (pH,
chlorophyll-a concentration of cyanobacteria, and turbidity) the con-
centration of 5 and 10 mg L™} Hy0, caused a similarly significant
impact. As for factor 4, only the concentration of 10 mg L' caused a
significant increase in phycocyanin concentration. Factors 2 and 3
(temperature, conductivity, true color, dissolved oxygen, and green
algae and diatoms chlorophyll-a concentrations) were not significantly
affected by the application of HyOs.

In general, the grouping of the variables within factors can provide a
better understanding of the ecosystem dynamics and describe how they
interact with each other. For instance, it is important to notice that
factor 1 is formed by three variables essential for water treatment pro-
cesses: turbidity, pH, and the presence of cyanobacteria (estimated by
cyanobacteria chlorophyll-a concentration). Observing how the appli-
cation of HyO5 significantly decreased the factor 1 score (Fig. 6), the
model shows that the use of HyOy improved water quality and treat-
ability, since removing turbidity and cyanobacteria are the main goals
(Clemente et al., 2020) and can directly affect the performance of a WTP
(Zhang et al., 2021).

The EFA modeling confirmed that cyanobacteria were highly
impacted by the application of HyO». It is important to notice how the
factor analysis grouped turbidity and cyanobacterial chlorophyll-a on
the same factor, which may be because cyanobacteria can cause more
turbidity per unit of phosphorus than eukaryotic phytoplankton
(Scheffer et al., 1997). In addition, pH is an essential variable for the
coagulation process in a WTP (Lv et al., 2018), Tables S1 and S2 shows
that the value for the pH after the use of 10 mg L~ H,0, lowered from
9.15 (raw water) to an average of 8.37 on day eight. A decrease in pH
due to HyO; application was also observed by Fan et al. (2019), where
the pH reached its lowest value (= 8) on day six.

Fig. 6 also shows how factors 2 and 3 did not significantly change
after the application of Hy0,. The tendency of variables in factor 2
(temperature, conductivity, DO, and TC) to remain unchanged was also
observed in other studies using HyO5 treatment (Santos et al., 2021; Fan
et al., 2019; Aguilera et al., 2014). The fact that variables in factor 3
(green algae and diatoms chlorophyll-a concentration) did not change
consists of one of the principal advantages of the HyO5 application over
other in situ treatments such as copper sulfate, is that it does not
significantly harm non-target organisms such as green algae and diatoms
(Yang et al., 2018). Additionally, since HyO, did not appear to be
harmful to the green algae and diatoms groups, it indicates that the
dosage used in the present study could be further tested directly into the
reservoir, for instance. On the negative side, however, if the application
of Hy05 promotes the suppression of cyanobacteria, there could be
significant growth of green algae and diatoms which in turn could
burden the WTP by increasing the natural organic matter load arriving
at the head of the WTP, increasing the need for coagulants and oxidants,
and reducing filter run times (Dai et al., 2020; Pestana et al., 2019).

Even though factor 4 presented a significant increase (Fig. 6) with
the use of 10 mg L™! of Hy0,, it does not mean that the phycocyanin
concentration increased. Phycocyanin concentration decreased after the
use of HyO», but only on day eight (Table S2) suggesting that the HoO»
took longer to degrade phycocyanin. This trend was not observed by
Yang et al. (2018), where the phycocyanin consistently decreased only
one day after the HoO2 application, probably because the phycocyanin
concentration in the water of the present study was much lower (7.47 pg
L™Y) than in Yang et al. (2018) study’s (300 pg L™1). Phycocyanin con-
centration may not be suitable as a variable to evaluate the short-term
efficiency of HyO, application where the phycocyanin concentrations
are low.

Also, PCA was performed to compare results with the ones obtained
from EFA. PCA explained nearly 66% of the data variation and showed a
clear division into two clusters: control and Hy0, application data
(Fig. 7). There is an intersection between the 5 and 10 mg L~ H,0, data,
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Fig. 6. Effect of the different concentrations of H,O, on the four factors analyzed. Different color shows a significant difference (p < 0.05) and the asterisks represent
the mean of the values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Correlation values among the variables. The
two dimensions observed on the axis explain
approximately 66% of the data variation. Positively
correlated variables are grouped together, and nega-
tively correlated variables are positioned in opposite
quadrants. Orthogonal variables mean no correlation.
The color of the vector changes according to its value
of squared cosine (that varies from 0 to 1), the closer
the value is to 1 (represented by darker lines) means
that the vector is more relevant. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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indicating no clear difference between the impacts of the two HyO4
concentrations. It is important to observe how the three variables that
form Factor 1 (pH, turbidity, and cyanobacteria chlorophyll-a concen-
tration) are pointing in the same direction on the PCA graph (Fig. 7),
indicating that they are positively correlated. In addition, diatom and
green algae chlorophyll-a (Factor 3) are in the opposite quadrants from
the variables that form Factor 1, indicating that those variables are
negatively correlated.

It is important to observe also in Fig. 7 that the variables of phyco-
cyanin, conductivity, and diatom and green algae chlorophyll-a pre-
sented the lowest values of squared cosine. This indicates that they are
less representative of the changes observed in the factor map and, for the
studied environmental system, those variables are less relevant for the
water quality evaluation.

With the EFA and with PCA it was possible to understand the impacts
of the Hy0O application on the water quality variables and how they
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interact with each other. Since cyanobacteria blooms are a challenge for
WTPs worldwide, the methodology applied in the present study can be a
useful tool to evaluate and improve water treatment technologies. This
is especially true, as the proposed techniques not only consider direct
cyanobacterial variables, but also other ones that are crucial in deter-
mining water treatability of raw waters from different reservoirs.

4. Conclusions

The selection of a treatment strategy for water treatment must act
simultaneously on different variables. Thus, some technologies can have
isolated effective on results controlling cyanobacteria or reducing
turbidity, but an important factor for any strategy to be considered
suitable for water treatment is to control all treatability variables
simultaneously.

The current study used Gaviao reservoir as a model representing
potable water reservoirs that are challenged with cyanobacterial blooms
globally. This problem affects the water treatment and supply of many
WTPs and needs to be better understood. The methods applied in the
present study showed that the HyO4 had positive effect on the water
treatability considering important parameters for a WTP (Factor 1:
Turbidity, cyanobacterial chlorophyll, and pH). Another advantage of
the use of HyO4 that was confirmed is that it is selective in the control of
cyanobacteria without causing an excessive increase of the green algal
and diatom chlorophyll.

Another important use of the methods applied in the present study is
the evaluation of the most efficient and most suitable treatment strategy
for a reservoir. For instance, we tested two concentrations of HyO5 (5
and 10 mg L), and they displayed similar effectiveness. Therefore, the
determining factor in selecting which concentration to apply may be the
cost involved. Further studies of this subject matter would benefit from a
cost-benefit analysis to determine the most economical approach while
still ensuring treatment targets.

Therefore, based on the present study we recommend EFA to be used
on further studies as a tool to determine the efficacy of a water treatment
strategy and to identify the main factors that influence water treat-
ability, since EFA effectively highlighted those main factors and how the
H0, positively contributed to improving them. We also recommend
including important variables on further studies with HyO9 and other
similar oxidants such as cost, residence time of the reservoir and the
impact of the presence of natural UV radiation.
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24 SUPPLEMENTARY MATERIAL
25 1 Physico-chemical and biological raw water characteristics of Gavido reservoir

26 Table S1: Water quality data of Gavido reservoir (Ceara, 2023). Where TP is total
27  phosphorus concentration and TN is total nitrogen concentration.

Date Chlorophyll Cyanobacteria TP TN Secchi
a (ug/L) (cells/mL) (mg/Ll)  (mg/L)  depth (m)
2/1/2015 22.43 65317 0.096 0.963 0.8
5/1/2015 25.42 278373 0.22 1.043 0.95
8/1/2015 31.93 2549422 0.05 0.661 1.1
11/1/2015 32.75 441526 0.054 1.647 1
2/1/2016 41.12 234691 0.113 0.236 0.9
5/1/2016 92.92 23845 0.091 1.059 NA
8/1/2016 64.93 66094 0.061 1.985 0.7
11/1/2016 55.11 86052 0.031 1.475 0.75
2/1/2017 68.46 81386 0.201 2411 0.8
5/1/2017 36.46 98542 0.274 0.799 0.8
8/1/2017 70.06 574540 0.178 1.329 0.6
11/1/2017 91.63 86831 0.107 1.988 0.8
2/1/2018 65.03 151628 0.098 1.775 0.7
5/1/2018 42.96 7604 0.089 1.275 0.7
8/1/2018 48.44 189982 0.126 1.363 1
11/1/2018 66.96 180022 0.066 1.725 0.9
2/1/2019 69.72 88904 0.065 1.338 0.8
5/1/2019 35.24 221592 0.083 0.975 0.5
8/1/2019 40.6 494149 0.065 1.25 0.9
11/1/2019 65.36 445783 0.079 1.39 0.9
5/19/2020 43.38 855 0.042 1.05 1
8/18/2020 47.25 683.131 0.05 1.28 1
11/17/2020 72.89 677.821 0.047 1.55 0.8
2/2/2021 48.42  1422.893 0.051 1.038 0.8
5/5/2021 43.82 397.312 0.073 1.26 0.8
8/3/2021 37.07 252.191 0.055 0.82 0.8

28
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Figure S1 — Cell density of cyanobacteria (A), green algae (B), and diatoms (C) in the raw water used to
perform the microcosm experiment. Merism. — Merismopedia sp.; Plankt. — Planktothrix sp.; Pseudoanab.
— Pseudoanabaena sp.; Raphid. — Raphidiopsis sp.; Coel. — Coelastrum microporum; Crucig. — Crucigenia

sp.; Fragil. — Fragilaria sp.; Monoraph. — Monoraphidium contortum; Scened. — Scenedesmus sp.; Tetr. —

B 3500
E 3000
& 2500
o
£ 2000
=
2 1500
Q
o
= 1000
[&]
500
0 -————
. B o
T €% 5 ¢ 5
o 5 i g 3 [
Genus

O
S
8

Cell density (cells/mL)

P N S T ¥ B O ]
g o O o 1 o
o O O o O O o

o

Aulac.

Cyecl.

Genus

Tetraedron minimum; Aulac. — Aulacoseira granulatta; Cycl. — Cyclotella sp.; Navi. — Navicula sp.

2 General effects of H202 on water quality variables

Table S2: Descriptive statistics for the investigated limnological variables, used as

water treatability parameters, after the HO» treatment (n=3).

Navi.

Parameter Day H20: Minimum  Mean Maximum Standard
dosage deviation

0 (All) Raw water 9.12 9.15 9.2 0.05

4 Control 8.63 8.70 8.75 0.06

5 8.58 8.64 8.71 0.07

pH 10 8.60 8.61 8.63 0.02

8 Control 8.47 8.47 8.48 0.01

5 8.14 8.24 8.33 0.10

10 8.32 8.37 8.44 0.06

0 (All) Raw water 21.19 22.64 25.53 2.51

4 Control 55.94 55.94 55.94 0.00

True Color (uH) 5 38.57 4291 47.25 4.34

10 38.57 41.46 4291 2.51

8 Control 34.22 41.46 47.25 6.63

5 29.88 31.33 34.22 2.51

10 25.53 26.98 29.88 2.51

0 (All) Raw water 18.8 20.87 23.6 2.47

4 Control 20.36 25.87 28.78 4.77

Organic matter 5 27.56 27.75 27.75 0.17

254 nm (mg L) 10 27.56 27.64 27.68 0.06

8 Control 24.46 25.57 26.35 0.99

5 24.79 24.91 25.13 0.19




10 24.46 2524 2601 0.78
0(All) Rawwater  30.8 3127 316 0.41
4 Control 26.30 2643 2650 0.12
5 25.50 2567 2580 0.15
Temperature (°C) 10 25.70 26.00 26.20 0.26
8 Control 26.40 2660 26.70 0.17
5 26.50 2653 26.60 0.06
10 26.40 2653 26.70 0.15
0 (All) Raw water 11 11.17 11.4 0.21
4 Control 5.60 987  13.20 3.89
5 5.66 587  6.14 0.25
Turbidity (NTU) 10 5.3 544 574 0.27
8 Control 4.49 676  8.15 1.98
5 3.42 429 498 0.80
10 3.16 381 478 0.86
0(All) Raw water 565 56833 571 3.06
N 4 Control 537.00 53933 543.00 321
g:’s"gl':f)”"y 5 528.00 53633 545.00 8.50
10 542.00 547.67  556.00 737
8 Control 539.00 54733 552.00 7.23
5 533.00 536.67 541.00 4.04
10 543.00 556.00  568.00 12.53
0 (All) Raw water 0.2 0.23 0.3 0.06
4 Control 0.20 023 030 0.06
5 0.20 027 030 0.06
Salinity (%) 10 0.30 030 030 0.00
8 Control 0.20 027 030 0.06
5 0.20 023 030 0.06
10 0.30 030 030 0.00
0(All) Rawwater 7.7 799 82 0.26
4 Control 450 458 472 0.12
Dissolved oxygen 5 450 464 478 0.14
(mg L) 10 439 461 478 0.20
8 Control 7.02 712 721 0.10
5 6.90 718 7.34 0.24
10 6.61 6.84  7.14 0.27
0(All) Rawwater  23.45 2873 3332 497
4 Control 24.87 2760 30.10 2.62
g;’;zr(flfiytgrf: 5 0.00 105  3.14 181
(ug L) 10 0.00 0.00  0.00 0.00
8 Control 8.12 2055  27.68 10.81
5 0.00 0.00  0.00 0.00
10 0.00 0.00  0.00 0.00
0(All) Rawwater  8.68 969  11.57 1.63
4 Control 6.20 801  9.66 1.74
5 8.44 1102 15.89 422




42
43

44

45

46
47
48
49
50

51
52

53
54
55
56
57
58
59
60

Chlorophyll of 10 1.55 299 3.84 1.26
Green Algae 8 Control 1.64 3.7 427 1.37
(ug L) 5 4.86 4143 7841 36.78
10 1.59 1787 39.88 19.78
0(All) Rawwater 046 084 122 0.54
Control 0.00 030 0091 0.53
g?;f{f;p&yg“ﬁ’_f) 5 1.00 230 490 225
10 0.16 051 077 031
8 Control 251 290 342 0.47
5 1.44 753 10.87 5.8
10 0.72 265 529 237
0 (All) Raw water - 7.47 - -
4 Control 6.48 747 798 0.86
Phycocyanin 5 8.91 1098 1225 1.80
(ug L) 10 9.88 1063 11.12 0.66
8 Control 6.27 680 727 0.50
5 7.07 779 833 0.65
10 6.88 815 991 1.57

Comments on table S2:

The increase in true color and organic matter in the control samples is likely due to

extracellular organic matter (EOM) released by the cyanobacteria (and other

phytoplankton) in the raw water samples. Characteristically for cyanobacteria, a large

fraction of the released EOM consists of humic acid which is known to contribute to

true color in water samples (Liang et al., 2021).

The decrease in the DO could be accounted for by consumption by other (non-

cyanobacterial) bacterioplankton in the raw water samples.

Increased phycocyanin concentrations were observed for both H>O> concentrations

compared to the control samples. This observation can readily be explained by an

enhanced extraction yield from the cyanobacterial cells previously damaged by the

H>0> dose and its resistance to oxidative stress. Thus, explaining why no cyanobacteria

chlorophyll-a was detected (indicating the removal of cyanobacteria) but yet increased

concentrations of phycocyanin were detected. Recent studies have conclusively shown

that phycocyanin is markedly more resistant to oxidative stress than chlorophyll-a is

(Hong et al., 2020).



3. Dataset verification for the exploratory factor analysis results
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Figure S2 — Correlation matrix that points to the presence of inappropriate correlations for the EFA. In the main diagonal, it is presented the histogram and the graph of the
probability density function. Above the main diagonal, the Pearson correlations, the type of correlation (“inappropriate”, highlighted in red, or “appropriate” in black) and its p-
value. Below the main diagonal are the scatter plot and smoothed trend line.
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Figure S3 — Measure of Sampling Adequacy (MSA) for the variable dataset. (A) and (B) present the MSA
values before and after the variable selection algorithm, respectively. Variables that presented MSA<0.5
were considered as inappropriate (highlighted in light gray), the dotted line represents this threshold. The
variables 254 nm and Salinity were removed. TC — True Color; 254 nm — Organic matter 254 nm; Temp —
Temperature; Turb — Turbidity; Cond — Conductivity; Sal — Salinity; DO — Dissolved oxygen; Cyano —
Cyanobacteria chlorophyll-a concentration; Green — Green algae chlorophyll-a concentration; Red —
Diatoms chlorophyll-a concentration; Phyco — Phycocyanin concentration.
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Figure S4 - Eigenvalue plot result of the parallel analysis comparing the observed and simulated data.



3. Definition of the variables into factors

Turb

Figure S5 — Correlation for the factors obtained on the factor analysis using maximum likelihood (ML)
and oblique rotation (promax). The numbers between the variables and the factor number (ML1, ML2,
ML3, and ML4) are the factor loading of each variable. The numbers between the factors are the calculated
correlation. TC — True Color; 254 nm — Organic matter 254 nm; Temp — Temperature; Turb — Turbidity;
Cond — Conductivity; Sal — Salinity; DO — Dissolved oxygen; Cyano — Cyanobacteria chlorophyll-a
concentration; Green — Green algae chlorophyll-a concentration; Red — Diatom chlorophyll-a
concentration; Phyco — Phycocyanin concentration.
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Figure S6 — Communality of the variables grouped according to each of their corresponding factors. The
line on the 0.5 value was adopted as an extra criterion for the representativity quality of the variable on the
factor analysis. TC — True Color; 254 nm — Organic matter 254 nm; Temp — Temperature; Turb — Turbidity;
Cond — Conductivity; Sal — Salinity; DO — Dissolved oxygen; Cyano — Cyanobacteria chlorophyll-a
concentration; Green — Green algae chlorophyll-a concentration; Red — Diatom chlorophyll-a
concentration; Phyco — Phycocyanin concentration.
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