10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Optical, chemical properties and oxidative potential of aqueous-phase
products from OH and *C"-initiated photolysis of eugenol

Xudong Li', Ye Tao!, Longwei Zhu!, Shuaishuai Ma', Shipeng Luo!, Zhuzi Zhao', Ning

Sun', Xinlei Ge>*, Zhaolian Ye'-*

!College of Chemistry and Environmental Engineering, Jiangsu University of
Technology, Changzhou 213001, China

2Jiangsu Key Laboratory of Atmospheric Environment Monitoring and Pollution
Control, Collaborative Innovation Center of Atmospheric Environment and Equipment
Technology, School of Environmental Sciences and Engineering, Nanjing University
of Information Science and Technology, Nanjing 210044, China

*Correspondence:  Zhaolian Ye (bess_ye@jsut.edu.cn) and Xinlei Ge

(caxinra@]163.com)

Abstract: Aqueous reactions may turn precursors into mere-light-absorbing and toxic
products, leading to air quality deterioration and adverse health effects, etc. In this study,

we investigated comprehensively eugenol degradationphotooxidation (a representative

biomass burning emitted. highly substituted phenolic compound) in thebulk aqueous
phase bywith direct photolysis, hydroxyl radical (OH) and indireet-photooxidationin
the-presenece-ofradieals{an organic triplet excited state ((C%)-and-hydroxylradical (=

OHH)-*). Results shewed-show that the degradation rates of eugenol followed the order

of 3C*>«0OH >direct photolysis. Relative-contributions-of reactive-oxygen-speeies{ROS)

Quenching

experiments and-clectron-—spin-resonance (ESRy-method—and-resubtsshowed-verilied

that 3C* indeed played a dominant role in eugenol-degradation—for—>C-initiated
1
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oxidation, while Oz"—generated werewas important for OH-initiated oxidation.

RatePhotolysis rate constants under saturated O2, air and N2 followed the order of ko,

> kair > kn, for both direct photolysis and OH-initiated oxidation, and-itbut changed to

Kkair > kn, > ko, for 3C"-initiatedmediated oxidation. pH and dissolved oxygen (DO)

levels both decreased during oxidation, indicating formation of acids and the

participation of DO in oxidation. UV-vis light absorption spectra of the reaction

products showed_clear absorbance enhancement in the 300-400 nm range after

pheteexidationsfor all three cases and new fluereseent—speetrafluorescence at

excitation/emission=250//(400-500) nm appeared, suggesting the formation of new

chromophores and fluorophores;—sueh-as— (brown carbon species); and these species

were likely attributed to humic-like substances (HULIS)-Ceneentration) as shown by

the increases of generated-HULIS first-inereased-gradually-thenleveled-off-over-time-

Dithiethreitolconcentrations during oxidation. Large mass yields of products (140%-

197%) after 23 hours of illumination were obtained, and high oxidation degrees of these

products were also observed; correspondingly, a series of oxygenated compounds were

identified, and detailed reaction mechanism with functionalization as a dominant

pathway was proposed. At last, dithiothreitol (DTT) assay was applied to assess

oxidation potential of preduets;—which-was—greaterthe reaction products, and the end

products in all three photolysis conditions showed higher DDT consumption rates than

that of eugenel—suggestingthe precursor, indicating more harmfultoxic species were

produced

fremupon aqueous oxidation. Overall, our results by using eugenol as a model

compound, underscore the potential importance of aqueous processing of biomass

burning emissions in secondary organic aerosol mass-speetrometry-both-inereased-with
imeindicating that (SOA dized_Detailed .
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clucidated-via-analyscs-of chemical-characteristies-of the-produets) formation. as well

as its impacts on particulate matter concentration and toxicity, radiative balance and

climate change.

1 Introduction

Photochemical reactions in atmospheric aqueous phasephases (cloud-dreplet/fog
dropletdroplets and aerosol water) can affect the-lifetimes of many organic species, and
are an important seureessource and aging-pathway of secondary organic aerosol (SOA)
formation (Vione et al., 2006; Zhao et al., 2012). DifferentfromCompared to the
gasSOA formed threughvia gas-phase photochemical oxidation, aqueous-phase SOA
(agSOA) typieally-is usualbyoften more oxidized and less volatile, se-it-playstherefore
might play an important role in haze formation, air quality and global climate change
(Ervens et al.,, 2011; Lim et al., 2010). However, due to complexity of reaction

mechanismsthe aqueous reactions and eentrelinfluencing factors (such as precursors,

oxidants. and light semeesis thorenee e unlaonos pernedine naneon onctions

FEor—example;intensities), detailed reaction mechanism, optical property, oxidative

potential (OP) and relations—betweenthe interplay among them remain poorly

understood.
MestMany laboratory studies se—far—have focused on aqueous-phase

exidationoxidations of smallow molecular weight (LM W) volatile organic compounds

(VOCs;), such as isoprene, terpenes (o-pinene—and-, f-pinene), as well as their gas-
phase oxidation products (such as glyoxal, methylglyoxal, cis-pinonic acid and methyl
vinyl ketone) (Faust et al., 2017; Herrmann, 2003; Herrmann et al., 2015; Huang et al.,

2011; Lee et al., 2012; Zhang et al., 2010). New—econeerns—have—been—extended

toRecently, aqueous oxidation of semi-/intermediate volatility VOCs (S/IVOCs),
3
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espeeialtysuch as the phenolic compounds;-which-ceuld-be-produced-by_emitted from

combustion or pyrolysis of lignin in biomass, were also extensively investigated

(Barzaghi and Herrmann, 2002; Bonin et al., 2007; Chen et al., 2020; Gilardoni et al.,
2016; He et al., 2019; Jiang et al., 2021; Li et al., 2014, Li et al, 2021; Ma et al., 2021,
Mabato et al., 2022; Smith et al., 2014; Sun et al., 2010; Tang et al., 2020; Yang et al.,
2021; Yu et al., 2016). Generally, chemical straeturestructures of precursors hashave
profound infleeneeinfluences on agSOA—andthe reaction mechanisms;-hewever—the

and products, while effect of exidant—en—SOA—formationoxidants also cannot be

(#BHRE: 716 7S

neglected. It is evident that liquid water eentains—manycan contain various types of

oxidants, such as singlet oxygen ('02), nitrate radical (NO3), hydroxyl radical (<(OH),
and organic triplet excited states (C"), whichand all can play crucial roles in
phetochemieal-oxidationphotooxidation reactions (Kaur and Anastasio, 2018; Scharko
et al., 2014). Among them, «OH is thea ubiquitous oxidant n-atmespherie-condensed
phase~with eeneentrationconcentrations of 10713-10"12 mol-L! (Arakaki et al., 2013;
Gligorovski et al., 2015; Herrmann et al., 2003). Hence, aqueous-phase-+ OH-induced
phetedegradationphotooxidation has been extensively studied (Chen et al., 2020; Sun
etal., 2010; Yu et al., 2016). Compared to *OH oxidation, 3C*-initiated aqueous-phase
reaetion_oxidation (photosensitized reaction) has also attracted attentionattentions in
recent years (Ma et al., 2021; Wang et al., 2021). Several classes of organic compounds
in the-atmoesphereambient air, including non-phenolic aromatic carbonyls, quinones,
aromatic ketones and nitrogen-containing heterocyclic compounds, can form 3C* after
absorbing light (Alegria et al., 1999; Kaur et al., 2019; Nau and Scaiano, 1996;

Rossignol et al.,, 2014).; Chen et al., 2018). These compounds are termed_as

photosensitizers. 3C* is capable of reacting with Oz to produce singlet oxygen ('0z2) and

superoxide radicals (O2™). Various reactive oxygen species (ROS) can be generated and
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play-a-eritiealrole-inaffect greatly the 3C*-initiated aqueous-phase reactions. Despite

strong—evidenee—in-support-of-thesome studies demonstrating importance of ROS in

photochemical process (Ma et al, 2021;Wang et al., 2020; Wang et al., 2021; Wu et al.,

2021), hewever—our current understanding on 3C*-initiated SOAoxidation is still
limited.

Excitation—-emission matrix (EEM) fluereseentfluorescence spectroscopy, as a
low-cost, rapid, non-destructive and high-sensitivity technique, can offer detailed
information on chromophores hence has been widely employed for studies of aquatic
dissolved organic matter (Aryal et al., 2015). Nevertheless, it has not been extensively
used in atmospheric aerosol research (Mladenov et al., 2011). SeveralreeentPrior
studies have investigated the relationship between the fluorescence components and
chemical structures of atmospheric aerosols threugh—eombiningby using high-
resolution aerosol mass spectrometry (AMS) and EEM fluereseentfluorescence
spectroscopy (Chen et al., 2016a; Chen et al., 2016b). EarlierAn earlier report from
Chang and Thompson (2010) found fluorescence spectra of aqueous-phase reaction
products during-agqueons—reaction—of phenolic compounds, withhad some similarities

with flaereseencecharaeteristiesthose of humic-like substances (HULIS)--Subsequenthy;

phetedegradation), and further-verifiedTang et al. (2020) reported that aqueous reaction

wasphotooxidation of vanillic acid could be a potential source of HULIS-{ietal;20621

oxidation-of syringic-acid-Additionallystudies{. Chang and Thompson;— (2010) also

showed that light-absorbing and fluorescent substances generally havehad large

conjugated moieties (i.e., quinones, HULIS, polycyclic aromatic hydrocarbons (PAHs)),
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which can damage human body (Dou et al., 2015; McWhinney et al., 2013). HULIS
are considered as an important contributor to induce oxidative stress since they can
serve as electron carriers to catalyze ROS formation (Dou et al., 2015; Ma et al., 2019;

Huo et al., 2021; Xu et al., 2020), causing adverse health effeeteffects. Dithiothreitol

(DTT) assay (Alam et al., 2013:-Chen-etal;2021; Verma et al., 2015a), as a non-cellular
method, was widely employed to determine oxidation activity and assess—exidative
potentialOP of atmospheric PM wia-therate-of DT Teconsumption-(Chen et al., 2019;
Cho et al., 2005);sinee-oxidative stress-wasrelated-to-adverse) for the evaluation of its

health effeeteffects. Some other works (Fang et al., 2016; McWhinney et al., 2013;

Verma et al.,, 2015; Zhang et al., 2022) focused on the link between chemical
composition and OP in PM, and have-confirmed that several kinds of compounds, such
as quinones, HULIS and transition metals usually havehad strong DTT activities.

However, to-the-bestof ourknowledge; DTT method hasnetbeenappliedis rarely used

to evaluate the OP of aqueous-phase oxidation products up-te-rew-previously (Ou et al.,

2021).

In the present work, we ehoose-4-alyeunaiacol/chose gugenol; (ally guaiacol) as a

(BHRN: RLET

model compound to conduct aqueous phase—reaetion-oxidation experiment. As a

representative methoxyphenol emitted from biomass burning (BB) (Hawthorne et al.,
1989; Simpson et al., 2005), it was widely detected in atmospheric particles. For
instance, emission—concentration and emission factor emittedof this compound from

beech stevewood burning were 0.032 pg/m?® and 1.534 pg/g, which arewere twice of

(#HERE: REET

those of guaiacol (0.016 pg/m3 and 0.762 ng/g) guaiacol(Bari et al., 2009;-Liv-et-ak;

20619).). Eugenol is a representative-semivolatile aromatic eempeundscompound with

a moderate water-solubility (2.46 g/L at 298 Ky—

The) too. Chemical characteristics of aqueous reaction products were
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statistieallyunder direct photolysis (without oxidant) and oxidations by OH and 3C*

radicals, were comprehensively elucidated by eeombining—results—froma suite of

analytical techniques including high-performance liquid chromatography (HPLC),

ultraviolet and visible (UV-Vis) spectrophotometry, gas chromatography mass
spectrometry  (GC-MS), EEM  and  soot-__ particle aerosol  mass
speetremeterspectrometry (SP-AMS). The relative importance of various ROS species

to eugenol degradation was explored-in-orderto-clarifyreaction-mechanism—Thisstady

alse-investisated-the. Moreover, light- absorption, fluorescent and oxidative properties

of the aqueous oxidation products—Cemparisen—on—product-properties—under—direet
phoetelysis—(without-oxidant)-and-oxidation-by—=OH-and>C* were carried—outalso

investigated.

2 Materials and methods

2.1 Chemicals and reagents

Eugenol (99%), tert-butanol (TBA, 99%), 3,4-dimethoxybenzaldehyde (DMB,
99%), para-benzoquinone (p-BQ, 99%), dithiothreitol (99%) and 5,5'-dithiobis-2-

nitrobenzoic acid (DTNB, 99%), 2-nitro-5-thiobenzoic (99%)-and%), 5.5-dimethyl-1-

pyrroline N-oxide (DMPO), 2,2,6,6-tetramethylpiperidine (TEMP) were all purchased

(= 6

from Sigma-Aldrich-chemieal-company-. Superoxide dismutase (SOD) was_purchased

from Bovine Erythrocytes BioChemika. Dichloromethane (HPLC-MS grade, 99%),
methanol (HPLC-MS grade, 99%), acetonitrile (HPLC-MS grade, 98%), hydrogen
peroxide (H202+, 35 wt: %), and 2,4,6-trimethylphenol (TMP, 99%) were all obtained
from Acors Chemicals. Sodium azide (NaN3, 98%) was purchased from J&K Scientific

Ltd. (Beijing, China). All solutions were prepared using ultrapure water (Millipore) on
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the daydays of experiments. |

(#HEe: 6 0

2.2 Photochemical experimentoxidation experiments

Aqueous—-phase photochemical reactions were carried out in a Rayonet
photoreactor (model RPR-200);) equipped with 16 light tubes (equipped-with-2 RPR-
3000, 7 RPR-3500 and 7 RPR-4190_tubes), which was frequently used to mimic
sunlight for photochemical reaetionexperiments and was described in detaildetails by
several groups (George et al., 2015; Hong et al., 2015; Huang et al., 2018; Jiang et al.,
2021; Zhao et al.,, 2014)—+to—mimie—sunlisht). Pyrex tubes containing sample
selutionsolutions were placed in the eentralcenter and received radiation from
surrounded lamps fremof all sides. To ensure mixing of the solution, a fan and a
magnetic stir bar arewere placed at the—bottom of selatien-the reaction tube. The

solution temperature was controlled at 25+2°C. The same photoreactor system was-the

same-as-abeve-mentioned-and a normalized distribution of the-photon fluxes inside

RPR-200-Huminationsystemthe reactor have been reported elsewhere (George et al.,
2015)—Aeecording—to—previous—deseriptions—the—), and the wavelength of pheten
fluxeslight was everin the range of 280-and~500 nm-+rangetn-this-werk,-we. We only
measured light intensity at the—surface of the—reaetion solution with a radiometer
(Photoelectric instrument factory of Everfine Corporation, Hangzhou, Chinay-Fhe tight

intensity), which was determined to be ~2400 uW/cm?in the range of 290-320 nm

(#HREy: L

(UVB)-was—24001Wlen® —~which-was-), lower than_the sunlight intensity (6257.1
uW/cm?).
In this work, 300 uM H202and 15 pM DMB were added into sekatiensolutions as

sources of «OH and 3C~ radicals, respectively. The initial eencentrationsconcentration

of eugenol was applied-as-300 uM. For 3C*-mediated experimentexperiments, solutions

8
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were adjusted to pH=3 by sulfuric acid in order to perform experiments under optimal
conditions (Ma et al., 2021; Smith et al., 2014) since DMB triplet state is protonated to
a more reactive form in acidic selatienssolution. We conducted three sets of photolysis
experiments: (A) 300 uM eugenol+ + 300 uM H202z, (B) 300 uM eugenol+ + 15 uM
DMB:, and (C) 300 uM eugenol- without oxidants. In each series of photochemieal
exidationexperiments, a dark control experimentsexperiment was deneperformed
synchronously with a Pyrex tubestube wrapped by the aluminum foil. Fhe—eontrol
results-Results showed the-loss of eugenol under dark reaetion-eould-be-conditions were
negligible (data not shown). In addition, to evaluate the releroles of ROS tein eugenol
degradation induring 3C*-initiated oxidation-precess, quenching experiments by using
specific scavengers to trapping-produeced-capture different ROS were performed, sueh
asnamely TBA for *OH, NaN3 for 'O2, SOD for O2™, and TMP for 3C*, respectively
(Pan et al., 2020; Wu et al., 2021). a=For OH-initiated oxidation-preeess, quenching
experiments using p-BQ for Oz (Ma et al., 2019; Raja et al., 2005), and TBA for «OH
were conducted. For most series-ef-experiments, selutionwas-solutions were saturated

by air and al-experiments-each experiment presented were-condueted-intripheatewas

repeated three times unless otherwise stated. FheAverage results were-shown-inrespeet

ofaverage-plusiminuswith one standard deviation- were provided. In order to further
evaluate the role of oxygen in the—photodegradation,—experiment—photooxidation,

experiments were also conducted underby using different saturated gasgases (air, N2

and O2).

2.3 Analytical methods

2.3.1 Determination of eugenol eencentrationconcentrations

Before and during the photochemical reaetionexperiment, 2 mL of reacted and
9
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controlled-solutions—weresolution was sampled periodically and subjected to HPLC
(LC-10AT,  Shimadzu, Japan) analysis to  quantify  the——eugenol
eoneentrations-concentration. The HPLC was equipped with thean InertSustain AQ-
C18 reverse phase column (4.6x250 mm, 5.0 pm, Shimadzu) and a UV-vis detector.
The mobile phase was a mixture of acetonitrile/H20 (v/v: 60/40) at a flow rate of 0.6
mL/min, and the detection wavelength was set-at-280 nm. The first-order kinetic rate
constant of eugenol degradation can be obtained from the slope of plot of -In(ct/co)
versus reaction time as presented in Eq.(1).
In(c/co)=-kt )]

—Here;—Where co (pM)-and ct (pM)-are eugenol eeneentration—concentrations

(in uM) at the initial and reaction time t;, while k stands—ferrepresents the pseudo

first-order rate constant.

2.3.2 UV-vis and fluorescent spectra

The UV-vis_light absorbance spectra of reacted solutions (placed in a 1 cm path
length quartz cuvette) were measured by using an UV-vis spectrophotometer (Specord

210 plus, Analytik JenallJena,, Germany). The instrument ishas a dual-beam optical

(=R I Ei TR

(BHER: REET

system with tungsten and deuterium lamps as light sources. A reference absorption
spectrum of ultrapure water was carried out in the same cuvette prior to sample analysis
for baseline correction.

Immediately follewingafter the UV-Vis measurement, the cuvette was transferred

to a three-dimensional EEM fluorescence spectrometer (FluoroMax Plus, HORIBA

Scientific}to-record-vartation-of fluorescence-intensity upen-irradiation—Speetral-). The

ranges of wavelength varied from 200 to 450 nm for excitation wavelengths (Ex) and

from 290-_to 650 nm for emission wavelength (Em). Exeitationlntervals of the

10
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excitation and emission wavelength-intervalswavelengths were 5 nm and 2 nm-steps,

respectively. The reported absorbance and EEM spectra here are the-averageaverages

of the results from triplieate-experiments_in triplicate.

2.3.3 Determination of HULIS eencentrationconcentrations

Solid phase extraction (SPE) cartridges (CNW Poly-Sery HLB, 60mg/cartridge)
were used to isolate HULIS from the reaction selutienproducts. The eriginal-SPE
eartridgescartridge was_first rinsed with 1 mL ultrapure water and 3 mL methanol prior
to extraction. The solution was acidified to pH ~2 using HCI and loaded on an SPE
cartridge, subsequentlywhich was rinsed with 1 mL ultrapure water again. Next, 3 mL
methanol-/ammonia (98:2, v/v) mixture was added into the SPE cartridge to elute
HULIS-eempenent, and the solution was evaperatedblew to full dryness with high-pure
purity N2, followed by dilution with ultrapure water to 25 mL for quantification of
HULIS withusing the HPLC coupled with an evaporative light scattering detector
(ELSD3000). Fhe—reeeveryRecovery efficiency of the HULIS standard-, Suwanne

River Fulvic Acid (SRFA). was 75-80% andwith the standard deviation of

reproducibility-test less than 5%. More details have been described elsewhere (Tao et

al., 2021).

2.3.4 Oxidative petentialpotentials (OPs) based on DTT assay

We-detected-OP-based-onprevieusThe OPs of reaction products were determined

by the DTT method (Cho et al., 2005; Lin and Yu, 2019) with minerslight improvements.
Briefly, a-1.2 mL pertien-ef-sample solution was transferred into_a 10 mL glass tube,
then 6 mL phosphate buffer (0.1 M, pH 7.4) and 300 pL of 2.5 mM DTT were added

and mixed thoroughly. The samples—were-DTT mixed solution was placed in a 37°C

11
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water bath for jncubation-seme-time,and reaction—was-terminated-at 30-minintervals

(#HERe: REET

over. Over the course of reactions that lasted for 150 min-by—takingminutes, 1 mL

aliquetsaliquot of DTT mixture was taken every 30 minutes, and adding-100 pL of 5

mM DTNB (prepared in 0.1 mM phosphate buffer) tewas added and loaded in a

centrifuge tube. Next, reaetionreactions between DTNB and DTT produced bright
yellow TNB, which was quantified usingby the UV-Vis spectrometer within 30
miaminutes. Finally, we reeerdedmeasured the light absorbance (At) at 412 nm at time
t to quantify-indirectly quantify remaining DTT. Another 1.2 mL ultrapure water instead
of sample solution was treated in the same way and the absorbance was denoted as A
for-distinguish-fromA«as blank value. Ao represents the initial light absorbance value.

Thus, theDTT concentration e£DFF-consumed by the sample solution (Mprt, uM) and

that by the blank solution (Mbprto, pM) werecan be calculated asaccording to Eq.(2) and

Eq.(3), respectively.

Ao—At

Mprr === X Corrg 2
Ag—A
Mprro = :— X Cprry 3

Here, Cprro was the initial DTT concentration in sample solution (100 uM in this
work). DTT consumption zaterates (Rorr and Rorro) waswere then obtained from the
slepeslopes of pletplots of Mprr and Mprro versus incubation timetimes. Experiments
of blanks and samples were typically run in a triplicate. The reproducibility of the whole

analysis showed that the relative standard deviation of the-DTT consumption rate

analysis was 3-4%.

2.3.5 ProduetProducts analysis by GC-MS

Reacted solution (about 30 mL) was extracted with 10 mL dichloromethane twice.

The extraets-wereextract was concentrated teinto 1 mL using-gentleby blowing N2 blew
12
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dryinggently, subsequently transferred to a 2 mL vial, and analyzed withby a GC-MS
(7890A GC/5975C MS, Agilent);-using) with a DB-5Sms capillary column (30 mx0.25
mmx0.5 pm). The operational conditions were set as follows: injector was at 200°C;
ion source was at 230 °C; The-column oven temperature was programmed: to be held

at 35°C for 4 minminutes, then ramped to 250 °C at a rate of 20°C/minminute and held

for 10 sminminutes. The recovery efficiency, method detection limits and quality
assurance/quality control hashave been described in detail-elsewhereour previous work

(Ye et al., 2020).

2.3.6 SP-AMS analysis and agSOA-mass yieldyields of reaction products

An Aerodyne SP-AMS (Onasch et al., 2012) was applied to analyze the low

volatile-organiesinreaetionselution-volatility organic products, similar to our previous

work (Chen et al., 2020}—; Ge et al., 2017). SP-AMS data were acquired in V mode and

analyzed by Squirrel v.1.56D and Pika v1.15D software. Al-theThe organic fragment
iensfragments were classified into six groups: CH, CHO, CHN, CHO2, CHON; and HO.

Elemental ratios (oxygen-to-carbon, O/C; hydrogen-to-carbon, H/C), were

obtainedcalculated according to the method proposed by Canagaratna et al. (2015).

Since the AMS analysis requires the-nebulization of sample solution into particles

before determination, and quantification of organics #-each-experimental run-depend

enwas influenced by the atomization efficiency and carrier gas flow, etc., we_thus

cannot use SP-AMS reeoerdedmeasured concentration to quantify agSOAthe mass_of

products directly. In this case, according to the-methed-suggested-by-Li et al. (2014),

we added an internal standard (SO4%") prior to AMS analysis-The, and the mass ratio of

particle-phase organics to SO4> (AOrg/SO4%) after-atomizationrepresentedcan be used

to calculate the relative—agSOA—mass_concentration of products. Furthermore,

13



317  agSOAthe mass yield (¥soaof aqueous-oxidation products (Yproduets, %), which is the

318  mass of products generated agSOA-mass-per unit mass of precursor consumed, can be
319  calculated as Eq. (4).

AOrg/S037)[so3~
320 ¥soAYEmdum(%)—(rg/C—w x 100% (4)
0

321 Where [SO4>]o is the initiathy-added-SO4> concentration (here 7.27 mg-L1):), Co is thes —  (##=R80: sk E1%E 0 7%

322  initial eugenol concentration; (in mmol/L:), M is meleeularweightMW of the precursor

323 (164 g/mol for eugenol) , and n is the degradation—efficieneydegraded fraction of

324  eugenol.

325 3 Results and discussion

326 3.1 Kinetics of the-pheto-oxidationaqueous photooxidation

327 Figure 1 shows unreacted eugenol concentrations (ct) and the negative logarithm
328  of ci/co (-In(c/co)) as a function of reaction time, respectively. The pseudo first-order
329 rate eenstantconstants (k) obtained by Eq.(1) waswere also presented. Errer—bars
330  represent—one—standard—deviation—{rom—triplicated—measurements—As described in
331  FigureFig. la, eugenol concentration decreased to be lewerthan-<20% of the initial
332  concentration atin 3 hhours, suggesting photolysis was fast under reaetionall three

333  conditions. In the presence of >C*, eugenol was degraded te-nearly 100% after 3 khours.

334  Previous study (Chen et al., 2020) on 3C*-initiated 4-cthylguaiacol *C*-initiated

335  oxidation (Chen-etal;2020)showed thatit degraded-completelyuntil-reports a time of

336 21 hkhours for a complete degradation. Apart from difference of target

337  preeurserprecursors, different light irradiation spectra and stronger energy of light

338  sewrees-in this work than the previous work might be responsible for the fast loss of

339  eugenol. The bond dissociation energies (BDEs) are 340 kJ/mol for OH, 374 kJ/mol for [ﬁ?’]‘ﬁ:‘&ﬂ@: Rt B R
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C-H in -CH3 group, 345 kJ/mol for C-=C in-E=C-bendsbond, and 403 kJ/mol for C-H
in -OCH3 group, respectively (Herrmann et al., 2003; He et al., 2019). The lowest BDE
was found for the O-H bond and C-=C bond. Due to the-influeneeinfluences of steric
hindrance and intramolecular hydrogen bonding, the H-abstraction reaetion-from the
OH group might have-beenltessnot be favorable—Fhe and the most faverableprobable
H-abstraction reaction-might have-takentake place in the-C-=C inof the allyl group. As

a result-of, breakage of C=C into C-C at the allyl group site;-can lead to the formation

of 2-methoxy-4-propyl-phenol, eoutd—form—{see—(Section 3.6.1). As—we—known;

iR BR R

wheaWhen, photon energy is higher than bend-disseciation-energy,-theyecan-direetly

i

B RE BT

breakthe BDE, chemical bend-efmeleculesbonds can break, leading to decomposition

of compounds and possibly further mineralization. The energies of photons at 300 and
350 nm in-eurtightseurees-are 412 kJ/mol, and 353 kJ/mol, which-are-higher than the
weakest BBEsBDE in eugenol, as-a—result—eugenel-meleenletherefore it can direetly
abserb-phote-energy-to-decompeosebe easily decomposed after absorbing the photon.

As shown in Fig. 1b, the first-order rate constants were 2.43x104s1, 2.73x104s-

I, and 5.75x10*s! for direct photolysis and pheteexidation-photooxidations by «OH

and 3C”, respectively. >C*-initiated phetodegradation-photooxidation was quicker than

that with—attacked by OH, likely due to combined contributions ef-cembination—of

multiplepathwaysincludingfrom reactions with !0z, O+ and -OH-A-similar (Section

3.2). Similar results were found for aqueous phase reaetionreactions of three phenols

with-against OH and 3C* by Yu et al. (2016) wheo-showed-degradation-rates-of three
compounds(Note the initial concentrations of HxO» and DMB were all-higherwith->C*

than<-OH-100 uM and 5 uM, respectively, with the same ratio as 300 uM H>O2 to 15

uM DMB in this work)
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Figure 1. Aqueous—-phase eugenol decay kinetic curves (a) and regressed first-order rate constants

(b) under three conditions. Error bars+epresentbar represents one standard deviation from

replieatedthe measurements in triplicate.

3.2 Relative importance of ROS tein photooxidation

3.2.1Quenchingl Quenching experiments in *C’-initiated photooxidation

Relative importance of different ROS in phetedegradationprocesses-was-ustally

photooxidation can be investigated by the-addition of radical scavengers/quenchers, and

here-itwas-ealenlated-then be evaluated based on the different degradation efficiencies
of eugenol in absence and presence of differentthe corresponding ROS quenchers. For
each seavengerquencher, we conducted several gradient experiments with varying
molar ratios of eugenol to guenehersquencher. The ratios were setas-0.075:1, 0.15:1,
0.3:1, 0.75:1, 1.5:1 for quenchers of NaN3, TMP and TBA, and 1.2:1, 1.6:1, 2.5:1, 5:1,

10:1 for SOD, which were all within the typical rangeranges of melarratiosto-quench

ROS_quenching experiments reported previously (Zhou et al., 2018). AbeveExcess

concentrations of the-added-quencher-quenchers have been added repeatedly adjusted

to ensure the complete reactions between radicals and scavengers. Figure 2 displays the

effeetsimpacts of differentratios-quenchers on eugenol degradation. As-shewn;,—when
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adding-quenchers-into-selation;-allAll rate constants (k) with quenchers were lower than

those of the quencher-free solutions. The optimum molar ratiesratio of eugenol to

equenchers—were-seleetedquencher was chosen when the inhibition degree of eugenol

degradation unchanged with the increase of added quencher mass-(Wang et al., 2021).

For example, upen—deereasing-along with the decrease of molar ratios of eugenol to

NaNs from 1.5:1 to 0.075:1, the inhibitory degree of eugenol degradation was

unchangedstabilized at_ the ratio of 0.15:1, indicating that 'O2 has been

abselutelycompletely quenched at this ratio, therefore a molar ratio of 0.15:1;-sewe

finally-selected-molarratios—of-0-15:+ for NaNs_was optimal, since excess scavenger
may predueegenerate other products that ean—ehangeinterfere the existing reaetion-

Finallyreactions. Similarly, the optimal molar ratios of eugenol to guencherquenchers

of TBA, NaN3, TMP and SOD, efwere determined to be 1.5, 0.15, 0.075 and 2.5-were

seleeted, respectively. FabletTable 1 and EigureFig. S1 compared the rate constants

determined under varieusradical-quenchers-the ratios above and results-showed-that

the—ranking—of first-order—rate—constants—were—they were in an order of

TMP<NaN3<SOD<TBA, suggesting relative importance of generated ROS to eugenol
degradation was in the order of 3C*>'0,>0,">+0H. This result suggests that 3C*

plays a major role in the photooxidation-teaction—Otherstudies{. Previously, Laurentiis

et al5-. (2013:) reported that 4-carboxybenzophenone (70 uM) could act as *C” and the

photosensitized degradation was more effective than oxidants such as OH, Os, etc.;

Misovich et al--. (2021) efinvestigated the aqueous DMB-photosensitized reaction alse

showed(5 uM, same as it in this study) also demonstrated that 3C* was the greatest
contributor to phenol or guaiacyl acetone lessdegradation, followed by 'Oz, while both
<OH and '02 contributions were relatively minor.

The—value—of(We propose to use the following Eq.(5) to roughly assess the
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contribution of a certain ROS (Ctros) to eugenol degradation:

Ctros=kros/k-krmp)=(k: was-Kquencher)/k
%)

Here kros s the rate constant contributed by the ROS, which is defined as the difference

between the original rate constant in *C*-initiated oxidation (k) and the rate constant

after the target ROS has been completely scavenged by its corresponding quencher

Kquencher). K and Kquencher in fact refer to those reported in Fig. S1b.

According to Eq.(5), Ctsc+ was calculated to be 0.857, therefore contribution of 3C™«

was estimated to be as high as 85.7%. In-the-same-waySimilarly, the contributions of
102, 02" and =OH were 80.5%, 61.4% and 53.9%, respectively. The total contribution
of the four ROS largely exceeded 100%. This can be explained by the fact that ROS
scavengers can actually significantly interrupt the radical chain reactions as compared
to those in the absence of scavengers. For instance, the-addition of TMP not only
seavengescavenges >C”, but also inhibits generation of 'Oz, 02", etc. These findings

suggest that we cannot directly ebtain—centributions—ef-each—precisely quantify the

contribution of a ROS just on the basis of theits scavenging effieieneies—tHefficiency,

therefore the contributions calculated from Eq.(5) can only be used to compare the

relative importance of different ROS. One should be cautious to apply quenching

(R gk B O

e

FH

(#HERE: REET

approach to quantify the role of ROS forpeHutant-degradation-in complex reaction
system. Determination of ROS wariabilityconcentrations during oxidation should be
instead bybe an effective way to elucidate the role of eaeh-ROS. Therefore, we tried to

detect in-situ generated «OH, O2™ and 'Oz during photochemical reactionreactions using

a micro electron spin resonance (ESR) spectrometer (Bruker Magnettech, Berlin,
Germany) vtawith DMPO as the spin trap to form stable DMPO-=-OH or DMPO-0Oz",

with TEMP to capture 'O2 to produce TEMP-'0: spin-adduct (TEMPO). —The
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447

ameunts-of radicals can be identified and quantified by the peak patterns in ESR spectra,
such as the quarter line with a height ratio of 1:2:2:1 for DMPO---OH, 1:1:1:1 for

DMPO-0:" and 1:1:1 for TEMP-'02 (Guo et al., 2021). Unfortunately, OH radical

(#BHR: RLET

cannot be detected since theits concentrations may-net-meetmight be lower than the

(iR REET

detection limit of the instrument (Fig. S2, ESR spectra of «OH). In contrast, we were
able to detect higher concentrations of 3C* and found intensity of TEMP-!02 signal

reached its maximum at 30 minminutes, then decreased slowly (Fig. S2, ESR spectra

of '02). Combining the greatest inhibitive effect of TMP with high 'Oz concentration

from ESR method, we can conclude that *C* and 'Oz play relatively important roles in

eugenol phetoedegradationphotooxidation.

(a) 10¢
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0.8} 03:1 0.8 alNg 03:1
=0O=0.15:1 | =0=0.15:1
06 0.075:1 0.6 0.075:1]
o o
O
Q04 S04
O O] \
N 0.2 N
02} ol
D :g\
= =
0ot b 00t V==t —
1 2 3 1 & o 2 4 6 8 10 12
(©) Reaction time (h) d) 14, Reaction time (h)
1o -0-15:1 i '8' 10:1
\ =0O=5:1
0.8 TMP -o- 82511 08 1\ soD 25:1
\({) =0=015:1 -O-iigj
06 \ 0.075:1} OO'G L
(S) q)\ Qﬂ-‘o 4l
3-'0.4 L \<[> 0} (S
02l ‘(D\(D \(X) 02} \P\i’
AN \(D\ =
00} (b”%\—@—v—fl?—@: O'OO - f % ' !
’ : Rgactioz times(h) v Reaction time (h)

Figure 2. Ratio of residue-unreacted eugenol concentration to its initial concentration (C/Cy) at
different melemolar ratios of eugenol to quencher, as a function of reaction time-with: (a) TBA
quencher, (b) NaNs-gquencher, (c) TMP guencher-and (d) SOD-guencher—Legend-represented-meole
ratos-otetgenoto-quenchers.
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3.2.2 Quenching experiments in OH-initiated photooxidation

To examine the contributions of the-guenehersROS to eugenol degradation for OH-
initiated oxidation, TBA and p-BQ as trapping agentagents were added. Similar to 3C*-
initiated oxidation, several gradient experiments wiawith varying molar ratios of
eugenol to quenchers were conducted. The ratios were set as 6.5:1, 3.2:1, 1.6:1, 1.1:1
and 0.8:1 for p-BQ and 3.0:1, 1.5:1,0.75:1, 0.3:1 and 0.15:1 for TBA. According to Fig.
S3, molar ratio only had a slight influence on eugenol degradation, although
degradation can be inhibited effectively by quenchers. SeThus, we finally—seleeted
appropriateddetermined the appropriate molar ratios of engenel-to-quenchers:-0.8 and
0.75 for p-BQ and TBA, respectively, since-addingtoo-high-concentrations-ofas excess

scavengers ean-aetaalymight influence the chemical reaetienreactions.

Variations #of the rate constants for abewvethe aforementioned quenching

experiments were ealeulated;respeetivelydetermined, in comparison with teststhose
conducted without quenchers, and the results wereare listed in Table 1 and presented in
Fig. S4. For TBA quenching tests, the rate constant decreased by 18.7% (from 2.73x10"
4§51 to 2.22x10* s!), showing that «OH radical played a certain role in eugenol
photooxidation. Since H202 was mainly photolyzed at wavelength <300 nm to generate

OH radical, but-jrradiation above 300 nm here-did not deminate-affect the reaction

(#HERE: REET

significantly. The p-BQ could quench O:™, whiech—further suppresssuppressing the
generation of other ROS (e.g., *HO2), as-a—resul;therefore the rate constant decreased
the most (from 2.73x10*s to 1.20x10**s1), suggesting Oz might-berespensiblewas
important for eugenol phetedesradationphotooxidation. This hypothesis could be
further confirmed by the decline of rate constant under N2-saturated solution shews
fater(Section 3.2.3). However, it was difficult to detect both «OH and O2"directly due

to their relatively short halftifelifetimes and low eeneentrationconcentrations via ESR
20
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Table 1. The reactionfirst-order rate constants of eugenol in the presence of various scavengers. The

experimenthinitial conditions were as follows: 8:3-mM300 uM eugenol;; molar ratios of eugenol to
queneherquenchers TBA, NaN3, TMP and SOD, of 1.5, 0.15, 0.075 and 2.5, respectively; mele

rattomolar ratios of eugenol to queneherquenchers p-BQ and TBA of 0.8 and 0.75, respectively.

3C*-initiated quenching experiments

reactionReaction rate
guenchersQuenchers ROS Pearson’s R?

constant k (s™!)

no quencher - 5.75X10* 0.996 < (EREn
TBA -OH 2.65X10* 0.999
SOD 0y 222X 10* 0.995 < (RS
NaNj3 10, 1.12X 104 0.999
TMP 3¢t 0.82X10* 0.999

<+OH-initiated quenching experiments
reactionReaction rate
quenchersQuenchers ROS ~ R?
constant k (s7")

No quencher - 2.73%10* 0.995 « [ wHRRE
TBA -OH 2.22X10* 0.998
p-BQ 0" 120X 104 0.995 < [ HERERn

3.2.3 Influences of different saturated gases

In order to assess the role of O in the—mechanism—ef-eugenol photolysis, a
fewseries of experiments were performed under both O2-saturated and N»-saturated

instead-ofconditions in addition to air. N2 gas was purged into reaction solution for ~30

miaminutes before experiment to achieve deexyeenatedthe O2-free condition. Figure 3
compared the changes of eugenol less-variationsconcentrations and rate constants (see
insets) under three saturatedgas conditions for direct photolysis, OH-initiated and 3C*-
initiated exidatienoxidations, respectively. The insets-ofthe Fig-3a,3b-and 3e-showed
the-correspondingrate constants—Fherate-constants-under-Ooz;air-and Nz followed the

order of ko, > kair > kn, under both direct photolysis and «OH oxidation, providing
evidence in support of Oz being respensiblesignificant for eugenol degradation. This
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might be explained by the fact that Oz can act as an electron acceptor to generate O2™
and *HO»-, and subsequently form H202 and «OH. For direct photolysis, rate constant
under Oz-saturated condition increased 14.4% while it decreased 19.3% under N2
saturation;—n—contrast-to-the-ease-of from that under saturated air. For OH-initiated
oxidation, the difference of rate constants under three saturated gases became more
distinct.

On the contrary, rate constants followed the order of kair > kn, > ko, in 3C"-

initiated oxidation-system. There are two possible explanations. On the-one hand,

inunder Noa-saturated selutienscondition without oxygen, DMB would be

invelvredinvolve in reactions (5-8)—foHewed-byR1-R4), leading to a more effective

generation of *DMB*—Eer—this—+eason—eugenol—therefore a higher degradation
efficiency was-higher under No-atmesphere-than inunder Oz-saturated selutioncondition.

On the other hand, infor air/O2--saturated solutions, irradiation of DMB and eugenol

would involve also reactions (5-4+2);R5-R8) in addition to (R1-R4). and as a result, the

amount of SDMB” radical decreased, aceompanied-by-thedue to formation of other ROS
(102, 02, =OH, etc) with relatively weak oxidative eapaeitycapacities. In summary,
quenching of >DMB” by ground state molecular oxygen could account for the lewerlow

degradation efficiency in O2-saturated condition.

DMB + hv — 'DMB* — *DMB* (5R1)
’DMB’" — DMB (6R2)
’DMB"* — Products (R3)
’DMB* +'DMB*— DMB ***(DMB “+DMB") (8R4)
SDMB® + 02— DMB + 'O (9R5)
DMB*~+ 02 - DOM " + 02"~ (+6R6)
02+ 2H" —»H202 + O2 (HR7)
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Figure 3. Ratio of remainingunreacted eugenol concentration to_its initial concentration (C¢/Co) as
a function of reaction time at different saturated gases under (a) direct photolysis (b) OH-initiated
oxidation and (c) 3C*-initiated oxidation.
regetton-time-underdifferentsaturatedreasess The sets in (ar-dircetphotohusis-(br-OH-nttatcd-and
{-c) >C*-initiated photooxidation-show the corresponding rate constants.

3.2.4 VariatienVariations of pH value-and dissolved oxygen

The initial pH values #of reaction solutions for direct photolysis and OH-initiated

oxidation were unadjusted, while initial-pHthose for the 3C*-system-oxidation was
adjusted to 3. The variation of solution pH svereis presented in Fig._4a. As-shewn-in

Fig4a—selationThe pH values decreased guieklydramatically at the beginning of

illumination (from 7.4 to ~5.0 ferin the first +hl hour) then tended to smeeth-inbe flat

for both direct photolysis and OH-initiated oxidation. However, little change of pH
wakae-(less than 0.1 unit) was observed for the 3C*-initiated photooxidation;which-could

be-aseribed throughout the oxidation, likely ascribing to veryits low initial pH value-fof

3. Note a small amount of acids can change solution pH significantly when original

pH=3)—Generallyspeaking,slight-inerease-oefaeidity is high, but cannot change pH

remarkably ehange pH-value-when the original solution pH was very-low. WeTherefore

we cannot rule out formation of aeidacidic products at(such as organic acids) during

3C*-initiated oxidations
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etal; 2021 Salma-et-al;2008)- as during direct photolysis and OH-initiated oxidation.

OxygenAs discussed in Section 3.2.3, oxygen can take part in photochemical

reaction to form ROS, which may in turn destroy the structure of precursers—tn-order

to-furtherconfirm-the rele-of O2;precursor. Here we measured the oxygen consumption

via—determining—econeentrationduring oxidation through determination of dissolved

oxygen (DO) contents by a dissolved oxygen meter (Seven2Go Pro S9, Zurich,

Switzerland)-during-the photochemieal proeess:). DO was consumed mainly at the first

1 hhour and keptremained stable afterwards with the increase of reaction time further

inereasing—{(Fig(Figs. 4b-c and Fig._S5). PereentageThe amounts of consumed DO

concentration-consumptionfollowed in-the order of *C*=+">0OH>direct photolysis. The

(R REEF

maximum consumed DO eensumptionforwas found in 3C*-initiated oxidation-preeess,
which can be explained by the transfer of electrons from 3C* to Oz to form '02, which
was-thea major contributor to eugenol degradation. Obviously, a steady-state DO level
was reached when the consumption rate was equal to the diffusion of Oz into the

solution (Pan et al., 2020). Overall, these results re-emphasize that O» can influence

eugenol degradation and radical transformation via induction of radical chain reactions.

3C*-initiated
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562  Figure 4. (a) pH values and (b)-(e) dissolve oxygen as-a-funetion-of(DO) contents against reaction < [ HERAMN: B 51T%%E 0 R/

563 time under three photolysis conditions, and (¢) DO contents during *C*-initiated oxidation under

564 air or O-saturated conditions.

565

566 3.3 Optical properties of reaction products - [#%ﬁﬂ’ﬂ: T78E: 2 fEF178E

567  3.3.1 Light-absorbing properties
568 The UV-vis light absorption spectra of the solutions at different reaction tisetimes

569  are presented in Fig. 5. Aecording-to-BV-vis-speetrum;—the-wavelength-of significant

570  The light absorption by eugenol rangesfrom260-nmte-itself mainly occurs in the range

571 of 260-300 nm (n—n* electronic transitienstransition, 270-350 nm), which in—part

572  inoverlaps with the fieldmajor photon fluxes (280 and 500 nm) of pheten-flaxes-in-our

573  lamp-_for photooxidations. Therefore, we can clearly observe that the characteristic

574  absorption peak at 280 nm of precursor decreased underwith the propagation of direct

575  photolysis-As-seenin—_(Fig. 5;-when-adding-exidant H20o; the-total-variation-trend-of

576  abserbanee-was5a), similar to that witheut-exidant.in OH-initiated photooxidation (Fig.

577  5b). However, the reaction was extremely—quick in the presence of 3C*, and the

578  characteristic absorption peak at 280 nm after 3 h—rradiation—hours of illumination

579 almost disappeared, suggesting nearly complete loss of eugenol, which
580  eeineidedconsistent with the results in Section 3.1 that more than 99% eugenol was

581  degraded atin 3 khours. Additionally, there iswas an inerease—nobvious absorption

582  enhancement at longer wavelengths (300-400 nm) everphetereaction,whereduring the (Rt REET
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eriginalphotooxidation, whereas eugenol itself did not absorb slight;suggestinglight in

this range, indicating some light-absorbing products (e.g., brown carbon)-appeared-

(BrC) species) were generated. Aqueous phetedegradationphotooxidation of some

phenolic compounds (e.g., vanillic acid) also ebservedpresented long-wavelength (300-
400nm) light absorbance, with intensity increasing with illumination time (Tang et al,

2020; Zhao et al., 2015);-intensity-of-which-alse-inereased-with-iHuminationtime:). In

eemparisenaddition, there arewere some differences for light absorbance at wavelength
0f 300-400 nm in the three cases. For direct photolysis and OH-initiated oxidation, light
absorbance increased during the first 15 khours, then remained at a plateau until 23 h-
heweverhours. However, for 3C*-initiated oxidation, light absorbance increased during

the first 7 khours, then decreased slowly afterwards. The different shapes of UV-vis

spectra ef-photooxidation-by—sbetween OH and 3C" might-be-attributed—to-different
reaction—mechanisms;leadingto-theformationphotooxidations indicate formations of

different products.

—The—nerease_Compared to the light spectrum of eugenol, there were also

increases of light absorbance at 256~260 nm (n—7* electronic transitions) upon

aqueous phete-precessing—demenstratesphotolysis in all three conditions (Fig. 5),

demonstrating the generation of new substances likely with both-the aromatic C=C and

carbonyl (C=0) functional groups (Tang et al., 2020). The enhancement at 300-400 nm

asmay point to

products with high meleewlarweishtMWs and conjugated structures-, possibly linking

with HULIS or oligomers. Unfortunately, we did-net-ebtainwere unable to quantify

relative contributions of reaetionindividual products to the overall light absorbance
between 300 to 400 nm beeause-ofdue to lack of speeifie-compenentthe full speciation

of products and their light absorption spectra,,

(wiete: 2HTE 1
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Figure 5. UV—vis light absorption spectra of reacted solutions at different reaction times under (a)

direct photolysis, (b) OH-initiated oxidation, and (c)*C -initiated pheteexidatioroxidation.

3.3.2 Fluorescence properties

The wvartation—of-fluorescence intensitiesproperties of solutions before (0 khour)

and apenduring photolysis (3 hand 7 khours) were investigated via the EEM technique,

as shown in Fig._6. For comparison, we also presented EEM profiles of pure eugenol
(non-irradiated—setutien), pure DMB, and the end solutions (23 hhours) of direct

photolysis and OH-initiated oxidation ¢in Fig. S63.. The peaks at Excitation/Emission

(Ex/Em=)=275/313 nm are-aseribedcan be attributed to fluorescence of the phenolic
structure of parent substance; (eugenol here), as suggested by Laurentiis et al. (2013).
As shown in both Fig. 6 and Fig. S6, the fluorescence intensity from-parent-substanee
decreased after photolysis due to eugenol decay, and the deereasingtrendreduction was
very fast for 3C*-initiated oxidation. This finding matehedmatches with the fast

photolysis and large rate constant for *C*-initiated oxidation. The EEM plots for direct
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photolysis and OH-initiated reaetionoxidation had similar contour patterns as shown in
Fig6aFigs. 6a and b—aeross—the—entire—photochemieal reaetion, although EEM
prefileprofiles changed significantly with irradiation time. We also observed distinct
fluorescent peaks at Ex/Em=2354(400-500) nm, indicating that irradiation
eausedillumination can cause a red shift in fluorescence emission wavelength. As
suggested by Chang et al. (2010), fluorophores at Ex’Em=240/400 nm wasare linked
towith aromatic structures and condensed saturated bonds including polycyclic
aromatic hydrocarbons. Another work (Li et al., 2021) showed that red shift in the
fluorescence spectra was usually related to an increase in the size of the-ring system
and an increase in the degree of conjugation. Previous studies (Chen et al., 2016a; Chen
et al., 2019; Laurentiis et al., 2013; Wu et al., 2019) have reported that fluorescent
compounds with emission wavelength at 400-500 nm may be highly oxygenated
species such as HULIS. Additionally, HULIS have two typical fluorescent peaks in
EEM pletsprofile at Ex/Em==(200-300/)/(400-5001m500) nm and Ex/Em=350//(400-

500am500) nm with the former one having a higher intensity for-the—former-(Graber

and Rudich, 2006; Laurentiis et al., 2013; Vione et al., 2019; Wu et al., 2021). There

was also evidence{(Bianee-et-al;2044)-to-suggest that direct photolysis of tyrosine and

4-phenoxyphenol generated HULIS with new fluorescence signals at Ex/Em-—==(200—-

2504)/(400=-450) nm and 300#(400=-450) nm—Se (Bianco et al., 2014). In this regard,

we inferred that new peak at Ex/Em=235/#/(400-500) nm here was likely attributed to
chromopheres—of-HULIS. For the 3C™-initiated reaetionphotolysis, extra fluorescent
peaks at Ex/Em==(220-300-a1/)/(400-500nm—=alse500) nm appeared atin the first 1
hhour (data not shown), but their intensities were-mueh-weakerweakened and gradually

disappeared upon prolonged photolysis (3 b—Anywayhours). Nevertheless, EEM

results were-diffieult-to—interpretshould be interpreted with caveats because ef-many
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complicated substances in—reaction—samples—that-might contribute to absorption and

emission at a certain-exeitation wavelength, and it is hard to distinguish and isolate

fluorescent and nonfluorescent constituents via-eurrent-techniques—However—we-ean

approximately400-nm-(Barsetti-et-al52046).simply via the EEM technique.

Another interesting finding was that a small fluorescence peak appeared at

Ex/Em==(300-3504)/(300-350) nm at-differentreaction—stages—in some of the EEM

profiles. Specifically, it appeared earlier for 3C*-"-oxidation (at 3 khours) than the other
two systems, and-the—peakyet its intensity seemed to be a bit stronger in the end
solutions of direct photolysis and OH--oxidation (Fig. S6). EEM fluorescence spectra

forof HULIS from fog water are reported to have peaks at shorter excitation and

emission wavelengths than those of terrestrial fulvic acids;-suggesting-a-lower-content

of aromatie-struetures—and-condensed-unsaturated-bond-systems (Graber and Rudich,

2006). Moreover, as suggested by Leenheer and Croue (2003), fluorescence peak
position of the Ex/Em-maximum efEx/Em for HULIS with lower meleetlar—weight
shiftedMWs would shift towards lower wavelengths, thus, we inferred fluorescence

peak at Ex/Em==(300-350£)/(300-350) nm might be in part attributed to smal-erganie

Neote—thatorganic acids with only a few carbon atoms. Nevertheless, large

uncertainties still exist in using EEM fluorescence technique to eharaeterizeidentify

molecular eempeositioncompositions of the products due to lack of standard EEM

prefileprofiles for specific preduets-efcompounds from aqueous phase oxidation and
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Figure 6. EEM fluorescence spectra of the initial solution (0 hhour) and those at different reaction

time (3 h-and 7 khours) under (a) direct photolysis, (b) OH-initiated oxidation. and (c) *C*-initiated

oxidation. The top-color bar represents-the range
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3.4 Characteristics of fluorescenceintensity:

(##estay: Sk L, IE, R BT

3.4 HULIS-concentration-determination

(R REEF

The EEM spectra foundrevealed new prominent fluorescent peak at Ex/Em=250
am#/(400-500) nm, which was likely attributedowing to ehremephores—of-HULIS.

Humiesubstaneces-are-subdividedHULIS can be divided into fulvic acid (water soluble

at all pHs), humic acid (base soluble, acid fpH-)-insoluble) and humin (insoluble at all
pHs). In principle, extracted HULIS in this work with polymer-based HLB SPE packing

inehadedinclude LMW organic acids, fulvic acids erand other humic substances. As

Figure 7 presentedpresents the measured HULIS concentrations as—a—funetion

ofagainst the reaction time. The results show clearly that aqueous—phase eugenol
oxidation eanpredueeis a source of HULIS, and the amount increased gradually in the
first 7 khours, then remained at a similar level (about 30 mg/L) later—infor the OH-
initiated oxidation. For direct photolysis, HULIS concentration increased until ++hl1
hours and then retainedbecame steady at a level around 40 mg/L. For the 3C*-"-oxidation,
HULIS concentration increased to itsa maximum at 7 h-—-butit-deereasedhours, then

declined slightly afterwards. Fhe-pessibleA plausible reason wasof such variabilities is

that generated HULIS was capable of further taking part in photochemical reactions
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since it can act as photoscnsitizers—Study—from-—Smith—(2015)-sugecsted-different
reaction-mechanisms-between-aqueous-benzene-diols-with-photosensitizer. Moreover,

Yu et al. (2016) characterized the products from aqueous oxidations of phenols by 3C*

and OH radical—with—radicals, and found both could produce oligomers and

hydroxylated species but the 3C*

compounds when 50% of the precursor was reacted. Considering the large increases of

HULIS in the first 7 hours and the much faster increase of 3C*-oxidation in the first 3

hours shown in Fig. 7, we postulate that HULIS species might overlap with the products

of high MW oligomers, which can in turn contributed to fluorescence at Exemission of

~400 nm (Barsotti et al., 2016).
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Figure 7. HULIS concentrations as a function of reaction time for the three systemsconditions

3.5 agSOA-massMass yield and oxidation degree of reaction products

3.5.1 agSOA-mass-yieldMass vyields

Figure 8a shewedshows SP-AMS measured organic mass profiles (normalized by
sulfate mass, AOrg/SO4>) against the reaction time. As the reaction propagated,
AOrg/SO+* increased continuously in 3C*-initiated system. Nevertheless it rise
eraduallyarose stepwise and reached a maximum at 19 khours, then remained at a
plateau for the direct photolysis and OH-initiatedmediated oxidation. Figure 8b
Hustratedillustrates the calculated agSOA-mass yields at different reaction timetimes.
The a¢SOA-mass yields after +hl hour of illumination were in the ranges of 46.2%-
196.5%, 22.1%-144.9%, 19.3%-140.1% for 3C'-oxidation—by*C";, OH—radieal-

oxidation and direct photolysis, respectively. The-SOA-mass-yield-are-slightly-higher

etal—2016: Yu-et-al2014)For the same oxidation time, mass yieldsyield from 3C*"-

oxidation werewas generally higher than those from OH-initiated-oxidation and direct

photolysis.

compounds{(Smith-et-al52044;2015,2016)—There are two plausible reasonfor-high
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massesreasons for high mass yield of 3C*-initiated oxidation. EirsthyFirst, oxidation by

3C* was more efficientlyefficient to form oligomers and functionalized/oxygenated

products (Richards-Henderson et al., 2014; Yu et al., 2016). Higher oxidative degree of

agSOAproducts from 3C*-initiated photooxidation (see Sec.3.5.2) warrants—above

supports this hypothesis. Secondly, more light-absorbing products ¢-e— HULIS)ean

participate in-SOAformation-formed during initial stage of *C*-oxidation (Fig. 5¢) may

accelerate oxidation by acting as photosensitizers (Tsui et al., 2018).

The agSOAproduct mass yields obtained in OH-initiated-oxidation-of-this work

(=20%-197%) overall agree wel—with thatthose reported previously for phenolic

earbenyls;-thatis;compounds. For examples, Huang et al. (2018) reported mass yields

of 30-120% for syringaldehyde (Huang—et-al52648)and acetosyringone; Smith et al.

(2014) found that mass yields of agSOA from three phenols with 3C* were nearly 100%

and Ma et al. (2021) reported a yield ranging from 59 to 99% for six highly substituted

phenols with 3C*; Mass vields of SOA from three benzene-diols were near 100% with

both OH and 3C* oxidants (Smith et al., 2015); Direct photolysis of phenolic carbonyls,

and oxidation of syringol by 3C*, had SOA mass yields ranging from 80 to 140% (Smith

et al., 2016). Our previous study on eugenol OH oxidation illuminated by a 500 W Xe

lamp reported the-agSOAa mass yield of ~180% fereugenol(Ye et al., 2020), slightly

(BHRm: REET

higher than the value reperteddetermined here owing to different simulated selar

irradiationlights.
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760  Figure 8. Variations of the agSOAorganic mass normalized by sulfate (a) (AOrg/SO4*) and (b)

761  agSOA-mass yields of reaction products with reaction time under three conditions.

762

763 3.5.2 Oxidation degrees-of-agSOAdegree

764 In order to further represent—theprobe oxidation levels of the agSOAreaction
765  products, O/C derived from SP-AMS mass spectrum of the organics was used to

766  assessrepresent the oxidation degree of agSOAproducts. In addition, carbon oxidation

767  state (OSc, defined as 2*0O/C - H/C) was also calculated (Kroll et al., 2011).
768  EigureFigures 9a-c deseribeddepict variations of the elemental ratios (O/C and H/C)
769  and OSc evertime-during oxidations. Dramatic increases of O/C and OSc induring the
770  initial stage of oxidation (within 1 hour) were observed, with O/C ehangedchanging
771 from 0.26 to 0.65, from 0.26 to 0.70, from 0.25 to 0.75, as well as OSc ehanged-from -

772 1.11 to -0.15, from -1.16 to -0.05, from -1.13 to 0.09 for direct photolysis-and-, OH-
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oxidation by-OH-and 3C*;*-oxidation, respectively. The O/C was lower than thatthose

of other phenolic agSOA reperted—(Yu et al., 2014) due to different substituted
greupgroups in aromatic ring ferof the precursors. Both O/C and OSc gradually
increased, while H/C deereasedfor-the-firstchanged little after 1 h-thenlteveled-offhour.
The enhancements of OSc at-23-hreachedin the end were 1.22, 1.11 and 0.86 for 3C*-
initiated oxidation, OH-initiated oxidation and direct photolysis, respectively.
Furthermore, the fas vs. fi3 diagrams—(termed-as-diagram (“triangle plot”) can be
used to demonstrate the evolution of agSOASOA during oxidation (Fig—9d-fNg et al.,
2010). The fa4 and fa3 are defined as the ratios of signal intensities of m/z 44¢_(mainly
CO2") and 43 (mestlymainly C2H30™) to the total organics. As-we-known,-CHO2+ion

iangThe-etals

202—Thus;—eur results that the fis riseincreased continuously (moved upwards)
during -both OH and 3C* oxidations, indicating persistent formation of highly

oxygenated compounds including organic acids, such as formic acid and oxalic acid

(Sun et al, 2010). CenecentrationConcentrations of small—organic acids rise
everincreased with photochemical reaetionreactions can suppertedsupport this
assumption (data not shown). Note the fi4 enhancement was much more significant for
3C* oxidation (from 0.07 to 0.16) than direct photolysis (from 0.6807 to 0.12) and -OH
oxidation (from 0.07 to 0.13), consistent with the behaviors of its higher O/C and OSc.

The f43 value actually-decreased in the first stage (1-3 khours) and then increased at the

-as those

of the initial solutions. As a result, all data points located outside the fas vs. fa3 space

observedforambientaeresol AMS-dataset-established by Ng et al. (2010);) for ambient
aerosols, owing to the relatively lowerlow fi3 values.

In summary, our results shown here demonstrate that aqueous phase eugenol
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photochemical oxidation can generate highly oxygenated products and hence increase

the degree of oxygenation of overall SOA.
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Figure 9. Variations of elemental ratios of (a-e)) O/C, (b) H/C;-6/C} and (c) the oxidation state«——— [ A& Mimx T

(OSc) as a function of reaction time, and the “Friangle-plot>fas vs. f43 plots of agSOA{d-Hreaction
products under (a) direct photolysis, (b) OH-initiated oxidation, and (c) 3C™-initiated

oxidationsoxidation.

3.6 Molecular characterization of reaction products and proposed reaction
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mechanism

3.6.1 MeleeularcharacterizationMajor products identified by GC-MS

SP-AMS was limited to probe bulk composition of low-volatility oxidation
products, thus the molecular-level characterization of products was performed by using
GC-MS here. The total ion chromatograph (TIC) of GC-MS on the solutions before
irradiationillumination (0 khour) and at illumination times of 11 and 23 khours for the
3C*-initiated photooxidation is shown in Fig. S7. As shown in Fig.S7, eugenol (retention
time (RT) at 11.50 min) loss was more than 90% at 11 khours, which could be confirmed
by the experimental data reported in Section 3.1. Comparison of products at 11 khours
and 23 hhours showed no significant difference. Similar to aqueous photochemical

oxidation fremwith OH-exidant (Ye et al., 2020), a series of products were identified;

min)listed in Table 2. Except fer—5-ally-3-methoxybenzene-1,2-diol (MW 180,

RT=12.59 min), the other eight products have-beenwere detected infor both OH and
3C*-initiated photooxidation-photooxidations. Some of them (Eugenol, DMB, product

1, 2,.5) were identified by using certified reference materials, some of them (product 3,

36. 7. 8. 9)

5O

were inferred according to the molecular ion peakpeaks and fragments from GC-MS,

combine-withbased on spectra from the NIST matchingresultsdatabase (Stein, 2014)

A RUET

and on, the start-material- &reactants and reaction conditions.

——We also found 4-(1-hydroxypropyl)-2-methoxyphenol (product 2-{4-«

hydroxy-3-methoxyphenyh with-a-carbonyl-group8) was relatively abundant (Fig.S7),

suggesting functionalization deminate—tn—summary,—produetsmight dominates as
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836
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838

839

compared to oligomerization and fragmentation. Products were mainly from

addition/elimination of hydroxyl (-OH), methoxyl (-OCH3) to benzene ring or allyl
group and further exidatienoxidized to carbonyl or carboxyl compounds-. As suggested
by Bonin et al-. (2007), the OH-addition to the aromatic ring of phenol preferentially
takes place at the ortho (48%) and the para (36%) positions, leading to the formation of
OH-adduct product 6 (5-allyl-3-methoxybenzene-1,2-diol). Notably, dimers and ring-

opening preduetproducts were not observed, but ithey cannot be excluded since tthey

would be probably out of the rangedetection of GC-MS technique (Vione et al., 2014),
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840  Table 2. PreduetsMajor reaction products identified via GC-MS deteetion-ander>C " system—

RT Material- ChemicalProposed  Chemical ~ Nominal « | ##=R &
(min) AameName* chemical structure formula MW [%’I‘ﬁiﬂ’\]: =
(g/mol)
Product1  10.68  4-allylphenol HO:e CoH,00 134
X
SN
Precursor 11.50  Eugenol i o CioH 202 164
Y
Product 2 11.81  4-hydroxy-3- —0, CgHgO3 152
methoxybenzaldehy Ho@_\\o
de
Product 3 12.06  (E)-2-methoxy-4- d CioH 20, 164
(prop-1-en-1- W
yl)phenol Ho.
Product4 1211  4-(hydroxymethyl)- ™l CsH 1003 154
2-methoxyphenol i?/
OH
Product 5 12.18  2-methoxy-4- HO]@\/\ CioH1402 166
propylphenol ~o
Photosensi  12.29  3,4- o~ CoH 1003 166 [v‘;ﬁ%ﬁﬂ’g: PRk S
tizer dimethoxybenzaldeh %}/O\
yde(DMB) o~
Product 1259  5-allyl-3- o OH CioH 1203 180
6** methoxybenzene- \Ojij\/\
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854

1,2-diol

Product 7 12.65  4-(1-hydroxyallyl)- OH (‘) CioH1203 180
2-methoxyphenol
| OH
Product8 1279  4-(1- o OoH C1oH1403 182
hydroxypropyl)-2- HO:©/K/
methoxyphenol
Product9 1291  (E)-4-(3- OH | C1oH 1203 180

hydroxyprop-1-en-1-

yl)-2-methoxyphenol
HO

Nete:-*Precursor (eugenol) and triplet precursor (DMB) wasare, also shown.

**This compound was only identified in 3C*-oxidation solution.

3.6.2 Reaction mechanism

The reaction pathways of S3C*-initiated photooxidation of eugenol are
demonstrated in Scheme 1 based on mainthe products identified by GC-MS. The
other intermediates and the potential pathwaypathways were inferred—and-proposed

according to the identified products and the reaction rationality from start-materiakthe

starting reactant. To better deseribe—pathwaysdepict the mechanism, DMB werewas

expressed as [RCHO] and eugenol as Ph-R for simplicity. First, [RCHO] absorbs light
and undergoundergoes excitation to [RCHO]", then experiences the intersystem
crossing (ISC) to form 3[RCHO]". Fhe-[RCHO]" can participate in latersubsequent
reactions via three channels. First, it can react with Oz to form 102 via energy transfer.

Secondly, it can beeemetransform to [RCHO]", subsequently reactreacts with Oz to

generate Oz~ via electron transfer, which can disproportionate to H202. The
44
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decomposition of H202 can generate OH radical. Thirdly, the 3[RCHO]" can react with
Ph-R to from [Ph-R¢] via H-abstraction. The cleavage of [Ph-R«] to free radical segment
(such as CH2CHe« or CHsO¢) taketakes place, then an additional hydrogen transfer
would-happencould occur, resulting in a 2H-addition to the new intermediate to form
4-allyl-phenol (product 1). Similarly, when the CH2CHe is lost from [Ph-Re], an
addition of H20 would happen on the new compound (product 4) and further oxidized
to 4-hydroxy-3-methoxybenzaldehyde (product 2). Another possibility is the
intermediate [Ph-Re] eowldcan resonate to several different isoelectronic species, the
radical position ehangingchanges to aromatic ring or allyl group site, which would
couple with HOe to form hydroxylated eugenol monomer (product 6, 7, 9 MW=180).
Consequently, the isoelectronic species at allyl group site could also abstract a hydrogen
to form isoeugenol (product 3 MW=164). Also, breakage of C=C into C-C and 2H-
addition at allyl group site could form 2-methoxy-4-propyl-phenol (product 5,
MW=166). Besides, the C=C breaking intermediate can couple with HO« to form 4-(1-
hydroxypropyl)-2-methoxyphenol (product 8, MW=182). In conclusion, 3C* can
directly oxidize eugenol to form SOA products or small molecular compounds, or
indirectly oxidize eugenol via energy transfer, electron transfer, hydrogen abstraction,
proton-coupled electron transfer or other radical chain reactions.

The organic groups, such as methoxy, allyl groups can be eliminated from
aromatic ring, which then participate in photochemical reaction, resulting in generation
of dimers, small organic acids, CO2 and H20, et-aletc. Dimers previously reported from
aqueous reaction of 4-methylsyringol with OH were not detected via GC-MS in the
present work but dimer fragment ions (C20H2204*) were detected by SP-AMS with trace

amounts. Functionalization due to the additions of hydroxyl, carbonyl functional groups

(#HERE: REET

to the aromatic rings could account for the enhancement of light absorption at
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880  wavelength of 300-400 nm. Se;—aqueous—phase—reactions—of eugenolarelikely—an
881
882  buraing—However, seme—polar high meleeular—weightMW organic acids were not
883  detected likely due to the limitation of analyticalinstrumentofGC-MS technique.
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Scheme 1. Proposed eugenel>C*-initiated-reaction mechanism. of >C-initiated photooxidation of

eugenol. The red textrepresentstexts represent the eempeundsproducts listed in Table 42

identified by GC-MS.

3.7 Oxidative potential (OP) of reaction products

Previous laboratory studies (Ehen-etal;202+-Verma et al., 2015b; Xu et al., 2020)

have confirmed that HULIS areis a major eenstituentsconstituent contributing to ROS-

generation potential;-and. As HULIS wereformed-upenis an important fraction of the
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products from aqueous photooxidation of eugenol in this work—Based—en—abeve-
meptoncd—resutbe (Fip. 7). here we sespb—to—lson—echether—er—aot—there—aee
someinvestigated the links between DT Faetivitythe OPs and HUHIS coneentration—Se;
we—deteeted—the—OP—variation—with—reaction timeproducts. The OP of aqueeus
phaseoxidation products can be represented by the consumption rate of DTT
concentration per minute, defined as Rorr. Figure 10a shows the DTT consumed mass
(Mbrtr) as a function of incubation times (0, 30, 60, 90, 120 and 150 min) for a triplicate
sample (300 uM eugenol) and blank (ultrapure water). As-shown-inFigure+0a-Mprr
values for both blank and eugenol sample-were proportional to incubation time,
indicating that ROS-generating substaneesubstances in reaction solution aetsact only as

catalyst and was—itself was not consumed. The slopes representedrepresent DTT

consumption rates, which wereare also illustrated in Fig. 10a—Aeeordingto-Fig—10a;
we-obtained-averagel 0a. Average Rprro (blank) efwas 0.31 uM/min and Rorr for initial

300 uM eugenol (before experiment) efwas 0.52 uM/min. Aeeordingto-other-weork;

theSince self-oxidation of DTT might lead to the consumption of DTT in ultrapure
water—Final, final DTT consumption rate forreaetionof reacted solution after photolysis
was then blank-corrected by subtracting_the average Rorro.

Figure 10b shows changes of blank-corrected Rorr with photolysis time for direct
photolysis, OH-initiated oxidation and 3C*-initiated oxidation, respectively. The Rprr
value of 3C*-initiated-oxidation products increased quickly and reached the maximum
(0.9) at 7 khours, then decreased slowly butand its end value was stewerlower than that
from OH-oxidation. The Rorr value of OH-oxidation systemproducts on the other hand
increased slowly and reached the maximum at 21 khours. The Rorr value of products
from direct photolysis system-increased continuously but also slowly to ~0.36 till the

terminationend of oxidation. Nevertheless, we can see that the final Rprr values were
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all higher than that of initial eugenol, previding—evideneeproving that aqueous

exidation-phase processing can generate products inereases—exidative—petentialwith

higher OP, resulting in adversemore health effeetshazards than the precursor

compounds-especially-for*C"-induced photolysis:does. The DTT consumption rates are
comparable to values-by-otherresearchersthose using the same DTT method (Charrier

and Anastasio, 2012; Lin and Yu, 2019). This finding further indicates the effectiveness
of DTT method to represent OP. The unexpected-weakerweak correlation was found
between HULIS concentration and Rprr—value—imphed, implying that exidative
potentialOP was not only dependent withupon HULIS. Moreover, HULIS with
differentdiverse molecular strueturestructures also exhibitedexhibit different ROS-
generation petentialpotentials (Kramer et al., 2016), asaresultabsolute-coneentration

oftherefore the HULIS didas an ensemble may not eerrelatedcorrelate well with OP.
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934  Figure 10. (a) DTT econsumptionconsumed mass versus incubation timetimes for blanksblank+ [ HERM: BRI

935  (ultrapure water) and 300 uM eugenol solutions in a triplicate-experirrents, and (b) blank-corrected
936  DTT consumption raterates versus reaction time for direct photolysis, OH-initiated oxidation and

937  3C* -induced oxidation.

938 4. Atmospheric implications

939 The high mass yields of aqueous-phase photooxidation of eugenol (exceeding 100%

940  after 23 hours of illumination) studied here are similar or even higher than those
941  previously reported yields of a number of phenolic compounds (e.g., Smith et al., 2014,

942 2015, 2016; Ma et al., 2021), which re-emphasizes the importance of biomass burning

943  (BB) to SOA budget (Gilardoni et al., 2016), particularly in regions or periods with

944  significant BB activities. Compared to simple phenols (such as syringol) that are only
945  present in cloud/fog waters, the highly substituted phenols are able to significantly

946  partition into aerosol water too (Ma et al., 2021). Since the highly substituted phenols

947  can take up roughly 30—45% of total phenols emitted from wood burning (Schauer et

948  al.,2001), our results further imply that aqueous production of SOA from BB emissions

949  can not only occur in fog/cloud conditions, but also in common humid weather

950  conditions, highlighting the general importance of aqueous oxidation pathway to SOA.

951 Our study here used 300 uM H>O» and 15 uM DMB as sources of OH and *C*, and

952  3C*-mediated oxidation appeared to be faster than OH-initiated oxidation of eugenol.

953  Of course, whether or not 3C* is more important than OH in real atmosphere depends

954  upon their concentrations. OH and 3C* are difficult to measure and concentrations vary

955  greatly in real atmospheric samples. Herrmann et al. (2010) estimated an average OH

956 level of 0.35x10'* M in urban fog water; Kaur and Anastasio (2018) measured 3C*

957  concentration to be (0.70-15) x10°'* M, 10-100 times higher than co-existing OH in
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ambient fog waters; Kaur et al. (2019) determined both OH and *C* concentrations in

PM extracts, OH steady-state concentration was 4.4(+2.3) x10'% M, similar to its level

in fog, cloud and rain, while 3C* concentration was 1.0(x0.4) x10"13 M, a few hundred

times higher than OH and nearly double its average value in fog. Therefore, together

with these measurements, our findings signify a likely more important role of 3C* than

OH in aqueous-phase (especially aerosol water) reactions. In addition, quenching

experiments reveal that Oz can inhibit eugenol degradation by effectively scavenging

3C* radical while it can promote degradation by fostering radical chain reactions in OH-

induced oxidation, which offer insights to control of reaction pathways by regulating

the ROS generations; of course, such operation calls for application of highly sensitive

EPR method.

Eugenol has a strong light absorption peak around 280 nm, therefore it can

photolyze itself, and addition of OH or other photosensitizers (*C*) can gradually

diminish its light absorption around 280 nm, but increase the absorption in visible light

range (>300 nm). In the meantime, HULIS was generated continuously, and GC-MS

identified a number of high MW organic products, in line with those detected in earlier

aqueous photooxidation of phenolic compounds (Jiang et al., 2021; Misovich et al.,

2021; Tang et al., 2020; Yu et al., 2014). Overall, our work demonstrates that aqueous

oxidation of BB emissions is a source of BrC, and this BrC may act as photosensitizer

to oxidize other species; a portion of this BrC might be HULIS, and some high MW

aromatic compounds are a subset of this HULIS. However, a recent study by Wang et

al. (2021) shows that fossil foil derived OA (FFOA) can be an effective precursor of

agSOA, but the agSOA became less light-absorbing than the FFOA. Aqueous oxidation

of 4-nitrophenol with OH can lead to a photobleaching effect too (Witkowski et al.,

2022). These contrasting results indicate that contribution of aqueous oxidation to BrC
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is largely dependent upon the precursors; molecular structures of major chromophores,

changes of the structures upon oxidation as well as their interplay with light absorptivity

should be carefully investigated to achieve a full understanding of the impacts of

aqueous processing on air quality, radiative forcing and climate change.

Investigations on the OPs of reaction products from eugenol photooxidation in all

three conditions show that aqueous processing can produce more toxic products than

its precursor. This result is in agreement with our previous work on resorcinol,

hydroquinone and methoxyhydroquinone (Ou et al., 2021).
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Misevich-et-al-Although more studies on a broad spectrum of atmospherically relevant

species and multiple indicators of toxicity are clearly needed, our findings here

underscore the potential of aqueous processing on the enhancement of particle toxicity.

Considering high PM concentration is often accompanied with cold and humid weather

conditions, the additional adverse health effects caused by aqueous oxidation may

amplify the health hazards of PM pollution.

5 Conclusions

This study comprehensively investigated the aqueous photooxidation of eugenol

upon_direct photolysis and attacks by OH and 3C* radicals. By using a suite of

techniques, the decay kinetics of eugenol, chemical, optical properties as well as

toxicity of reaction products were systematically studied. The first-order photolysis rate

constants followed the order of 3C*>OH >direct photolysis (300 uM H>O> and 15 pM

DMB as sources of OH and 3C*). Further quenching experiments on different ROS

during 3C*-mediated oxidation showed that 3C* was the major contributor, followed by

102, 02~ and OH; 02" played a more important role than OH during OH-initiated

oxidation. Photolysis rate constants under saturated O, air and N> followed the order

of ko, > kair > k, for both direct photolysis and OH-initiated oxidation. but changed to

kair > kn, > ko,_for 3C"-mediated oxidation. O appeared to be a scavenger of 3C”*
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therefore suppressing C* oxidation while it could promote generation of OH thus

accelerate OH-mediated oxidation. pH and DO levels both decreased during oxidation,

indicating formation of acids and a certain role of DO in oxidation.

Eugenol itself can absorbs lights significantly around 280 nm, and aqueous

oxidation gradually decrease this absorption of UV light but enhanced the absorbance

in the visible light range (mainly 300-400 nm), indicative of the generation of BrC

species. These species were likely linked with HULIS, as HULIS concentration

increased during the course of oxidation, in particular for the initial stage of 3C*-

mediated reactions. The final mass vields of reaction products (after 23 hours of

irradiation) were 140.1%, 144.9% and 196.5% for direct photolysis, OH-oxidation and

3C*-oxidation, respectively. Oxidation degrees of the products increased continuously

with the illumination time, indicating persistent formation of highly oxygenated

compounds, especially during *C*-mediated reactions. Molecular characterization by

GC-MS identified a series of oxygenated compounds, allowing us to propose the

detailed oxidation mechanism. Functionalization appeared to be a dominant pathway to

form the observed species.

DTT method was used to assess OPs of the reaction products. The end products in

all three cases showed higher DDT consumption rates than that of the precursor;

products from 3C*-oxidation showed particularly fast increase in the first few hours of

reactions. This result demonstrates that species that are more toxic than its precursors

could be produced upon aqueous oxidation, indicative of the potential toxic effects

induced by aqueous processing. Overall, by using eugenol as a model compound of BB

emissions, our findings highlight the importance of aqueous oxidation of BB emissions

to SOA formation, its potentially important role in affecting radiative balance and

climate through formation of BrC, as well as possible additional adverse health effects.

54



056  Such effects should be considered in air quality or climate models to better assess the

057  influence of BB emissions.
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