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Abstract

KrCI* excimer lamps emitting at 222 nm hold potential for enhancing UV-based advanced
oxidation efficiency. Experiments were conducted in both ultrapure water and groundwater
comparing low-pressure UV (LPUV) and KrCI* excimer lamps, with two different radical
promoters: hydrogen peroxide (H202) and nitrate (NO3 ). Compared to conventional LPUV/H202,
the steady state hydroxyl radical (*OH) concentration achieved in the KrC1*/NO3 UV/AOP was
up to 13.1 times greater while the KrCl*/H202 process was up to 9.4 times greater in ultrapure
water; in groundwater these numbers were 7.3 and 3.7 times greater, respectively, all using a
standard single probe compound decay method as a proxy for *OH radical generation. This work
identified several research gaps which must be addressed to facilitate adoption of KrCI* for
UV/AOP, including development of methods to compare UV/AOPs that utilize different UV
radiation sources and radical promoters, a need to develop more information on direct photolysis
quantum yields at 222 nm for contaminants of concern, and the impact of the background water
matrix constituents on radical promotion or formation of any byproducts, especially in the presence

of NO3 as a radical promoter.

Keywords: LPUV, KrCI* excimer, hydroxyl radical, hydrogen peroxide, nitrate, advanced

oxidation processes (AOPs)

Synopsis: UV advanced oxidation utilizing KrCI* excimer lamp at 222 nm with hydrogen peroxide
or nitrate as the radical promoter both performed significantly better at probe compound
degradation than conventional UV advanced oxidation with low-pressure UV and hydrogen

peroxide.
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Introduction

Ultraviolet (UV)-based advanced oxidation processes (UV/AOPs) are frequently employed in
municipal drinking water and water reuse treatment for micropollutant abatement. Common
UV/AOPs utilize hydrogen peroxide (H202) to generate hydroxyl radicals (*OH) under
monochromatic low-pressure mercury vapor lamp (LPUV) irradiation at 254 nm or broad
spectrum (200-800 nm) irradiation from medium-pressure mercury vapor lamps. This UV/AOP
generates hydroxyl radicals via hydrogen peroxide photolysis, which react rapidly (rate constants
of 107 to 10'° M~1s™1) and non-selectively with many organic and inorganic contaminants'?. In
recent years, the UV-driven production of hydroxyl radicals from species other than hydrogen
peroxide has generated interest. AOPs which use chlorine (UV/Cl2 or UV/NH2Cl)*5 or
peroxydisulfate (UV/PDS)%7 as the radical promoter are increasingly being studied, and in some
cases employed at the pilot or full scale®!!. Additionally, water matrix constituents such as nitrate
or iron can create de facto AOPs when exposed to UV light!>~13. Nitrate absorbs light very strongly
at wavelengths below 240 nm to produce hydroxyl and other radicals and has demonstrated
potential as a radical promoter in UV/AOP systems which utilize light sources emitting at Far-

UVC (200-230 nm) wavelengths'6-18,

Coinciding with the investigation into alternative radical promoters are advancements in UV
source technology. Both germicidal UV LEDs and excimer (or exciplex) lamps have emerged in

the last decade as potential tools in UV-based water treatment technology!®2!

. Of particular
interest here are excimers, which generate deep UV emission when a rare gas or rare gas-halogen
dimer returns to ground state from its excited state, with the emission wavelength corresponding

to the composition of the dimer???3. KrCl* excimers emit narrow-band UV light at 222 nm and

have recently been studied for use in disinfection??2423 greatly enhancing the disinfection of UV-
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resistant viruses?$, including for control of SARS-CoV-22"-%, KrCI* excimers have advantages
over conventional UV sources because they do not contain mercury and the Far-UVC emission at
222 nm is not very harmful to human tissue3®>?, thereby eliminating several hazards typically
associated with conventional UV treatment of surfaces, air and water. Few studies have exploited

the unique wavelength emission of KrC1* excimers for improving advanced oxidation3-3¢,

The goal of this study was to promote radical improvements in AOP treatment through use of 222
nm emitting lamps by comparing *OH generation, as measured by a probe compound, across three
UV advanced oxidation systems: conventional LPUV with hydrogen peroxide as the radical
promoter (LPUV/H202), KrCI* excimer with hydrogen peroxide (KrCl*/H202), and KrCIl*
excimer with nitrate (KrCl*/NO3). Experiments were conducted both in ultrapure water and a
natural groundwater to investigate the rate of *OH production and the impacts of background water
constituents on the 222 nm-driven generation of *OH in comparison to conventional LPUV
emitting at 254 nm. The opportunities for process optimization by utilizing new UV sources or
radical promoters are presented, and the challenges of quantitatively comparing different
UV/AQOPs are described. Lastly, areas of needed research are proposed to support adoption of 222

nm-driven AOPs.

Materials and Methods

Reagents and test waters

Analytical grade para-chlorobenzoic acid (pCBA) was purchased from Sigma-Aldrich (98%). All
stock solutions/chemicals (H202, pCBA, fert-butanol, sodium nitrate) were prepared in ultrapure
water (resistance = 18MQ cm). Two test water matrices were used for UV exposure experiments:

ultrapure water and a natural groundwater. Supporting Information (SI) Table S1 presents the
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relevant water quality data for both sources. In the LPUV/H202 and KrCl*/H202 systems, a
peroxide concentration of 10 ppm was used, as this concentration is commonly used in municipal
UV/H202 systems3’°, In the KrC1*/NO3 system, a concentration of 5 NO3-N/L was used. This
concentration has shown to be an optimal point which balances hydroxyl radical generation from
nitrate photolysis with scavenging by the build-up of nitrite*® and is below the US EPA MCL of

10 ppm as N*! so it is a realistic level of nitrate that may be found in environmental waters.

Exposure Approach

A similar bench-scale UV collimated beam apparatus setup was used for all experiments, based
on the design proposed in Bolton and Linden (2003) and depicted in Figure S1. Two UV lamp
systems were investigated: 1) LPUV mercury lamp emitting at 254 nm (four 15-watt lamps,
#G15T8, USHIO); 2) KrCl* excimer lamp emitting at 222 nm (USHIO, Cypress, CA, USA).
Incident UV irradiance (equivalent to fluence rate in a collimated beam system) was measured by
a calibrated radiometer (ILT5000 Research Radiometer, International Light Inc.) and detector

(Model SED240/W, International Light Inc.).

Analysis
An Agilent 1200 series HPLC equipped with a UV detector and a reverse phase C-18 column (all
from Agilent, Santa Clara, CA, USA) was used to analyze pCBA. pCBA was eluted with 10mM

phosphoric acid (pH~2.5): methanol (v:v=45:55) using 234 nm for absorbance detection.

TOC 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.
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Fluence Calculations

For this study, the fluence presented was calculated using a “incident fluence rate (E,.),” which
1s an adaptation from the traditional standard methods presented in Bolton and Linden (2003) (Text
S3). The incident fluence rate omits the water factor (WF) from the calculation such that the
fluence calculation is based on the total photons entering the water matrix, rather than the average
fluence rate delivered to the water volume, which accounts for the background water matrix
absorbance and path length. The UV fluence reported in this study is therefore the product of
incident fluence rate (E;,.) and exposure time (t), denoted Finc. All results and figures in this
manuscript are presented on the basis of incident fluence (Fmc). Additional details on this

calculation, as well as figures with fluence calculated using average fluence rate (E,yq), can be

found in Text S3 and Figures S3 and S4 in the Supporting Information.

Calculation of scavenging rates and *OH steady state concentration

pCBA was chosen as a probe compound due to its fast reaction with hydroxyl radicals (k-onpcsa
=5x 10° M- s'1) and low photolysis rate under both LPUV and MPUV systems *+#°. The pseudo
first-order rate constant (k') of pCBA degradation was determined by plotting the natural
logarithm of the ratio of the final (C) and initial (C,) pCBA concentrations as a function of the

incident UV fluence (Fy,.), as shown in Eqn. 1.

i (t5caal)

k' =
l:‘Inc

(1)

The normalized steady-state concentration of hydroxyl radicals was then calculated by solving

Eqn. 2 for [¢ OH ]/Emc®. The steady-state hydroxyl radical concentration was normalized by



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

incident fluence rate (Einc) to allow for comparison between different UV/AOPs systems with

varying output power.

[pCBA]O - [' OI—I]ss X Finc (2)

ln( [pCBA] ) _ —Kk.onpcaa
EInc

Results and Discussion

Direct photolysis and quantum yield determination

While pCBA is widely used as a probe compound to indirectly measure hydroxyl radicals for
LPUV and MPUYV systems*°_ no studies to date have investigated the photolysis of pCBA or its
utility as a probe compound under 222 nm irradiation. Molar absorptivity of H202 and pCBA,
along with the emission spectrum of LPUV and filtered KrCI* excimer lamp, are shown in Figure
S2. At the LPUV emission wavelength of 254 nm, the absorptivity of pCBA was measured as
2704 + 145 M 1cm™! and the quantum yield of pCBA decay was experimentally determined
(Text S4) to be 0.022 + (2.21 x 10™%) mol/Es. These values agree well with values found in
literature®**. The absorptivity of pCBA at 222 nm was measured as 8112 + 529 M~ tcm™2, three
times as high as the absorptivity at 254 nm. The quantum yield of pCBA decay at 222 nm was
experimentally determined to be 0.047 + (6.59 X 10™>) mol/Es, twice as high as the quantum
yield at 254 nm. At 254 nm the incident fluence-based rate constant of pCBA direct photolysis
was 1.02 x 10~*cm?m]J ™1, while at 222 nm it was measured as 5.18 X 10™*cm?m]~!. Because
the degradation of pCBA under filtered KrCI* excimer is not negligible, the decay rate from direct
photolysis must be subtracted to isolate for the degradation rate due to hydroxyl radicals. For

consistency, a similar approach was taken with the pCBA decay due to 254 nm exposure.

222 nm irradiation improves radical generation in H20: -based AOP
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In both ultrapure water and groundwater, greater hydroxyl radical production from hydrogen
peroxide (10ppm) was achieved in the KrCI* system than in LPUV. In ultrapure water, the overall
rate of pCBA degradation was 9.1 times higher in the KrCI*/H20: system than in LPUV/H20:2
(Figure 1a), while it was 3.7 times higher in groundwater (Figure 1b). Direct photolysis partially
contributed to the increase in probe compound degradation at 222 nm compared to 254 nm. After
subtracting out direct photolysis of pCBA, the indirect photolysis decay of pCBA (a measure of
the generation of radicals capable of degrading pCBA) promoted by the KrCI*/H20: system was
9.4 and 3.7 times higher in ultrapure and groundwater, respectively, compared to LPUV/H205:.
The higher molar absorbance of peroxide at 222 nm compared to 254 nm (99 + 1 M~ 1cm™1 vs.
214+ 0.2M *cm™?) leads to significant increases in hydroxyl radical production, creating the
possibility for impressive performance improvements in AOP water treatment. Furthermore, the
higher direct photolysis at 222 nm in addition to higher radical yield translates to greater treatment

efficiency for contaminants which are susceptible either to direct photolysis or reaction with

hydroxyl radical, or both.
Under 222 nm, nitrate promotes greater radical generation than H20;

Production of oxidative radicals, as measured by the pCBA degradation minus the component due
to direct photolysis, was 1.4 times greater in the KrCI*/NO3 system than in the KrC1*/H202, and
13.1 times greater than in LPUV/H20z2, in ultrapure water. Because nitrate does not absorb
appreciably at 254 nm, the LPUV/NO3 combination is very inefficient for radical generation and
was not compared here. Although the rate of pCBA decay was faster with NO3 compared to H202,
it was not as significant as would be predicted from the molar absorbance of the relative promoters
alone (2747 M~tcm™! for nitrate and 99 M~1cm™?! for peroxide). This is likely due to the

production of nitrite, a potent hydroxyl radical scavenger, from the photolysis of nitrate. Nitrite is

9
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produced from nitrate photolysis with a quantum yield of between 9-17% at 254 nm>!. No nitrite
quantum yield data for 222 nm exists in the literature, although the quantum yield of nitrite was
found to be twice as high at 228 nm compared to 254 nm>. Nitrite reacts with *OH with a rate
constant of 1 X 10'® M~s™1, so scavenging by nitrite can significantly lower the steady state
hydroxyl radical concentration in UV/NO3 systems’!. Additionally, nitrite is stringently regulated
with a U.S. EPA maximum contaminant level of 1 mg-N/L*'. However, nitrite may also play an
important role in the reaction pathways of radical production from nitrate photolysis, in addition
to being a potential photosensitizer itself>!. While these fundamental photochemical properties of
nitrate and nitrite are important to any UV/AOP, their importance is magnified in treatment
utilizing 222 nm, as both nitrate and nitrite absorb very strongly at wavelengths below 240 nm.

Therefore, the role of nitrite in the KrClI/NO3 AOP must be further investigated.

Lastly, UV/NO3 systems generate reactive nitrogen species (RNS) such as nitric oxide (*NO),
nitrogen dioxide (*NOz2), and peroxynitrite (ONOQO"), in addition to *OH'6>3, and their role was
not assessed here. By using pCBA as a probe compound, the role of RNS vs. *OH could not be
isolated. In the KrCI*/NO3 experiments with 100 mM tert-butanol (TBA) the rate constant of
pCBA decay in the presence of nitrate and TBA was similar to the observed decay rate by pCBA
direct photolysis (Figure 1-a2 and 1-a3), indicating either that RNS does not contribute to pCBA
degradation or that TBA quenches RNS, which has been observed elsewhere®*. Therefore, it is
possible that RNS were present in the KrC1*/NO3 AOP but were not quantified with the pCBA
radical probe, although future experiments are needed to determine conclusively whether or not
RNS contribute to pCBA degradation. Future work with probe compounds tailored to RNS
identification is necessary to definitively determine the significance of RNS to contaminant

degradation. Certain contaminants, such as phenolic compounds, are particularly susceptible to

10
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reactions with RNS>3, In such cases, contaminant degradation beyond what would be predicted
from the hydroxyl radical concentration alone could be expected, which would further increase the
treatment efficiency of KrCI*/NO3 compared to KrCl1*/H202. However, in these cases, nitrated or
nitrosated transformation products could also be formed. During UV irradiation of nitrate-
containing water, nitrogen has been shown to incorporate into NOM to produce nitrogenous
disinfection byproducts(N-DBPs)>*7, resulting in increases in geno- or cytotoxicity’®®
Furthermore, N-DBPs formed upon subsequent chlorination of UV-irradiated water may have a
higher toxicity than regulated DBPs**%°, Therefore further study into their formation and risk
posed by these potential byproducts is critical. Applications of KrC1*/NO3 may be limited to water

matrices where the formation potential of nitrogenous byproducts is low.
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Figure 1 a) pCBA degradation in three UV/AQOPs in ultrapure DI water. b) pCBA degradation in
three UV/AOPs in groundwater. The slopes of all linear regressions (i.e., rate of pCBA

degradation) are presented in the SI in Tables S3 and S4.

Impact of water quality on hydroxyl radical yield

Hydroxyl radical production was also investigated in a natural groundwater. pCBA degradation
was slower in the groundwater compared to DI in all three UV/AOP systems. In the LPUV/H20:2
system, the [OH]ss, normalized by Einc, was 49% lower in the groundwater than in the DI water
(Figure 2). In the KrCI*/H202 system [OH]Jss/Emec was 80% lower in the groundwater and in
KrCI*/NO3 it was 72% lower. The observed decrease in hydroxyl radical steady-state
concentration is largely due to scavenging but scavenging alone does not account for the difference
between the LPUV/H20:2 and KrC1*/H202 AOPs. These differences could be due to the fact that

at 222 nm, the background matrix absorbance is roughly twice the absorbance at 254 nm (Figure

12



221

222

223

224

225

226

227

228

229

230

231

232

233

234

S2b), so the effect of light screening of the water matrix is greater in the excimer systems. In
addition to radical scavenging, this could help explain the fact that there is a greater decrease in
the hydroxyl radical production in groundwater compared to DI in the excimer-based systems than
the LPUV system. Furthermore, because nitrate absorbs more strongly than peroxide, it is less
affected by light-screening, explaining why the decrease in [OH]ss/Eme is slightly less for
KrCI*/NO3 than KrC1*/H202, despite scavenging by nitrite in the KrC1*/NO3 system. Because the
background water matrix absorbs UV light much more strongly at 222 nm than at 254 nm, light
screening is an important consideration in KrCI* AOPs. In practical applications with longer light
path lengths than the bench study presented here, light screening may significantly hinder the
efficiency of a KrCI* AOP. Additionally, the strong light absorption by the water matrix at 222
nm may affect the fluence distribution in a full-scale reactor. As a result, the optimal engineering
design for full-scale KrCI* AOPs may be different than for LPUV AOPs and should be
investigated. Engineering tools such as computational fluid dynamics (CFD) can be used to

determine optimal reactor design to minimize the effect of light screening.

13



235

236

237

238

239

240

241

242

243

244

1E-11 5
1 |Dlwater B
{ [ ] Groundwater —=
= .
=
o
-
(@]
= 1E-124
o ]
o
7]
T
O,
.
T
1E-13 : :
LP Peroxide Excimer Peroxide Excimer Nitrate

Figure 2. Steady state hydroxyl radical concentration ([OH]ss) normalized by incident fluence
rate in three UV/AOQOPs, in both DI and groundwater. Numerical values for each bar are presented

in the SI in Tables S3 and S4.

This study was limited to quantifying hydroxyl radical production. However, UV irradiation of
natural water containing DOM and alkalinity may generate other radicals such as '020:62,
3DOM™2, CO5 %, and RNS®. CO5™ forms from the scavenging reaction between CO3~ and *OH
or from the reaction between peroxynitrite, a product of nitrate photolysis®!, and CO%~ or HCO3 %,
and has been demonstrated to significantly contribute to the degradation of certain pesticides®.

RNS and '02/DOM" form from photolysis of nitrate and DOM, respectively, and can also

14
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contribute to contaminant degradation®*2. However, the quantum yields or relative abundance of
these radicals have not yet been established at 222 nm. Therefore, to better understand the full
potential for contaminant degradation in a KrCI* excimer-based UV/AOP, more data on the yield
of radical species from background matrix constituents at Far-UVC wavelengths must be

investigated.

Challenges and future research for KrCIl* excimer UV/AOP

Few data are available in the literature for chemical quantum yields at 222 nm. Future studies
should investigate quantum yield of target contaminants. Due to the significantly higher rate of
pCBA photolysis observed at 222 nm compared to 254 nm, it is hypothesized that contaminant
degradation due to direct photolysis could be significant in KrC1* excimer UV/AQOPs, for certain
contaminants. Additionally, the radical yield from photolysis of background water matrix
constituents at 222 nm should be investigated, as this indirect photolysis could contribute to

additional higher-than-expected contaminant degradation.

Background water matrices absorb UV light much greater at 222 nm than 254 nm, therefore, it is
important to consider the real-time changes in water quality constituents (i.e., TOC, alkalinity,
absorbance, etc.) and the consequent effects (i.e., scavenging, light screening, etc.) throughout the
duration of a UV AOP exposure at 222 nm. A dynamic model should be developed to more

accurately account for these potentially confounding issues.

Radical promoters absorb differently at 222 nm and 254 nm. In this study, this was illustrated with
nitrate, which absorbs over 300x higher at 222 nm than 254 nm. This study utilized a “incident
fluence rate” which represents the photons entering the water sample, rather than “average fluence
rate” which is based on the photons delivered to a water volume, corrected for water matrix

absorbance and path length. This incident fluence calculation method provides a more equal
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comparison between systems with different UV sources, different power outputs, and radical
promoters, but adaptable UV models which predict steady-state *OH concentration for varying
wavelengths and radical promoters should be investigated. Additionally, methods of comparing
the efficiencies of different UV-AOPs on an electrical/chemical cost basis (i.e., the life-cycle costs
of the lamp and chemical inputs and electrical energy costs to achieve a certain water quality goal)
should be explored.

Associated Content

The Supporting Information is available free of charge at https://pubs.acs.org/XXXXXXX.

SI includes: Water quality and absorbance profiles of test water matrices, UV exposure test set-
up, details on adjusted fluence calculation, measured irradiances for each UV exposure, method
used for calculating quantum yield, emission plots for KrCl* excimer and LPUV, grapical data
on molar absorptivity of peroxide, pCBA, and nitrate, photochemical properties of pCBA, rate
constant values for pPCBA degradation calculated on both incident and average fluence rate bases
for DI and groundwaters, and replotting of the data in Figures 1 and 2 calculated using average

fluence.
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