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Abstract
..The reaction of hydroxyl radicals (OH) with 4-nitrophenol (4-NP4NP) in theanaqueous solution was investigated
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at pH=2 and 9. As-a+esult;-the The molar yield of the phenolic products quantified was measured-to-be0.204+0.05
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at pH=2 and 0.4063970.203 at pH=9. The yield of 4-nitrecatechel{4-NCnitrocatecho+I (4NC) was higher at pH=9;

at. At the same time, a lower number of phenolic products was observed at pH=9 due to the-hydrelysis-and-ether

Jrreversible reactions at-pHof some phenols formed when the pH>7. Mineralization investigated with a total

organic carbon (TOC) techrigueanalyzer, showed that after 4-NPANP, was completely consumed, approx. 85% of
the organic carbon remained in the aqueous solution. Henee—up—teMoreover, as inferred from the TOC

measurements and the molar yields of the phenols formed, 65% of the organic carbon that remained in the aqueous

solution aceeunted-forwas attributed to, the epen-ring;non-phenelicaromatic products.

The light abserptivityabsorption, of the reaction solution between 250 and 600- nm decreased as a result of the OH

reaction with 4-NP-At4NP. However, the same-time4-NP4NP, solution showed semea noticeable, resistance to

Sformatowano

the chemical bleaching reaction investigated due to the formation of the-light-absorbing by-products. This

phenomenon effectively prolongs the time-seatescales, of the chemical bleaching er-4-NP-via-reaction-with-of 4NP

by OH by a factor of 3-1.5 at pH 2 and 9, respectively. The experimental data acquired indicated that both

photolysis and the reaction with OH can be important processes for the removal preeesses-of the-atmespherie

brewn-earbenlight-absorbing organic compounds, from the-agueeuscloud water, particles containing 4-NP-

4NP -
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1 Introduction

Atmospheric brown carbon (BrC) is a subfraction of organic aerosols (OA) that-is-characterized by a strong,
wavelength-dependent absorption of the-electromagnetic irradiation in the near ultraviolet (UV) and visible
(\ASVis) regions (Laskin et al., 2015; Yan et al., 2018). BrC is primarily produced by biomass burning (BB) and
has a negative impact on the-local air quality and human health (Laskin et al., 2015; ¥arHems et al., 26482021).
Due to the high UV-Vis abserptivityabsorption, BrC greatly contributes (up to 50%) to the radiative forcing of OA
(Fengetal., 2013; Wang et al., 2014; Lu et al., 2015; Cordell et al., 2016; Zhang et al., 2017; Lu-et-al2015-Wang
et-al—2014:Fenget-al—2013:--Yan et al., 2018). Numerous organic compounds contribute to the-atmospheric BrC
(Laskin et al., 2015; Hettiyadura-et-al;202%:-Li et al., 2626a2020; Fleming et al., 26202020; Vidovi¢ et al., 2020;
Hettiyadura et al., 2021); at the same time, a significant fraction of BrC chromophores remainsremain poorly
characterized (Laskin et al., 2015; Bluvshtein et al., 2017;-Laskin-et-al2015).

Nitrophenols are widespread nitroaromatic compounds that have been identified among the major chromophores
of atmospheric BrC (Harrison et al., 2005b; Kitanovski et al., 2012; Claeys et al., 2012; Laskin et al., 2015; Frka
et al., 2016; Bluvshtein et al., 2017). 4-Nitrophenol (4-NP4NP) is one of the most atmospherically abundant and
environmentally widespread nitrophenols-.(Harrison et al., 2005b; Laskin et al., 2015), and-is-characterized-by-very

high4dNP_also exhibits strong absorption eress-sectionsof electromagnetic radiation in the UV-Vis region
.(Jacobson, 1999)- For these reasons, 4-NP-has-been-identified-as-ene4NP was found to contribute significantly to
the light absorption of themajerambient BrC ehromophoresaerosols (Xie-etat;2019;-Mohr et al., 2013; Bluvshtein
et al., 2017; Kitanovski et al., 2020)—4-NP-is-present-in-the-air. 4NP was detected in the air, rain, surface waters,
and snow as well as in atmospheric particulate matter (PM) (2006;-Moh+etal2013; BeHoh-etal-1999:Jacobsen;
1999)(Jaber et al., 2007; Kitanovski et al., 2012; Claeys et al., 2012; Kahnt et al., 2013; Mohr et al., 2013;
Balasubramanian et al., 2019; Liang et al., 2020; Kitanovski et al., 2020) ;- rainwater-. Large quantities of 4NP are
produced by the combustion of fossil fuels and biomass (2006;-JaberDesyaterik et al., 2007;-Nister2013; Mohr et

al., 200%;Harrisen2013; Inomata et al., 20022015; Xie et al., 2019),—surface-waters-and-snow-(Balasubramanian
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Formation. Moreover, 4NP is introduced into the environment by a number of industrial processes (Majewska et

al., 2021). Several studies have confirmed that 4NP has an adverse impact on human health,(Majewska et al.,

2021) is a threat to aquatic organisms (Tenbrook et al., 2003), and contributes to the decline of forests (Natangelo
etal., 1999).

The formation, chemical processing and decempesitionremoval (bleaching) of BrC can occur in air as well as in

the-atmospheric aqueous particles, whichand can involve direct photolysis and reactions with hydroxyl radicals
(OH) (Hems-et-al;-2020:-Laskin et al., 2015; Jiang-etak2021;-Li-et-al-2020a;-Forrister et al., 2015; Moise et al.,
2015; Hems and Abbatt, 2018; Hems et al., 2020; Li et al., 2020; Jiang et al., 2021). Due to the high value of
Henry’s law constant (Sander, 2015), and its_high solubility in water, 4-NP4ANP can readily partition into the
atmospheric aqueous particles (Miene—et-al—2009;-Harrison et al., 2005b; Vione et al., 2009)-Chemieal. The

chemical and photochemical reactions in the atmospheric aqueous phase contribute to the formation (Vione et al.
2003; Harrison et al., 2005a; Viore-et-al—2003:-Heal et al., 2007), functionakizatioptransformation (Vione et al.,
20092005; Vione et al., 26652009) and decompesition(removal} (Braman-et-al-—2026;:-Harrison et al., 2005a;
Braman et al., 2020) of 4-NP4NP. The chemical and photochemical processing (aging) in the aqueous phase
resttsresult in thea change ofin the light abserptivityabsorption of aqueous particles containing 4-NP4NP (Zhae
etak20615:-Zhang et al., 2003; Zhao et al., 2015; Braman et al., 2020). However, the interplayconnection between
the light absorbance and chemical composition of the aqueous 4NP _solution-ef-4-NP that has been subjected to
photolysis and oxidation by OH is poorly characterized (Zhae-et-al-20615:-Zhang et al., 2003; Zhao et al., 2015).
AgueeusThe aqueous reaction of 4-NP4ANP with OH (reaction %lI) is known to produce aromatic
eempeundsproducts, including hydroquinone (HH), 1,2,4-trihydroxylbenzene (1,2,4-THB), 4-nitrocatechol (4-
NE4NC) and 4-nitropyrogallol (4-NPG4ANPG) (Tauber et al., 2000; Oturan et al., 2000; Zhang et al., 2003; Biswal
et-ak2043:-Daneshvar et al., 2007; Biswal et al., 2013).

4NP+0OH +4-NP_>, products (1) e

However, the yields of the substituted phenols preduced-byfrom reaction (1) remain ambiguous_(Tauber et al.,
2000; Oturan et al., 2000; Zhang et al., 2003; Oturan-et-al—2000:-Daneshvar et al., 2007; Ding et al., 2016).

Reaction (1) was previously investigated enat a molecular level but almost exclusively in the context of

wastewater treatment via advanced oxidation processes (AOP) (Tauber et al., 2000; Oturan et al., 2000; Zhang et
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85 al., 2003; Oturan—et—al—2000;—Ding et al., 2016) where the reaction conditions cannot be considered as
atmospherically-relevant (Tauber et al., 2000; Zhang et al., 2003; Daneshvar et al., 2007; Zhang-et-ak—2003;
Fauberet-al—2000:-Ding et al., 2016). Consequently, it is currently difficult to evaluate whether or not reaction
(1) is a relevant source of atmospheric BrC (Xiong-etal-—2045:-Oturan et al., 2000; Biswaletal2613:-Tauber et
al., 2000; Kavitha and Palanivelu, 2005; Biswal et al., 2013; Xiong et al., 2015).

90

n-the-atmospheric-aqueous-particles-which-are-characterized-by-a-broad-pH-rangeln _some clouds and fogs

(Herrmann et al., 2015), 4-NP4ANP (pKa~7.2)-can-exist-in-both-protenated-and-deprotonated-forms (Rived et al.,
1998)_can exist in both protonated and deprotonated forms (Fig. S1).- At the same time, little information is

available about the pH-impact of pH on the preduets-distribution of the products of reaction (1) (Tauber et al.,

2000; Oturan et al., 2000). Fhere-is-no-data—available—abeutAlso, little information exists regarding the pH-
95  dependence of the light absorbance of 4-NPa 4NP solution that has been subjected to the-oxidation by OH (Zhae

et-al2015:-Biswal et al., 2013; Zhao et al., 2015). It should be also noted that the UV-Vis abserptivityabsorption

of 4-NP4NP and its oxidation products is strongly pH- dependent (Biswal et al., 2013; Braman et al., 2020;-Biswal

etak2013).

The goal of this werkstudy was to investigate the mechanism of OH reactionreactions with 4-NP4NP in the

100 aqueous phase in the context of atmospheric BrC formation and processing. Hence, the-reaction (1l) was

investigated at 298- K in thean aqueous phasesolution under acidic (pH=2) and basic (pH=9) conditions using the

photoreactor developed in eurthe host laboratory:

(Witkowski et al., 2019). Additionally, the phenolic products of reaction (%l) were analyzed together with the

changes in the UV-Vis absorptivity-of the reaction-selution-(Witkowski-et-al-2019)-Phenols-under-investigatio

105  were—absorption of the reaction solution. The phenols under investigation were quantified using gas

chromatography coupled to mass spectrometry (GC/MS). AThe possible mineralization of 4NP and the formation
of volatile products waswere monitored with thea total organic carbon (TOC) analyzer. The UV-Vis

abserptivityabsorption of the reaction solution as well as the molar abserptivity-{base-e-absorption (g, mol™*xLxcm"
3) of the phenols under investigation were measured between pH 2 and 9.

110 2-. Experimental section ) [ Sformatowano: Nagtéwek 1

MaterialsThe materials and reagents used are listed in section S1 of the electronic Supplementary
Infermationsupplementary information (SI)._All solutions were prepared using deionized (DI) water (18 MQxcm™

n,
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2.1 -Aqueous phase photoreactor

The aqueous phasephotoreactor was described previously (Witkowski et al., 2019);-and; more details are provided

in section S4.1. The reaction vessel wasis g quartz jacketed reactionflask with 166-an, internal volume-_of
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100 ml, surrounded by eight 4W lamps, All experiments were carried out at 298- K; the temperature of the reaction
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solution was maintained withby,a circulating water bath (SC100-A10, Thermo Fisher Scientific). Two 4W, lamps
(TUV-F=4W, peak emission 254-nm) and six 4W lamps (33-640, emission >400,nm, Philips) were used to

irradiate the reaction solution.

-2.2 -Experimental procedure

The reaction mixture was a 100-m-250 uM aqueous solution of 4-NP-{eencentration4NP; total volume 100-250
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#M-in-deionized(DH-water- ml. The pH of thethis solution was not adjusted (unbuffered, no acids or buffers
added) or it was adjusted to pH 2 or 9 usingwith HCI, HCIO,4 andor Na;HPO4 (50- mM) to investigate exidatienthe

reaction of fully protonated and deprotonated 4-NP-{seetion-S2)-forms of 4NP (Fig. S1). Hydrogen peroxide (H20,,
concentration 5- mM) was photolyzed with UV irradiation (254rm254 nm) to generate OH--the with an estimated
steady-state concentration-ef- OH-was- = 1.4-< x 10"%- M (section S3) (Tan et al., 2009). Under these conditions-4-
NP, the 4NP was almost completely consumed by-OH-withinafter ca. 1h. Aliquots of the reaction mixture were

sampled every 5-min and analyzed bywith GC/MS, a UV-Vis speetroseopyspectrophotometer and a TOC

analyzer. The experimental procedure is described in detail in section S4.1.

—2.3 —Gas—Quantification of the phenolic products with gas chromatography coupled withto mass
spectrometry,

Analyses were carried out using a GC-MS-QP2010Ultra gas chromatograph {Shimadzu)-coupled with thea single
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quadrupole QP-5000-mass spectrometer {Shimadzu),—the—instrument—was—and equipped with an AOC-5000
autosampler-_(Shimadzu). Analytes were separated using a capillary column ZB-5MSPIlus (Phenomenex). The
mass spectrometer was equipped with thean electron ionization source (El, 70-eV) and-was-eperatingwhich
operated in the selected ion monitoring (SIM) mode. Fer—guantitative—analyses-GE/MSThe instrument was
calibrated with the standard solutions of 4-NP4NP, HH, 1,2,4-THB, 4-NCGand 4NC that were identified as products
of 4-NP-reaction with-OH-(1). 2-Nitrophloroglucinol was used as a surrogate standard for the quantification of 4-
nitropyrogallol (4-NPG4NPG) and 5-nitropyrogallol (5-NPG)5NPG), both, identified among the products of
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Jreaction preduets—Phleroglueinel(1). Because phloroglucinol, was not identified ameng-theas product of reaction
(21) (Zhao et al., 2013; Xiong et al., 2015;-Zhao-etal;2013)-hence,, it was used, therefore, as an internal standard
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(1S). PhenelsThe phenols, were derivatized with acetic anhydrite (AA) and analyzed viawith GC/MS (Regueiro et [ Sformatowano: Czcionka: +Nagtéwki (Times New Roman)
al., 2009), BetailedA detailed, description of the analytical procedure is provided in section S4.2. k ; [SformatowanO: Czcionka: +Nagtéwki (Times New Roman)
The yields of the phenols formed from reaction (1) were derived using eq. (1). " [ sformatowano: Czcionka: -+Nagtowki (Times New Roman)
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[Product], = Yield X A[4NP], (I)

In eq. (1), [Product]; is the concentration (or the sum of the concentrations) of the products at a given time (t) from

the onset of the reaction (mM). [4NP] is the amount of the precursor which reacted at a given time (t) from the

onset of the reaction (mM). The yield (molar) is derived as the slope of the initial, linear portion of the plot obtained
using eq. (1) (Gierczak et al., 2021).

2.4 UV-Vis spectrophotometry

UV-Vis measurements were carried out withby an i8 dual-beam spectrophotometer (Envisense) in 4- ml cuvettes

with a 1- cm absorption pathlength—Fhe; the spectral range was 230 to 600 nm. Absorbance of the aliquots of the

reaction solution was initially measured at pH=2 or 9, which was the pH of the reaction mixture (section 2.2).

Afterward, a small amount of NaOH or H3PO3 was added to each sample taken from the reactor, the pH was

adjusted by 1 unit and the absorbance was measured again. This procedure was repeated until the absorbance of
each aliquot of the reaction solution was measuredrecorded between wavelengths-230-and-600-nm-—TFhe-pH-of-each
sample taken-from-the reactor was adjusted-betweenpH 2 and 9 (by-intervals-of 1. see section S4.3) by addinga
smal-amount of NaOH or H3;PO. solutionin- DI water. In-a separate set of experiments). Separately, the
wavelength-dependent absorption cross sections, €, (base-e;-mol™ x L x cm™) were measured (Fig. S4) for 4-
NP4NP, HH, 1,2,4-BT, 4-NC4ANC and 2-NPG between-using the commercially available standards and are

reportedlisted in appendixAppendix 1-(Fig—S5)-.

2.5 —Total organic carbon anakysisanalyses

Non-purgeable organic carbon (NPOC) was gquantifyquantified with a TOC-5050A analyzer (Shimadzu)
connected-to-the-equipped with an ASI-5000A autosampler (Shimadzu). The 1.5- ml of the reaction solution was
diluted with the 3-5-ml-ef Bl-water-same volume of water, filtered through a 0.22 um PTFE membrane and placed

in the TOC autosampler vial. Then, 50- pl of 2M HCl was added viaby the FOC-autosampler and each sample was

spargedpurged with exygerO; for 2- min before being injected to remove the CO, and the sparingly soluble,

volatile organic compounds. The injection—Fhe-injection volume was ca. 20- ul and each sample was injected into
the instrument three times. The TOC analyzer was calibrated with the standard solutions of 4-NP-in-Dlwaterwith
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{R*)=0.9995-was-obtained-4NP (section S4.4).

2.6 -Light abserptivityabsorption,and atmospheric lifetimes

PreduetionThe production of light-absorbing compounds following reaction (1) was evaluated wiausing eq. +(11).
(s ArmaePH) 2 (L AT (0H)) A2 14 — pyKans
o oot} (s AT M) d2 ([4 - NP]:) @
WhererAr mixln eq. (1), AR and AsneA%)? are integrated absorbance peak areas between 250 and 600- nm (d))

for the reaction mixture measured between pH 2 and 9 at different time intervals (t), [4-NP4NP]o and [4-NP4NP];
are the initial (0) and intermediate (t) concentrations of 4-NP4NP measured with GC/MS, and the absorbance (A4

neAunp) Of 4-NPANP was calculated withby the Beer-Lambert law using the € measured in this werkstudy between
pH 2 and 9. The expression described singby eq. +feHows-the(11) followed function y = A X xX (section S8

and Fig. S9).
The atmospheric etimeslifetime of BrC was evaluated by deriving the empirical Koleaching rate eeefficientsconstant

(M1s) —eq. H(111),

K . Karmi
kbleaching: k0H€4‘N'IL)_X_,,‘_€H'(4’ - NP) X kA—lxim) “
A A A4=NP A

In eq. (1) ka-eq—(H)-the kon is the bimelecularreaction-second-order rate eoefficientconstant (Ms?) for the
reaction of 4-NPANP or 4-nitrophenolate (4NPT) with OH_(Biswal-et-al—2013:-Garcia Einschlag et al., 2003;

Biswal et al., 2013), ka;_and Karmix are the first-order disappearance rate constants (min?) of the integrated

absorbance peak for the 4-NP4NP and for the reaction mixture, respectively (Fig. S9S8). The karmix values derived
showed little dependence on the pH at which the absorbance was measured, thus average values were used.

The erganic—carbon—based TOC-normalized mass-_absorption coefficients (MAC;:MACroc) of the reaction
mixture were calculated withusing eq. HH(1V) (JtargLaskin et al., 20232015; Bluvshtein et al., 2017; Jiang et al.
2021).

600Rm 600nM \ Rmix, -1
W%*fmaﬁ*d*ln(m)(fzsonm A10 xzsolulinn)td
Foc

NPOC

2
MALzMACroc(cm? X grge) = X 1076 (HHV) b

In eq. H—e(1V), | is the base-10—absorbance—of the reaction—mixture—derived—bythe—optical pathway
lengthpathlength (cm™), FOSNPOC is the concentration of non-purgeable organic carbon (mg x L.
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_The TOC-normalized rate of abserption-ef-sunlight absorption (Rans) by the reaction solution was ealeulated
withestimated using eq. P/(V) (Jiang et al., 2021),

600nm 600nm  Rmix, ;—1
OIS T s el ed A 3 n(10)%([ysomm AX8™ XS ghution11)d2
R hotons X s~ X mgrdc) = Lot X <
abs (P groc) Foc NPOC
1073 (V)

In eq. (V), I, is the actinic flux (photonsx s> cm?xnm!) estimated by the TUV calculator for zenith angles 0-
50° (Ncar, 2016).

In eq‘ “3 () ) -|5 the ae{'nie f V2 (]S]EIE‘EHS“ 5_134 em—zxnm—l) es{'mated ‘“-th TUM eale ator fGF Zeﬂith angles g 590
(Near, 2016)-

2.7 -Control experiments and uncertainty

The stability of the phenols under investigation in the presence of H,O, ardor UV-Vis irradiation enbyalone was
studied by-earryingin control experiments (section S6). Also, for the experiments at pH=2-, HCI or HCIO4 was
used to confirm that the buffering agent used did not affectedaffect the distribution of the detected products.
CentrolThe control experiments revealed that all_the phenols under investigation were stable at pH<7, within the
time-scale of the experiments, but 1,2,4-THB, 4-NPG;-5-NPG4NPG, 5NPG and HH underwent irreversible dark

reactions at pH>7.

Experimental uncertainties are reported as 2c from triplicate measurements, other uncertainties were calculated

with the exact differential method, unless neted-otherwise noted.

3-.Results and discussion b

3.1 Products and reaction mechanism

As-presented The products of reaction (1) formed under acidic pH conditions are shown in Fig. S4;-1.
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Figure 1: GC/MS chromatogram illustrating the formation of phenols from reaction (1) at pH=2.

HH, 1,2,4-THB, 4-NS4NC and 5-NPG5NPG were formed following reaction (1) under acidic pH conditions;
(Fig.1), which is in a-good agreement with the previously published results (>ieng-etal--2045:-Oturan et al., 2000;
Tauber et al., 2000; Liu et al., 2010; Xiong et al., 2015; Du et al., 2017; Chen et al., 2018). 4-Nitroresorcinolt(4-
NR)-was-also-tentatively-identified-among-the-products—Isomers-of 4-NCPreviously, two unknown isomers of
4ANC were previoustyreporteddetected as products of 4-NP-exidation-by-OH-but-the-exact-structures-werenot
propoesed-for-these-compoundsreaction (1) (Zhao et al., 2013).

Fo-ourknowledgeHere, 4-nitroresorcinol (4NR), a structural isomer of 4NC, was also tentatively identified among
the products for the first time. Moreover, this werkstudy is first to report the formation of 4-NPG4NPG from
reaction (3):1) (Xiong et al., 2015). Previously, detection of isemericthese two products (4-NR4NR and 4-
NPG4ANPG) might have been difficult to observe due to the lack of standards and the absence of thean MS detector
(Tauber et al., 2000; Liv-et-ak—2010;-Daneshvar et al., 2007; Liu et al., 2010). Also, the insufficient resolving

power of the HPLC used to investigatestudy the eermposition-ef-products of reaction (1) likely contributed to the




230  fact that the formation of 4-NR4NR and 4-NPG4NPG was not previously ebservedreported (Lipczynska-Kochany
1991; Oturan et al., 2000; Tauber et al., 2000; Liu—et-al—20140:-Daneshvar et al., 2007; Lipezynska-Keochany;
199%Liu et al., 2010).

The phenolic products from reaction (1I) were quantified with GC/MS; the results are presented in Fig. 12.
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A) pH=2 (protonated) M Hydroguinone
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Concentration of product (mM)

A) 4-Nitrophenol (pH=2)

0.041 M Hydroquinone (HH)
I 4-Nitrocatechol (4NC)
1,2,4-Trihydroxybezene (1,2,4-THB)
0.03 M 4-Nitropyrogallol (4NPG)
o] 5-Nitropyrogallol (SNPG)
© Sum of products quantified %
Molar yield (slope) = 0.21 £ 0.01
0102 cais i _ b g é
R’(adj.)=0.996 (p-value=0.000 []
s i %
¢ i
0.011 2
]
B EN
3 " ] L
0.00 4 T T T . |
0.00 0.04 0.08 0.12 0.16

0.04

0.03

B) 4-Nitrophenolate (pH=9)

 t

B Hydroquinone (HH)

0.02+ Hl 4-Nitrocatechol (4NC)
é © Sum of products quantified
é Molar yield (slope)= 0.39 + 0.03
2 iy= =t =i
0.01. R’ (adj.)=0.978 (p-value=0.004)
] [ =
OOD- | II | | | | T | | | T | 1 T | | -
0.00 0.04 0.08 0.12 0.16 0.20

Amount of 4-nitrophenol reacted (mM)

Figure i:—Fermation2: The formation of phenollc products feuewmg—thefrom the 4- nltrophenol (A, pH 2) and 4-
n|trophen0|ate (B pH 9) + OH reactlon e e

(RZP{-H\-'Hvereﬂbmmedr Uncertalntles of the ylelds obtalned from eq (I) are standard errors from the Ilnear regresswn

analysis.
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255

4-NC_Adjusted linear coefficients of the determination (R2) >0.97 and p-values <0.05 were obtained, confirming that the linear

correlation was statistically significant. The values of the standardized residuals from the linear regression analyses were all <3
confirming that none of the data points included in the regression analysis should be classified as an outlier (Table S2).

The results of the experiments carried out in pure water (no acids or buffers added) are not included in Fig. 2. The pH of the

reaction solution quickly decreased to ca. 3.5 (Di Paola et al., 2003), likely due to the formation of nitrite (NO>) and nitrate

(NOgz) (Kotronarou et al., 1991; Lipczynska-Kochany, 1991; Kavitha and Palanivelu, 2005; Liu et al., 2010). For this reason

the distribution of products in the acidic reaction solution and in pure water was the same.

As presented in Fig. 2, 4NC was the major product detected{Fig—S4);formed in both the acidic selution;the-and basic reaction
solutions. The other products detected were HH, 1,2,4-THB, 4-NRPGANPG and 5-NPG5NPG. The proposed mechanism of
reaction (21) is shewnpresented in Fig. 23.
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Figure 23: The proposed mechanism for the reaction of OH with 4-nitrophenol in thean aqueous solution. NamesThe names of the
compounds detected in-this-werkwith GC/MS are shown in blue.
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275 reaction-with-melecular-exygen-Reaction (1) is initiated by the electrophilic addition of OH, primarily in the ortho and para
positions of 4NP, yielding dihydroxynitrocyclohexadienyl (DHNCD) radicals — Fig. 3 (BuKotronarou et al., 2017-Bing-etal;
2016 Xiong-etal2015:Zhangl991; Di Paola et al., 2003; Oturan-et-ak-—2000Kavitha and Palanivelu, 2005)—Fhis-was-alse
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280

conditions{Fable-. Two ortho-DHNCD radicals can then disproportionate to form 4NC and regenerate 4NP.S4-

ormed-bv-the-addition-of OH-irpara-po on-o0f4-N pso-atta owed-by
el+m+naﬂenef—NQI(DaneshvaFTauberetal QOGJ—ZhaHgZOOO Gonzalez et al., 2003;-Kavitha-and-Palanivelt;20052004; Liu
et al., 2010; Zhao et al., 2013)

285

phenoxylradicals-and-MO5- Alternatively, 4NC is formed by reaction of 0-DHNCD with O, and decomposition of the resulting

o-peroxy radical (©'reifOturan et al., %WM%%W%&DI Paola et al., 2003; Liu et al.,
2010; Xiong et al., 2015; Ding et al., 2016)- imi A mere
likehy-. Due to the low molar yield of phenols at pH=2 (0.21), the ortho-addition primarily yields ring-opening products. The

290 addition of OH in the meta position of 4NP (minor pathway) leads to the formation of 4-NR (Fig. 1). Likewise, 4NPG and
5NPG (second-generation products) are most likely formed following the 4NC+OH reaction, which also involves the formation
of a peroxy-type radical.
Moreover, only trace amounts of 1,2,4-THB were formed from 4NC+OH under acidic conditions — see also section S7 and
Ji(@ﬂemomran et al., 1978;Ketronarou2000; Zhang et al., $9932003; Xiong et al., 2015; Ding et al., 2016; Du et al.,

2)-. As previously reported, 4NC was quantitatively converted into 1,2,4-THB in the absence of O, which promotes the

disproportionation reaction between the two 1,2-hydroxyl-4-phenoxy! radicals formed by the ipso addition of OH to 4NC (Di
Paola et al., 2003; Gonzalez et al., 2004; Liu et al., 2010). Hence, in the presence of O, the formation of 1,2,4-THB from the
305 4NC+OH reaction is expected to be a minor process (Liu et al., 2010), which is consistent with the experimental data reported

in section S7. Consequently, it is proposed that 1,2,4-THB is likely formed following the ipso addition of OH to 4NP
(©'neilizhang et al., 19782003; Kavitha and Palanivelu, 2005; Daneshvar et al., 2007;Ketrenarou—et-al;—1991). FhisThe
resulting 1,4-hydroxy-4-nitrocyclohexadienyl (1,4-DH-4-NCD) type radical likely—eliminatescan then eliminate NO; -te
produce-benzequinone{BQ)thereby-contributing-te, producing HH and 1,2,4-THB by the ebserved-decrease-ir-pH-in-the

310 uﬂbu#e{teetreaeﬂe&m*tu{edlsprogortlonatlon mechanism (N—Suhybamand—#k&ghes—]rg%eenzalezo neill et al., 20041978;
Kotronarou et al., 1991)-Cense

formation of NOj; _is also consistent with the observed rapid decrease in the pH of the unbuffered reaction solution.
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Previously, the formation of 1,2,4-THB from the reaction of OH with HH was observed (KetronarouNiessen et al., 19911988;

Barzaghi and Herrmann, 2002; Sobezynski et al., 2004)Previeushy-the-formation-of-1,2,4-FHB-from-the reaction-of OH-with
HH-was-ebserved-. Therefore, under the experimental conditions used in this study, the low yield of HH is likely due to its

rapid oxidation to 1,2,4-THB and BQ (not quantified) (Barzaghi-and-Herrmann,2002;-NiesserKotronarou et al., $9881991;

325

330

335

340

345

Due to the irreversible reactions of some phenols under investigation at pH=9 (Table S3), only 4NC and HH were detected as

products of reaction (I) from 4-NPT — Fig. 2B. At the same time, the total yield of phenols produced (mainly 4NC) increased

from 0.21 (pH=2) to 0.39. At pH=9, reaction (I) can proceed by addition as well as by one-electron oxidation mechanisms, as
shown in the inset in Fig. 3 (SebezyaskiBiswal et al., 2004-Ketronarou2013; Zhao et al., 1991 DiPaecla-etal 2003 Gonzalez

et-al2004:-Oturan-et-al20002013).

B pH=9 he-4-nitropheno a a avnactad to

and-5-NPG-Additionathy-the wi

reactvia-mixed-mechanism:4-nitrophenolxyl radicals formed following the,one-electron oxidation andof 4ANPT by OH additien

~Fig—2are unclear, (BiswalGonzalez et al., 26132004 Wojnarovits and Takacs, 2008; Liu et al., 2010; Zhao et al., 2013)-—Fhe

ubsequent reactions-of 4-nitrophenolxyl radicals formed-following the one-electron-oxidation-are-unclear-_It was proposed
i indrovits1988; Barzaghi and Fakées;2608Herrmann

that such radicals can exist in two resonance forms; in the case of 4NP, one of these resonance forms may directly react with

OH to produce 4NC. This mechanism would explain the higher yield of 4NC from reaction (1) under basic pH conditions.
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3.2 Light abserptivityabsorption and the time-evolution of brown-carbon chromophores ] [ Sformatowano: Nagtéwek 2

A-eontinuous-deerease-of-theThe absorbance of the reaction solution was-ebserved-decreased during the course of the reaction
(section S8)-On-the-ether-hand) for both 4NP and 4NPT. Previously, an initial; small increase in the absorbance at 420- nm of

the 4-NPreaction 4NP solution during-reaction-with-OH(pH=5) was previeushr-reported, followed by a rapid bleaching (Zhao
350 etal., 2015); suehthese differences can be caused by the slightly different reaction conditions used. Also, in this werk-anstudy.

integrated absorbance values were used {[eq. (11) and H)(111)] which may be a more adequate approach due to the shifting of
the abserption-maximum absorbance (Amax) -Of the reaction solution (Fig. S8S7) (Zhao et al., 2015; Hems and Abbatt, 2018).
The contribution of the light-absorbing products of reaction (1) to the everal-tight-abserptivity-absorption of the reaction
solution was evaluated wiawith eq. +-Restlts-presented-(11) — the results are shown in Fig. S10-shew4.

355

05 ® Reaction mixture pH=2
. ® Reaction mixture pH=9
o7 + %
o _
(0]
£ 0.6
= ¢
2 } ¢
2
o 054
©
> | +
0.4
1®
0.3 4 y T ) T ! T T T ) T y T T T
2 3 4 5 6 7 8 9

pH at which the absorbance was measured

Figure 4: The ability of 4NP to generate products with an absorbance between 250 and 600 nm evaluated with Kabs factors derived
360 using eq. (I1). Uncertainties are precisions from the regression analysis.
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370

The results presented in Fig.4 indicate that when the reaction was carried out under basic pH conditions the relative absorbance
of the products—(eg— was lower and increased more slowly. Fhis-peints-out-that-The absorbance of the products generated

from 4NP (pH=2) decrease sharply when the pH of the solution before the UV-Vis measurement was adjusted to 8 and 9. Such

a result indicates that the light-absorbing compounds are not stable at pH>7 which is in a good agreement with the results

diseussedpresented in seetiensections 3.1 and S6 (Randolph et al., 2018). The observed increase in the light absorption of the

reaction solution (pH=9) between pH=2 and 9 could be due to the pH-dependence of the absorbance of the substituted

carboxylic acids; aromatic ring-opening products (Oturan et al., 2000; Zhang et al., 2003; Kavitha and Palanivelu, 2005; Hems
and Abbatt, 2018) with pK, values likely falling between 3 and 6 (Rapf et al., 2017).

The values of MAG;:iMACroc and Raps calculated withusing eq. H(1V) and #/(V) are presented in Fig. 35.
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Figure 35: The pH--dependent organic carbon-basednormalized mass absorption coefficients (MACIRtMACTOC) derived using the
integrated absorbance peak for the reaction mixture abserptivityabsorption measured for the reaction of 4-NRP4NP (A, pH=2) and
4-nitrophenolatedNPT (B, pH=9) and the corresponding TOC-normalized rates of sunlight absorption (Rabs) for ef-4-NP4NP (C)
and 4-pitropheneolate4dNPT (D). Only the data for pH =2, 6, 8, 9 is shown for clarity and the complete data is presented in Fig. S2:

Experimental-data-is-S10. The colors refer to the pH at which the absorbance was measured (section 2.4). The experimental data ||/

are represented by points, with the lines are-provided to guide the eye.

the absorbance was measured (2, 6, 8 or 9). Such a result is likely due to pH-dependedthe higher,e values for the light-abserbing

phenols-present-in-the-reaction-solution—4NP and 4NC under basic pH conditions (Fig. S4).

In Fig. 3A5A, and B5B, the disappearance ratesrate constants, of MACIRtMACrog are of g similar order{Fable-S3)-, This is
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most likely due to the formation of a higher number of light-absorbing phenols (second-generation products) at pH=2 and also ||

due to the higher yield of 4-NE{4NC, which is—¢characterized—byhas high & values—Fig—S5), at pH=9ﬁespeetively.l/

Consequently, the rates-ef-disappearance rate constants of the overall light abserptivityabsorption, of 4-NG4NC, following /

reaction (41) are mostly independent on the pH of the reaction solution and primarily depend on the pH at which the absorbance

is measured. The MACHtMACog values calculated were slightly higher as-compared with the values measured for the
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390

395

400

405

previously investigated aromatic BrC chromophores (ferderived from the non-nitrated precursors) (Jiang et al., 2019; Jiang et

al., 2021), likely due to the high ¢ values of 4-NP4NP,and the nitrated phenols inggenerated by, reaction (1).

The Rabs values (Fig. 3€5C, and B5D) decrease mere-stowhy-asslower, compared with the values of MAC.s—which-is-eaused N
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byMAC+oc and become stable when the pH at which the absorbance was measured is less than 7 (see also Fig. S10). This is

ofin the pH ebserved-for4-NC-(Fig. S4). As presented in Fig. S5)-Adse;because-ofS12, the actinic flux exhibits a significant |

)

increase in-theaetinteHux—at+=400-mmFie—St4)—anry—brown produ ormed-efficiently stabilize whcn7\>400nm.\
Consequently, the BrC chromophores — products of reaction (1) — characterized by a strong absorbance above 400 nm, will
contribute to the observed stabilization of the estimated, Ras vattes-theught-the-course-of the-reaction-whenpH<7-see-alse
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Fig—St2at pH<7,

4—Conclusions3.3. Atmospheric implications, <

The average measured Henry’s law constant; — 5x10* (Mxatm™);) — indicates that 4-NP-—resides4NP exists entirely in the
agueous- phase in clouds but not in “wet” acrosols (Fig. where it can undergo chemical and photochemical processingS11)

(Herrmann et al., 2015). Once dissolved in cloud water, 4NP can undergo chemical and photochemical processing; thus, the

rates of the bleaching of the 4NP solution due to the reaction with OH were evaluated — Table 1.

Table 1. The pH-dependent second-order rate constants, empirical bleaching rate constants and the effective quantum yields

of photolysis used to estimate the lifetimes of 4NPs and the corresponding BrC

Reactive  Kaane KA rmix kon x 10°° Reference Kbleaching X 10°  Lifetime of BrC relative
species  (min?) (min?) (M1sh) (M1s?h) to the lifetime of 4NP
(this work)
Reaction with OH
6.2 (Biswal et al., 2013)
0.047 0.016 4.1 (Garcia Einschlag et 1.6 3
ANP 3.8 al., 2003)
H<3 4.7 Average literature
value
ANPT 0.029 0.019 8.7 (Biswal et al., 2013) 6.0 15
H>8
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410

415

420

Photolysis

Reactive ¢ (molecules xphoton™) x 10° Reference
species
4NP 110.0% (Lemaire et al., 1985; Braman et al., 2020)
H<3
ANPT 5.5 (Lemaire et al., 1985)
H>8

2The average quantum vields measured in the presence of photorecalcitrant a-pinene SOA used as a scavenger of the secondary OH
formed following the photolysis of HONO formed during the photolysis of 4NP.

Presented in Table 1, the first-order Kpieaching €0efficients-rate constants were derived viawith eq. (11-€) using the experimental
data acquired in this study and the lifetimes due to the reaction with OH were estimated with eq. SlII. The data summarized in
Table S3)-shewl shows that the lifetimes of -BrC chromophores are 3 and 1.5-times longer than the lifetime of 4-NP4NP
(precursor) under acidic and basic pH conditions, respectively, due to the formation of light-absorbing products.-Fhe-rates-of

The previously reported; average quantum yields (¢, moleculesxphoton™') —see-Table-S3-and-eg—SHi-and-H-(Braman-et-ak;
2020:-Lemaire et al., 1985; Biswal-et-al—2013:-Garcia Einschlag et al., 2003; Biswal et al., 2013; Braman et al., 2020) were

used to derive the lifetimes of 4NP due to photolysis using eq. SIV.-—Fhe- The literature ¢ values listed in Table S31 were

derived by measuring the decrease in the absorbance of 4-NPthe 4NP solution, hence can be regarded as effective ¢ for the

bleaching of 4-NP-and-4-nitrophenolate-derived-BrS.chromophores in aqueous solutions of 4NP and 4NPT.(Lemaire et al.,
1985; Braman et al., 2020) To our knowledge, the wavelength-dependent ¢ values for 4-NP-and-4-nitrophenolate-arenet
avaHable:4NP and 4NPT are not available. The estimated lifetimes of light-absorbing compounds in the cloud water particles

containing 4NP due to direct photolysis and due reaction with the OH were compared (Fig. 6).
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Figure 46: The estimated aqueous-phase lifetimes of light-absorbing compounds in the—solutions of 4-NP4NP and 4-
nitrophenelate4ANPT due to_the reaction with OH and direct photolysis. The lifetimes due to the reaction with OH were calculated

average lifetime due to photolysis is shown-ferzenith-angles-0-502;, shaded area-isareas are 2¢_values, representing the range of
photolysis lifetimes calculated via-eg—for the solar zenith angles 0-50° S84

As presented in Fig. 4—beth-bleaching—mechanisms—eanb, the photolysis of 4ANP BrC may be relevant under realistic
atmospheric conditions,—depending-from-fOH]-_in urban and remote clouds, with the estimated concentration of OHaq lower
than 1 x 10*® M (Herrmann et al., 2010). Bleaching by OH is expected to be a more deminant-pathwayefficient removal
mechanism for 4-ritrephenclate4NPT, due to its lower reported quantum yields (¢) combined with the higher OH reactivity
of the precursor at pH>8 (Lemaire et al., 1985; Braman et al., 2020),

A low degree of mineralization of the precursor (ca. 15%) was observed for both 4NP and 4NPT, as presented in Fig. 7.
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Figure 7: The concentrations of 4NP and non-purgeable organic carbon during the reaction in pure water (the results obtained for
pH=2 and 9 reaction solutions were very similar — section S11). The uncertainties for the first-order decay rates (K, min-1) are
standard errors from the regression analysis.

Due to the low degree of mineralization of 4NP (Fig. 7) combined with the yields of phenolic products calculated as ~0.2

(pH=2) and ~0.4 (pH=9), it is estimated that the yield of non-aromatic products from reaction (I) was between 0.45 and 0.65.

These aromatic ring-opening products may include functionalized carboxylic acid, as previously proposed (Oturan et al., 2000;
Zhang et al., 2003; Kavitha and Palanivelu, 2005; Hems and Abbatt, 2018).

4. Conclusions

The results acquired in this study show that the reaction of OH with 4NP in cloud water leads to the bleaching of light-absorbing
compounds. Previously, the reaction with the-OH was concluded to be thea major removal mechanrismsmechanism for a
number _of nitrophenols in the atmospheric aqueous phase (Zhae-et-al—2615:-Vione et al., 2009; Albinet et al., 2010; Zhao et

al. 2015) A—the-cohte o Re—termateR—<ahRaproce Rg-© Re—atmoesSphe BrC ed ohR @

reaction of OH with 5-nitroguaiacol, 4-NE4ANC and dinitrophenol initially feadleads to thea small increase in the light-

abserptivity absorption followed by arapid bleaching efthereaction-selution-(Zhao et al., 2015; Hems and Abbatt, 2018:-Zhae
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455

460

465

470

et-ak—2015)—TFheresults-deseribed_but such behavior was not observed for 4NP in this werk-andstudy. By comparing the
results obtained in this study with the literature data (Zhao et al., 2015; Hems and Abbatt, 2018:-Zhae-et-al-2015)-indicate, it

can also be concluded that more substituted nitrophenols initially yield higher amounts of light-absorbing products as-compared

with 4-NP4NP. Moreover, the atmospheric lifetimes of BrC chromophores due to the reaction with OH are expected to be

significantly longer than the lifetimes of the parent nitrophenols (precursors) due to the formation of arematie-light-absorbing
by-products (Zhao et al., 2015; Hems and Abbatt, 2018;-Zhae-et-al2015).
Based-on-GC/MS-quantitativeThe results obtained here and the literature data it-was-estimatedalso indicate that inthe aqueous

reaction {1)-ca—20-te-40%-0f-4-NP-depending-on-pH-was-converted-into-phenolic-products—Alew-degreecfmineralization

003;-Otdran-eta 000 onsequently, reaction ana-reaction
v 0 T

of-other nitrophenols with OH can potentially contribute to cloud water acidity ef atmespheric-aguesus-particles-viadue to the
formation of NO»—7, NOs and organic {ritrated)nitro carboxylic acids (Tilgner et al., 2021). Additionally, the aqueous

oxidation of nitrophenols viaby OH may be aan important source of potentially toxic and harmful aqueous SOAS {:SOAs).due
to the formation of nitrogen-containing organic compounds combined with the low degree of mineralization of such precursors.
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