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are encouraging in terms of possible use of UV-C/FC process as advanced
treatment of urban wastewater even for possible effluent reuse.



*Highlights (for review)

Highlights

e UV-C/FC was effective in the degradation of the target CECs (87%, Quvc=1.33 kJ L")
o (CBZ was the most refractory CEC (49.5 %, after 60 min) to UV-C/FC process

¢ THMs concentration was lower in UV-C/FC than FC process

o THMs increased after FC treatment (up to 48h), while decreased after UV-C/FC

e FC reacts with UV-C to form radicals and it is only partially available to form THMs
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Abstract

The effect of the UV-C/free chlorine (FC) process on the removal of contaminants of
emerging concern (CECs) from real urban wastewater as well as the effect of UV-C
radiation on the formation of trihalomethanes (THMs) compared to FC process alone was
investigated. Unlike of FC process, UV-C/FC was really effective in the degradation of the
target CECs (carbamazepine (CBZ), diclofenac, sulfamethoxazole and imidacloprid) in
real wastewater (87% degradation of total CECs within 60 minutes, Quvc = 1.33 kJ L™,
being CBZ the most refractory one (49.5 %, after 60 min). The UV-C radiation
significantly affected the formation of THMs. THMs concentration (mainly chloroform)
was lower in UV-C/FC process after 30 min treatment (<1 pgL™ = limit of quantification
(LOQ)) than in FC process in dark (2.3 pgL™). Noteworthy, while in FC treated
wastewater chloroform concentration increased after treatment, UV-C/FC process resulted
in a significant decrease (residual concentrations below the LOQ), even after 24h and 48h
post-treatment incubation. The formation of radicals due to UV-C/FC process can reduce
THMs compared to chlorination process, because part of FC reacts with UV-C radiation to
form radicals and it is no longer available to form THMs. These results are encouraging in
terms of possible use of UV-C/FC process as advanced treatment of urban wastewater even

for possible effluent reuse.

Keywords: advanced oxidation processes, contaminants of emerging concern, disinfection

by products, pesticides, pharmaceuticals, wastewater reuse.
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1. Introduction

Urban wastewater treatment plants (UWTPs) are hotspots for the release into the
environment of organic micro-pollutants, including chemicals (such as pharmaceuticals,
personal care products, pesticides, hormones and synthesis products) (Michael et al., 2013;
Schrdder et al., 2016) and biological elements (such as antibiotic resistant bacteria and
genes) (Cacace et al., 2019; Rizzo et al., 2013), also known as contaminants of emerging
concern (CECs). Although chemical CECs are released into surface water at concentrations
in the range of ngL™ - pgL™, they can accumulate into the aquatic environment resulting in
unpredictable chronic toxic effects to humans and ecosystems (Brooks et al., 2009).
Furthermore, higher concern is related to the use of treated wastewater for crop irrigation
because plants can uptake such contaminants (Christou et al., 2019; Ferro et al., 2015) thus
resulting in increasing risk for human health (Kohl et al., 2019; Malchi et al., 2014).
Conventional UWTPs are not designed to remove CECs (Krzeminski et al., 2019) and the
lack of specific regulation, still under discussion at EU level (Rizzo et al., 2018), refrains
managers to upgrade UWTPs. However, some countries such as Switzerland (due to the
implementation of a new Water Protection Act in 2016) and Germany have taken this
problem seriously and are upgrading UWTPs with advanced treatments methods, including
ozonation (O3) and activated carbon adsorption (AC), and specifically designed to remove
CECs (Rizzo et al., 2019b). Although recognized among the best available technologies,
such consolidated methods present some disadvantages including formation of oxidation
by products (O3) and poor disinfection efficiency (AC), respectively, and can require for an
additional post treatment step which will increase the cost (Rizzo et al., 2019b). Other
conventional tertiary treatment methods such as chlorination (Hua et al., 2019), peracetic
acid and UV-C radiation (Rizzo et al., 2019a) are poorly effective in the removal of CECs
and additionally chlorination results in the formation of toxic by-products such as

trihalomethanes (THMSs) (Richardson et al., 2007).
3
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Advanced Oxidation Processes (AOPs) produce radicals species (among which hydroxyl
radicals, HO") that can effectively remove a wide range of CECs and inactivate pathogens,
so they represent a possible alternative to Oz and AC as tertiary treatment method of urban
wastewater. Among AOPs, homogeneous photo driven processes (such as UV/H,0,, and
photo Fenton) are a perspective attractive option (Fiorentino et al., in press; Miralles-
Cuevas et al., 2017). However, taking into account that photo Fenton efficiency is affected
by pH and chelating agents may be necessary to operate at neutral pH conditions (De Luca
et al., 2014; Fiorentino et al., 2018), and UV/H,0, may be not sufficiently effective in the
removal of some CECs (Ferro et al., 2015), the investigation of new photo driven AOPs,
such as UV/free chlorine (FC) process, is attracting increasing interest. In addition to HO’
radicals, UV/FC process can produce chlorine radical ("Cl) (Eq. 1 - 3) (D. Wang et al.,

2012) and secondary radical species such as CIO" (Eq. 4 - 7) (Guo et al., 2018; Hua et al.,

2019):

HOCI + hy — HO" + *Cl (Eq. 1)
OCI'+hv— 'O +CI (Eq. 2)
‘0" + H+ — HO’ (Eq. 3)
HOCI + HO" — CIO" + H,0 (Eq. 4)
OCI" + HO" — CIO" + OH" (Eq. 5)
HOCI + CI'— CIO" + H" + CI (Eq. 6)
OCI" + CI'— CIO" + CI (Eq. 7)
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Radicals formation makes UV-C/FC process more effective than FC in the inactivation of
microorganisms in water systems (Rattanakul and Oguma, 2017; Li et al., 2018; Liu et al.,
2019).

However, the effect of the UV-C/FC process on the removal of CECs from real wastewater
has been poorly investigated so far as well as possible effects of UV-C radiation on the
formation of THMs. This issue is of additional interest taking into account that (i) the
chlorination process is increasingly replaced by alternative disinfection processes in
UWTPs (e.g., peracetic acid and UV-C radiation, respectively) (Antonelli et al., 2013; Di
Cesare et al., 2016; Formisano et al., 2016) because of its toxicity and (ii) THMs are
regulated in treated wastewater to be reused (Italy).

Accordingly, in this study, four CECs (carbamazepine (CBZ), diclofenac (DCF),
sulfamethoxazole (SMX) and imidacloprid (IMD)), were selected as model pollutants to
evaluate the efficiency of UV-C/FC process as tertiary treatment of urban wastewater. The
target micro-contaminants were selected because they are representative of different
groups of CECs (anticonvulsant, analgesic, antibiotic and insecticide, respectively) as well
as because typically detected in water and wastewater (Klavarioti et al., 2009; Petrie et al.,
2014). Moreover, the effect of UV-C radiation on the formation of THMs during and after
the treatment (incubation at 24 and 48h) through the comparison between FC and UV-
C/FC processes was evaluated. Possible reactions that can take place in real urban

wastewater treated by UV-C/FC process are also proposed.
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2. Material and methods

2.1 Chemicals

CBZ, DCF and SMX of high purity grade (>99%) were purchased from Sigma-Aldrich,
while IMD (purity 97.9%) was supplied by Bayer Hispania S.A. (Barcelona, Spain). CECs
aqueous solutions were prepared by simultaneously dissolving CBZ, SMX and DCF in
deionized water at 8 mgL™ each while IMD solution was prepared separately (16 mgL™).
Finally, the respective solutions were added to the target water matrix in proper volumes to
obtain an initial concentration of 200 pgL™. Sodium hypochlorite solution (NaOCI,
Honeywell, 10% w/w) was used as a chlorine source for FC and UV-C/FC tests. Total and
free chlorine reagent powder pillows were purchased from HACH, while sodium
thiosulfate pentahydrate was purchased from MERK. A commercial mix solution
(CRM47904) containing  bromodichloromethane, bromoform, chloroform and
dibromochloromethane (purity >97.1%) at a concentration of 100 ug mL™" in methanol
(MeOH) was obtained from Supelco (Bellefonte, PA, USA). A stock solution (4 pg mL™)
was then prepared from dilution of the commercial mix with MeOH (Chromasolv
Honeywell-Riedel-de Haén, Seelze, Germany) and stored in 4-mL amber bottles at -20 °C;
special attention was put to minimize the headspace to avoid evaporation losses. Once
open, the stock solution aliquots were used for a maximum of 2 weeks and discarded after
this time. A working solution was prepared daily from the stock solution at 1 pg mL™" in
LC-MS water (Chromasolv, Fluka, Steinheim, Germany). Other reagents and materials
needed for sample extraction were methyl-tert-butyl ether (MTBE, Suprasolv, Merck,
Darmstadt, Germany), acetone (Fluka), anhydrous Na,SO, (J.T. Baker, Deventer, The
Netherlands), 0.35-mL glass insert shells (Supelco) and 40-mL clear vials with screw top

caps and PTFE/silicone septa (all from Supelco).
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2.2 Water matrices

Tests were performed using the effluent of the secondary treatment from an UWTP (WW)
and 1/1 diluted wastewater (DWW). Physical-chemical characteristics of the investigated
WW sample are given in the Table SI1 (in supplementary information file). Samples were

collected in amber glass bottles and stored at 4 °C for a maximum of two days.

2.3 UV-C/free chlorine and control experiments

2.3.1 Dark control tests at lab scale

Possible chlorine effects on the degradation of the target CECs were preliminary evaluated
through 60 minute tests under dark conditions. Accordingly, five litre bottles were filled in
with the target water matrix and spiked with the CECs aqueous solutions to achieve the
desired initial concentration (200 pgL™ for each contaminant). The aqueous matrix was
stirred for a few minutes, and a control sample was taken to measure the initial
concentration of the contaminants, just before the proper volume of chlorine solution was
added to achieve 10 mg L™ of initial FC dose. This concentration (i) was selected
according to previous experiments (Cerreta et al., 2019), (ii) it is consistent with chlorine
doses used in UWTPs and (iii) it allows to keep a detectable residual FC at the end of the

process.

2.3.2 UV-C and UV-C/free chlorine tests

UV-C and photo driven AOP tests were performed in recirculation mode in a reactor
equipped with a medium pressure UV-C lamp (peak wavelength at 254 nm and 230 W

power) inside a quartz tube (O.D. = 3.70 cm), axially located in a stainless steel cylindrical

7
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photoreactor (I.D. = 8.89 cm, 6.21 L illuminated volume). The reactor was filled in with
the water sample and the mixture of the four CECs was added at the initial concentration of
200 pgL™ each. The aqueous solution was stirred for 15 minute under dark conditions, the
first water sample was taken and the chlorine solution (10 mg L™ of FC) was spiked in the
reactor. The experiment started after one minute of recirculation, required to warm up the
lamp, and the system was operated at a water flow rate of 46 L min™*, measured by a fixed
controller (ProMinent) located on the back of the reactor. The UV irradiation was
measured (fixed controller by Prominent) in the outer wall of the photoreactor (average
value of 87.7 W m™) during blank experiments. This intensity was used for all the tests.

The cumulative energy was calculated according to Eq.8:

Quvc (k] L) = Dose (Jm™®)-AilV+(m*L ™) (kJ(1000 /)™ (Eq. 8)

where Quvc is the accumulated UV-C energy per L, Dose is the UV-C ultraviolet
irradiation (Wm™) emitted by the lamp multiplied by the illumination time, A; (0.338 m?)

is the irradiated surface, V1 (80 L) is the total volume of the water into the pilot plant.

2.4 Analytical measurements

2.4.1 Chemical-physical measurements

Temperature and pH (which was observed to vary in the range 6.9-7.6) were measured
using a multi parametric sensor GLP22 CRISON. Residual chlorine concentration (free
(HOCI + OCI) and total (free + combined), respectively) was measured by a
spectrophotometer (Model T60U PG Instruments Ltd) through absorbance measurements
at 530 nm, according to HACH procedure (equivalent to USEPA and Standard Method

4500-CI G for drinking water and wastewater). Depending on the measurement, a total or
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free chlorine powder pillow (HACH) was added to 25 mL of water sample and swirled for

20 seconds.

2.4.2 Measurements of contaminants of emerging concern

CECs concentrations were measured by an ultra-performance liquid chromatography
(UPLC) instrument (Agilent Technologies, series 1260) equipped with a with DAD (Diode
Array Detector) and a ZORBAX Eclipse XDB C18 analytical column. The samples (9 mL)
were filtered through a 0.22-pum PTFE filter, which was subsequently washed with 1 mL of
ACN mixed with the filtered water sample to remove possible adsorbed compounds. 100
uL of the filtered samples were injected in the UPLC. The measurements were performed
using the following conditions: (i) 90% of 25 mM formic acid solution and 10% of ACN
and a linear gradient till to 100% of ACN in 12 min; (ii) 2 min re-equilibration time with a
flow rate of 1 mLmin™' to get the initial condition (90:10 v/v). Retention time, limit of
quantification (LOQ), limit of detection (LOD) and maximum absorption for the CECs are

shown in Table S12 (in supplementary information file).

2.4.3 Measurement of trihalomethanes

1 mL of sodium thiosulfate pentahydrate (20 mgL™) was added to 125 mL samples, just
after sampling to quench residual chlorine. An Agilent GC system 7890B (Agilent
Technologies, Palo Alto, CA, USA) was interfaced to an Agilent quadrupole analyzer
5977A. Samples were injected (2 puL) with a 10-pL syringe through an autosampler MPS
from Gerstel (Milheim an der Ruhr, Germany). An HP-5MS Ul capillary column (30 m x
0.25 mm i.d x 0.25 pm film thickness) was used for the chromatographic separation. The

carrier gas was helium (99.9999%) at 1 mL min~' (constant flow). The GC separation was
9
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based on previously reported conditions (Nikolaou et al., 2005, 2002): the injector
temperature was fixed at 175 °C (constant); the split ratio was set at 10:1; a septum purge
flow of 3 mL min™ was applied. The following column oven program was used: 39 °C
(hold 6 min) — 54 °C (3 °C min™*) — 300 °C (100 °C min™, hold 4 min). The Q analyzer
operated in electron ionization at 70 eV and using the selected ion monitoring mode (SI1M).
The temperatures of the transfer line and ionization source were 300 °C and 280 °C,
respectively. A 2-min solvent delay was applied. The total acquisition time was divided
into 4 acquisition segments; the MS parameters of each analyte are specified in Table SI3.
The total running time was 17.46 min. The GC-MS system was controlled, and data was

collected using Mass Hunter GC/MS acquisition software.

The extraction procedure was based on the official EPA Method 551.1 (Hodgeson et al.,
1995) and the validated method reported by Nikolaou et al. (2005). Briefly, 35 mL of water
were put into a 40-mL glass vial which was immediately closed. 2 g of Na,SO, was added
to the vial and gently stirred, avoiding the formation of bubbles. After this, 2 mL of MTBE
were put into the vial and it was shaken vigorously and consistently by hand for 1 min. The
vials were left for 2 min to allow the separation of the water and MTBE phases. Then,
approximately 200 uL were transferred with a Pasteur pipette into a glass insert placed in a

2-mL glass vial which was closed immediately.

A calibration set was prepared in 40-ml vials considering a final volume of 35 mL (equal
to the real sample volume), using LC-MS water. The concentration of the standards was
0.6, 1, 2.5, 5, 10 and 25 pg L™ of each analyte. Tap water as control sample and a reagent
blank were used for daily quality control. As acceptability criterion for routine analysis,
linearity was considered adequate when the determination coefficients (R?) were > 0.9800.
LOQs were set at 1 pg L™ (in sample) for all the target THMSs. All glassware was
previously washed with water and detergent, rinsed with tap water, LC-MS water and

10
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acetone and put into an oven at 70 °C for 1 h. Open and clean glassware was capped with

aluminum foil.

3. Results and discussion

3.1 Free chlorine Vs UV-C/free chlorine process: effect on free chlorine consumption

The effect of FC and UV-C/FC processes on FC consumption was observed in WW using
10 mgL™ of chlorine (Figure 1). After 60 minutes of treatment, residual FC was 5.8 mgL™
and 1.7 mgL™ using chlorination alone and UV-C/FC processes, respectively (Quvc= 1.33

kJ LY.

Figure 1

As chlorine is added to natural water or wastewater, the reactions occurring between

chlorine and water constituents can be described by the following general relationship:
Chlorine demand = chlorine dose — residual chlorine

where chlorine dose is the chlorine added to the aqueous matrix, residual chlorine is the
chlorine concentration measured after a given contact time and chlorine demand is the
result of the reactions in which the chlorine dose is consumed by organic (TOC) and
inorganic compounds occurring in the agueous matrix. Those with metals (e.g., iron and
manganese) and nitrogen compounds (namely NO, and NH3) are relevant among the
reactions involving chlorine and inorganic species (Snoeyink and Jenkins, 1980). In

particular, the reaction between HOCI and NH; results in the formation of chloramines

11
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(combined residual chlorine). The higher FC consumption during UV-C/FC process could
be attributed to the generation of radicals from chlorine photolysis, according to Eqg.1-7
(Fang et al., 2014; Guo et al., 2018; Hua et al., 2019; D. Wang et al., 2012; R. Yin et al.,
2018). Faster chlorine decay with the UV-C/FC process was observed in a recent study
(Hua et al., 2019) (Wang et al., 2019) at an initial chlorine concentration lower than 10
mgL™? and low UV dose, which is consistent with previous studies (Wang et al., 2015;

Watts and Linden, 2007).

3.2 Free chlorine Vs UV-C/ Free chlorine process: effect of UV-C radiation on the removal

of contaminants of emerging concern

The effect of UV-C/FC process on CECs degradation was evaluated using 10 mgL™ of FC
in WW. CECs concentration was quite stable under dark conditions (residual FC=5.8 mgL"
1) (Figure 2a), while 87% of CECs degradation was reached after 60 minutes of UV-C/FC

treatment (Quvc = 1.33 kJ L™%; residual FC= 1.7 mgL™).

Figure 2

UV-C/FC process resulted in 90% degradation of DCF, SMX and IMD after 12, 25 and 30
minutes treatment (Figure SI1-Figure SI4) (Quvc = 0.27; 0.56; 0.67 kJ L™, respectively)
(Figure 2b). A lower degradation was observed for CBZ (49.5 %, after 60 min and 1.33 kJ
LY. Control tests using UV-C radiation as standalone process were performed in our
previous work in natural water, during 120 minutes (Cerreta et al., 2019). UV-C radiation

significantly affected CECs removal (77% degradation with a Quvc of 2.67 kJ L™Y). In
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particular IMD and SMX were completely degraded after 30 minutes, while 45 minutes
needed for DCF; on the opposite, CBZ was poorly degraded (only 14% of removal after

120 min).

The effect of chlorination process on CECs has been investigated in previous studies. CBZ
was poorly degraded (5.5%) within 5 min, using similar chlorine dosages (Wang et al.,
2016). This result is consistent with that one observed in a previous work (6 mg L™ of
chlorine, 15 min treatment in tap water spiked with 100 mg L™ of citric acid to enrich
DOC), where DCF (30%) and SMX (100%) degradations were also investigated (Sichel et
al., 2011). IMD also showed a low reactivity in WW with 20 mgL™ of chlorine (Chen et

al., 2018).

The UV-C/FC process has been investigated and found to be effective in the degradation of
CECs (Feng et al., 2007; Jin et al., 2011; Sichel et al., 2011; Watts and Linden, 2007) and
HOe¢ and reactive chlorine species (RCS) have been found to contribute to their
degradation (Fang et al., 2014; Wang et al., 2016; Wu et al., 2016). More specifically, CBZ
was efficiently degraded by UV-C/FC in wastewater, but the occurrence of competing
organic (e.g., NOM) and inorganic substances decreased CBZ degradation rates compared
to deionized water matrix (Wang et al., 2016). NOM can absorb UV light, thus reducing
the rate of ‘OH and 'Cl production, but it can also act as radicals scavenger (Fang et al.,
2014; Zhou et al., 2016). An enhanced degradation of IMD by UV-C/FC process (20 mg L
! of chlorine and LP Hg lamps) compared to UV-C process alone was also observed in a

previous study (Chen et al., 2018).
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3.2.1 Effect of water matrix

When WW sample was diluted in 1:1 ratio with deionized water, no particular water
matrix effect was observed on CECs removal when chlorination process (10 mg L™, 60
min treatment) was tested (Figure 3). However, when UV-C/FC process was investigated
in DWW, a difference in the degradation rates of the target CECs compared to WW matrix
was observed (Figure SI1-Sl4), in particular for CBZ (71% degradation in DWW Vs
49.5% in WW after 60 minutes of treatment, Quvc = 1.33, Figure 3). CECs degradation by
UV-C/FC process was slower in WW compared to DWW, possibly because of a lower
formation of radicals in WW matrix due to both (i) the faster FC consumption because of
the higher oxidant demand and (ii) the less effective UV-C light penetration compared to

DWW matrix.

Figure 3

When the effect of UV-C/FC process on CECs was investigated in WW and deionized
aqueous solutions in previous works, a water matrix effect was observed. Consistently with
our results, UV-C/FC process could efficiently degrade CBZ in WW, although the
degradation was reduced by about 30% compared with that in deionized water (Wang et
al., 2016). SMX and DCF were also effectively degraded by UV-C/FC process in different
water matrices with increased organic load and similar FC doses (Sichel et al., 2011).
Differently, but consistently with our results, a worsening of IMD removal by UV-C/FC
process using complex water matrices (20 mgL™ of chlorine), was observed in a previuos

study (K. Yin et al., 2018).
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3.3 Free chlorine Vs UV-C/ Free chlorine process: effect of UV-C radiation on

trihalomethanes

THMs are potential carcinogenic organohalogenated compounds (the respective cancer
descriptors according to United States Environmental protection Agency (EPA, 2018) are
given in Table SlI4) resulting from the reaction among FC, bromide and natural organic
matter (NOM), which have been detected the first time in chlorinated water in the early
“70s (Bellar et al., 1974; Rook, 1974). The THMs include chloroform (CLF),
dichlorobromomethane (DCBM), dibromochloromethane (DBCM), and bromoform

(BRF).

The effect of UV-C radiation on the formation of chloroform can be observed from figure
4. In chlorinated WW under dark conditions, a CLF concentration of 2.3 pgL™ was
measured after 60 minutes, while 90% degradation was observed after 30 minutes of UV-
C/FC treatment (Quvc = 0.66 kJ L™). Only CLF and DCBM (below the LOQ and just for
FC tests) were detected, the concentration of the other two THMs being zero in all samples
(Table SI5). The formation of THMs in chlorinated WW has received far less attention
(Matamoros et al., 2007; Sun et al., 2009) than chlorination of drinking water (Gallard and
Von Gunten, 2002; Gao et al., 2019; Hua and Reckhow, 2007; Reckhow et al., 1990;
Richardson et al., 2007) and the effect UV-C radiation on the formation of THMs during
the removal of CECs from real wastewater by UV-C/FC process has not yet been

investigated to our knowledge.

Figure 4

15



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

The possible reactions occurring in UV-C/FC treated real WW are summarized in the
scheme proposed in figure 5. According to the discussion in the previous paragraphs, the
reaction between FC, organic matter (TOC) and bromide (Br-) results in the formation of
THMs (1). However, the formation of radicals due to UV-C/FC process (2) can decrease
THMs presence (3) compared to chlorination process alone because part of FC reacts with
UV-C radiation to form radicals and it is no longer available to form THMs, and radicals
can also degrade THMs. Moreover, THMs can also be reduced by volatilization (mainly
chloroform) (Table SI4) (4). Radicals degrade the target CECs (5) but are also scavenged
by TOC and other substances (including carbonates and salts) (6). FC is also consumed by
the oxidation of metals and nitrogen compounds (7). Finally TOC can absorb UV-C

radiation (8).

Figure 5

3.3.1 Post-treatment incubation: effect on trihalomethanes formation

Typically, in WW reuse practice, treated effluent is stored for some hours/days in a tank to
be used for crop irrigation as necessary. However, residual FC will keep reacting with
substances in WW during storing and THMs are expected to form as well. Therefore, in
order to investigate possible formation of THMs during treated WW storage, THMs were

measured even after incubation for 24h and 48h, respectively (Figure 6).

Figure 6
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The formation of THMs were close to the detection limit but for chloroform, which
concentration was finally plotted in figure 6 (the concentrations of the THMs measured in
WW tests are given in Table SI5). After 60 minutes of FC treatment, 1.69 and 1.86 pgL™
of CLF were formed in DWW and WW, respectively. Furthermore, after the incubation at
24 and 48 h, CLF concentration increased. More specifically, 3.73 and 6.24 ugL™* CLF
concentrations were observed after 24h in DWW and WW respectively, while after 48 h
CLF concentration was 4.84 pgL™ in DWW and 852 pgL™ in WW. The initial
concentration of CLF just after UV-C/FC process (60 minutes treatment), was significantly
lower (below LOQ for both DWW and WW) than FC process, and it remained below the
LOQ even after 24 and 48 h of incubation, in both (DWW and WW) samples. It is worthy
to note that, while the other THMs were not detected in UV-C/FC treated WW samples,
even after 24 and 48 h of incubation, they were detected in FC tests (Table SI5). In
particular, DCBM, which was under the LOQ after 60 minute FC treatment, increased up
to 1.7 and 2.82 ugL™ after 24 and 48 h, respectively. DBCM was not detected during FC
tests, but 1.07 pgL™ were measured after 48 h incubation. Finally, BRF was also detected

after 48 h, even if at a concentration below the LOQ.

In a previous work, the synergistic effect of the sequential use of UV irradiation and
chlorine to disinfect reclaimed water was investigated in terms of bacteria inactivation and
formation of THMs (X. Wang et al., 2012). The authors observed results consistent with
those achieved in our work. As matter of fact, the concentration of THMs in pre-
chlorinated wastewater was 16.0 ng L™ and decreased to 14.9 pg L™ after UV-C
irradiation (11 W low-pressure lamp, 15 mJ cm™). In another study the authors also
observed an increase in the THMs concentration during chlorination as the contact time
increased from 30 min to 210 min (EI-Dib and Ali, 1995), and THMs formation continued
even in the post- treatment, consistently with our results.
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4. Conclusions

Unlike of FC process, UV-C/FC was really effective in the degradation of the target CECs
in WW. High degradation (90%) of DCF, SMX and IMD after 12, 25 and 30 minutes
treatment, respectively (Quvc 0.44, 0.56 and 0.67 kJ L™, respectively) where achieved,

while a lower degradation rate was observed for CBZ (49.5%, after 60 min and 1.33 kJ L
l).

As THMs formation is of concern, their concentration (mainly chloroform) remained
below the limit set by Italian regulation for wastewater reuse for both treatments (FC and
UV-C/FC processes) even after 24h and 48h of post-treatment incubation. Most important,
while in FC treated WW (and DWW) chloroform concentration increased after treatment,
UV-C/FC process resulted in a significant decrease (residual concentrations below the
LOQ) even after 24h and 48h compared to FC. These results are encouraging in terms of
possible use of UV-C/FC process as advanced treatment of urban wastewater even for

possible effluent reuse.
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Figure 1: FC consumption in WW during FC and UV-C/FC process with an initial FC dose of 10 mgL"l.
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Figure 2: Effect of UV-C and UV-C/FC (10 mgL™ of FC) processes on the removal of total CECs (a) and effect
of UV-C/FC process on the removal of each CEC (b).
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Figure 3: Effect of water matrix (DWW Vs. WW) on CECs degradation after 60 minutes treatment

by FC and UV-C/FC processes with 10 mgL™ of FC.
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Figure 4: Effect of UV-C radiation on chloroform in WW during UV-C/FC process (10 mgL™ of FC).
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Figure 5: possible reactions can take place in real urban wastewater treated by UV-C/FC process.
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Figure 6: chloroform formation after FC and UV-C/FC treatment, respectively: comparison between the end
of the treatment (60 min) and 24h and 48h post-treatment incubation.
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