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Abstract

The quality of polluted wastewater processed by conventional Wastewater Treatment Plants (WWTPs) is in some cases insufficient to reach the degree of purity
required. Pharmaceuticals are frequently identified in the aquatic environment, owing to their constant release from WWTPs. Thus, in recent years, they are cataloged
as pseudo-persistent pollutants having been recognized as potentially harmful to public health and environmental concern. This work has focused on the removal of
3 antihypertensive pharmaceuticals (furosemide, irbesartan, and valsartan) from aqueous waste solutions using a sequential biological-photocatalytic (TiO,/Na,S,0,)
treatment under natural sunlight. Pharmaceutical residues were isolated from water by solid phase extraction (SPE) and analyzed by HPLC-QqQ-MS?. Biodegradation
was greater than 65% and 70% for irbesartan and furosemide, respectively, while valsartan was highly biodegradable (> 96%). Next, photocatalytic treatment was applied
and just 200 kJ m? was required to remove 90 % of micropollutants residues from the effluent. Therefore, the coupling of biological treatment to solar heterogeneous
photocatalysis constitutes a valuable instrument to detoxify polluted wastewater.

industrial additives, and/or by-products among others have
been usually detected in WW worldwide over the last years [6].
Specifically, pharmaceuticals are frequently identified at high-
level concentrations in the aquatic environment, probably due
to their incessant release from WWTPs, which is significantly
faster than their removal rates [7-9]. Many of them have
high persistence in water which lays pressure on WWTP
for their effective removal. The levels of pharmaceuticals

Introduction

Numerous studies recently published have drawn attention
to the occurrence in different aquatic environments, including
wastewater (WW), of a large variety of compounds of
anthropogenic origin from urban, agricultural, and industrial
sources identified in low levels (ng L to ng L) [1-3]. They
are called emerging pollutants (EPs) or contaminants of
emerging concern (CECs), which include their transformation

products. They lack regulatory evaluation and their impacts
on the environment and human health are inadequately
studied [4,5]. Among them, pesticides, personal care products,
pharmaceuticals, lifestyle compounds, drugs of abuse,

(antibiotics, analgesics, beta-blockers, legal drugs, etc.) in
the environment have begun to be checked and accepted as
harmful to ecosystems generating a public health concern as
environmental micropollutants in recent years.

(7]
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Concretely, antihypertensive medications are used to treat
hypertension and heart failure among others. They could act as
thiazide diuretics, angiotensin receptor blockers, p-blockers,
calcium channel blockers, and vasodilators [10]. Furosemide
(diuretic) is 50% excreted in urine and irbersartan and valsartan
(angiotensin receptor blockers) are recovered unchanged both
in urine (20% and 10%, respectively) and feces (80% and 66%,
respectively) [11]. Considering that, even though 26% of the
world population suffers from hypertension, only one in five
people has adequate control of the disease through medication
[10]. This means that more than 5% of the world population
consumes antihypertensive drugs that end up putting pressure
on WWTP.

Although conventional WWTPs can remove efficiently some
EPs, they are not intended to remove them at low concentrations
or are ineffective in their elimination [12]. Therefore, upgrading
the treatment processes of WWTPs could further reduce
the environmental release of EPs. In this context, Advanced
Oxidation Processes (AOPs) are the most explored in the last
years to remove EPs from WW, although they have not yet been
implemented on a full-scale [13,14]. AOPs have gained great
interest and their applications have been recently expanded,
especially solar heterogeneous photocatalysis. Among various
semiconductor materials, TiO2 is the most widely studied for
environmental applications mainly due to its non-toxicity,
photostability, biological and chemical inertness, resistance
to corrosion, availability, and chemical and thermal stability
[15]. On the other hand, sulfate radical-based processes (SOA"
-AOPs) have been achieving attention as an operative tool to
eliminate different emerging pollutants in water [16]. These
technologies are particularly interesting in areas characterised
by intensive agriculture and specific climatic pattern, where
annual solar radiation levels are very high, and water is scarce.
In addition, the use of sunlight, a renewable and cost- free

Table 1: Main physic-chemical properties of the compounds studied [19].

source of energy makes the process very attractive, especially
in areas that receive a large number of hours of sunshine per
year [17]. Therefore, there is a clear need to solve this problem
through innovative and environmentally friendly technologies
developed in WWTPs to efficiently remove Eps [18].

Bearing in mind the above-mentioned, this study was aimed
to assess the removal of 3 antihypertensive pharmaceutical
residues (furosemide, irbesartan, and valsartan) from WW
solution. Thus, we have used a coupled biological-(solar)
photocatalytic (TiO,/Na,S,0,) plant placed in a semiarid area
like Murcia (SE of Spain) characterized by an important water
insufficiency but receiving more than 3,000 h of sunshine per
year where more than 96% of the reclaimed water is used by
farmers for crop irrigation.

Materials and methods
Pharmaceuticals and reagents

Analytical standards of pharmaceuticals with a purity > 95%
were acquired from Fagron Ibérica (Barcelona, Spain). Table 1
shows their structures and main physico-chemical properties.
CH,CN, H,0 (HPLC-grade), Na,S,08, and NaCl, all with a purity
> 98% were provided by Scharlab (Barcelona, Spain). Titanium
dioxide (TiO,, 99.5%, BET 55 m? g, size < 21 nm) Aeroxide®
P25 was supplied by Nippon Aerosil Co Ltd. (Osaka, Japan).

Experimental setup

The trials were conducted using a coupled biological-
photocatalytic facility located in a sunny space (coordinates
38°1’15”’ N and 1°9’56’’ W) of Torre Pacheco (Murcia, SE Spain)
during spring 2021 and 2022. A schematic drawing of the
sequential devices is shown in Figure 1. The water used in this
work was stored from the Tagus-Segura Water Transfer, which
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2aMW: Molecular Weight; "Ws: Water solubility (mg L"); cKOW: Partition coefficient octanol/water; “Henry’s Law constant (atm m?® mol™).
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was spiked with antihypertensive pharmaceuticals (about 50
pg L) from commercial formulations.

The WW was firstly subjected to primary (physical) and
secondary treatment by biological oxidation in a modular WWTP
AT-8 (AugustSpain, Alicante, Spain) that uses VFL® (Vertical
Flow Labyrinth) technology. Previously, there is a mechanical
pre-treatment for filtering impurities and large residues. The
polluted influent flows through different anaerobic and aerobic
stages. Firstly, it enters the oxygen-free biological treatment
chamber (anaerobic) where the activated sludge is constantly
recirculated with the Air-Lift system, uniformly dosed and
stabilized without generating odors. The activated sludge and
water mixture flows towards the denitrification zone and the
oxygen treatment chamber (aerobic), and the air is injected
through a diffuser, in the form of small bubbles that accelerate
the purification process. Later, it flows to the decanter, where
the sludge moves to the bottom by gravity to be subsequently
recirculated and separated from the treated water, which flows
into a water reservoir. Different influent and effluent water
samples were taken (n = 24) during the treatment.

Afterward, a tertiary treatment by solar photocatalysis
with TiO,/Na,S,0, was applied to the effluent in a pilot plant
consisting of five open reaction tanks (1,200 L) connected
to water storage containers and ultrafiltration membrane
system as previously described by Kushniarou, et al. [20].
The solar photocatalytic treatments (n=5) were carried out in
a total treated volume of approximately 5,000 L of secondary
treatment effluent. TiO2 (200 mg L) and Na,S,0, (200 mg L)
were added to each reaction tank, and different samples were
taken during the photoperiod measuring the irradiance (W m-2)
with a photo radiometer (Skye Instruments LTD, Powys, UK).

Analytical determinations

Pharmaceutical residues were isolated by Solid Phase
Extraction (SPE) and analyzed by high-performance liquid
chromatography (HPLC) coupled to a triple quadrupole mass
spectrometer (QqQ-MS2), operating in electrospray ionization
(ESI) negative ion mode for furosemide and positive for
irbesartan and valsartan according to the method proposed
by Pérez-Lucas, et al. [21]. Dissolved organic carbon (DOC)
content was determined by means of a TOC Analyzer (AG, Jena,
Germany) after filtering de samples through a nylon filter
(0.45 pm).

Results and Discussion

The elimination of the compounds studied during the
mechanical treatment was insignificant in all cases. Pollutants
can suffer sorption onto lipid fraction and particles surface
of the sludge [12]. However, the studied compounds did not
suffer these processes due to irrigation water from Tagus-
Segura Water Transfer (TSS: 1-2 mg L and DOC = 3- 4 mg L)
being used to simulate WW. Table 2 shows the residual levels
of pharmaceuticals detected in the influent and effluent after
primary and secondary treatment during both years, as well as
the main physic-chemical parameters of them. The removal
efficacy (RE) of the pharmaceuticals was estimated considering

their respective concentrations in both, influent [CI] and
effluent [CE], according to the following relation:

c,-C
RE(%):(ICE)xloo

1

C, values ranged from 27-33 pg L (furosemide), 38-60
png L (irbesartan) and 27-36 pg L (valsartan). Significant
removal of pharmaceuticals was observed after biological
treatment. Furosemide (70% - 74%) and irbesartan (65% -
66%) showed medium biodegradability (35% - 75%), while
more than 96% of the amount for valsartan in the effluent
was removed and, consequently, it can be considered as highly
biodegradable (= 75%). The biodegradation of pharmaceuticals
follows two different processes: co-metabolism and
competitive mechanism. A co-metabolic pathway requires a

Y 1
e O 3
! £ K d T
Y A = Y1)
N C
Furosemide Irbesartan Valsartan

(biological WWTP)
+

Tertiary Treatment
(TiO,/Na,S,04/so0lar)

l A Secondary Treatment

echanica
pre-treatment

Anaerobic
zone

E Denitrification
zone

Aerobic
zone

Effluent
Decantation
Zone

Sludge

Figure 1: Schematic drawing of the biological-photocatalytic facility.

Table 2: The concentration of pharmaceuticals (ug L") and main physic-chemical
characteristics of the influent and effluent after primary and secondary treatments
(n=24).

PO g a2 20m1 202 |

Furosemide 271142 33258 78+1.0 8.5+33
Irbesartan 59.7+14.3 38.2+7.1 21.0+9.6 13.2+4.3
Valsartan 35.7+1.5 26.6+4.2 1.2+0.6 BDL"

pH 7.5+0.7 7.3+0.9 7.7+0.5 7.5+0.6
EC (dSm™) 1.0+04 1.6+0.3 1.1+05 1.7+04
DOC (mg L") 3.0+1.5 3.8+1.1 26+09 3.4+0.8
SO, (mgL™) 2507 262+ 11 263 +4.8 269+8

Cl-(mgL™") 1437 157 £11 150+ 6.2 163 £9
HCO,- (mg L") 12046 11549 122493 1137
NO,- (mg L") 21+0.5 1.9+0.3 1.9+0.7 1.5+0.6

* Below Detection Limit.
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primary substrate for biomass growth. Concerning competitive
mechanisms, both the primary and non-primary substrates
compete for the active sites on the biomass. Despite obtaining
a high removal of pharmaceuticals by primary and secondary
treatments, the effluent water was not completely clean
of them. Consequently, a tertiary treatment such as solar
heterogeneous photocatalysis is required [22].

Therefore, tertiary treatment (solar photocatalysis) was
applied to the effluent whose initial levels of pharmaceutical
residues ranged from 7.8-8.5 pg L to 13.2-21.0 pg L for
furosemide and irbesartan, respectively. The evolution of
pharmaceutical residues during the photocatalytic treatments
carried out was studied as a function of accumulated fluence (H
= dE/dA; i.e., the radiant energy collected by a surface per unit
area, k] m), where the photo-oxidation follows a pseudo-
first-order kinetics according to the following equation [23]:

C,=C, e forlIn(C/Cy,) = kapp-H > In (1-X) = kapp-H

where k_, is the apparent reaction rate constant, C, is the
initial concentration of the pollutant and C, is the residual
concentration of the pollutant at fluence H. In that way, fluence
units are transferrable between distinct studies. Thus, the
fluence needed for X% of pharmaceuticals to degrade from WW
can be determined as follows:

In[ 100 }
(100—X)

H yy P

R2 values were > 0.91 and the standard error of estimation
(Sy/x) was 0.1, in the most unfavorable case. Although the
concentration of all pharmaceuticals was low, as many
micropollutants, they all degraded rapidly since the fluence
needed to obtain 90% degradation (Hgo) was < 200 kf m=2 (< 3
days). Consequently, small irradiation of a free and renewable
energy source makes solar heterogeneous photocatalysis
an interesting tool for the removal of these pharmaceuticals
from secondary effluents. Because of the mineralization of the
pharmaceuticals studied, a reduction in the DOC content was
quantified during the experiments.

Conclusion

As a result of this research, solar-driven photocatalysis is
offered as a hopeful technology to be integrated as a tertiary
treatment in WWTP to remove recalcitrant micropollutants
for WW remediation. This performance could be interesting
for water reuse in crop irrigation, mainly in areas with water
shortage but receiving lots of hours of sunshine per year as the
Mediterranean basin.
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