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ARTICLE INFO ABSTRACT
Handling Editor: Keith Maruya One of the environmental effects of COVID 19 is the contamination of ecosystems with antibiotics due to their

high consumption to treat this disease. Many years ago, the distribution of antibiotics including azithromycin

(Azi) in wastewater treatment plants in Bushehr city, seawater, and sediment of the Persian Gulf has been

ﬁﬁi‘r)ﬁ: cin investigated. As Azi has been prescribed to COVID 19 patients, contamination of the environment with this drug
COVID 15 can also be assumed. Thus, we decided to examine this hypothesis by repeating our previous study during COVID

Persian gulf

19 period. We collected wastewater samples from influent, effluent, and different units of three wastewater
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treatment plants (WWTPs) including one municipal WWTP (Plant A) and two hospital- WWTPs (Plant B and C).
Seawater and adjusted sediments were gathered from 8 stations located in the Persian Gulf in two seasons to

evaluate the special and temporal variation. The results showed a huge growth of Azi pollution in all studied
matrixes. The mean Azi values in the influent of Plant A, B, and C were 145 ng/L, 110 ng/L, and 896 ng/L, which
represented an 9, 6, and 48-time increase compared with those obtained in 2017 (before COVID 19). The Azi
removal efficiency had a different behavior compared to before COVID 19. The mean concentration of Azi in
seawater and sediment samples was 9 ng/L and 6 ng/g, which was 3 and 4-fold higher than the previous study.
Opposed to our former study, the Azi amount in the aqueous phase was less subjected to temporal seasonal
variations. Our observations indicated the wide distribution of Azi in the environment and a future threat of
intense growth of antibiotic resistance in ecosystems.

1. Introduction

Antibiotics are a widely used class of drugs that are effective in
treating bacterial infections in humans and animals by killing bacteria or
preventing them from growing and multiplying due to their functional
group (Cano et al., 2020; Rodriguez-Mozaz et al., 2020; Murugesan
et al., 2021). Today, over 250 chemical substances are classified as
human and animal antibiotics (Rodriguez-Mozaz et al., 2020) and have
become a group of daily consumed xenobiotics that enter to environ-
ment continuously, through residential, hospital, and clinical usage.
They are complex molecules that their introduction of antibiotics into
the environment as unmetabolized or incompletely metabolized forms
poses a major health risk due to the emergence and selection of
antibiotic-resistant genes and bacteria (Guo et al., 2020; Sabatino et al.,
2020; Rathi et al., 2021). So, the World Health Organization has iden-
tified antimicrobial resistance as one of the top 10 global public health
threats to humans (EclinicalMedicine, 2021).

The rate of antibiotic consumption has increased by 39% from 2000
to 2015 (Klein et al., 2018), whereas it is estimated that 700,000 people
die each year from bacterial infections, and if left unamended, that
number will rise to 10 million a year by 2050, and leaving a loss of 100
trillion USD (O’Neill, 2016).

Besides agricultural biosolids and aquaculture, wastewater treat-
ment plants (WWTPs) are one of the main receptors for antibiotics.
Wastewater treatment plants are usually not designed to remove
micropollutants such as antibiotics (Prasannamedha et al., 2022; Sar-
avanan et al., 2022). Therefore, the outlet of the treatment plant can be a
hot spot for antibiotics to enter the environment. Different studies all
over the world have surveyed the presence of antibiotics in effluents and
their effect on the distribution of contamination in receiving environ-
ments such as rivers, seawater, sediments, and soil (Pan and Chu, 2017;
Kairigo et al., 2020; Shi et al., 2020; Zafar et al., 2021).

While it seemed necessary to take any action to reduce the use of
antibiotics, the emergence of a COVID 19 phenomenon messed up
everything. Since December 2019, the world has been facing a pandemic
called COVID 19 caused by the novel coronavirus SARS-CoV-2. Globally,
as of July 15, 2022, the cumulative number of confirmed coronavirus
cases and deaths were 557,917,904 and 6,358,899, respectively (Badvi
and Javanbakht, 2021; WHO, 2022). As of July 11, 2022, a total of 12,
130,881,147 vaccine doses have been administered (WHO, 2022).
Counting three doses per person, a large population of the world has not
yet been vaccinated. Although COVID is a viral disease, antibiotics are
used to treat bacterial co-infections (Usman et al., 2020), and various
studies have shown that even in the absence of a bacterial co-infection,
antibiotics are prescribed to treat the disease (Chen et al., 2020a;
Asmarawati et al., 2021). So, concerns about increasing antibiotic usage
and associated resistance intensified. For example, a study by
Abelenda-Alonso et al. in a 700-bed hospital in California reported a
significant increase in antibiotic consumption during the COVID 19
period over the same time before the pandemic (Abelenda-Alonso et al.,
2020).

Among the various antibiotics, azithromycin (Azi) from the class of
macrolides, the third most widely consumed group of antibiotics (Klein
et al., 2018), with antiviral and immunomodulatory effects, is known as

one of the most useful therapies for treating COVID 19 (Arshad et al.,
2020; Echeverria-Esnal et al., 2021). Azi by acting against a wide range
of microorganisms is used for curing respiratory diseases and sexually
transmitted infections (Kagkelaris et al., 2018; Liu et al., 2018). So, by a
continuous introduction to the environment, it is considered a
pseudo-persistent pollutant (Zhang and Jiang, 2021). For example, in
Guerra et al. study in 2014 on six treatment plants in Canada, Azi was
detected in all influent and effluent samples (Guerra et al., 2014). Also,
in Kulkarni et al. study in 2017 on four treatment plants in the United
States, Azi showed the highest values (concentration range: 22-336
ng/L) in all influent samples compared to other studied antibiotics
(Kulkarni et al., 2017). Azi is not biodegradable and some physico-
chemical processes have been posed to the treatment of Azi (Talaie-
khozani et al., 2020).

On the other hand, antibiotic resistance has been confirmed in Azi-
receiving environments (Sivaranjanee and  Kumar, 2021).
Bengtsson-Palme et al. and Milakovi¢ et al.’s studies on the effluent of
Azi-producing plants reflected the high prevalence of Azi-resistant genes
and bacteria in effluents with high concentrations of azithromycin
(Bengtsson-Palme et al., 2019; Milakovic et al., 2019). Therefore, the
prevalence of COVID 19 and the intensification of Azi consumption may
amplify concerns about increasing Azi resistance. Since the study of
wastewater can monitor the process of drug use at a specific time and
place, this period can also reflect the changes in antibiotic consumption
(Reinstadler et al., 2021), especially Azi in this case. Among the studies
conducted in this field is the study of Chakraborty et al. which in the
period from August to September 2020 in 4 municipal WWTPs and one
hospital WWTP in south India, Azi was found in 100% of the influent
samples in the range of 54-360 ng/L (Chakraborty et al., 2021). How-
ever, there is still insufficient data to compare the levels of Azi in
wastewater pre- and post-COVID 19.

In our previous study, in 2015 and 2016, we examined the concen-
tration of six antibiotics in one municipal WWTP and two hospital
WWTPs, as well as in receiving seawater and sediments on the northern
shoreline of the Persian Gulf. The results showed that the highest value
among the studied antibiotics in the influent samples from the municipal
wastewater treatment plant belonged to Azi with an average concen-
tration of 16 ng/L. Azi was also detectable in all influent, seawater, and
sediment samples (Kafaei et al., 2018).

After COVID 19 pandemic, due to the importance of increasing the
prescription of Azi on the distribution of this antibiotic in water bodies,
we decided to repeat the study in the same previous places, in particular
for azithromycin, and compare the results with previous findings and
conclude whether the pandemic has increased the distribution of Azi in
the environment? Therefore, the concentration of Azi was measured at
the influent of one municipal WWTP and two hospital WWTPs and the
effluent of each process in the evaluated WWTPs. Also, the prevalence of
Azi in seawater and sediments of the northern coast of the Persian Gulf
(around Bushehr port, Iran) was determined.
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2. Material and methods
2.1. Description of the researched hospitals

The sewage of two main hospitals of Bushehr city (Bentolhoda
Hospital and Shohaday-e-Khalij-e-Fars Hospital), which were heavily
involved with corona patients, was investigated. The two researched
hospitals used more than 60% of their capacity to treat corona patients
during the years 2020 and 2021. It should be noted that in the second
half of 2021, due to the severity of this disease in Iran, many patients
were treated at home. One of the drugs prescribed by Iranian doctors for
corona disease was the antibiotic azithromycin (Tarighi et al., 2021)
(although this drug was not part of the treatment protocol announced by
the Ministry of Health).

2.2. Sampling campaign

This study was conducted under the same protocol that was used for
our previous study. Sampling points, gathering, preparing of samples,
used materials and chemicals, and samples analysis were adjusted to
before. Thus, more information about this section can be found in the
previous study (Kafaei et al., 2018).

Three wastewater treatment plants located in Bushehr city (Iran)
were subjected to sampling. Treatment plant A was a municipal treat-
ment plant that utilized a stabilization pond as the treatment system.
Sewage samples of this plant were gathered from the influent and
effluent of the pond and the stream that passes through inline chlori-
nation. Plant B was the treatment plant of a hospital (Bentolhoda Hos-
pital) with a septic tank system and samples were collected before
entering the system and after complete treatment by the septic tank.
Plant C was another hospital treatment plant (Shohaday-e-Khalij-e-Fars
Hospital) and samples were taken from raw influent wastewater, the
effluent of the grit chamber, the effluent of the primary sedimentation
unit, and the effluent of the secondary sedimentation unit. Other char-
acteristics of treatment plants are summarized in Table 1. It is note-
worthy that the operating conditions of the treatment plant have not
changed before and during the coronavirus. Daily composite samples
were gathered every 8 h, on 3 consecutive days for each unit. Fig. 1
shows the geographical location of wastewater treatment plants and
stations on the north coast of the Persian Gulf around the Bushehr port.

To evaluate the special distribution of Azi in the receiving water and
sediment, a series of samples were collected from the aqueous phase and
sediment. To do this, 8 stations were chosen in the tidal zone of the
Bushehr coastline located along the Persian Gulf. On the shores of
Bushehr port, surface runoff along with (treated) sewage enters the sea.
Treatment plant B discharges a part of the effluent between Station 1
and 2. The sewage treatment plant C discharges its output to the vicinity
of Station 5. It should be noted that some old parts of Bushehr, such as
the areas near stations 1 to 3, do not have a sewage collection network,
and wells are used to discharge sewage from houses. Considering that
the underground water level is high, it is likely that the improper
disposal of sewage in these areas is also effective in the Azi pollution of
seawater.

For studying temporal changes, sampling was conducted on August

Table 1
Characteristics of the treatment plants investigated in this study.

Treatment Type of Daily Retention Use of effluent
plant treatment flow time
A Stabilization 35,250 6h Irrigation, dispose into
pond the sea
B Septic tank 8 5 days The output enters the
inlet of treatment plant
A with a tanker.
C Activated 14.5 2 days Irrigation, dispose into
sludge the sea
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2020 (dry season) and February 2020 (wet season) on 3 consecutive
days. On each day, 1 composite sample was taken from each station at
the 30-cm water depth at a radius of 5 m. Adjusted surface sediment
(0-5 cm) samples were also gathered in the vicinity of the same places
where water samples were taken at a surface area of 5 cm x 5 cm. Water
and wastewater were collected in 500 mL pre-cleaned amber glass
bottles and extracted by a 0.45 pym glass fiber filter. Sediment was taken
through a shovel, after freeze-drying and sieving through an 80 pm fil-
ter, and kept at —20 °C until extraction.

2.3. Analytical method and azi distribution technique

The Azi antibiotic analysis in all samples (seawater, wastewater, and
sediment) was performed by the instrument of high-performance liquid
chromatography-electrospray ionization tandem mass spectrometry
(HPLC-ESI-MS/MS). The details regarding the measurement of the Azi
antibiotic including quality assurance-quality control (QA-QC), the re-
covery percentages, and limits of quantification (LOQ) are fully
described in Table 2. Also, details regarding reagents and chemical used
for the measurement of Azi is presented in the Supplementary
Information.

ArcGIS 10.5 software and interpolation technique of inverse distance
weighting (IDW) approach was employed to evaluate the spatial distri-
bution of Azi antibiotic in the sediment and seawater. Details of this
method are given in the Supplementary Information.

3. Results and discussion
3.1. Distribution of azi in the studied treatment plants

Fig. 2 shows the differences between the concentration of Azi in
influent and effluent of 3 treatment plants. As we see, in all influents and
effluents Azi was detected and had more concentration compared to
previously detected ones. Since the operational conditions were the
same as before in 3 studied plants, the most effective factor in AZI dis-
tribution was detected the consumption due to coronavirus prevalence.

The mean Azi value in the influent of the municipal treatment plant
(145 ng/L) was 8.8-fold higher than doses before COVID 19 (16 ng/L).
Before COVID 19 stabilization pond was able to degrade Azi completely,
but during COVID 19 mean removal efficiency by the stabilization pond
was 52% and Azi was present with a mean concentration of 70 ng/L in
the effluent. In a study (Azanu et al., 2018), the concentration of mac-
rolides was recorded at 96-1,931 ng/L, after stabilization pond
decreased to 47-882 ng/L, and complete removal was not obtained. It
seemed that stabilization pond is more effective for antibiotic removal in
low concentration, with the respect that the only difference between this
sampling campion with former is the introduced concentration. Design
and operational parameters mainly include sludge retention time, hy-
draulic retention time, and working capacity which were the most
important factors in the various removal efficiency of 60-90% in 4
wastewater stabilization ponds studied by researchers (K'Oreje et al.,
2018), were not affecting our study.

After the stabilization pond, wastewater was introduced to the
chlorination line, and the mean concentration of Azi in the effluent of
chlorination was measured at 17 ng/L. As in our previous study, any Azi
did not enter to chlorination line, so we cannot compare it with that. In a
study (Loganathan et al., 2009), chlorination cannot completely destruct
Azi and reduced the concentration of Azi from 65 ng/L to 35 ng/L
(remove to about half) showed less removal than our study (remove to
about a quarter). It was also indicated that chlorination can be effective
in antibiotic destruction but not completely (Batt et al., 2007). Studies
have indicated that pH and initial free chlorine dosages are effective
factors in the rate of macrolides destruction (Li and Zhang, 2012, 2013).
Totally, the municipal treatment plant showed a mean removal effi-
ciency of 88%. So, it can result in the effluent of the municipal WWTP is
one of the distributors of Azi into the environment during COVID 19
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Fig. 1. Map of sampling stations (SS is the sampling stations. A, B, and C are WWTPs).

Table 2

The recovery percentage of Azi and LOQ of wastewater, seawater, and sediments sample.

Wastewater sample Seawater sample

Sediment sample

Recovery percentage (%) LOQ (ng/L) Recovery percentage (%) LOQ (ng/L) Recovery percentage (%) LOQ (ng/g)
10 (ng/L) 50 (ng/L) 100 (ng/L) 10 (ng/L) 50 (ng/L) 100 (ng/L) 10 (ng/g) 50 (ng/g) 100 (ng/g)
81 86 82 0.3 81 81 90 0.4 94 82 83 0.6
5 Stabilization pond H 114
22 Primary clarification |y~ 75 == 422
3§
§ © Grit chamber 16 758
g5 y
<38
£ Influent L 19 896
E = % Effeluent '513
28z
2 0 &
§' £ § Influent g1 ¢ H 110
. (inline chloinated) Effleunt |1 17 Azi-during COVID 19 M Azi-2017
% o
S E Lagoon H 70
2 0
=3
@ Influent F 16 H 145
0 100 200 300 400 500 600 700 800 900 1000
Azi concentration (ng/L)
Fig. 2. Azi concentration in the studied wastewater treatment plants.
pandemic. concentration of Azi in Plant B increased to 110 ng/L. The difference is

Before COVID 19, both hospital treatment plants had almost the
same amounts of Azi in the influent (Plant B: 18 and Plant C: 19 mg/L).
But during the pandemic, Plant C showed a much higher concentration
of Azi, the mean Azi value in the plant influent was 47.8 times larger
than before and detected in the mean value of 896 ng/L, while the mean

related to this issue that COVID 19 patients’ hospitalization mainly takes
place in Plant C and Plant B just those positive corona patients had been
hospitalized that had gone due to heart disease.

In Plant B the removal efficiency of Azi was about 87% and effluent
concentration was detected at 13 ng/L, while the adjusted values before
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COVID 19 were 73% and 5 ng/L. These results showed that the septic
tank, however, is not able to remove Azi completely but is efficient in the
removal of high values of Azi as much as low concentrations, even more.
A study in Qatar in 2016 on a wastewater treatment plant (septic tank)
showed 91% efficiency for macrolides removal (Al-Maadheed et al.,
2019).

In Plant C which utilized the activated sludge process a huge
increased amount of Azi was detected in influent and effluent of treat-
ment process units. As we expected greatest mutation occurred in this
plant, and the mean value of influent Azi was detected about 48 times
higher than before. In comparison with before COVID 19, the mean
values of Azi in influent, grit chamber effluent, primary clarifier effluent,
and secondary sedimentation effluent increased from 19 to 896 ng/L,
16-758 ng/L, 12-422 ng/L, and 2-114 ng/L, respectively. The removal
efficiency of Azi before and during COVID 19 for the great chamber,
primary clarifier, and secondary sedimentation was measured at 12%
and 15%, 30% and 44%, 79%, and 73%. In total, the efficiency of Plant C
in removing azithromycin was the same (87%) for before and during the
pandemic. This value showed that the activated sludge system had a
similar trend to Azi removal with various ranges. In a study in China, the
Azi concentration in the influent of 12 treatment plants that utilized a
secondary treatment process was reported in a wide range (5-501 ng/L)
and removal efficiency in the highest condition was very close to our
results (Zhang et al., 2017). In another study (Yasojima et al., 2006), the
mean concentration of Azi in the influent of 6 treatment plants in Japan
was detected at 260 ng/L that decreased to 138 ng/L after the secondary
treatment and total removal efficiency of Azi through activated sludge
system was calculated 49%.

The activated sludge system is not designed for antibiotic removal. In
this process, antibiotics are mainly removed through two mechanisms of
adsorption and biodegradation (Oberoi et al., 2019; Zhu et al., 2021),
while adsorption is dominant. Adsorption of antibiotics to primary and
biological sludge depends on the sludge adsorption coefficient (Kg).
Higher Ky values represent a greater affinity of antibiotics to adsorption
to the sludge. Hydrophobic interactions are another factor that is
effective for macrolide adsorption to sludge (Zhu et al., 2021).

The main removal mechanism in the grit chamber is the adsorption
of antibiotics onto coarse particles and consequently sedimentation or
degradation by photolysis or aeration (Liu et al., 2019). So, removal
efficiency in the grit chamber is low for micropollutants including an-
tibiotics. As we see lowest reduction level (12%) was recorded for the
grit chamber and the Azi concentration was reduced from 896 ng/L to
758 ng/L. This finding is in accordance with a study (Pan and Yau, 2021)
that reported a reduction of Azi through grit chamber in 2 treatment
plants in China in the range of 1.7%-13.2%. Similar to our study,
another study in China (Yuan et al., 2015) showed 17.5% removal ef-
ficiency for a horizontal grit chamber.

Similar to grit chamber, adsorption to primary sludge is the main
way of antibiotic removal from wastewater, especially for a hydrophobic
antibiotic such as Azi due to adsorption to lipid fraction of primary
sludge (Park et al., 2017). The mean value of Azi was 758 ng/L in
influent that reduced to 422 ng/L in the effluent (~30% removal), which
showed a 15% lower reduction compared to before COVID 19. So, in this
stage, it can be also concluded that better efficiency is happen for lower
Azi content. The removal efficiency of primary treatment in WWTPs
studied in Korea has been reported at 15% for most of the investigated
antibiotics (Park et al., 2017). A study in the USA in 2017-2018 showed
no significant reduction of antibiotics including Azi through primary
treatment, while influent concentration was 22-639 ng/L (Angeles
et al., 2020).

The effluent of the primary clarifier gets into secondary or biological
treatment. Compared with before COVID 19, the removal efficiency of
Azi in the biological treatment process did not show considerable vari-
ation and, in both studies, it was ~70-80%. Thus, in activated sludge
systems the inlet concentration of Azi was not determining the removal
efficiency. The removal efficiency might be depended on operational
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conditions. As activated sludge includes negatively charged particles,
and Azi carries a positively charged dimethylamino group, electrostatic
interactions cause to accumulation of Azi in activated sludge (Hu et al.,
2018). A study (Tran et al., 2016) has reported a moderate removal of
macrolides by activated sludge process, as the median concentration of
Azi in influent was 1,949 ng/L decreased to 470 ng/L in secondary
effluent (the removal efficiency was 49-81%), which similar to our
findings.

Removal efficiencies of different stages of treatment are plotted in
Fig. 3. Based on data provided in Fig. 3, any process was not able to
complete degrade or remove Azi. While before COVID 19 stabilization
pond showed the most removal efficiency but during COVID 19 its ef-
ficiency decreased to about half. During COVID 19 most efficiencies
were related to the septic tank unit, while its efficiency increased about
15% relative to before. Chlorination was the second effective unit during
COVID 19 but we do not have data to compare with before. The next
effective unit in both sampling campion belonged to the activated sludge
process. Primary clarification and grit chamber represented the lowest
removal efficiency, respectively in both periods, however, their removal
efficiency increased during COVID 19. As we expected primary treat-
ment such as primary clarifier and great chamber did not have a bold
role in Azi removal and the main task was on the secondary treatment
including the septic tank, stabilization pond, and activated sludge pro-
cess. It concluded that biological degradation and adsorption to sec-
ondary sludge are the most effective mechanisms for Azi reduction,
while sedimentation along with coarse particles during primary treat-
ment is not the main distributor of Azi removal.

Totally, 3 studied WWTPs showed a huge growth not only in the
influent concentration of Azi, but in the effluents, and effluent values in
Plant A and B were higher than influent samples belonged before COVID
19. It was detected that treatment processes were not ready for enough
removal of Azi. Therefore, they have not been designed for micro-
pollutant removal and in the critical condition, it would be worse.
Accordingly, these systems might propose a larger threat to the envi-
ronment compared before the prevalence of coronavirus. In the next step
to evaluate this hypothesis, we would discuss the impact of this increase
on receiving water and sediments.

3.2. Distribution of azi in seawater and sediments

In all 96 composite seawater and sediment samples, Azi was detected
higher than the detection level, and we faced a considerable growth
relative previous study (before COVID 19).

3.2.1. Azi in seawater

Azi concentration in seawater during COVID 19 compared to its
concentration before COVID 19 in both winter and summer seasons has
been depicted in Fig. 4. Generally, Azi concentration has increased by 3
and 6 times in seawater in winter and summer than the equivalent time
of before COVID 19, respectively. This showed that COVID 19 pandemic
has affected the marine environment and antibiotic pollution by Azi is
more prevalent than pre-COVID. Ignoring Station 1, the average Azi
concentration in winter and summer before COVID 19 was reported at 2
ng/L and 1 ng/L, respectively. This revealed that the mean concentra-
tion of Azi was impressed by temporal seasonal variation, and a lower
concentration in summer was linked to more biodegradation, and pho-
todegradation due to increasing summer sunlight, the temperature of
seawater, and the activity of microorganisms. During COVID 19, mean
values of Azi in winter and summer were close to each other (~7 ng/L).
This indicated that the input concentration of Azi has overcome envi-
ronmental degrading factors and large consumption and release of Azi
due to COVID 19 have influenced both seasons in the same way.
Although removal and degradation of antibiotics in water are rare, due
to high stability (Xu et al., 2019) but generally sorption to sediment,
biodegradation, photolysis, and hydrolysis are ways that may affect the
removal of antibiotics in seawater (Desbiolles et al., 2018).



F. Mirzaie et al.

100 1~
90 A

60 -
50 -
40 A
30 -
20 ~
10 ~

0 T
Stabilization pond Inline chloinated

Azi removal (%)

Septic tank

Chemosphere 307 (2022) 135996

W AZI-2017

W AZI-during COVID 19

Grit chamber

Primary
clarification

Secondary
sedimentation

Processes

Fig. 3. Removal efficiency (%) of different processes in the Azi removal.

In winter a 1.5-3 fold increase in Azi values was experienced
compared to before COVID 19 and mean values were measured in the
span of 4-31 ng/L. Just like the previous study, the highest mean
amount of Azi was detected in Station 1, as 31 ng/L during COVID 19
and 14 ng/L before COVID 19. The next values belonged to Station 5 and
4, as 12 and 11 ng/L showed 4 and 3 fold increases compared to before
the pandemic, respectively. But highest increase degree is dedicated to
Station 6, as the mean value of 1 ng/L before COVID 19, which increased
to more than 7 ng/L during COVID 19 in the winter (increase rate: 7-
time). The lowest mean amount belonged to Station 8 (4 ng/L), how-
ever, was higher than all detected values in all stations except Station 1
in our previous study.

We were faced with a wider range of enhancements for summer
times samples. In Station 1 mean value before and during COVID 19 was
around 5 ng/L. Before COVID 19 highest value was dedicated to Station
1 (~5ng/L), but during COVID 19 s-lowest concentration after Station 5
(4 ng/L) was related to Station 1 (5 ng/L), which showed a smooth in-
crease in Azi amount. But in Station 4 and 7, mean Azi values were
obtained at 0.2 ng/L and 0.5 ng/L before COVID 19, which increased to
10 ng/L and 11 ng/L during COVID 19 showing an elevation rate of 50
and 22-fold, respectively. Station 7 was known as the most critical sta-
tion for Azi release to seawater in summer.

Different studies have reported various ranges for Azi in seawater
samples. The mean value of Azi (14 ng/L) in seawater samples adjust to a
mariculture area in China in 2019 was about 2 times higher than our
values (Du et al., 2019), while Du et al. in China reported the mean Azi
concentration of 5 ng/L in coastal water, that was lower than our mean
values in both seasons (Du et al., 2017). Physicochemical properties of
seawater are a determining factor in the distribution of antibiotics. In
our previous study, we demonstrated that the Azi content of seawater
was directly correlated with the potassium level of seawater. But in this
period, it seemed that the initial concentration of Azi is the most
important factor in Azi distribution in the Persian Gulf water.

3.2.2. Aziin sediment

Fig. 5 represents the mean values of Azi in sediments during COVID
19 compared to amounts before COVID 19. Mean values of Azi in sedi-
ment samples in this study compared to before the pandemic raised from
1 ng/g to 5 ng/g in winter and 2 ng/g to 7 ng/g in summer showing a
remarkable increasing rate in both seasons and indicated that Azi
pollution similarly affected sediments in both seasons. Cation exchange
has known as the most important mechanism of Azi adsorption to
sediment (Hanamoto and Ogawa, 2019).

For winter samples, like before COVID 19, the highest mean Azi
value belonged to Station 3, and the mean amount for this station was 2

ng/g and 8 ng/g for pre- and during COVID, respectively. The next
biggest value was reported for Station 5 (7 ng/g), which showed the
lowest amount in our previous study (1 ng/g), so the highest mean
growth (7-fold) was recorded for this station. The pH level, TOC, and silt
content of sediment have been detected as an important factor in the
distribution of Azi in winter.

Such as the previous study, the mean Azi concentration in sediment
samples in summer was greater than those in winter. For sediment
samples taken in the summer before COVID 19, the lowest amounts of
the evaluated antibiotic (1 ng/g) belonged to Station 1, 3 and 4. This
trend was repeated in the COVID 19 period and the lowest Azi value was
detected in Station 3 (4 ng/g) and Station 4 (6 ng/g). On the other hand,
the highest concentration was detected in Station 2 for both the pre- and
during the pandemic, with the mean value of 5 ng/g and 17 ng/g,
respectively. The residential houses near Station 2 have an old texture
and do not have a sewage collection network. Probably, the sewage
wells in this area have caused more pollution to the beach near it.
Compared to before COVID 19, the highest increase in summer samples
was reported for Station 1 in which the mean calculated value raised
from 1 ng/g to 7 ng/g, and minimum growth was seen in Station 5 and 6
(3-time increase). Based on Fig. 5, the highest detected amounts in
winter and summer belonged to Station 3 and 2, respectively, which like
the previous study indicated the ability of movement of antibiotics
including Azi on the sediment. Fernandes et al. reported a higher con-
centration of Azi in bottom samples compared with the top zone, con-
firming the migration of Azi through sediment (Fernandes et al., 2020).

Among 6 antibiotics investigated in sediment samples in the north of
Portugal in 2020, the highest values belonged to Azi (43 ng/g) which
was much higher than our detected values in all stations (Fernandes
et al., 2020). Our results were against Li et al. work that reported higher
macrolides values in sediment in the wet season rather than the dry one
(10 ng/g and 11 ng/g for the dry and wet seasons, respectively). They
related this issue to the higher discharge of these antibiotics in the wet
season as well as more antibiotic accumulation in sediment at higher
flow rates (Li et al., 2018).

3.2.3. Relationship between seawater and sediments

The pseudo-partitioning coefficient (ky,s) was used as a tool for
quantitative description of the relationships of antibiotics (here, Azi)
concentration between the sediment (Cs) and water phase (Cy,) ac-
cording to the following equation:

kW,s = CS/CW (1)

As we see in Table 3, during the COVID pandemic, ky s values of Azi
in Station 8 were close together, 1035 L/kg and 1025 L/kg in winter and
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Fig. 4. (a-d) Distribution and (e) concentration of Azi in seawater samples of the Persian Gulf.

summer, respectively. These values for Station 3 and 5 were higher in
winter than in summer, and for other stations were fewer in winter.
Compared with before COVID 19 samples, in winter samples, except
Station 2 and 6, ky, s has increased compared with before COVID, and
even some stations (like 1 and 8) have faced more than two times in-
crease. But in summer samples, except Station 1 and 2 reflected 6 and 2
times enhancement, other stations represented less ky, s amounts. This
shows less accumulation of Azi in sediments than water in summer
compared to before COVID 19, while we faced the opposite trend in
winter. Guo et al. expressed that kyy 5 values related to macrolides had a
negative relationship with dissolved organic matter in the water and
total organic carbon in sediment (Guo et al., 2017). Chen et al. by
analyzing the correlations between ky, s and physicochemical properties

of sediment and seawater, have indicated the complexity of partitioning
behaviors of antibiotics between the seawater and sediment, and this
equilibrium is affected by different physicochemical characteristics and
hydrologic conditions (Chen et al., 2020b).

Coronavirus was a big shock for whole societies and the environ-
ment, and one of the most important outcomes of this phenomenon was
the high consumption of water and medicines that strongly impressed
wastewater treatment plants and water bodies consequently. Studied
samples from seawater and sediment of the Persian Gulf indicated an
increase in antibiotic burden in this area. Compared to the previous
study (before COVID 19), distribution of a much higher level of Azi was
observed in sediment and aqueous phase that can be received not only
from wastewater treatment plants but from other resources such as
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Fig. 5. (a-d) Distribution and (e) concentration of Azi in sediment samples of the Persian Gulf.

runoffs and illicit discharges. However, we should be aware of this
massive growth in antibiotic resistance that has begun now and will
continue in the post-COVID 19 eras.

4. Conclusions

The occurrence and distribution of azithromycin (Azi) in the influent
and effluent of involved processes of the main wastewater treatment
plants in Bushehr port as well seawater and sediment of the Persian Gulf
were investigated. The results of Azi concentration during the COVID 19
disease were compared with those before this period (i.e., 2017).
Compared to before COVID 19, the concentration of Azi entering the
treatment plants had increased by 6-48 times, while its elimination
process did not follow a specific pattern. The stabilization pond worked
less useful in higher Azi amounts but the efficacy rate of the septic tank
was elevated. The concentration of azithromycin in seawater and

sediments samples increased during COVID 19 compared to before this
disease. The Azi level in 8 stations along the Persian Gulf in the dry and
wet season was measured in the range of 4-31 ng/L and 3-17 ng/g for
seawater and sediment samples, respectively. The high level of Azi is an
alarm to be careful about water bodies concerning antibiotic resistance
promotion that may have been started now and is going to be a more
serious problem in the post-COVID era.
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