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• An innovative UV-LED reactor at
285 nmwas used to study the UV/Chlo-
rine process.

• At 285 nm and pH 7.9–8.2 there was no
significant increase in THM or HAA for-
mation.

• In the presence of bromide, at 285 nm
and pH 7.9 bromate formation was ob-
served.

• GAC adsorption after UV/Chlorine treat-
ment mitigated DBP formation.

• A compromise is needed between pH
and Cl2 to remove pesticides and mini-
mise DBPs.
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The UV/Chlorine process has gained attention in recent years due to the high quantum yield and absorbance of the
chlorine species. However, there are still many unknowns around its application as a treatment for drinking water.
The potential for the formation of disinfection by-products (DBPs) is one of them. There are no studies reporting on
the formation of trihalomethanes (THMs) or haloacetic acids (HAAs) in complex matrices, such as real source wa-
ters, at UV wavelengths tailored to the UV/Chlorine process, which has been possible thanks to the development
of light emitting diodes (LEDs). In addition, consideration of mitigation measures that might be needed after UV/
Chlorine treatment for full scale application have not been previously reported. Specifically, the novelty of this
work resides in the use of an innovative reactor using UV-LEDs emitting at 285 nm for the removal of three pesti-
cides (metaldehyde, carbetamide and mecoprop), the evaluation of THM, HAA and bromate formation in real
water sources by UV/Chlorine treatment and the mitigation effect of subsequent GAC treatment. A new parameter,
the applied optical dose (AOD), has been defined for UV reactors, such as the one in the present study, where the
irradiated volume is non-uniform. The results showed the feasibility of using the UV/Chlorine processwith LEDs, al-
thougha compromise is neededbetweenpHand chlorine concentration to removepesticideswhileminimisingDBP
formation. Overall, theUV/Chlorine process did not significantly increase THMorHAA formation at pH7.9–8.2 at the
studied wavelength. At acidic pH, however, THM formation potential increased up to 30% after UV/Chlorine treat-
ment with concentrations up to 60 μg/L. HAA formation potential increased between 100 and 180%, although con-
centrations never exceeded 35 μg/L. In all cases, GAC treatment mitigated DBP formation, reducing THM formation
potential to concentrations between 3 and 16 μg/L, and HAA formation potential between 4 and 30 μg/L.
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1. Introduction
Advanced oxidation processes (AOPs) have been widely reported in
the literature as effective treatments to remove persistent
micropollutants from water (Miklos et al., 2018; Oturan and Aaron,
2014). The most common AOP used at large scale in water treatment
works (WTWs) is UV/H2O2, typically run with low or medium pressure
lamps. However, UV-AOPs are often associated with high operating
costs, as the UV doses required for micropollutants degradation are at
least 10 times higher than those used for UV disinfection (Collins and
Bolton, 2016).

UV light emitting diodes (LEDs) first emerged at the beginning of the
21st century as an exciting technology offering significant opportunities
for AOPs applications andwater treatment. LEDs allow formore flexibil-
ity towards reactor configuration and predicted low costs (Taghipour
and Oguma, 2019). An advantage of LEDs is that they can be developed
to emit light over a range of specific wavelengths, such that different
pollutants, micro-organisms and oxidants can be targeted. However, it
should be born in mind that the available photonic output decreases
at lower wavelengths, particularly moving towards the UVC spectral
range (200–280 nm) (Beck, 2018). This directly affects AOPs such as
UV/H2O2 or UV/Persulphate, where the absorption spectrum of the ox-
idants increases towards shorterwavelengths in theUVC spectral range,
and thus LED-based application will need to wait until LEDs in the UVC
spectrum further develop.

The UV/Chlorine process has gained attention in recent years. It is
often compared to the UV/H2O2 process because of its high quantum
yield and higher absorbance (Goldstein et al., 2007; Remucal and
Manley, 2016). Studies showbetter performance than theUV/H2O2 pro-
cess under mildly acidic conditions for the removal of some
micropollutants (Yang et al., 2016), with the additional advantage that
it can be operated at higher wavelengths than the UV/H2O2 process.
However, it is a complex process, not yet fully understood, partly arising
from the fact that aqueous chlorine species are pH dependent and have
different light absorption properties (Jin et al., 2011). Nevertheless, the
use of chlorine presents certain advantages to hydrogen peroxide. It is a
commonly used chemical for disinfection in drinking water treatment,
and it is considered safe in its hypochlorite form. Furthermore, it can
be economically more viable than the UV/H2O2 process because of its
lower cost, the potential for lower concentrations required and, thus,
the reduction in storage space (Wang et al., 2019).

There are still many unknowns around the application of the UV/
Chlorine process as treatment for drinking water. For example, the po-
tential for the formation of disinfection by-products (DBPs) from the re-
action between chlorine1 and organic matter. Some research has been
published on the formation of trihalomethanes (THMs) or haloacetic
acids (HAAs) after UV/Chlorine treatment with low and medium pres-
sure lamps (Reckhow et al., 2010; Wang et al., 2015; Yang et al., 2016;
Zhang et al., 2015; Zhou et al., 2016). However, there is only one study
reporting on THM or HAA formation for synthetic water at tailored
wavelengths more specific to the UV/Chlorine process such as 285 nm,
which is close to one of the maximum absorption peaks for chlorine
(292 nm) (Gao et al., 2019). They reported the increased formation of
THMs and HAAs after UV/Chlorine treatment at 254, 275 and 310 nm.
However, this study was carried out in a controlled system with
humic acids in ultrapure water using a semi-collimated beam appara-
tus. However, different organic compounds and the presence of alkalin-
ity and other ions can affect the efficiency of the UV/Chlorine process.
The wavelength may not only have an impact on the efficiency of an
AOP, but also on the organic by-products formed during treatment.
These organic by-products have the potential to form other DBPs.
Thus, thewavelength usedmay have an impact on the type and concen-
tration of DBPs formed. Therefore, further research is needed to
1 Here and elsewhere, when we state “chlorine”, we mean “active” or “free” chlorine.
understand the impact of the UV/Chlorine process on DBPs at wave-
lengths specific to this process in more complex water matrices. In the
case of inorganic DBPs, the formation of bromate when using the UV/
Chlorine process in bromide-rich waters with low, and the use of me-
dium pressure lamps has also been reported, identifying a possible
risk of the process through formation of bromate (De Laat and Stefan,
2018; Fang et al., 2017), outlining the need of further research on this
topic. In addition, wider considerations for large scale application of
the UV/Chlorine process have yet to be answered. In particular, GAC
treatment after oxidation processes is common practice in the UK, but
the benefit of GAC adsorption after the UV/Chlorine process to help con-
trol DBPs is still unknown.

The aim of this research was therefore to determine the effective-
ness of the UV/Chlorine process for the degradation of pesticides in
real source waters while also considering the wider water quality im-
pact of the process. The novelty of this work resides in the use of a
novel bench-scale UV-LED reactor emitting at 285 nm for the removal
of three pesticides (metaldehyde, carbetamide and mecoprop), which
have been widely reported in water bodies in the UK at concentrations
of ng/L (DWI, 2017). For the first time the impact of the UV/Chlorine
process on DBP formation (THMs, HAAs and bromate) at 285 nm in
real sourcewaters is reported aswell as the impact of having GAC treat-
ment after the UV/Chlorine process.

2. Materials and methods

2.1. Chemicals

Metaldehyde (99+% purity) was obtained from Acros. Carbetamide
and mecoprop (99+% purity) were obtained from Sigma Aldrich.
Purelab Option-S7/15 system (Elga process water, Buckinghamshire,
UK) supplied the ultra-pure water.

Sodium hypochlorite (NaClO) 13%, and methanol (HPLC grade) and
ammonium formate (99+% purity) used for the mobile phases were
provided by Fisher Scientific. Samples were quenched using sodium
thiosulphate (Na2S2O3, 99% purity) also provided by Fisher Scientific.
For THM determination, potassium dihydrogenphosphate (KH2PO4)
and disodium hydrogenphosphate (Na2HPO4) were obtained from
Acros. Sodium sulphite (Na2SO3, 99+% purity) and sodium sulphate
(Na2SO4, 99+% purity) were provided by Fisher Scientific. 1,2,3
Trichloropropane, 1,4 bromofluorobenzene, THM calibration mix (EPA
501/601 chloroform, bromodichloromethane chlorodibromomethane
and bromoform, compound at 2.0mg/mL inmethanol), HAA calibration
mix (EPA 552.2 monochloroacetic acid, dichloroacetic acid, trichloro-
acetic acid, chlorobromo acetic acid, dichlorobromo acetic acid,
chlorodibromo acetic acid, monobromo acetic acid, dibromo acetic
acid and tribromo acetic acid each compound at 2.0 mg/mL concentra-
tion in methyl tert-butyl ether) and methyl tert-butyl ether (HPLC
grade) were obtained from Sigma Aldrich. Sulphuric acid (H2SO4) and
sodium hydroxide (NaOH, laboratory grade) were obtained from Acros.

2.2. Physicochemical water properties

The experimental work was undertaken using water samples from
three different WTWs in the UK. Water samples were taken from a
point in the process where an AOP would typically be applied, usually
after clarification and rapid gravity filtration or ultrafiltration. WTW A
abstracts water directly from a river catchment; WTW B abstracts
water from a canal with a blend from three rivers; andWTWC abstracts
water from a large surface water reservoir. Samples from WTW A have
been called “source A” and were taken after ultrafiltration (UF) mem-
brane treatment, which is preceded by roughing granular activated car-
bon (GAC) treatment. Samples from WTWs B and C have been called
“sources B and C” and were taken after rapid gravity filter treatment,
which is preceded by pre-ozonation and clarification (there is no UF
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or other membrane treatment in these WTWs). The physicochemical
properties of the three sources are shown in Table 1.

2.3. UV/Chlorine experimental procedure

The experiments were carried out in an innovative single-
wavelength LED reactor patented by Typhon Treatment Systems
(Macnulty, 2019). The reactor consisted of a 30 mm internal diameter
quartz cylinder with two rings of 20 LEDs (one ring on top of the
other) (Fig. 1). In contrast to other bench scale systems such as colli-
mated beam apparatus or annular reactors, the LED arrays are set
around the reactor, not on top or in the centre (Fig. 1), resulting in a ra-
dial UV distributionwith the UV beams focused into the centre. This de-
sign is based on Typhon Treatment Systems patented system
(Macnulty, 2019) and differs from conventional bench scale designs
such as collimated beam devices where the LEDs or lamps are placed
on top of the reactor, or annular reactors where the lamps are placed
in the centre of the reactor. Each LED has a photonic output of
100 mW emitting at 285 nm, and a total reactor volume of 3.15 L. The
use of 285 nmwas selected because it is close to the maximum absorp-
tion peak of the hypochlorite ion, but so far no studies report on its im-
pact on DBP formation potential after UV/Chlorine treatment. To
prevent the LED chips from overheating, the reactor included a cooling
system. The irradiation time was controlled through software linked to
the LED performance. This reactor has the same light diffusion proper-
ties as the full scale configuration, including identical reactor material
and diameter, LEDs and disposition, enabling laboratory and full scale
results to be.

Water samples were spiked so that the initial concentration of each
pesticide (metaldehyde, carbetamide and mecoprop) was 300 ng/L.
After collecting the samples from the different WTWs, samples were
analysed for pesticide content and they were always found below
100 ng/L. Then the samples were topped up with pesticide to achieve
300 ng/L andmeasured again before the experiments to confirm the ini-
tial concentration. These pesticides are usually present in the sources
under study. The pH was adjusted using sulphuric acid, and chlorine
was added as sodium hypochlorite at the beginning of each experiment
in one single dose or in sequential doses. The single chlorine concentra-
tions testedwere 1, 2, 4, and6mg/L at different pH values (Table 2). This
concentration range has been reported as the values expected at a larger
scale (Wang et al., 2015). Experiments with sequential chlorine doses
(in lieu of one single chlorine addition) were carried out with 2 mg/L
of chlorine added every 5 min. The sequential doses evaluated were
2 mg/L chlorine added three times or ten times. All experiments were
carried out in duplicatewith anexperimental error below7% in all cases.

In collimated beam tests where UV light is above the surface of the
reactor, the light beams can be assumed to be parallel to each other
and perpendicular to the irradiated surface. In this work, the light
beams are in radial distribution, and merging in the centre of the reac-
tor. Therefore, the reactor cannot be characterised by means of UV
fluence (mJ/cm2) as the irradiated volume is a non-uniform 3-
Table 1
Physicochemical properties of sources A, B and C.

Parameters Source A Source B Source C

pH 7.9 8.0 8.2
Alkalinity (mg/L as CaCO3) 145 202 174
Chloride (mg/L) 85 82 95
DOCa (mg/L) 2.4 5.2 5.5
Bromate (μg/L) b0.35 b0.35 0.90
Bromide (μg/L) 215 114 153
UVT254b (%) 92 79 87

a Dissolved organic carbon.
b Ultraviolet transmittance at 254 nm.
dimensional space and UV dose derived from actinometry is not appro-
priate. The use of accumulated UV dose (accumulatedmJ) would not be
appropriate either because of light distribution differences. Due to the
complexity of the UV distribution in the reactor, and the fact that it is
non-uniform, the experimental data have been expressed as a function
of the applied optical dose (AOD) (units J/L), defined as the optical en-
ergy applied to the system over time and relative to the reactor volume.
For example, the optical power output for each UV-LED is 100 mW;
hence the total optical power output for 40 UV-LEDs is 4.0 W. The vol-
ume is 3.15 L, so the AOD= [exposure time (s) ∗ 4.0W] / 3.15 L. Exper-
imental samples were taken at times 0, 1, 2, 5, 10, 15 and min,
equivalent to an AOD of 76, 152, 381, 762, 1143, 2286 J/L, respectively.
For the sequential chlorine dosage tests, chlorine was added after 0,
380 and 760 J/L for the three sequential doses; and after 0, 380, 760,
1140, 1520, 1900, 2280, 2660,3040, 3420 J/L for the ten chlorine se-
quential doses. The samples were filtered with 0.45 μm Millipore® fil-
ters with membranes made of mixed cellulose esters and quenched
with sodium thiosulphate. Blank tests with chlorine only and UV pho-
tolysis were also carried out.

2.4. Disinfection by-product formation, GAC adsorption and final disinfec-
tion tests

The formation of DBPs before and after the UV/Chlorine process was
monitored, using the optimum conditions (chlorine concentration and
pH) for pesticide removal, based on the results from the experimental
plan described in Section 2.3. Samples were quenched and analysed
for THMs,HAAs and bromate. Sampleswere quenchedwith ammonium
chloride prior to HAA analysis and with sodium sulphite for THM and
bromate analysis.

In theUK, an oxidation process, such as ozonation or AOP, is typically
followed by GAC adsorption prior to final disinfection. To understand
how DBPs change after the UV/Chlorine process and subsequent treat-
ment, the AOP treated water was passed through GAC adsorption col-
umns and then disinfection was mimicked with an additional chlorine
dose (Fig. 1). AOP samples treated with 380 J/L were run through GAC
treatment. The GAC column was filled with a ground GAC sample
taken from one of the WTW. The sample was GAC Norit 1240 W with
an iodine number of 975, 1100 m2/g total surface area, 420 kg/m3 ap-
parent density, 0.6–0.7 effective size D10 and uniformity coefficient of
1.7 as provided by the supplier. The columns were set to achieve an
empty bed contact time (EBCT) of 20 min, which was the contact time
used on site. For the final disinfection simulation, 1 mg/L chlorine was
added to the GAC treated samples, with a contact time of 30 min.
These samples were compared to “untreated water” samples taken
prior to AOP treatment.

2.5. Chemical analysis

The dissolved organic carbon (DOC) concentrationwasmeasured by
a Shimadzu TOC-V analyser as non-purgeable organic carbon (NPOC).
All samples were acidified in the instrument with 2 M HCl and purged
with carbon-free air to remove inorganic carbon (carbonates and bicar-
bonates). Themethod usedwas calibrated to measure the DOC concen-
tration in the 1–10 mg/L range. Chlorine was measured by using a
portable Hach pocket colorimeter, with DPD reagent for analysis of
free chlorine. Nitrate, phosphate, and chloride were analysed with ion
chromatography. Ions were analysed by a Dionex®-ICS 1600 anion
chromatograph with 2 mM sodium carbonate as the eluent. The injec-
tion volume was 50 μL. Flow was set to 1 mL/min and column temper-
ature was kept constant at 35 °C. Bromide and bromate were analysed
by an external laboratory by ion chromatographywith an elution gradi-
ent with a limit of quantification of 0.35 μg/L. Pesticides were analysed
using LC-MSMS using a method published elsewhere (Ramos et al.,
2019). A Kinetex C18 column (5 μm 150 × 2.1154 mm, Phenomenex,
UK) thermostated at 60 °C was used for chromatographic separation.



Fig. 1. Diagram of top view of the UV-LED reactor and UV light distribution (a) and experimental set up (b).
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The flow rate was 0.3 mL/min and the injection volume was 50 μL. The
mobile phase consisted of ultrapure water with 0.1% acetic acid and
methanol with 0.1% acetic acid. The elution started at 10% B andwas lin-
early increased to 98% over 12 min, then maintained for 3 min before
returning to the initial composition. The total time of analysis per sam-
ple was 18 min. The limits of quantification for metaldehyde,
carbetamide and mecoprop were 0.01 μg/L, 0.01 μg/L and 0.05 μg/L,
respectively.

THMs and HAAs were analysed in an Agilent GC-ECD 6890 with a
capillary column (Phenomenex 30 m × 0.25 mm × 0.25 μm), following
a modified extraction of USEPA methods published elsewhere (Goslan,
2003; Bougeard et al., 2010).
Table 2
Operational conditions used for the UV/Chlorine experiments.

Chlorine (mg/L) pH

5.1 5.5 6

1
✓

2
✓

3
✓

4
✓ ✓ ✓

6
✓

a Natural pH refers to the unmodified pH of the water samples (pH 7.9 for source A; pH 8 fo
3. Results and discussion

3.1. Pesticide degradation

Higher pesticide removal was observed in source A, followed by
sources C and B for a given pH value (Figs. 2 and 3). Source A was
taken from the outlet of UF membrane treatment, which resulted in
higher UVT (92%) than sources B (79%) and C (87%), where samples
were taken from rapid gravity filters (Section 2). Source A also had
lower alkalinity andDOC (Table 1). It is known that carbonate and bicar-
bonate react with hydroxyl radicals, forming carbonate radicals, which
are selective and less reactive than hydroxyl radicals (Busset et al.,
6.5 7 7.5 Natural pHa

✓ ✓

✓ ✓

✓ ✓

✓ ✓ ✓ ✓

✓ ✓

r source B; and pH 8.2 for source C).



Fig. 2.Metaldehyde degradation using a chlorine dose of 4 mg/L at different pH values for
sourcesA, B andC.Natural pH refers to theunmodifiedpHof thewater samples (pH7.9 for
source A; pH 8 for source B; and pH 8.2 for source C).

Fig. 3. Carbetamide degradation using chlorine dose of 4 mg/L at different pH values for
the sources A, B and C. Natural pH refers to the unmodified pH of the water samples
(pH 7.9 for source A; pH 8 for source B; and pH 8.2 for source C).
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2007). Sulphate concentrations were similar in the three sources (ca
115 mg/L).

The pH had a significant impact on the degradation rates for both
metaldehyde and carbetamide (Figs. 2 and 3). The conditions tested in-
cluded a range of pH values between 5.1 and 8.2. The lower the pH, the
higher the degradation rate of the pesticides. For pH 5.1, metaldehyde
was degraded by 80%, 42% and 60% for sources A, B and C, respectively.
At natural pH (pH 7.2–8.2),metaldehyde removal reached 18%, 16% and
7%, for sources A, B and C. In sources A and C, a plateau was achieved
after 400 J/L, after which chlorine concentration was consumed. For
source B, chlorine degradation was slower arising from the physico-
chemical properties of the water (lower UVT) and the plateau was
achieved at an AOD of 1200 J/L when the chlorinewas consumed. Previ-
ous work from Jefferson et al. (2016) investigated the degradation of
metaldehyde by the UV/H2O2 process in surface water and demon-
strated that to achieve N95% metaldehyde removal a UV dose of
5000 mJ/cm2 in combination with a high H2O2 dose of (N200 mg/L)
was required, showing the recalcitrant nature of this pesticide to
treatment.

For carbetamide, the degradation rateswere faster than formetalde-
hyde, which is in agreement with their second order kinetic rate con-
stants (Autin, 2012). Complete degradation was achieved in source A
for pH values lower than 7 and an AOD above 400 J/L. For higher pH,
complete consumption of chlorine stopped the reaction. In source C
carbetamide was completely removed at pH values below 6 and an
AOD over 400 J/L. For higher pH values, carbetamide reached 94% re-
moval at pH6.5 and 62% at natural pH. In source B complete degradation
was achieved at pH b 6, but in contrast to sources A and C, required a
minimum AOD of 750 J/L. For higher pH, carbetamide removal varied
from 82% (pH 6.5) to 45% (natural pH). The blanks (UV photolysis or
chlorination) showed negligible degradation of metaldehyde and
carbetamide. Mecoprop proved to be sensitive to photolysis at
285 nm, achieving complete degradation for AODs above 350 J/L dose,
regardless of the water source. However, mecoprop degradation under
the UV/Chlorine processwas faster thanwith photolysis only, achieving
complete degradation at an AOD of 100 J/L for all conditions, regardless
of the water source and pH (Fig. S1). Ultrapure water tests containing
pesticides onlywere also performed (data not shown), resulting in anal-
ogous trends in terms of pesticides removal, with mecoprop being re-
moved the fastest and metaldehyde the slowest, and lower pH
resulting in faster degradation in all cases.

For a given water source, the differences in pesticide removal were
due to the chlorine chemistry in the water. When chlorine is dissolved
into water, it reacts with water to form hypochlorous acid and hypo-
chlorite ion which exist in equilibrium (Eq. (1)), and their relative



Fig. 4.Metaldehyde and carbetamide pseudo first order degradation kinetic constants as a
function of pH and chlorine for source A. Natural pH refers to the unmodified pH of the
water samples (pH 7.9 for source A).
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speciation is dependent on pH (pKa = 7.5 at 25 °C) (Feng et al., 2007).

HClO⇌ClO− þ Hþ ð1Þ

The effect of pH in the chlorine speciation is such that the predomi-
nant species at acidic pH is HOCl, and at basic pH the predominant spe-
cies is the OCl−. At pH 5.1 N99% of chlorine is as HOCl; while at pH 10
N99% of chlorine is as OCl− (De Laat and Stefan, 2018). Both species
can absorb photons and yield hydroxyl radicals. Hypochlorous acid
forms hydroxyl and chlorine radicals when absorbing UV (Eq. (2)). Hy-
pochlorite ions absorb photons to form chlorine and atomic oxygen
anion radicals (Eq. (3)). Atomic oxygen anion radicals then react and
form hydroxyl radicals (Eq. (4)).

HClOþ hν→OH˙þ Cl˙ ð2Þ

ClO− þ hν→O−˙þ Cl˙ ð3Þ

O−˙þH2O→OH˙þ OH− ð4Þ

In addition, each species has different absorption spectra.
Hypochlorous acid has an absorption peak at 248 nm with a molar ab-
sorption coefficient of 101 ± 2 M−1 cm−1, and decreasing molar ab-
sorption coefficient up to approximately 350 nm. The absorption
spectrum of hypochlorite has a higher peak at 292 nm (365 ±
8 M−1 cm−1 molar absorption coefficient) and a smaller absorption
peak at 236 nm (ca 180 M−1 cm−1) (Feng et al., 2007). In addition, al-
though there is no information available information at 285 nm, at
254 nm the quantum yield for the formation of hydroxyl radicals at
pH 10 has been found to be higher than at pH 5 (1.18 versus 0.79)
(Wang et al., 2012). Therefore, it could be expected that operating the
process at higher pH would encourage faster pesticide degradation
where the emission wavelength is close to the maximum absorption
peak of the hypochlorite, 285 nm. However, radical scavenging reac-
tions are also dependent on the chlorine species. Hypochlorous acid re-
acts with hydroxyl radicals (Eq. (5)) at a rate of 2 × 109 M−1 s−1

(Matthew and Anastasio, 2006). Hypochlorite ions, however, react
with hydroxyl radicals (Eq. (6)) at a faster rate 8.8 × 109 M−1 s−1

(Buxton and Subhani, 1972). Therefore, at high pH the radical scaveng-
ing reaction is more predominant, explaining the faster degradation ob-
served at lower pH.

OH˙þHClO→H2Oþ ClO˙ ð5Þ

OH˙þ ClO−→ClO˙þ OH− ð6Þ

Two chain-reactions have been proposed for the decomposition of
HClO by hydroxyl radicals (Eqs. (7) and (8)) and by chlorine radicals
(Eqs. (9) and (10)) (Oliver and Carey, 1977). Other secondary reactions
include those between organic matter and radicals. The results were
also in agreement with this, since sources B and C had higher DOC con-
tent than source A, where pesticide degradation was faster.

OH˙þ RH→R˙þH2O ð7Þ

R˙þHOCl→RClþ OH˙ ð8Þ

Cl˙þ RH→R˙þ HCl ð9Þ

R˙þHOCl→ROHþ Cl˙ ð10Þ

Overall, the results show that high UVT is needed for this process to
be implemented at large scale. As an example, membrane filtration
rather than rapid gravity filtration for treatment of Sources B and C
could improve the level of pesticide degradation to that seen for source
A. An effective DOC pre-treatment would also positively impact the
micropollutant degradation rate. High UVT and DOC removal would
extend the pH range at which the UV/Chlorine process could operate,
reducing the use of chemicals to adjust pH or the chlorine dose, which
would potentially impact DBP formation. In this regard alkalinity was
another significant factor. For non-alkaline waters, the process would
be able to remove the most persistent pesticides with small AODs
(~0.40 J/L) and without high chemical costs for pH adjustment.

Further analysis of the pesticides degradation was developed by cal-
culating the pseudo-first order degradation rate constants (k′) at vari-
ous pH values and chlorine concentrations (1–6 mg/L) (Fig. 4).

For both metaldehyde and carbetamide lowering the pH increased
the degradation rate constant, k′. For metaldehyde, the increase in k′
with chlorine concentration was less significant at pH 6.5 and at natural
pH. Indeed, the value of k′ was below 0.002 L/J at these pH values. At
pH 5.1, where 99% of the chlorine was as HOCl, k′ increased by a factor
of seven from 0.0004 L/J for a chlorine dose of 1 mg/L to 0.0027 L/J for
a chlorine dose of 6 mg/L. For a given pH, increasing the chlorine con-
centration beyond 4 mg/L did not significantly increase the k′ value.
This effect has been previously reported in the literature, where a target
compound reaches amaximumdegradation constant, and then the con-
stant remains the same or decreases (Carra et al., 2014). The point at
which this rate-limiting effect takes place is dependent on the water
matrix and target compound (Carra et al., 2014). This effect acts in com-
bination to the fact that an excess of chlorine promotes scavenging reac-
tions (Eqs. (7)–(10)).

For carbetamide, k′was at least twice value seen for metaldehyde at
equivalent pH and chlorine concentration. However, a rate-limiting ef-
fect was not observed for this pesticide, likely because of its higher reac-
tivity towards hydroxyl radicals than metaldehyde. In this case, k′
continued to increase at 6 mg/L of chlorine. Similarly to metaldehyde,
at pH 6.5 and natural pH the k′ values were closer for a given chlorine
concentration, but increasing the fraction of hypochlorous acid to 99%
at pH5.1 resulted in an increase in k′ to double the values seen at natural
pH. For mecoprop the degradation was too fast to obtain accurate ki-
netic data.

An analysis of variance (ANOVA) was run to determine whether
there were any statistically significant differences between the chlorine
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concentration and the pH in response to the k′ values for metaldehyde
and carbetamide (Table S1). The results showed that the pH always
had a significant impact over the degradation constants at a 95% confi-
dence interval, which was consistent with the experimental data. The
significance of the chlorine concentration increased in sources B and C
in comparison to A. This arose from the complexity of thewater sources,
with lower UVT and higher concentrations of scavenging ions and DOC
in these water sources, which increased the effect of inefficient reac-
tions and made the chlorine concentration a more significant factor.

The rate constants and the ANOVA calculations indicated that chlo-
rine concentration gained significance, particularly when thewater ma-
trixwasmore complex or had lowUVT. The addition of oxidants in AOPs
is often a controlling factor for their application at larger scale. High
chemical requirements can have a significant cost implication, and for
drinking water in particular, minimising the use of chemicals is a driver
for water utilities for reasons of sustainability, customer perception,
taste and odour issues or by-product formation. Previous research has
shown that optimising the oxidant dosage strategy may enhance the
degradation kinetics of target pollutants by minimising inefficient reac-
tions, such as radical-radical or oxidant-radical reactions. As a result, a
continuous or sequential dose of the oxidant may result in improved
pesticide removal versus an initial chemical addition at the beginning
of the process (Carra et al., 2013). In this work, addition of chlorine at
the beginning of the experimentwas compared to its addition in smaller
sequential doses (Section 2.3) (Fig. 5). The experiments were carried
out using source B samples, as the most challenging water, with higher
alkalinity, nitrate concentration and lowest UVT.Metaldehydewas used
as the target compound, as it was the most persistent to remove and
complete degradation would imply that carbetamide and mecoprop
would be fully removed as well.

When an initial chlorine dose of 2mg/Lwas added, metaldehyde re-
moval was below 18%. Similar results were obtained when one single
dose of 6 mg/L was added. However, if instead of adding 6 mg/L as
one single dose we added it as a sequential dose of 2 mg/L added
three times, metaldehyde's degradation increased to 40%. If the sequen-
tial dose continued, up to adding chlorine ten times, the degradation re-
moval increased to almost 95%.

When chlorine is added in one single addition, the inefficient reac-
tion between chlorine and hydroxyl radicals is promoted (Eqs. (4) and
(5)), but if chlorine is slowly dosed, those reactions are less favoured,
and the radical-to-target compound reaction is promoted. Therefore,
these results showed that optimising thedosage strategy is as important
as optimising the chemical concentration. Nevertheless, a deeper study
to understand dose strategies should be developed.

3.2. Disinfection by-product formation

DBPs are a consequence of the reaction between chlorine and or-
ganic matter, which would typically happen during final chlorine-
based disinfection or at a pre-chlorination stage. Pesticides and other
micropollutants are usually found at low concentrations in drinking
Fig. 5.Metaldehyde degradation profiles with different chlorine dosing strategies (2mg/L;
6 mg/L; 2 mg/L added 3 times; and 2mg/L chlorine added 10 times) in source B at pH 6.5.
For the three sequential doses, chlorine was added at 0, 380 and 760 J/L; and for the ten
sequential doses chlorine was added at 0, 380, 760, 1140, 1520, 1900, 2280, 2660, 3040,
3420 J/L.
water sources (μg/L). Thus, the main contributor to DBP formation is
NOM. In addition, during chemical processes such as AOPs, organicmat-
ter is transformed, but the impact of this transformation on DBP forma-
tion potential is not yet fully understood.

The use of chlorine in combination with UV as an AOP raises the
question of its impact on DBP formation. In this work, the formation of
THMs and HAAs was monitored before and after the UV/Chlorine pro-
cess, but also after GAC adsorption and final disinfection with chlorine.
After AOP treatment a GAC adsorption stagemay follow before final dis-
infection. This is to adsorb organic by-products, quench the residual
chemical, and further remove organics (Collins and Bolton, 2016).

The results in this study showed an overall THM concentration in-
crease when the pH was increased in the untreated samples (before
UV/Chlorine treatment) for the three sources studied. For example, in
source A there was an increase in THM formation from 10 μg/L at
pH 5.1 to 78 μg/L at pH 7.2 in the untreated samples (Fig. 6). This is a
well-known effect because of the importance of base-catalysed reaction
steps (Diehl et al., 2000; Stevens et al., 1989). The UV/Chlorine process
increased THM concentration between 20 and 30% at pH 5.1 and
pH 6.5 in comparison to formation potential before AOP treatment, ex-
cept for source C where THM concentration decreased after AOP treat-
ment by 13%. However, at natural pH (pH 7.2–8.2) the UV/Chlorine
process always decreased the THM concentration between 12 and 62%
for the three sources. This can be explained by the efficiency of the pro-
cess itself, which is lower at natural pH (Section 3.1), and is related to
the speciation of chlorine at different pH. As a result, less oxidation
was taking place in comparison to lower pH and the impact on DBP
Fig. 6. THM formation through UV/Chlorine treatment, GAC adsorption and final
disinfection with chlorine. Natural pH refers to the unmodified pH of the water samples
(pH 7.9 for source A; pH 8 for source B; and pH 8.2 for source C).



Fig. 7. HAA formation through UV/Chlorine treatment, GAC adsorption and final
disinfection with chlorine. Natural pH refers to the unmodified pH of the water samples
(pH 7.9 for source A; pH 8 for source B; and pH 8.2 for source C).
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formation potential was lower. There is disagreement in the literature
on the effect UV/Chlorine treatment has on THM formation. Wang
et al. (2015) reported low THM formation at pH between 7.5 and 8.5
after treatment in a medium pressure reactor at pilot scale. Zhang
et al. (2015) reported a reduction in THM formation after UV/Chlorine
treatment in an annual reactor. However, an increase in THM formation
duringUV/Chlorine treatment has also been reported during humic acid
degradation at 254 nm, 270 nm and 310 nm (Gao et al., 2019; Water
Research, 2019).

When the water samples were treated by GAC, the THM concentra-
tions were always reduced to final concentrations between 3 and
16 μg/L for all sources, particularly at higher pH. This effect has been re-
ported in the literature, where THM adsorption on GAC is favoured at
higher pH values (Rasheed et al., 2016). The mass concentration
adsorbed at natural pH for source A was 45 μg/L; and in sources B and
C, between 20 and 24 μg/L. The bromide concentration in source A
was higher than in the other two sources (in the range 60–100 μg/L)
(Table 1). As a result, bromoform and dibromochloromethane made
up almost 60% of the total THM concentration for source A before GAC
treatment, with 33–45% being adsorbed by the GAC; while in sources
B and C it constituted b25% of the four THM species (species data not
shown). The presence of bromide favours the formation of bromo-
THM species, which adsorb better onto GAC than chloro-THM species
through the formation of strong bonds between bromide and activated
carbon (Babi et al., 2011).

After additional chlorine doses to simulate final disinfection condi-
tions (post-disinfection samples in Fig. 6), the THM levels increased
again for all water sources, implying that organic precursors were still
available after treatment with UV/Chlorine and GAC adsorption treat-
ments. Nevertheless, the final THM values were always below 40 μg/L,
regardless of pH and source, meeting current European and North
American regulations.

When looking at HAA formation, the concentrations were generally
lower than THMs, ranging from 10 to 17 μg/L in the untreated samples
(before UV/Chlorine treatment) (Fig. 7). A strong pH effect was not ob-
served, although slightly lower HAA concentrations were formed at
higher pH. This trend was more significant for source B.

The UV/Chlorine process increased the formation of HAAs more
strongly than THMs at pH 5.1 and pH 6.5, with post-AOP concentrations
increasing by between 100 and 180% across the three sources. However,
it is worth pointing out that these concentrations never exceeded
35 μg/L. As with THMs, contradicting results have been reported for
HAAs. Zhou et al. (2016) reported an increase in HAAs after UV/Chlorine
treatment under low pressure lamps; while Zhang et al. (2015) re-
ported a decrease in HAA formation in an annual reactor with low pres-
sure lamps.

When the samples were treated by GAC adsorption, the HAA con-
centrations were reduced, similarly to THMs. In source A, the HAA re-
duction after GAC was up to 80%, while for the other sources ranged
between 45 and 60%. This also had to do with the speciation of the 9
HAAs analysed for. In source A, bromo-HAA species accounted for up
to 25% of the total HAA9; while in sources B and C, they accounted for
b10%, explaining the greater adsorption on GAC for water A as seen
for the THMs.

After final disinfection, the HAA levels increased again, following the
THM trend, but they were always below 18 μg/L, lower than THMs and
compliant with current and expected HAA regulations.

Overall, the UV/Chlorine process did not increase THM formation
significantly at acidic pH and, actually, at natural pH the THMconcentra-
tions were reduced. HAA formation however, was increased under
acidic pH, but GAC treatment mitigates their formation, particularly at
natural pH.

The formation of bromate during the UV/Chlorine process, when
using low and medium pressure lamps, has been reported (Fang et al.,
2017). However, as far as the authors are aware, bromate formation
has never been studied at the specific wavelength of this work
(285 nm). Bromate is an inorganic DBP, regulated at 10 μg/L in the EU
and US, which can be formed under certain conditions when bromide
is present in water. Bromide is oxidised to hypobromous acid or
hypobromite (Eqs. (11), (12)), depending on pH, and then to bromate
by hydroxyl radicals (Eq. (13)). However, it is a complex process as
chlorine radicals and other radicals are also suspected to be involved
in bromate formation (Eqs. (11)–(13)) (Fang et al. 2017).

HClOþ Br−➔HBrOþ Cl− ð11Þ

ClO− þ Br−➔BrO− þ Cl− ð12Þ

HBrO=BrO− þ OH˙➔BrO3
− ð13Þ

SourceAwasused for the experimentalwork since it had the highest
bromide concentration. Bromate concentration was monitored before
and after the AOP, but also after GAC adsorption at different pH values
(Fig. 8). The untreated water already contained a low concentration of
bromate (b4 μg/L). After the UV/Chlorine process, bromate concentra-
tion slightly increased at pH 5.1 and 6.5, with a bromate value of
4.7 μg/L. At natural pH the bromate concentration increased to
11 μg/L. These results agree with those reported by Fang et al. (2017)
where higher pH values resulted in increased bromate formation
under low and medium pressure lamps. However, Wang et al. (2015)
found that bromate formation increased more at lower pH under me-
dium pressure lamps. When the water was treated by GAC, bromate



Fig. 8. Bromate formation after the UV/Chlorine process and GAC adsorption in source A.
Natural pH refers to the unmodified pH of the sample, pH 7.9.
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was reduced to values below 3 μg/L. This agrees with other work that
has established that activated carbon is effective for the removal of bro-
mate (Bao et al., 1999; Zhang et al., 2015). However, the capacity and
breakthrough of bromate with GAC needs to be determined to under-
stand the long-term feasibility of applying adsorbents for this role.

Other studies have shown that operational conditions and back-
ground water quality are important factors that influence
micropollutant control, and therefore will be site specific. This is an im-
portant aspect to bear in mind when applying the UV/Chlorine process,
as the chlorine concentration and applied optical dosewould need to be
optimised for the removal of the target pollutants, but also tailored to
minimise DBP formation.

The results show for the first time the impact of process conditions
on the DBPs that form with the UV/Chlorine process using LEDs for
real water samples. The results show that as long as GAC adsorption is
placed after the process, all DBPs studied can be controlled. However,
if DBPs have to be controlled only with the UV/Chlorine process, a
deeper study should be carried out to find the optimum combination
of chlorine and applied optical dose whichwould allow for the removal
of target compounds while minimising DBP formation, including the
water quality of the untreated water.
4. Conclusions

Thiswork has shown the feasibility of using the UV/Chlorine process
with UV-LEDs for the removal of pesticides in drinking water. The re-
sults suggest a compromise is needed between pH, chlorine concentra-
tion and the chlorine dosing strategy to remove pesticides efficiently,
but also to minimise DBP formation. Effective pre-treatment is needed
to ensure high UVT and low DOC conditions. This allows the process
to be carried out without the need to adjust pH. In addition, lower chlo-
rine concentrations can be used while using low AODs. Further work
should be developed to understand the importance of the chlorine
dose strategy.

This is the first time that a study of THM, HAA and bromate forma-
tion in complex water matrices with an LED-UV/Chlorine system and
the mitigating impact of subsequent GAC treatment has been reported.
Overall, the UV/Chlorine process did not significantly increase THM or
HAA formation at natural pH at the studied wavelength. At acidic pH
however, THM and HAA formation increased. In all cases, results
showed that GAC treatment mitigated DBP formation, particularly at
higher pH values. Future research should be directed at understanding
the synergies between the combination of UV/Chlorine and GAC for
DBP minimisation. However, the use of the UV/Chlorine process with-
out GAC treatment, requires case-by-case consideration to determine
the optimum combination of chlorine and AOD which would allow for
the removal of target compounds while minimising DBP formation, in-
cluding the water quality of the untreated water.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.136413.
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