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Abstract

Krypton Chloride (KrCl*) excimer ultraviolet (UV) light may provide advantages for contaminant
degradation compared to conventional low-pressure (LP) UV. Direct and indirect photolysis as
well as UV/hydrogen peroxide driven advanced oxidation (AOP) of two chemical contaminants
were investigated in laboratory-grade water (LGW) and treated secondary effluent (SE) for LPUV
and filtered KrCl1* excimer lamps emitting at 254 and 222 nm, respectively. Carbamazepine (CBZ)
and N-Nitrosodimethylamine (NDMA) were chosen based on their unique molar absorption
coefficient profiles, quantum yields (QY) at 254 nm, and reaction rate constants with hydroxyl
radical. Quantum yields and molar absorption coefficients at 222 nm for both CBZ and NDMA
were determined with the molar absorption coefficient measured to be 26,422 and 8,170
M~1cm™, respectively and the, QY determined as 1.95 X 1072 and 6.68 x 10~ mol Es™1,
respectively. 222 nm irradiation of CBZ in SE improved degradation compared to LGW, likely
through promotion of in-situ radical formation. AOP conditions improved degradation of CBZ in
LGW for both UV LP and KrCI* sources but did not improve NDMA decay. In SE, photolysis of
CBZ resulted in similar decay as AOP, likely due to the in-situ generation of radicals. Overall,

KrCl* 222 nm source significantly improves contaminant degradation over 254 nm LPUV.

Keywords: LPUV, KrCl* excimer, UV/AOP, peroxide, photolysis, UV light

Synopsis:

222 nm photolysis and advanced oxidation greatly improve the degradation of carbamazepine

and NDMA in water compared to conventional 254 nm UV.
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1. Introduction

UV and UV advanced oxidation processes (UV/AOPs) are widely used in the water/wastewater
treatment industry!' . Conventional UV sources include low-pressure (LP) UV lamps, which emit
a monochromatic light at 254 nm. Several compounds degrade effectively through direct
photolysis, such as ketoprofen and N-Nitrosodimethylamine (NDMA)?>, while others degrade

through ¢OH driven AOP, such as carbamazepine (CBZ) and 1,4-dioxane®®,

Despite its effectiveness, several drawbacks pertain to LPUV, such as the potential for mercury
contamination, damage to skin and eyes in cases of accidental exposure, and the time to ignition
needed before usage®'!. A lamp source emerging into the market is KrCl* excimer lamps. KrCI*
excimer lamps emit light primary at 222 nm, in the loosely-defined Far-UVC range (200-230 nm).
Light emission in the Far-UVC range has been shown to be more efficient at inactivation of viruses
and unlikely to be a risk to human skin and eyes when exposed'®!!. However, little research has
investigated the potential of Far-UVC irradiation in water treatment, as a UV/AOP. Two factors
affect the direct photolysis degradation of chemical contaminants: 1) absorbance and 2) QY. The
absorbance reflects the likelihood of the chemical compound’s ability to absorb photons, whereas
the QY reflects the efficiency of a chemical transformation upon photon absorbance. The
alignment of light emission wavelength, molar absorption coefficient, and high photon energy will
generally improve chemical degradation rate constants. In Figure 1, the molar absorption
coefficient of CBZ and NDMA are shown along with the relative light emission (RLE) of LPUV
at 254 nm and KrCI* excimer lamp at 222 nm. CBZ and NDMA both absorb significantly higher
at 222 nm compared to 254 nm, indicating that more photons will be absorbed in the Far-UVC

range, likely improving degradation through direct photolysis.



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

UV-based AOPs may also be benefit from utilizing filtered KrCI* excimer lamps. AOPs are driven
by the formation of eOH, which are highly reactive and non-selective with many organic and
inorganic compounds'?. Contaminants, such as CBZ, which degrades negligibly under direct
photolysis, degrades significantly faster through AOPs due to its fast reaction rate with «OH

(k.OH scez = 8.02 X 10° M‘ls"1)13. UV/AOP is a commonly used process in water/wastewater

treatment'#'%, While the most commonly used eOH promoter is hydrogen peroxide (H,0,)
advanced oxidation can also be achieved by coupling UV with nitrate, iron, persulfate, and free
chlorine 172!, UV/H,0, has been widely used and is very effective in treating numerous target
contaminants. As illustrated in Figure 1, the molar absorption coefficient of H,0, overlaps
minimally with LPUV emission but has a higher absorbance in the Far-UVC range, indicating that

a higher formation rate or steady-state concentration of ®OH is possible under Far UVC.

Background water matrices are known to inhibit the process efficiency of UV-based advanced
oxidation. This can be attributed to light screening and e¢OH scavenging by dissolved organic
matter (DOM), alkalinity, and nitrate/nitrite?>23. Pereira et al. (2007) showed that LPUV with the
addition of 10 mg/L of H,0, was able to improve the degradation of CBZ and naproxen by 545-
and 50-fold in lab grade water, respectively, but in surface water, the improvement was only 90-
and 6-fold, respectively. A study by Lee et al. (2020) concluded that high level of nitrate curbed

the removal rate of the target contaminant significantly in a LPUV system.

Recent interest in Far UVC disinfection of viruses?*2° and the testing of KrCI* lamps in field
studies!!?” motivated an investigation of the potential benefits of KrCl* excimer lamps for
UV/AQOP. The goal of this study was to compare the degradation efficacy of target contaminants

between KrCl* excimer lamps that emit photons primarily at 222 nm and LPUV that emit photons
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at 254 nm. The specific scope included 1) determining fundamental photolysis parameters
(absorbance and quantum yield) in lab grade water for the chosen chemicals under 222 filtered
excimer lamps; 2) measuring the formation of hydroxyl radicals in the Far-UVC range and the
steady-state hydroxyl radical concentration in field water; and 3) evaluating the degradation
efficiency of target contaminants in both lab and field water. CBZ and NDMA were selected as
target contaminants for this study because they complement each other with regard to their

differences in rates of photolysis and ®«OH oxidation.
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Figure 1. Molar absorption spectra of CBZ, NDMA, and H202 (X 10), and emission spectra of

excimer 222 filtered and LPUV sources

RLE
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2. Materials and Methods

2.1 UV exposure experiments

UV lamps were set up in a bench-scale collimated beam apparatus. Two lamp types were
investigated during this study: a KrCI* excimer lamp emitting primarily at 222 nm (USHIO,
Cypress, CA, USA), and four conventional LP mercury lamp emitting at 254 nm (15 watts each,
#G15T8, USHIO). KrCl* excimer emits primarily at 222 nm with a small peak at 258 nm. A
bandpass filter was applied to isolate only the irradiation around 222 nm, denoted as filtered KrCIl*
excimer. Incident UV irradiance was measured using a calibrated radiometer and sensor (Model
ILT5000, Model SED240, International light Inc.). The average irradiance was determined by
correcting the incident irradiance for sample depth, absorbance at 254 nm, water factor, reflection
factor, divergence factor, and petri factor 2. A small stir bar was added in the water sample to
induce good mixing without disturbing the water surface. Dark controlled experiments were
performed for CBZ and NDMA with and without the addition of H20z2 to confirm no degradation
of the compounds occurred. Loss of concentration was not observed in stirred samples placed in

the dark. The starting concentrations for CBZ and NDMA were both 1 mg/L.

2.2 Chemical selection

CBZ and NDMA were selected as target contaminants for this study based on their unique
photochemical and physio-chemical properties at 254 nm. At 254 nm, CBZ degrades slowly
through direct photolysis, due to a low quantum yield of (®cgz = 6 X 10~* mol/Es)"? ,however,
it has a fast second order reaction rate with ¢OH (K,on/cpz = 8.08 x 10° M~'s™1), which is the
main pathway for its degradation. In contrast, the main pathway for NDMA degradation is

photolysis. NDMA has a significantly higher quantum yield (®ypma = 0.25 mol/Es) and
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relatively low second order reaction rate with ¢OH (K.on/npma = 3-30 X 10® M~'s™1) , resulting

in photolysis as its main degradation pathway '*. Chemical structures of CBZ and NDMA can be

seen in Supporting Information (SI) Figure S1 and S2, respectively.

2.3 Reagents and test waters

Analytical grade CBZ and NDMA were purchased from Sigma-Aldrich and Fisher Scientific,
respectively, and used without further purification. All stock solutions, chemicals, H2O2 were
prepared in LGW (resistance = 18MQ cm). 0.5mM of sodium carbonate was used to maintain
the sample at approximately pH 7 for all exposures conducted in LGW. pH values for each water
before and after UV treatment are presented in Tables S1 and S2 in the Supporting Information.
Secondary effluent (SE) was collected from a non-RO based pilot water reuse treatment train from
a Water Reclamation Facility in Oklahoma. The wastewater was treated with ozonation and
biological aerated filtration (0zone/BAF) before collection for use in this study. Measured water

quality parameters for the SE are presented in Table 3.

2.4 Analytical methods

A Cary 4000 UV-vis spectrophotometer was used to measure UV absorption. Residual H202 was
measured using the I3 method ?°. Organic carbon was measured using a Sievers M5310C TOC
analyzer. Alkalinity was measured using a HACH digital titrator. Nitrate and nitrite were measured
using HACH TNT 840 and TNT 839 test vials, respectively, in a HACH DR6000

spectrophotometer.

CBZ, and NDMA were detected using an Agilent 1220 Series HPLC with UV-vis detection. The
HPLC consisted of a reverse phase C-18 column and UV-vis detector. An eluent consisting of 50%

acetonitrile: 50% ultrapure water and UV-vis detection at 286 nm was used for CBZ. An eluent
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consisting of 15% methanol: 85% ultrapure water and UV-vis detection at 230 nm was used for

NDMA.

3. Results and Discussion

3.1 UV and UV/AOP in LGW

Table 1. CBZ and NDMA fluence-based degradation rate constants for filtered 222 nm excimer

lamp and LPUYV for both direct photolysis and UV/AOP (10ppm H202)

AOP (10ppm H,0,) (cm?/m])

Direct Photolysis (cm?/my])

Excimer 222F LPUV Excimer 222F LPUV
(4.33+1.38) (2.58 + 0.08) (5.24 + 0.16)
CBZ | (9.494+0.23) x 10™*
x 1075 x 1072 x 1073
(6.36 + 0.05) (2.65+0.3) (6.71 + 0.25)
NDMA | (2.1840.02) x 1072
x 1073 x 1072 x 1073

Direct photolysis and AOP for both CBZ (Figure 2A) and NDMA (Figure 2B) were investigated
under both filtered KrCl* excimer and LPUV lamp. The degradation rate constants under each
system are summarized in Table 1. Degradation of CBZ significantly improved under both direct
photolysis and AOP when utilizing filtered KrCl* excimer compared to LPUV. The degradation
rate constant is approximately 21 times and 5 times faster under filtered KrCI* excimer compared
to LPUV for both direct photolysis and AOP, respectively. The addition of 10 mg/L of H,0,
significantly improved the degradation of CBZ under both filtered KrCl* excimer and LPUV.
Interestingly, the additional degradation due specifically to AOP (by subtracting the degradation

rate constant of direct photolysis), was quite different between the KrCI* and LPUV AOP. The
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degradation rate constant of CBZ solely due to AOP is 5.20 X 1073 cm? /m] for LPUV, whereas
the degradation rate constant is 2.49 X 1072 cm?/m] for filtered KrCl* excimer lamp AOP,
indicating 4.8 times better performance for filtered KrCl* excimer lamp under «OH oxidation.
This enhancement is likely due to the higher molar absorption coefficient of H,0, at 222 nm

compared to 254 nm.

A Bo
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Figure 2. Comparison of A) CBZ and B) NDMA degradation between filtered 222 nm excimer
lamp and LPUV under both direct photolysis (square) and UV/AOP (10ppm H202) (circle) in

LGW

The degradation of NDMA through direct photolysis was relatively fast under LPUV, as expected
from previous studies due to its high quantum yield at 254 nm, but filtered KrCI* excimer
increased the degradation of NDMA by approximately 3.5-fold. Degradation of NDMA did not
improve for either LPUV nor filtered KrCl* excimer lamp with the addition of 10 mg/L of H,0,.
This aligns with theoretical predictions: NDMA already has high a QY and reacts relatively slow

with ®OH (K.on/npma = 3-30 x 10 M~*s™1). AOP not resulting in improving the degradation

of NDMA is evident in multiple other studies 2839,

10
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The significant improvement of direct photolysis and/or AOP for contaminant degradation at 222
nm compared to 254 nm can be explained by the combination of absorbance and QY. Absorbance
is the likelihood of a photon being absorbed by a molecule, and photochemical reactions can only
occur if photons are being absorbed?!. The second factor is the quantum yield of a chemical, which

is defined as the net change of a chemical concentration per Einstein of photons absorbed??.

Limited studies have been performed in the Far-UVC range to date, and little to no information is
available for either CBZ or NDMA. The molar absorption coefficient, €, is determined using Beer-

Lambert Law as shown in Eqn. (1).
£ = — (1

Where A is the absorbance of the sample at a particular pathlength, € is the molar absorption
coefficient (M~tcm™1), L is the pathlength, and C is the concentration of the target compound (M).
In this study, up to two different concentrations of CBZ and NDMA were made to determine the

molar absorption coefficient.
The QY under LPUV and filtered KrCI* excimer lamp is determined using Eqn. 23!,

10 ky
b =
In(10) pF [ £(3) EQ, [RFVI[WF()]dA

(2)

Where @ is the quantum yield, k, is the first order rate constant, PF is the petri factor, €(A) is the
molar absorption coefficient at wavelength 2, Eg';\ is the incident photo irradiance at the centre of

the water surface, RF(A) is the reflection factor at wavelength A, WF(Q) is the water factor at

wavelength A.

11



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

Figure 1 demonstrates the overlapping of CBZ, NDMA, and H,0, molar absorption coefficient
between 200 and 350 nm, as well as the relative light emission (RLE) for filtered KrCl* excimer
and LPUV lamps. Both CBZ and NDMA absorb relatively low at 254 nm, which LPUV emission
occurs, but much higher at 222 nm, at which filtered KrC1* excimer lamps emission occurs. Values
of molar absorption coefficient for CBZ and NDMA can be seen in Table 2. Compared to 254 nm,
the molar absorption coefficient of CBZ and NDMA 1is 4.1 and 4.5 times higher at 222 nm,

respectively.

For CBZ, two separate absorbance peaks are observed in Figure 1. The different absorbance value
at 222 nm compared to 254 nm is likely due to the different functional groups in CBZ. While
UV2s4is highly correlated with aromatic compounds?3*4, the absorbance peak at 222 nm is likely
the result of the amide group. Storozhok and Medyanik (2018) showed that the amide group
exhibits an absorption maxima in the Far-UVC range. The difference in absorbance maxima due
to different moieties will likely result in different pathways for photolysis-driven CBZ degradation.
Since aromatic rings are the dominant absorber of photons at 254 nm, it is likely the main
degradation pathway is through photons attacking the aromatic rings which would be consistent
with other studies that demonstrated the decrease of aromaticity during UV irradiation®*-*, As for
irradiation at 222 nm, it is likely the degradation pathway is photons attacking the amide group in
addition to the aromatic rings. This would be consistent with disinfection studies within the Far-
UVC range. KrCI* excimer disinfection studies have demonstrated that protein damage is the main

mechanism at 222 nm 253738,

Table 2 also presents quantum yield of CBZ and NDMA for both filtered KrCI* excimer and
LPUV. At 254 nm, the QY of CBZ and NDMA was determined to be 1.41 X 10™3 and

0.33 mol/Es, respectively. At 222 nm, an increase in QY was observed for both compounds. The

12
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QY for CBZ and NDMA at 222 nm was determined to be 1.95 x 1072 and 0.668 mol/Es,

respectively.

To achieve contaminant degradation, electrons in the bonding (7r) and non-bonding (n) state need
to reach the anti-bonding state (m —» 7* or n - m*)*. Not all excited molecules will undergo a
photochemical reaction and the rate of a photochemical reaction is proportional to the absorbed
photon flux. At equal incident irradiance, KrCl* excimer will emit higher flux of photon compared
to LPUV, however, the KrC1* excimer intensity used for this research was 1/5 of LPUV’s intensity,
resulting in an photon irradiance of 4.64 X 107" mEscm™2s™! at 222 nm compared to
3.16 x 107* mEscm™2 s™1 at 254 nm, approximately a magnitude lower. However, CBZ still
degraded much faster under filtered KrCl* excimer, and this is likely to be attributed to both the
absorbance of moieties and their bond enthalpies. As discussed previously, the main absorber at
254 nm is the aromatic rings (C = C), whereas at 222 nm, the main absorber is the primary amide
group (RCONH,). The bond enthalpies of C = C is 612 kJ/mol, but it is only 306 kJ/mol for C —

N, coupled with higher photon energy at 222 nm compared to 254 nm, indicating the degradation

of CBZ is likely due to the cleavage of the amide group when irradiated at 222 nm.

The degradation of CBZ by AOP alone was significantly higher for filtered KrCl* excimer lamp
than LPUV, implying that there was significantly higher ¢OH formation at 222 nm than 254 nm,
which may be explained by the higher absorbance of H,0, in the Far-UVC range. As shown in
Figure 1, H,0, absorbs poorly at 254 nm (SHzOz =19 M_lcm_l), where at 222 nm, molar
absorption coefficient of H,0, increase by approximately 4-fold (aHzoz =99 M_lcm_l). The
quantum yield eOH remains at 1 per mole of H,0, regardless of wavelength, but the increased

molar absorption coefficient will result in a higher formation rate of ¢OH. CBZ was used both as

13
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a target contaminant as well as a ®OH probe compound due to its slow photolysis rate and fast
second order reaction rate with ®OH. Since there are no other scavengers present in the water and
CBZ is the predominant species in the water, the formation rate of «OH will be directly related to

the degradation rate of CBZ solely due to AOP “°.

This is also evident in the degradation of H,0,. As shown in Supporting Information Table Sland
S2 for H,0, concentration in CBZ and NDMA experiments, respectively, H,0, concentration
decreases substantially more in the filtered KrCl* excimer experiments than the LPUV
experiments. For CBZ degradation in LGW, H, 0, concentration decreased from 9.49 ppm to 9.00
ppm over a UV fluence of 400 m]/cm? in the LPUV system, while H,0, concentration decreased
from 9.16 ppm to 8.21 ppm over a UV fluence of 40 mJ/cm? in the filtered KrCl* excimer system.
This indicates that for every mJ/cm? of LPUV fluence, 0.0012 ppm of H,0, is utilized, while
0.0238 ppm of H,0, is utilized for every mJ/cm? of KrCl* UV fluence. Similar results were
obtained from NDMA in LGW experiments. H, 0, concentration decreased from 9.61 ppm to 8.27
ppm over a UV fluence of 1000 mJ/cm? for LPUV, while H,0, concentration decreased from
9.61 ppm to 9.18 ppm over a UV fluence of 120 mJ/cm? in the filtered KrCI* excimer system,
indicating that for every mJ/cm? of LP UV fluence, 0.0013 ppm of H, 0, is utilized, while 0.0036

ppm of H, 0, is utilized for every mJ/cm? of KrCl* UV fluence.

Table 2. Comparison of CBZ and NDMA molar absorption coefficient and quantum yield for

filtered KrCl* excimer and LPUV

Chemical
CBZ 6419+ 118 1.41x 1073 26422 + 246 1.95 x 1072
NDMA 1799 + 106 0.33 8170+ 266 0.668

14
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3.2 UV and UV/H:0; in Secondary Effluent

Background water constituents (e.g., DOC, carbonate, nitrate, etc.) can have major impacts on the
water absorption as well as a scavenging effect on radical formation. Table 3 shows the major
water quality parameters from a secondary effluent used in this study. The water has low TOC
concentration (3.5 mgC/L) but high alkalinity (194 mgCaCOs3/L), and a nitrate concentration of
1.75 mgN/L. The absorbance increased by 15 fold between 254 to 222 nm; from 0.029 cm! at 254
nm, to 0.447 cm! at 222 nm. The significant increase is likely due to the increased absorbance of

TOC and nitrate in the Far-UVC range.

Table 3. Water quality of ozone/BAF treated secondary effluent used in this study

Parameter Value

TOC (mg/L) 3.50+ 0.04
Alkalinity (mgCaCO5/L) 194
pH 7.63
NO3 (mgN/L) 1.75
NO3 (mgN/L) 0.055
Aycinm (cm™1) 0.028
Ajyponm (cm™) 0.427

Figure 3 shows the degradation of CBZ (Figure 3A) and NDMA (Figure 3B) for both direct
photolysis and AOP under filtered KrCl* excimer and LPUV, and the degradation rate constants
are presented in Table 4. Filtered KrCl* excimer lamp was able to significantly improve the
degradation rate constant of CBZ compared to LPUV for both direct photolysis and AOP. In the

LPUYV system, the addition of H20: significantly improved CBZ degradation but the same effect

15
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was not observed under filtered KrCl* excimer lamps. This might be due to various factors

explained below.
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Figure 3. Comparison of A) CBZ and B) NDMA degradation between filtered KrCl* excimer
lamp and LPUV under both direct photolysis (square) and UV/AOP (10ppm H202) (circle) in
SE

The degradation results of NDMA in SE reflected the results obtained in LGW, for both LPUV
and filtered KrCl* excimer lamp. Direct photolysis of NDMA under filtered KrCI* lamp improved
by 4.1-fold compared to LPUV. The addition of 10 mg/L of H,0, did not improve NDMA

degradation for either filtered KrC1* lamp nor LPUV.

The degradation rate constants of CBZ and NDMA in SE were quite different to that of in LGW.
For CBZ, direct photolysis of LPUV and KrCl* excimer lamp in SE improved the degradation by
6.9 and 19.6 times compared to LGW, respectively, whereas the degradation rate constant of
LPUV/H,0,, and KrCl*/H,0, was higher in LGW than SE by about 1.8 and 1.7 times,
respectively. Unlike the results in LGW, direct photolysis of CBZ by filtered KrCI* excimer lamp
was more efficient than LPUV/H202 in SE. This may be due to radicals formed in situ from

background water constituents. With background absorbance being 15-fold higher at 222 nm

16
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compared to 254 nm, it is likely that appreciable concentrations of radicals were formed from
organic matter, nitrate, and/or carbonate in the water, including singlet oxygen, ¢OH, and reactive
nitrogen species, which may all have contributed to CBZ degradation*'*>. For NDMA, the
degradation rate constant under LPUV, LPUV/H,0,, KrCI* excimer lamp, and KrCl*/H,O0,
systems decreased by 50, 20, 30, and 30% in SE compared to LGW, respectively. The decrease of
NDMA degradation rate constant in SE compared to LGW for all UV systems is most likely due
to light screening since background absorbance increased by 15-fold, and AOPs play minimal role

in NDMA degradation process.

Similar to the results in LGW, H,0, concentration decreased at a significantly higher rate under
filtered KrCl* excimer lamp than LPUV, as shown in Table S1 and S2 for H,0, concentration in
CBZ and NDMA experiments, respectively. For CBZ degradation in SE, H,0, concentration
decreased from 9.99 ppm to 8.85 ppm over a UV fluence of 1000 mJ/cm? in the LPUV system,
while H,0, concentration decreased from 10.00 ppm to 6.41 ppm over a UV fluence of just 200
m]J /cm? in the filtered KrCl* excimer system. This indicates that for every mJ/cm? of UV fluence,
0.0011 ppm of H,0, is utilized under LPUV, while 0.0180 ppm of H,0, is utilized for every
mJ/cm? of UV fluence under KrCl*. Similar results were obtained from NDMA in LGW
experiments. H,0, concentration decreased from 10.02 ppm to 8.81 ppm over a UV fluence of
1000 m]/cm?, while H,0, concentration decreased from 9.64 ppm to 8.95 ppm over a UV fluence
of 120 mJ/cm? in the filtered KrC1* excimer system. This indicates that for every m]/cm? of UV
fluence, 0.0012 ppm of H,0, is utilized under LPUV, while 0.0058 ppm of H,0, is utilized for

every mJ/cm? of UV fluence under KrCI*.

Both CBZ and NDMA experiments were conducted in the same water source, so the only variation

in scavenging is due to the reaction rate of CBZ or NDMA with eOH. Because CBZ reacts with
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*OH approximately 10x faster than NDMA, it is possible that its presence has a more profound
comparative impact on the caging effect of H,0,. UV irradiation upon H,0, can result in the
formation of two e¢OH, however, some of it recombines to form H,0,. Since CBZ reacts faster
with H,0,, presumably less ®OH was able to recombine and therefore we see a higher utilization
of H,0, during the CBZ experiment. Similar effects were shown in Barrett et al. (1968), where
the presence of alcohol, which also reacts fast with eOH, slowed the recombination of H,0,. It
was hypothesized that the presence of alcohol in the caging region also prevented eOH from

reforming H,0,.

As shown in Table 3, the absorbance of the original SE (without spiking CBZ/NDMA nor H,0,)

at 254 nm is 0.028 cm™! whereas the absorbance at 222 nm is 0.427 cm™1!, a 15-fold

increase. Using Eqn. 3, the fraction of photons being absorbed by H,0, can be determined.

a
fHZOZ = (L) (1 — 10‘“Water$amplel) (3)

Awater Sample

Where fy,0, 1s the fraction of photons absorbed by H,0,, ay,¢,is the absorbance of H,0,,

water sample 18 the absorbance of the water sample, and [ is the pathlength.

Figure 4 shows the percentage of photons absorbed by CBZ, NDMA and H,0, in SE experiments.
At 254 nm, 1.9% of the all photons absorbed by the water sample is by H,0,, whereas at 222 nm,
H, 0, absorbs 4.4% of all photons absorbed by the water. Despite increase in the fraction of H, 0,
absorbed at 222 nm, AOP did not improve the degradation of CBZ in SE. This phenomenon was
not observed in a previous study with pCBA degradation in groundwater 4. This might be due to
two reasons: 1) the composition of the different water types having different scavengers; 2) the

higher transmittance for groundwater compared to secondary effluent.
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318 Table 4. CBZ and NDMA fluence-based degradation rate constants for filtered 222 nm excimer
319 lamp and LPUYV for both direct photolysis and UV/AOP (10ppm H202) in SE
‘ Direct Photolysis (cm? /m]) AOP (10ppm H,0,) (cm?/m])
‘ Excimer 222F LPUV Excimer 222F LPUV
CBZ (1.86 + 0.08) (2.98 +£0.27) (1.37 £ 0.05) (3.19 £ 0.16)
X 1072 X 107* X 1072 x 1073
(1.45 % 0.88) (3.49 £ 0.18) (1.77 £ 0.26) (5.16 £ 0.04)
NDMA
X 1072 x 1073 X 1072 x 1073
320
A 201 B 20
/ANy % Lpuv
B Filtered KrCl1* B8 Filtered KrCl*
é—‘f’; 104 ;’i 104
d 7 'J
7
1] — 0 2 7z
301 CBZ H,0, NDMA H,0,

322 Figure 4. Percentage of light absorbed by A) CBZ and H20:2 in SE and B) NDMA and H20:2 in

323 SE for under LPUV and Filtered KrCI*, respectively

324 3.3 UV/H>0: Model Comparison

325 A model was developed to predict the degradation of CBZ and NDMA under different UV/AOP
326  systems. The model is adapted from Rosenfeldt (2004). The rate of ®OH formation accounts for
327  both H,0, and NO3 because NO3 adsorbs UV light strongly at wavelengths below 240 nm. The

328  rate equation is shown in Eqn. 3.

329 Tuv/Hy0,(A) = Equg[H20:]1®p,0,8H,0, + Eavg [INO3 1P oz no; (3)
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Where ryy/u,0,(A) is the rate of eOH formation rate [M/s]; E,y, is the average irradiance
[mw/cm?], [H,0,] and [NO3] are the concentration of H,0, and NO3, respectively, [M] ; @y ,0,
and @y are the quantum yield of H,0, and NO3, respectively, [mol/Es]; ey,0, and eyo; are

the molar absorption coefficient of H,0, and NO3, respectively, [1/M/cm].

As shown in Figure 5, the model underestimated the degradation of CBZ and NDMA at both 254
and 222 nm. Due to the nature of the water source, the exact constituents making up the water
quality is not known, and only major parameters (TOC, Alkalinity, nitrate etc.) are accounted for
in the model. Therefore, it is likely the model missed some of the scavengers and radical promoters
present in the water. Because the model underestimated the degradation of both CBZ and NDMA,
it is reasonable to conclude that the unknown radical promoters probably had a bigger impact than
the unknown scavengers. For CBZ, the modelled fluence-based rate constant is 1.22 X 103 and
1.14 X 1072 cm? /mJ for LPUV/AOP and KrCI*/AOP, respectively. The experimental fluence-
based rate constant for CBZ, shown in Table 4, is 2.6 and 1.2 times higher than modelled rate for
LPUV/AQOP and KrCI*/AOP, respectively. For NDMA, the modelled fluence-based rate constant
is 1.28 x 1073 and 1.08 x 1072 cm?/mJ for LPUV/AOP and KrCI1*/AOP, respectively. The
experimental fluence-based rate constant for NDMA, again shown in Table 4, is 4.0 and 1.6 times
higher than modelled rate for LPUV/AOP and KrCI*/AOP, respectively. Although the model did
not precisely predict the experimental degradation of CBZ nor NDMA, it represents the relative

trends, and results between model and experiment differed by between 1.2-4 times.

20



349

350
351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

A 1.0 B 1.0
= LPUV Model = PUV Model
0.8+ KrCl* Model 0.8 1 KrCI* Model
®  LPUV Experiment m LPUV Experiment
®  KrCl* Experiment = m  KrCl* Experiment
= <
5 0.6 = 064
2 2
Q ;
S, 0.4 Z 044
&
0.2 024 [ ]
= L]
]
[}
0.0 - 0.0 — ]

T T T T T T T T T
0 200 400 600 SO0 1000 0 200 400 600 K00 1000

UV Fluence (mJ/em?) UV Fluence (mem?)

Figure 5. Modelling results of A) CBZ and B) NDMA for both LPUV and KrCI* AOP

3.4 Potential Environmental Impact and Implications

Despite filtered KrCl* excimer lamps emitting lower UV irradiation intensity compared to
conventional LPUV, target contaminants were degraded more effectively for both UV direct and
indirect photolysis. In SE, direct photolysis of CBZ under filtered KrCl* excimer was more
effective than LPUV/AOP. This may be due to radicals formed from background water
constituents that also absorb highly in the Far-UVC range. This can be beneficial to encourage
radical generation from KrCI* lamps without external chemical inputs, especially for small
treatment systems. Treatment plants would not only require less energy to degrade target
contaminants, but potentially not utilize H202 during the treatment process, which would reduce
the cost of quenching residual H,0, and a H, 0, feeding. However, reactive species generated in-
situ and contaminant degradation products/pathways were not directly probed for in this study.
This finding of enhanced contaminant degradation in the absence of H202 due to in-situ reactive
oxidant production warrants additional investigation, which is underway. Furthermore, the

degradation products should be probed for any changes in solution toxicity that may outweigh the
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benefits of utilizing KrCI* excimer lamps. This research only investigated CBZ and NDMA and
found that the degradation efficiency improved significantly for both under filtered KrCI* excimer
irradiation, despite different chemical structures, absorbances, and QY. However, that this may
not be the case for other contaminants and further investigation must be conducted to confirm the
UV degradation behavior of other chemicals, as well as the role of reactive species generated in-

situ and associated degradation by-products.

Another factor that will affect the utilization of KrCl* excimer technology is high UV
transmittance (UVT) water. Both CBZ and NDMA absorbed less than 20% of the photons entering
the water matrix during the degradation process mainly due to the high absorbance by background
water constituents. If UVT is improved, more photons can be utilized to degrade target

contaminants.
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