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Abstract

Microbiological contamination of surface water represents a critical public health concern,
while conventional disinfectants face limitations such as the generation of toxic by-products
and the emergence of microbial resistance. In this study, the application of an ethanolic
peel extract of Citrus paradisi (grapefruit), obtained by sonication at 40 kHz for 90 min
at 55 °C using a 1:4 (w/v) solvent-to-solid ratio, was evaluated as a natural alternative
for bacterial reduction in contaminated waters. The Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal Concentration (MBC) of the extract were first determined
against Staphylococcus aureus and Escherichia coli. The extract was then applied to samples
of slightly contaminated surface water with bacterial loads between 103-10* CFU/mL
and turbidity of 150 NTU, as well as to highly contaminated surface water with bacterial
loads >10° CFU/mL and turbidity of 250 NTU. Bacterial removal was assessed at 6, 12, and
24 h. FTIR and UV-Vis characterization of the extract confirmed the presence of flavonoids
(naringin), terpenes (limonene), and phenolic compounds. Results showed MIC/MBC val-
ues of 2.5/5.0 mg/mL for S. aureus and 5.0/10.0 mg/mL for E. coli. In slightly contaminated
water, the extract at 5.0 mg/mL achieved complete (100%) removal of both microorgan-
isms after 12 h, whereas in highly contaminated water, removals ranged from 80-90% for
Staphylococcus spp. and E. coli. Statistical analysis (ANOVA, Bonferroni) demonstrated sig-
nificant differences (p < 0.05) between the extract and ethanol. These findings indicate that
Citrus paradisi extract constitutes an effective, sustainable, and low-cost natural alternative
for bacterial reduction in surface waters, contributing to the valorization of agro-industrial
residues and to the achievement of Sustainable Development Goal (SDG) 6.

Keywords: Citrus paradisi; water disinfection; agro-industrial residues; antimicrobial
activity; flavonoids; surface waters

1. Introduction

Microbiological contamination of water represents one of the greatest global public
health challenges of the 21st century. According to the latest joint WHO and UNICEF report
(2023), approximately 2.2 billion people lack access to safely managed drinking water,
while 3.4 billion do not have adequate sanitation services [1-3]. This situation generates
a devastating health burden: diarrheal diseases associated with the consumption of con-
taminated water cause approximately 485,000 deaths annually in vulnerable populations,
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ranking as the second leading cause of child mortality in low-income countries [4,5]. In
Latin America, it is estimated that 25% of surface water sources present fecal contamination
above permissible limits, contributing to recurrent outbreaks of gastroenteritis, hepatitis A,
and typhoid fever [6-8].

Conventional disinfection technologies such as chlorination, ozonation, and UV ra-
diation present significant limitations. Chlorination, although effective and economical,
generates disinfection by-products (DBPs) such as trihalomethanes and haloacetic acids,
which are classified as harmful to health [9,10]. Furthermore, recent studies have docu-
mented the increase in microbial resistance due to misuse and overexposure to sublethal
chlorine concentrations; strains of Klebsiella pneumoniae and Pseudomonas aeruginosa have
shown increased resistance to imipenem [11,12]. The disadvantages of ozonation and UV
systems include high energy costs, lack of residual effect, and reduced efficacy in turbid
waters [13,14]. These limitations have driven the search for alternative methods that are
accessible, sustainable, and of low toxicological risk, aligned with the principles of “green
chemistry” and the circular economy.

Agro-industrial residues represent between 15-20 million tons annually worldwide,
being largely underutilized and generating environmental problems due to inadequate
disposal [15]. Industrial citrus processing produces large volumes of residues, including
peels, membranes, seeds, and pulp derived from juice extraction [16]. These by-products,
traditionally considered waste, possess high valorization potential due to their content of
pectin, polyphenols, carotenoids, and essential oils. Such compounds can be transformed
into valuable inputs for the food, pharmaceutical, and cosmetic industries [16,17].

Emerging research has shown that Citrus paradisi extracts possess remarkable antimi-
crobial capacity, whose effectiveness varies significantly depending on the type of extract,
the plant part used, and the bacterial strain tested [18,19]. The essential oil from the peel
exhibits bactericidal effects at very low concentrations, between 0.192 and 0.768 mg/mL,
against pathogens such as K. pneumoniae, Acinetobacter baumannii, E. coli, and P. aerug-
inosa [20]. Regarding peel extracts, the choice of solvent directly influences their po-
tency [19,21]. Ethanolic or hydroalcoholic peel extracts are generally more effective than
aqueous ones, showing bactericidal concentrations ranging from 6.25 to 25 mg/mL against
S. aureus ATCC 6538 and clinical strains of S. aureus, E. coli, and Enterococcus faecalis [21].
Other studies have reported that naringin-rich extracts can inhibit E. coli at 2.5 mg/mL and
S. aureus at 5 mg/mL [22].

Recent phytochemical studies have characterized the bioactive profile of Citrus paradisi,
linking its antimicrobial activity to a rich composition of bioactive compounds such as
flavonoids, terpenes, and furanocoumarins present in the peel, seeds, and juice. Among
flavonoids, naringin is predominant in the peel and metabolizes into naringenin, acting
as a potent antimicrobial agent with proven efficacy against E. coli and S. aureus [22,23].
Within terpenes, D-limonene is the major compound in the essential oil and is reported to
be responsible for bactericidal effects by causing damage to cell membranes [20,24]. Other
compounds such as furanocoumarins and phenolic acids, mainly obtained through organic
solvent extraction, have also demonstrated bactericidal activity in extracts [23-26].

Despite this potential, knowledge gaps persist, as most studies have focused on phar-
maceutical or food applications, with limited evidence regarding the disinfectant efficacy
of extracts in complex aqueous matrices with high organic loads [27]. This research ad-
dresses those gaps by introducing several distinctive elements. Unlike earlier investigations
that primarily reported MIC and MBC values for pathogens under controlled laboratory
conditions [18-26], our study evaluates the effectiveness of the extract in real surface
and wastewater samples, which contain complex organic and inorganic compounds that
may interfere with antimicrobial activity. Furthermore, it adopts a rarely explored kinetic
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perspective, assessing bacterial reduction at 6, 12, and 24 h. Another notable distinction
is that, while previous studies have focused mainly on pharmaceutical or food applica-
tions [16,17,27], our work specifically examines water antimicrobial activity, a critical public
health application with unique requirements and challenges. These considerations em-
phasize the importance of studies such as ours, which not only validate the antimicrobial
efficacy of Citrus paradisi extract but also contribute to advancing knowledge that supports
the achievement of Sustainable Development Goal (SDG) 6, ensuring access to safe and
high-quality water for communities in need.

2. Materials and Methods
2.1. Collection and Preparation of Plant Material

Citrus paradisi peel residues were collected from local markets in Trujillo, where this
fruit is commonly sold. The material was transported to the laboratory in single-use bags.
As a pretreatment, the residues were washed with running water to remove excess dirt and
adhered organic matter. The clean material was then oven-dried at 40 °C for 3—4 days to
reduce moisture prior to milling. The dried product was pulverized and sieved through
a No. 60 mesh (ASTM E-11) to obtain a homogeneous powder, which was packaged in
opaque single-use containers and stored at room temperature [28,29].

2.2. Extract Preparation

Sonication was employed as a clean extraction method. The process used a 1:4 (w/v)
ratio between the solid (50 g of plant powder) and the solvent (200 mL of 99% ethanol).
Extraction conditions were set at 55 °C for 90 min under constant sonication at 40 kHz. The
resulting extract was clarified by filtration through Whatman No. 1 paper and concentrated
using a rotary evaporator (ISOLAB). Finally, it was sterilized by vacuum filtration with
0.22 pm membranes and stored in sterile amber vials [30,31]. This product was desig-
nated as the mother concentrated extract, and its concentration was determined using the
pycnometer method.

The extraction yield was determined gravimetrically by weighing the dry extract
obtained after rotary evaporation and comparing it to the initial dry weight of the plant
material. The extraction yield was calculated as Extraction Yield (%) = (Weight of extract
obtained /Weight of dry plant material) x 100, yielding a value of 18.5 4= 1.2% (w/w) based
on the dry weight of the peel. This yield is consistent with values reported in the literature
for ultrasound-assisted extraction of citrus peels, which generally range between 10% and
25%, depending on the solvent type, extraction conditions, and citrus variety [28,30].

2.3. Evaluation of Antimicrobial Potential
2.3.1. Bacterial Sensitivity to the Extract

Certified ATCC strains (American Type Culture Collection) were used to determine the
Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
of the extract against S. aureus (ATCC 12493) and E. coli (ATCC 33876). The broth macrodi-
lution method was applied following CLSI-M07 guidelines, using Mueller Hinton (MH)
broth. An inoculum equivalent to 0.5 McFarland scale (approximately 1-2 x 103 CFU/mL)
was prepared, diluted, and added to broth tubes containing the extract to reach a final
concentration of 5 x 10% CFU/mL. The initial working concentration for these assays was
40 mg/mL. Each evaluation was performed in triplicate, and the results were used to
establish the extract concentrations applied in subsequent experimental trials [21,32].
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2.3.2. Experimental Trials for Antimicrobial Activity of Contaminated Water

Trials were conducted on two different samples of naturally contaminated water. First,
river water (slightly contaminated) with microbial loads between 10°~10* CFU/mL and
turbidity of 150 NTU was used. Second, wastewater (highly contaminated) with microbial
loads >10%* CFU/mL and turbidity of 250 NTU was tested.

The samples were collected directly from natural sources. River water was obtained
from the Mochica canal, Trujillo, Peru, at coordinates of 8°05'27” S, 79°02/58" O, while
wastewater was collected from a canal contaminated with municipal sewage near its mouth
at Buenos Aires Norte beach, Trujillo, Peru, at coordinates of 8°07'54” S, 79°0403” O. In
both cases, the water bodies are influenced by agricultural runoff and urban discharges,
whereas the sewage canal receives domestic wastewater with inadequate treatment from
the Trujillo municipal wastewater treatment plant. They were immediately transported to
the laboratory for experimental assays. Treatments included 99% ethanol and two different
concentrations of the ethanolic extract, with sterile distilled water as control. Experiments
were conducted in 100 mL test tubes, where 90% corresponded to the water sample and
10% to the added solution (sterile distilled water, 99% ethanol, 2.5 mg/mL extract, or
5.0 mg/mL extract).

The final concentration of ethanol in the extract-treated samples was calculated as
follows: the extract was prepared with 99% ethanol and applied at a 10% (v/v) ratio
to the water samples, resulting in a residual ethanol concentration of 9.9% (v/v) in the
test solutions.

Bactericidal effects were evaluated through microbiological counts at 0, 6, 12, and 24 h
(time O corresponded to the analysis of untreated water samples). Microbiological counts
focused on quantifying pathogenic bacteria: pathogenic staphylococci on Mannitol Salt
Agar (MSA) and coliforms on Eosin Methylene Blue Agar [33,34]. Each procedure was
repeated five times per water matrix to obtain statistically relevant data.

Bacterial reduction was calculated using the percentage of removal, determined as
[(initial CFU/mL — final CFU/mL)/initial CFU/mL] X 100, to facilitate comparison with
studies that report results in this format. The values of logarithmic reduction, calculated as
logyg (initial CFU/mL/final CFU/mL), were considered to compare the results obtained
with the existing literature.

2.4. Spectrophotometric Characterization of the Extract

Spectrophotometric characterization of the extract was performed using two tech-
niques. The first evaluation employed a UV-Vis spectrophotometer (Thermo Fisher Scien-
tific, Madison, WI, USA), and the second characterization used an FT-IR iS50 spectrometer
(Thermo Fisher Scientific, Madison, WI, USA). UV-Vis analysis allows the identification of
chromophores and conjugated systems, such as those found in flavonoids and phenolic
compounds, which typically display characteristic absorption bands in the 270-350 nm
region [35-37]. FTIR analysis allows the identification of characteristic functional groups
(e.g., O-H, C-H, C=0, C-O-C) based on their specific absorption bands in the range of
4000-400 cm ! [36,38].

2.5. Statistical Analysis

All experimental data were recorded in Microsoft Excel spreadsheets to calculate
percentage and logarithmic reductions in bacteria in each treatment, and graphs were
generated using OriginPro 9.0 software. Statistical analyses to determine significant dif-
ferences in antimicrobial activity among treatments were performed using SPSS version
26. Data normality was assessed with the Shapiro-Wilk test, and inferential statistics were
conducted using ANOVA followed by Post Hoc tests.
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3. Results and Discussion
3.1. Antimicrobial Activity of the Extracts

Table 1 presents the antimicrobial activity of the Citrus paradisi extract, showing greater
efficacy against S. aureus (ATCC 12493) than against E. coli (ATCC 33876). The MIC (Mini-
mum Inhibitory Concentration) and MBC (Minimum Bactericidal Concentration) values
confirm the antimicrobial activity of the extract and reveal differences between the microor-
ganisms tested. MIC and MBC values for S. aureus were 2.50 and 5.00 mg/mL, respectively,
whereas MIC and MBC values for E. coli were 5.00 and 10.0 mg/mL. These results indicate
that the concentration required to inhibit and eliminate E. coli is approximately twice that
needed for S. aureus, suggesting greater intrinsic resistance of the Gram-negative bacterium
to the extract.

Table 1. Antimicrobial activity of Citrus paradisi extract.

Microorganism MIC ! MBC 2
Staphylococcus aureus ATCC 12493 2.5 mg/mL 5.0 mg/mL
Escherichia coli ATCC 33876 5.0 mg/mL 10.0 mg/mL

Note: ! Minimum Inhibitory Concentration (MIC); 2 Minimum Bactericidal Concentration (MBC).

The results in Table 1 are consistent with those reported by Arsene et al. (2021) [21],
who found that aqueous and ethanolic extracts of Citrus paradisi peel exerted stronger
effects against Gram-positive bacteria compared to Gram-negative ones. In that study,
MIC values for S. aureus (1.56-3.12 mg/mL) were notably lower than those for E. coli
(12.5 mg/mL), reinforcing the hypothesis of greater sensitivity of Gram-positive pathogens
to the extract [21]. This disparity in bacterial sensitivity is often attributed to structural
differences in the cell wall: Gram-positive bacteria such as S. aureus possess a thick pepti-
doglycan layer that does not act as an effective permeability barrier against hydrophilic
agents, whereas Gram-negative bacteria such as E. coli have an outer membrane composed
of phospholipids and lipopolysaccharides that confers intrinsic resistance by functioning
as a selective barrier against polar molecules [21,24].

However, specialized literature reveals divergent results. Nguyen et al. (2024) re-
ported opposite findings, with lower MIC values for E. coli (2.5 mg/mL) than for S. aureus
(5 mg/mL) when using ultrasound-assisted extraction, suggesting that extraction methodol-
ogy can modify the antimicrobial activity profile [22]. Other studies highlight the influence
of solvents, reporting that ethanolic or alcoholic extracts are more effective than aqueous
ones [19,26]. Likewise, the bactericidal concentrations in our study were considerably
higher compared to those obtained with essential oils, where bactericidal concentrations
range between 0.384-0.768 mg/mL [20]. This suggests that volatile components such as
limonene (which constitutes >85% of the oil) possess much stronger antimicrobial activity
than compounds present in crude extracts or decoctions. While the study of water dis-
infection aligns with the general premise of greater effectiveness against Gram-positive
bacteria, the available evidence shows that the minimum bactericidal concentration is
strongly influenced by methodological factors, such as the type of extract, the solvent used,
and the extraction technique.

Experimental results in Figure 1 demonstrate that Citrus paradisi extract exerts signifi-
cant, concentration-dependent antimicrobial activity against Staphylococcus spp. and E. coli
in contaminated water. For Staphylococcus spp. in slightly contaminated water (Figure 1a),
both 2.5 mg/mL and 5.0 mg/mL concentrations produced notable reductions in bacterial
counts, exceeding the effect of ethanol alone. These trends were accentuated in highly
contaminated water (Figure 1c), where 5.0 mg/mL showed the greatest efficacy, suggesting
stronger inhibitory action even under high microbial loads. For E. coli, results were more
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differentiated. In slightly contaminated water (Figure 1b), 5.0 mg/mL achieved a consider-
able reduction, though less pronounced than that in Staphylococcus spp., while 2.5 mg/mL
showed moderate effects. Under highly contaminated conditions (Figure 1d), only the
higher concentration (5.0 mg/mL) maintained relevant antimicrobial activity, indicating
that E. coli (Gram-negative) exhibits greater resistance compared to Staphylococcus spp.

(Gram-positive).
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Figure 1. Temporal evolution of Staphylococcus spp. (a,c) and E. coli (b,d) counts in slightly contami-
nated water (a,b) and highly contaminated water (c,d) after treatment with distilled water (control),
ethanol, and C. paradisi extract at 2.5 and 5.0 mg/mL. Data represent mean values (1 = 5).

Results in Figure 2, expressed as removal percentage reductions in viable bacterial
counts (CFU/mL), confirm and quantify the differential antibacterial activity of treat-
ments. Complete removal (100%) indicates bactericidal activity, as no viable cells were
detected on the plates. In slightly contaminated water (Figure 2a), Citrus paradisi extract at
5.0 mg/mL showed the highest removal percentages for both microorganisms, being es-
pecially effective against Staphylococcus spp., with values close to or exceeding 90%. The
2.5 mg/mL concentration also produced significant removal, though lower, while ethanol
exhibited moderate and consistently inferior effects compared to both extract concentrations.
For E. coli under the same condition, percentages were notably lower, again highlighting its
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greater resistance. In highly contaminated water (Figure 2b), the concentration-dependent
effectiveness persisted, although overall removal percentages were lower due to the higher
initial microbial load. The 5.0 mg/mL extract remained the most effective treatment,
achieving the greatest reductions, particularly against Staphylococcus spp., while ethanol
showed limited efficacy. It is also observed that there is a significant difference between the
C. paradisi extract at 2.5 and 5.0 mg/mL and the 99% ethanol control, considering that the
residual ethanol concentration in the extract-treated samples was only 9.9% (v/v). This
indicates that the bactericidal effect is primarily attributable to the bioactive compounds
present in the extract rather than to the solvent.
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Figure 2. Percentage reduction in viable bacterial counts (CFU/mL) of Staphylococcus spp. and E. coli
at 6,12, and 24 h of treatment in: (a) slightly contaminated water and (b) highly contaminated water.
Complete reduction (100%) indicates bactericidal activity (no viable cells detected). Data represent
mean values (1 = 5).

A review of scientific literature reveals few studies reporting bacterial reduction in
logarithmic units or percentage removal in liquid media using Citrus spp. extracts. Most
phytochemical and microbiological studies typically report MIC, MBC, and inhibition zone
diameters (mm) [18-26]. This distinction is crucial. While MIC/MBC values provide a
useful baseline, they do not account for the interfering effects of a complex water matrix.
Our study provides novel, quantitative data on the kinetic removal of bacteria in real water
samples, demonstrating that the C. paradisi extract retains significant activity even in the
presence of natural organic matter and competing microflora. This positions the extract
as a practically viable candidate for point-of-use water treatment, particularly in settings
where the tested turbidity (150-250 NTU) and contamination levels (103-~10° CFU/mL)
are common, such as in many rural communities of Latin America and other developing
regions. However, some studies quantify antimicrobial activity of surface disinfectants
formulated with citrus extracts against pathogens, allowing comparison with removal
levels observed in this study. The product Biosecur® (Quebec, QC, Canada), formulated
with citrus extracts and used as a surface disinfectant, reduced Vibrio vulnificus by 3-6 log
units when applied at concentrations between 0.5-2.0% [39]. Similarly, Citrox© Kimbolton,
Reino Unido (citrus extract) applied to fresh foods significantly reduced survival of E. coli
0157:H7 and Listeria monocytogenes, achieving reductions of 2.8-4.8 log CFU /g for E. coli
0157:H7 in treated samples [38]. These findings are comparable to our experimental results,
where reductions of up to 4 log units were observed in slightly contaminated water within
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24 h, while in highly contaminated water, maximum removal reached 1 log unit within the
same period.

It is important to clarify that the reference to commercial products such as Biosecur®
and Citrox© in this discussion serves solely to benchmark the bactericidal efficacy observed
in our study against reported values for other citrus-based formulations. However, our
approach differs fundamentally from these commercial products in scope and application.

Biosecur®

is marketed primarily as a surface disinfectant [37], and Citrox© is used as a
preservative for fresh foods [36]. In contrast, our study specifically validates the application
of a Citrus paradisi peel extract for the antimicrobial activity of surface water, a critical
public health need often unaddressed by these commercial products. Furthermore, our
methodology valorizes an agro-industrial waste (peel) through a simple, low-cost sonication
process, making it a potentially decentralized and locally adaptable technology, particularly
relevant for resource-limited communities. This aligns with circular economy principles
and represents a distinct contribution to the field of sustainable water treatment.

Regarding removal percentages, literature shows that natural coagulants such as
baker’s yeast can eliminate 95-99% of coliforms in water samples with turbidity up to
500 NTU [35]. A similar study using Plantago ovata seed extract achieved near-total re-
moval of total coliforms and streptococci in river water with low bacterial contamination
(600 CFU/100 mL) [36]. These values are considerably lower than those obtained in our
study, where experiments with slightly contaminated water (4 x 103-1 x 10* CFU/mL)
achieved 90-100% removal of E. coli and S. aureus. In contrast, experiments with highly
contaminated water (1 x 10*-2 x 10° CFU/mL) achieved 60-85% removal of E. coli and
S. aureus.

An important observation in our results is the slight decrease in the removal of
E. coli with the ethanol control in slightly contaminated water between 12 and 24 h (from
25.45% to 17.86%). This pattern, which was not observed in highly contaminated water, can
be explained by several factors. First, bacterial regrowth is a possibility, since ethanol at
low concentrations tends to act more as a bacteriostatic than a bactericidal agent, allowing
some cells to survive and resume growth. Moreover, E. coli, as a Gram-negative bac-
terium, possesses an outer membrane that confers relative resistance to hydrophilic agents,
which could facilitate metabolic adaptation to low ethanol concentrations [21,24]. In ad-
dition, experimental variability and minor counting errors in the plate count method
may have contributed to this fluctuation; however, the normality test (Shapiro-Wilk,
p > 0.05) indicates that variability remained within acceptable limits. Taken together, these
elements acknowledge the reviewer’s observation and provide a coherent explanation for
the unexpected behavior.

3.2. Statistical Analysis of the Data

The data were analyzed using a one-way analysis of variance (ANOVA) followed by
Bonferroni post hoc tests. One-way ANOVA was selected because the primary objective
was to compare bacterial reduction percentages among independent treatment groups
(extract at 2.5 mg/mL, extract at 5.0 mg/mL, and ethanol control) at each individual time
point (6, 12, and 24 h). Each time point was analyzed independently, as the experimental
replicates (n = 5 per treatment and per time point) were independent. The Shapiro-Wilk
test confirmed data normality (p > 0.05), validating the use of parametric tests. Bonferroni
correction was applied to control the overall error rate in multiple comparisons. While
a repeated-measures ANOVA or a mixed-effects model would be more appropriate for
analyzing temporal trends and time-by-treatment interactions, the current approach was
considered sufficient for the exploratory nature of the study, where the primary objective
was to identify significant differences among treatments at each time point.
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To verify compliance with the assumptions required for the subsequent application
of parametric statistical tests, the normality of the data distribution was assessed using
the Shapiro-Wilk test. The results revealed that probability values (p-values) were higher
than the established significance level of 0.05 across all experimental groups analyzed
(Appendix A.1). Consequently, the null hypothesis was not rejected, allowing the as-
sumption that the data followed a normal distribution. This statistical finding indicates
that bacterial removal percentages recorded at 6, 12, and 24 h for the different treatments
(ethanol and Citrus paradisi extract at 2.5 mg/mL and 5.0 mg/mL) in contaminated water
samples were consistent with normality. This conclusion was qualitatively corroborated
in Figure 3 through visual inspection of scatter plots for each type of contaminated water
sample. In Figure 3a,b, a symmetrical distribution of points around the median of each
group is observed, without evidence of anomalous clustering at extreme ranges. Likewise,
no outliers with substantial deviation from the main data cluster were identified.
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Figure 3. Scatter plot representation of bacterial removal percentages in contaminated waters:
(a) Scatter plot of Staphylococcus spp. and E. coli removal percentages in slightly contaminated water;
(b) Scatter plot of Staphylococcus spp. and E. coli removal percentages in highly contaminated water.

To determine whether statistically significant differences existed among the means
of three or more independent groups, ANOVA (Analysis of Variance) was performed.
The resulting p-value was below 0.05, indicating significant differences among the groups
compared. Based on this finding, Bonferroni post hoc tests were conducted.

Evaluation of box-and-whisker plots (Box-Plots) corresponding to bacterial removal
percentages of Staphylococcus spp. and E. coli in slightly contaminated water, complemented
by Bonferroni post hoc results in Appendix A.2, showed that at 6 h (T6H), statistically
significant differences (p < 0.05) were identified in most comparisons between ethanol- and
extract-treated groups for both Staphylococcus spp. and E. coli. This distinction is visually
evident in Figure 4a, where clear separation between medians and minimal overlap of
interquartile ranges is observed. However, direct comparison between the two extract
concentrations (2.5 mg/mL vs. 5.0 mg/mL) in Staphylococcus spp. did not reach statistical
significance (p = 0.077), reflected graphically in the notable overlap of their box-and-whisker
plots. In contrast, for E. coli, the difference between these concentrations was significant
(p = 0.022), consistent with reduced overlap in their distributions. At 12 (T12H) and 24 h
(T24H), Bonferroni results indicated a different scenario: nearly all comparisons among
extract treatments (regardless of concentration or bacterial strain) yielded non-significant p-
values (p = 1.000). This statistical uniformity corresponded with the homogeneity observed
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in box plots, where medians aligned closely and boxes overlapped extensively. Never-
theless, differences between ethanol and extract groups remained statistically significant
(p < 0.05) at both time points, consistent with the visual separation still evident in the plots.
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Figure 4. Group comparisons using Box-Plot graphs: (a) Box-Plot of Staphylococcus spp. and E. coli
removal percentages in slightly contaminated water; (b) Box-Plot of Staphylococcus spp. and E. coli
removal percentages in highly contaminated water.

Evaluation of box-and-whisker plots for bacterial removal percentages in highly con-
taminated water, complemented by Bonferroni post hoc results in Appendix A.3, showed
that at 6 h (T6H), highly significant differences (p < 0.01) were identified between most
extract treatments and ethanol for both bacterial strains. This statistical distinction was
visually reflected in Figure 4b by clear vertical separation between group boxes, with
minimal overlap of interquartile ranges. Specifically, a significant difference (p = 0.005)
was observed between the two extract concentrations (2.5 mg/mL vs. 5.0 mg/mL) for
Staphylococcus spp., suggesting a higher median and overall elevated position of the
5.0 mg/mL box. For E. coli, this comparison was also significant (p = 0.004), indi-
cating an initial dose-dependent response represented by a stepped arrangement of
boxes. At 12 h (T12H), extract treatments maintained significant superiority over ethanol
(p < 0.001). However, direct comparison between the two concentrations for Staphylococcus
spp- was at the threshold of statistical significance (p = 0.051), suggesting greater over-
lap and closer medians than at T6H. For E. coli, the difference between 2.5 mg/mL and
5.0 mg/mL was not significant (p = 0.051), though significant differences were detected
between 5.0 mg/mL and ethanol-treated Staphylococcus spp., reflecting complex interactions
between bacterial species and treatments. At 24 h (T24H), the pattern of significant extract
effectiveness over ethanol persisted. Notably, for Staphylococcus spp., the difference between
concentrations regained statistical significance (p = 0.021), interpreted in the box plot as
a reopening or maintenance of the visual gap between 2.5 mg/mL and 5.0 mg/mL. For
E. coli, the comparison between concentrations was not significant (p = 0.071), but significant
differences were observed between the lower concentration of E. coli (2.5 mg/mL) and the
higher concentration of Staphylococcus spp. (5.0 mg/mL), highlighting possible specificity
of the effect.

In summary, there is consistent correspondence between data distributions inferred
from box plots and quantitative results of multiple comparisons. This coherence under-
scores that under highly contaminated conditions, Citrus paradisi extract exhibits signifi-
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cantly greater bactericidal effectiveness than ethanol from the earliest hours, with graphical
visualization confirming these statistical relationships by showing clear separations where
significant differences exist and overlaps where Bonferroni tests did not detect them.

3.3. Spectrophotometric Characterization of the Extracts

Spectrophotometric characterization of the Citrus paradisi extract is shown in Figure 5,
revealing the presence of functional groups and bioactive compounds consistent with its
previously observed antimicrobial activity.
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Figure 5. Spectrophotometric characterization of Citrus paradisi extract: (a) FTIR spectra and
(b) UV-Vis spectrum (200-800 nm).

In the FTIR spectrum (Figure 5a), characteristic peaks were identified that allow
assignment of the most relevant functional groups [37]. A broad and strong band around
3200-3600 cm ! indicates O-H stretching, compatible with phenols, alcohols, and free
carboxylic acids. Signals at 2920-2850 cm ™! correspond to aliphatic C-H stretching of
methyl and methylene groups, associated with terpenes and lipids. A pronounced band
at 1740-1700 cm~! suggests the presence of C = O groups (esters or carbonyls of organic
acids), while absorptions at 1650-1600 cm ™! are assigned to aromatic C=C or conjugated
carbonyls, typical of flavonoids and phenolic acids. Regions between 1310~1000 cm ! show
intense C-O and C-O-C vibrations, indicative of ethers, esters, and glycosides (flavonoid
glycosylations). In the fingerprint region (900600 cm '), aromatic C-H bands and out-of-
plane deformations reinforce the presence of aromatic compounds and ring substitutions.
Overall, the pattern suggests a mixture rich in phenols/flavonoids, esters, and terpenoid
components, consistent with expected phytochemical profiles in citrus [40,41].

The UV-Vis spectrum (Figure 5b) complements this analysis, showing a strong and
broad absorption band between 270-350 nm. The absorption maximum around 280-290 nm
is characteristic of flavonoids, specifically flavanones such as naringin, while the shoulder
or less intense peak in the 320-350 nm region may be associated with flavonols or extended
conjugation systems [42,43]. The absence of significant absorption above 400 nm confirms
the lack of pigments such as chlorophylls or carotenoids in high concentration, indicating
selective extraction of phenolic compounds [44]. Together, these spectral profiles confirm
that the extract is rich in polyphenolic secondary metabolites, particularly flavonoids,
widely recognized for their antioxidant and antimicrobial properties, thus providing a
chemical basis for the inhibitory effects observed against Staphylococcus spp. and E. coli.

FTIR characterization of the Citrus paradisi extract revealed key functional groups that
can be hypothetically related to antimicrobial activity (Table 2). The broad band in the
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3200-3600 cm ! region confirms the presence of O-H groups associated with phenols,
phenolic acids, and flavonoids such as quercetin and hesperidin [37,40,41,45,46]. These
compounds may act through destabilization of bacterial membranes, chelation of essential
metal ions, induction of oxidative stress, enzyme inhibition, and biofilm disruption [45-47].
The signal at 2920-2850 cm ™! corresponds to aliphatic C-H bonds, characteristic of ter-
penes such as limonene, which contribute to lipid bilayer disorganization, increased cell
permeability, and loss of intracellular content [45,48,49]. Peaks in the 1740-1700 cm~1 and
1685-1630 cm ™! regions are assigned to carbonyl (C=0) groups and aromatic or conjugated
rings (C=C), present in lactones, anthraquinones, and flavonoids such as naringenin, which
can interact with bacterial proteins and enzymes, altering their function [21,50,51]. Finally,
bands between 1310-1000 cm ! indicate the presence of C-O and C-O-C bonds typical of
glycosides (e.g., hesperidin) [37,40,41,50], which enhance solubility and bioavailability of
active compounds, facilitating their interaction with bacterial cell walls [52]. The correla-
tions between functional groups and proposed mechanisms in Table 2 constitute working
hypotheses grounded in the literature, which should be experimentally validated in future
studies through mechanistic assays and bio-guided fractionation.

Table 2. Correlation between FTIR bands, identified functional groups, and proposed antimicrobial
mechanisms for Citrus paradisi extract.

Functional . Proposed Antimicrobial
-1
Range (cm~1) Group Spectral Assignment Probable Compounds Mechanism
Membrane disruption; ion
O-H (phenols Broad stretching of Flavonoids (quercetin, chelation; oxidative stress
0-3600 henol}i)c aci ds; alcohols/phenols/ hesperidin); phenolic induction; enzyme
p carboxylic acids acids (caffeic acid) inhibition; biofilm adhesion
blocking [45-47]
Lipid bilayer
AliphaticC-H  Asymmetric/symmetric Monoterpenes disorganization; increased
2920-2850 (terpenes/ CH,/ (limonene, linalool, permeability; ATP loss;
essential oils) CHj stretching geraniol); fatty acids rapid bactericidal effect
[45,48,49]
Monoterpenes Protein/enzyme interaction;
C=0 stretching of (limonene); fatty acids; °y . ’
. C=0 carbonyl; permeability alteration;
1740-1700; aromatic C=C- esters and lactones; lactones; bactericidal activity via
1685-1630 . ! aromatic ring anthraquinones; . LV
conjugated C=0 vibrations quercefin; rutin; protein target modification
S UL [21,49-51]
naringenin
Improved solubility and
g O . . . transport; glycosides
1310-1000; CO/C-O0-C Stretching of ethers,  Flavonoid glycosides 4 120y icGailability
1200-1140 (glycosides, esters, and glycosidic  (hesperidin); glucosides; nd rel "
ethers) bonds phenolic esters and reease acive

aglycones; interaction with
bacterial cell wall [52]

It is important to acknowledge the limitations of this study, which should be ad-
dressed in future research. The main limitation lies in the absence of chromatographic
techniques (HPLC-MS) that would allow specific identification and quantification of the
compounds responsible for the observed activity, thereby facilitating more precise correla-
tions between chemical composition and antimicrobial potency. Therefore, the correlations
established between the functional groups detected by FTIR and UV-Vis and the proposed
mechanisms of action should be interpreted as working hypotheses rather than definitive
conclusions. Moreover, while we provided data on turbidity and bacterial load, we ac-
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knowledge that other physicochemical parameters, such as electrical conductivity, pH and
dissolved organic matter, were not considered in the analysis of this study. These factors
may influence antimicrobial efficacy and should be included in future investigations to
better understand the performance of the extract under diverse water quality conditions.
Nonetheless, the comparative experimental design employed allowed us to conduct a valid
evaluation of antimicrobial activity, and the statistically significant differences (p < 0.05)
observed among treatments confirm that the bactericidal effect is robust and primarily at-
tributable to the bioactive compounds present in the extract, regardless of the unmeasured
physicochemical parameters.

We recognize that natural surface waters harbor diverse microbial communities,
including viruses, protozoa, fungi, and a wide range of bacterial species beyond the
two indicator organisms evaluated in this study (S. aureus and E. coli). However, these
organisms were selected for several reasons: (i) E. coli is the primary indicator of fe-
cal contamination and is widely used in water quality assessment worldwide [2,3];
(ii) S. aureus serves as an indicator of pathogenic staphylococci, including antibiotic-resistant
strains that represent a significant public health concern [11,12]; and (iii) these organisms
represent Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria, allowing us to
evaluate the differential susceptibility of these groups to the extract, which is a critical
consideration given the structural differences in their cell walls [21,24]. Despite this ra-
tionale, the use of only two indicator organisms constitutes a limitation of this study. It
is therefore recommended that future investigations evaluate the efficacy of the extract
against a broader range of waterborne pathogens, including Salmonella spp., V. cholerae,
P. aeruginosa, Enterococcus spp., and enteric viruses, in order to fully assess its potential
for water antimicrobial activity. Such information would provide valuable insights for
practical applications in real-world water treatment scenarios.

While the extract shows promising potential for decentralized water treatment, further
research is required on scale optimization, long-term stability, comprehensive toxicology,
and organoleptic impact before field implementation. We recognize that this study was
based on a single extraction batch of Citrus paradisi peels and that reproducibility across
batches was not evaluated, which represents a limitation of this research, since the chemical
composition of plant extracts may vary depending on factors such as the geographical
origin of the plant, harvest season, storage conditions, and processing parameters [15,16].
Therefore, before considering the extract for practical applications, reproducibility of extrac-
tion yield, chemical profile, and antimicrobial activity must be evaluated across multiple
independent batches, as this is essential to ensure product consistency and robustness for
potential industrial or practical applications [30,31].

4. Conclusions

This study demonstrated that the ethanolic extract obtained from Citrus paradisi peel
constitutes an effective natural alternative for bacterial reduction in contaminated surface
waters, with antimicrobial performance significantly superior to that of the extraction
solvent and with a clear dependence on the applied concentration. Results obtained through
the broth macrodilution method revealed that the extract exhibits differential bactericidal
activity, being more potent against S. aureus (Gram-positive bacterium), attributable to
structural differences in the cell walls of both bacterial groups.

Application of the extract in real aqueous matrices with varying levels of microbial
contamination and turbidity validated its potential under near-real conditions, achieving
removal percentages above 80% for both microorganisms (Staphylococcus spp. and E. coli)
even under high contamination scenarios.
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The novelty of this work lies in the specific validation of the extract for surface water
bacterial reduction in real matrices, an application that has not been previously explored
for Citrus paradisi extracts. Unlike laboratory-based antimicrobial studies, our approach
addresses the practical challenges of water treatment in resource-limited settings, including
the presence of organic matter, competing microflora, and variable turbidity.

Spectrophotometric characterization by FTIR and UV-Vis suggested the presence of
functional groups and secondary metabolites (flavonoids, terpenes, and phenolic com-
pounds) that are consistent with the observed antimicrobial activity. However, in the
absence of chromatographic analysis (HPLC-MS), the specific compounds responsible for
the effect and their mechanisms of action remain hypothetical and should be investigated
in future studies.

Statistical analysis using ANOVA and Bonferroni post hoc tests confirmed the signifi-
cance of the findings, demonstrating statistically significant differences (p < 0.05) between
extract and ethanol treatments at all evaluated times, as well as between the two extract
concentrations in most comparisons, particularly in highly contaminated water and against
E. coli.

From an applied and sustainability perspective, this research is particularly relevant
as it demonstrates the feasibility of valorizing an agro-industrial residue by transforming it
into an input with potential to address a critical public health issue. The results align with
the principles of circular economy and green chemistry, proposing a natural alternative
that could reduce dependence on conventional disinfectants such as chlorine, whose use
generates toxic by-products and has been associated with microbial resistance.

In summary, the ethanolic peel extract of Citrus paradisi emerges as a promising al-
ternative for bacterial reduction in contaminated surface waters, with proven efficacy
against Gram-positive and Gram-negative bacteria of sanitary relevance. The findings of
this study contribute to the foundation for developing natural, accessible, and sustain-
able disinfectant formulations that may effectively support the achievement of SDG 6:
ensuring availability and sustainable management of water and sanitation for all, particu-
larly in communities with limited resources and restricted access to conventional water
treatment technologies.
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Appendix A
Appendix A.1

Table Al shows that the distribution of removal data meets the assumptions of normal-
ity in most cases. For ethanol treatments, all p-values obtained from the Shapiro-Wilk tests
were greater than 0.05, for both Staphylococcus spp. and E. coli, and at both contamination
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levels. This indicates that the data from these groups fit a normal distribution, allowing
the use of parametric statistical tests. Similarly, under high contamination conditions, all
treatments with extract at 2.5 and 5.0 mg/mL presented p-values > 0.05, also confirming
normality in these more complex scenarios.

A relevant finding is that, in slightly contaminated water, extract treatments that
achieved 100% removal did not allow calculation of p-values (N.A.), since the absence of
variability prevents the normality test. This highlights the absolute and consistent efficacy
of the extract, particularly at 5.0 mg/mL.

Table Al. Normality test applied to bacterial removal percentage data for Staphylococcus spp. and
E. coli obtained during treatment with ethanol and Citrus paradisi extract at 2.5 and 5.0 mg/mL in
processed water samples.

Extract % Removal of Staphylococcus sp. (mean 4= SD) in slightly contaminated water
Dosage 6h p-value 12h p-value 24h p-value
Ethanol 5.01 £5.28 0.22 8.97 £3.83 0.13 14.37 £ 1.90 0.60
2.5mg/mL 95.05 £ 2.07 0.36 100.00 £ 0.00 N.A. 100.00 £ 0.00 N.A.
5 mg/mL 100.00 £ 0.00 N.A. 100.00 £ 0.00 N.A. 100.00 £ 0.00 N.A.
Extract % Removal of E coli (mean + SD) in slightly contaminated water
Dosage 6h p-value 12h p-value 24h p-value
Ethanol 2511 £2.51 0.22 25.45 £5.95 0.13 17.86 + 5.46 0.60
2.5mg/mL 90.64 £ 0.40 0.36 100.00 £ 0.00 N.A. 100.00 £ 0.00 N.A.
5mg/mL 100.00 £ 0.00 N.A. 100.00 £ 0.00 N.A. 100.00 £ 0.00 N.A.
Extract % Removal of Staphylococcus sp. (mean + SD) in highly contaminated water
Dosage 6h p-value 12h p-value 24 h p-value
Ethanol 7.79 £2.66 0.71 15.07 £ 2.52 0.48 8.98 £ 4.38 0.17
2.5mg/mL 76.40 + 4.50 0.55 73.99 £ 6.76 0.88 71.99 +4.57 0.07
5 mg/mL 88.20 +£2.84 0.25 84.71 £ 3.59 0.57 84.59 +2.94 0.06
Extract % Removal of E coli (mean £ SD) in highly contaminated water
Dosage 6h p-value 12h p-value 24 h p-value
Ethanol 0.81 £5.27 0.57 415 +5.31 0.11 740 £8.34 0.36
2.5mg/mL 64.32 £ 6.18 0.31 63.28 £7.70 0.913 61.16 £ 6.79 0.69
5mg/mL 80.02 £4.16 0.80 80.74 £3.23 0.07 81.61 £4.15 0.81

Note: N.A. = Not applicable, since results reported 100% removal due to absence of bacterial growth on plates.

Appendix A.2

The results of the Bonferroni test for slightly contaminated water (Table A2) demon-
strate statistically significant differences (p < 0.05) in most comparisons between ethanol
and extract treatments, as well as between extract concentrations. At 6 h, ethanol
showed significantly lower efficacy (p = 0.000) compared to both extract concentrations for
Staphylococcus spp. and E. coli, with mean differences exceeding 90 percentage points in
some cases. A significant superiority of the 5.0 mg/mL extract over the 2.5 mg/mL extract
was also observed against E. coli (p = 0.022), although this difference was not significant
for Staphylococcus spp. (p = 0.077). At 12 and 24 h, both extract treatments achieved 100%
removal for Staphylococcus spp., eliminating any significant differences between them
(p = 1.000). However, ethanol remained significantly less effective (p = 0.000) at all times
and for both microorganisms.
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Regarding bacterial comparisons, the extract showed similar efficacy against

Staphylococcus spp. and E. coli at higher concentrations and longer exposure times

(p = 1.000). Nevertheless, at 6 h, significant differences were detected in favor of

Staphylococcus spp. when compared with ethanol. These results confirm the marked superi-

ority of the extract over ethanol and its concentration-dependent effectiveness, particularly

evident during the initial hours of treatment.

Table A2. Bonferroni Multiple Comparison Test applied to bacterial removal percentage data

for Staphylococcus spp. and E. coli in different treatments performed on slightly contaminated

water samples.

Variable . Mean Standard
(Time) Treatment Comparison Difference Deviation p-Value
T6H Staphylococcus sp.-Ethanol Staphylococcus sp.-2.5 mg/mL —90.03200 * 1.60848 0.000
Staphylococcus sp.-5.0 mg/mL —94.98600 * 1.60848 0.000
E. coli-Ethanol —20.09800 * 1.60848 0.000
E. coli-2.5 mg/mL —85.62400 * 1.60848 0.000
E. c0li-5.0 mg/mL —91.39200 * 1.60848 0.000
Staphylococcus sp.-2.5 mg/mL  Staphylococcus sp.-5.0 mg/mL —4.95400 1.60848 0.077
E. coli-Ethanol 69.93400 * 1.60848 0.000
E. c0li-2.5 mg/mL 4.40800 1.60848 0.171
E. coli-5.0 mg/mL —1.36000 1.60848 1.000
Staphylococcus sp.-5.0 mg/mL  E. coli-Ethanol 74.88800 * 1.60848 0.000
E. coli-2.5 mg/mL 9.36200 * 1.60848 0.000
E. coli-5.0 mg/mL 3.59400 1.60848 0.525
E. coli-Ethanol E. coli-2.5 mg/mL —65.52600 * 1.60848 0.000
E. coli-5.0 mg/mL —71.29400 * 1.60848 0.000
E. coli-2.5 mg/mL E. coli-5.0 mg/mL —5.76800 * 1.60848 0.022
T12H Staphylococcus sp.-Ethanol Staphylococcus sp.-2.5 mg/mL —91.03400 * 1.82754 0.000
Staphylococcus sp.-5.0 mg/mL —91.03400 * 1.82754 0.000
E. coli-Ethanol —16.48400 * 1.82754 0.000
E. c0li-2.5 mg/mL —90.32600 * 1.82754 0.000
E. coli-5.0 mg/mL —91,03400 * 1.82754 0.000
Staphylococcus sp.-2.5 mg/mL  Staphylococcus sp.-5.0 mg/mL 0.00000 1.82754 1.000
E. coli-Ethanol 74.55000 * 1.82754 0.000
E. coli-2.5 mg/mL 0.70800 1.82754 1.000
E. coli-5.0 mg/mL 0.00000 1.82754 1.000
Staphylococcus sp.-5.0 mg/mL  E. coli-Ethanol 74.55000 * 1.82754 0.000
E. coli-2.5 mg/mL 0.70800 1.82754 1.000
E. c0li-5.0 mg/mL 0.00000 1.82754 1.000
E. coli-Ethanol E. coli-2.5 mg/mL —73.84200 * 1.82754 0.000
E. coli-5.0 mg/mL —74.55000 * 1.82754 0.000
E. coli-2.5 mg/mL E. coli-5.0 mg/mL —0.70800 1.82754 1.000
T24H Staphylococcus sp.-Ethanol Staphylococcus sp.-2.5 mg/mL —85.63400 * 1.49331 0.000
Staphylococcus sp.-5.0 mg/mL —85.63400 * 1.49331 0.000
E. coli-Ethanol —3.49800 1.49331 0.417
E. coli-2.5 mg/mL —85.63400 * 1.49331 0.000
E. coli-5.0 mg/mL —85.63400 * 1.49331 0.000
Staphylococcus sp.-2.5 mg/mL  Staphylococcus sp.-5.0 mg/mL 0.00000 1.49331 1.000
E. coli-Ethanol 82.13600 * 1.49331 0.000
E. coli-2.5 mg/mL 0.00000 1.49331 1.000
E. coli-5.0 mg/mL 0.00000 1.49331 1.000
Staphylococcus sp.-5.0 mg/mL  E. coli-Ethanol 82.13600 * 1.49331 0.000
E. c0li-2.5 mg/mL 0.00000 1.49331 1.000
E. coli-5.0 mg/mL 0.00000 1.49331 1.000
E. coli-Ethanol E. coli-2.5 mg/mL —82.13600 * 1.49331 0.000
E. c0li-5.0 mg/mL —82.13600 * 1.49331 0.000
E. coli-2.5 mg/mL E. coli-5.0 mg/mL 0.00000 1.49331 1.000

Note: * Statistically significant at p < 0.05.
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Appendix A.3

The results of the Bonferroni test for highly contaminated water (Table A3) reveal
statistically significant differences (p < 0.05), highlighting the superiority of the extract
over ethanol and the effect of concentration. At 6 h, both extract treatments (2.5 and
5.0 mg/mL) were significantly more effective than ethanol against Staphylococcus spp.
(p = 0.000). Moreover, the 5.0 mg/mL concentration showed significantly greater efficacy
than 2.5 mg/mL for the same bacterium (p = 0.005). For E. coli, a clear superiority of
both extract concentrations over ethanol was also observed (p = 0.000), and the higher
concentration (5.0 mg/mL) was significantly better than the lower one (2.5 mg/mL), with a
mean difference of 56.53% (p = 0.000).

At 12 h, the trend persisted. The 5.0 mg/mL extract showed marginally higher efficacy
than 2.5 mg/mL against Staphylococcus spp. (p = 0.051), a borderline value suggesting a
tendency. Against E. coli, the superiority of 5.0 mg/mL over 2.5 mg/mL was again statisti-
cally significant (p = 0.000). At 24 h, the difference between the two extract concentrations
became statistically significant once more for Staphylococcus spp. (p = 0.021), confirming the
advantage of the higher dose over a prolonged period. In the case of E. coli, the superiority
of 5.0 mg/mL over 2.5 mg/mL remained robust (p = 0.000) at all evaluated times.

In summary, under highly contaminated conditions, the 5.0 mg/mL extract consis-
tently demonstrated greater efficacy than the 2.5 mg/mL extract, particularly against
E. coli, underscoring the importance of dosage in achieving optimal removal in environ-
ments with high initial microbial loads.

Table A3. Bonferroni Multiple Comparison Test applied to bacterial removal percentage data for
Staphylococcus spp. and E. coli in different treatments performed on highly contaminated water

samples.
Variable . Mean Standard
(Time) Treatment Comparison Difference Deviation p-Value

T6H Staphylococcus sp.-Ethanol Staphylococcus sp.-2.5 mg/mL —68.61200 * 2.81227 0.000
Staphylococcus sp.-5.0 mg/mL —80.41000 * 2.81227 0.000
E. coli-Ethanol 6.97400 2.81227 0.308
E. coli-2.5 mg/mL —56.53400 * 2.81227 0.000
E. coli-5.0 mg/mL —72.23200 * 2.81227 0.000
Staphylococcus sp.-2.5 mg/mL  Staphylococcus sp.-5.0 mg/mL —11.79800 * 2.81227 0.005
E. coli-Ethanol 75.58600 * 2.81227 0.000
E. coli-2.5 mg/mL 12.07800 * 2.81227 0.004
E. coli-5.0 mg/mL —3.62000 2.81227 1.000
Staphylococcus sp.-5.0 mg/mL  E. coli-Ethanol 87.38400 * 2.81227 0.000
E. coli-2.5 mg/mL 23.87600 * 2.81227 0.000
E. coli-5.0 mg/mL 8.17800 2.81227 0.116
E. coli-Ethanol E. coli-2.5 mg/mL —63.50800 * 2.81227 0.000
E. coli-5.0 mg/mL —79.20600 * 2.81227 0.000
E. coli-2.5 mg/mL E. coli-5.0 mg/mL 56.53400 * 2.81227 0.000
T12H Staphylococcus sp.-Ethanol Staphylococcus sp.-2.5 mg/mL —58.91800 * 3.29521 0.000
Staphylococcus sp.-5.0 mg/mL —69.63200 * 3.29521 0.000
E. coli-Ethanol 10.92200 * 3.29521 0.044
E. coli-2.5 mg/mL —48.20400 * 3.29521 0.000
E. coli-5.0 mg/mL —65.66400 * 3.29521 0.000
Staphylococcus sp.-2.5 mg/mL  Staphylococcus sp.-5.0 mg/mL —10.71400 3.29521 0.051
E. coli-Ethanol 69.84000 * 3.29521 0.000
E. coli-2.5 mg/mL 10.71400 3.29521 0.051
E. coli-5.0 mg/mL —6.74600 3.29521 0.776
Staphylococcus sp.-5.0 mg/mL  E. coli-Ethanol 80.55400 * 3.29521 0.000
E. coli-2.5 mg/mL 21.42800 * 3.29521 0.000
E. coli-5.0 mg/mL 3.96800 3.29521 1.000
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E. coli-Ethanol E. coli-2.5 mg/mL —59.12600 * 3.29521 0.000

E. coli-5.0 mg/mL —76.58600 * 3.29521 0.000

E. coli-2.5 mg/mL E. coli-5.0 mg/mL —17.46000 * 3.29521 0.000

T24H Staphylococcus sp.-Ethanol Staphylococcus sp.-2.5 mg/mL —63.01600 * 3.47843 0.000
Staphylococcus sp.-5.0 mg/mL —75.60600 * 3.47843 0.000

E. coli-Ethanol 1.57600 3.47843 1.000

E. coli-2.5 mg/mL —52.18200 * 3.47843 0.000

E. coli-5.0 mg/mL —72.63200 * 3.47843 0.000

Staphylococcus sp.-2.5 mg/mL  Staphylococcus sp.-5.0 mg/mL —12.59000 * 3.47843 0.021

E. coli-Ethanol 64.59200 * 3.47843 0.000

E. coli-2.5 mg/mL 10.83400 3.47843 0.071

E. coli-5.0 mg/mL —9.61600 3.47843 0.162

Staphylococcus sp.-5.0 mg/mL  E. coli-Ethanol 77.18200 * 3.47843 0.000

E. coli-2.5 mg/mL 23.42400 * 3.47843 0.000

E. coli-5.0 mg/mL 2.97400 3.47843 1.000

E. coli-Ethanol E. coli-2.5 mg/mL —53.75800 * 3.47843 0.000

E. coli-5.0 mg/mL —74.20800 * 3.47843 0.000

E. coli-2.5 mg/mL E. coli-5.0 mg/mL —20.45000 * 3.47843 0.000

Note: * Statistically significant at p < 0.05.
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