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ARTICLE INFO ABSTRACT
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The occurrence of a variety of harmful micropollutants in potable reuse trains has been a matter of concern. In
this study, the performance of the vacuum-ultraviolet / ultraviolet advanced oxidation process (VUV/UV AOP)
without and with free chlorine (VUV/UV/Cl; AOP) for elimination of carbamazepine (CBZ) and 1,4-dioxane (1,4-
D) from potable reuse systems was evaluated. The addition of free chlorine improved CBZ degradation by ~12 %
while reducing the rate of 1,4-D removal by ~50 %, highlighting the selective effectiveness of the VUV/UV/Cly
AOP based on micropollutant type. The effects of operational conditions, including free chlorine dosage, solution
pH and contributions of different radical species, were also determined. Both high chlorine concentrations as
well as alkaline pH were shown to slow down the removal of both contaminants in the VUV/UV/Cl,. Also, the
VUV/UV/Cl,; AOP was considered to be promising for treatment of 1,4-D in reverse osmosis (RO) permeate due
to photochemical chain reactions between the added chlorine and water constituents which lead to effective
formation of Cl3. The findings of this research demonstrate the broader potential of the VUV/UV/Cl, AOP as a
tailored, adaptable solution for optimizing micropollutant removal in potable reuse systems, based on contam-
inant type and water matrix.

biological activated carbon (O3/BAC) as broad-screen chemical and
biological barriers to the passage of contaminants. For both types of

1. Introduction

Population growth combined with the progression of climate change
is resulting in several regions around the world experiencing water
shortages and frequent long-lasting droughts [44]. As a resilient
response to this crisis, water reuse has come to the forefront for pro-
ducing safe and high-quality potable water from wastewater [48]. The
potential occurrence of organic micropollutants in the effluents of
potable reuse treatment plants is a significant concern given their po-
tential to exert toxicity [11,16,22,25,40,42]. In order to achieve a high
level of performance to eliminate organic micropollutants, potable reuse
treatment trains apply a multi-barrier approach to prevent passage of
contaminants into the effluent water [30]. Potable reuse trains employ
reverse osmosis (RO) as a broad-screen physical removal barrier in
coastal areas, where discharge of the associated concentrate to seawater
is possible. In inland areas, reuse trains frequently combine ozone and
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trains, advanced oxidation processes (AOPs) can be used to degrade
micropollutants as a final broad-screen chemical barrier [30].

AOPs used in potable reuse trains typically degrade micropollutants
by direct photolysis using 254 nm UV light and by reactions with radi-
cals, particularly hydroxyl radicals (*OH), generated by UV light
photolyzing hydrogen peroxide (H2O32), free chlorine (HOCl/OCI’) or
other oxidants [20]. However, current applications of these AOPs face
several challenges, such as the high energy consumption and high
concentration of chemical oxidant required for effective photolysis in
UV/H30, as well as the elevated risk of disinfection byproduct (DBP)
formation in UV/Cly processes [27,35]. Among the many different
available AOPs, vacuum-ultraviolet (VUV) - covering irradiation in the
spectral range of 100 — 200 nm - has been proposed as a promising
treatment for degradation of a wide range of contaminants in the water
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matrix [46]. Conventional low pressure mercury lamps are commer-
cially available as a source of VUV/UV irradiation consisting of two
major emission lines at 185 nm and 254 nm. Under such conditions,
water molecules are the main absorber of the 185 nm photons producing
radicals by direct photolysis (Eqs. 1 and 2) [15]. Thus, the VUV/UV AOP
has been recognized for its potential to produce *OH by photolysis of
water molecules without addition of oxidants [47].

H,0 """, Ho* + H* ®1g50m = 0.33 o))

H,0—" HO* 1 H' +e,  ®igom = 0.045 @

Recently, combining the VUV/UV AOP with free chlorine has been
studied as a way for improving degradation of a number of micro-
pollutants [25,28,50,51]. Free chlorine is a commonly used oxidant in
water treatment which can be effectively photolyzed at 254 nm to
produce *OH and a variety of reactive chlorine species (RCSs), including
chlorine radical (Cl®). Furthermore, it has been reported that free
chlorine species, HOCI and OCI’, can also absorb 185 nm photons and
undergo direct photolysis under VUV radiation (Egs. 3 and 4) [8,10,32].
Thus, the enhanced removal of certain micropollutants observed when
using the VUV/UV/Cl; AOP in previous research has been attributed to
the synergistic effects between direct photolysis at 185 and 254 nm and
the reactions involving RCSs produced by both wavelengths [53].
However, addition of oxidants to the VUV/UV AOP does not always lead
to synergies; in fact, in some cases, chemical oxidants have inhibited the
degradation of contaminants in the VUV/UV AOP [26]. Therefore,
further investigation of the VUV/UV/Cl; AOP and the synergistic and/or
inhibitory effects of free chlorine oxidant on the treatment performance
is warranted.

HOCISHO® +Cl' ®asum = 0.62 @
D(1850m) = 0.7
OCl ¢l + 0° Basynm) = 0.55 @
D(185nm) = 0.10

In this study, carbamazepine (CBZ) — an antiepileptic medicine — and
1,4-dioxane (1,4-D) — a widely used industrial solvent — were selected as
two model micropollutants of concern in water treatment and potable
reuse trains and their degradation was investigated under different UV
and VUV/UV AOP conditions. Given the potential toxicities of these
micropollutants, different environmental agencies have recommended
monitoring their levels in drinking water and developed guidance values
of 40 and 50 ug L7 ! for CBZ and 1,4-D, respectively [36,49]. Here, the
degradation kinetics of the two micropollutants in the VUV/UV/Cl; AOP
were measured and the effects of major operational conditions,
including free chlorine dose and solution pH, were determined. Con-
tributions of different radical species to micropollutant degradation in
the VUV/UV/Cl, AOP were also estimated through competition kinetic
studies under experimental conditions. Finally, the performance of the
VUV/UV and VUV/UV/Cl, AOPs for elimination of 1,4-D was evaluated
in actual water samples from potable reuse systems to capture the po-
tential impacts of matrix constituents. The findings of this research are
expected to provide useful information regarding the operational
criteria of the VUV/UV/Cl; AOP based on the type of micropollutant and
water matrix for the purpose of water treatment and potable reuse.

2. Materials and methods
2.1. Chemicals and reagents

Free chlorine was prepared freshly from a stock sodium hypochlorite
solution (NaOCl) (13 % w/v, Fisher Scientific, Canada). 1,4-Dioxane

(1,4-D) (499 % ACS reagent), carbamazepine (CBZ), nitrobenzene
(NB) (+99 % ACS reagent), tert-butanol (t-BuOH) (+99 % ACS reagent),
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methanol (MeOH) (HPLC plus, >99.9 %), and dichloromethane (DCM)
(HPLC plus, >99.9 %) were purchased from Sigma-Aldrich, Canada.
Experiments were carried out in ultrapure water (resistivity 18.2 MQ
cm) from an Elga Pure water Option-Q system (Elga Labwater, UK).

0O3/BAC effluent was obtained from a pilot potable reuse plant at the
Colorado School of Mines (Golden, CO, USA). Reverse osmosis (RO)
permeate was collected from an indirect potable reuse facility in Cali-
fornia. The characteristics of the recycled wastewaters are summarized
in Table 1. Water samples were filtered using 0.45 um pre-rinsed
membrane filters (Millex-HV Syringe Filters, Catalog number:
SLHVO33RS, Duluth, GA, USA) and stored in the dark at 4°C prior to
experimentation. For VUV experiments, ultrapure nitrogen (Praxair,
Canada) was purged inside the VUV lamp housing to prevent absorption
of 185 nm photons by oxygen and consequent ozone formation. Details
of other materials used in the studies are provided in the Supplementary
Information (Section S1).

2.2. Experimental procedures

Both UV and VUV experiments were conducted in a bench-scale
collimated beam reactor (Figure S1). The 254 nm collimated beam
used for UV experiments contained a low-pressure (LP) mercury
amalgam lamp (HVA357T5L, LightSources Inc., Orange CT USA) which
prevented the emission of 185 nm radiation (Section S1). For the VUV
collimated beam experiments, two identical 10 W lamps with undoped
quartz envelopes, transparent to both 254 and 185 nm wavelengths,
were used (Sterilight S212ROL Lamp, HomePlus Products Inc., Canada).
In all VUV experiments, ultrapure nitrogen was purged into the sealed
collimated beam chamber to prevent absorption of 185 nm photons by
oxygen, which reduces the flux of 185 nm photons to water and results
in unwanted formation of ozone. The reaction vessel in all experiments
was an enclosed cylinder fashioned from Spectrosil Quartz (Starna Cells
Inc., USA) that is transparent to 185 and 254 nm photons and was placed
at the bottom of the collimation tube within 2 cm. A custom-made
copper cuvette holder was used to allow fast heat transfer and elimi-
nate the change of sample temperature during radiation. Samples were
mixed by a magnetic stirrer during UV and VUV radiation.

UV fluence rate at 254 nm was measured (~0.61 mW cm’z) using
iodide/iodate actinometry and corrected with water factor and diver-
gence factor following the standard protocol described by Bolton and
Linden [3] (Section S2). In the case of VUV experiments, the VUV
incident fluence rate at 185 nm, Ij 185,m, Was determined experimentally
by measuring *OH production via Eq. (1) using the following procedure
in which carbamazepine is a probe compound and methanol is used to

Table 1
Water quality parameters for the potable reuse water samples taken from Oz/
BAC effluent and RO permeate.

Water Quality Parameter 03/BAC Effluent RO Permeate

pH 7.55 6.00
UV Absorbance at 254 nm (cm %) 0.134 0.006
Alkalinity (mg L™} CaCOs) 77 13
Carbon Content (mg C L™1)

DOC 9.75 0.42
Chlorine Content (mg ! Cly)

Free Chlorine ND* ND*
Total Chlorine ND* 1.24
Monochloramine (NH,Cl) ND* 0.40
Dichloramine (NHCI,) ND* 0.84
Ion Content (mg L™1)

Fluoride (F) ND* 0.03
Chloride (CI) 81.8 3.85
Bromide (Br) 0.03 ND*
Nitrite (NO3) 0.23 ND*
Nitrate (NO3) 63.85 2.38
Phosphate (PO3) 2.98 ND*
Sulphate (SO3) 58.35 0.07

" Not detectable
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scavenge *OH [13]. The rate of oxidation of the probe C with *OH is
described by Eq. (5) in which kg ¢ is the second-order rate constant:

dicj

i —kno ¢[HO|[C] )

Using a constant value for steady-state *OH concentration ([HO'];)
and integrating Eq. (5) yields:
(€]

In(=*) = —kpo ¢[HO )t = — kit 6
n({G) = e ol ©

where k' (time™ 1) is the pseudo-first order rate constant for carbamaz-
epine degradation which can be measured experimentally. Since kxo- ¢
is known, [HO']; can be determined. [HO'| in turn represents the ratio
of *OH formation and the sum of its losses by reactions with scavengers,
such as methanol. The rate of *OH generation through direct photolysis
of water at 185 nm is given as:

dHO'] _ Dr1,0,185nm XfH20.185nm X o 185n0m X A
d v

(7)

where @y, 0 185:m is the quantum yield of water photolysis at 185 nm and
is equal to 0.33 [15], fu,0185nm is the fraction of 185 nm photons
absorbed by water, I 185:m is the incident photon fluence rate at 185 nm,
A is the surface area of the irradiated sample (17.35 cmz), and V is the
volume of the solution (17 mL). In a solution composed of multiple
solutes S, the rate of *OH consumption would be the sum of the rates of
all reactions between *OH and S:

d[HO]
dt

Therefore, an expression for [HO | ; is obtained by dividing Eq. (7) by
Eq. (8):

= ko s [HO'|[S] (®

Dp,0.185mm X f11,0,1850m X Lo 185nm X A ©

VY kuo s,[Si)
Combination of Egs. (6) and (9) yields:

[HO, =

_kuo ¢ X P,0.185mm X fr1,01850m) X lo1gsam X A

V> kuo s, [Si]

Carbamazepine (CBZ) and methanol (MeOH) were respectively used
as probe (C) and model organic matter (S) with known second-order rate
constants with *OH (kgo.csz = 6.8 x 10° M s7! and kros meon =

9.7 x 108 M1 s71) [4,13]. Given the low concentrations of CBZ and
MeOH used in the experiments compared to the concentration of water,
water is considered as the main absorber of the VUV photons (i.e.,
fi,0185nm ~ 1). As a result, Eq. (10) is simplified to:

k'

(10)

K — ktior cBz X Pr,0,185mm ¥ To 185nm X A __Q an
V X kgos meon < [MeOH) [MeOH]
Q x V X kyoe

Io1850m = X ¥ X RHo" MeoH 12)

kros cBz X Pr,0185mm X A

This procedure allows for estimating the VUV fluence rate through
experimental measurement of k’ at different concentrations of methanol.

A VUV radiometer was used to measure the irradiance passing
through the samples at 185 nm and determine the molar absorption
coefficients of the solution components at this wavelength (Figure S2
and Section S3) [32]. For studying the effect of potable reuse water
matrix on the advanced oxidation process (AOP) treatment, water
samples were filtered with a 0.45 pm filter and spiked with 500 ug L1 1,
4-dioxane (1,4-D). The initial water quality parameters of the water
samples are listed in Table 1.

2.3. Analytical methods

Free chlorine concentrations were measured using the DPD colori-
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metric method (Pocket Colorimeter™ II, Hach, USA). Concentrations of
nitrobenzene (NB) and carbamazepine (CBZ) were quantified by high
performance liquid chromatography (HPLC) (Thermo Scientific, USA)
using a Dionex UltiMate 3000 system, equipped with a Nova-Pak C18
column (Waters Corp., USA). The injection volume was 100 pL and the
mobile phase flow of 1.0 mL min~! was composed of 30 % acetonitrile
and 70 % water acidified to pH 2.5 with 10 mM phosphoric acid. UV
detection of NB and CBZ was performed at 35°C at the wavelengths of
269 nm and 211 nm, respectively. Water samples containing 1,4-
dioxane (1,4-D) were first extracted with dichloromethane (DCM) and
the extracts were analyzed by gas chromatography/mass spectrometry
(GC/MS, Shimadzu, USA) using a Shimadzu GC-2030/GCMS-QP2020
NX equipped with an SH-Rxi-5ms column (30 m x 0.25mm ID x

0.25 ym film thickness). Details about sample preparation technique
and analytical methods are provided in Section S4.

To study the effect of pH, the pH of samples buffered with 2 mM
phosphate buffer was adjusted to various values. pH was measured by an
Oakton pH meter calibrated at pH 4, 7, and 10 with a disposable type gel
filled probe.

3. Results and discussion
3.1. Measuring the incident fluence rate at 185 nm

Fig. 1(a) shows the experimental measurement of k’ for photo-
degradation of CBZ at different concentrations of MeOH. Plotting the k/

1
values Versus o

Io18snm by using Eq. (12) (Fig. 1(b)). The average 185 nm incident flu-
ence rate, Ip 135nm, after applying the correction factors was estimated as
0.071 + 0.002 mW cm 2. Using the average 254 nm fluence rate in the
same apparatus, determined by chemical actinometry, the lamp output
ratio of VUV 185 nm to UV 254 nm was estimated as ~12 % on an en-
ergy basis. This ratio is in agreement with the range of 10-30 % reported
by Barnes [1] and Johnson [19], who used different types of low pres-
sure mercury lamps.

For consistency of the results with existing literature, all UV fluence
values throughout the rest of the paper are reported based on UV
254 nm, which allows for a better comparison with other research and
serves as a reference in industry.

helps determine the parameter Q and consequently

3.2. Micropollutant removal in the VUV/UV/Cl; process

Photodegradation of CBZ and 1,4-D were investigated using the
VUV/UV, VUV/UV/Cly, and UV/Cl, processes and the results are pre-
sented in Fig. 2(a) and (b). Removal of both contaminants is negligible
under either UV irradiation alone (i.e., 254 nm light) or dark chlorina-
tion due to the lack of reactive species to oxidize the micropollutants. In
contrast, both VUV/UV and VUV/UV/Cl, processes yielded significantly
higher removal rates compared to the UV/Cl; process primarily due to
the direct photolysis of water molecules at 185 nm which generates
additional amounts of *OH contributing to the degradation of CBZ and
1,4-D. It should be noted that VUV/UV direct photolysis of most
micropollutants, including CBZ and 1,4-D, is unlikely due to their lack of
chromophores to absorb VUV/UV photons, and their low concentrations
relative to water (i.e., ~55.5 M), which allows them to absorb only a
negligible fraction of photons [43]. Therefore, water would remain the
primary absorber of the 185 nm photons in VUV/UV reactions and it is
safe to assume that no photons directly act on either of the contaminants
[54]. Comparing the results of VUV/UV and VUV/UV/Cl;, suggests that
addition of 70 pM free chlorine (5.0 mg Cl, L™1) to the VUV/UV AOP
only slightly improves the removal rate of CBZ by ~12 % (p-value
(t-test) > 0.05; i.e., while the improvement is observable, it is not sta-
tistically significant) while slowing down the degradation of 1,4-D by
~50 % compared to the VUV/UV AOP. It has been previously shown
that in the VUV/UV AOP, free chlorine exhibits a dual role: (i)
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Fig. 1. (a) Experimental measurement of the pseudo-first order photo-
degradation rate constant of CBZ at different concentrations of MeOH ([Clcgz,0
= 0.85 pM); (b) Estimation of the incident fluence rate at 185 nm based on the
experimental results of CBZ degradation in presence of MeOH. Error bars
represent the standard deviations of three experimental replicates.

promoting the process as a result of radical generation (*OH and Cl°)
through direct photolysis reactions at both 254 nm and 185 nm [6,12,
28,32]; (ii) inhibiting the treatment process by competing for photons
(EHOCZ,ISSHYH = 3900 1\/[71 Cm71 and €0Cl-,185nm = 4700 M71 Cm71 corre-
sponding to ~15 % absorption of the VUV emission at a chlorine dose of
70 uM) and radicals (Eqgs. 13 — 16). The latter effect partly inhibits *OH
production through direct photolysis of water and also reduces the
availability of radicals for contaminant degradation [32].

HOCl + HO*—ClO* + H,0 k=20x10°M1s! 13)
HOCI + CI'~CIO* + HCl k=30x10°M's! a4
OCI~ + HO*—ClO* + OH~ k=88x10°M1s! (15)
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OCI™ + CI'=CIOo* + CI” k=83x10°M1s! 16

In addition, the different reactivities of CBZ and 1,4-D with *OH and
Cl°® directly influence their degradation rates in the VUV/UV/Cl, and
VUV/UV AOPs. In the case of CBZ, the opposing effects of radical gen-
eration and scavenging nearly offset one another, as the high reaction
rates with both *OH and Cl1°® (kyo- cgz = 6.8 X 10°M s and kee cz =

6.6 x 101°M 1571 [32]) maintain a consistent removal rate across both
AOPs. On the other hand, 1,4-D exhibits significantly lower reactivity
with Cl* compared to *OH (kpor14-p = 6.8X% 10° M~! s7! and
kep14-p = 4.4 % 106 M~! 7t [38]). Therefore, the Cl°* generated
through direct photolysis of free chlorine does not significantly enhance
1,4-D removal; instead, the degradation rate of 1,4-D is mainly
controlled by photon shielding and radical scavenging effects. The
performance of each AOP in removing CBZ and 1,4-D is summarized in
Table 2.

Other studies on micropollutant degradation in a VUV/UV/Cl; pro-
cess suggest that the varying effects of free chlorine on a VUV/UV pro-
cess may not be limited only to the ones discussed here. In fact, the type
of micropollutant of concern might also play a role and result in a
different removal rate from the ones obtained in this study. For instance,
Li et al. [25,28] have shown that the photodegradation rate of methy-
lene blue and sulfamethazine are respectively increased by 4.4-fold and
1.7-fold when free chlorine is added to the VUV/UV AOP.

3.3. Effect of free chlorine dose

The effect of free chlorine dose on CBZ and 1,4-D degradation was
studied at four chlorine levels (50 — 200 pM) and the results are shown in
Fig. 3(a) and (b). In the case of CBZ, addition of up to 200 uM chlorine
did not impact the degradation (p-value (t-test) > 0.05; i.e., statistically
insignificant). For 1,4-D, on the other hand, all the studied chlorine
levels slowed down the removal rate in the VUV/UV/Cly AOP with
almost complete inhibition (i.e., ~95 %) at a chlorine dose of 200 pM (p-
value (t-test) < 0.05). Although an improved degradation is expected
because of the formation of additional amounts of reactive radicals
during the direct photolysis of chlorine species, the reactivity of the
studied micropollutants with the produced RCS also affects the treat-
ment and needs to be considered. As discussed earlier, high reactivity of
CBZ with CI° (ke cpz = 6.6 x 101 M1 sh promised an increased
degradation rate, in line with the observations made by Xiao et al. [50]
for the removal of dodecyl dimethyl benzyl ammonium chloride in the
VUV/UV/Cl; AOP. Yet, 1,4-D degradation was reduced by the presence
of chlorine because of its low reactivity with C1°* (ke 14-p = 4.4 X 10°
M~! s71) and scavenging of *OH by free chlorine species. The radical
scavenging effect is more likely the prominent cause of this observation.
Despite the low reactivity of CI* with 1,4-D, it can be indirectly con-
verted to *OH (Eqs. 17 and 18) [18,21]. However, even with this con-
version, no significant improvement in 1,4-D removal was achieved.
This suggests that the overall impact of radical generation from chlorine
photolysis is minimal compared to other inhibitory mechanisms at play.

Cl* + OH"—HCIO*~ k=18x10°M1s? a7

HCIO*~—Cl” + HO® k=61x10"s" (18)

As mentioned earlier, free chlorine species exhibit a high absorption
coefficient at 185 nm (EHOCLlSSnm = 3900 M71 Cmil, E0Cl-185nm =
4700 M~ em ™, and éyaer1850m = 0.032 M~ em™!) [15,32]. Therefore,
one potential inhibitive mechanism is that hypochlorous acid (HOCI)
and hypochlorite ion (OCI) in the water matrix act as inner filters,
blocking a portion of the incident VUV photons. This reduces the gen-
eration of *OH through direct photolysis of water under VUV/UV irra-
diation. Furthermore, free chlorine species are potential scavengers of
reactive radicals, including *OH and Cl°, as shown in Egs. (13) - (16) [7,
21,33]. The rates of these scavenging reactions are comparable to those
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Table 2
Removal of CBZ and 1,4-D by UV, UV/Cl,, VUV/UV, and VUV/UV/Cl,
processes.

Advanced Oxidation Process CBZ 1,4-D

uv 2.44 % 0.00 %
UVv/Cl, 57.63 % 15.17 %
VUv/Uv 97.59 % 96.75 %
VUV/UV/Cl, 98.12 % 97.19 %

of micropollutant degradation by *OH and CI* (typically ~10% — 10°
M~ s71). Therefore, high concentrations of free chlorine species
compete with CBZ and 1,4-D for available reactive radicals, thereby
reducing the rates of micropollutant removal by consuming the gener-
ated *OH and CI°.

Fig. 3(b) also shows an inflection point in the degradation rates of
1,4-D in the VUV/UV/Cly AOP. Monitoring the residual chlorine con-
centration in the irradiated samples revealed that for chlorine doses of
50 - 100 pM, free chlorine depletes in the solution at a UV fluence of
~250 mJ cm ™2 leaving no detectable residual in the water matrix. At
this point, the photodegradation rate of 1,4-D is accelerated as there are
no more interferences due to the presence of chlorine species in the
solution (Figure S3).

3.4. Effect of pH

Photodegradation rates of CBZ and 1,4-D in the VUV/UV/Cl, AOP
were compared at three environmentally relevant pH levels (Fig. 4). In
general, solution pH can affect micropollutant removal in AOP systems

by changing the protonated/deprotonated forms of the target contami-
nant and some scavengers, as well as affecting oxidant speciation and
therefore radical generation [53]. Here, control experiments without
addition of free chlorine oxidant revealed that the VUV/UV photo-
degradation of neither CBZ nor 1,4-D is significantly affected by the
changes in solution pH (Figures S4 and S5); therefore, pH variations
within the range of 4.0 — 9.5 are assumed to be only related to radical
chemistry involving chlorine.

Free chlorine species mainly consist of HOCl or OCl" which are
distributed in the solution as a function of pH (Eq. 19) [17]:

HOCl—H" + OCl” pK,=7.5 19

This indicates that HOCI is the main chlorine species at pH < 7.5,
while OCI" predominates at pH > 7.5 and any change in the solution pH
results in an inter-conversion of these two species.

In the VUV/UV/Cl, AOP, the observed pseudo-first order rate con-
stants for the degradation of both CBZ and 1,4-D were significantly
decreased with increasing pH from 4.0 to 9.5. The impact of free chlo-
rine on radical generation and scavenging varies with pH, primarily due
to differences in photon absorption and reactivity between HOCI and
OCI'. Considering the dissociation of free chlorine, a few reasons are
presented to explain this observed trend. First, under alkaline pH con-
ditions where OCI is the dominant chlorine species, a greater portion of
the incident VUV photons is blocked compared to the solutions at lower
pH levels. The molar absorption coefficients of HOCl and OCl” at 185 nm
are reported as 3900 M 'em ™! and 4700 M~ ecm™}, respectively [32].
This increased absorption inhibits the direct photolysis of water mole-
cules more effectively in the presence of OCI, leading to reduced *OH
generation for reacting with micropollutants. Second, variations in
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Fig. 3. Effect of free chlorine dose on the VUV/UV AOP for degradation of (a) CBZ, and (b) 1,4-D in DI water ([Clgpz,0 = 4 pM, [Cl;,4.0,0 = 6 pM, Average pH = 6.5
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Fig. 4. Observed pseudo-first order rate constants for the degradation of CBZ
and 1,4-D in the VUV/UV/Cl, AOP in DI water as a function of pH ([Clcpz,0 =
4 HM; [C] 1,4-D,0 = 6 HM, [C]free chlorine,0 = 70 HM, [C]phosphate buffer = 2 mM).
Error bars represent the standard deviations of three experimental replicates.

solution pH also affect the quantum yield of free chlorine, influencing
radical formation. Previous studies have shown that the direct photol-
ysis of HOCI under both 254 nm and 185 nm radiations occur with a
higher quantum yield compared to OCI" as it was shown in Egs. (3) and
(4) [8,32]. Thus, lower pH levels (e.g., pH 4 and 6.5) enhance HOCl's
ability to generate reactive radical species, resulting in higher degra-
dation rates of micropollutants.

Also, HOCI and OCI  scavenge the reactive radicals with different rate
constants as it was shown in Egs. (13) — (16). OCl" consumes both *OH
and ClI° more rapidly compared to HOCl which further inhibits the
degradation of micropollutants at higher pH levels.

Fig. 4 also shows that the rate of 1,4-D photodegradation is more
significantly affected by an increase in pH compared to CBZ. As dis-
cussed earlier, this can be attributed to the production of C1* and inhi-
bition of *OH generation through direct photolysis reactions at pH 9.5.
Given the lower rate constant of 1,4-D with C1® as compared to that of
CBZ (kgr14p = 44x 10° M ' s™ and kep gz = 6.6 x 101 M~ s71),
alkaline pH imposes a more intensive inhibitory effect on 1,4-D degra-
dation in the VUV/UV/Cl; AOP.

3.5. Competition kinetics and contribution of radicals

To further understand the kinetics of radical reactions, the rates of
micropollutant degradation were monitored in the presence of 0.4 mM t-
BuOH and 40 pM NB as radical scavengers in the VUV/UV/Cl, AOP
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(ko t—puon = 6.0x 108 M1 571, kepr_puon = 3.0x 108 M7 57,
kuo-ng = 3.9 x 10° M~ s71) [4,34]. t-BuOH effectively scavenges *OH
and CI°, thereby eliminating their impact on the degradation of CBZ or 1,
4-D. This allows for observing the potential effect of C13 only. Similarly,
NB selectively reacts with *OH, enabling the observation of the contri-
butions of C1* and Cl3 to micropollutants removal. By comparing the
observed pseudo-first order rate constants obtained in the VUV/UV/Cl,
AOPs with and without the presence of radical scavengers, it is possible
to estimate the contribution of each radical species to the degradation of
CBZ and 1,4-D (Fig. 5).

Given the non-selective nature of *OH and the fact that direct
photolysis of water molecules — as the primary absorber of the incident
185 nm photons — generates abundant amounts of *OH in the solution, it
is observed that *OH dominates the elimination reactions of both CBZ
and 1,4-D. Reactive chlorine species (RCSs), including CI* and Cl3, are
generally more selective than *OH and tend to react preferentially with
electron-rich moieties in CBZ and 1,4-D molecules [29]. However,
because of the slower reaction rate of C1° with 1,4-D compared to that of
CBZ, Cl* does not significantly contribute to the degradation of 1,4-D. On
the other hand, CI5 has been reported to react with CBZ and 1,4-D with
second order rate constants of 4.30 x 10’ M~! s~} and 3.30 x 106 M?
s71, respectively [24,38]; however, competition kinetic experiments
indicate that Cl3 contributes almost identically to the degradation of
CBZ and 1,4-D in the VUV/UV/Cl, AOP. These experimental

(@

‘OH
61%

(b)

‘OH
79%

Fig. 5. Contribution of *OH, Cl°, and Cl3 to the degradation of (a) CBZ and (b)
1,4-D in the VUV/UV/Cl; AOP in DI water ([Clcpz,0 = 4 pM, [C]1,4-0,0 = 6 UM,
[Clfree chlorine,0 = 70 pM, [Clipuon = 0.4 mM, [Clyg = 40 pM, Average pH =
6.5 (unadjusted)).
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observations are in agreement with the reported reactivity of Cl3 in the
literature which has also been confirmed with the aid of kinetic
modelling [29,38,39]. Yet, more accurate predictions of the fate of RCS
and their contribution to micropollutants degradation can be made
through a comprehensive kinetic model and use of other probe/sca-
venger compounds.

3.6. Effect of potable reuse water matrix

Photodegradation of 1,4-D in the VUV/UV and VUV/UV/Cly AOPs
was investigated in water samples taken from O3/BAC effluent and RO
permeate at potable reuse facilities, and the results were compared with
the ones obtained in a DI water matrix (Fig. 6). As it is shown in Table 1,
in case of the Os3/BAC effluent, the presence of different solutes
including alkalinity, dissolved organic carbon (DOC), and ions makes
the water matrix a lot more complicated than DI water and leads to
variations in optical properties at 185 nm. It is expected that even under
such conditions, water remains the primary absorber of the 185 nm
photons due to its very high concentration (i.e., ~55.5 M); however, the
high absorption coefficients of water solutes in the VUV range limits the
penetration of 185 nm photons in the solution and reduces the treatment
efficiency of 1,4-D in the O3/BAC effluent matrix (Fig. 6(a)). Previous
studies have measured the molar absorption coefficients at 185 nm for
alkalinity (as bicarbonate ion), DOC (as natural organic matter), chlo-
ride, nitrate, and sulphate and reported these values at 290 M tem™,
1402M 'em 1, 3063 M ' em !, 4779 M ! em ™, and 146 M ! em Y,
respectively [14,37]. The high absorbances at 185 nm imply that all
water solutes scavenge a portion of the incident VUV photons (Table S1)
and thereby inhibit formation of *OH through water photolysis. In
addition, alkalinity, DOC, and chloride also impact the AOP reactions
through scavenging the reactive *OH and therefore reducing the amount
of available reactive agents for micropollutant removal (kuo- Hco; =

8.5x10°M 's ' karmco; = 2.2x10°M s korpoc ~  10°
M ! s7) keppoe ~ 108 M7 sT ko = 4.3x 10° ML sT)
kepa- = 85x 10° M1 s’l) [4,5,18,41,45]. Although bicarbonate

and sulphate ions have been reported to undergo direct photolysis re-
actions to produce CO3% and SO% species, they are highly specific
compared to the non-specific *OH and C1°; therefore, the reactivities of
CO3 and SOF were not considered in this study for the removal of 1,4-D
[2,9]. Consequently, as it is shown in Fig. 6(a), the degradation kinetics
of 1,4-D in both VUV/UV and VUV/UV/Cl, AOPs are significantly
slower in the O3/BAC water matrix compared to those in DI water. Yet,
the addition of free chlorine oxidant slightly improved the treatment
efficiency for the VUV/UV/Cly in the O3/BAC effluent. This could be due
to the potential formation of RCSs, Cl* and Cl3, as a result of direct
photolysis and subsequent secondary reactions with chloride ions (CI")
in the water matrix according to Eq. (20). Cl"in the O3/BAC water matrix
acts as a promotive agent for the formation of large amounts of Cl3,
which plays an important role in 1,4-D degradation based on the pre-
vious discussion on competition kinetic results (Fig. 5(b)).

Cl* 4 CI" =Cly~ k=85x10°M's! (20)

NH,Cl-™ NH} + CI* ®sanm = 0.24 21
NHCL, . NHCE* + CI* ®sanm = 1.77 (22)

In potable reuse trains which include membrane processes, chlora-
mines (NH2Cl and NHClp) are either added or generated in situ in the
water upstream of RO treatment to mitigate biofouling on membrane
surfaces [23]. Chloramines can then pass through the RO system and
appear in the AOP treatment, where they can potentially affect the
process efficiency either by scavenging photon and radicals or through
direct photolysis reactions [8,31]. As RO removes almost all water
constituents to a great extent, the relatively clear matrix of the RO
permeate favors the faster degradation kinetics of 1,4-dioxane (Fig. 6
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Fig. 6. (a) Degradation kinetics of 1,4-D in the VUV/UV and VUV/UV/Cl2 AOPs obtained in water samples from potable reuse trains as compared to DI water and (b)
Comparison of the pseudo-first order rate constants for 1,4-D degradation in the VUV/UV and VUV/UV/CI2 AOPs in different water matrices ([Cli 4.p,0 = 6 pM,
[Clfree chlorine,0 = 70 pM). Error bars represent the standard deviations of three and two experimental replicates for DI water and the investigated water samples,

respectively.

(a)). With the VUV/UV AOP, the rate of 1,4-dioxane removal in the RO
permeate was almost half of the rate obtained in DI water, potentially
due to the small amounts of alkalinity, DOC, chloride, and nitrate ions
which are all great scavengers of the reactive agents (Fig. 6(b)). Under
such conditions, it seems that the effect of chloramine photolysis is
negligible compared to the photon and radical scavenging effects. On
the other hand, the results showed that addition of free chlorine oxidant
to the RO permeate improves the rate of 1,4-dioxane removal in the
VUV/UV/Cly; AOP. This can be attributed to the simultaneous direct
photolysis of both free chlorine and chloramines in the VUV/UV/Cl,
AOP (Eqn 3, 4, 21 and 22) resulting in an augmentation of C1° during the
treatment. The excess Cl°® can then react with Cl™ as shown in Eq. (20) to
produce Cl3 [31]. This pathway potentially benefits the treatment by
providing large amounts of two different reactive agents, Cl* and Cl3, in
addition to the existing *OH. The suggested mechanism seems to
outweigh the photon and radical scavenging reactions by background
species in a relatively clean water matrix such as RO permeate and
therefore clearly explains the observed 1,4-D degradation kinetics in the
VUV/UV and VUV/UV/Cl; AOPs.

The current approach in potable reuse trains is to implement a UV-
based AOP following the RO treatment. The standard oxidants that are
widely used in practice for the AOPs include hydrogen peroxide (H202)
and free chlorine [29]. Here, the proposed VUV/UV and VUV/UV/Cl,
processes were compared to the existing UV AOPs for treatment of 1,4-D

in the RO permeate water matrix. Among the studied AOPs, UV/Cl,
exhibited the least efficiency for 1,4-D degradation (Figure S6).
Furthermore, the treatment efficiency of UV/H20; in the RO permeate
matrix was found to be almost the same as VUV/UV AOP (Figure S6);
however, VUV/UV remains superior as an oxidant-free process which
eliminates the need for adding H>O, as well as quenching the residual
Hy0, after the treatment. Finally, as it was discussed earlier, the
VUV/UV/Cl, demonstrated the fastest removal rate for 1,4-D in RO
permeate compared to VUV/UV AOP due to the formation of Cl3 which
readily contributes to the degradation process.

The results from testing potable reuse matrices also suggest that
scaling VUV-based AOPs to full-scale systems may face operational
challenges due to the limited penetration of VUV photons in water
containing dissolved solutes [52]. Therefore, designing effective
full-scale photochemical reactors will require optimizing lamp spacing,
improving hydrodynamic conditions, and implementing automatic
cleaning mechanisms to manage fouling — all crucial for maintaining
treatment efficiency. Future research should continue to explore these
aspects to further support the development of VUV AOPs in water
treatment and potable reuse systems.

4. Conclusions

Previous research on the VUV/UV/Cly AOP has highlighted the
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synergistic effect of RCS and *OH for micropollutant degradation. In this
study, the performance of VUV/UV/Cl, was evaluated and compared
with VUV/UV alone for eliminating CBZ and 1,4-D as model organic
contaminants in potable reuse trains. Under potable reuse conditions,
the addition of free chlorine to the VUV/UV AOP roughly maintained
CBZ degradation levels while reducing the rate of 1,4-D removal due to
potential *OH and Cl* scavenging by chlorine species. The VUV/UV/Cl,
AOP exhibited effective treatment performance under relevant chlorine
doses and pH conditions for potable reuse scenarios. In RO-based
potable reuse systems, VUV/UV/Cl, demonstrated efficient 1,4-D
degradation due to the relatively clear water matrix and potential syn-
ergies between added free chlorine and existing chloramine species,
facilitating Cl3 generation — the primary RCS contributing to 1,4-D
removal.

Further research is needed to determine the interaction mechanisms
between free chlorine and chloramines in the RO permeate matrix and to
incorporate the effects of other matrix components on the VUV/UV AOP.
Although free chlorine alone might not have the capacity to improve the
degradation of a wide range of organic contaminants in a VUV/UV AOP,
implications of combining free chlorine with other oxidants, such as
chloramines, can be considered for advancing a viable VUV/UV AOP.
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