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Abstract

Hospital wastewater (HWW) is characterized by a high drug
concentration, which can cause endocrine effects and bacterial resistance,
among others. For this study, carbamazepine (CBZ) was selected as a
contaminant model to evaluate the removal efficiency from HWW of
recalcitrant pharmaceuticals in a non-conventional biofilter (BF), packed
with a mixture of wood chips (Prosopis) and porous rock (pouzzolane).
The effect of electro-oxidation (EO) as pre-treatment was assessed as
well. A biofilm adapted to the HWW was developed in the BF. The addition
of high concentrations of CBZ (1 000 and 10 000 pg/l) to the influent
HWW did not affect the removal efficiency of the BF to remove organic
matter (73 %) and ammonia nitrogen (99 %), proving that the biomass
was not inhibited by the CBZ’s concentration. The BF showed a significant
removal of CBZ by adsorption during the start-up. The bed filter showed
an adsorption capacity of 19.84 ug/g (Co = 10 000 pg/l). After the bed
filter saturation operated in steady state, the BF removed by
biotransformation 17.2 £ 7.4 % of CBZ which, in terms of concentration
(1 551 + 664 ug/l), is bigger than the concentration in most of the reports
for hospital, pharmaceutical and municipal WW effluents, which are
between 0.1 and 890 pug/l. By applying electro-oxidation as a
pretreatment, the global removal efficiency of CBZ increased to 55 + 5.96
%. In the hybrid system, the EO biotransformed the CBZ, and in the BF

the nitrogen and the COD were removed and showed CBZ desorption.

Keywords: Biofiltration for EPs removal, natural supports for
pharmaceutical removal, carbamazepine removal, pouzzolane and wood
chips for pharmaceutical removal, electro-oxidation for EPs removal,

hospital wastewater.
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Resumen

Las aguas residuales hospitalarias (ARH) contienen farmacos que
ocasionan efectos a la salud y el ambiente. Para este estudio se selecciond
la carbamazepina (CBZ) como contaminante modelo para evaluar la
eficiencia de remocion de farmacos en un biofiltro no convencional (BF)
empacado con astillas de madera (Prosopis) y roca porosa (tezontle). La
electro-oxidacion (EO) como pretratamiento también se evalud. Se hizo
crecer una biopelicula en el BF adaptada al ARH. Posteriormente, el ARH
se enriquecid con altas concentraciones de CBZ (1 000 y 10 000 ug/l). La
biomasa del BF no fue inhibida por estas concentraciones de CBZ, ya que
la eficiencia de remocion de DQO (73 %) y NH4™-N (99 %) permanecieron
constantes. ElI BF mostré una importante eliminacién de CBZ por
adsorcién durante el arranque. La cama filtrante tuvo una capacidad de
adsorcién de 19.84 pg/g (Co = 10 000 ug/l). Después de la saturacion
del material filtrante, y operando en estado estable, el BF eliminé el 17.2
+ 7.4 % de CBZ por biotransformacién, equivalente a 1 551 + 664 pg/|
de concentracion. Esto es mayor que la concentracidon en la mayoria de
los reportes para efluentes de ARH, AR municipales y AR farmacéuticas,
gue se encuentran entre 0.1 y 890 pg/l. Cuando se aplicé la EO como
pretratamiento, la eficiencia de eliminacion de CBZ aumenté a 55 + 5.9
%. En este sistema hibrido, en la EO se biotransformé la CBZ y en el BF

se removieron el nitrégeno y la DQO, y presentd desorcion de CBZ.

Palabras clave: biofiltracion no convencional de contaminantes

emergentes, soportes naturales para remocion de farmacos, astillas de
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madera y tezontle para remocion de farmacos, electro-oxidacién

contaminantes emergentes, aguas residuales de hospital.
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Introduction

Hospital wastewater (HWW) comes from hospitalization and operational
areas, laboratories, administrative units, laundries, and kitchens
(Carraro, Bonetta, & Bonetta, 2017). Therefore, its characteristics are
different when compared to urban or municipal wastewater. HWW has a
variety of toxic or persistent substances such as drugs, radio nucleotides,
solvents, and disinfectants with medical components. Thus, greater
concentrations of many drugs are expected, due to admitted patient’s
consumption. Some authors reported that microcontaminants (for
example, antibiotics, analgesics, heavy metals) in HWWs can be found in
concentrations of 1.5 and 150 times, which are higher than those found
in municipal wastewater (MWW) (Klancar, Trontelj, Kristl, Justin, &
Roskar, 2016; Verlicchi, Galletti, Petrovic, & Barceld, 2010). Also, HWW
discharges into the environment represent a significant ecotoxicological
risk. Therefore, in situ treatment of this water is desirable to reduce the
contribution of pathogens, viruses, and bacteria to the collecting system
(Verlicchi, Al-Aukidy, & Zambello, 2015). In addition, drugs as part of
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emerging pollutants (EPs) or microcontaminants in water are a serious
threat to human health and ecological balance due to their toxic,
carcinogenic, and mutagenic risks (Garcia-Segura, Ocon, & Chong, 2018;
Martin-de-Vidales et al., 2015).

Consequently, it is essential to remove these microcontaminants,
even if there are 143 000 estimated compounds in aquatic systems
(including drugs), making the evaluation for each one unfeasible (Sreejon
et al., 2017). As a result, it is necessary to focus on objective pollutants
or model pollutants that will help evaluate the removal of recalcitrant and
non-recalcitrant drugs, like fecal coliforms, as an indicator of various

pathogens in water.

Carbamazepine (CBZ) is a drug used for the treatment of epilepsy,
trigeminal neuralgia, bipolar depression, and mania. During the intake of
CBZ in humans, approximately 72 % of the applied dose is recovered in
the urine, and only 2 % of that dose is found as unchanged CBZ. The 28
% that is absorbed by the gastrointestinal tract is recovered in the feces,
14 % being in the form of metabolites and the rest as the parent
compound (Cunningham, Perino, D'Aco, Hartmann, & Bechter, 2010;
Valdés et al., 2016).

CBzZ is frequently found in wastewater in a wide range of
concentrations, from a few ng/l to mg/l (Table 1). During the treatment
of wastewater in biological conventional systems like activated sludge,
removal efficiencies are mostly below 10 % (Palo, Dominguez, Gonzalez,
Sanchez-Martin, & Cuerda-Correa, 2014). However, according to Wang
and Wang (2018), after biomass acclimation, some bioremoval could be

achieved. Efficiencies for CBZ of 22.8 % (equivalent to 810 ug/l in terms
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of concentration) were removed after the biomass was acclimated to
different concentrations (0.2, 1, 5, 10, 15 mg/l), which proved that CBZ
removal is difficult even under acclimatization conditions in activated
sludge. To this regard, it is expected that CBZ registered no significant
changes or degradation during its conduction between the generation
point and the input of the treatment systems. On the other hand, there
are other drugs that are easily transformable and can significantly change
their composition before reaching a treatment system. Meanwhile, more
stable drugs arrive to the system in a larger proportion in the form of the
parent molecule and better information can be obtained from what
happens to this molecule within the treatment system. Due to its
molecular stability and its hydrophobicity characteristics, some authors
have proposed CBZ as a good marker of anthropogenic activity in natural
aquatic environments (Clara, Strenn, & Kreuzinger, 2004; Dvory et al.,
2018; Hai, Li, Price, & Nghiem, 2011). Therefore, one contribution to this
study is to propose and to use CBZ as a pharmaceutical model to evaluate
the removal/transformation efficiency and mechanisms by which these

occur in EPs (pharmaceuticals) present in HWW.
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Table 1. Carbamazepine concentrations reported for municipal and

hospital wastewater.

Concentration Type of
Source References
(Hg/l) source
Spain > 0.400 MWW Jelic et al. (2011)
Canada (Ontario) 0.369 MWW Miao and Metcalfe (2003)
USA (Las Vegas) 0.232 MWW Vanderford and Snyder (2006)
De-Almeida, Oliveira, Mallmann and Martins
Brazil 0.441-0.587 HWW
(2015)
Japan 0.080-0.120< HWW Azuma et al. (2016)
_ McBean, Salsali, Bhatti and Huang-Jeanne
Canada (Ontario) 0.018-0.331 HWW
(2018)
Slovenia 0.194-0.270 MWW Klancar et al. (2016)
China (Taiwan) 0.339-0.428 HWW Li and Lin (2015)
Dalahmeh, Ahrens, Gros, Wiberg and Pell
Sweden 0.580-2.6 MWW
(2018)
Switzerland 0.482 MWW Sreejon et al. (2017)
Israel 840 £ 190 PHWW Lester, Mamane, Zucker and Avisar (2013)
_ Dwivedi, Morone, Chakrabarti and Pandey
India 442 080 + 2 580 PHWW
(2018)
Mexico (Mexico City) 5.68 £ 0.52 HWW Calderdn, Meraz and Tomasini (2019)
Spain 4.12 £ 0.31 HWW Mir-Tutusaus et al. (2021)

MWW: Municipal wastewater.

HWW: Hospital wastewater.

PHWW: Pharmaceutical wastewater.
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Biofiltration over organic filter bed (BF)

BF is a non-conventional biological trickling filter process that uses
biomass adhered to an organic support material, commonly forest or
agricultural waste (Garzon-Zuniga & Buelna, 2011), which makes it a
locally available and low-cost material, when compared with packaging
materials such as plastics used in trickling filters. This technology is being
evaluated for a couple of decades with different organic packaging
materials to treat different types of wastewaters, from industrial to
municipal, usually with very high pollutant removal efficiencies. However,
this technology has not been enough evaluated for EPs removal. There is
only one work using a BF packed with wood chips of Ficus benjamina to
evaluate Metformin and Ciprofloxacin removal in MWW (Garcia-Sanchez,
Gutiérrez-Macias, & Estrada-Arriaga, 2019), showing promising results
for the removal of pharmaceuticals. However, it is important to assess
this technology for the removal of EPs with other kind of wood chips and
more recalcitrant EPs. Mesquite (Prosopis sp.) is a tree with a very
extended distribution from the south of US to Argentina (Carrillo-Parra,
Hapla, Mai, & Garza-Ocafias, 2011), present in arid and semi-arid regions,
which makes it a species available in many countries. Prosopis wood chips
were evaluated by Sosa-Hernandez, Vigueras-Cortés and Garzén-Zuiiga
(2016) for the treatment of municipal wastewater. They found high
removal efficiencies of 92, 78 and 95 % for Biochemical Oxygen Demand
(BODs), Chemical Oxygen Demand (COD), Total Suspended Solids (TSS),
respectively and 4 logarithmic units for fecal coliforms. Therefore, it would

be important to evaluate its capacity to remove EPs. Another natural

@ @@ 106

il 024, Instituto Mexicano de Tecnologia del Agua. Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 - . o -15-02-
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 15(2), 98-163. DOI: 10.24850/]-tyca-15-02-03


https://crossmark.crossref.org/dialog/?doi=10.24850/j-tyca-15-02-03&amp;domain=pdf&amp;date_stamp=2024-03-01

M) Check for updates

Tecnologia y \2&.’5"

C1enc1as%Agua
material of high distribution is volcanic rock known as pouzzolane or
tezontle, which is an interesting material to be used as a filtering biofilm
support due to its great porosity (82 %). Tezontle is available in the
central region of Mexico, and it is widely used for building construction
and ornamental purposes. This material has been used as a support
material in wetlands and has also shown high removal efficiencies of
organic matter and nutrients (Tejeda, Torres-Bojorges, & Zurita, 2017b).
Therefore, both mesquite and tezontle could be a good option as filter
material for the evaluation of a non-conventional biofilter for CBZ

removal.

Electro-oxidation processes (EO)

Complex matrices like HWW have recalcitrant compounds that might be
difficult to remove with biological processes only. Some studies suggested
to use electrochemical advanced oxidation processes (AOP) to remove
recalcitrant compounds, reduce organic matter or even increase
biodegradability of industrial effluents when used as pre-treatment, thus
delivering an effluent easier to treat in a biological process
(Thirugnanasambandham & Ganesamoorthy, 2019; Trellu et al., 2016).
Among AOP, electro-oxidation (EO) is one of the most studied processes
due to its easy implementation and good performance. Some authors
have studied EO for CBZ removal as the main treatment process. They
found efficiencies between 88 and 99 % of CBZ removal for a large range
of initial concentrations between 22 and 10 000 pg CBZ/I (Al-Qaim,
Mussa, Yuzir, Abdullah, & Othman, 2018; Garcia-Espinoza, Mijaylova-
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Nacheva, & Avilés-Flores, 2018; Garcia-Gémez et al., 2014).
Nevertheless, these high removals were carried out in synthetic solutions
and these results need to be validated with real wastewater. On the other
hand, some authors mention that EO costs can be high due to the
consumption of electrical energy, which is why the use of EO in
combination with a biological process (hybrid system) has been
recommended to make the application of the technology more accessible
(Chettiar & Watkinson, 1983).

Electro-oxidation plus biological process

Electro-oxidation has been used as a pretreatment to increase the
biodegradability of recalcitrant compounds from the effluents of different
industries and subsequently remove them successfully by means of a
biological process. There are a few reports of studies of drug degradation
in @ combined EO system as a pretreatment, followed by a biological
process (Fontmorin et al., 2014; Ouarda et al., 2018; Rodriguez-Nava,
Ramirez-Saad, Loera, & Gonzalez, 2016a). These studies show different
results. On one hand, those that obtain a low removal during the EO
process and later with the biological process achieve a complete removal
of the drugs. On the other hand, other authors report a good removal in
the EO process and a desorption phenomenon when the pretreated

effluent goes through the biological process.

For example, Rodriguez-Nava, Ramirez-Saad, Loera and Gonzalez
(2016) studied the simultaneous removal of bezafibrate, gemfibrozil,

indomethacin and sulfamethoxazole (with a concentration of 200 pg/l)
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from synthetic wastewater in an EO system (operated with: BDD
electrode, current density of 1.56 mA/cm?2 and 20 min of electrolysis)
followed by an activated sludge (AS) system (operated with: TRH 1.29 -
1.38 d) and they report that EO removed more than 50 % of all drugs in
a stable way, and when this effluent was treated in the AS system, 100
% of the drugs and 83 % in COD were removed. But when they treated
the synthetic wastewater only by AS process, a variable removal was

observed, with efficiencies that remained below 40 %.

On the other hand, Ouarda et al. (2018) when evaluating the
removal of carbamazepine in a synthetic HWW in an EO process followed
by a Membrane Bioreactor (MBR) process, observed that 60 % of the CBZ
was removed during the EO, but in the MBR effluent the removal was
negative due to a desorption phenomenon of the CBZ, having an overall

removal of 42 %.

It is worth mentioning that several factors must take place to obtain
these very different results. On one hand, the drugs bezafibrate,
gemfibrozil, indomethacin and sulfamethoxazole are less recalcitrant than
CBZ, since it has been reported that the first drugs are removed by about
40 % in an LA system (Rodriguez-Nava et al., 2016) while for CBZ
removal efficiencies < 10 % have been reported in a AS system (Zhang,
GeiBen, & Gal, 2008). On the other hand, the type of biomass (suspended
or biofilm) of the biological process in which the electroxidation effluent
is treated seems to also influence since it has been reported that biofilm
systems can be up to 500 times more resistant in terms of survival
mechanisms and mitigation of sudden variations in pH, temperature,
salinity, type of substrate and concentration of biocides (Dzionek,
Wojcieszynska, & Guzik, 2016; Freedman et al., 2017). In addition, a
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biofilm presents a more complex community of microorganisms due to
the aerobic, anaerobic and anoxic microenvironments that can be present.
To this regard, there are few reports mentioning that when anoxic
conditions are present and a denitrifying community is present, CBZ
removal efficiencies can achieve higher values than those obtained in
conventioal AS systems (Hai et al., 2011; Tejeda , Barrera, & Zurita,
2017a).

Therefore, the present investigation seeks to study, first, whether
in fact a biofilm system, which is known to promote nitrification and
denitrification phenomena, removes higher concentrations of CBZ than a
conventional AS process, and second, it evaluates a combined biofiltration
system with EO as pretreatment to corroborate whether in this type of
combination the efficiency of CBZ removal improves or not, since
contradictory results have been reported, as it has been mentioned.
Finally, another novel and important aspect is conducting the study using

real HWW enriched with CBZ and not synthetic water.

The objectives of this study were a) to evaluate a non-conventional
biofilter (BF) containing a biofilm growing over Prosopis and Tezontle as
a mixed filter bed for the removal of CBZ, organic matter and ammoniacal
nitrogen from a real hospital wastewater (HWW), and b) to evaluate a
hybrid treatment system combining BF and EO, using EO as a pre-

treatment.
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Materials and methods

Hospital wastewater (HWW) sampling and
characterization

The wastewater used in this study was obtained from a wastewater
treatment plant (WWTP) from a hospital in Durango City, Mexico, with a
capacity of 238 beds. Punctual samples were taken after the grid system
and before the biological process (Moving Bed Biofilm Reactor, MBBR).
The hospital wastewater (HWW) was collected each week and stored in

polypropylene bottles of 20 | and kept at 4 °C until use.

COD, TSS and VSS were measured according to Methods 5220 C,
2540 D and 2540 E, of the Standard Methods, respectively (APHA, 1991).
ammonia nitrogen, total nitrogen (TN), total phosphorus (TP) and
orthophosphate (PO4-) were measured according to methods 8038, 10072
10127, 8048 of HACH, respectively, using a HACH DR/3900
spectrophotometer. Samples for the determination of COD, TN, TP, and
PO4- were not filtered, but rather allowed to settle prior to analysis.
Electrical conductivity was tested with a conductivity meter TRACER Code
1766 and pH was measured with a pH meter Thermo scientific Orion 3-

Star with glass electrode.

To test the biofiltration process under different experimental
conditions and to simulate high levels of CBZ contamination found in
hospital and industrial (pharmaceutical) WW of between 0.5 and 442 000
Hg/l (Table 1) HWW was enriched with CBZ (Sigma-Aldrich purity > 98

%). During the experiments desired CBZ concentrations of 1 000 and 10
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000 ug/l, respectively, were adjusted before treatment (see subsection
“Experimental procedure stages”: stages 2 and 3). A mixing and stirring
time of 12 hours was required to completely dissolve CBZ in HWW prior
to treatment. It was selected to work with high concentrations of CBZ
found in PHWW, assuming that if the processes to be evaluated (EO and
biofiltration) can efficiently treat these high concentrations, they can also

treat lower concentrations reported in HWW and MWW.

Biofilter experimental unit

The biofilter was made with Polyvinylchloride (PVC) with a dimension of
150 cm height and a diameter of 10.5 cm. The biofilter was packed with
two layers of filter material arranged vertically as follows (from the top to
the bottom): 36 cm of mesquite wood chips (Prosopis), 76 cm of
pouzzolane (commonly known as tezontle) and 12 cm of a layer of gravel
that works as a base for the filter material. The working volume of the
liquid inside the column is estimated to 9.6 I. The BF unit was fed with

HWW by regulating the flow rate using a peristaltic pump.

Mesquite wood chips (Prosopis) were obtained from pruning bushes
of mesquite trees wastes from Durango, Mexico. Mesquite wood was
shredded in an industrial chipping machine which produces wood chips
with dimensions of 2.33 £ 0.79 cm (width) x 1.16 £ 0.35 cm (length) x
0.44 = 0.32 cm (thick). Sieve was necessary to remove pieces of bark
and dust. The resulting material had a porosity of 79 £ 0.5 %, a bulk and
real density of 246 + 2.05 and 1 118 + 40.54 kg/m3, respectively.
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Pouzzolane volcanic rock was obtained from a carrier in Durango
state, Mexico, which had the following measurements: 2.87 + 0.54 long,
2.02 £ 0.41 width and 1.5 £ 0.36 cm height, 65 £ 0.013 % porosity, 693
+ 16 kg/m3 bulk density and 2 002 *= 72 kg/m?3 real density. The
arrangement of the filtration bed (70 % pouzzolane and 30 % wood chips)
and the granulometry of filtration materials were selected because they
were previously successfully used by Zamora-Acevedo (2016), and
Garzon-Zudiga, Vigueras-Cortés and Zamora-Acevedo (2021) in a
biofilter for the treatment of municipal wastewater, achieving removal
efficiencies over 90 % of BODs, TSS, NH4*-N and over 80 % of COD.

Pouzzolane was washed with tap water before being added to the reactor.

Electro-oxidation experimental set-up

EO was carried out in an electrolytic cell manufactured in acrylic with
dimensions of 10 cm (width) x 10 cm (length) x 11 cm (depth) with a
working volume of 1 | and an electrode gap of 1 cm. This device utilized
a titanium cathode and a lead dioxide (Ti/PbO2) anode (acquired from
Baoji Qixin Titanium Co., Ltd). The electrodes were 9 cm wide and 8 cm
high. Ti/PbO> was selected since it is classified as a non-active anode
(Comninellis & Chen, 2010), anodes of this type produce higher
concentrations of oxidizing agents, thus resulting in higher levels of
decontamination (Barbosa-Ferreira et al., 2020). To ensure complete
mixing of the solution, a magnetic bar was used at 900 revolutions per
minute. The power supply used was a direct current (DC) supply with a
capacity of 30 V and 10 A.
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No electrolyte solution was added because it was expected that the
electrical conductivity of the wastewater (as observed in the HWW

characterization) was sufficient for the process to be carried out. The
working pH was 7.4%0.4.

Electrolysis time and the relations electrode area/volume, and
current/cm? of electrode were determined in two preliminary

experimental tests as follows:

1. CBZ was degraded over 120 minutes at different current intensities
(0, 1.0, 1.5 A) using one pair of electrodes (one cathode and one
anode). This study employed the anode PbO2 and the matrix HWW
enriched with CBZ at a concentration of 14 000 ug/l and a
conductivity of 1 251 S/cm, with magnetic stirring at 900 rpm.

2. (CBZ was degraded over 120 minutes applying three different
relations electrode area/volume: 7.2, 14.4 and, 21.6 m?/m3
equivalent to one, two, and three pairs of electrodes and each pair
of electrodes was fed with 1 A of current.

Experimental procedure stages
Stage 1. Biomass development in the biofilter

The initial experiments were conducted to develop biomass in the biofilter,
which was fed with raw HWW (without addition of CBZ) by keeping a
hydraulic loading rate (HLR) of 0.2030 m3/m? d. No inoculum was used.

Microorganisms present in HWW were retained in the filtering bed and
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progressively formed a biofilm. The experiment was run at room

temperature. The influent was fed with a flow rate of 1.1 mL/min.

These conditions were maintained constant until the biofilter
showed a steady sate of the removals of macro-pollutants (COD and
NH4*-N).

Stage 2. Biofilter operation in the presence of high CBZ
concentration

Once the biofilm was developed and the BF achieved removal stability of
macro-pollutants, it was fed with HWW enriched with a relatively high CBZ
concentration of 10 000 pg/l. This concentration was chosen because it is
known that organic filter material (wood chips) has an important
adsorption capacity of macro (Garzon-Zufiga, Lessard, Aubry, & Buelna,
2005) and micro-pollutants (Garzén-Zufiga, Sandoval-Villasana, &
Moeller-Chavez, 2011) and the saturation of the filter bed can last long
periods of time. Thus, this high concentration was selected to saturate
the media in a short time and see the effect of adsorption and later the
effect of biological degradation. An HLR of 0.2030 m3/m?2 d was applied
during a period of 67 days. The removal efficiency of COD and ammoniacal
nitrogen were measured to determine if the relatively high concentration
of CBZ in HWW caused a negative effect on the biofilm performance. Once
the biofilm achieved removal stability of these macro-pollutants, punctual
samples were withdrawn at the inlet and outlet of the biofilter unit for the

measurements of CBZ concentrations.
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Important adsorption of CBZ over the filtering material was expected once
CBZ started to be added to HWW feeding the biofilter. Therefore, the CBZ
adsorption capacity of the filter bed was estimated by applying Equation

(1):

(So—Se)* AtxQ

q = S, Seteata (1)

q = Adsorption capacity, pg/g.

S, = Influent concentration, CBZ ug/I.
M = Filtering material mass, g.

S.= Effluent concentration, CBZ pg/I.
Q = Flow, l/d.

At = Time interval (d), between the beginning of addition of CBZ and the
saturation of the bed filter defined as removal efficiency equal to zero and

before a period of equilibrium characterized by desorption—adsorption.

Stage 3. Hybrid system

During this stage HWW was spiked with a CBZ concentration of 1 000 ug/I
which is lower than the concentration applied in stage 2 (10 000 pg/l),
used to saturate the filter bed. This CBZ concentration was chosen
because it is among the highest reported for pharmaceutical wastewater
(PHWW) in countries like Israel, even if it is higher than the concentration

reported in HWW in countries like Brazil, China, and Sweden (Table 1).
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This spiked HWW was then treated by EO followed by a BF process. EO
was applied under the operational conditions presented in section
“Electro-oxidation experimental set-up” to transform the parent molecule
of CBZ. The EO reaction time was set to 60 min because earlier
experimentation showed that at 60 min a maximum % of CBZ was
transformed (See results section “Hybrid system”). EO was performed
using two pairs of electrodes (two anodes of Ti/PbO> and two cathodes of
titanium) in mesh configuration with dimensions of 9 cm (width) x 8 cm
(length) and a working volume of 1 |. The current intensity applied to each
pair of electrodes was 1.0 A. At the end of the EO process, the removal
efficiencies for CBZ, COD, NH4*-N were measured, and the EO effluent
was drawn in a homogenization tank from where the BF was fed, because

EO worked in batch mode and BF in continuous mode.

The BF was operated with a flow of approximately 3 I/d equivalent
to an HLR of 0.4060 m3/m2 d. This means that the EO unit had to perform
between three and four treatment cycles per day to have enough effluent
to feed the BF.

Carbamazepine (CBZ) determination

CBZ concentration in the aqueous solutions was measured with an Agilent
series 1260P (ABC Instrumentation, Mexico City, México), high
performance liquid chromatograph (HPLC) with a quaternary pump
coupled to a diode array detector (DAD). The separation was carried out
on an Agilent ZORBAX SB C-18 column (4.6 X 100, 3.5 pm). The mobile

phase that was used was composed by HPLC water (A) and acetonitrile
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(B), Fermont lot 718361, in isocratic flow of 0.8 ml/min (A 40 % and B
60 % v/v). The injection volume was 20 yL. CBZ was monitored at a
wavelength of 286 nm. Retention time of CBZ was 1.753 min and
detection limit (DL) and quantification limit (QL) are 25 pg/l and 50 pg/I
of CBZ, respectively. The range of the calibration curve was established
between 25 and 1 200 pg/l of CBZ, applying a lineal model with R? =
0.9966. Precision and accuracy were evaluated obtaining a standard
relative deviation of £ 15 % (0.4-13.8 %) and a coefficient of variation of
< 15 % (0.21-6.94 %).

Measurements of other parameters

COD, TSS and VSS were measured according to Methods 5220 C, 2540 D
and 2540 E of the Standard Methods, respectively (APHA, 1991).
Ammoniacal nitrogen, Total nitrogen, total phosphorus, and
orthophosphate were measured according to methods 8038, 10072
10127, 8048 of HACH, respectively, using a HACH DR/3900
spectrophotometer. The electrical conductivity was tested with a
conductivity meter TRACER Code 1766 and the pH was tested with a pH

meter Thermo scientific Orion 3-Star with glass electrode.
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Results and discussion

Hospital wastewater (HWW) characterization

The HWW characterization (Table 2) showed that it has a high
concentration of total nitrogen (95 mg TN/I) mainly in the form of
ammoniacal nitrogen content (90 £ 0.4 mg NH4*"-N/I), which corresponds
to a high strength wastewater, if compared to the domestic one. On the
other hand, the HWW presented a low content of chemical oxygen
demand (COD) of 379+144 mg COD/I, which is similar to a low-medium
strength domestic wastewater according to Tchobanoglous, Burton,
Franklin, Stensel and Metcalf & Eddy (2003). In addition, it presented a
high concentration of total suspended solids (870 mg TSS/I) from which
the most part are volatile suspended solids (730 mg VSS/I). A particular
characteristic observed is the presence of a high electrical conductivity
between 1 494 and 2 559 uS/cm, which is approximately equivalent to
821.7 to 1 407 mg/| (ppm) of salinity
(https://www.landscape.sa.gov.au/mr/publications/measuring-salinity,
June 22, 2021). This high salinity allows to perform EO without the
addition of any supporting electrolyte (Kumari & Tripathi, 2019).

@ @@ 119

il 024, Instituto Mexicano de Tecnologia del Agua. Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 - . o -15-02-
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 15(2), 98-163. DOI: 10.24850/]-tyca-15-02-03


https://crossmark.crossref.org/dialog/?doi=10.24850/j-tyca-15-02-03&amp;domain=pdf&amp;date_stamp=2024-03-01

Tecnologia y

C1enc1as@Agua

W) Check for updates

Table 2. Main chemical characteristics of hospital wastewater.

Parameter Unit Dry season Rainy
season
Chemical oxygen demand (COD) mg/| 379 £ 144 181 £ 71
Total nitrogen (TN) mg/| 95 + 2.3 57 £ 7.2
Ammoniacal nitrogen (NH4*-N) mg/I 90 £ 0.4 499 £ 5.5
Nitrate (NO3") mg/I 4.1 0.9 3.7 £ 0.4
Total suspended solids (TSS) mg/| 870 £ 61.8 ---
Volatile suspended solids (VSS) mg/| 730 £ 57.4 ---
pH 7.4+ 0.4 7.5+0.2
Electrical conductivity MS/cm 2559 £ 216 | 1494 £ 62
Total phosphate (TP) mg/I 33 £ 0.8 ---
Ortophosphate (P0O43°) mg/| 26 + 0.1 -
Total chlorine mg/I 0.08 £ 0.01 ---
Free chlorine mg/I 0.065+0.005 ---
Carbamazepine* Mg/l <25 ---

The presence of CBZ was detected in the HWW but in low

concentration, in the order of micro-grams per liter, under the detection

limit of the equipment used (25 ug/l) (Table 2). This agrees with the order

of concentration reported for other HWW in Sweden, China, and Brazil

(Table 1). It is known that HWW contains toxic or persistent substances

such as drugs, radio nucleotides, solvents, heavy metals, disinfectants,

(9 OOO
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EPs and other micro-contaminants, all of them difficult to degrade in
biological processes. So, in this work the effect of using a short EO to
transform these molecules in other more biodegradable molecules to

favor a greater removal is being studied.

Start-up and stabilization of biofilter operation

During this stage, the biofilter was fed with HWW without addition of CBZ,
with a flow of 1.5 I/d (equivalent to an HLR of 0.2030 m3/m? d) to develop
a biofilm on the filtering material. As it can be seen in Figure 1a, there is
a constant increase in the removal efficiency of organic matter measured
as COD from day 1 to 73 of the operation period. At the same time, the
biofilter also increases its removal efficiency in ammoniacal nitrogen in a
similar period, from day 1 to 80 (Figure 1b). This was assumed as the
occurrence of a heterotrophic and nitrifying biomass activity increase
because the effluent concentration of COD and ammonia nitrogen showed
a typical curve of progressive reduction between days 20 and 70. This
removal is assumed not to be du by adsorption because the typical
adsorption curves shows that initially the effluent concentration is low,
associated at a high removal efficiency, and by the time, the effluent
concentration tends to increase because the saturation of the filtering

materials.
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Figure 1. a) Chemical Oxygen Demand and b) ammoniacal nitrogen
removal in biofilter. Operating conditions: hospital wastewater, hydraulic
loading rate 0.2030 m3/m? d; Initial concentration of carbamazepine of
10 000 ug/l since day 141.
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Subsequently, a stabilization period can be observed from day 73
to 141. During this period, COD (81 = 13 %) and NH4*-N (99 £ 2 %)
removal efficiencies reached a plateau. Thus, it was assumed that the
biological activity in the biofilter reached the stationary phase from day
73 to 141.

CBZ removal in a biofiltration process

Effect of CBZ addition over macro-pollutants (COD and
NH;*-N) removal in the biofilter

Once the biofilm was formed and the BF operated in a stable way, the
biofilter was evaluated regarding the addition of CBZ. From day 141 on,
HWW started to spike with a CBZ concentration of 10 000 pg/I. In Figure
2 (day 141 to 211) it can be observed that despite of adding 10 000 pg/I,
the initial concentration presented some variation, being the average
concentration equal to 9 368 £ 1 579 ug CBZ/I. It is possible that this
variation is related to an adsorption effect of CBZ on the HWW solids
(Malvar, Santos, Martin, Aparicio, & Alonso, 2020). This is because the
concentration of total suspended solids measured in the wastewater was
very variable and presented concentrations three times higher than those
for municipal wastewater. On the other hand, the polypropylene bottles
used to contain the feed water can adsorb some CBZ too (Torres, Dioses-
Salinas, Pizarro-Ortega, & De-la-Torre, 2021).
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Figure 2. Carbamazepine efficiency removal in biofilter after spike

hospital wastewater.

The initial high concentration of CBZ

(9 368 + 1 579 pg CBZ/I) did

not affect the performance of the biomass for organic matter and

ammoniacal nitrogen removal efficiencies.

efficiency for COD and NHs4*-N was 78.9

In this period, the removal
£ 11 % and 98.8 £ 1.5 %,

respectively. To verify that the addition of CBZ did not affect the biomass

activity, a single factor ANOVA test was performed with a reliability of p

< 0.05. Table 3 shows the statistical analysis. F-value was under the

critical value of F for both COD and NHs4*-N removal efficiencies,

demonstrating that there is no statistically significant difference between

removal efficiencies before and after spiking HWW with CBZ. This

suggests that a CBZ concentration of 10
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activity of the microorganisms for the removal of macro-pollutants (COD
and NH4*-N). However, it has been reported that CBZ has negative effects
on natural ecosystems. For instance, Lawrence, Swerhone, Wassenaar
and Neu (2005) developed a lotic riverine biofilm on a reactor and by
adding 10 pg/| of CBZ significant effects were observed: bacterial biomass
reduction, meanwhile algal biomass increased and exopolymer production
decreased. In other study, Tian et al. (2019) found maximum reduction
of 69 % in fecundity and 60 % in fertility while exposing Daphia magna
to 50 ug/l of CBZ.

Table 3. Analysis of variance (ANOVA) for the elimination of organic
matter and ammoniacal nitrogen in a biofilter, with natural filtering
material, before and after fortifying hospital wastewater with 10 000

Mg/l of carbamazepine.

Removal Removal
efficiency efficiency Critical value .
Parameter F-value Probability
before CBZ after CBZ for F-value
fortifying (%) | fortifying (%)
Chemical
80.9+12.7 78.9+11.1
Oxygen 0.309 4.600 0.587
(n =6) (n =6)
Demand
Ammoniacal 98.9+2.1 98.8+1.5
1.559 4.747 0.236
Nitrogen (n =6) (n = 8)
125

(9 OOO

ELIND 024, Instituto Mexicano de Tecnologia del Agua.

Open Access baJo la licencia CC BY-NC-SA 4.0
(https://creativecommons.org/licenses/by-nc-sa/4.0/)

Tecnologia y ciencias del agua, ISSN 2007-2422,
15(2), 98-163. DOI: 10.24850/j-tyca-15-02-03



https://crossmark.crossref.org/dialog/?doi=10.24850/j-tyca-15-02-03&amp;domain=pdf&amp;date_stamp=2024-03-01

M) Check for updates

Tecnologia y \2&.&

CienciastAgua
The fact that biomass in the biofilter was not affected under such
high CBZ concentration for a period of 70 days could be releated to the

following facts:

1. Biofilter promotes the formation of several layers of biofilm where
anaerobic, anoxic and aerobic bacteria coexist surrounded by
self-produced polymer matrix consisting of polysaccharide, protein,
DNA and humic acids commonly known as extracellular polymeric
substance (EPSs) (Mazumder, Falkinham, Dietrich, & Puri, 2010). In
this sense, EPSs protect bacteria against noxious environemtal
conditions (Shama & Iffat, 2016; Tuson & Weibel, 2013).

2. Another possibility is that having been fed the biofilter with HWW,
microorganisms in this effluent growing as a biofilm in the biofilter
could already be acclimatized to different pharmaceuticals, including
CBZ. To this respect, Zhang et al. (2020) reported changes in
microorganism populations when feeding a biofilm system with CBZ.

3. On the other hand, CBZ is less toxic if compared to other
paharmaceuticais like ciprofloxacin and metformin. For example,
Garcia-Sanchez et al. (2019) found a negative effect on nitrifier
community, in a similar non-conventional biofilter packed with Ficus
chips, treating municipal wastewater at much lower concentrations

of ciprofloxacin (5 pg/l) and metformin (100 pg/l).
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Removal of CBZ from HWW in the Biofilter

Once the Biofilter presented stable removal of COD and NHs4*-N, it was
operated with HWW spiked with 10 000 pg CBZ/I (resulting in an influent
average concentration of 9 368 £ 1 579 ug CBZ/I), for additional 67 days
and was fed with an HLR of 0.2030 m3/m? d. It is worth noting that, a
high removal efficiency of CBZ of 87.4 % was recorded during the first
days of addition of CBZ in the raw HWW due principally to a phenomenon
of adsorption. However, the efficiency decreased rapidly during the
subsequent 17 days of operation (Figure 2). This important mechanism
of adsorption has been reported before in a biofilter packed with an
organic filtration bed, as being the principal mechanism of removing
micropollutans. For example, colorant molecules (Garzéon-Zufiga et al.,
2011) or macro-pollutants like nitrogen (Garzon-Zufiga et al., 2005) until

the filter bed is saturated.

Adsorption is a function of different factors such as initial
concentration, pH, temperature, the octanol-water partition coefficient
(Kow) and the constant acid dissociation (pKa) of carbamazepine molecule
(Aubertheau et al., 2017, Silva, Jaria, Otero, Esteves, & Calisto, 2019).
To this regard, CBZ has hydrophilic characteristics and a neutral charge,
which would make it a difficult molecule to remove from water through
adsorption. However, hydrophobicity interactions do not always direct the
adsorption process. For example, Wunder, Bosscher, Cok and Hozalski,
(2011) did not find a direct correlation between the adsorption capacity
of different pharmaceuticals molecules and their Kow properties, as it was
observed for CBZ in the present study. Other studies have reported

significant adsorption capacities of CBZ in adsorbent materials like
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carbon. For example, Silva et al. (2019) reported between 12 600 and
212 000 pg/g for activated carbon. Such capacities would be sufficient to
remove CBZ from wastewater for a long time given the actual
concentrations of this molecule reported in municipal wastewater, up to
2.6 pg/l (Dalahmeh et al., 2018). In the case of pouzzolane-Tezontle,
pore size adsorption effect (deposition of the molecules of CBZ in the
pores) may be another mechanism occurring since the size of the CBZ
molecule is between 0.72 and 1.35 nm and pore size of pouzzolane-
Tezontle is between 2 and 50 nm (Punyapalakul & Sitthisorn, 2010;
Tejeda et al., 2017a).

The adsorption capacity of the filter material (mix of pouzzolane-
tezontle and mesquite wood chips) for CBZ was calculated in 19.84 ug/g
(Figure 2) for an average initial concentration of 9 368 £ 1 579 ug CBZ/I.
In a previous study, Tejeda et al. (2017a) determined the adsorption
capacity of pouzzolane-Tezontle for CBZ in 3.2 pg/g. This difference in
adsorption capacity should belong to the combination of both filter
materials, pouzzolane-Tezontle and mesquite wood chips. This important
difference between both filtering material could be explained by the
mesquite wood chips characteristics like microporosity and ionic electric
charge (Garzén-Zufiga & Buelna, 2011). However, it is recommended to
determine the adsorption capacity of pouzzolane-Tezontle and mesquite
alone to understand the contribution of each material to the adsorption

capacity of the biofilter used in this study.

After the saturation of the filter material, an equilibrium period
characterized by a phenomenon of desorption and adsorption that lasted
approximately 24 days (Figure 2, day 17 to 41) was observed. During this

period, those initial concentration variations were seen, which produced
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a slight increase of removal efficiency when influent concentration

increases and vice versa (Figure 2).

Finally, from day 41 onwards, a constant removal efficiency was
reached. The average concentration of CBZ in the influent and effluent
from day 45 to 67 was 8 935 £ 2 136 ug/l and 7 384 £ 1 804 ug/l,
respectively. This shows a stable average removal efficiency of CBZ of
172 £ 74 % or 1 551 £ 664 ug/l that can be related to
biotransformation, which is relatively higher than most of the removal
efficiencies reported for activated sludge processes, which is under 10 %,
and removing lower concentrations in the order of ng/l (Zhang et al.,
2008). It is worth noting that even if only 17 % of CBZ removal was
achieved, the removal of CBZ in terms of concentration (1 551 + 664
Mg/l) is higher than the concentration in most of the reports for HWW,
MWW and PHWW effluents, which are between 0.1 and 890 ug/I (Table
1).

The best performance on the CBZ removal efficiency observed in
this study in HWW could be related to the high degree of nitrification
achieved in this biofilter which agrees with the results of some previous
investigations studying emerging organic pollutants and nitrification. For
example, Servos et al. (2005), by evaluating eighteen WWTP for
17h-estradiol removal, claimed that there might be an association
between the degree of nitrification in the treatment system and the
removal of estrogens. This association has been tested before by Vader
et al. (2000). They compared sludges with low and high nitrification
degrees, demonstrating that those sludges with low degree were not
capable of degrading 17h-estradiol. But the role of nitrifiers to
biotransform organic micro-pollutants is also important for recalcitrant
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pharmaceuticals like CBZ. Tran, Urase and Kusakabe (2009) observed a
significant improvement in the removal efficiency of CBZ with a nitrifying
activated sludge, if compared to the removal efficiency found in a
conventional activated sludge. High degree of nitrification improved
biological diversity and growth conditions resulting in increased biological
transformations (Lema & Martinez, 2017; Servos et al., 2005). Likewise,
Zhang, Zhu, Szewzyk, Libbecke and Uwe-Geissen (2017) reported a
significant difference in the removal efficiency of CBZ when using a
microbial consortium (more diversity of microorganisms) developed with
real wastewater than when use a microbial community (less divers) in

synthetic wastewater.

Hybrid system: Electro-oxidation followed by
biofiltration

Preliminary experimental tests were conducted to determine the best
operational conditions for the EO process. As mentioned in methodology,
CBZ was degraded over 120 minutes at different current intensities (O,

1.0, 1.5 A). The results are presented in Figure 3.
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Figure 3. CBZ degradation with different current intensities. Applying a,
A/V ratio of 7.2 m2/m3.

ANOVA analysis and a mean comparison test were conducted using
the Tukey method (P < 0.05 = Statistically different). Within 10 minutes,
there were already significant differences between 0.5 and 1.5 A (P =
0.0188) and these differences remained significant throughout the entire
experiment. The difference in CBZ removal efficiency between the 0.5 A
and 1.0 A treatments was significant from 60 minutes forward (60 min, P
= 0.0041; 90 min, P = 0.0145; 120 min, P = 0.0098). The difference
between 1.0 A and 1.5 A was not statistically significant since the P value
was always greater than 0.05. As a result of this preliminary study, it was
determined that in subsequent experiments, the current intensity should
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be 1.0

A equivalent to 13.88 mA/cm? and the electrolysis time should be

60 minutes, which are common values considered in recent literature.

To select the value of electrode area per working volume of the

reactor, a kinetic test was performed at different electrolysis times, that

is, 10,

20, 40, 60, 90, and 120 minutes, using one, two, and three pairs

of electrodes equivalent to three different A/V ratios: 7.2, 14.4 and 21.6

m2/m3

16000
14000
12000
10000
8000
o000
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2000

, respectively. The results are shown in Figure 4.
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Time (min)

Figure 4. CBZ degradation with three different A/V ratios.
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The results were analyzed using a variance analysis and a mean
comparison test using the Tukey method (P = 0.05). From 40 min
forward, the A/V ratios of the three groups began to differ significantly
(ANOVA P = 0.0086). During the experiment, 14.4 and 21.6 m?/m3
treatments did not differ statistically except at min 40 (P = 0.0.088).
Thus, an A/V of 14.4 m2/m3 was chosen to carry out the EO process in
this study.

Electro-oxidation as pretreatment

The initial concentration of CBZ, in the spiked HWW, was between 1 250
and 1 800 g/l with an average value of 1 491 £+ 256 ug/l (Figure 5). This
HWW was first treated by EO using an anodic electrode of Ti/PbO2, 1.0 A
(13.88 mA/cm?) and a 60 min reaction time.
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Figure 5. Electro-oxidation of raw hospital wastewater spiked with
carbamazepine.

Under these conditions, EO had an average removal efficiency of
CBZ of 70.0 % with a standard deviation of 4.6 % (Figure 5), which agrees
with the previously reported CBZ degradation in EO processes using
synthetic WW. For example, Komtchou, Dirany, Drogui and Bermond
(2015) reached 73.2 £ 0.31 % with a BDD anode and the following
experimental conditions: 120 min of treatment, 0.2 A (1.8 mA/cm?), Fe2*
concentration of 0.25 mM, initial pH 3.0, initial CBZ concentration of 12
000 pg/l. Ouarda et al. (2018), when applied EO as pre-treatment for the

removal of CBZ and venlafaxine, obtained 50 and 66 %, respectively.
Similarly, in an EO process, Gurung, Ncibi, Shestakova, & Sillanpaa
(2018) reached a CBZ removal of 75.5 % from a spiked wastewater (20
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000 pg/l) with a Ti/Ta20s-Sn0> anode, after 8 h of electrolysis, 9 mA/cm?
of current density, pH 6, temperature of 30 °C, and using 0.1 M Na;SO;
as supporting electrolyte. As it can be seen on these references, 75 %
efficiency was not exceeded. This could be due to limitations in the
process that have been previously reported such as parasitic reactions in
which the ¢OH evolve to O and stop oxidizing the recalcitrant molecules
(Hmani, Samet, & Abdelhédi, 2012) or the passivation of electrodes (Zhu
et al., 2010) or the kind and amount of supporting electrolyte in synthetic
HWW. Regarding the CBZ oxidation process during EO, there are two well-
documented mechanisms for the degradation of organic pollutants in an
EO system: Direct oxidation and indirect oxidation. Direct oxidation takes
place on the surface of the anode by direct electron transfer from
physiosorbed hydroxyl radicals (¢OH) formed by the anodic oxidation of
water at the electrode surface (Comninellis & Chen, 2010). The indirect
oxidation occurs in the liquid matrix where ionic species such as chlorides,
sulfates and carbonates can be oxidized to generate intermediate oxidants
in the solution that oxidize organic molecules (Drogui, Blais, & Mercier,
2007). Direct oxidation is favored with “non-active” electrode types like
the ones used in this study. However, and due to the natural presence of
chlorides in HWW, indirect oxidation also takes place. To this regard, Liu,
Hu and Lo (2019) evaluated the removal of three drugs containing amines
in synthetic wastewater (simulating HWW) and found that if an electrolyte
support of NaxS04 is used, 59.2-71.4 % of the drugs were removed. While
when using an electrolyte support of NaCl, which favors greater indirect
oxidation, efficiencies of 75.8 - 99.6 % were achieved. This increase is
related to the synergy between hydroxyl radicals (direct oxidation) and

active chlorine (indirect oxidation), with direct oxidation being the main
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drug removal mechanism, but indirect oxidation considerably increased
removal efficiencies. This was also reported by Romero-Soto et al. (2018)
who found a removal of an antibiotic (chloramphenicol) of 76 % in 12 min
with direct oxidation (¢ OH) and an additional 24 % due to indirect
oxidation. Therefore, taking into account that the HWW used in this study
had a total chloride concentration of 0.08 = 0.01 mg/|l and a free chloride
concentration of 0.065 £ 0.005 mg/l (Table 2) and an electrical
conductivity of between 1 494 + 62 and 2 559 £ 27 uS/cm, both direct

and indirect oxidation processes are expected to take place.

In the degradation of drugs, the removal of the parent compound
entails a series of transformations to by-products. In the case of CBZ, the
main transformation by-product is 10,11-EpoxyCBZ (EP-CBZ). Later
transformations include the formation of Acridine-9-carbaldehyde and
Acridone that eventually continue their degradation until the rupture of
rings reaching simpler compounds and their mineralization (Garcia-
Espinoza et al., 2018; Mir-Tutusaus et al., 2021). However, by-product
mineralization requires long electrolysis times and requires much more
energy (Oller, Malato, & Sanchez-Pérez, 2011), which indicates that an
important part of that 70 % CBZ removal, measured in the present study
must be transformed in by-products that have different physic and
chemical properties than the parent compound whereby, adsorption and
toxicity will differ as well. For example, the main CBZ metabolite EP-CBZ
is significantly more toxic than its parent compound CBZ according to
Heye et al. (2016) and has a reduced adsorption capacity (Malvar et al.,
2020). Therefore, a biological process should treat the remaining CBZ and
by-products, however these last were left out of the scope of this study.

This has a series of implications to consider, among the main ones are:
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1) the biological process to be applied must be resistant to the toxic by-
products that are generated, probably the microorganisms of the
biological process require an acclimatization period to be able to remove
or bio- transform these by-products; 2) determining which by-products
can be formed requires a great deal of work for each molecule, so an
indirect way of following the mineralization or transformation of the by-
products into simpler and less harmful compounds is through toxicity and

total organic carbon (TOC) analysis.

Biofiltration

In this stage, the same biofilter unit previously fed with raw HWW and
spiked with CBZ (10 000 pg/Il) was fed now with the EO effluent containing
an average concentration of 437 = 33 pg/l of CBZ. By decreasing the
influent concentration in the BF (HWW pretreated by EO), desorption of
the accumulated CBZ on the biofilter was expected. To accelerate this
process initially, the HLR was increased from 0.2030 to 0.4060 m3/m? d.
After 11 days of operation, the biofilter effluent reached a maximum
concentration of CBZ of 14 450 ug/l, then desorption decreased and
reached 4 142 ug/l of residual concentration of CBZ after day 89 (Figure
6a). From day 89 on, the filtration velocity of the EO effluent in the
Biofilter unit was reduced significantly by applying again a HLR of 0.2030
m3/m?2 d. Under these conditions, desorption dropped drastically showing
a first effluent concentration removal of CBZ of 360 ug/l, followed by a

small period of adsorption/desorption process between days 89 and 103
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of the operation period. From day 110 onward, the global (EO + BF)

system showed a steady state for CBZ removal efficiency (Figure 6b).

a

—0—Influent —©—Biofilter effluent
15000

12500
10000
7500
5000

2500

o-0-0 o —© —eo o o

66 68 70 72 74 76 78 80 82 84 86 88 90
Time (days)

Carbamazepine (pg/l)

0

—@—Influent —©—Biofilter effluent
800

700
600
500
400
300
200 =
100

0

Carbamazepine (pg/l) o
)
S

88 92 96 100 104 108 112 116 120 124 128
Time (days)

Figure 6. Carbamazepine concentration in electro-oxidation pre-
treatment and biofilter: a) with hydraulic surface load of 0.4060 m3/m?
d; b) with hydraulic surface load of 0.2030 m3/m? d.
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In this period The HWW influent average concentration was 1 830
+ 235 CBZ pg/l. The concentration in the EO effluent was 139 + 45 CBZ
Mg/l and the effluent of the BF was 853 + 203 CBZ ug/Il (Figure 7a). This
means that there was a removal efficiency of 92 % in EO. Then a negative
removal efficiency of -39 % was observed in the biofilter giving a final
global removal efficiency of 53 % (Figure 7b) equal to an average value
of 976 pg/l removed. This indicated that, in terms of the global removal
efficiency, the system EO + BF increased by approximately 40 % the
removal efficiency of the BF alone, which passed from 17 to 53 % without

and with pre-treatment by EO, respectively.
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Figure 7. a) Carbamazepine concentration in the raw HWW, the EO
effluent and the biofilter effluent; b) removal efficiency of
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efficiency.
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It is worth noting that the removal of CBZ in terms of concentration
(976 + 203 pg/l) achieved in this period is higher than the concentration
in most of the reports for HWW, MWW, which are between 0.1 and 5.68

Mg/l and even is similar to the concentration in some PHWW (Table 1).

Although the improvement of the global CBZ removal was almost
40 %, by including an EO process as a pretreatment, the efficiency in the
biofilter decreased because it depends on the phenomenon of adsorption-
desorption of the CBZ which was dynamic in the biofilter after the filtrating
media was saturated, and final removal efficiency was driven mainly by
the HLR and the influent’'s CBZ concentration, which caused negative

efficiencies.

The adsorption capacity of the packing media is the result of a few
adsorption mechanisms that can occur simultaneously between packing
material and carbamazepine, including pi-pi bonds, hydrophobic
interactions, and hydrogen bonds (Aghababaei, Azargohar, Dalai, Soltan,
& Niu, 2021). It seems that once the packing media surface had formed
a single layer by hydrogen bons, multiple layers may be formed due to
stacking of CBZ molecules by pi-pi interaction as proposed by Bizi (2019).
Pi-Pi interactions are relatively weak bonds (Muguruma, 2018) that can
be easily broken because of cross forces such as changes in hydraulic
loads, and changes in concentration and pH. Furthermore, the multilayer
behavior is also well supported by the Freunlich model and the SIPS model
(a combination of the Freunlich and Langmuir models). To which the
adsorption of CBZ in the biofilter was adjusted. This is a behavior that is

observable in several adsorbents for CBZ (Décima et al., 2021).
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Therefore, under the conditions that occur in full scale treatment systems,
where the composition or concentration of CBZ is variable, as well as the
pH and even the flow rate and therefore the hydraulic load, they can

generate the conditions so that the multilayers of CBZ are easily
desorbed.

The results observed in this work about the desorption of CBZ are
more in concordance with those of authors as Ouarda et al. (2018) and
Dalahmeh et al. (2018) who reported a desorption phenomenon during
the treatment in a biological process of an effluent pretreated by EO, than
with those reported by Rodriguez-Nava et al. (2016), who reported partial
removal efficeiency (50 %) of pharmaceuticals (others than
carbamazepine) by EO as pre-treatment and 100 % removal by treating

the EO effluent by a biological process of activated sludge.

According to these results, it would be important to evaluate a
hybrid system where the EO is a post-treatment stage of a biological
treatment, to avoid desorption problems. In this sense, Ouarda et al.
(2018) found that when using an MBR, the removal of CBZ and
venlafaxine is very limited (< 10 %), but by submitting the biologically
pretreated effluent to EO, it was possible to remove 100 % of EPs in 40
min and with 0.5 A (Nb/BDD).

Macro-pollutants removal using the hybrid process (electro-
oxidation followed by biofiltration)

Regarding macro-pollutants (COD and NH4*-N), the combined system (EO

+ Biofilter) showed the following results: EO process did not significantly
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remove COD and NH4*-N. The removal efficiencies between days 67 and
128 of operation were 2.5 and 16.9 %, respectively (Figure 8). Poor COD
removal efficiency was expected, and that can be attributed to refractory
organics present in HWW that are partly transformed into less complex
and more biodegradable organic molecules which are still being measured
as COD. During partial removal of COD in the electrochemical process,
effluent biodegradability is often enhanced allowing a subsequent
biological step to performed better. For instance, Wang, Hou, Zhang, Qi
and Wang (2015) found 48 % of COD removal efficiency in 45 min of
electrolysis, applying 75 mA/cm?, but BODs had a negative removal of 64
%, which enhanced the BODs/COD value from 0.05 to 0.27.
Unfortunately, in this research BODs was not measured so it was not
possible to verify that it increased after EO. However, it was expected that
CBZ and other recalcitrant molecules were transformed. Commonly, to
mineralize COD with EO as the only treatment process, longer electrolysis
time and higher current intensity are required. For example, Ghimire et
al. (2019) removed 97.6 % COD from domestic wastewater with a seven-
hour experiment at 5 V (Pt anode) and reached 10 % COD removal with
0.6 V. Martinez-Huitle, Dos-Santos, De-Araujo and Panizza (2012) found
100 % COD removal in 15 h for dyestuff effluent using a BDD anode, pH
10, 0.25 M HCIO4 and 40 mA/cm?2. However, less effective results have
been obtained, for example, Can (2014) reached 64.7 % COD removal in

6 h from fruit-industry wastewater with an initial COD of 20 713 mg/I.
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Figure 8. Organic matter and ammoniacal nitrogen removal in the

global system (EO + biofilter).

However, the transformation of recalcitrant substances and a partial
COD and NH4*-N removal in an EO process is beneficial prior to a
biological process, so that the latter can continue the biodegradation of
organic matter and nutrients and thus avoid unnecessary waste of
chemicals and energy (Mantzavinos & Psillakis, 2004; Oller et al., 2011).
In this study, after EO, the biofiltration process, removed an average of
73.4 % of COD and 98.8 % for NH4*-N, which gives a global removal
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efficiency (EO + biofilter) of macro-pollutants from day 67 to 128 of
operation of 72 £ 13 % removal of COD and 98.90 £ 0.7 % of NH4*"-N.
These results demonstrate the benefit of applying a hybrid system for the
removal of emerging pollutants and macro-pollutants, instead of a single

biological or advanced oxidation process.

Conclusions

A carbamazepine concentration of 10 000 png/l did not affect the
performance of a biofilter, packed whit mesquite wood chips and volcanic
rock on the removal of macro-pollutants treating hospital wastewater
(HWW), due to acclimatization of microorganisms and to the

characteristics of the filtering bed that protects the microbial community.

The mixed filter bed used in this study (70 % pouzzolane-tezontle,
30 % mesquite wood chips, V:V) showed an adsorption capacity for

carbamazepine of 19.84 ug/g.

The biofilter packed with mesquite and volcanic rock and fed with
real HWW (spiked with 10 000 ug CBZ/I) presented a removal efficiency
of carbamazepine related to biotransformation of 17.2 £ 7.4 9%,
equivalent to 1 551 £ 664 g/l of concentration. This is bigger than the
concentration in most of the reports for HWW, MWW and pharmaceutical
WW effluents, which are between 0.1 and 890 ug/I.

The hybrid treatment using electro-oxidation followed by
biofiltration fed with real HWW (spiked with 1 000 ug CBZ/l), enhanced
the removal of carbamazepine, reaching up to 53 £ 5 %, and it also
enhanced the removal of organic matter and ammoniacal nitrogen
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reaching 72 £ 13 % and 99 %, respectively. However, the process of
biofiltration presented a desorption phenomenon influenced by changes
in concentration and the filtration velocity, leading to negative removal

efficiencies in the biological process.

It is recommended to evaluate a hybrid system applying electro-
oxidation as a post-treatment after biofiltration to improve CBZ removal
by avoiding the desorption process, caused by changes on the initial
concentration of the CBZ used to feed the biofiltration unit, and/or due to

changes in the HLR.

A very important consideration is the fact that several metabolites
will be generated during the breakdown of CBZ. Since by-products can be
difficult to measure and monitor, toxicity tests or COT analysis can assist
in ensuring that the treatment delivers a safe effluent for organisms at
varying levels of trophic complexity. Efforts should be made in this

direction not only with CBZ but with any emerging pollutant.
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