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The challenge of providing good-quality reclaimed water free from contaminants of emerging concern,

even at small concentrations, i.e., microcontaminants (MCs), and pathogens is one of the main hot topics

worldwide. UVC-based advanced oxidation processes, using in situ production of strong oxidizing radicals,

such as HO˙ and SO4˙
−, have shown high oxidation rates for MCs; however, few studies have focused on

the simultaneous removal of MCs and pathogens, like bacteria. Thus, the aim of this work was to assess

the oxidation of six MCs, acetaminophen (ACT), caffeine, (CAF), carbamazepine (CBZ), trimethoprim (TMP),

sulfamethoxazole (SMX), and diclofenac (DCF), in the presence of Escherichia coli, Enterococcus faecalis,

and Salmonella enteritidis in a simulated effluent from a municipal wastewater treatment plant by the

application of UVC/H2O2 and UVC/S2O8
2− processes at pilot plant scale. The concentration of MCs and

bacteria was monitored along the oxidation processes as well as their regrowth after 24, 48, and 144 h.

UVC-based processes were compared in terms of the required treatment time to remove at least 80% of

the sum of MCs, regrowth assessment, and energy consumption. Despite the UVC/H2O2 and UVC/S2O8
2−

processes showing similar results, even after using distinct molar concentrations, the UVC/H2O2 process

did not exhibit bacterial regrowth under dark conditions. A simple model has also been proposed in this

work with the main objective of calculating the minimum concentration of oxidants as a function of the

radiation absorption at 254 nm in a given photo-reactor setup.

1. Introduction

Assurance of safe reclaimed water free of chemical and
microbiological contaminants is a serious global concern that
is increasing with population growth and uncertain climate
changes. Wastewater effluents treated by conventional
methods can contain a huge amount of microcontaminants

(MCs) (pesticides, pharmaceuticals, personal care products,
etc.) and pathogens (bacteria, viruses, protozoa, and
parasites) that may lead to toxic effects in humans when
reaching fresh water sources.1–4 In addition, water supplies
from nontraditional sources, including treated municipal
wastewater, have been proposed as feasible options in recent
years.5,6 Unfortunately, consolidated tertiary treatments such
as UVC radiation, ozonation and chlorination are not
effective enough or present serious drawbacks in their
application to remove MCs. UVC irradiation (200–280 nm)
has been extensively used for water disinfection; however,
serious limitations such as microbial regrowth (due mainly
to the lack of residual effect) and mechanisms of self-repair
of microorganisms' DNA were observed.7,8 In addition,
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Water impact

Fresh water free from microcontaminants (MCs) and pathogens is one of the main hot topics worldwide. UVC advanced oxidation processes producing
strong oxidizing radicals have shown high oxidation rates; however, few studies focused on the simultaneous removal of pathogens at pilot scale. These
processes were compared in terms of the required treatment time to remove at least 80% of the sum of microcontaminants, regrowth assessment, and
energy consumption.
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depending on the chemical structure of the target molecule,
UVC irradiation is not appropriate for MC elimination.9

Chlorination and ozonation can inactivate pathogens and
remove MCs, though generation of toxic disinfection by-
products, e.g., organochlorine, nitrosodimethylamine, and
bromate, has been their main drawback.7,10–12 Other
potential disinfection methods such as ultrasonication,
hydrodynamic cavitation, membrane filtration, and
electrochemical oxidation have been effectively used to
inactivate or remove microorganisms from water as a low use
of chemicals is needed;13–16 however, both physical and
electrochemical technologies have common shortcomings
including high energy consumption and operating costs as
well as the requirement of designing sophisticated reactors.

To overcome these problems, UVC-based advanced
oxidation processes (UVC AOPs) represent a feasible alternative
to conventional tertiary treatments.17,18 UVC AOPs have been
investigated for the production of a huge variety of highly
reactive free radicals, e.g., HO˙, Cl˙, SO4˙

−, CO3˙
−, that lead to

high elimination rates of microorganisms and
contaminants.19–22 In addition, commercial UVC reactors have
already been used in water and wastewater treatment plants so
they could be easily adapted for these processes.23 In
comparison with other AOPs such as Fenton and photo-Fenton,
these processes do not require pH adjustments and addition of
Fe ions, which simplifies operational requirements.

The UVC/hydrogen peroxide (UVC/H2O2) process is one of
the most disseminated AOPs used for organic compound
degradation and disinfection.24,25 In this process, the non-
selective HO˙ species can be produced from the homolytic
cleavage of H2O2 by absorption of UVC radiation (mainly at
254 nm), with a quantum efficiency of 0.5 mol Es−1 (eqn
(1)).26,27 Due to its high oxidizing power (E°(HO˙/H2O) = 1.8–
2.7 V), HO˙ can cause irreversible damage in microorganisms
having the advantage of reacting non-selectively with organic
compounds through electron transfer, hydrogen atom
abstraction or electrophilic addition.28

H2O2 + hv → 2HO˙ (ϕ = 0.5 mol Es−1) (1)

AOPs based on sulfate radicals (SO4˙
−) have been widely

reported in the literature for removal of organic compounds,
but to the best of our knowledge, there is a scarcity of studies
addressing simultaneous disinfection and MC degradation.29,30

This process was proposed a long time ago due to its
synergistic effect with TiO2 photocatalysis for conduction band
electron scavenging and production of inorganic oxidizing
species.31 This radical has an oxidation potential (E°(SO4˙

−/
SO4

2−) = 2.5–3.1 V) comparable to that of the HO˙ species and
can be generated by the activation of persulfate (S2O8

2−) or
peroxymonosulfate (HSO5

−) through heat, UVC irradiation, and
transition metal species.26,32 In addition, depending on the
properties of the molecule, SO4˙

− can lead to high oxidation
rates of specific contaminants (particularly aromatic
compounds).33 The photolysis (see eqn (2)) of S2O8

2− by UVC
light (at 254 nm) to produce SO4˙

− occurs with a quantum yield

2.8 times higher than when using H2O2.
26 Generated SO4˙

−

species can readily react with H2O molecules, resulting in the
production of HO˙ (see eqn (3)). These electrophilic species
react with aromatic compounds through three main
mechanisms, i.e., radical adduct formation, hydrogen atom
abstraction, and single electron transfer.33

S2O8
2− + hv → 2SO4˙

− (ϕ = 1.4 mol Es−1) (2)

SO4˙
− + H2O → HO˙ + SO4

2− + H+ (3)

Previous studies have investigated the efficiency of different
UVC AOPs (even UVC/H2O2 and UVC/S2O8

2−) to eliminate
pathogens or MCs from water. However, most of these studies
applied such processes under no realistic experimental
conditions, such as in pure or distilled water, at laboratory scale,
and under acidic or basic pH conditions.34,35 In complex
matrices such as municipal wastewater, the efficiency of these
technologies can be significantly reduced, mainly due to the
quenching reactions between the produced free radicals and the
organic matter and inorganic ions (HCO3

−, SO4
2−, Cl−, and

PO4
3−) present in these effluents.36,37 Moreover, disinfection and

degradation processes have been studied independently and
only very few papers reported on the concomitant achievement
of MC removal and elimination of pathogens. Thus,
investigation of UVC AOPs for tertiary treatment of municipal
wastewater is worthy and focuses not only on microorganism
inactivation results but also on the possibility of attaining
simultaneous oxidation of MCs for water reusing purposes.

In this context, this work aimed to investigate and
compare the use of the UVC/H2O2 and UVC/S2O8

2− processes
for the simultaneous removal of MCs and pathogens from a
simulated municipal wastewater secondary effluent at pilot
plant scale. Escherichia coli, Enterococcus faecalis, and
Salmonella enteritidis were selected as target microorganisms
because they are used as pathogen indicators in regulations
and guidelines for wastewater disposal and reuse.38,39 Six
MCs, acetaminophen (ACT), caffeine, (CAF), carbamazepine
(CBZ), trimethoprim (TMP), sulfamethoxazole (SMX) and
diclofenac (DCF), were chosen as target molecules since they
are usually detected in municipal wastewater.40 In addition,
this work intends to compare UVC/H2O2 and UVC/S2O8

2−

processes in terms of treatment time, consumption of
chemicals, and the influence of the oxidant residual
concentration on the bacterial regrowth. Finally, a simple
model based on the optical path length of the UVC radiation
is proposed to determine the most suitable oxidant
concentration to be used in these systems to simultaneously
remove MCs and pathogens.

2. Experimental section
2.1 Chemicals

ACT, CBZ, TMP, SMX, and DCF were purchased from Sigma-
Aldrich (>99%). Caffeine (CAF) was provided by Fluka (>99%).
H2O2 (35%), Na2S2O8 (>98%), KI (>99.5%), Na2S2O3 (>99%),
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bovine liver catalase, phosphate-buffered saline, acetonitrile
(UHPLC-grade), and formic acid (UHPLC-grade) were
purchased from Sigma-Aldrich. All chemicals were used as
received. The MC stock solution for experiments was prepared
in methanol at 2.5 g L−1 each to avoid hydrolysis of MCs and
allow spiking low volumes of water with very low quantities of
methanol in the pilot plant. Simulated municipal wastewater
(SMWW) secondary effluent was used as the wastewater model.
The resulting physicochemical properties of the prepared
SMWW effluent are shown in Table 1.

This matrix was prepared after adaption of the procedure
described in Zhang et al.41 and in the APHA Standard
Methods,42 using the following chemicals:

(i) Inorganics salts: NaHCO3 (96 mg L−1), MgSO4 (60 mg
L−1), NaCl (580 mg L−1), and K2HPO4 (7.0 mg L−1) (Sigma-
Aldrich); CaSO4·2H2O (60 mg L−1) and (NH4)2SO4 (23.6 mg
L−1) (Panreac); KCl (4 mg L−1) (J.T. Baker).

(ii) Organic matter: beef extract (1.8 mg L−1) and peptone
(2.7 mg L−1) (Biolife); humic acid (4.2 mg L−1), sodium lignin
sulfonate (2.4 mg L−1) and sodium lauryl sulphate (0.9 mg
L−1) (Sigma-Aldrich); tannic acid (4.2 mg L−1) and acacia gum
powder (4.7 mg L−1) (Panreac).

It is important to remark that SMWW characteristics are
highly similar to those of the actual MWWTP effluent and
selected MCs and pathogens to be monitored were spiked
at concentrations in the range of those actually found in
such effluents.

2.2 Analyses

2.2.1 Analytical quantification of MCs. The concentration
of MCs was monitored by ultra-performance liquid
chromatography with a UV-DAD detector (Agilent
Technologies, Infinity Series 1200) using a Poroshell 120 EC-
C18 column as the stationary phase (Agilent Technologies: 50
mm × 3.0 mm, 2.7 μm particle) and a mixture of 25 mmol
L−1 formic acid and acetonitrile (ACN) as the mobile phase at
1 mL min−1. A gradient elution mode was used. The initial
condition was 100% formic acid 25 mmol L−1, varying in 10
min up to 50% formic acid/ACN; then in 2 min 100% ACN
was reached and maintained for another 2 min. Analysis time
was set to 14 min, followed by 3 min of post-time for setting
the column to initial conditions. The injection volume and
temperature of the column were 50 μL and 30 °C,
respectively. Before sample analysis, 9 mL of collected sample
were filtered using a 0.22 μm PTFE filter (Millipore) and the
filter was washed with 1 mL of ACN to remove any adsorbed

compounds. The detection limit for all the compounds
studied was 5 μg L−1. Other information such as retention
time, maximum quantification wavelength and
chromatographic area of 100 μg L−1 for each MC are available
in Table S1 (ESI†).

Other parameters were also monitored, such as pH (GLP 22
pH meter, CRISON), conductivity (GLP 31 conductometer,
CRISON), and turbidity (2100 N turbidimeter, HACH). Dissolved
organic carbon (DOC) and dissolved inorganic carbon (DIC)
were measured using a TOC-VCSN analyzer (Shimadzu) in
filtered samples through 0.45 μm nylon filter (AISIMO).

Ion chromatography was used to measure the
concentration of various ions in samples previously filtered
(0.45 μm nylon filter), using a Metrohm 850 Professional
analyzer. For anion determination, a Metrosep A Supp 7150/
4.0 column at 45 °C and 3.6 mmol L−1 sodium carbonate at
0.7 mL min−1 were used as the stationary and mobile phase,
respectively. A Metrosep C6 150/4.0 column and 1.7 mmol L−1

solutions of nitric acid and dipicolinic acid at 1.2 mL min−1

were used for cation quantification.
The concentration of oxidants was determined by two

different methods using a UV-vis Evolution 220
spectrophotometer (Thermo Scientific). H2O2 concentration
was analyzed spectrophotometrically at 410 nm after adding
0.5 mL of titaniumĲIV) oxysulfate to 5 mL of a filtered sample
(DIN 38402H15). S2O8

2− concentration was monitored by
using an iodometric method adapted from Liang et al.43

Briefly, 3.5 mL of 50 g L−1 KI solution and 0.5 mL of 5 g L−1

NaHCO3 solution were added to 1 mL of previously filtered
sample, allowed to react for 15 min, and then the absorbance
at 352 nm was measured.

2.2.2 Bacterial quantification analysis. Selected strains of
bacteria were provided by Spanish Culture Collection (CECT):
E. coli (O157:H7) (CECT 4972), E. faecalis (CECT 5143), and S.
enteritidis (CECT 4155). These strains were used to prepare
the microbial suspensions spiked in the SMWW secondary
effluent. E. coli, E. faecalis, and S. enteritidis were inoculated
in 14 mL of nutrient broth (a mixture of NaCl, beef extract,
and peptone), Luria-Bertani broth (Sigma-Aldrich), and
tryptone soya broth (OXOID), respectively, and grown
aerobically in a rotary shaker (90 rpm) at 37 °C for 20 h. The
microbial suspensions were then centrifuged at 3000 rpm
(704 g) for 15 min (J.P. Selecta). The microbial pellet was re-
suspended in sterilized phosphate-buffered saline (PBS)
solution to give a stock suspension containing approximately
1011 CFU per 100 mL. An aliquot of 100 μL of each bacterial
suspension was added to the SMWW secondary effluent to
obtain an initial concentration of 105 CFU per 100 mL.

Bacterial quantification was performed by the standard
plate counting method using specific culture media:
Chromocult® (Merck), Slanetz–Bartley agar (1% TTC)
(Scharlau), and Salmonella Shigella agar (Scharlau) for E. coli,
E. faecalis, and S. enteritidis, respectively. When the bacterial
concentration expected was lower than 2 × 102 CFU per 100
mL, samples were processed by the membrane filtration
method. For each bacterium, 100 mL of sample were filtered

Table 1 Physicochemical characterization of SMWW effluent

Parameters

pH 7.6 ± 0.3
Conductivity (mS cm−1) 1.4 ± 0.1
Turbidity (NTU) 3.4 ± 0.2
DOC (mg L−1) 15.5 ± 0.6
DIC (mg L−1) 13.5 ± 1.2
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using a 0.45 μm-pore-size cellulose nitrate membrane
(Sartorius) and a Microfil filtration system (Millipore). Then,
the obtained membranes were plated in the corresponding
medium and incubated at 37 °C. E. coli colonies were counted
after 24 h; E. faecalis and S. enteritidis samples were counted
after 48 h. The detection limit (DL) of this technique is 1 CFU
per 100 mL, taking into account the minimum disinfection
level required by the Spanish legislation for reusing reclaimed
wastewater (RD 1620/2007).44 A control sample (without
treatment) for each bacterium was plated before and after the
experiment to guarantee the strain's good quality.

When oxidant reagents were used, a proportional volume of
bovine liver catalase solution (0.1 g L−1) or sodium thiosulfate
(10 mmol L−1) was added to the samples in order to quench
residual H2O2 and S2O8

2−, respectively. Regrowth of bacteria
was quantified in predetermined samples stored at room
temperature for 24, 48, and 144 h (6 days) (quencher was not
added for this analysis). Disinfection experiments were carried
out in duplicate and average values were plotted. The
inactivation kinetics of each bacterium observed during the
UVC-based treatments were calculated by using Chick–Watson's
equation.45 The results were reproducible and the standard
deviation of the replicates is shown in the graphs as error bars.

2.3 UVC pilot plant description and experimental procedure

UVC, UVC/H2O2, and UVC/S2O8
2− experiments were carried

out by using a UVC pilot plant previously described by
Cerreta et al.46 Fig. 1 shows a schematic configuration of the
reactor containing the UVC lamp. The pilot plant consists of
three medium pressure UVC lamps (230 W with radiation
emission at 254 nm) protected by quartz tubes (Øint = 3.7 cm)
and axially located in a stainless steel cylindrical
photoreactor (Øint = 8.9 cm). The flexible design of the system
allows the use of one, two or three lamps in batch or
continuous flow mode. In this study, a single lamp was used
in batch mode (recirculation flow rate 36 L min−1) with a
total volume of 80 L.

The total irradiated surface of the photoreactor (one lamp;
Sp = 0.34 m2) and the illuminated volume (one lamp; Villu =
6.21 L) were calculated according to eqn (4) and (5) taking into
account the specific characteristics of the lamp and its frame.

Villu(L) = LLπ(rint,C
2 − rint,L

2) (4)

Sp(m
2) = 2πRint,CLL (5)

To compare the energy consumption of these processes with
other photochemical based systems, the accumulative UVC
energy per L (QUVC) was calculated according to eqn (6). For
that, the incident energy rate on a surface per unit area
(irradiance; W m−2) emitted by the UVC lamp was continuously
monitored using a detector (ProMinent) placed in the inner
wall of the cylindrical photochemical reactor. Details of the
irradiance profile of the UVC lamp (maximum 85.6 W m−2)
measured in distilled water are shown in Fig. S1 (ESI†).

QUVC kJ L−1
� � ¼ Dose kJ m−2� � Sp m2ð Þ

VT Lð Þ (6)

where Dose is the product of emitted irradiance by the UVC
lamp (W m−2) multiplied by the illumination time fraction (s).
Sp is the total irradiated surface of the photoreactor (m2) and
VT is the total water volume (L).

In UVC AOP experiments, the system's reservoir was filled
with 80 L of SMWW secondary effluent and the required
quantity of a stock solution of MCs was added to obtain an
initial concentration of 100 μg L−1 of each compound. The sum
of these concentrations for the six selected MCs is considered
higher but very close to the range normally found in effluents
of municipal wastewater treatment plants.47–50 Then, each
bacterial stock was added to obtain 105 CFU per 100 mL per
bacterium. After 15 min of homogenization (UVC lamp
switched off), an initial sample was taken to check the initial
concentration of both MCs and bacteria. Then, H2O2 (5, 15, 25,
35, and 50 mg L−1) or S2O8

2− (20, 40, and 100 mg L−1) was
added to the reservoir tank. After homogenization (10 min),
another sample was collected to verify the effect of the oxidants
on the concentration of MCs and bacteria in the dark (any
significant variation in initial concentrations was observed in
either of the experiments performed, data not shown). Then
the UVC lamp was switched on and the experiment started.
Samples were collected at predetermined and regular time
intervals to analyze simultaneously the degradation of MCs,
inactivation of bacteria and reagent evolution along all the
UVC-based experiments performed in this study.

3. Results and discussion
3.1 UVC treatment

Results of simultaneous inactivation of bacteria and
degradation of MCs using only UVC light in the SMWW
secondary effluent are depicted in Fig. 2. A high inactivation
rate of E. coli, E. faecalis, and S. enteritidis was obtained under
UVC irradiation. The strong effect of the UVC light (mainly at
254 nm) observed on bacterial inactivation is based on the
occurrence of very specific damage on DNA and other essential
components such as proteins, lipids, membrane, etc., that
inhibits its duplication and consequently bacterial
reproduction. The typical UVC damage induces the formation
of thymine–thymine cyclobutane cys–syn thymine–thymine
photodimers and pyrimidine (6–4) pyrimidine photoproductsFig. 1 UVC photoreactor scheme and main characteristics.
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(TT (6–4) photoproducts).51 No significant differences in the
irradiation time required (60 min) to reach the detection limit
(DL) and in the calculated pseudo-first order kinetic constants
(k) of bacterial inactivation were observed. A double log-linear
kinetic characterized by a fast inactivation in the first stage (k1)
followed by a slow second inactivation stage (k2) was observed
for all bacteria (see Fig. 2). The k1 for E. coli, E. faecalis, and S.
enteritidis were 3.5 ± 0.6 × 10−1, 3.6 ± 0.5 × 10−1, and 3.3 ± 0.7 ×
10−1 min−1, respectively, while the second stage, k2, was around
0.23 ± 0.02 × 10−1 min−1 for all pathogens. Clearly, the
inactivation process is governed by the first stage. In addition,
for all bacteria, the accumulative UVC energy needed to reduce
5 log the initial concentration (105 CFU 100 mL−1) was around
1.2 kJ L−1 and 0.09 kJ L−1 for a 3.5 log reduction (around 8 min
of illumination). Similarly, Rodríguez-Chueca et al.17 did not
observe differences in the energy consumption for E. coli and
E. faecalis inactivation under UVC irradiation using real and
simulated wastewater. In that paper, a 3.5 log reduction in
bacteria concentration demanded 0.057 kJ L−1 of UVC energy,
working in continuous flow mode but at laboratory scale. The
upper energy consumption reported in the present work might
come from the scaling-up to pilot plant scale as well as
differences in the reactor design setup.

Increase of temperature resulting from the operation of
the UVC lamp was also monitored during all experiments
and the maximum-recorded T remained around 30 °C. This
temperature range did not affect the bacterial viability since
temperatures higher than 45 °C are necessary to generate
thermal damage on the investigated bacteria.52,53 In addition,
this temperature interval should not increase the efficiency
of UVC/H2O2 or UVC/S2O8

2− processes, as temperatures higher
than 40 °C and 50 °C, respectively, are normally required.54,55

Under certain conditions, UVC light has no effect on the
cell wall as the mechanisms of self-repair of microorganisms
reverse the DNA damage produced by light absorption.8 As
the UVC process does not generate residual oxidants,
reactivation of injured microorganisms is expected if
favorable conditions are presented; such as the presence of
nutrients related to wastewater (e.g., organic matter and

inorganic salts) that provide a food source for bacteria,
allowing them to metabolize and reproduce.56 Therefore,
bacterial regrowth was analyzed in selected samples of
experiments (shown in Fig. 2) stored in the dark after 24, 48,
and 144 h (6 days) at room temperature. Although an
apparent complete inactivation of E. coli, E. faecalis, and S.
enteritidis was attained within 60 min under UVC irradiation,
regrowth assessment in samples collected after 75 min of
UVC treatment was carried out for all bacterial strains. E. coli
had an exponential increase in the concentration of viable
bacteria after 48 and 144 h in the dark, with values of 2.3
and 3.5 log, respectively. In contrast, the regrowth assessment
for S. enteritidis decreased from 1.1 log in 48 h to 0.2 log after
144 h, probably due to the lack of essential nutrients for its
viability. Regrowth assessment for E. faecalis was not done in
the stored samples after 24 and 48 h, but it was observed (1
log) after 144 h. These regrowth tests offer a good evaluation
of the effectiveness of a process and the ability to handle
post-treated effluents, which could remain stored in the dark
several days before its further reuse. In this sense, UVC
technology is not fully recommended for municipal
wastewater secondary effluent disinfection, even less for
reclaimed final purposes.

On the other hand, the inset in Fig. 2 shows the
degradation profile for the sum of MC concentrations (

P
Ct/P

C0) in the SMWW secondary effluent during the UVC
process. For analysis purposes and considering, as an
example, environmental regulations already established in
Switzerland for MC elimination from MWWTPs, experiments
were performed with the aim of removing 80% of total
MCs.57,58 UVC radiation significantly decreased the total
amount of MCs (60%) in the effluent after 180 min (3.8 kJ
L−1 accumulated UVC radiation required); however, it was not
enough to attain the degradation target of 80%. Clearly, some
MCs demanded a longer irradiation time (and so higher
accumulative UVC energy) to be oxidized than that required
for reaching complete bacterial inactivation, but others were
slightly affected by UVC irradiation. However, it is important
to highlight that though complete elimination of the sum of
MCs was not achieved, some of them attained degradation
percentages higher than 75%. This behavior is in agreement
with the different absorption capacities of UVC light by the
organic compounds, measured by the quantum yield and the
molar absorption coefficient at 254 nm. These two
fundamental parameters govern the direct photolysis rate;
thus, molecules with moderate values of these parameters
will be more sensitive to degradation under UVC irradiation.
The chemical structures, absorbance (at 254 nm), quantum
yields, molar absorption coefficients, and UV absorption
spectrum of these compounds can be seen in Table S2 and
Fig. S2.† In this sense, DCF and SMX, with high values of
these parameters at 254 nm, were substantially removed
(<DL) in the beginning of the experiment, i.e., in 20 min (0.3
kJ L−1 accumulative UVC energy) and 30 min (0.6 kJ L−1

accumulative UVC energy), respectively. On the other hand,
75% of ACT was removed only after 180 min (3.8 kJ L−1 of

Fig. 2 Simultaneous bacterial inactivation and MC degradation (inset)
under UVC radiation in SMWW secondary effluent as a function of
treatment time. Dashed lines refer to detection limit (DL = 1 CFU 100
mL−1) and 80% removal of total MCs (

P
Ct/

P
C0).

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 8

/1
3/

20
24

 3
:0

7:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ew00279h


2558 | Environ. Sci.: Water Res. Technol., 2020, 6, 2553–2566 This journal is © The Royal Society of Chemistry 2020

accumulative UVC energy), while CBZ, CAF, and TMP showed
the lowest degradation percentages (20%, 30%, and 40%,
respectively) since they have low molar absorption and
quantum yield. These results are in accordance with the
findings of Yu et al.,9 which classified several pollutants
based on their relative reactivity towards UVC direct
photolysis. DCF and SMX were considered easily
photodegraded by UVC light with no additional oxidants,
whereas CAF, CBZ, and TMP were classified as photo-
resistant but highly reactive with HO˙ radicals. Cerreta et al.18

also reported that SMX was almost completely removed in
natural and distilled water after 30 min of treatment (90%;
0.7 kJ L−1 accumulative UVC energy) using only UVC, while
only 18% of CBZ degradation was observed after 120 min (2.7
kJ L−1 accumulative UVC energy). Other parameters such as
pH, conductivity, turbidity, DOC, DIC, and ion concentration
were also monitored but had an insignificant variation
throughout the experiments, as expected (data not shown). It
is important to mention that specifically, a decrease in the
organic load (measured by COD) is expected to provoke an
increase of light penetration in the system. Consequently,
this might result in an improvement of UVC-based AOP
efficiency considering MC removal and bacterial inactivation.

3.2 UVC/H2O2 treatment for simultaneous bacterial
inactivation and MC elimination

Fast inactivation rates of E. coli, E. faecalis, and S. enteritidis
were observed for UVC/H2O2 experiments in all
concentrations investigated (5–50 mg L−1), as it can be
observed in Fig. 3. Similar to the UVC results, double log-
linear kinetics was observed for all bacterial inactivation.
However, in comparison with these results, the addition of
H2O2 did not entail an improvement in the disinfection
process since the pseudo-first-order inactivation kinetic
constants (k1 and k2) did not show a significant increase (see
Table 2). Only at higher H2O2 concentrations (25, 35, and 50
mg L−1), it was observed a slight increase in the inactivation
kinetic constants and a reduction in the irradiation time to
attain the DL. In particular, for 25 mg L−1 H2O2, bacterial
inactivation was very fast in the first stage, so it was not
possible to fit the curve to calculate k1. According to these
results, the main inactivation mechanism came from the
effect of UVC radiation rather than from damage produced
by HO˙ generated through H2O2 photolysis.

Similarly, Pablos et al.19 and Yoon et al.59 suggested that
the germicidal effect of UVC absorption by bacterial DNA in E.
coli K12 and DH5α strains, respectively, is the main
inactivation mechanism and no significant differences were
observed in the values of k for UVC and UVC/H2O2. Moussavi
et al.60 also reported that the enhancement on inactivation of
E. coli by adding H2O2 was hardly noticeable compared to
UVC in the treatment of hospital wastewater. In contrast,
Rubio et al.61 reported a significant enhancement in E. coli
K12 inactivation in natural water after addition of H2O2

compared to the use of only UVC light. The k increased 150%

for the combined process. Moreover, Moreno-Andrés et al.62

indicated that the addition of H2O2 (10 mg L−1) to the UVC
system improved the disinfection efficiency of E. faecalis in
salty water. Probably, the sum of the effects of UVC irradiation
and HO˙ species was the major route for bacterial inactivation
in those studies, and in other cases HO˙ species compensated
for the absorption of photons at 254 nm by H2O2.

The inactivation efficiency of microorganisms using this
process may also depend on many factors, such as the
hydrodynamic parameters of the photoreactor, power of the
UVC lamp (or UVC energy dose), light path length of the

Fig. 3 Effect of H2O2 concentration on the E. coli (a), E. faecalis (b),
and S. enteritidis (c) inactivation by UVC/H2O2 as a function of
treatment time in SMWW secondary effluent. Dashed lines refer to
detection limit (DL = 1 CFU per 100 mL−1).
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photoreactor, water matrix, oxidant concentration, type of
bacterial strains, etc. Moreno-Andrés62 also reported a
detrimental effect on bacterial inactivation due to the addition
of a high concentration of H2O2 (100 mg L−1) based on the
competition for the absorption of photons at 254 nm between
bacteria and the oxidant. This detrimental effect was not
observed under the operating conditions used in this work,
which would probably appear at higher concentrations of H2O2

or longer light path length in which the competition for photon
absorption would be significantly higher (see section 3.4).

It is important to note that the photolysis percentage of
H2O2 was only 10% after 60 min independently of the
concentration used. This means a consumption rate of 0.008,
0.045, and 0.076 mg H2O2 L

−1 min−1 for 5, 25 and 50 mg L−1,
respectively, which explain the poor contribution of low H2O2

concentrations on bacterial inactivation in comparison with
the UVC effect.

In this case, for concentrations between 25 and 50 mg L−1,
high residual concentrations of this oxidant were present in
the treated wastewater. This suggests that the slight
enhancement on bacterial inactivation observed at high
concentrations might be due to a small fraction of HO˙
generated or to the direct disinfectant effect of H2O2, since it
is well known that at high concentrations this oxidant has a
toxic effect on bacterial viability. Rodríguez-Chueca et al.52

reported 6 log and 1.5 log reduction of E. coli and E. faecalis,
respectively, after 180 min in the dark using 50 mg L−1 of
H2O2. At lower concentrations (20 mg L−1) this effect is not
significant on inactivation of E. coli O157:H7 and S.
enteritidis, as reported by Nahim-Granados et al.53

As discussed in the UVC reference experiment, bacterial
regrowth was monitored in the treated samples due to their
self-repair capacity in the dark. In the presence of H2O2,
regrowth was not observed after the treatment (sample
withdrawn after 75 min) under any of the conditions tested
(5–50 mg L−1) and for all times analyzed (24, 48 and 144 h).
H2O2 concentration in all experiments remained constant in

the dark until 144 h of storage. Therefore, the remaining
H2O2 has a possible further bacteriostatic effect, preventing
bacterial repair/reproduction during the storage or through
the distribution system. Other studies report assessment of
bacterial regrowth but only after 24 and 48 h.17,63,64

The effect of H2O2 concentration on MC degradation was
also evaluated (Fig. 4). The use of H2O2 in combination with
UVC irradiation increased the removal of all target compounds
compared with UVC alone, especially those that are photo-
stable, CAF, CBZ, and TMP, resulting in a degradation rate of
over 80% for the sum of MCs under all investigated conditions.
This effect was mainly caused by the effect of HO˙ generated in
H2O2 photolysis at 254 nm (see eqn (1)). Illumination time
(and accumulative UVC energy) required to achieve 80% MC
degradation decreased with the increase in H2O2

concentration, e.g., from 120 min (2.5 kJ L−1 accumulative UVC
energy required) with 5 mg L−1 to 17 min (0.3 kJ L−1

accumulated UVC energy) with 50 mg L−1 H2O2 (Table 2).
Clearly, UVC/H2O2 at 5 mg L−1 required a higher UVC

energy dose to degrade MCs than that required for reaching
complete bacterial inactivation. Pseudo-first-order kinetic

Table 2 Pseudo-first-order kinetic constants (k) for simultaneous inactivation of bacteria and MC degradation in a SMWW secondary effluent by a
UVC/H2O2 process

Process Bacteria – k1/k2 (10
−1 min−1) Total MCs – k (10−2 min−1)

UVC/H2O2

(mg L−1) E. coli E. faecalis S. enteritidis (
P

Ct/
P

C0)
Timea

(min)
QUVC

b

(kJ L−1)

0 3.5 ± 0.6 (0.86)/0.24 ± 0.02
(0.97)

3.6 ± 0.5 (0.90)/0.23 ± 0.02
(0.96)

3.3 ± 0.7 (0.87)/0.22 ± 0.02
(0.97)

0.5 (0.82) only
60%

180 3.8

5 3.7 ± 0.5 (0.90)/0.27 ± 0.04
(0.90)

4.0 ± 0.5 (0.93)/0.19 ± 0.04
(0.81)

3.5 ± 0.5 (0.90)/0.30 ± 0.02
(0.98)

1.2 (0.94) 120 2.5

15 3.9 ± 0.6 (0.88)/0.19 ± 0.04
(0.77)

3.9 ± 0.5 (0.91)/0.25 ± 0.04
(0.89)

3.8 ± 0.4 (0.94)/0.24 ± 0.04
(0.86)

3.0 (0.97) 52 1.0

25 ND/0.33 ± 0.03 (0.93) ND/0.45 ± 0.4 (0.95) ND/0.44 ± 0.04 (0.94) 5.7 (0.99) 24 0.4
35 5.6 ± 0.9 (0.93)/0.18 ± 0.02

(0.91)
4.1 ± 0.7 (0.89)/0.25 ± 0.01
(0.98)

3.8 ± 0.7 (0.87)/0.25 ± 0.02
(0.97)

7.0 (0.99) 21 0.4

50 4.8 ± 0.9 (0.88)/0.26 ± 0.03
(0.96)

4.2 ± 0.5 (0.92)/0.21 ± 0.01
(0.97)

5.3 ± 0.4 (0.97)/0.27 ± 0.03
(0.93)

10.0 (0.99) 17 0.3

a Values refer to the attainment of 80% removal of total MCs except for the UVC alone experiment, in which only 60% of total MC removal was
attained. b Accumulative UVC energy required to attain 80% removal of total MCs. Values in parentheses refer to coefficient of determination
(R2). ND = not determined.

Fig. 4 Effect of H2O2 concentration on the total MC degradation by
UVC/H2O2as a function of treatment time in SMWW secondary
effluent. Dashed line refers to 80% removal of total MCs (

P
Ct/

P
C0).
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constants (k) corresponding to these experiments are also
shown in Table 2. It was noticed that the degradation kinetic
constants of this process were strongly dependent on the
initial concentration of the oxidant. That behavior can be
observed in Fig. S3,† which shows a linear relationship
between kinetic constants and initial concentrations of H2O2.
Despite this, it is important also to highlight that while
kinetic constants increased proportionally with H2O2 till 0.1
min−1 for 50 mg L−1 H2O2, the illumination time required to
reach 80% of degradation varied slightly when using 35 and
25 mg L−1 H2O2 and ranged from 21 to 24 min, respectively.
In addition, oxidant residual concentrations after treatment
were 49 and 23 mg L−1 for 50 and 25 mg L−1 H2O2,
respectively, showing a limitation caused by the light path
length and therefore by the photoreactor configuration, which
will be addressed in section 3.4.

For a better understanding of the effect of the UVC/H2O2

process on MC removal, the degradation profile of each
compound and the oxidant consumption are detailed in Fig.
S4.† Moreover, Table S3† shows the calculated k for each
contaminant as a function of H2O2 concentration used. CAF,
TMP, and CBZ, which did not exhibit a high
photodegradation percentage (20–40%), were significantly
removed using 5 mg L−1 H2O2 under UVC irradiation,
attaining removal rates of over 80% after 180 min and with a
H2O2 consumption close to 1.0 mg L−1. For this condition,
only 0.8 mg L−1 H2O2 and 2.5 kJ L−1 were required to
eliminate 80% of the total MCs. A higher increase in the
degradation rate was observed for UVC/H2O2 with 25 mg L−1,
reaching 80% of removal in 24 min and consuming 2.3 mg
L−1 of the oxidant. As expected, 80% of total MCs was quickly
achieved using 50 mg L−1 (17 min; 0.3 kJ L−1 accumulated
UVC energy) with a H2O2 consumption of 1.3 mg L−1. Similar
values were also found by Miralles-Cuevas et al.65 for 90%
removal of several MCs. The complete elimination (<DL) of
all MCs was attained in 60 min (1.2 kJ L−1 accumulated UVC
energy) and using 4.6 mg L−1 H2O2. It is important to note
that for the same process, the degradation kinetic constant
for the photo-stable compounds did not show significant
differences, which confirm the non-selectivity of the
generated HO˙ species by the H2O2 homolysis. On the other
hand, DOC decreased around 10% only for high
concentrations of H2O2 (25–50 mg L−1; data not shown).

3.3 UVC/S2O8
2− treatment for simultaneous bacterial

inactivation and MC degradation

E. coli, E. faecalis, and S. enteritidis inactivation by the UVC/
S2O8

2− process is shown in Fig. 5. As it can be observed, E.
coli was quickly inactivated under the two investigated
conditions, improving significantly the pseudo-first-order
kinetic constants obtained with the UVC process (see
Table 3). Due to the high rate of E. coli inactivation under
these conditions, it was not possible to calculate the kinetic
constants k1 (first stage). DL was achieved only after 10 min
(0.1 kJ L−1 accumulated UVC energy) and 15 min (0.2 kJ L−1

accumulated UVC energy) for 40 and 20 mg L−1 S2O8
2−,

respectively. Several studies attributed the bacterial
inactivation in the UVC/S2O8

2− system to the selectivity and
reactivity of generated SO4˙

− species (see eqn (2)), which
reacts with macromolecules that are present in the cell wall.
Michael-Kordatou et al.66 reported a significant enhancement
(around 200%) to reduced 5-log of E. coli in urban wastewater
after the addition of S2O8

2−. Popova et al.67 also reported an
increase (>130%) in the rate constant to eliminate E. coli
when using the UVC/S2O8

2− process.
On the other hand, comparison with systems based on the

generation of HO˙, such as UVC/H2O2, is difficult to address.

Fig. 5 Effect of S2O8
2− concentration on the E. coli (a), E. faecalis (b),

and S. enteritidis (c) inactivation by UVC/S2O8
2− as a function of

treatment time in SMWW secondary effluent. Dashed lines refer to
detection limit (DL = 1 CFU per 100 mL−1).
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From a purely chemical approach, the best option is to
compare the efficiency of these systems using an equivalent
molar ratio of both oxidants, but the high S2O8

2− molar mass
implies very high concentrations in terms of mass per unit of
volume.64 This would lead to a drastic increase in the operating
costs of this process. In this sense, the focus of this study was
to assess the behavior of this system under realistic conditions,
rather than strictly compare kinetics with UVC/H2O2. It must be
highlighted that H2O2 and S2O8

2- selected concentrations were
in the range of those successfully studied in previous research
works.17,30,64 In addition, other factors such as the stronger
selective oxidation capability towards macromolecules/
biomolecules of the cell membrane and the half-life of the
produced radical can favor a stronger action of SO4˙

−.
Wordofa et al.68 showed that exposure to SO4˙

− promoted
the loss of cell viability of E. coli O157:H7 5 times faster than
when HO˙ was used. This unique feature of SO4˙

− is possibly
associated with its highly selective reactivity towards electron-
rich moieties on the surface of E. coli O157:H7 cell
membranes, such as flagella, proteins, and extracellular
polymeric substances. Moreover, Serna-Galvis et al.69 also
attributed the microorganism inactivation by UVC/S2O8

2− to
the already commented high interaction of SO4˙

− with organic
macromolecules of the cell wall.

As can be seen in Fig. 5b and c, the UVC/S2O8
2− system was

less effective on E. faecalis and S. enteritidis inactivation. Both
bacteria were inactivated within 75–90 min (1.2–1.5 kJ L−1

accumulated UVC energy, respectively) for the two tested
concentrations. Clearly, this result indicates a different
inactivation mechanism, probably related to structural
differences and cellular composition between these bacteria.
In particular, E. faecalis, which required 90 and 75 min to
attain the DL using 20 and 40 mg L–1 of S2O8

2−, respectively,
has a structural difference with E. coli regarding the cell wall
components. E. faecalis has a thicker cell wall in which the
major component is the peptidoglycan layer. In contrast, E.
coli has a thin layer of peptidoglycan together with an outer
membrane that results in a more complex structure. These
differences make Gram-negative bacteria (e.g., E. coli) more
sensitive than Gram-positive (e.g., E. faecalis) with respect to

UV-based treatments.63,70 Although both E. coli and S.
enteritidis are Gram-negative bacteria, the latter one showed
higher resistance to inactivation, which could be due to the
presence of different sugars and sugar linkages that form the
lipopolysaccharide,71 the major component of the Gram-
negative bacterial outer membrane. Wordofa et al.68 also
reported that the efficiency of these processes are dependent
on the specific composition of macromolecules for each
bacterial group. Another possible mechanism is related to the
detrimental effect on bacteria inactivation based on the
competition for the absorption of photons at 254 nm between
bacteria and oxidant, since S2O8

2− has a high capacity of light
absorption at this wavelength.26 While some fundamental
investigations on the inactivation of different microorganisms
by SO4˙

− have been established, the molecular mechanisms of
inactivation, particularly the interaction of SO4˙

− with
biomolecules, are far from complete comprehension.

Bacterial regrowth assessment was carried out after 24, 48,
and 144 h after the treatment was finished. Regrowth for all
bacteria was detected for 20 and 40 mg L−1 S2O8

2−, but much
lower compared with that using only the UVC treatment. In
particular, E. faecalis and S. enteritidis had a maximum
regrowth of around 0.7 log after 48 h under both conditions,
but it was not detected (<DL) after 144 h of storage. In
contrast, E. coli regrowth was significant, increasing the
concentration of viable bacteria after 24 and 48 h in the dark,
until 1.3 and 1.9 log, respectively, remaining almost constant
after 144 h. This means that the residual concentration of
S2O8

2−, 18 mg L−1 (for the initial concentration of 20 mg L−1)
and 28 mg L−1 (for the initial concentration of 40 mg L−1) did
not prevent bacterial regrowth since S2O8

2− has no
bactericidal effect by itself. To check this, several experiments
(data not shown) were carried out putting in contact bacteria
with S2O8

2− in different concentrations (up to 50 mg L−1) and
in the dark. No significant effect was observed on the
viability of bacteria. This fact is explained due to the size and
charge of S2O8

2−, which can limit the diffusion through the
cell membrane, avoiding the inactivation via a Fenton-like
reaction, as the case of H2O2.

72 Moreno-Andrés et al.63

observed regrowth (after 48) for E. coli and E. faecalis bacteria

Table 3 Pseudo-first-order kinetic constants (k) for simultaneous inactivation of bacteria and MC degradation in a SMWW secondary effluent by the
UVC/S2O8

2− process

Process Bacteria – k1/k2 (10
−1 min−1) Total MCs – k (10−2 min−1)

UVC/S2O8
2−

(mg L−1) E. coli E. faecalis S. enteritidis (
P

Ct/
P

C0)
Timea

(min)
QUVC

b

(kJ L−1)

0 3.5 ± 0.6 (0.86)/0.24 ± 0.02
(0.97)

3.6 ± 0.5 (0.90)/0.23 ± 0.02
(0.96)

3.3 ± 0.7 (0.87)/0.22 ± 0.02
(0.97)

0.5 (0.82) only
60%

180 3.8

20 ND/1.1 ± 0.1 (0.87) 5.1 ± 2.1 (0.53)/0.2 ± 0.01
(0.95)

6.2 ± 2.7 (0.59)/0.1 ± 0.02
(0.80)

1.6 (0.99) 90 1.8

40 ND/1.5 ± 0.3 (0.84) 6.0 ± 2.8 (0.52)/0.1 ± 0.01
(0.87)

6.0 ± 2.7 (0.57)/0.1 ± 0.01
(0.92)

4.2 (0.98) 45 0.9

100 NM NM NM 11.6 (0.98) 24 0.4

a Values refer to the attainment of 80% removal of total MCs except for the UVC alone experiment, in which only 60% of total MC removal was
attained. b Accumulative UVC energy required to attain 80% removal of total MCs. Values in parentheses refer to coefficient of determination (R2).
ND = not determined. NM = not measured.
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in distilled water after UVC/S2O8
2− treatment, even when

using a higher oxidant concentration (200 mg L−1) than the
used in the present study.

The UVC/S2O8
2− system was also effective in removing 80%

of the sum of MCs (Fig. 6), but in slightly longer treatment
times than those obtained with UVC/H2O2. This result could be
justified by the use of S2O8

2− in a molar concentration lower
than that of H2O2. Therefore, it is important to stress that
similar treatment time (24 min; 0.4 kJ L−1 accumulated UVC
energy) was required to eliminate 80% of the sum of MCs with
25 mg L−1 UVC/H2O2 and 100 mg L−1 UVC/S2O8

2−, that means
0.73 mmol L−1 and 0.52 mmol L−1, respectively. Starling et al.73

reported an increase in the removal rates for photo-stable
compounds CAF and CBZ in 2 L of a real surface water by
using UVC/S2O8

2− (1 mmol L−1), resulting in more than 90%
degradation with a UVC energy of 5.9 and 11.8 J L−1,
respectively. In contrast, DOC concentration had a very slight
variation throughout the experiments (data not shown), even
when using the higher S2O8

2− concentration (100 mg L−1).
Similar to the UVC/H2O2 process, increase in the oxidant

concentration also increased MC removal rates (k), (Table 3),
achieving 80% of total degradation after 90 min (1.8 kJ L−1

accumulated UVC energy) when using 20 mg L−1 S2O8
2− and

only 24 min (0.4 kJ L−1 accumulated UVC energy) for 100 mg
L−1. This confirms that the generation of SO4˙

− plays a major
role in the degradation of the six MCs; Fig. S5† shows a
linear relationship between the degradation kinetic constants
with the initial concentration of S2O8

2−. In addition, Fig. S6†
shows the degradation profile of each contaminant and the
S2O8

2− consumption for all conditions studied.
Similar evolution curves for pseudo-first-order kinetic

constants for MC removal were obtained compared to H2O2

tests (see Fig. S8, ESI†), confirming that it was not necessary
to check more S2O8

2− concentrations.
As expected, the degradation curves had a similar profile

as UVC/H2O2. No significant increase in the degradation rates
of DCF and SFX were observed; however, TMP was slowly
oxidized with regard to the rest of the MCs, contrary to what
occurred when UVC/H2O2 was applied (see degradation
kinetic constants in Table S4†). This behavior is explained by

the different reaction rates of SO4˙
− with specific functional

groups of organic molecules. Wojnárovits et al.74 reported
that electron-donating substituents increase the rate
constants and electron-withdrawing substituents decrease it.
In this sense, –OR and –NH2 (electron-withdrawing
substituents) present in the molecular structure of TMP affect
the efficiency of SO4˙

− to degrade this compound. ACT also
showed lower kinetic constants due to the effect of these
substituents in its structure (–OH and –NHCOR). Once again,
this confirms the selective character of generated SO4˙

−

species against the non-selective character of HO˙ generated
in UVC/H2O2. As expected, consumption rates increased with
S2O8

2− initial concentration, attaining 0.04, 0.15, and 0.20 mg
S2O8

2− L−1 min−1 for 20, 40 and 100 mg L−1, respectively.

3.4 Preliminary model to determine the maximum yield of
oxidant for UVC-based systems

As reported in this study and in others from the literature,
the UVC/H2O2 and UVC/S2O8

2− processes are very efficient for
removing contaminants in aqueous medium. Nevertheless,
critical oxidant concentrations seem to be attained and
experiments carried out beyond these values are not effective
in oxidizing organic compounds. Distinct critical
concentrations of H2O2 have been reported as the most
suitable since the optimum oxidant concentration is highly
dependent on the nature of the target contaminant, water
matrix, hydrodynamic parameters of the photoreactor, and
power of the UVC lamp.

In Fig. 7a and b, the illumination time required for the
removal of 80% of the sum of MCs is shown to be close to 9
min, remaining constant with the increase in the
concentration of the oxidant used (H2O2 and S2O8

2−).
Moreover, the first-order kinetic constant (k) showed that

adding H2O2 and S2O8
2− above 150 and 200 mg L−1,

respectively, did not produce any enhancement in the
efficiency of the treatment (see Fig. S7 and S8†). This means
that increasing the concentration of the oxidant is not always
linked to a treatment improvement due to the self-scavenging
reactions (see Table S5†).

On the other hand, the optical path length of the photo-
reactor plays an important role in the efficiency of these
processes, determining the amount of generated radicals. In
this sense, the Beer–Lambert law that relates the absorbance
with the optical path length and the oxidant concentration
can be used to determine the most suitable oxidant quantity
for a given photo-reactor setup, as shown in eqn (7):

Ox½ � ¼ A254nm
ε254 nm

(7)

where [Ox] is the oxidant concentration (mg L−1), ε is the
molar absorptivity coefficient of oxidants at 254 nm (mg−1 L
cm−1),  is the optical path length of the photo-reactor (cm),
and A is the absorbance of the solution (including the matrix
effect). Here, A (0.186 measured at 254 nm) and  (2.595 cm,

Fig. 6 Effect of S2O8
2− concentration in the total MC degradation by

UVC/S2O8
2− as a function of treatment time in SMWW secondary

effluent. Dashed line refers to 80% removal of total MCs (
P

Ct/
P

C0).
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see Fig. 1 for further details, as  = rint,C − rint,L) are fixed
parameters and depend on the nature of the oxidant.

Taking these parameters into account, the H2O2

concentration calculated with eqn (7) is 126 mg L−1 (3.70
mmol L−1) using the molar absorptivity coefficient of H2O2 at
254 nm calculated for this system (5.7 × 10−4 mg−1 L cm−1).
This represents a good approximation considering that the
experimental concentration for the UVC/H2O2 process to
attain saturation was 150 mg L−1.

As discussed above, the quantum yield of S2O8
2− is 2.8

times higher than that of H2O2, so the molar concentration
to reach saturation using this oxidant is probably
proportional to this factor or lower, i.e., 1.32 mmol L−1 (or
253 mg of S2O8

2− L−1). The obtained experimental
concentration to attain saturation was 200 mg L−1 (or 1.04
mmol L−1). Additionally, there are many factors to be
considered for modelling these systems, such as secondary
reactions (including self-scavenging reactions), scavengers
present in the matrix, nature of the target contaminants,
etc. Therefore, the objective of this rough study was only to
check the feasibility of a simple equation allowing us to
predict the saturation concentration of the oxidants under

the specific experimental conditions used in this
investigation.

Conclusions

The simultaneous elimination of MCs and E. coli, E. faecalis,
and S. enteritidis bacteria were attained at pilot plant scale by
UVC/H2O2 and UVC/S2O8

2− processes under operation
conditions quite close to actuality. UVC alone was not
suitable due to subsequent bacteria regrowth accompanied
by a very slow and incomplete removal of MCs.

UVC/H2O2 led to a successful bacterial inactivation
(without subsequent regrowth) and a simultaneous
degradation of MCs up to 99%. By adding 25–50 mg L−1

H2O2, 4 log of E. coli, E. faecalis, and S. enteritidis bacterial
inactivation and MC degradation rate higher than 80% were
attained in less than 30 min. In the case of the UVC/S2O8

2−

process, quicker E. coli inactivation was attained due to the
possible reaction of generated SO4˙

− with macromolecules in
the cell wall. However, regrowth of bacteria was not
prevented even when using 50 mg L−1 in the dark, possibly
due to the limitation of S2O8

2− diffusion through the cell
membrane. When using 20–40 mg L−1 S2O8

2−, 4 log of E. coli,
E. faecalis, and S. enteritidis bacterial inactivation was
attained in less than 10 min, but achieving more than 80%
MC degradation took a longer treatment time than in the
UVC/H2O2 process. MCs exhibited removal rates proportional
to the oxidant concentration used both for UVC/H2O2 and for
UVC/S2O8

2−.
The use of a simple model based on the Beer–Lambert law

and taking into account the molar absorptivity of oxidants, as
well as water absorbance (matrix effect) and optical length of
the photo-reactor, enabled estimation of the maximum
concentration of oxidants required to attain maximum
oxidation rates in the specific UVC pilot plant used in this
study. Further improvements, such as scavenging reactions
and water matrix effects, must be considered for a better
understanding of the UVC-based processes. Nevertheless, it
has been demonstrated that UVC/H2O2 and UVC/S2O8

2− are
able to produce an effluent with enough quality to be reused
for several purposes, with agriculture as one of the most
suitable end-uses as it is the highest consumer of freshwater
worldwide. Nevertheless, it is important to highlight that
UVC/S2O8

2− process would need a slight addition of
bactericidal species to avoid bacterial regrowth along water
storage or reclaimed water distribution systems.
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