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Abstract

The ubiquitously present dissolved organic matter (DOM) greatly influence the efficiency of
UV-based technologies due to its reactivity to UV irradiation. In this work, UV-induced
changes within three hydrophobic DOM fractions isolated from different surface waters were
investigated. Analysis on UV absorbance at 254 nm, electron donating capacity, fluorescence
intensity and carbon content revealed small changes in DOM bulk properties associated with
the UV-induced photochemical reactions. Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) was further used to explore the modification of the molecular
distribution based on H/C and O/C ratios, m/z and DBE. The molecular-level investigation
revealed that an average of 296 aromatic and lignin-like molecules were degraded, leading to
the production of around 306 new molecules. The UV-reactive community were identified as
CHO molecules with higher DBE (>10) and carbon number (>25) which could be readily
transformed into smaller saturated molecules. Molecules containing nitrogen(N) or sulfur(S)
atom, independent of aromaticity and molecular weight (m/z), were also highly UV
susceptible and transformed into molecules with larger DBE and m/z. Possible reaction
pathways responsible for the observations were discussed. The results indicated that UV-
reactivity and subsequent transformation of DOM are remarkably correlated with its
molecular composition and characteristics. Though the changes in bulk properties of DOM
following UV irradiation were observed to be very small, the significant alteration in its

molecular structures would have a profound impact on the UV-based treatment processes.

KeyWOI'dS: UV irradiation; aquatic DOM; FT-ICR MS; reactive molecules; transformation.
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1. Introduction

The strong efficiency of UV-based technologies, UV or UV-based advanced oxidation
processes (UV-AOPs), for disinfection or removal of emerging contaminants is well
documented (Ji et al. 2018, Li and Blatchley III 2009, Qin et al. 2019, Sharpless and Linden
2003, Zhang et al. 2017). It is also known that dissolved organic matter (DOM) greatly
influence the efficiency of the UV-based processes. Due to the prevalence of chromophoric
structures, DOM can readily absorb and interact with UV light, leading to a complex
sequence of direct and indirect photolysis reactions. This may hinder the efficiency of UV-
based technologies due to light attenuation, but contrariwise, generate reactive species
through DOM photosensitization which can contribute to the elimination of organic
contaminants (Berg et al. 2019, Serna-Galvis et al. 2017). UV-induced DOM reactivity would
directly define the efficacy of a UV-based process and impact the downstream water quality,
e.g., through formation of disinfection by-products, microbial regrowth nutrients, etc
(Imoberdorf and Mohseni 2011, Magnuson et al. 2002, Thomson et al. 2002a). For instance,
UV-irradiated DOM was reported to be more reactive to chlorine, leading to an increase in
the formation of disinfection byproducts (Magnuson et al. 2002, Meng et al. 2016). UV
exposure can also alter the bioavailability of DOM to microorganisms and consequently the
efficiency of the biological treatment (Sulzberger and Durisch-Kaiser 2009, Thomson et al.
2002b). UV irradiation may also induce toxicity following DOM transformation (Frimmel
1998, He et al. 2015). Therefore, it is crucial to elucidate the UV-induced alteration of DOM
to provide fundamental knowledge and better understanding on the reactivity of irradiated

DOM.

Previous study has documented insignificant changes of DOM in optical properties and size
distribution under various UV doses (i.e., up 140 mJ-cm) typical for disinfection (Magnuson

et al. 2002). Interestingly, another study reported an increase in UV absorbance of DOM with
3/23
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similar UV doses (~60 mJ-cm™) (Meng et al. 2016). Elevated UV dosages (10*~10° mJ-cm™)
can lead to the depletion of chromophoric structures, transformation of higher molecular
weight (MW) hydrophobic (HPO) fractions to hydrophilic counterparts with lower MW, and
even carbon removal (Buchanan et al. 2005, Corin et al. 1996). However, the ultimate
molecular-level information shaping the reactivity and influencing the transformation of

DOM bulk properties during UV irradiation was not yet provided.

Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) has been widely used for the molecular-level investigation of DOM transformation
in various UV-based (e.g., UV/H20,, UV/persulfate and UV/Chlorine) as well as other (e.g.,
ozonation and chlorination) engineered processes (Andersson et al. 2020, Phungsai et al.
2016, 2018, 2019, Ruan et al. 2021, Zhang et al. 2021). Due to the ultrahigh resolution and
accuracy of this novel technique, molecules for individual mass peak could be
unambiguously assigned, and the corresponding molecular characteristics and the changes
could be easily obtained. For instance in DOM matrix, molecules with higher aromaticity and
MW were found more reactive in UV/H2O> or UV/PDS process, and transformed into
molecules with lower aromatic character and MW (Zhang et al. 2021). The analytic tool has
remarkable potential in providing detailed information on the UV-induced transformation of
DOM at a molecular-level. The application of this advanced technique in photochemical
transformation of DOM in natural aquatic systems has also been widely documented
(Gonsior et al. 2009, Mesfioui et al. 2015, Miranda et al. 2020, Stubbins et al. 2010, Wilske
et al. 2020). Numerous molecular-level observations have been obtained in respective system
with the use of natural sunlight or light sources simulating sunlight. However, the use of 254
nm light as irradiation source, widely used in water treatment processes, remains missing
among these previous work. Considering the highly heterogeneous character of DOM, the

shift to shorter wavelength/higher energy irradiation would cause the response/reaction of
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different compositions and the formation of different products. The information plays a
crucial role in better application of UV-based water treatment strategies and improvement of

water quality.

To fill these knowledge gaps, 254 nm UV-induced changes in DOM were investigated with
the characterization of both bulk properties using traditional analytic tools (e.g., UV-vis
spectrophotometer and fluorometer) and molecular characteristics using FT-ICR MS. The
pool of molecules reactive to and produced from UV (i.e., 254 nm) irradiation was identified.
The possible UV-triggered reaction pathways were putatively presented based on the
comparison between UV-reactive and UV-produced molecules. Humic substances (i.e., HPO
DOM fractions) isolated from three surface waters and presenting different aromatic

character (i.e., SUVA value) were used in this investigation.

2. Experimental Section

2.1 Chemicals and DOM samples.

High-performance liquid chromatography (HPLC) grade methanol (MeOH) and ethyl acetate
(EtOAc) were supplied by Honeywell Burdick & Jackson. Sulfuric acid (H2SO4, 98%) and
hydrochloric acid (HCI, 32%) were purchased from UNIVAR. (3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS; >98%) was provided by Sigma-Aldrich. Three
surface water DOM fractions previously isolated were selected for investigation:
Hydrophobic acids isolated from Suwannee River water (S-HPOA, USA), hydrophobic DOM
from Ribou Reservoir (R-HPO, France), and hydrophobic DOM from Colorado River (C-
HPO, USA). The basic characteristics of the DOM samples have been reported in previous
studies (Niu et al. 2018, Zhang et al. 2021). Briefly, S-HPOA exhibited a highest SUVA
value (aromaticity) of 4.93, a medium SUVA (3.16) recorded with R-HPO, and the lowest

SUVA (2.01) for C-HPO.

5/23



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

Submission to Science of the Total Environment By Zhang et al

2.2 Experimental procedures.

A low pressure (LP)-UV collimated beam device (CBD) was used for UV irradiation

experiments. Briefly, the CBD is equipped with a total of three 15 W low-pressure Hg UV-

lamps. A xy-cross slide table with a magnetic stirrer was employed to accommodate the UV

reactor. An incident UV-C intensity of ~0.9 mW-cm™ determined using a certified UV-C

radiometer was applied to irradiate a 250 mL DOM solution (~ 4 mgC-L™!) in a petri-dish

(i.e., UV reactor, 84 mm in diameter). The initial UV fluence was further corrected with

radiometer, divergence, reflection, petri and water factor (Bolton and Linden 2003). UV

doses of 633, 760, and 886 mJ-cm™ were calculated for S-HPOA-, R-HPO-, and C-HPO-

containing solutions, respectively. Experiments were performed in absence of buffer to avoid
the potential formation of buffer-derived radicals. System pH dropped from ~4.74 to ~3.21

after 30 min irradiation. Samples for FT-ICR MS analysis were acidified to ~ pH 2 and then

extracted by solid phase extraction (SPE) using Bond Elut PPL cartridges (6 mL, 1 g, Agilent
Technologies). The extraction procedure was previously reported for FT-ICR MS analysis

(Zhang et al. 2021).

2.3 Analytic methods

2.3.1 Analysis of bulk properties

Bulk DOM properties were analysed using a Cary 60 spectrophotometer for UVas4
measurement (Agilent, USA), a Shimadzu TOC-L analyser (SHIDMAZU, Japan) for TOC
(Total Organic Carbon) determination, and a fluorescence spectrometer (Cary Eclipse, Varian)
for FEEM (Fluorescence Excitation Emission Matrix) recording ( ). The
analysis of EDC (Electron Donating Capacity) of DOM samples using size exclusion
chromatography (SEC) based on the method developed by ( ). Briefly, DOM

sample was injected into A TOYOPEARL HW-50S column (8§ mm X 30 cm) using 50 mM

borate eluent at a flow rate of 0.2 mL/min. Following separation, post-column reaction of
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DOM with the oxidant ABTS™ took place in a reaction coil. ABTS™ was generated through
oxidation of ABTS by sodium persulfate under acidic conditions and injected to the reaction
coil at 0.05 mL/min using a helium pressurised generator. Finally, two UV detectors (Agilent
1100 series, USA) positioned in series were used for recording UV absorbance of DOM at
254 nm and the signal for ABTS/ABTS™ at 405 nm.

2.3.2 FT-ICR MS analysis

Procedures of sample pre-treatment by SPE using Bond Elut PPL cartridges (6 mL, 1 g,
Agilent Technologies) ( ) and sample analysis using 15.0 T Bruker SolariX
FT-ICR MS were detailed in our previous publication ( ). Information on
molecular assignment, classification of molecules based on H/C and O/C, and calculation of
molecular characteristics can also be found in this article ( ).

3. Results and discussion
3.1 UV-induced changes in bulk properties of DOM

Upon 30 min UV irradiation with an incident intensity of ~0.9 mW-cm™, a slight decrease in
UVa2s4 of the DOM samples was observed. Specifically, the decrease was recorded as 3%, 3%,
and 11% for S-HPOA, R-HPO, and C-HPO (Fig. 1a), respectively. It was more pronounced
with C-HPO, finding attributed to its lower initial UV2s4 value, leading to a lower calculated
water factor and greater UV fluence. The change in EDC with UV irradiation was also
observed and found comparable with that of UVass except for S-HPOA (Fig. la). The
nominally higher decrease in EDC (i.e., 6%) than UV2s4 (i.e., 3%) for S-HPOA was probably
related with its initial higher content of phenolic structures (i.e., major EDC contributors)
( ). A greater UVas4 decrease compared to EDC was previously interpreted
as a reaction initiated with hydroxyl radical addition to non-phenolic aromatic rings, the
opposite was considered to refer to an initiated depletion of phenolic moieties with the

preservation of aromatic structures ( , ). The findings in the
7/23



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

Submission to Science of the Total Environment By Zhang et al

current study implied that a UV-specific reaction mechanism was involved in the

transformation of DOM.

Changes of fluorescence properties following the irradiation of DOM solutions was also
investigated based on the modifications recorded in the EEM spectra, i.e., excitation (Ex) and
emission (Em) maxima. Two fluorescent peaks denoted as Peak I and Peak II (Fig.1b and Fig.
S1) typical of hydrophobic fractions were detected. A decrease in peak intensity was
determined for R-HPO (e.g., approximately 13% for Peak II) and C-HPO (e.g.,
approximately 43% for Peak II), indicating the transformation of fluorescent structures to less
or non-fluorescent components. Interestingly, an increase in the intensity of both peaks (~
45%) were observed for S-HPOA (Table S1). The enhancement in fluorescence signal after
UV irradiation or radical-based oxidation processes has also been reported ( ,

). Moreover, not only was a change in the fluorescence intensity observed
before and after UV irradiation, but also a shift of the EEM spectra peak. For instance, the
emission wavelength of peak II shifted from 456 nm to 450 nm, 438 to 430 nm and 448 to
440 nm (Table S1) for S-HPOA, R-HOP, and C-HPO, respectively. The blue shift of the
emission wavelength implied the formation of smaller fluorescent molecules (Korshin et al.
1999) probably due to UV-induced bond cleavage. The more significant variation in
fluorescence as compared to that of UViss indicated a more pronounced UV-induced
transformation of fluorescent chromophores than non-fluorescent components. In addition, no
significant change in DOC concentration was observed for all DOM samples subjected to UV
irradiation. The results reflected that UV-induced changes in molecular compositions and

characteristics occurred without carbon mineralization under current experimental conditions.

3.2 UV-induced molecular changes of DOM
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The numbers of assigned molecules before and after UV irradiation were 1974/1990,
2886/2838, and 2513/2578 for S-HPOA, R-HPO, and C-HPO, respectively. Parameters such
as DBE, modified aromaticity index (Almod), m/z, H/C, O/C, and nominal oxidation state of
carbon (NOSC) ( , ,

, ) widely used to reflect specific DOM properties (i.e., degree of
unsaturation, molecular size, and degree of oxygenation), were calculated. Based on the
molecular-level statistics of the assigned peaks (Table S2), some differences in the molecular
characteristics of the three DOM isolates were observed. Specifically, S-HPOA showed
highest DBE and m/z (i.e., averaged value for all the assigned molecules), but the lowest level

of nitrogen (N) or sulfur (S) incorporation (0.16%) and NOSC (-0.18). R-HPO exhibited

medium DBE but the highest N or S content (0.45%) and NOSC (0.05). The smallest DBE
was determined for C-HPO which also exhibited medium level of N or S elements (0.19%)

and NOSC (-0.10). A van Krevelen diagram was plotted to visualize the distribution of the

detected molecules based on their H/C and O/C as well as relative peak intensity (i.e., as
represented by the bubble size, Fig. 2). Generally, no pronounced difference in the molecular
distribution (i.e., due to the minimal change in H/C or O/C) was found between the original
and the irradiated samples for the three DOM isolates (Fig. 2). Interestingly, the appearance
of N- or S- containing molecules with even lower H/C and O/C after UV irradiation were
found in all three DOM samples. This finding is different from what was previously detected
in radical-based oxidation processes, where an increase in saturation and oxidation state was
observed (Zhang et al. 2021). Furthermore, the change in the calculated H/C or O/C of the
DOM samples before and after irradiation was also negligible (Table S2). The observed
molecular-level changes in H/C or O/C was probably due to the incomplete UV-specific

reactions as discussed in the following sections.
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3.3 UV-reactive, stable and produced molecules

Based on previous studies (Remucal et al. 2020, Yuan et al. 2017), the disappeared molecules
(i.e., the molecular formulas detected in the original samples but not in the irradiated samples)
were considered as UV-reactive, while the appeared molecules (i.e., molecular formulas
detected only in the irradiated samples but not in the original samples) were denoted as UV-
produced. Approximately 200-350 molecules disappeared upon UV irradiation, accounting
for only 10%-14% of the molecules in original samples (Table 1). Around 200-400 new
molecules appeared after UV exposure, contributing to 10-16% of the pool of molecules in
the treated samples (Table 1). The cumulative intensity of disappeared or appeared molecules
represented only few per cents of the overall peak intensity detected for the initial or treated
samples (Table 1), indicating that these molecule species were less abundant or efficient in
generating signal. The van Krevelen plot (Fig. 3) showed the distributions of three sets of
molecules, i.e., disappeared, remained and appeared, based on their H/C and O/C. The
disappeared molecules primarily showed H/C and O/C indicative of aromatic or phenolic
structures (i.e., H/C = 0.7-1.5, O/C = 0.1-0.67, Fig. 3). Considering the semi-quantitative
nature of peak intensity, intensity-weighted average values of molecular characteristics such
as H/Cwa, O/Cwa, and DBEw. for the disappeared, appeared and remained molecules were
calculated and summarized in . Interestingly, lower H/Cyw.% (~5%) and O/Cwa (~6%)
were detected for disappeared molecules as compared to the remained structures (Table 1).
Furthermore, the disappeared molecules showed remarkably larger m/zwa (~17%) and DBEw.
(~23%) than the remained ones (Table 1), indicating the preferential UV targeting of
molecules with larger size and greater unsaturation. In addition, molecules incorporating N or
S were more UV-liable than the counterparts containing only CHO, as indicated by the higher
relative abundance of these molecules within the pool of disappeared molecules (Fig. 3 and

). Interestingly, exposure to UV led to the formation of molecules with lower H or O
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content (Table 1), as described by the decreased H/Cwa (~7%) and O/Cwa (~15%). For the
remained pool, molecules with change in peak intensity before and after irradiation, may also
contribute to the UV-reactive and UV-produced pool. Previous studies ( ,

, ) have applied 30% or 50% intensity change as cut-off line for the
identification of these molecules from the remained pool. We also calculated the relative
intensity change of each molecule, based on which a van Krevelen diagram for the remained
molecules was plotted ( ). As shown in , the intensity variation for the majority
of the molecules is within 20%. Molecules showing 30% decrease or increase in intensity
only accounted for less than 6% of the remained pool for the three DOM fractions, and the
percentages for those with 50% variation is even lower. Due to the small number of these
molecules and the comparison uncertainty, the contribution of the remained molecules to the
reactive or the produced pool was not quantitatively discussed in drawing conclusions.
However, molecules with 30% change in intensity was taken into account to support some of

our conclusions.

3.3.1 UV-reactive molecules

To examine the role of unsaturation, molecular size as well as non-oxygen heteroatoms in
UV susceptibility, the disappeared and the remained molecules were plotted based on their
DBE and C number. For the disappeared pool, significantly different distribution in the DBE
versus C number map was observed between sole CHO and non-oxygen heteroatom
containing molecules (i.e., CHON, CHOS, and CHONS) ( ). For instance, the majority
of the disappeared CHO molecules occupied a region with larger DBE as well as C number,
while CHON, CHOS, and CHONS molecules mainly distributed in a region with smaller
DBE and C number. Based on this observation, the following discussion was conducted by
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categorizing the molecules into two subgroups, i.e., molecules containing only CHO and also
N or S (denoted as CHO+N/S). The UV-reactive CHO molecules showed larger DBE as well
as C number ( ), for instance, the disappeared molecules were primary those with a
DBE >10 and a C number >25. Interestingly, the reactive CHO+N/S molecules spanned the
same range of DBE and C carbon as the preserved counterparts ( ). The potentially UV-
reactive molecules in the remained pool (i.e., with intensity decrease >30%) was also
estimated regarding their aromaticity and molecular size, and identical observations with the
disappeared molecules were obtained ( ). For instance, 108 out of 110 such molecules
in S-HOPA contained only CHO and exhibited larger DBE and C number ( ), and 38
out of 53 such molecules belonging to CHO+N/S subgroup in R-HPO primarily distributed in
the region with smaller DBE and C number ( ). The results indicated that CHO
molecules with higher degree of unsaturation as well as complexity were more UV sensitive.
However, the reactivity of the molecules bearing non-oxygen heteroatoms was independent
of molecular unsaturation and size. Though larger MW molecules were reported more
reactive to UV exposure, this observation provided complementary information for the
identification of UV reactive molecules. Moreover, the different observations regarding UV
reactivity for the CHO and CHO+N/S molecules implied disparate UV-induced reactions

between the two subgroups.

3.3.2 UV-produced molecules

3.3.2.1 Shift in carbon number

Exposure to UV irradiation caused the appearance of 208, 307 and 405 molecules following
the disappearance of 192, 355 and 340 molecules for S-HPOA, R-HPO, and C-HPO,
respectively. To characterize the UV-induced molecular-level transformation of DOM, the

number of produced molecules and reactive (i.e., disappeared) molecules were plotted as a
12/23
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function of carbon number (Fig. 5) and DBE (Fig. 6) and presented separately as two
subgroups (i.e., CHO and CHO+N/S molecules). Different trends in the shift of carbon
number were observed between CHO and CHO+N/S molecules for the three DOM isolates
(Fig. 5). For CHO subgroup, the respective number of removed/produced molecules for S-
HPOA, R-HPO, and C-HPO was 170/145, 122/134, and 122/148. Generally, a shift in C
number from larger to smaller upon UV irradiation could be detected, with the specific range
of C number varying for different DOM samples (Fig. 5a, ¢, and e). For instance, a
remarkable decrease in number (i.e., from 115 to 50) was observed with molecules bearing
30-38 carbons for the produced molecules as compared to the reactive ones, primarily
followed by a number increase (~62%) of molecules with <30 C atoms in S-HPOA (Fig. 5a).
Interestingly, an increase of compounds with larger C number (~40) was also observed for
the three DOM samples (Fig. 5a, c, and e), which will be explained in Section 3.4. For the
CHO+N/S subgroup, the removed/produced number pair was 22/63, 233/173, and 218/257
for S-HPOA, R-HPO, and C-HPO, respectively. Specifically, the increased CHO+N/S
molecules in S-HPOA were found incorporating more carbon atoms (14-30), with the
disappearance of the smaller molecules (i.e., with a carbon number lower than 11) upon UV
irradiation. The lost CHO+N/S molecules observed with R-HPO were mainly those with a
carbon number ranging from 15-30. Interestingly, the loss of C-HPO CHO+N/S molecules
with a carbon number between 17 and 23 was followed by the formation of molecules with

even higher carbon number (24-32).

3.3.2.2 Shift in DBE

For the CHO subgroup, a significant decrease in the number was found with molecules
showing a DBE >12 for all the DOM isolates, mainly accompanied by an increase of

molecules with lower DBE (Fig. 6). A different trend in the change of DBE was observed
13/23
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with CHO+N/S subgroup. For S-HPOA, the newly formed molecules were found with larger
DBE (i.e., >7) than the disappeared molecules. A remarkable loss of molecules with DBE
ranging from 7 to 14 was observed with R-HPO, followed by the formation of molecules with
DBE <7 or >14. Interestingly, the major depletion of molecules for C-HPO occurred with
those showing DBE between 9 and 13, also leading to the formation of molecules with
greater DBE. The observed converse trend between CHO and CHO+N/S subgroups clearly
indicated that the characterization on bulk properties could not fully reflect the changes at a

molecular level and the nature of the transformation.

As reflected by the yellow bar in and 6, the potentially UV-reactive molecules (i.e.,
with intensity decrease greater than 30% in the remained pool) also exhibited the same trend
in the shift of carbon number. For instance, the vast majority of such molecules in S-HPOA
belong to the CHO subgroup, and they were featured with larger C number and DBE as also
observed with the disappeared molecules. For R-HPO, the potentially UV-reactive molecules
were primarily in the CHO+N/S subgroup, and their C number and DBE also fell into the
same range observed with the disappeared molecules. The consistency in the molecule
aromaticity and size between the UV-reactive and potentially UV-reactive molecules, further
confirms the conclusions drawn in this work by only comparing disappeared and appeared
molecules. However, limitation of the current conclusions remains due to the uncertainty in

identifying reactive and produced molecules.

3.4 Putative UV-induced reaction pathways responsible for the observed changes

The reactivity of DOM to UV irradiation is highly dependent on its molecular composition
and characteristics. The presence of non-oxygen heteroatoms, unsaturation level, and

molecular size played an important role in shaping DOM reactivity. CHO molecules with
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higher molecular weight (i.e., C number >25) and degree of unsaturation (i.e., DBE >10)
were more UV reactive. The reaction would readily be initiated through photon absorption by
these electron-rich complex structures, leading to the degradation of the molecules (Helms et
al. 2014, Sarathy and Mohseni 2007, Schmitt-Kopplin et al. 1998, Sulzberger and Durisch-
Kaiser 2009). These electron-rich complex moieties of CHO molecules seem to undergo only
partial depletion as indicated by the insignificant shift in C number and DBE (Table S2, Fig.
5 and 6) as well as H/Cywa and O/Cya (Table S2, Fig S5 and S6). The minor changes could
probably be attributed to the weak photoreactions mainly inducing cleavage between
aromatic structures (Scheme 1a). It should be noted that Photo-Fries rearrangement (Scheme
1b) could also occur, which however could not be detected due to the formation of
isomerization products (Coppinger and Bell 1966, Griesser et al. 2009). The larger molecules
(i.e., as indicated by the emergence of molecules with larger C numbers in Fig. 5a, ¢ and e)
could probably be the products of UV-induced breakdown of specific molecules unable to be
detected in the original samples. There is also a possibility that they were produced through
the UV-induced covalent linking of benzophenone to target molecules (Scheme Ic)
(Hermanson 2013, Ross et al. 2003). This distinct UV-induced photo-process involving
primary photoproducts (e.g., radical cations, electrons and triplets) and reactive intermediates
(e.g., 10,2, 02", and "OH) is different from that of a radical-dominant (e.g., 'OH) system. This
hypothesis is supported by the different UV2s4 and EDC decrease relationship (Fig. 1) as the
one reported in radical-based oxidation system (Zhang et al. 2021). As a consequence,
distinct reaction pathways as well as products would be expected in a UV-induced DOM

transformation.

The reactivity of CHO+N/S molecules showed no dependency on unsaturation level and
molecular size. Remarkably, molecules with even more carbons and DBE were found upon

UV irradiation (Fig. 5 and 6), probably through either breakdown of originally undetected
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molecules or covalent linkage between molecules (Zhong et al. 2001). For the latter, larger
molecules could probably be produced through the transformation of triazole-containing or
alike structures (Eicher et al. 2013, Kahle et al. 2008) under 254 nm UV irradiation. For
instance, benzotriazole has been widely used and detected in aquatic systems due to its
resistance to biodegradation (Giger et al. 2006, Osburn et al. 2016). The structures thus
present in aquatic DOM could undergo alkylation (Scheme 1d) or polymerisation (Scheme 1e)
upon UV treatment, leading to formation of bigger molecules and loss of N elements (Liu et
al. 2011). The release of N2 due to bond scission of N-N in these reactions (Scheme 1d and e)
could be supported by the decrease of nitrogen content after UV irradiation (10-30%, Table
S2). The co-functioning of the chromophoric CHO and CHO+N/S molecules may explain the
small changes in its optical properties. The UV-induced transformation may have profound
impact on the water quality (e.g., toxicity) (Frimmel 1998, He et al. 2015) and subsequent
water treatment process (e.g, disinfection, membrane filtration and biological treatment)

(Sulzberger and Durisch-Kaiser 2009, Thomson et al. 2002b).

Scheme 1.

4. Conclusions

Small but significant 254 nm UV-induced changes were observed with three HPO DOM
isolates exhibiting different level of aromaticity and non-oxygen heteroatom incorporation.
Though minor changes in bulk properties such as EDC, UVas4, fluorescence intensity or
carbon content were measured, remarkable transformation of UV-reactive components
occurred at a molecular-level. The UV-reactive CHO molecules were characterized with
larger C number (i.e, >25) and DBE (i.e, >10), consequently transformed into smaller
saturated components. Independent of aromaticity and complexity, molecules containing N or
S were also UV-reactive. Formation of larger molecules were found with these molecules

probably through UV-induced covalent linkage.
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The results of the current study also revealed that the initial composition and characteristics
of DOM played a significant role in shaping its reactivity toward UV irradiation. The
difference in the reactivity would lead to distinct transformation products and consequently
influence on the UV-based treatment process or water quality. The findings provided new
insights into the application of UV-based technology especially the direct UV treatment
technique. However, the results found in this study may not be expected in a typical UV
disinfection process as the dosages applied (600—900 mJ-cm™) were higher than that for UV

disinfection (40—-100 mJ-cm™).
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Figure Captions

Changes in (a) UV2s4 and EDC of the three DOM isolates and (b) FEEM of R-HPO
arising from 30 min UV irradiation. Conditions: Incident UV intensity = 0.9 mW-cm™,
[TOC]o = 3.89 + 0.18 mgC-L™!, at unadjusted pH (4.74 + 0.19) and room temperature (20 °C).

van Krevelen diagrams of the DOM isolates before and after UV irradiation (30 min).
Bubble size reflects the relative peak intensity of the assigned molecules.

van Krevelen diagrams (left) and relative abundance of molecules with different
compositions (right) for the disappeared, remained and produced molecules upon 30 min UV
irradiation.

DBE versus C number map showing distribution of disappeared and remained
molecules containing (a,c,e) only CHO and (b,d,f) also N or S. Bubble size reflects the
relative abundance of the molecules (i.e., the number of the molecules).

Number of molecules associated with Carbon number within disappeared, remained
and produced (a,c,e) CHO and (b,d,f) CHO+N/S community upon 30 min UV irradiation.
Note: The remained molecules are only those with intensity decrease greater than 30%.

Number of molecules associated with DBE within disappeared, remained and
produced (a,c,e) CHO and (b,d,f) CHO+N/S community upon 30 min UV irradiation. Note:
The remained molecules are only those with intensity decrease greater than 30%.

Representative illustrations on UV-induced reactions responsible for the observed
DOM transformation. (a). Cleavage of large DOM molecules (b). Photo-Fries rearrangement
of phenyl ester (c) Covalent linkages between benzophenone and target molecules. (d)
Addition of alkyl to benzotriazole structures (e) Polymerization of benzotriazole structures.
R-H represents active H-containing target molecules.
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Fig. 1. Changes in (a) UV2s4 and EDC of the three DOM isolates and (b) FEEM of R-
HPO arising from 30 min UV irradiation. Conditions: Incident UV intensity = 0.9
mW-cm~2, [TOC]o = 3.89 + 0.18 mgC-L™!, at unadjusted pH (4.74 + 0.19) and room
temperature (20 °C).
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Fig. 5. Number of molecules associated with Carbon number within disappeared,
remained and produced (a,c,e) CHO and (b,d,f) CHO+N/S community upon 30 min
UV irradiation. Note: The remained molecules are only those with intensity decrease
greater than 30%.
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Fig. 6. Number of molecules associated with DBE within disappeared, remained and
produced (a,c,e) CHO and (b,d,f) CHO+N/S community upon 30 min UV irradiation.
Note: The remained molecules are only those with intensity decrease greater than
30%.



(a) Cleavage of linkages between aromatic structures
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(b) Photo-Fries rearrangement
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(c) Covalent linking of benzophenone
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(d) Alkyl addition to benzotriazole structures
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Scheme 1. Representative illustrations on UV-induced reactions responsible for the
observed DOM transformation. (a). Cleavage of large DOM molecules (b). Photo-
Fries rearrangement of phenyl ester (c) Covalent linkages between benzophenone and
target molecules. (d) Addition of alkyl to benzotriazole structures (e) Polymerization
of benzotriazole structures. R-H represents active H-containing target molecules.
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Statistics and characteristics of molecules disappeared, remained, and appeared with 30 min exposure to UV.

Sample Number (%) Intensity (%) H/Cwa O/Cwa m/Zwa Cwa DBEwa #CHO #CHON #CHOS #CHONS
S-HPOA disappeared 192 (9.7) 7.35E+08 (3.2) 1.01 0.51 610.16 28.74 15.30 170 9 8 5
remained 1782 (90.3) 2.21E+10 (96.8)  1.05 0.53 42958 20.01 10.61 1719 47 9 7
appeared 208 (10.5) 8.06E+08 (3.5) 0.93 0.50 53588 2547 14.76 145 49 11 3
R-HPO  disappeared 355 (12.3) 1.59E+09 (4.1) 1.06 049  486.18 2250 11.94 122 184 47 2
remained 2531 (87.7) 3.74E+10 (95.9) 1.12 0.53  422.09 19.48 9.63 1713 720 96 2
appeared 307 (10.8) 1.18E+09 (3.1) 1.03 047 48638 2326 1243 134 105 66 2
C-HPO  disappeared 340 (13.5) 1.71E+09 (3.9) 1.11 048 48549 2297 11.51 122 180 34 4
remained 2173 (86.5)  4.20E+10 (96.1) 1.19 0.52 43587 2036 9.21 1709 322 141 1
appeared 405 (15.7) 2.34E+09 (5.3) 0.98 0.30 465.18 2532 14.22 148 80 170 7
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