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ARTICLE INFO ABSTRACT

A UVC-assisted photo-Fenton process was applied to hospital wastewater that had been submitted to anaerobic
treatment. Low iron (10 pM; 0.56 mg L™1Y and H,0, (500 uM; 17 mg L™ 1) concentrations were used at the
natural pH of the effluent (pH = 7.4). Citric acid was employed as a complexation agent, at a 1:1 ratio, in order
to maintain Fe** soluble at this pH, avoiding extra procedures and costs associated with acidification/basifi-
cation of the final effluent. The anaerobic process quantitatively reduced the biochemical oxygen demand
(BODs), chemical oxygen demand (COD) and total organic carbon (TOC), with low removal of antibiotics present
in the wastewater. Degradation of the antibiotics ciprofloxacin, amoxicillin, sulfathiazole, and sulfamethazine
was studied by spiking the anaerobic effluent at initial concentrations of 200 ug L.~ '. The antibiotics were ef-
ficiently degraded (80-95%) using UVC radiation alone, although under this condition, no DOC removal was
observed after 90 min. Further additions of H,O, and iron citrate increased the degradation rate constant (kops),
and 8% of DOC was removed. A lower pH resulted in higher ks, although this was not essential for application
of the photo-Fenton process. Irradiation with a germicidal lamp resulted in greater degradation of the anti-
biotics, compared to use of a black light lamp or sunlight, since the overall degradation was influenced by
photolysis of the antibiotics, photolysis of H,0,, and the Fenton reaction. The photo-Fenton treatment could also
be applied directly to the raw hospital wastewater, since no significant difference in degradation of the anti-
biotics was observed, compared to the anaerobic effluent. The photo-Fenton process under UVA and solar ra-
diation reduced total coliforms and E. coli after 90 min. However, quantitative disinfection of these bacteria
present in the Hospital effluent was only accomplished under UVC radiation.
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1. Introduction in urban wastewater, which has led to the discharge of this effluent into

municipal sewage systems without any prior treatment. However, the

Antibiotics are the pharmaceuticals with the highest prescription
and consumption rates worldwide, in both human and veterinary
medicine, and are mainly used to treat bacterial infections. Besides their
medicinal use, they are also employed as growth promoters in livestock
animal production [1]. However, concerns about antibiotics include
their potential collateral effects on human health and aquatic ecosys-
tems [2,3], and the emergence of resistant bacteria [2,4,5].

Most antibiotics are poorly metabolized in the human body [2,6],
with the parent compounds being excreted and often transported to
wastewater treatment plants (WWTPs) in sewage systems. In the case of
hospital wastewater, the loads of organic material are similar to those
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average concentrations of various drugs in hospital effluents can be
2-150 times higher than the concentrations found in urban wastewater,
as reported by Verlicch et al. [7]. Furthermore, hospitals are important
sources of pathogens found in urban wastewaters [2,8,9].

Therefore, the treatment of hospital effluents before their disposal into
urban wastewater systems is very important in order to avoid problems of
contamination and inhibition of biomass growth in conventional WWTPs,
which are usually based on biological treatments that are unable to
completely remove pharmaceutical products including antibiotics and
their metabolites [10]. The removal rates of antibiotics in WWTPs are
reported to range from 80 to 90%, and the removal is mainly due to
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adsorption on the sludge, rather than degradation [11-16].

An additional consideration is that there are several disadvantages
associated with the traditional methods employed for the disinfection of
water/wastewater, such as chlorination or ozonation. These include the
production of toxic and carcinogenic halogenated byproducts, due to
the reaction of chlorine with natural organic matter (NOM) and phar-
maceutical compounds, as well as the high cost of O3 and the quantities
required, which make it unattractive for disinfection purposes [17,18].

There is a clear need to develop suitable methods for the treatment
of hospital effluent, using new and improved technologies, in order to
minimize undesirable effects in the environment. The use of advanced
oxidation processes (AOPs) is an attractive option that enables the re-
moval of non-biodegradable/toxic compounds and the inactivation of a
wide range of microorganisms. AOPs are based on the generation of
hydroxyl radicals (-OH) from reactions involving oxidants such as hy-
drogen peroxide or ozone, UV-vis irradiation, and catalysts including
metal ions or semiconductors. The Fenton process is an AOP in which -
OH is generated from a mixture of H,O, and Fe?>* in an acid medium
(Eq. (1)). It can be applied before biological treatments, with the con-
sequent partial oxidation of organic compounds assisting their biode-
gradation, or after biological treatments, in order to degrade re-
calcitrant compounds [19]. This process can be enhanced by UV-vis
radiation (the so-called photo-Fenton process), accelerating the photo-
reduction of Fe** to Fe?* and establishing an Fe(Il)/Fe(IlI) cycle in the
Fenton reaction, besides generating extra -OH (Eq. (2)) [20].

Fe®* + H,0, > Fe®* + :OH+ OH™ (k =70M~'s™H @

(2)

The main challenge in application of the photo-Fenton process for
wastewater treatment is that it must operate at near-neutral pH. The
process is more effective under acid conditions (around pH 3), due prin-
cipally to iron precipitation above this pH [21]. However, the operational
costs associated with acidification/basification of the wastewater to be
treated are not attractive. The photo-Fenton reaction can be enhanced by
the use of organic ligands such as oxalic or citric acid, among others.
Organic Fe(IIl) complexes have higher molar absorption coefficients in the
UV-vis region, and much higher quantum yields for generation of Fe?*,
compared to iron aqua complexes [22-24]. Furthermore, Fe®*-poly-
carboxylate complexes can extend the pH range used in the Fenton reac-
tion, allowing operation at near-neutral pH [25-28].

The use of AOPs for the degradation of pharmaceuticals has frequently
been studied using ultrapure water and/or initial concentrations of ana-
lytes in the mg L.~ ! range, which are far from the concentration range and
conditions found in natural waters and wastewaters [29-33]. Further-
more, the UVC-assisted photo-Fenton process employing iron complexa-
tion agents, at neutral pH, has not been evaluated for the treatment of
hospital wastewater. Therefore, the focus of this work is to provide an
option for the treatment of hospital wastewater containing high con-
centrations of organic carbon, pharmaceuticals, and pathogens. Firstly, the
removal of COD, BODs, TOC, and other parameters from raw hospital
wastewater (RHW) was performed using an upflow anaerobic filter. Sec-
ondly, the degradation of four antibiotics (ciprofloxacin, amoxicillin, sul-
fathiazole, and sulfamethazine) and bacterial disinfection (E. coli and total
coliforms) in anaerobic hospital effluent (AHE) was carried out using UVC
and a UVC-assisted photo-Fenton process with low concentrations of iron
(10 puM; 0.56 mg L™ 1) and hydrogen peroxide (500 uM; 17 mg L™ 1), at the
natural pH of the effluent (pH = 7.4), avoiding the need for pH correction
and making the process more attractive for practical applications.

Fe(OH)?" + hv — Fe?* + -OH

2. Material and methods

2.1. Reagents
Ciprofloxacin  hydrochloride monohydrate (CIP) (99%)
(C17H18FN303HCI'H,0), amoxicillin  trihydrate (AMX) (97%)
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(C16H19N3055:3H,0), sulfathiazole (STZ) (99%) (CoHoN30,S,), sulfa-
methazine (SMZ) (99%) (C;2H14N405S), sulfadiazine (SDZ) (99%)
(C10H10N402S), sulfadoxin-d3 (S-dg) (C12D3H11N404S), and enro-
floxacin-d5 hydrochloride (E-d5) (C;9DsH;7,FN303HCI) (Table 1S) were
obtained from Fluka (St. Louis, MO, USA). Fe(NO3)39H,0
(Mallinckrodt, Paris, KY, USA) was used to prepare aqueous 0.25 M iron
stock solution. H,O5 (30% w/w) was from Synth (Sao Paulo, Brazil).
Citric acid (Synth) was used as the iron ligand. 2,2’-bipyridyl and
peroxidase (type II-A from horseradish, 1500 units/mg of solid) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). N,N-diethyl-1,4-
phenylene-diamine (DPD) was obtained from Fluka (Steinheim,
Germany). 1,10-phenanthroline was obtained from Vetec (Rio de
Janeiro, Brazil). A 1 M H,SO4 (Chemis, Sao Paulo, Brazil) solution was
used for pH adjustment. Methanol and formic acid (HPLC grade) were
purchased from J.T. Baker (Xalostoc, Mexico). Ultrapure water from a
DG 500UF system (Gehaka, Sdo Paulo, Brazil) was used for dilutions
and for HPLC analysis.

2.2. Hospital wastewater

Wastewater from the University of Campinas hospital was firstly
treated using an anaerobic process. As described by Tonon et al. [34],
the system consisted of an upflow anaerobic filter filled with coconut
shells (C. nucifera) (Fig. 1A). The hydraulic retention time of the filter
was 9h and the hydraulic loading rate was 200 Lm~2day~'. The
photo-Fenton process was applied to the effluent from the anaerobic
treatment (AHE) with the aim of degrading the antibiotics. The fol-
lowing parameters of the RHW and AHE were determined: pH, using a
pH meter (1100 series, Oakton, Vernon Hills, IL, USA); total organic
and inorganic carbon concentrations, using a TOC analyzer (TOC-
50004, Shimadzu, Kyoto, Japan); turbidity (Q279P turbidimeter,
Quimes, Sao Paulo, Brazil); conductivity and total dissolved solids
(pH8b, pHtek, Sao Paulo, Brazil); and color, using a multi-parameter
photometer (HI 83200, Hanna Instruments, Barueri, Brazil). The total
iron concentrations in the RHW and AHE were determined by ICP-OES,
using an Optima 8000 spectrometer (PerkinElmer, Waltham, MA, USA),
after digestion of the samples with H;O,/HNO;. The variables COD,
BODs, PO,>~, and total nitrogen were determined according to the
SMEWW (Standard Methods for the Examination of Water and Waste-
water) reference methods 22 5220C, 22 5210 B, 22 4500 P-E, and 22
4500 N, B, respectively [35]. The concentrations of CIP, AMX, STZ,
SMT, and SDZ in the RHW and AHE were determined by LC-MS/MS
analysis, as described in Section 2.4. The efficiency of the photo-Fenton
degradation of the antibiotics was evaluated by spiking the AHE with
200 pg L~ ! of each antibiotic (CIP, AMX, STZ, and SMZ).

2.3. Solid phase extraction (SPE)

Solid phase extractions were performed in order to interrupt the
degradation reactions and preconcentrate (10 X ) the antibiotics prior
to analysis, which was necessary for quantification at ug L™' levels. In
the SPE, Fe’* and H,0, were discharged with the aqueous phase,
without interacting with the solid phase, while the analytes were re-
tained in the cartridge for subsequent elution, hence stopping the
Fenton reaction.

In the photo-Fenton experiments, the extraction procedure was as
described previously [36]. Oasis HLB cartridges (60 mg; Waters, Mil-
ford, MA, USA) were first conditioned with 5 mL of methanol, followed
by 5 mL of water (pH 2.5). A 10 mL volume of aqueous sample (pH 2.5,
with 0.1% w/v EDTA) was then percolated through the cartridge. Fi-
nally, the cartridge was washed with water (pH 7.0) and eluted with
1 mL of methanol. The eluate was filtered through a 0.45 pm nylon
membrane syringe filter (Millipore, Bedford, MA, USA) and was then
analyzed using HPLC-DAD. No decreases of the antibiotics concentra-
tions were observed after filtration. The average percentage recoveries
of AMX, CIP, STZ, and SMZ from the hospital effluent were
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68.2 + 12.8, 103.8 + 15.2, 92.3 + 8.5, and 88.5 *= 9.8, respec-
tively.

Preparation of the samples for quantification of the selected anti-
biotics in the RHW and AHE (without spiking) was performed using the
same type of cartridge (Oasis HLB). However, in this case, 50 mL vo-
lumes of the effluents were first filtered through glass fiber filters
(Sartorius-Stedim, Gottingen, Germany) and then through cellulose
acetate filters (0.45 pum), prior to SPE extraction. The samples were
subsequently acidified to pH 2.5, followed by the addition of EDTA
(0.1% w/v) and sulfadoxin-d3 (S-d3), used as a surrogate. The cartridge
was eluted twice with 5 mL methanol, evaporated with N,, recovered in
0.5 mL of 0.1% v/v formic acid:MeOH (90:10, v/v), with enrofloxacin-
d5 (E-d5) as internal standard, and analyzed by LC-MS/MS. The re-
coveries of the surrogate (at 5 ug L™') were 86 + 7% for the RHW and
63 *= 7% for the AHE.

2.4. Analytical methods

The decays of the antibiotics concentrations during the photo-
Fenton experiments were determined using a reversed-phase high
performance liquid chromatography (HPLC) system (LC 20AT
Prominence, Shimadzu, Kyoto, Japan) equipped with a diode array
detector (DAD). Separation was achieved using a C-18 column (EVO
Kinetex, 5 um, 150 X 4.6 mm; Phenomenex, Torrance, CA, USA) and
guard column (4 X 3 mm; Phenomenex). The mobile phase was a
mixture of methanol (A) and 0.1% v/v formic acid (B), at a flow rate of
0.5 mL min~ . Gradient elution was performed using 5% A and 95% B
for 8.0 min, followed by 15% A and 85% B for 12.0 min, and an equi-
libration time of 3 min. The injection volume was 40 puL and the de-
tection wavelengths were 275 nm (CIP, STZ, and SMZ) and 230 nm
(AMX). The oven temperature was maintained at 40 °C. Under these
conditions, the retention times of AMX, STZ, CIP, and SMZ were 5.0,
13.8, 15.7, and 18.3 min, respectively. The wastewater samples (AHE
and RHW) were filtered through 0.45 pm nylon membrane syringe fil-
ters before the HPLC-DAD analyses, and no decreases of the pharma-
ceutical concentrations were observed. The instrumental detection
limits for AMX, CIP, STZ, and SMZ were 12, 31, 6.9, and 8.6 ug L. "?,
respectively.

Carboxylic acids were quantified in the AHE and RHW, as well as
after the photo-Fenton process, using a Rezex ROA-Organic Acid H™
(8%) ion-exclusion column (8 um, 300 X 7.8 mm; Phenomenex,
Torrance, CA, USA) in the same HPLC system, with detection at 210 nm
and 2.5 mM H,SO, as the mobile phase, at a flow rate of 0.5 mL min~*.

Quantification of the pharmaceuticals in the unspiked AHE and
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Fig. 1. Schematic illustrations of the anaerobic filter with
coconut shells (A) and the reactor with UVC lamps used in the
photo-Fenton process (B).

2 x UVC lamps

RHW was performed using an LC-MS/MS system (1200 series, Agilent
Technologyies, Santa Clara, CA, USA) equipped with a triple quadru-
pole QqQ 6410 B detector, an electrospray ionization source, and a
StableBond C-18 column (3.5 um, 2.1 X 30 mm; Agilent Technologies,
Santa Clara, CA, USA). The mobile phase was methanol (A) and 0.1% v/
v formic acid (B), at a flow rate of 0.3 mL min . The gradient elution
was from 5% to 30.5% A during 9.0 min, followed by an increase to
65% A during 15 min, a hold for 2 min, and finally column re-equili-
bration during 6 min. The retention times of AMX, SDZ, STZ, SMZ, S-d3,
CIP, and E-d5 were 1.8, 2.2, 3.3, 6.2, 8.3, 8.6, and 9.2 min, respectively.
The mass spectrometer ionization source was operated in positive
mode. The capillary and fragmentation voltages were 4000 and 100 V,
respectively, the nebulizer pressure was 40 psi, and the temperature
was 350 °C. The triple quadrupole mass spectrometer acquired data in
multiple reaction monitoring mode. The mass spectrometer operating
parameters and the performance of the LC-MS/MS method are de-
scribed in Tables 2S and 3S of the Supplementary Material. For all
compounds, the instrumental detection limit was 10 pg and the method
detection limit was 100 ng L™ .

The mineralization of organic matter after the photo-Fenton process
was evaluated by measuring the decay of dissolved organic carbon
(DOC) using a TOC 5000A analyzer (Shimadzu, Kyoto, Japan). The
concentrations of ferrous ions generated during the photodegradation
experiments were measured using a spectrophotometric method em-
ploying 1,10-phenanthroline, with maximum absorbance at 510 nm
[37]. The hydrogen peroxide consumption during the photo-Fenton
experiments was determined by measuring the absorbance at 551 nm
after a peroxidase-catalyzed reaction with DPD [38]. For both Fe?" and
H,0, analyses, the absorbances were recorded using a UVmini-1240
spectrophotometer (Shimadzu, Kyoto, Japan).

The global degradation of the antibiotics was calculated as the
average removal percentage of the four antibiotics (Eq. (3)).

Global degradation(%)
_ %Removal(AMX) + %Rem(CIP) + %Rem(SMZ) + %Rem(STZ)
4

3

2.5. Quantification of bacteria

Total coliforms and E. coli present in the RHW and AHE samples
were determined according to standard methods SMEWW 22 9222 B
and G [35]. In both cases, the detection limit was 1 CFU mL™ 1.
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2.6. Experimental degradation procedures

Photo-Fenton experiments were carried out using the photoreactor
shown in Fig. 1B. Two 15 W germicidal lamps with maximum emission
at 254 nm were used as the radiation source. The irradiated volume of
the solution was 250 mL and the path length was 1.5 cm. The sample
was agitated at 500 rpm using a magnetic stirrer (model 751, Fisatom,
Sao Paulo, Brazil). The iron citrate complex was prepared in situ by the
addition of citric acid to iron nitrate solution, at a 1:1 molar ratio, re-
sulting in a concentration of 10 uM in the effluent. In the experiments
performed at pH 2.5 and 4.7, the sample pH was adjusted to the desired
value by addition of 1 M H,SO,4. An appropriate volume of H,O, was
then added in order to obtain a concentration of 500 uM in the effluent.
The initial spiked concentration of each antibiotic in the hospital ef-
fluent was 200 ug L™* (0.52 uM for CIP, 0.48 uM for AMX, 0.79 uM for
STZ, and 0.72 uM for SMZ).

The apparatus used for the solar photo-Fenton experiments was the
same as for the photo-Fenton/UVC experiments, but with direct ex-
posure to sunlight. The experiments were carried out in Araraquara,
Brazil (22°S, 48°W), during winter, under clear sky conditions between
11 am and 2 pm. The irradiation and the accumulated solar energy dose
during the experiments were measured in the UVA region
(320-400 nm) using a radiometer (PMA 2100, Solar Light Co.,
Glenside, PA, USA), with the sensor placed at the same angle as the
reactor.

3. Results and discussion
3.1. Biological treatment for removal of TOC, COD, and BOD

The physical-chemical parameters determined for characterization
of the hospital wastewater are summarized in Table 1. The biological
process used for the pretreatment employed an upflow anaerobic filter,
with a mantle of microorganisms supported on the surfaces of green
coconut shells. Removal of TOC, COD and BODs exceeded 90%. These
results showed that the anaerobic process provided efficient removal of
the more labile organic matter, in agreement with the findings of Tonon
et al. [34]. The removal efficiencies for turbidity and color were 90 and
57%, respectively. No changes in total dissolved solids or conductivity
were observed after the anaerobic process.

The total iron concentration increased from 6.3 uM in the RHW to

Table 1
Main parameters determined for the raw hospital effluent (RHW) and the anaerobic
hospital effluent (AHE).

Parameters Units RHW AHE
Total carbon mgL~! 185.9 94.51
Inorganic carbon mgL~! 70.71 83.37
Total organic carbon mgL~! 115.1 11.14

pH - 7.6 7.4
Dissolved Fe uM/mgL~! 6.3/0.350 41/2.29
*Dissolved Fe uM/mg L~} 2.2/0.12 4.1/0.230
Total nitrogen mgL~! 106.8 73

PO~ mgL~! 1.72 9.6

CcoD mg O, L1 168 14.0
BODs mg O, L1 118 <DL
Turbidity NTU 79.9 7.87

UV at 254 nm - 0.880 0.587
Color mg PtCo L™ ! 464 198

Odor - Very strong Very strong
Total dissolved solids mgL~! 339 337
Conductivity uSem~?! 680 678

*Dissolved Fe without acid digestion.
DL — Detection limit.

NTU — Nephelometric turbidity unit.
COD — Chemical oxygen demand.
BODs — Biochemical oxygen demand.
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41 uM in the AHE after the anaerobic treatment. Since the iron con-
centration in the AHE was much higher than in the RHW, it was also
measured without acid digestion (using HNO3 and H50,) of the sample,
resulting in a 90% lower iron concentration in the AHE (4.1 uM). This
indicated that iron particles derived from abrasion of the reactor were
dissolved during the acid digestion and contributed to the higher con-
centration in the AHE. A higher PO,>~ concentration after the anae-
robic treatment could have been due to dissolution of the phospholipid
membranes of the bacteria.

3.2. Occurrence of antibiotics in the RHW and AHE

Various studies have reported the presence of antibiotic residues in
wastewaters, typically at ug L™ ! levels, including CIP at concentrations
ranging from 0.03 to 11 pg L™ [36,39,40], AMX at 0.03 ug L™t [36],
STZ at 5 x 10~ %-0.05 ug L™ ! [36,41], SMZ at 0.005 ug L~ ' [9], and
SDZ at 0.029-0.38 ug L™1! [41]. In this work, the concentrations of
AMX, SDZ, and CIP in the RHW were 2.5 * 0.4, 1.3 = 0.1, and
13.0 + 0.4 pg L%, respectively, while SMZ and STZ were not detected
in either the RHW or the AHE (Table 2). The occurrence of CIP, AMX,
and SDZ at pg L™ ! levels in the RHW could be explained by the high
consumption of these antibiotics in the hospital, estimated at 7.3, 26.1,
and 3.0 kg y 7, respectively. On the other hand, use of SMZ and STZ
was much lower and the concentrations were below the detection
limits.

After the anaerobic treatment, the concentration of AMX decreased
to below the detection limit (0.1 pg L™ 1). However, the concentrations
of CIP and SDZ were 4.5 + 0.1 and 5.3 + 1.2 ugL™", respectively.
The results indicated that although the anaerobic process was effective
for TOC, COD and BODs removal, antibiotics were still present at
ug L™ levels (with the exception of AMX), showing the need for further
treatment of the effluent. A substantial increase in the SDZ concentra-
tion was observed, probably due to desorption from the sludge, or
variability in the amounts discharged. The inefficiency of anaerobic
treatment for the removal of antibiotics has also been reported else-
where [42,43].

The differences between the concentrations of antibiotics in the
inputs and outputs (removal efficiencies) of WWTPs vary according to
the type of wastewater, the chemical structures and properties of the
antibiotics, and the technology employed [44]. Complete removal of
antibiotics is often not achieved, resulting in the discharge of these
compounds into the aquatic environment. Therefore, AOPs such as the
photo-Fenton process could be employed as treatments complementary
to those already used in WWTP, in order to eliminate these antibiotics
residues.

3.3. Antibiotics degradation using photo-Fenton and UVC processes

3.3.1. Comparison of UVC, UVC/H>0,, and photo-Fenton/UVC processes
for antibiotics degradation

Technologies employing anaerobic reactors are attractive for the
removal of organic and nitrogen loads from different types of effluents,
as described in Section 3.1. However, the efficiency of removal of
micro-contaminants, such as antibiotics, is questionable. In contrast,

Table 2
Concentrations of antibiotics, expressed in pgL~?, for the raw hospital wastewater
(RHW) and the anaerobic hospital effluent (AHE).

Antibiotics Raw wastewater (RHW) Anaerobic effluent (AHE)

CIP 13 = 0.4 4.5 = 0.1
AMX 25 = 04 <DL
SMZ < DL <DL
STZ <DL <DL
SDZ 1.3 £ 0.1 53 = 1.2

DL — Detection limit.
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the high oxidizing power of the photo-Fenton process can effectively
remove pharmaceutical compounds from water/wastewater systems.

FeCit was used as the iron source, since it was shown to provide
more efficient degradation of CIP and fluoxetine, even at low iron
concentrations, compared to free iron (Fe(NO3)3) [45]. Selection of the
initial FeCit and hydrogen peroxide concentrations was based on a
previous study [45]. The photo-Fenton experiments were carried out at
the natural pH of the effluent (= 7.4), except when the effect of the
initial pH on the degradation efficiencies was evaluated. It should be
noted that the concentrations of AMX and CIP found in the anaerobic
effluent were up to 10 times lower than the concentrations used in the
removal experiments.

In the AHE, the background TOC concentration was approximately
10 mg L™, while the sum of all the antibiotics added to the effluent
(each at 200 ug L™ 1) corresponded to less than 0.4 mg L™ ! of carbon.
Therefore, it was important to determine whether the proposed pro-
cesses were able to degrade these compounds present at pg L™ ! levels in
a complex matrix with a much higher concentration of TOC. The TOC
could be also oxidized, hence competing with the antibiotics present at
very low concentrations, which could reduce the efficiency of the
photo-Fenton process. Additionally, in the absence of acid digestion,
the AHE had an initial iron content of 4.1 uM (0.230 mg L™ 1) (Table 1),
probably due to corrosion of the material used to construct the anae-
robic reactor.

Treatments were performed using (a) UVC lamps emitting at
254 nm, (b) UVC/H,0, without iron addition, and (c) the photo-Fenton
process (UVC/H,0,/FeCit). After 30 min under UVC irradiation, be-
tween 45 and 65% of the initial concentrations of the antibiotics was
removed, and at the end of the experiment (after 90 min), the global
degradation of the antibiotics was 80% (Fig. 2A). Despite the presence
of 11.14 mg L™ ! of TOC and 83.37 mg L™ " of inorganic carbon (IC) at
near-neutral pH, the UVC irradiation alone provided significant de-
gradation of the antibiotics, although no DOC removal was observed at
the end of the experiment, reflecting the inability of UVC irradiation to
mineralize the effluent organic matter.

Direct photolysis of organic pollutants due to electronic excitation
of the molecules results in electron transfer from the excited state to the
ground state of molecular oxygen [46,47], as well as homolysis to form
organic radicals that also react with oxygen [48]. The presence of
dissolved organic matter (DOM) can lead to the indirect degradation of
organic pollutants by absorption of radiation and the consequent pro-
motion of a photosensitive molecule to its first singlet state (‘DOM*),
where excited humic substances accelerate the degradation rate of ci-
profloxacin and decrease its antimicrobial activity as reported pre-
viously [49]. The singlet excited state generally has a short lifetime, so
consequently there is no significant interaction with pollutant mole-
cules. However, the singlet state can be transformed to the longer-lived
excited triplet state (Eq. (4)), which can decay to the ground state or
react with O, to form singlet oxygen 0y (Eq. (5)), a photo-oxidant
that can contribute to pollutant degradation [50,51].

DOM + hv — 'DOM" — 3DOM" 4)

)

The effect of hydrogen peroxide photolysis was also evaluated, with
the pseudo-first order rate constants for degradation of the antibiotics
mixture ranging from 0.035 to 0.063 min~! (Table 3). Total degrada-
tion of AMX and STZ was achieved after 60 min, while over 80% de-
gradation of CIP and SMZ was observed during the same time (Fig. 2B).
The higher rate of antibiotics degradation achieved using UVC/H50,,
compared to irradiation with a germicidal lamp (254 nm wavelength
emission) alone, was due to the photolysis of hydrogen peroxide to
produce two hydroxyl radicals [48]. However, the absolute contribu-
tion of the UVC/H,0, process could not be measured, because the AHE
contained 4.1 uM of soluble iron, which could have contributed to
hydrogen peroxide decomposition by means of the Fenton reaction.

DOM" + 0, — DOM + 'O,
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Fig. 2. Comparison of the UVC (A), UVC/H,0, (B), and UVC/H,0,/FeCit (C) processes
for degradation of the antibiotics mixture in the AHE. Experimental conditions: [H,0-]
= 500 uM; [FeCit] = 10 uM; PHinitial = 7.4; TOCiniial = 10.1 mgL ™%
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Although degradation of the antibiotics to levels below the detection
limits was achieved after 90 min, only 7% of the DOC was removed and
60% of the H,O, was consumed at the end of the experiment.

The efficiency of the photo-Fenton process for degradation of the
pharmaceuticals was also evaluated using UVC lamp irradiation and the
results were compared with those obtained for the UVC/H,0, and UVC
processes. Photo-Fenton degradation is usually carried out in acid
media. However, in the present work, the experiments could be con-
ducted at the natural pH of the effluent (pH = 7.4), due to the low iron
concentration and the use of citrate, which acts as a polydentate ligand
and complexes iron, hence keeping it soluble. This has the advantage of
avoiding the need for acidification/neutralization of wastewater, which
could be unfeasible in large-scale applications. Furthermore, citrate
presents higher molar absorption coefficients in the UV-vis region,
compared to iron aqua complexes, producing Fe?> via ligand-to-metal
charge transfer [25].

The photo-Fenton process in the presence of citrate was able to
degrade the antibiotics to levels below the detection limit after 30 min
(STZ), 60 min (AMX), and 90 min (CIP and SMZ) (Fig. 2C). The addition
of iron to the effluent improved the degradation, as can be seen by the
higher ks values, compared to the UVC/H,0, system, with the greatest
increase in k,ps (2.33-fold) being obtained for STZ (Table 3). The global
degradation of the antibiotics after treatment for 30 min increased from
57% for the UVC system to 79% with the addition of H,O5 and 83%
with the addition of H,O, and FeCit. It is noteworthy that very similar
degradations were obtained for the UVC/H,0, and UVC/H,0,/FeCit
systems, due to the presence of iron in both cases.

The generation of Fe®>' in the presence of FeCit was very fast,
reaching about 12.5 uM within 15 min of irradiation and decreasing to
less than 2 uM after 90 min following reaction with H,O5 (Fig. 3A). The
oxidation of Fe>* was accompanied by citrate degradation, as reported
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Table 3

Kinetic parameters obtained for degradation of the antibiotics under different experimental conditions.
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Matrix pH FeCit (uM) H,0, (UM) Light source kamx (min~1) kerp (min™ D) ksrz (min~ D) ksmz (min™ D)
AHE 7.4 - - uvc 0.036 0.021 0.037 0.023

AHE 7.4 - 500 uvc 0.063 0.035 0.060 0.048

AHE 7.4 10 500 uvce 0.081 0.038 0.14 0.043

AHE 4.7 10 500 uvC 0.22 0.091 0.17 0.087

AHE 2.5 10 500 uvc 0.29 0.12 0.27 0.11

AHE 7.4 10 500 UVA 0.018 0.019 0.0033 0.0024

AHE 7.4 10 500 Solar 0.017 0.018 0.011 0.0065

RHW 7.6 10 500 uvc 0.054 0.039 0.075 0.033

AHE — anaerobic hospital effluent.
RHW — raw hospital wastewater.

in previous work [45]. A decrease of the citrate concentration leads to
iron precipitation, strongly harming the photoreduction and decreasing
the rate of degradation of target compounds. The complete consump-
tion of 500 uM H,0, was observed after 90 min of reaction.

The Fenton reaction is strongly dependent on the iron and hydrogen
peroxide concentrations, and in the absence of these reagents, the re-
action rate decreases to a minimum. Therefore, an experiment was
performed with a second addition of 500 uM H,0, and 10 pM FeCit at
60 min, in order to increase the removal of DOC. This resulted in 18%
DOC removal after 120 min (Fig. 3B), equivalent to a two-fold higher
mineralization, compared to the single addition of Fenton reagents.

3.3.2. Influence of pH on antibiotics degradation

The photo-Fenton/UVC process was evaluated at pH 2.5, 4.7, and
7.4. A lower efficiency at high pH values is related to the formation and
precipitation of iron hydroxide, which affects the degradation process.

At pH 2.5, the global degradation of the antibiotics reached 100%
after only 30 min of treatment, with ks increasing in the order 0.11
(SMZ), 0.12 (CIP), 0.27 (STZ), and 0.29 min~! (AMX) (Table 3). The
DOC removal was 38%, and the H,O, was completely consumed in
90 min (Fig. 4A). In this case, acidification of the sample before the
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Fig. 3. Influence of single (A) and double (B) addition of H,0, and FeCit on degradation
of the antibiotics mixture in the AHE by the photo-Fenton process. Experimental condi-

tions:

[H20,] = 500 pM;

[FeCit] = 10 uM;

[AMX] = [CIP] = [STZ] = [SMZ]

= 200 pg L™ pHinitial = 7.4; TOCinitial = 10.1 mg L™ ICinitia1 = 74.5 mg L™ 1. Symbols:
(@) = antibiotics; (€p) DOC; () Fe**; (@) H,0,.
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start of the experiments removed most of the carbonate/bicarbonate
present in the effluent (83.37 mg L™ 1), which would otherwise have
scavenged the hydroxyl radicals formed. The acidified sample required
stirring for 30 min in order to decrease the carbonate concentration to
2.5mgL~ 1 IC.

At pH 4.7, the initial IC concentration was 8.2 mg L ™!, while the
TOC concentration remained almost constant. The global removal of
the antibiotics was 85% after 30 min, with ks values ranging from
0.087 to 0.22 min~" for the different compounds (Table 3). The DOC
removal was 25% at 90 min, with 94% consumption of the hydrogen
peroxide (Fig. 4B). At the natural pH, the global degradation of the
antibiotics after 30 min was slightly lower than at pH 2.5, with 8.5%
removal of DOC (Fig. 4C). Overall, it could be seen that the decrease of
pH from 7.4 to 4.7 and to 2.5 resulted in higher rates of degradation of
the antibiotics, as well as greater mineralization.
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Fig. 4. Effect of pH on degradation of the antibiotics mixture in the AHE by the photo-
Fenton process. Experimental conditions: [H,0,] = 500 uM; [FeCit] = 10 uM; [AMX] =

[CIP] = [STZ] = [SMZ] = 200 uL~*.

(A)

PHinitial = 2.5;

TOGinitial = 8.6 mgL ™"

5

ICinitial = 2.5mgL™". (B) pHinitial = 4.7; TOCinitia1 = 8.3 mg L™ " ICiniial = 8.2mg L~ "
(C) PHinitial = 7-4; TOCinitia1 = 10.1 mg L™ Y; IGipitial = 74.5 mg L™ 1. Symbols: (M) AMX;
(@) CIP; (A) STZ; (W) SMZ; () DOC; (@) H,O,.
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Fig. 5. Comparison of photo-Fenton processes using UVC lamp (A), UVA lamp (B), and
sunlight irradiation (C) for degradation of the antibiotics mixture in the AHE. Experimental
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3.3.3. Effect of irradiation source on antibiotics degradation

Iron complexes absorb in the near UV and up to 450 nm, suggesting
that solar irradiation could be used to promote the degradation of the
antibiotics, hence reducing the cost of irradiation. Therefore, the effi-
ciency of degradation of the antibiotics at the natural pH of the effluent
(AHE) was compared using three sources of radiation: UVC lamp, UVA
lamp, and solar.

Use of the UVC/H,0,/FeCit system resulted in total degradation of
the antibiotics and 8.5% mineralization after 90 min, with 82% con-
sumption of the hydrogen peroxide (Fig. 5A). Under these conditions,
there were synergistic effects among the photo-Fenton reaction, H,O,
photolysis, and photolysis of the antibiotics. The germicidal lamp with
maximum emission at 254 nm could photolyze both hydrogen peroxide
and the target compounds, as well as photochemically reduce Fe** to
Fe?™, hence enhancing the Fenton reaction. In control experiments at
pH 7.4, using only hydrogen peroxide or FeCit, in the absence of UVC
light, no degradation of the antibiotics was observed after 60 min.

Using the black light lamp as the radiation source, with maximum
emission at 365 nm, global degradation of the antibiotics at the end of
the experiment was only 47%, much lower than the value obtained with
the germicidal lamp (100%). The DOC removal was 4.5% and only 20%
of the H,0, was consumed after 90 min (Fig. 5B). The calculated kinetic
parameters (Table 3) indicated that degradation of the sulfonamide
antibiotics (STZ and SMZ) was severely restricted when the black light
lamp was used, with rate constants of 0.0033 and 0.0024 min~?, re-
spectively. These values were approximately 40 and 20 times lower
than the ks values of 0.14 and 0.043 min~' obtained using the ger-
micidal lamp.

Under solar irradiation, global antibiotics degradation of 66% was
obtained after 90 min, with 43% consumption of H,O, and 11% mi-
neralization (Fig. 5C). Higher degradation of the antibiotics was
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observed under sunlight than under the black light lamp. In this case,
the sunlight UVA energy dose during treatment for 90 min was
14.1 J cm ™2, while the energy dose provided by the black light lamp
was only 4.62 J cm ™~ 2, approximately three times lower. Solar radiation
has a much broader spectral range than the radiation from black light
lamps, resulting in greater photoreduction of Fe(III) following absorp-
tion of the radiation by the Fe(IIl)-citrate complex. Although the pre-
dominant FeCit species at pH 4-6 (Fe(OH)(Cit) ~) shows lower photo-
activity (with a quantum yield of Fe(Il) of 0.28-0.21 at 436 nm
[25,52]), the values are higher than those observed with iron aqua
complexes.

The UVC radiation provided the best degradation of the antibiotics,
since it played an important role in various individual processes, re-
sulting in greater overall efficiency. However, despite the lower effi-
ciency of the solar process, the possibility of saving energy costs is an
important advantage. Despite the inherent variability of solar radiation,
the results indicated that it could be effective for removal of antibiotics
from hospital effluents using the photo-Fenton process.

3.3.4. Effect of the matrix on antibiotics degradation

Evaluation was made of the photodegradation of the antibiotics
present in the AHE and RHW media. These effluents differ considerably,
especially in terms of TOC, IC, and BOD, so comparison of the de-
gradation behaviors could provide information concerning the influ-
ence of these parameters. Both CO52~/HCO5;~ and organic carbon can
hinder the efficiency of the process, due to -OH scavenging in side
reactions, hence decreasing the process efficiency.

The AHE contained 94.51 mgL™' of TC, of which 83.37 mgL™*
was IC, and 14.0mgL~' COD. The RHW showed higher TC of
185.9 mg L™}, with 70.71 mgL~" of IC, and 168 mgL~' COD. No
adjustment of pH was applied, with the experiments being performed at
the natural pH values of 7.4 (AHE) and 7.6 (RHW).

Global degradation of the antibiotics in the AHE reached 83% in
30 min, with removal of approximately 1 mg of TOC (corresponding to
8.5% mineralization of AHE) and 82% hydrogen peroxide consumption
at the end of the experiment (Fig. 6A). The initial rate constants, in
ascending order, were 0.038, 0.043, 0.081, and 0.14 min~' for CIP,
SMZ, AMX, and STZ, respectively (Table 3). The H,O, concentration
used was approximately 5 times higher than the stoichiometric amount
(111 pM) required for total degradation of 2.5 uM of the antibiotics
(4 x 200pgL™Y) to CO,, water, and inorganic ions. Although the
stoichiometric amount of hydrogen peroxide necessary for complete
oxidation of the organic matter in the AHE was 8.75 mM, a much lower
H,0, concentration was used, since the main goal of the tertiary photo-
Fenton treatment proposed in this work was the degradation of anti-
biotics present at very low concentrations, rather than total miner-
alization of the effluent.

Despite the greater complexity of the RHW, compared to the AHE,
the rate constants for degradation of the antibiotics were very similar
for CIP and SMZ, while the value decreased by 50% in the case of STZ
(Table 3). The initial rate constants, in ascending order, were 0.033,
0.039, 0.054, and 0.075 min~! for SMZ, CIP, AMX, and STZ, respec-
tively. The global degradation achieved after 30 min was 74%, with
66% consumption of H>O, and 16% mineralization at the end of the
experiment.

It is possible that the presence of nitrate may have increased the
degradation rates of the contaminants, due to the formation of OH ra-
dicals by nitrate photolysis. This effect was observed previously using
irradiation at wavelengths shorter than 280 nm [53], as in the case of
the germicidal lamp employed in this work. It has also been found that
the presence of DOM can accelerate the degradation of contaminants by
the formation of oxidizing species such as singlet oxygen, H,O,, and -
OH [54].

In addition, adsorption onto particulate matter has been reported
for some classes of antibiotics, including tetracyclines, sulfonamides,
and fluoroquinolones [55]. Aristilde and Sposito [56] observed
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Fig. 6. Influence of the matrix on degradation of the antibiotics mixture in the AHE (A)
and RHW (B) using the photo-Fenton process. Experimental conditions: [H05]
=500uM; [FeGit] = 10uM; [AMX] = [CIP] = [STZ] = [SMZ] = 200 pgL™1. (A)
PHinitial = 7.4 TOCinjgial = 10.1mgL™"; ICinisiat = 74.5mgL™". (B) PHinitial = 7.6;
TOCipitiai = 105.1 mg L’I; ICipnitial = 64.6 mg L~L Symbols: (l) AMX; (.) CIP; (A)
STZ; (W) SMZ; (’) DOC; (@) H,0,.

complexation of the zwitterionic form of CIP in protonated humic
substances. Given that antibiotics of the fluoroquinolone class (such as
CIP) have sorption coefficients (ky) ranging from 70 to 353,000 kg L%,
the sorption of CIP onto solid matrices could be the primary mechanism
for its removal from effluent [57,58], since the concentration of total
dissolved solids was in the region of 340 mg L~! (Table 1).

However, the concentrations of the spiked antibiotics in RHW did
not alter significantly after stirring in the dark for 1 h, indicating that
sorption/complexation of the antibiotics involving the constituents of
this matrix did not occur and that the main removal mechanisms were
oxidation by photogenerated -OH and photolysis during irradiation.

The chromatograms obtained for the RHW and AHE before the
photo-Fenton treatment revealed the presence of several compounds
with high intensity peaks, especially for the AHE, with retention times
of 6.6, 7.3, and 16.9 min, while the RHW chromatogram showed major
peaks at retention times of 15.2, 15.9, and 16.8 min (Fig. 7A). After
application of the photo-Fenton process to the AHE, resulting in treated
hospital effluent (THE), the aforementioned peaks disappeared and a
new peak appeared at 17.9 min, possibly due to a degradation product
of contaminants present in the effluent.

The UV-vis spectra of the RHW, AHE, and THE samples (inset of
Fig. 7A) showed a slight decrease of absorbance after the anaerobic
treatment and the photo-Fenton/UVC process, indicating the degrada-
tion of absorbing organic matter.

The chromatogram for the spiked AHE (using 200 ug L.~ " of each
antibiotic and 10-fold preconcentration) showed peaks at 5.0, 13.8,
15.7, and 18.3 min, corresponding to AMX, STZ, CIP, and SMZ, re-
spectively, together with other peaks for compounds already present in
the effluent. After 15 min of photo-Fenton treatment, the intensities of
the antibiotic peaks showed sharp decreases, while no antibiotics were
detected after 90 min, indicating their oxidation to levels below the
detection limit (Fig. 7B). Carboxylic acids including citric, succinic, and
acetic acids were identified in the AHE (data not shown), which were
also degraded to levels below the detection limit during the photo-
Fenton process. These acids present in the AHE were formed during the
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Fig. 7. Chromatograms obtained for the RHW, AHE, and THE (A). Chromatograms for the
AHE fortified with antibiotics during the photo-Fenton process (A = 254 nm) (B). Insert:
UV spectra of the RHW, AHE, and THE. Experimental conditions: [H,0,] = 500 puM;
[FeGit] = 10 uM; [AMX] = [CIP] = [STZ] = [SMZ] = 200 uyg L ~*. Symbols: (A) ()
RHW; (—) AHE; (—) THE. (B) (—) 0 min; (—) 15 min; (—) 90 min.

biological treatment process applied to the RHW. In the particular case
of succinic acid, succinate could be released because it is a counter ion
used in certain pharmaceuticals in order to increase their solubility in
water.

After 90 min of photo-Fenton/UVC treatment, the RHW and AHE
both became more translucent (Fig. 1S), with significant reductions of
their strong odors, hence improving the quality of the final effluent to
be discharged.

3.4. Disinfection of anaerobic hospital effluent by the photo-Fenton/UVC
process

In addition to the antibiotics content of hospital effluents, another
important hazard concerns the presence of pathogens. Therefore, it is
important to employ a treatment process able to efficiently remove both
antibiotics and pathogens. The quantification of total coliforms and E.
coli in the RHW revealed the presence of 2.6 x 10® and 7.0 x 10°
colony-forming units per 100 mL (CFU/100 mL), respectively. The AHE
showed slightly lower values of 3.8 x 107 and 2.5 x 10> CFU/100 mL
for total coliforms and E. coli, respectively, confirming the inefficiency
of anaerobic treatment for the disinfection of hospital effluent (Fig. 8A).

The photo-Fenton treatment decreased the bacterial concentration
of the E. coli and total coliforms (Fig. 8B). The photo-Fenton process
assisted by UVA irradiation caused only slight reductions of total coli-
forms and E. coli, of 1-log and 0.4-log, respectively, in the AHE after
90 min of treatment. Considerably higher disinfection of the bacteria
was obtained under solar irradiation (14.1 J cm ™2 energy dose), with
3.7-log and 2.4-log reductions achieved for total coliforms and E. coli,
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Fig. 8. Counts of bacteria present in the RHW and AHE (A). Inactivation of bacteria
present in the AHE after UVC and photo-Fenton (UVC, UVA, and solar) processes (B).
Experimental conditions: [H>0,] = 500 pM; [FeCit] = 10 uM; pHinitia1 = 7.4; treatment
time = 90 min. Symbols: () total coliforms; (.) E. coli.

respectively. However, as already mentioned, the accumulated energy
dose provided by the UVA lamp was lower (4.62 J cm ~2), which con-
tributed to the lower bacterial disinfection. The :OH formed in the
photo-Fenton reaction can induce reactions involving lipids, proteins,
and DNA, causing lethal effects in bacteria [59,60]. In addition, the
bacterial disinfection during photo-Fenton treatment can be caused by
the diffusion of Fe?" into the cells, where -OH can then be produced
during internal Fenton reactions [61].

Irradiation with UVC alone or in the presence of FeCit (10 uM) and
hydrogen peroxide (500 uM) resulted in the quantitative disinfection of
total coliforms and E. coli present in the AHE to levels below the
quantification limits after 90 min (Fig. 8B). The exposure of bacteria to
UVC radiation results in damage to the nucleic acids, causing in-
activation [62].

A previous study reported the incomplete inactivation of total co-
liforms present in a sewage treatment plant effluent, using a solar
photo-Fenton system at natural pH, with 0.2 mM of iron and 1.5 mM of
H,0, [63]. Elsewhere, total disinfection of E. coli in Milli-Q water was
obtained using a solar photo-Fenton system with concentrations of
additives (10.7 pM Fe®*/3* and 300 uM H,0,) similar to those em-
ployed in the present work [59]. The disinfection efficiency of UVC is
highly dependent on the type of matrix. In the present case, the pro-
posed system (UVC/H,0,/FeCit) was effective for the disinfection of
total coliforms and E. coli in the effluent matrices evaluated.
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4. Conclusions

UVC-assisted photo-Fenton treatment of anaerobic hospital effluent
spiked with four antibiotics at pg L ™! levels was successfully applied at
near-neutral pH (7.4), with the use of citric acid as a complexation
agent. Although prior anaerobic treatment of raw hospital wastewater
was able to efficiently remove the biochemical oxygen demand, che-
mical oxygen demand, total organic carbon, and total nitrogen, the
concentrations of the antibiotics ciprofloxacin and sulfadiazine re-
mained at pg L™ ! levels, demanding further treatment.

Although the highest rates of degradation of the antibiotics were
achieved at pH 2.5, application of the FeCit/H,0,/UVC treatment at pH
7.4 resulted in complete degradation of all the antibiotics and disin-
fection of total coliforms and E. coli after 90 min.

The photo-Fenton treatment could also be applied directly to the
raw hospital wastewater, without any significant difference in de-
gradation of the antibiotics. In addition, the ability to use solar irra-
diation is attractive due to the potential savings in the energy costs of
photo-Fenton treatment.

The photo-Fenton/UVC process was effective for the treatment of
hospital wastewater, where high organic loads and the presence of
pharmaceuticals and pathogens can lead to harm to the aquatic en-
vironment and human health.
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