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Abstract

Currently, the world is facing a horrible situation due to SARS-CoV-2. Though its RNA was found in wastewater, there are
still no studies on RNA contamination detected in sewage. Hence, a possible treatment of sewage is suggested in this work.
The disinfection stage is extremely important in the treatment of effluents, minimizing the impacts on the receiving body
of water and promoting public health. In this context, the sequential use of ultrasound and ultraviolet radiation, on a bench
scale, was investigated as a way to improve the disinfection of anaerobically treated effluents. Two types of treated effluents
were tested, by septic tank and anaerobic filter, for which, two ultrasound frequencies, 25 and 40 kHz, and four doses of UV,
3.6;9.0; 18 and 36 mJ cm~2 were applied. Physicochemical and microbiological parameters were observed for individual and
sequential assays. The better quality of the anaerobic filter effluent influenced the performance of both processes, decreas-
ing the concentration of organic load and turbidity, even though a concentration of total coliforms and Escherichia coli
occurred in the lowest quality effluent (septic tank). The application of ultrasound has a positive effect on the inactivation
of total coliforms and E. coli up to 1.0 log and provides better conditions for ultraviolet radiation to be sequentially applied.
The UV radiation applied for the septic tank and the anaerobic filter inactivates 2.5 log for total coliforms and 3.5 log for E.
coli, respectively. It is suggested that the disinfection methods applied in this work to inactivate gram-negative bacteria (E.
coli) can also be applied to secondary treatment effluents, as well as being better tested for viruses, protozoa, and helminths.
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Introduction

Studies indicate that hospitalizations for waterborne diseases
are related to inadequate sanitation, such as the low rate of
sewage treatment, bringing unnecessary costs to the health
care system with potentially preventable diseases (Siqueira
et al. 2017; Paiva and Souza 2018).

This statement reflects the size of the challenge for many
countries, such as Brazil, with greater perception, which has
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only 53.2% of collection and 46.3% of treatment of all the
sewage generated in the country (SNIS 2019). Wastewater
Treatment Plants were designed primarily to remove organic
load, solids, nitrogen and phosphorus, with less focus on the
microbiological issue (Kokkinos et al. 2015).

Due to high concentrations of pathogenic organisms,
even in treated effluents, the disinfection process is neces-
sary before disposal in receiving bodies and for future reuse
(Antoniadis et al. 2007; Zhou et al. 2016). Disinfection aims
to reduce the risk of transmission of waterborne diseases,
especially when there is direct and indirect contact occurred
between human beings and pathogenic microorganisms
(WHO 2006; USEPA 2012).

Among alternatives, UV disinfection is perceived as an
eco-friendly disinfectant, with high disinfection efficiency,
a broad spectrum of inactivation for most pathogens, short
hydraulic detention time and easy operation and manage-
ment (Hijnen et al. 2006; Zhou et al. 2016). However, some
factors, such as the low quality of the related effluent, for
example, turbidity, color and suspended solids, can affect
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its efficiency (USEPA 1999; Wang et al. 2012; Liang et al.
2013; Farrell et al. 2018).

UV radiation can not only destroy the DNA and RNA
structure of microorganisms, forming pyrimidine dimers,
but also reactive oxygen species produced by photolysis via
oxidative stress could damage the cell membrane (Bosshard
et al. 2010; Hallmich and Gehr 2010).

Studies indicate the inactivation of enteric bacteria,
viruses, bacterial spores, and protozoan cysts and oocysts as
an effective technique for disinfecting wastewater, especially
for water reuse and recovery (Oliveira et al. 2008; Liang
et al. 2013; O Flaherty et al. 2017).

In recent years, ultrasound has been used as an advanced
oxidation process for wastewater treatment. This is possible
due to the production of hydroxyl radicals ("OH) in aqueous
solution and the recombination of these radicals in hydro-
gen peroxide. (Gogate and Kabadi 2009; Joyce et al. 2011;
Mahamuni and Adewuyi 2010; Gagol et al. 2018; Vazquez-
Lopez et al. 2018; Dehghani et al. 2019). In addition, the
incidence of ultrasound radiation generates high-energy bub-
bles or waves that implode in the reaction medium, a process
known as cavitation (Gogate and Kabadi 2009).

Thus, ultrasound radiation can be used to improve the
biodegradability of effluents (Gogate and Kabadi 2009; Oller
et al. 2011), improve anaerobic digestion and dewater biosol-
ids (Bagluglia et al. 2008; Gogate and Kabadi 2009), in addi-
tion to the inactivate pathogenic microorganisms in drinking
water and wastewater (Antoniadis et al. 2007; Gibson et al.
2008; Hulsmans et al. 2010; Gao et al. 2014; Naddeo et al.
2014; Zhou et al. 2015, 2016; Abeledo-Lameiro et al. 2018).

Studies show that the simultaneous or sequential combi-
nation of more than one disinfectant can enable a synergistic
effect, by promoting greater inactivation when compared to
the sum of individual inactivations (USEPA 1999; Zhou
et al. 2015).

Since ultrasound prevents the agglomeration of particles,
it can cause microorganisms to be more exposed to ultravio-
let radiation, favoring more efficient disinfection (Joyce et al.
2003; Zhang et al. 2007; Jin et al. 2013; Naddeo et al. 2009;
Zhou et al. 2017). This work investigated the effectiveness
of US and UV, applied alone and sequentially, to evaluate
synergistic effects in killing total coliforms and E. coli from
onsite wastewater treatment plant effluents.

Materials and methods

Wastewater effluents and analytical methods

The experiments were carried out with effluents from the
sewage treatment plant located at the Federal University of

Santa Maria, Campus Frederico Westphalen, which has a
septic tank (STE) followed by an anaerobic filter (AFE).

* @ Springer

For disinfection tests, effluent samples were collected from
the STE and the AFE. The chemical oxygen demand (COD)
was determined by the closed reflux method 5220-D (APHA
et al. 2012). The pH and temperature were analyzed using
a pH-meter (mPA-210p). Turbidity was measured through
a turbidimeter (DLI 2500, Del Lab®). Total coliforms and
Escherichia coli were used to investigate the effectiveness
of the disinfection process. Their detection was tested using
chromogenic technique with Colilert® media (Idexx Labo-
ratories Inc.).

Lab-scale sonication and UV radiation experiments

All individual and sequential disinfection tests were car-
ried out in batch. The experiments were realized in two
stages. First, individual disinfection tests with ultrasound
and ultraviolet radiation were carried out. In the last step,
after choosing the exposure time to the US and UV radiation
dose, sequential disinfection was performed. All tests were
performed in triplicate. A test scheme is shown in Figure S1.

Ultrasound disinfection tests were performed at frequen-
cies of 25 kHz only STE (model USC 2580, UNIQUE®),
and of 40 kHz for all effluents (model USC 1600,
UNIQUE®). For the tests, 500 mL of effluent were exposed
to ultrasound radiation for 20, 40, 60 and 80 min; therefore,
indirectly exposed.

The reactor used for the experiments with ultraviolet radi-
ation, in stainless steel, has dimensions of 8.2 cm X 88.2 cm,
with a 30 W lamp (Osram®) of low pressure of mercury
vapor, with emission in the 200-280 nm range, with a pre-
dominance of 254 nm. The lamp had no contact with the
liquid. Before the tests, the intensity of the UV radiation
emitted by the lamp was measured by actinometry (APHA
et al. 2012), with the reactor empty.

Before each test with ultraviolet radiation, the absorbance
values of the effluent at 254 nm (SPECORD® 50 PLUS—
Analytik Jena) were obtained to calculate the average radia-
tion intensity reaching the liquid. Thus, the necessary times
for the application for each UV doses were stipulated; 3.6;
9.0; 18 and 36 mJ cm™2. For this, 750 mL of effluent were
used, which resulted in a height of 1 cm inside the reactor.

For sequential disinfection, two samples of 500 mL of
effluent were submitted to ultrasound and the frequency of
40 kHz was used. STE samples were submitted to US for
80 min, while AFE samples were submitted 60 min. Sequen-
tially, the two 500 mL samples were mixed and, of these,
750 mL was subjected to UV, the other 250 mL were used
to perform the US analyses. The STE was subjected to the
action of UV radiation, at the applied dose of 36 mJ cm™2,
and the AFE, at the dose of 18 mJ cm™2. The objective was
to use a lower dose of UV radiation, in the best quality efflu-
ent, to avoid inactivating all bacteria.
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Inactivation efficiency and statistical analysis

The microorganism inactivation efficiency was calculated
using Eq. 1.

. N
Inactivation = — log (1%> D
where:

N: represents the number of microorganisms after
disinfection,;

No: the initial number of microorganisms in the sewage
sample before disinfection tests.

The disinfection kinetics model developed by Chick
(1908), related to exposure time and frequency (US), was
utilized, in relation to the received ultraviolet radiation (UV)
dose.

Statistical analysis was performed using the software Sta-
tistica 7.0® (Statsoft 2004). The objective was to evaluate
the influence of ultrasound, the frequency and time of con-
tact, and the UV dose, in the inactivation of microorganisms,
as well as to verify if they presented similar decay. For that,
the Analysis of Variance (ANOVA) was performed, with
Levene 's test for homogeneity of variances and Tukey' s
test in order to verify differences, which were considered
significant when the p - value was <0.05.

Results and discussion

The quality of the effluents used in the disinfection tests,
individual and sequential, is shown in Table 1.

US disinfection
The physicochemical characteristics evaluated—pH, tem-

perature, turbidity and COD—were shown to be constant for
STE, even with longer exposure times to the US (Table S1).

Table 1 Main parameters of the effluents samples

Parameter Septic tank effluent Anaerobic filter

(STE) (Mean +SD) effluent (AFE)
(Mean +SD)

pH 8.20+0,16 7.49+0.08

Temperature (°C) 24.8+0,7 24.1+1.3

Turbidity (NTU) 214.8+18 71.4+47.2

COD (mg L™ 558+98 339+124

Escherichia coli 4.1%10° 4.8x10°

(MPN/100 mL)* [1.0x10°-1.1x107] [6.9%10°-1.9x107]

Total coliforms 1.1x107 1.7x107

(MPN/100 mL)* [1.0x10°-6.6Xx 107] [9.9%10%-3.1x107]

*Arithmetic mean [min—-max]

However, it can be observed that ultrasound (40 kHz) man-
aged to affect the AFE, due to the increase in temperature
and turbidity, proportional to the exposure time, despite not
showing any statistical difference. The increase in tempera-
ture is attributed to the waves generated during the cavitation
process (Oliveira et al. 2008).

The effluent matrix plays a decisive role in disinfection,
since organic compounds can compete with the hydroxyl
radicals formed by cavitation (Antoniadis et al. 2007;
Zupanc et al. 2019). Gibson et al. (2009) found that ultra-
sonic waves have better effects—breaking down wastewater
particles—for larger particles (90-250 mm in diameter),
when compared to the smaller ones (38—63 mm in diam-
eter). They also report that the percentage of particle breaks
increased linearly with the logarithmic increase in the energy
density of the ultrasound.

Regarding the microbiological part, the inactivation of
the indicators can be seen in Fig. 1, for the different frequen-
cies and exposure times, for the two effluents.

For STE, in both frequencies, there was a decrease in
the concentration of the two indicator microorganisms of
approximately 1 log (90% of inactivation), in the time of
80 min of radiation, as can be seen in Fig. 2A and B for
25 kHz and 40 kHz, respectively. There were no significant
differences in terms of contact time and type of microor-
ganism studied, due to the high standard deviation values
(Tukey test, p>0.05). This may have been recurrent due to
the heterogeneity of the physical-chemical composition of
the effluent between the repetitions.

In the application of ultrasound in AFE, decreases in
inactivation were observed at 40 and 60 min (Fig. 2C). The
breakdown of particles and bacterial clusters is assumed due
to ultrasound and the consequent “release” of microorgan-
isms to the liquid medium (Blume and Neis 2004; Hulsmans
et al. 2010). Thus, at 80 min, there is almost 1 log of inac-
tivation of total coliforms, as already reported to the STE.

Although AFE has less turbidity compared to STE, it pre-
sented solids that are easier to break by ultrasound, causing
a fast release of microorganisms and consequent lower effi-
ciency in the intermediate times of 40 and 60 min (Ayyildiz
etal. 2011).

The ultrasound process is based on disturbances in the
liquid that can combine in effects: mechanical (turbulence,
circulation currents and shear stress); chemical (genera-
tion of hydroxyl radicals, hydrogen peroxide, etc.); physi-
cal (high temperature and pressure conditions); combined
effects (when used in combination with chemical treatments,
such as chlorine, hydrogen peroxide or ozone, for example)
in which a large pressure gradient intensifies the penetra-
tion of chemical oxidants through the microbial cell mem-
brane) (Gogate and Kabadi, 2009; Drakopoupou et al. 2009;
Zhou et al. 2015). It is those numerous individual and com-
bined effects that cause the inactivation of microorganisms

* @ Springer
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(Nyborg 2001; Mason et al. 2003; Piyasena et al. 2003;
Mahamuni e Adewuyi 2010; Zupanc et al. 2019).

The results found for septic tank effluent are similar to
the work of Antoniadis et al. 2007 and Hulsmans et al. 2010.
Some variables influence the disinfection process with ultra-
sound: volume and flow applied; appliance power related to
the energy released; matrix (water, raw or treated effluent);
operation of the treatment unit (batch or continuous); as
well as the initial microbial concentration (Hulsmans et al.
2010). In addition, the higher the frequency, the greater the
ability to inactivate microorganisms. Still, the result of the
ultrasonic effect depends on the constitution of the bacterial
cell wall (Gao et al. 2014) and the microorganism (Zupanc

¥ @ Springer

others were not affected, and the same time and potency of
US was considered.

UV disinfection

The UV radiation did not change the values of the parame-
ters pH, temperature, COD and turbidity significantly (Tukey
test) (Table S2).

Ultraviolet radiation promoted a reduction greater than
2 log coliforms and E. coli in STE, when doses of 18 and
36 mJ cm~2 were applied, which did not differ significantly
between them, but differed from the lowest doses analyzed
(Tukey test) (Fig. 2). This may be related to the presence of
bacterial aggregates and the tail effect in the disinfection pro-
cess, presenting small inactivation even with dose increase,
from 3.6 t0 9.0 mJ cm~2, and from 18 to 36 mJ cm™> (Gibson
et al. 2009; Zhou et al. 2015).

Regarding the best quality effluent—AFE—there was a
better performance of ultraviolet radiation, with inactiva-
tion close to 3.5 log for both microorganisms, in the highest
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applied dose, a result close to that of Zheng et al (2017),
Zhou et al. (2017) and Tan et al. (2017). It is worth mention-
ing that the doses of 18 and 36 mJ cm~2 obtained statistically
similar efficiencies (Tukey test).

Turbidity is used to evaluate the performance of UV
disinfection. Suspended solids can absorb or disperse UV
radiation, as well as serve as protection for microorganisms
present in the liquid (Linden and Darby 1998; Zhou et al.
2015). The turbidity presented in the tested effluents can
be considered inadequate for the possible indication of dis-
infection by UV only, and may in fact have influenced the
results obtained.

Evaluating the performance of a full-scale ultraviolet dis-
infection system, studies prove the feasibility of using this
method, even in effluent compositions that do not favor the
method (Lee et al. 2015; Jackson et al. 2019).

Lee et al. (2015) report that solids negatively influence
the efficiency of UV radiation. Although there was no analy-
sis of total solids in this work, turbidity is a parameter that
indirectly demonstrates this concentration.

It can be inferred that the best quality effluent resulted
in even better efficiency in the UV doses applied with inac-
tivation of the indicator organisms. Similar results are in
line with other studies, despite not having ideal conditions
of turbidity and COD, but also showing total coliform and
E. coli inactivation (Bilotta and Daniel 2012; Medeiros and
Daniel, 2015).

It should be noted that UV radiation inactivates micro-
organisms through the absorption of high-energy light and
its action occurs directly on the RNA and DNA of microor-
ganisms, preventing them from reproducing or replicating.
However, the recovery of these microorganisms can occur,
mainly through a dose considered sublethal of UV radiation
(Hijnen et al. 2006; Lee et al. 2015).

Disinfection kinetics

Chick's applied kinetic model achieved high adherence in
both effluents, indicating compliance with first-order kinet-
ics, as reported by Drakopoulou et al. (2009) and Naddeo
et al. (2009), for ultrasound; and Carre et al. (2018), for
ultraviolet radiation. Table 2 shows the decay constant (k)
and Pearson's correlation coefficient (r2).

The effect of time corroborates other studies that used
ultrasound, which describe that the percentage of death of
the analyzed organisms, as well as the levels of changes in
molecular structures, increases with the time of exposure
(Neis and Blume 2003; Jyoti and Pandit 2004; Gao et al.
2014). The decay constants found, however, were lower
than those found by Neis and Blume (2003) and Jin et al.
(2013), possibly due to the better effluent characteristics
and applied US intensity.

Studies indicate that in addition to the exposure time
and the frequency of the ultrasound to which the micro-
organisms are submitted, it influences inactivation (Anto-
niadis et al. 2007; Hulsmans et al. 2010). However, this
evaluation was not significantly different (between 25 and
40 kHz) in this present work.

For UV disinfection, the linear correlation, according to
the applied dose, was also suggested by Carre et al. (2018).
The concentration of solids, size of biological flakes, tur-
bidity and absorbance values at 254 nm (Azimi et al. 2013;
Schmidtlein et al. 2015; Tan et al. 2017; Carre et al. 2018),
as well as phototransformation and organic micropollut-
ants (Paredes et al. 2018) are determining factors that can
explain the best results in AFE in relation to STE.

Table 2 Decay constant and correlation coefficient in disinfection by ultraviolet (UV) and ultrasound (US) radiation

Disinfectant Effluent k (107%/min) P
US-25 kHz STE-TC 2.95 0.975
STE-EC 2.15 0.937
US—40 kHz STE-TC 247 0.930
STE-EC 2.67 0.952
AFE-TC 1.23 0.630
AFE-EC 1.35 0.924
Disinfectant Effluent k (cm?/mJ) P
UV-30 W STE-TC 30.93 0.940
STE-EC 29.15 0.905
AFE-TC 41.59 0.924
AFE-EC 41.63 0.913

TC: total coliforms; EC: E. coli

]
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Sequential disinfection

It can be highlighted that the synergistic effect occurred
for both microorganisms, being evidenced up to 1 log of
inactivation, from the sequential use of the two disinfectants
(Table 3), a similar result found by Jin et al. (2013) and Zhou
et al. (2015). Hydroxyl radicals produced during cavitation
can attack, weaken and disintegrate the chemical structure of
the bacterial cell wall (Joyce et al. 2003; Zupanc et al. 2019).
In addition, US, used as a primary disinfectant, increases
the UV disinfection capacity, especially in wastewater with
low transmittance, due to the breakdown of particles and
bacterial aggregates (Gibson et al. 2009; Yong et al. 2009;
Ayyildiz et al. 2011; Jin et al. 2013; Naddeo et al. 2014).
In all cases, microorganisms are eventually exposed to UV
radiation more effectively.

Some authors cite the use of ultrasound as a pre-treatment
in order to improve posterior disinfection, due to the syner-
gistic effect with chlorine dioxide (Ayyildiz et al. 2011; Nad-
deo et al. 2014), ultraviolet radiation (Blume and Neis, 2004;
Zhou et al. 2015; Naddeo et al. 2014), sodium hypochlorite
(Zhou et al. 2016), ozone (Naddeo et al. 2014) or titanium
dioxide (Drakopoulou et al. 2009). Thus, with the need for
lower doses of disinfectants, it can result in the generation
of a lower concentration of disinfection by-products (Zhou
et al. 2016).

The results highlight the importance of the concomitant
use of US and UV to achieve good inactivation efficiency of
microorganisms (Zheng et al. 2017; Annissha et al. 2020).
The combination of different disinfectants can be more eco-
nomically attractive (Neis and Blume, 2003; Mahamuni and
Adewuyi, 2010; Hulsmans et al. 2010; Zhou et al. 2016;
Gagol et al. 2018) and, in the case of the present study, it
may be true due to the application of lower doses of UV and
time of exposure to US.

Gram-negative E. coli bacteria are more resistant than
gram-positive bacteria because their cell wall consists of

peptideoglycan and an outer membrane. The outer mem-
brane lipopolysaccharide is a large and complex molecule
that contains lipids and carbohydrates. In this work, an inac-
tivation of these bacteria was observed, so that the applied
processes (US and UV) were able to break this outer mem-
brane and the UV radiation reached the DNA or RNA of
these microorganisms.

It is suggested that the disinfection methods applied in
this work to inactivate gram-negative bacteria (E. coli) can
also be applied to viruses, since viruses that are more resist-
ant are those that have a shell that protects genetic mate-
rial (RNA), and this shell consists of lipids, proteins and
carbohydrates, as well as the outer membrane of bacteria.
Once the RNA of SARS-CoV-2 was found in sewage waters
(Ahmed et al. 2020; La Rosa et al. 2020a, b; Randazzo et al.
2020a, b), there are still no studies on RNA contamination
detected in the sewage.

Conclusion

Despite the low quality of the effluents used, with high tur-
bidity values and COD, the disinfections applied individually
were able to reduce the concentration of microorganisms.

Sequential disinfection from the application of US fol-
lowed by UV is a promising technology, which has achieved
synergistic effects greater than 1.0 log. Therefore, it may be
an indication of a possible real technological application
in effluent treatment plants, requiring research to inactivate
more resistant microorganisms.

The disinfection of microorganisms was proportional to
the time of exposure to ultrasound and the applied UV dose,
following Chick's kinetics and, in general, total coliforms
were less resistant compared to E. coli, although there was
no statistical difference.

Table 3 Synergistic effect after

B ; Microorganism Effluent (# test) Y Individual Disin- ~ Sequential Disinfec- Synergism*
sequential disinfection fection (ID) tion (SD)
Total coliforms STE (1) 3.25 3.58 0.32
STE (2) 2.47 3.28 0.81
STE (3) 3.74 3.71 0.03
AFE (2) 1.53 2.62 1.09
E. coli STE (1) 2.65 3.28 0.62
STE (2) 2.75 3.28 0.52
AFE (1) 2.12 2.25 0.12
AFE (2) 1.92 2.63 0.71

Disinfection values and synergism are given as log values. *Synergism=Observed SD—(Z ID) (USEPA;

1999)

]
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