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Abstract

This work focuses on the scale up of photoelectrochemical technology for the removal of
synthetic urine polluted with meropenem (MP), penicillin G (PG) and chloramphenicol (CL).
A conventional mixed electrochemical cell (MEC) with an anode of 4 cm? and a microfluidic
flow-through cell (MFC) with an anode of 66 cm? were compared. In both cases, MMO-
RuO,TI0; anodes were used and synthetic urines were doped with 50 mgL™* of each antibiotic
(MP, PG, and CL). Same current density and current charge passed were applied. Results
demonstrate that photo-electrolysis results attains the efficient removal of MP, PG and CL in
the MFC and in the MEC and that removals in the MFC were faster, which was attributed to
the improved mechanical design of the cell. In addition, it was confirmed that selective
oxidation of antibiotics occurred in both cases, once the complete removal of the three drugs
under study was achieved before the removal of the other organics present in the urine. Finally,
it was evaluated the removal of the antibiotic effect of the treated effluent with two different
bacteria, E. Coli and E. Faecalis and it was demonstrated that after the PEC treatment there

was no residual antibiotic effect, regardless of the system used.
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1. Introduction

Water pollution with recalcitrant compounds is an important issue, as it has a significant
and negative impact on the environment and human health [1]. A relevant topic is the disposal
of hospital wastewaters (HWWSs), as they are 5-15 times more toxic than urban effluents [2,3].
Additionally, this problem is worsen by the COVID-19 pandemic, as recent studies have

reported an increase of up to 45% in the consumption of antibiotics during this period [4].

Hospital urine can be considered as a primary source of not only of drugs but also of
pathogens [5]. Typically, these wastes are discharged, together with the other liquids wastes
produced in the sanitary facilities, into urban sewers, where they merge with urban wastewater
for being then treated by conventional methods in municipal wastewater treatment plants[6].
However, the conventional methods used in these plants are not suitable to remove recalcitrant
compounds such as antibiotics, and because of that, the discharge of the effluents of these plants
become a major source of this hazardous pollutants in environment [7]. One of the
consequences of these ineffective treatments is the emergence of antibiotic-resistant bacteria
(ARB) [8], which are becoming a major threat to global health, food security and development
according to the World Health Organization (WHO). Therefore, in order to minimize the
occurrence of ARBs, it has been suggested as a very promising option to pre-treat hospital
urine before disposing it with HWWs, using advanced processes capable of removing

antibiotics efficiently by destroying partially this complex molecules [9].

Among these methods, electrochemical technology appears as an advantageous
alternative and it has been widely studied in the recent years [10-13]. Several recent studies
have focused on the configuration of the cell [14-16] and the material of the anode [17-19].
Regarding cell configuration, there are two widely studied systems: the mixed electrochemical

cell (MEC) and the microfluidic flow-through cells (MFC). MEC is a system widely used in



lab-scale studies while for large scale applications, it is preferred the use of flow cells, where
the design of the cell allows to reach higher mass transport coefficients and, hence, a much
higher efficiency in the degradation of the pollutants. This becomes an important advantage if
considering that low concentration of pollutants in this treatment becomes a handicap, as
processes are mass-transport controlled [20]. Related to the optimized design of the flow cells,
a critical element to be studied is the distance between the electrode materials, since the
distance affects the ohmic drop and, hence, to the energy consumed[17]. Thus, the smaller is
the distance between the electrodes, the lower is the cell potential and, consequently, the
operating costs of this treatment [21] [25]. In this context, a previous work of our group [22]
reported excellent performance of microfluidic reactors with micro-gap spacing for the
treatment of a soil washing effluent (with low conductivity) polluted with organic compounds.

These results were later validated with other types of wastes [23,24].

Considering this background, this work focuses on the initial stage of the scaling up of
an important problem: the treatment of urine excreted by polymedicated patients, as well as the
evaluation of competitive oxidation between antibiotics and the organic compounds contained
in the urine. Thus, three technologies will be used for the treatment of polymedicated urine:
photolysis, electrolysis (EC), and photo-electrolysis (PEC). Furthermore, it aims to increase
the scale-up of a promising anodic material using it in MEC and MFC. The anode performance
was investigated by evaluating the removal of Meropenem (MP), Penicillin G (PG), and
Chloramphenicol (CL) in an extremely complex matrix: synthetic urine. In addition, the
feasibility of combination with UVC irradiation was evaluated. The volume of the irradiated
area and the current density were kept fixed, in both systems, for a better understanding of the

increasing scale of the system.



2. Experimental

Chemicals. The antibiotics (PG, CL, and MP), urea, creatinine, uric acid, and inorganic salts
employed were of analytical grade (>98% purity) and purchased from Sigma-Aldrich. Table 1
shows details of synthetic urine media based on the composition given by Dbira et al. [26,27],
as well as the concentration of the antibiotics studied in this research. Acetonitrile, methanol
and formic acid used for the mobile phase of HPLC were purchased from Sigma-Aldrich. All
aqueous solutions were prepared using high-purity water Millipore Milli-Q system, resistivity
>18 MQ.

Table 1. Information of the synthetic urine and antibiotics

Compound Molecular formula Concentration (mg L™)
Urea CH4N20 3333.0
Creatinine C4H7N3O 166.6
Uric acid CsHiN4O3 50.0
Potassium chloride KCI 1000.0
Magnesium sulfate MgSOg4 170.0
Calcium phosphate (Ca)3(POa4)2 28.3
Sodium carbonate Na,COs3 166.7
Diammonium hydrogen phosphate (NH4)2HPO4 83.3
Meropenem C17H25N305S 50.0
Penicillin G C16H18N204S 50.0
Chloramphenicol C11H12CI2N20s 50.0

Experimental setup. In this study, two experimental systems were used: MEC and MFC. The
synthesis scheme of the anodes, as well as the configurations of the systems are described in

detail elsewhere [22,28,29]. The anode used in MEC was a metal mixed oxide (MMO) plate



(Ruo3Tio.702) with 4.0 cm? of geometric area and cathode stainless steel AISI304. In the MFC,
it was used a mesh anode of the same composition, with 66 cm?, cathode stainless steel AISI1304
and between the electrodes a Teflon separator of 150 um. The anodes used in this work were
synthesized according to Santos et al. [28] methodology. In order to compare the systems
equally, the processes were carried out to remove the antibiotics in urine polluted with MP, CL
and PG, 50 mg L™ of each. Thus, the same current density (30 mA cm), and electric charge
(6.4 A h L) were used to ensure similar operational conditions. Because of tha,t it is worthy
to inform that the experiments conducted using the MFC lasted 7.17 h, while 8 h were needed
for the MEC experiments to pass the same charge applied. In the experiments carried out in the
MFC, the solution passes through the electrodes using a Micropump® (GB-P25 J F5 S, with
head coupled to a DB 380 A 24 V motor with speed control 0-5 VV DC powered by Techma
GPM SLr) a fixed flow rate of 140 L h. The volume used was 2.25 L for the MFC and 0.15
L for the MEC. In the photolysis and PEC experiments, a UVC lamp (A = 254 mm) was used

to irradiate 9 W directly to the electrolyte solution.

Analytical techniques. The high-performance liquid chromatography (HPLC) was used with
an Eclipse Plus C-18 column (4.6 mm x 100 mm) at 30 °C and an injection volume of 20uL.
To identify the PG antibiotic, the mobile phase was 50% methanol and 50% acidified water
(with 0.1% formic acid), flow of 0.6 mL min* at a wavelength of 220 nm. To follow the
evolution of MP, the mobile phase was 15% acetonitrile and 85% formic (0.1%), with a flow
of 0.2 mL mint. CL was quantified using the mobile phase of 50% methanol and 50 % Milli-
Q water with a flow rate of 0.6 mL min‘and DAD detection wavelength of 270 nm.
Additionally, the monitoring of other organics contained in the urine composition was carried
out using HPLC for monitored of uric acid (UA), ion chromatography for creatinine (CR) and

colorimetric methods for urea (UR), according to previously reported methodologies [30].



Finally, changes in total organic carbon (TOC) were measured using a TOC Multi N/C 3100
Analytik Jena.

Physical Characterization. The surface morphology of the plate and mesh anode was
visualized using a field emission scanning electron microscope (FE-SEM; Zeiss GeminiSEM
500) with 500x magnification.

Antibiotic activity assay. Finally, the antibiotic activity of the samples treated by EC or PEC
were analyzed with a p-Trac® 4200 (Sy-lab, Austria) that performs the counting of
microorganisms. The analyzes were performed with two different types of bacteria, E. Coli and
E. Faecalis. Initially, the bacteria were placed on agar plates and incubated at 37 °C.
Subsequently, the urine matrix was contaminated with ~107 colonies forming units (CFU) of
E. Coli and E. Faecalis and after contamination a sample was measured to check the initial
concentration of microorganisms. The treated samples were measured in different
concentrations (without dilution, 1:10, 1:100 and 1:1000) and kept under agitation and

controlled temperature (37 °C) for 3 h. Finally, the CFU was measured by p-Trac® 4200.

3. Results and Discussion

Scanning electron microscopy (SEM) measurements were carried out to analyze the
morphology of the anodes, as well as to confirm whether the change in its form (one anode in
plate and the other in mesh) and in the size by the increase of the substrate (from 4 to 66 cm?)
brings great changes. It is observed in the SEM images (Figure 1) that both surfaces under
study have similar morphologies with homogeneous and compact film, which is an advantage
of caused by the rapid heating/cooling rate of the method [31]. It is still possible to observe the
presence of some cracks, which is typically attributed to the difference in the coefficients of

thermal expansion of the substrate and the formed film [32]. Finally, the morphology of both



anodes are similar, where it can be concluded that the increase in size and changes in form of

the substrate does not modify the morphology of the deposited film.

Figure 1: SEM images of the anodes in different substrates with a magnification of 500x

magnification for the deposited film of Ruo3Tio7O2 in (a) Ti Plate and (b) Ti mesh.

Figure 2 shows the removal of 50 mg L™ of each antibiotic (MP, PG, and CL) during
EC and PEC in a complex matrix, the synthetic urine. The degradation experiments were
carried out in two different systems: MEC and MFC. All results were compared with the
removal obtained by single photolysis. As result, it is possible to observe that after 8 h of
treatment, less than 10% of each antibiotic in the synthetic urine is degraded by photolysis.
Opposite, the electrochemical techniques are much more efficient, regardless of the system
used. In electrolysis, after 8 h of reaction with an applied charge of 6.4 A h L™, removal of all
antibiotics was higher than 60% using the MEC and 63% with the MFC. As for photo-
electrolysis, the removals increases up to 75% for MEC and 88% for the MFC applying the
same electric charge. Hence, the more realistic design of the MFC, with much lower
interelectrode gaps, shows important improvements and this increases in size does not only

non enworsen but promote the removal of the antibiotics from the urine[22,28].



MEROFPENEM CHLORAFENICOL PENICILLIN G
Electrolysis Electrolysis Electrolysis
Photoelectrolysis Photoelectrolysis Photoelectrolysis
Photolysis Photolysis Photolysis
@) Time/h

0.0 2,0 4.0 6.0 8.0
50
40
g
o 30F
8
2 20}
€
<
10}
B-Cell
oF
0.0 16 32 . 48 6.4
Q/Ah L
Time/h
(b)
0.0 2,0 4.0 6.0 8.0
50F
40k
g
a 30F
2
5
S 20F
€
<
10F
ot | F-Reactor

0.0 16 37 . 48 6.4
Q/Ah L

Figure 2: Degradation of MP, PG and CL during photolysis, electrolysis, and photo-
electrolysis of synthetic urine solutions in the (a) MEC and (b) MFC. Current density applied
in electrochemical processes: 30 mA cm2. UV-light power applied in irradiated processes: 9

W.

Similar results were found by Perez and co-authors [22], where they compared two
different reactors, one flow by and the other microfluidic flow for the electrochemical oxidation

of a pesticide. When using the microfluidic flow-through reactor the electrical charge necessary



for mineralization of the pesticide, was 10 times lower than in the flow-by reactor. The
reduction of the energy required for the mineralization of the organic compound was attributed
to a 70% higher mass transfer coefficient of the microfluidic flow-through system. Decay of
antibiotics were fitted to pseudo-first order kinetics (Eq. 1) and values are plotted in Figure 3,
where the constants obtained in the MFC are seen to be almost double of those achieved in the
MEC, despite the same current density is applied and the same electric charge is passed. This

results highlight the significance of a good mechanical design of the cell in the scaleup

[22,28,33].
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Figure 3: Pseudo-first-order degradation rate constants for: (a) MEC and (b) MFC.

It is important to note that the urine matrix is extremely complex, containing several
organic compounds, such as urea (UR), creatinine (CR) and uric acid (UA), in concentrations
which are even higher than the antibiotics concentration [27]. These organics can be oxidized
in the treatment, competing directly with the oxidation of antibiotics, thus reducing the
efficiency of the desired processes [34,35]. Thus, in the Figure 4, it is shown the decay of the
organic components of urine (UR, UA, and CR) during the 8 h of the processes. Note that

photolysis does not eliminate any of the organics present in the urine composition. On the other



10

hand, when the EC or PEC processes are applied, it is clear that regardless of the system, the

UA decreases about 40%, while the CR and UR reduces in about 30% and 10%, respectively.
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Figure 4: Changes in the concentration of UR, CR, and UA during the electrolysis or photo-
electrolysis in the (a) MEC and (b) MFC. Current density applied in electrochemical processes

of 30 mA cm2 and UV-light power applied in irradiated processes: 9 W.

Therefore, it can be affirmed that UR, UA and CR are present at high concentrations at
the end of all processes, in both systems, indicating that among the organics present in the
medium, the oxidation of antibiotics is favored [36]. Therefore, we can conclude that the use
of MMO in electrochemical processes, using low applied current, is highly promising for the
selective oxidation that highly dangerous organic compounds [37,38].

The total organic carbon (TOC) have also been monitored to inform mineralization
capacity of the processes in both systems studied. As result, Figure 5a shows the TOC removal
and Figure 5b kinetics rate constant achieved after 8 h and 6.4 A h L of charge applied to
treatments with EC and PEC with two different systems (MEC and MFC). Note that regardless
of the system used, the PEC process has a greater TOC removal than the EC (~40 and 30%
removal, respectively), but still has relevant TOC concentrations. This is because a large part

of the TOC contained in urine polluted with MP, PG and CL comes from UR (approximately
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666 mg Lt of C) [27] and this does not reach removals greater than 10%, as seen in Figure 4.
Thus, the data obtained for UR decay directly corroborate with the final TOC value. This result
may give new possibilities to arise development of selective degradation technologies for the

treatment of hospital wastewater.
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Figure 5: (a) TOC removal on the different processes (EC and PEC) in B- and MFC. (b) TOC

kinetics rate constant. Conditions: current density 30 mA cm™2, TOC initial 800 mg L.

As can be seen for TOC Kinetics rate constant (Figure 5b), PEC in MFC also appears
as the betters system due to the faster kinetics. Despite other substances in the complex matrix
are responsible to contribute to the TOC, which make it the kinetics slow, PEC leads to better
outcomes, mainly in the MFC

At this point, it is important to consider that these results only confirm the removal of
antibiotics (MP, PG and CL), but do not inform about the remaining dangerousness of the
treated urine, which may be associated with the presence of highly toxic substances (antibiotic
and/or by-products) such as biologically active organic compounds or inorganic species
[36,39,40]. Therefore, it is necessary to use techniques based on biological indicators to assess
the hazardousness of urine before and after treatment [41]. Therefore, to clarify this point, in

addition to the physical-chemical characterization, it is necessary to use a specific method to
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monitor the antibiotic resistance of the urine treated using microorganisms as the target
bacteria. According to previous research by this group [30], this method can be used with
different types of antibiotics, but the selection of the target bacteria depends directly on the
type of antibiotic and its mechanism of action. Since in these studies we analyzed a urine that
was polymedicated with MP, PG and CL, we used two different types of bacteria, E. Faecalis
and E. Coli. From the results achieved in the microbiological method, and analyzing together
with the physical-chemical characterization, it will be possible to determine optimal conditions
to reduce the risk of hospital wastewaters.

Thus, after treatment, the urine was mixed with a pure culture of E. faecalis (10® CFU
mL™) or E. Coli (10" CFU mL™) after 3 h of contact at 37 °C, it was possible to quantify the
amount of CFU remaining in the solution with p-Trac® 4200. Figure 6 shows the analysis of
the antibiotic effect of polymedicated urines, before and after treatment. We can observe that
regardless of the system used, urine treated with PEC has no antibiotic effect. On the other
hand, those treated with EC, presented a low antibiotic effect, since in both bacteria the CFU

concentration went from 108-10 to 10° (just an order of magnitude).
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Figure 6. Antibiotic effect in terms of (a) E. Faecalis and (b) E. Coli survival measured after

the EC and PEC in both systems (MEC and MFC). Electric charge passed: 6.4 A h L.

These results confirm the suitability of the technology: the disposal of treated urine in
the environment should not have any adverse effects other than typical urban wastewater.
Moreover, the results obtained in this test corroborates with the main conclusion obtained in
the previous studies: The PEC is efficient to reduce the dangerousness of hospital urine. In
addition, these results allows to remark that the increase in the size of the equipment (and also
in the mechanical design of the cell) improves operating results even taking into account the
high scaleup ratios evaluated (more than 15) as the volumes of synthetic hospital wastewater

treated increase from 0.15 to 2.25L and the anode size from 4 and 66 cm2.

4. Conclusion
From this research, the following conclusions can be drawn:
e Meropenem, Penicillin G and Chloramphenicol have been efficiently degraded using
electrolysis and photo-electrolysis, while single photolysis is not able to degrade any of

the target antibiotics;
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e Better results with the MFC as compared with the MEC, that indicate that the scale-up
was successfully performed using the same operational parameters in both systems. The
large scaleup ratio (over 15) supports the neccestiy of evaluating new reactor designs
during the scaling up.

e PEC is the best technology to decrease the antibiotic activity of hospital urine polluted
with MRP, PG and CL.

e Anodes used in both systems showed high selectivity for the target antibiotics removal
which are contained in a complex water matrix where other organic and inorganic
substances are present.

e Findings reported in the present work are very important in the context of the treatment
of polluted water with antibiotics, which are of special concern on the topic of avoid

ecotoxicological risks, mainly related to antibiotic resistant bacteria.
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