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100 and 20 pg/L per antibiotic. Ultra-high performance liquid chromatography and

Keywords: tandem mass spectrometry (UHPLC-MS/MS) were used to determine the removal of the
Biodegradation VA for each mechanism. For a hydraulic retention time of 4 days, the overall removal of
Biosorption antibiotics by the MBC was 99.9% for TTC, 78.0% for CPF, 52.6% for SDZ and 5.0% for SMX.
Hydrolysis A pseudo-first order irreversible model was applied to best fit the experimental data. The
Photolysis degradation constant rates were 0.136 h~! for TTC, 0.012 h~! for CPF, 0.010 h~! for SDZ
Microalgae and 0.0007 h~! for SMX. Under all the evaluated conditions, CPF and TTC exhibited the

highest removal efficiency. Biosorption was the main mechanism for all four antibiotics,
followed by biodegradation in the cases of TTC and SDZ. CPF did not show removal via
biodegradation. SMX did not show removal via hydrolysis or photolysis. This study (i)
integrates and evaluates individually the mechanisms involved in VA removal using an
MBC; (ii) determines an overall removal rate constant for a wide array of TTC, CPF, SDZ
and SMX concentrations; and (iii) demonstrates the high removal capacity and potential
use of microalgae as an ecofriendly wastewater treatment process.
© 2023 Universidad de Valladolid. Published by Elsevier B.V. This is an open access article
under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Emerging contaminants (ECs) are a group of pollutants associated with serious ecological and human health problems.
However, their ecotoxicological effects are relatively unknown. ECs include endocrine disrupting chemicals (EDCs),
pharmaceuticals and personal care products (PPCPs), perfluorinated compounds (PFCs), polycyclic aromatic hydrocarbons
(PaHs), surfactants, pesticides, dyes and alkyl phenolic compounds, among others (Ahmed et al., 2021). Antibiotics are an
EC which have attracted considerable attention since they are widely used in human and animal medicine. Antibiotics
are commonly found in wastewater since they are minimally metabolized, only about 10 to 20% and its major fraction is
evacuated in urine and feces (Cheng et al., 2020; Khalatbary et al., 2022). However, conventional wastewater treatment
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plants (WWTPs) are not intended to remove antibiotics specifically, leading to the liberation of antibiotics into the
environment (Ahmed et al., 2017; Matamoros et al., 2015; Norvill et al., 2017).

Conventional physical, chemical and biological technologies have been tested at lab and industrial scales to remove
ECs from wastewaters. Conventional wastewater treatment technologies have been recognized to be insufficient for the
removal of ECs (Ahmadpour et al., 2021). However, adsorption using activated carbon (Azari et al., 2021; Jaafari et al.,
2018; Zazouli et al., 2016) and advanced oxidation processes coupled with light irradiation (Badi et al., 2019; Hashemi
et al., 2020) were found to be very effective for the removal of ECs. Additionally, hybrid systems combining ozonation
with biological activated carbon showed good removal efficiencies for pharmaceuticals (Rodriguez-Narvaez et al., 2017).
Similarly, a hybrid ozonation-ultrasound system can successfully remove up to 100% of many ECs. However, the absence
of consistent analytical data of the resulting transformation products, together with their toxicity and the high costs of
these technologies, has restricted their industrial application in WWTPs (Ahmed et al., 2017; Lopez-Serna et al., 2019).

Microalgae-based wastewater treatment technologies have aroused the interest of researchers as they have been
shown to be able to remove a broad range of ECs. Being photosynthetic microorganisms, microalgae provide oxygen
via photosynthesis, lowering the need of external mechanical aeration. Additionally, microalgae use CO, for their growth
which reduces CO, emissions and converts solar energy in valuable biomass. Moreover, microalgae extract resources,
such as carbon, nitrogen and phosphorus, from wastewater. The main benefits of microalgae treatment processes are
their ability to combine macro pollutant removal with biomass valorization (resource recovery from algal biomass
as fertilizer, protein-rich feed or biofuel). This in turn produces high-quality effluent while potentially biodegrading
hazardous pollutants (Gojkovic et al., 2019; Hom-Diaz et al., 2017; Matamoros et al., 2015).

Microalgae-based wastewater treatment technologies have the capacity to remove organic contaminants, such as
antibiotics through both abiotic (sorption, volatilization or photodegradation) and biotic (biosorption, bioaccumulation and
biodegradation) processes. The application of microalgae to remove antibiotics from wastewater has industrial potential
as a green and sustainable sunlight-driven technology (Gojkovic et al.,, 2019; Hom-Diaz et al., 2017; Matamoros et al.,
2015). However, the relatively high cost of conventional systems for the separation of the microalgal biomass from the
treated wastewater is still a challenging matter (Lefoulon et al., 2016). The most widely used microalgae-based treatment
system are high rate algae ponds (HRAP) which require large land areas and, being natural systems, have some variability
in treatment performance (Ahmed et al., 2017; Lopez-Serna et al., 2019).

The fate of antibiotics in microalgae-based systems is largely unknown. It is critical to assess the mechanisms involved
in this process in order to widely use microalgae in wastewater treatment applications for the removal of antibiotics. With
this objective, the aim of this study is to determine the processes involved in TTC, CPF, SDZ and SMX removal using a MBC
from a high-rate algae pond (HRAP) used for swine manure wastewater treatment. The four antibiotics were chosen as
representative compounds of the three families of antibiotics most commonly found in water samples (fluoroquinolones,
sulfonamides, and tetracyclines). Different initial concentrations, like those found in real water samples, were analyzed.
For the removal of TTC, CPF, SDZ and SMX using an MBC, this study has integrated and evaluated individually the
different elimination mechanisms present in the process; plus, as far as we know, it has published for the first time
the rate constants for the global process and the main mechanisms involved in the removal of this VA by adjusting the
experimental data of a broad array of concentrations to a single general kinetic equation. A general equation was used
for the whole set of analyzed concentrations rather than individual equations for each initial concentration which is a
misinterpretation often found in the literature.

2. Materials and methods
2.1. Biomass

Active biomass and lyophilized biomass, essentially constituted of the microalgae Scenedesmus almeriensis (Table S1),
was provided by the University of Almeria (Spain) and stored at 4 °C until further use. S. almeriensis is a strain that grows
fast and has high productivity; as well, S. almeriensis easy adapts to stressful conditions (Morillas-Espafia et al., 2020). The
biomass was harvested from an HRAP with an operating volume of 11800 L, a land surface of 80 m?, a solar radiation
within 1500-1600 wE/m? and a temperature between 30-35 °C.

2.2. Chemicals

High-purity grade (>95%) reference standards of TTC, CPF, SDZ and SMX were acquired as neutral non-solvated
molecules — except for TTC (hydrochloride) (Sigma-Aldrich Madrid, Spain). Individual stock solutions of 1 g/L for each
antibiotic were prepared in methanol (MeOH). CPF was prepared in H,O/MeOH (1:1) containing 0.2% v/v hydrochloric
acid (HCl). Mix solutions were prepared from individual stock solutions and stored at <—20 °C in the dark. High
analytical grade MeOH and HCI (37%) from Sigma-Aldrich (Madrid, Spain). Ultrapure water was obtained from Milli-
Q (MQ) Advantage Ultrapure Water purification system and filtered through a 0.22 wm Millipak Express and LC-Pak
polishing unit by Merck Millipore (Billercia, USA).

2.3. Experimental configuration

Tests were performed in 1 L glass beakers. Each beaker contained 1 L Milli-Q water spiked with a mixture of TTC, CPF,
SDZ and SMX to a final concentration of 1000, 500, 100 and 20 ug/L for each compound. Firstly, an aliquot of the sample
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was collected to determine the initial VA concentration in each reactor, and then the MBC was added (in the reactors
selected for biosorption and biodegradation) under continuous mixing until a concentration of 1 g/L was obtained. The
microalgae concentration selected was similar to the usual concentrations of microalgae in HRAPs used for wastewater
treatment. Samples were collected at different time intervals (up to 4 days) to simulate the common residence time of
microalgae in an HRAP. Samples were filtered through 0.22 mm nylon syringe filters (Fisherbrand) and stored at 4 °C
until antibiotic analysis. All experiments were performed in triplicate.

2.3.1. Experimental configuration for physical removal processes

Three types of reactors were used in order to distinguish between hydrolysis, biosorption and photolysis. Amber glass
beakers were used to study the removal of antibiotics only by biosorption (Reactor A) or only by hydrolysis (Reactor B).
A transparent glass beaker was used for the removal of antibiotics only by photolysis (Reactor C). Reactor A (biosorption)
contained a lyophilized MBC (dead biomass) without light exposure. Reactor B (hydrolysis) had neither a MBC nor light
exposure. Reactor C (photolysis) was exposed to light but without a MBC. LED lights were used for illumination with a
light intensity of 12.62 mW/cm?. Reactors were mixed at 200 rpm continuously.

2.3.2. Experimental configuration for the biological removal process

The whole process for antibiotic removal using a MBC was studied in batch experiments by using 1 g/L active biomass in
1 L Erlenmeyer flask containing 1 L BG11 medium (Stanier et al., 1971). All reactors were mixed continuously by pumping
air to the system, temperature was maintained at 25 °C and LED lights were used for illumination at 12 h light/12 h dark
cycle with a light intensity of 12.62 mW/cm?. To determine the biodegradation efficiency of VA by the MBC, the results ob-
tained for hydrolysis, photolysis and biosorption were subtracted from the results obtained for the whole process (Fig. S1).

2.4. Analytical methods

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) (Waters Acquity H-Class UPLC), interfaced
to a triple quadrupole Xevo TQ-STM mass spectrometer, with ESI source (Waters Corp) was used for the determination of
TTC, CPF, SDZ and SMX. The sample procedure was based on Botero-Coy et al. (2018) and Bijlsma et al. (2021), using direct
injection of the (diluted) samples. A previous dilution x100 (samples spiked at 1000 and 500 ng/mL) or x10 (samples
spiked at 100 and 20 ng/mL) with Milli-Q water was applied to reduce matrix complexity and to adjust the sample
concentrations to the calibration curve. Analyte isotope-labeled internal standards (ILIS) (CPF-d8, SMX-d6, SDZ-13C6,
TTC-d6) were added to the samples and calibration standards for matrix effects corrections. Three MS/MS transitions
were acquired per compound for quantification and reliable identification in the samples (Table S2). For more details, see
Zambrano et al. (2021)

2.5. Kinetic analysis
The kinetics for the whole process and each mechanism involved (hydrolysis, photolysis and biodegradation) in VA

removal via the MBC was described by using three kinetic models: zero-order (Eq. (1)), pseudo-first order irreversible
(Eq. (2)) and pseudo-first order reversible (Eq. (3)):

dc

r:_E—kZ (1)
dc

=——=k-C 2

r ik (2)
dc

r=—E=kR'(C—Ce) (3)

where, r is the rate of antibiotic degradation (ng L~! h™!), C is the antibiotic concentration at any time (g L™'), C. is
the antibiotic concentration at equilibrium (g L™1), k is the zero-order rate constant (ug L~! h™1), k; is the pseudo-first
order irreversible rate constant (h~!) and kg is the pseudo-first order reversible rate constant (h™1).

Integrating Eqgs. (1), (2) and (3) with respect to the limits C = Cy for t = ty and C = C; for t = t, Egs. (4), (5) and (6)
can be obtained:

C[:CO—kz-t (4)
C=Co-elit (5)
C=Co+ (Co—Cp) - ekt (6)

Eq. (5) is a solution of Eq. (6) when C. = 0; hence, the pseudo-first order kinetics is not reversible.
3. Results and discussions
3.1. Removal of VA by the MBC

The whole process for VA removal using a MBC was studied in batch experiments for 96 h (Fig. 1(A)-(D)). For a mixture
of the four aforementioned VA, the initial concentration decreased over time. The removal efficiency of VA by the MBC
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Fig. 1. VA removal using MBC (A) 1000, (B) 500, (C) 100 and (D) 20 g L~! initial concentration. Each data point represents the mean and standard
deviation from triplicate assays.

is highly dependent on the antibiotic classes, as was indicated by other authors (Leng et al., 2020). In all the conditions
studied, only TTC was completely removed.

In order to understand the mechanisms of VA removal, hydrolysis, photolysis and biodegradation were studied. As
biosorption was expected to be the most important removal process, biosorption data was reported separately in a
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Fig. 2. VA removal by hydrolysis (A) 1000, (B) 500, (C) 100 and (D) 20 wg L~' initial concentration. Each data point represents the mean and
standard deviation from triplicate assays.

previous study (Zambrano et al., 2021). Data showed biosorption as the main removal process for CPF and TTC; however,
it was not significant for SDZ and SMX removal.
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Fig. 3. VA removal by photolysis (A) 1000, (B) 500, (C) 100 and (D) 20 wg L~' initial concentration. Each data point represents the mean and
standard deviation from triplicate assays.

Batch experiments without algae under dark conditions indicated that antibiotic hydrolysis took place (Fig. 2(A)-(D)).
The initial concentration decreased over time for three antibiotics, except for SMX which was not removed by hydrolysis
in any of the studied conditions.

Antibiotic photolysis was studied in batch experiments without algae under illuminated conditions (Fig. 3(A)-(D)).
SMX was not removed by photolysis in any of the studied conditions. For the other three antibiotics, a decrease in the
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Fig. 4. VA removal by biodegradation (A) 1000, (B) 500, (C) 100 and (D) 20 wg L~ initial concentration. Each data point represents the mean and
standard deviation from triplicate assays.

initial concentration over time was more prominent for 20 wg/L. Likewise, Kiki et al. (2020) observed a higher removal of
antibiotics at 20 pg/L for sulfonamides, obtaining a 5 to 8% mean removal by photodegradation in 20, 50, and 100 pg/L
over 40 days of operation. Photolysis turned out to be an important process for antibiotic degradation for TTC and CPF at
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low concentrations. Similarly, Niu et al. (2013) concluded that the lower the initial concentration of TTC, the higher the
photolysis efficiency.

VA biodegradation was also studied in batch experiments for 96 h (Fig. 4(A)-(D)). CPF did not biodegrade under any
of the studied conditions. From the four antibiotics, SMX had the highest biodegradation capacity, possible due to a good
adaptation of S. almeriensis to this antibiotic because other algae of the genus Scenedesmus, such as Scenedesmus obliquus,
have been shown to have an efficient adaptation mechanism for SMX (Leng et al., 2020). In the following sections, the
kinetics of the removal of VA using a MBC and each of the removal modes involved in this process will be determined.

3.2, Kinetics for the removal of VA using MBC

The removal of TTC, CPF, SDZ and SMX was investigated with zero-order and pseudo-first order kinetic models (the
latter being both an irreversible and a reversible reaction) (Table S3). First, the experimental data was adjusted to a zero-
order kinetic by drawing the concentration data against time, as shown in Eq. (4). When the kinetic is a zero-order, the
experimental data fit to a straight line with the intersection point at the origin Cy and slope —kz, which was the case for
all the VA analyzed in the present study for the three mechanisms (hydrolysis, photolysis and biodegradation). However,
when analyzing the whole process of VA removal using MBC, the experimental data did not fit a zero-order kinetic. In
this respect, a pseudo-first order irreversible kinetic was investigated by transforming Eq. (5) to obtain Eq. (7):

Ce
_m(co)=k,.t @)

the representation of —In (C;/Cy) against t will fit to a straight line with intersection point at the origin and slope k; when
the kinetics is a pseudo-first order irreversible. Additionally, by converting Eq. (6), Eq. (8) is obtained for a pseudo-first
order reversible reaction:

G —Ce
—1In =kg-t (8)
CO - Ce
16
14 A k=0.0007 ht
"SMX pe9.9984
. . k=0.1362h?
*TTC Re=.9973
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Fig. 5. (A) Linear representation of pseudo-first order kinetics for VA removal using MBC. (B) VA concentration variation using MBC along time.
Each data point represents the mean and standard deviation from triplicate assays.
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the representation of —In[(C; — Ce)/(Co — Ce)] against t will fit to a straight line with intersection point at the origin and
slope kg when the kinetic is a pseudo-first order reversible. The parameters k, and C. were obtained by the Generalized
Reduced Gradient (GRG) Nonlinear Solving method. Fitting the experimental data to a pseudo-first order reversible kinetic,
the C. obtained was 0, what meant that the kinetic model with the best fit was the pseudo-first order irreversible model.
The coefficient of determination (R?) was used to decide if the experimental data fit the best to a zero-order, pseudo-first
order irreversible or pseudo-first order reversible model. R? values closer to unity were presented by the pseudo-first
order irreversible kinetic model. This model fit the best to the experimental data for the whole process of VA removal via
the MBC as well as for hydrolysis, photolysis and biodegradation (Fig. S2.). In the whole process of VA removal (Fig. 5)
it was observed that TTC, CPF and SDZ were removed faster than SMX. The highest rate constant was presented by TTC.
The pseudo-first order irreversible rate constant for the removal of VA by the MBC were 0.1362 h™! for TTC, 0.0119 h™!
for CPF, 0.0098 h~! for SDZ and 0.0007 h~! for SMX. There are scarce studies on the reaction rates for the removal of VA
using a MBC. Moreover, the literature found and used in the following discussion worked with just one VA and not with a
mixture of different VA, which might have an influence on the results. Slower reaction rates were reported by Xiong et al.
(2017) who obtained a k value of 0.0005 h™! for 2 mg/L CPF removal using C. Mexicana and Xie et al. (2020) who worked
with Chlamydomonas sp. for the removal of 10 mg/L SDZ and reported a k value of 0.004 h~!. The higher removal rate
obtained by the present study might be due to the use of S. almeriensis, because the VA removal rate is highly dependent
on the algae specie (Leng et al., 2020). In the case of CPF, Xie et al. (2020) reported a higher k value of 0.028 h~! which
might be due to the use of synthetic wastewater. The presence of ions and cations in water can improve the efficiency of
VA degradation (Eskandarloo et al., 2014; Loftin et al., 2008).

The pseudo first-order irreversible rate constant k for the removal of VA by hydrolysis (Fig. 6) were 0.0001 h~! for TTC,
0.0002 h~! for CPF and 0.0004 h~! for SDZ. Higher reaction rates were found in the literature. De Godos et al. (2012), for
the removal of 2 mg/l TTC by hydrolysis, obtained a k value of 0.002 h~!, and Hom-Diaz et al. (2017) reported a k value
of 0.0011 h~! for hydrolysis of 2 mg/l CPF. The higher rate constants obtained by De Godos et al. (2012) and Hom-Diaz
et al. (2017) might be due to the use of synthetic wastewater and domestic wastewater, respectively. The presence of
salts in water can have a catalytic effect in the hydrolysis of VA (Loftin et al., 2008; Mabey and Mill, 1978).
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Fig. 6. (A) Linear representation of pseudo-first order kinetics for VA removal by hydrolysis. (B) VA concentration variation by hydrolysis along time.
Each data point represents the mean and standard deviation from triplicate assays.

The pseudo first-order irreversible rate constant k for the removal of VA by photolysis (Fig. 7) were 0.0011 h~! for TTC,
0.0012 h~! for CPF and 0.0005 h~! for SDZ. Xie et al. (2020) reported a similar k value for CPF removal of 0.0015 h~! and a
higher k value for SDZ of 0.002 h~'. De Godos et al. (2012) reported a higher k value of 0.038 h~! for the photodegradation
of TTC. Bai and Acharya (2017) established a k value of 0.054 h™! for the removal of 10 j.g/L CPF. The higher rate constants
obtained by Xie et al. (2020), De Godos et al. (2012), and Bai and Acharya (2017), could be because they used synthetic
wastewater and lake water. The presence of ions in water can improve the efficiency of VA degradation due to the
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Fig. 7. (A) Linear representation of pseudo-first order kinetics for VA removal by photolysis. (B) VA concentration variation by photolysis along time.
Each data point represents the mean and standard deviation from triplicate assays.
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Table 1
Efficiency for the different removal mechanisms of veterinary antibiotics in synthetic wastewater using
microalgae-bacteria consortia (4 day hydraulic retention time).

Compound Removal (%)

Global process Hydrolysis Photolysis Biodegradation Biosorption®
Tetracycline 99.93 1.03 6.83 14.29 74.61-81.53
Ciprofloxacin 78.01 1.39 7.29 0 43.45-100
Sulfadiazine 52.58 2.94 3.94 9.94 11.62-30.35
Sulfamethoxazole 5.01 0 0 5.01 0-31.48

4Data reported in a previous study (Zambrano et al., 2021).

generation of highly reactive radical species (Eskandarloo et al., 2014; Mirzaei et al., 2016). Norvill et al. (2017) obtained
a k value of 0.12 h™! for the photodegradation of TTC in outdoor experiments using open-top plastic tanks, where direct
sunlight, temperature and evaporation might have had an influence on the results (Wang et al., 2017). For the removal
of 10 mg/L TTC, Niu et al. (2013) obtained k values of 0.3 to 1.2 h~! using different light sources (solar, xenon and UV
lamps) and light intensities from 6 to 19 mW/cm?2. In CPF’s case, Hom-Diaz et al. (2017) reported a k value of 0.0355 h™!
for the photodegradation of 2 mg/1 ciproofloxacin with a sunlight intensity of 0-90 mW/cm?. Light has a significant effect
on the photolytic rate constant depending on the wavelength and light intensity (Ahmed and Haider, 2018; Belver et al.,
2020).

On the other hand, k values found for biodegradation (Fig. 8) were 0.0018 h™! for TTC, 0.0026 h~! for SDZ and
0.0006 h~! for SMX. Similarly, low reaction rates for VA biodegradation was found by Xie et al. (2020) who reported
a k value of 0.0008 h~! for the biodegradation of 10 mg/L SDZ when working with Chlamydomonas sp. A comparison of
the literature and the results presented in this study revealed that S. almeriensis showed a better affinity for SDZ removal
than other algae specie.

In our previous work, biosorption kinetics were evaluated and a pseudo second-order kinetic model best fit the
biosorption experimental data (Table S3). The results suggested that the rate constant increased with a decrease in the
initial VA concentration and that CPF presented the highest k value (Zambrano et al., 2021).

3.3. Removal of VA using MBC

3.3.1. Global process

The removal of the four VA MBC is shown in Fig. 5B. The VA results are consistent with the ones previously reported in
the literature (Table S4). In the present study, TTC removal was complete after 5.7 days. Using a High Rate Algae Process
(HRAP) with an initial antibiotic concentration of 100 wg/L, Norvill et al. (2017) achieved 93% and 99% TTC removal after
4 and 7 days operation, respectively. De Godos et al. (2012) fed an HRAP with 2 mg/L TTC. After 62 days of operation,
TTC removal stabilized to around 69%. The efficiency differences between these studies might be associated to the water
sources used in the experiments. De Godos et al. (2012) used livestock wastewater, Norvill et al. (2017) worked with
domestic wastewater, and the present study was done in Milli-Q water. Solids and ions present in the water could enhance
or interfere in biosorption and photolysis which turned out to be important mechanisms in TTC removal.

Current results showed that CPF removal was complete after 15 days. Bai and Acharya (2017), working with
Nannochloris sp., reported complete removal of CPF after 14 days; and Xie et al. (2020) obtained complete CPF removal
using Chlamydomonas sp. after 9 days. Xiong et al. (2017) obtained 13% removal of 2 mg/L CPF by using C. mexicana after
11 days; and Gentili and Fick (2017) obtained removals of 11% for CPF after 7 days using a mixed population of wild
freshwater green algal species.

In the case of SDZ, removal was 88.3 and 92.5% after 9 and 12 days, respectively. Peng et al. (2020) studied SDZ removal
using C. vulgaris and obtained removals of 32.1% in a batch reactor after 12 days. Xie et al. (2020) investigated the removal
of SDZ using Chlamydomonas sp., obtaining 54.5% removal after 9 days. Finally, SMX removal was 10.9, 16.6 and 20.6%
after 7, 11 and 14 days, respectively. Bai and Acharya (2017) worked with Nannochloris sp., and after 14 days reported
that >60% of the applied dose of SMX remained in the water. Gentili and Fick (2017) obtained a removal of 6% for SMX
after 7 days using a mixed population of wild freshwater green algal species. Xiong et al. (2017), by using S. obliquus,
removed 15.7 to 17.3% of 0.05 to 1 mg/L SMX after 11 days.

The comparison of the results obtained in the present study with those previously reported in the literature showed
that the VA removal efficiency is highly dependent on the algae strain used for the water treatment process and that the
S. almeriensis algae-bacteria consortium presented good removal efficiencies.

Hydrolysis, photolysis and biodegradation will be described in the following sections. For comparison purposes,
removal efficiencies are reported in Table 1.

3.3.2. Biosorption

Biosorption data was reported in our previous study (Zambrano et al., 2021), where CPF and TTC exhibited the
highest removal efficiencies. Removal efficiencies of biosorption ranged between 74.6-81.5% for TTC, 43.5%-100% for CPF,
11.6-30.4% for SDZ, and 0-31.5% for SMX.
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3.3.3. Hydrolysis

The removal of the four VA by hydrolysis is shown in Fig. 6B. SMX was not removed by hydrolysis. Using the kinetic
parameters obtained in the previous section, it can be estimated that the complete removal of TTC, CPF and SDZ using
only hydrolysis could be achieved after 1204, 956 and 400 days, respectively. In view of these results, and due to the
hydrophobic characteristics of the four antibiotics analyzed in this study, hydrolysis is not representative in VA removal.

Moreover, Niu et al. (2013) obtained a removal of less than 5% of TTC by hydrolysis after 60 min and determined that
it can be neglected. Also, studying the degradation of TTC, Norvill et al. (2017) and De Godos et al. (2012) reported that
hydrolysis was not significant. As well, in the case of CPF, Xiong et al. (2017), Bai and Acharya (2017), and Hom-Diaz et al.
(2017) did not observe any removal via hydrolysis. Similarly, after 9 days of hydrolysis, Xie et al. (2020) only obtained
CPF and SDZ removals of 2.4 and 1.3%, respectively. For the removal of SMX by hydrolysis, Xiong et al. (2019) and Bai
and Acharya (2017, 2016) observed less than 2% of removal after 11 days or no hydrolysis. After a literature review, Leng
et al. (2020) determined that some antibiotics, such as fluoroquinolones and sulphonamides, were resistant to hydrolysis.

3.3.4. Photolysis

The removal of the four VA using a MBC by photolysis is shown in Fig. 7B. The complete removal of TTC, CPF and SDZ
can be achieved after 162, 125, and 311 days, respectively, while SMX was not removed by photolysis.

For comparison purposes with the literature, TTC removal after 43 h was 0.9%; CPF removal was 17.7 and 22.2% after
7 and 9 days, respectively; and SDZ removal after 9 days was 10.85%.

De Godos et al. (2012) obtained 81% removal of 2 mg/L TTC by photolysis after 43 h. Bai and Acharya (2017) achieved
the complete removal of 10 wg/L CPF after 7 days. Moreover, Hom-Diaz et al. (2017) observed 97.3% removal by photolysis
from 2 mg/L CPF after 48 h. The higher removal efficiencies obtained by De Godos et al. (2012), Bai and Acharya (2017), and
Hom-Diaz et al. (2017) could be because they worked with synthetic wastewater, lake water and domestic wastewater,
respectively. Bai and Acharya (2017) determined that a photolysis reaction occurred to a greater extent using lake water
compared with using pure water, which suggests that the process was enhanced by natural organic matter or other
ingredients in the lake water such as nitrate (Bai and Acharya, 2017). However, after 9 days, Xie et al. (2020) obtained
CPF and SDZ removals by photolysis of 27.1 and 35.6%, respectively. Xie et al. (2020) worked with synthetic wastewater
and found that as nitrate was consumed, the photolysis rate of CPF and SDZ decreased, demonstrating that the photolysis
of nitrate in the solution may lead to the formation of hydroxyl radicals (-OH) which are powerful oxidants (Xie et al.,
2020). As in the present study, Bai and Acharya (2017, 2016) observed that SMX is resistant to light exposure, so no
removal by photolysis was observed.

3.3.5. Biodegradation

The removal of the four veterinary antibiotics using a microalgae-bacteria consortium by biodegradation is shown in
Fig. 8B. The complete removal of TTC, SDZ and SMX can be achieved after 125, 31 and 292 days, respectively. CPF was
not removed by biodegradation.

For comparison purposes with the literature, SDZ removal was 24.4% after 9 days. SMX removal after 12 and 14 days
were 15.1 and 17.4%, respectively.

Research on VA biodegradation using a microalgae-bacteria consortium is limited, so the results found in the literature
are few and uneven. De Godos et al. (2012) reported the absence of biodegradation for TTC at a concentration of 2 mg/L
using C. vulgaris. Xiong et al. (2017) studied the removal of 2 mg/L CPF using C.mexicana, C. pitchmannii, C. vulgaris, and O.
multisporus, obtaining removals of 13, 1.6, 0 and 2%, respectively, using biotic factors (biodegradation, bioaccumulation,
and biosorption) after 11 days. Moreover, Hom-Diaz et al. (2017) achieved a removal of 36.7% using biotic factors of 2
mg/L CPF by using a MBC from an HRAP after 48 h. Additionally, Xie et al. (2020) obtained CPF and SDZ biodegradation
of 65.1 and 17.1%, respectively, after 9 days. Xiong et al. (2019) observed removals from 15.7 to 17.3% for 0.05 to 1 mg/L
SMX removal by biotic factors after 11 days. Likewise, Bai and Acharya (2016) after 14 days, working with Nannochloris
sp, reported removals of 32 to 37% of 10 ug/L SMX using a algae mediated process. A comparison of the results presented
in the literature with the ones obtained in the present study showed the different efficiencies that can be achieved
while working with different algae species. Moreover, the conclusion to be drawn from this comparison is that much
more research is needed in this regard. The literature cited in this section does not exclusively consider elimination by
biodegradation. The experiments performed were mainly based on the presence or absence of microalgae in the media.
That is why the authors referred to the antibiotic elimination when microalgae are present in the media as removal
by biotic factors or algae mediated processes, which means that the authors attribute the removal to biodegradation,
bioaccumulation, biosorption or a combination of the three.

4. Conclusions

To our better knowledge for the first time, the mechanisms and rate constants for the removal of TTC, CPF, SDZ,
and SMX from synthetic wastewater using a Scenedesmus almeriensis microalgae-bacteria consortium were analyzed.
Using a pH of 8 and low concentrations of the four VA that resembled real water samples, the MBC was highly effective
at removing the mixture of VA. The overall removal of the VA followed an irreversible pseudo-first order kinetic, with
biosorption being the most important removal process for all four antibiotics and hydrolysis being insignificant. Hydrolysis
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and photolysis took place in the removal of the VA except for SMX. Biodegradation was an important mechanism for TTC,
SDZ and SMX but was not present in CPF removal. Further research should focus on optimizing operational parameters
to improve photolysis and biodegradation and increase VA degradation, as well as studying byproduct formation to make
the microalgae-based technology for VA removal more practical at an industrial scale.
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