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Microalgae are photosynthetic microorganisms which may be employed in several fields. Amongst them, an
emerging but promising sector of application is their usage for the remediation of wastewaters. They result
particularly effective in treating municipal wastewaters, often resulting in nitrate concentrations exceeding the
requirements for discharging treated wastewater into the sea. Furthermore, another advantage of using
microalgae in civil wastewater treatment is the cooperation with heterotrophic bacteria which may naturally occur
in the water or be introduced through sewage sludge in wastewater treatment plants (WTPs). Microalgae, in
fact, produce oxygen which may be used by these bacteria reducing the overall operational costs of the WTP.
The assessment of nitrogen compound concentrations in wastewater involves various techniques, with ionic
chromatography (IC) and spectrometric methods being commonly used in laboratory settings. However, these
methods have drawbacks such as the need for skilled personnel, time-consuming processes, and impracticality
for in situ and real-time analysis. To address these issues, electrochemical sensors present a viable alternative.
These sensors require portable instruments with low power requirements and can be miniaturized using
nanotechnology. Electrochemical sensors operate by reducing/oxidizing the target analyte on the working
electrode surface. The choice of electrode material is crucial for sensor sensitivity, and copper is found to exhibit
excellent electrocatalytic properties for reducing nitrate ions in acidic media.

In this study, a cost-effective electrochemical sensor made of copper was developed for quantifying nitrate in
wastewater. The entire electrochemical cell was constructed from a common substrate used in Printed Circuit
Boards (PCB). The whole fabrication procedure was optimized in order to obtain a reproducible fabrication
procedure. The reference and counter electrodes were modified with graphite and Ag/AgCl paste, respectively.
The results demonstrated that the sensor can effectively quantify nitrate ions in wastewater. Moreover, it can
be employed during microalgal treatment to assess the in vivo reduction of nitrate, offering a practical and
efficient solution for real-time monitoring of nitrogen compounds in wastewater treatment processes.

1. Introduction

Nitrate pollution is an increasing issue all over the world. This is mainly linked to the escalating use of fertilizers,
aimed at maximizing crop productivity. It is now evident that less than 50% of the chemical fertilizers applied to
the plant are absorbed by them, therefore the residuals may leach down and reach waters bodies and ground
waters. The resulting increase of nitrate in surface waters causes uncontrolled algal blooms which in turn are
connected to bacteria proliferation and hypoxia (Bijay-Singh & Craswell, 2021). Moreover, nitrates may also
cause coronary artery disease, hyperthyroidism and their presence in the gastric system can lead to the
formation of compounds with carcinogenic effects (Singh Tomar et al., 2024). To address this issue, nitrate must
be removed from wastewater before disposal, and this treatment is typically conducted in wastewater treatment
plants (WTPs). Microalgae have recently emerged as an alternative treatment method to the traditional tertiary
treatment occurring in WTPs (Lima, Brucato, et al., 2022). Microalgae, being photosynthetic microorganisms
with diverse applications, can accumulate valuable compounds useful for cosmetic or pharmaceutical industries
(Lima, Lokesh, et al., 2022). Additionally, depending on the species, microalgae can be cultivated for use as
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food or supplements (Ferreira et al., 2023). Considering their ability to employ as nutrient polluting chemicals
such as nitrate and phosphate, their usage in wastewater treatment has been recently considered. In fact, in
photosynthetic microalgae, nitrate assimilation begins with a transport step into the cell, followed by a reduction
to nitrite catalyzed by cytosolic Nitrate Reductase (NR). Nitrite is then transferred to the chloroplast, where the
enzyme Nitrite Reductase (NiR) facilitates its reduction to ammonium. Ammonium is subsequently incorporated
into amino acids via the action of synthetase/glutamine oxo-glutarate amino transferase or glutamate synthase
(GS/GOGAT). The microalgal treatment for the decreasing of nitrate can be implemented in various ways; for
instance, some microalgae may serve as the sole treatment for certain types of municipal wastewater, as they
can also decrease carbon oxygen demand (COD) in some cases (Huang et al., 2023). Alternatively, they may
be inoculated alongside activated sludge to enhance its action and increase nitrate and phosphate abatement.
They can also be applied after activated sludge treatment as a secondary treatment (Baldisserotto et al., 2023).
While decreasing the nitrogen content, analytical measurements of the pollutant are necessary to assess the
treatment's effectiveness. To assess the concentrations of nitrogen compounds in wastewater, many techniques
are available. One commonly used method is ionic chromatography (IC), which can precisely determine the
concentration of various nitrogen containing ions present in the wastewater, mainly nitrates and ammonium.
Another widely employed method involves spectrometric techniques that analyze total nitrogen (TN) in the
sample by adding high toxic compounds such as 2,6 Dimethylphenol. However, both methods are typically
carried out in laboratory settings, require skilled personnel, are time-consuming and are not suitable for in situ
and real time analysis (Horf et al., 2022). To overcome these issues, electrochemical sensors can be used;
indeed, they only need portable instruments with very low power requirements and the sensor can be downed
in size by using nanotechnology. Electrochemical sensors work by reducing/oxidizing the target analyte at the
surface of the working electrode (Patella et al., 2019). This reaction occurs at the surface of the working
electrode and thus the choice of electrode material is crucial to have a high sensor sensitivity (Patella et al.,
2022). In the case of nitrate ions, copper exhibits excellent electrocatalytic properties for their reduction in acidic
media. For this reason, in this work, a simple and cost-effective electrochemical sensor made of copper was
employed for nitrate quantification. Particularly, the whole electrochemical cell was obtained from the common
substrate used to manufacture Printed Circuit Boards (PCB).

2. Materials and methods
2.1 Algal growth

Microalga Chlorella sp. CW2 was previously isolated from a real activated sludge and molecularly identified
(Lima, Brucato, et al., 2022). The microalga was cultivated in a synthetic wastewater medium, the composition
of which included the following components: glucose 221.7 mg L1, NaNO3 160 mg L1, CaClz-(2H20) 165 mg L
1, Na2S04 63.37 mg L1, K2HPO4 56.37 mg L1, NaHCOs 200 mg L1, EDTA (Naz salt) 4.14 mg L%, FeCls (6 H20)
3.15 mg L1, CuSO4 (5 H20) 0.01 mg L%, ZnS0O4 (7 H20) 0.022 mg L%, CoCl2 (6 H20) 0.01 mg L%, MnCl2 (4
H20) 0.18 mg L1, Na2MoO4 (2 H20) 0.006 mg L.
A pre-culture was prepared for each sample by inoculating 10 mL of stock culture into 100 mL of synthetic
sewage. When the cells reached the late exponential phase, typically after about 8 cultivation days, 10 mL of
the cell suspension were used to inoculate the main culture in the sewage medium. Cultures, consisting of 400
mL, were grown in 1000 mL Erlenmeyer flasks placed in an oscillating incubator (Corning Lse) under a photon
flux of 200 umol m= s at 27°C. Light intensity was measured using a Delta Ohm-HD 9021 quantometer
equipped with a Photosynthetic Active Radiation (PAR) probe (Delta Ohm LP 9021 PAR).
Throughout the 8-day cultivation period, the concentration of the microalgal suspension was regularly monitored
by measuring the absorbance of the culture at 750 nm using a spectrophotometer (Cary 60 UV-Vis, Agilent
Technologies). An experimental correlation between the dry weight (DW) and the optical absorbance at 750 nm
was established as follows:

DW=0.2315*(Abs)7s0 nm+ 0.0264 1)

2.2 Technology for Sensor Fabrication

Once the copper plate of the sensors has been obtained through PCB (Printed Circuit Board) technology, to
obtain the final configuration of the sensor it is necessary to modify the reference (RE) and the counter
electrodes (CE) in order to make them stable. Therefore, prior modification the chip was polished with abrasive
paper to remove the oxidation layer and then a layer of Ag/AgCl and graphite ink were deposited manually on
the RE and CE, respectively. After modification, the chip was dried in oven at 60 °C for 30 minutes.
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2.3 Nitrate measurement

Electrochemical quantification of nitrate ions was carried out using Linear Scan Voltammetry (LSV) as detection
technique. The reduction of nitrate to nitrite ions occurs at acidic pH thus solution pH was adjusted to 1 before
test (adding drops of sulphuric acid 33%). Electrode sensitivity, linear range, and limit of detection (LOD) were
obtained by adding nitrate ions (as sodium nitrate) from 0.62 to 620 ppm. In order to quantify nitrate ions content
of wastewater after treatment with microalgae the standard addition method was carried out.

To confirm the functioning of the sensor, the nitrate content was analysed also through anionic chromatography
(IC, Metrohm 882 Compact IC plus). A Metrosep A Supp 5 was employed using a 0.7 mL min-! of a Na2COsz 3.2
mM and NaHCOs 1 mM aqueous solution. For each analysis, the sample was adequately diluted and, in some
cases, filtered through a CHROMAFIX cartridge packed with C18 silica in order to remove all the organic
content.

3. Results and discussion

3.1 Microalgal growth and nitrate abatement
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Figure 1: Growth curve of microalga Chlorella sp. CW2 in the synthetic sewage employed in the experiments.
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Figure 2: Abatement of nitrate and phosphate during batch cultivation of Chlorella sp. CW2
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Figure 1 shows a typical growth curve of the microalga Chlorella sp. CW2 grown in batch in Erlenmeyer flask.
The curve shows the typical exponential phase in the first hours of cultivation, while after the first 120 hours a
decreasing of growth rate is observed, meaning that the algae are approaching the stationary phase in which
the nutrients are insufficient to optimally support the growth. The microalga is therefore able to optimally grow
in this sewage, and Figure 2 shows that the nutrients phosphates and nitrates are adequately decreased after
during the growth. Therefore, Chlorella sp CW2 can grow by using only nitrate as nitrogen source and is able to
effectively decrease its concentration. It is worth noting that the analysis of the ions depicted in Figure 2 was
performed through ionic chromatography, as described in section 2.3.

3.2 Functioning of the sensor at varying concentrations of nitrate

Prior to monitor the abatement of nitrate ions by microalgae with the proposed chip, this was characterized in
terms of sensitivity, reproducibility, repeatability and selectivity. To do so, tests were carried out using as blank
a solution of 0.1M sodium sulphate at pH 1. The proposed chip has a very high sensitivity of -1.006 pA ppm?
with a reproducibility and a repeatability of 18 and 0.93 %, respectively. The electrode selectivity was analyzed
by testing the electrode in the same manner but adding interfering agents that can be present in real
wastewaters or that must be added to enable microalgal growth. Results showed that none of the tested
interfering agents showed a significant interference, confirming the good selectivity of the proposed method.
Finally, the chip has been used to quantify nitrate ions abatement by microalgae grown in simulated wastewater
by using the standard dilution method. Particularly, the sample was diluted with blank solution (0.1M sodium
sulphate at pH 1) at 5 different ratios, from 5 to 15%. We found out that testing the simulated wastewater itself
leads to a low sensitivity, probably due to some fouling effects (Figure 3A). For this reason, the microalgae and
the organic content was filtered using a CHROMAFIX cartridge packed with C18 silica and the same test was
carried out, finding out a much higher sensitivity (Figure 3B).
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Figure 3: Standard addition of nitrate in the simulated wastewater with growing microalgae. a) Sample at day 5
of growth without further treatment b) sample at day 5 of growth in which all the organics were removed before
the measurement

Lastly, a simulated wastewater with an initial concentration of 117 ppm of nitrate ions was inoculated with
microalgae and nitrate concentration was monitored day by day, for 1 week, using the proposed sensor and a
standard ionic chromatography (IC). Particularly, Figure 4 shows the standard dilution method of the wastewater
after 1, 2 and 7 days from the inoculum, Figure 4A, B and C respectively. As it is possible to see, the
concentration of nitrate ions decreases with time confirming the ability of the microalgae to raze nitrate ions and
of the sensor to quantify it. Furthermore, the same solutions were tested using standard IC and results are in
line with that of the proposed method with a correlation factor R > 0.999.
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Figure 4: Standard dilution of nitrate of simulated wastewater with growing microalgae. a) Sample at day 1 of
growth b) sample at day 2 of growth c) sample at day 7 of growth.

4. Conclusions

In this research, a low-cost electrochemical sensor crafted from copper was created to measure nitrate levels
in wastewater. The complete electrochemical cell was assembled using a common substrate found in Printed
Circuit Boards (PCB). Graphite and Ag/AgCl paste modifications were applied to the reference and counter
electrodes, respectively. The chip was applied to assess the abatement of nitrate in a synthetic civil wastewater
by the microalgae Chlorella sp. CW2. Results showed that the microalgae can grow in synthetic sewage and
efficiently reduce nitrate concentrations, indicating its suitability for the tertiary treatment of municipal
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wastewater. The chip used in the study underwent initial investigations through multiple tests, confirming the
sensitivity and reproducibility of the method. Furthermore, the chip was directly applied to the microalgal culture,
and the method for the detection was fine-tuned and customized to the microalgal presence. The findings
indicated that the sensor is adept at accurately measuring nitrate ions in wastewater. Furthermore, it can be
utilized in microalgal treatment to evaluate the real-time reduction of nitrate, providing a practical and effective
means for monitoring nitrogen compounds during wastewater treatment processes.
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