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Abstract. Humic-like substances (HULIS) acco nt for a major redox-active fraction of biomass burning
organic aerosols (BBOA). During atmosphe, ‘< transport, fresh acidic BB-HULIS in droplets and humid
aerosols are subject to neutralization anu »H -modified aging process. In this study, solutions containing
HULIS isolated from wood smolderi. » emissions were first adjusted with NaOH and NHj; to pH values in
the range of 3.6-9.0 and then ag~d .~der oxic dark conditions. Evolution of HULIS oxidative potential
(OP) and total peroxide conte~t \o~uivalent H,O, concentration, H,O,eq) were measured together with the
changes in solution abso.“ai.~» .nd chemical composition. Notable immediate responses such as peroxide
generation, HULIS autoxid2.ion, and an increase in OP and light absorption were observed under alkaline
conditions. Initial HyO,eq, OP, and absorption increased exponentially with pH, regardless of the alkaline
species added. Dark aging further oxidized the HULIS and led to pH-dependent toxic and chemical
changes, exhibiting an alkaline-facilitated initial increase followed by a decrease of OP and H,O,eq.
Although highly correlated with HULIS OP, the contributions of H,O,eq to OP are minor but increased
both with solution pH and dark aging time. Alkalinity-assisted autoxidation of phenolic compounds and
quinoids with concomitant formation of H,O, and other alkalinity-favored peroxide oxidation reactions
are proposed here for explaining the observed HULIS OP and chemical changes in the dark. Our findings
suggest that alkaline neutralization of fresh BB-HULIS represents a previously overlooked peroxide

source and pathway for modifying aerosol redox-activity and composition. Additionally, these findings



imply that the lung fluid neutral environment can modify the OP and peroxide content of inhaled BB-

HULIS. The results also suggest that common separation protocols of HULIS using base extraction

methods should be treated with caution when evaluating and comparing their composition, absorption,

and relative toxicity.
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Highlights:
e pH plays a crucial ole in determining fresh BB-HULIS characters
e Light absorption, OP, and peroxide yield of fresh BB-HULIS increase exponentially with
solution pH
e Increase solution alkalinity promotes BB-HULIS autoxidation and facilitates the OP
change and peroxides transformation in dark aging
e Alkalinity-assisted autoxidation of BB-HULIS in lung fluid represents potential health

hazard
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aqueous aging



1. Introduction

Humic-like substances (HULIS) comprise up to 60% of fine water-soluble carbonaceous ambient
aerosols (Li et al., 2019a; Lin et al., 2010). Several pathways have been proposed to explain the source of
HULIS, including direct emissions from terrestrial/aquatic sources and biomass/fossil fuel combustion,
and secondary generation via oxidative oligomerizing of small organic molecules by atmospheric
chemistry. Pyrolysis of lignin and the recombination of volatile species in wildfires plumes are thought to
contribute the majority of HULIS in airborne particles and droplets (Graber and Rudich, 2006; Huo et al.,
2021; Tang et al., 2020).

Unlike identifiable molecules, HULIS is a complex matrix of bvro_hobic water-soluble organic
species that contains an aromatic or olefinic core with polycyclic ana ~~.10cyclic structures that include
hydroxyl, carboxyl, carbonyl, and nitrooxy groups. In some cas s, ~r_anosulfates, reduced N-containing
compounds, and chelated metals were also detected in HU _1> sa.nples (Claeys et al., 2012; Lin et al.,
2012; Ma et al., 2020; Nguyen et al., 2014; Wang et al , ».19). Most of the functional groups and
structures are also chromophores and fluorophores, ai d ch 'ir presence enables effective light absorption
by HULIS, especially in the ultraviolet regior € u = solar spectrum (290-400 nm). As such, HULIS
account for an important fraction of airborne b.- wn carbon aerosol (BrC) (Li et al., 2021a; Wang et al.,
2019; Xie et al., 2020). The efficient lig..* absorption together with the conjugation of unsaturated
structures and diverse polar functional g o p, (e.g., quinoid and carboxylate units and reduced nitrogen-
containing imidazole rings) can exp! 'in u.e photosensitivity and redox activity of HULIS. For example,
numerous studies highlight the ™ig. generation efficiency of reactive oxygen species (ROS, i.e., OH’,
singlet oxygen 'O,, H,0,, sune.~x'de O,", excited dissolved organic matter in triplet state DOM*) by
HULIS in the aqueous p*-as. ar | evidence show that HULIS can catalyze a series of redox reactions due
to their efficient electron-trs asfer properties (Moonshine et al., 2008). The redox active sites of HULIS
can assist electron-transfer and result in transformation of ROS upon deposition in the respiratory tract,
perturbing redox-equilibrium in affected cells (Lin and Yu, 2011; Page et al., 2012; Win et al., 2018; Xu
et al., 2020). Therefore, HULIS are known to bear a significant oxidative potential (OP) that can have
acute health impacts. OP refers to the ability of inhaled pollutants to consume antioxidants and generate
ROS, thus inducing an imbalance of the cellular metabolism. Epidemiological studies have linked aerosol
OP with various acute cardiorespiratory and pulmonary endpoints (Liu et al., 2009; Nel et al., 2001). A
variety of cellular and acellular assays have been developed to evaluate aerosol OP; particularly, acellular
dithiothreitol assay (DTT) is widely applied due to its convenience and relatively high sensitivity to

metals and organic species (Jiang et al., 2019; Patel and Rastogi, 2021). Reported OP values for biomass



burning-related HULIS vary between 10 and 80 nmol DTT min™ ug’, depending mostly on the source
and atmospheric age of HULIS and the exact methods used for quantifying oxidative stress (Dou et al.,

2015; Lin and Yu, 2019a, 2019b; Liu et al., 2018; Ma et al., 2018).

Following their environmental emission, diverse aging processes, such as mixing with other pollutants
and interaction with water, with atmospheric oxidants (e.g., O;, OH, NO;', etc.), and with solar
irradiation, can modify HULIS properties during their atmospheric lifetime. As a result, the chemical
properties and toxicity of HULIS change. Different studies have reported changes in aerosol OP due to
atmospheric aging (Chowdhury et al., 2019; Wong et al., 2019). However, without consistent conclusion
on aerosol toxicity changes, nor on the underlined mechanisms or the .nle of environmental factors,
including temperature, humidity, particle/droplet acidity, that can c. ang : the aerosol OP were clearly

addressed (Jiang and Jang, 2018; Li et al., 2021b; Patel and Rastng™ 201; Tuet et al., 2017;).

Like other common pyrolysis carbonaceous aerosols with 1w k., freshly emitted HULIS are acidic and
contain carboxyl and phenolic acidic groups. Many commen. - identified organic acids in HULIS have
pKa values that span a wide range of 2.5-5.0 (Huo e’ a’., 2021; Pye et al., 2020). Therefore, HULIS in
droplets and humid particles present in smoke p'.™ec. are subject to neutralization by reactions with basic
gases (e.g., co-emitted ammonia and amines 1. ~moke plume) or by mixing with alkaline dust (CaCOs;,
Na,CO;, NaHCOs, etc.) during transport (ix~rydis et al., 2021). In addition, photochemical reactions and
gas-particle partition of organic/inorgani : #:1..3 and water can also modify the acidity of airborne HULIS.
It has been found that pH influence the fate of aerosols (Freedman et al., 2018) by determining their
properties, phase separation, and rcoction kinetics and pathways (Pye et al., 2020). A limited number of
studies reported changes in abs~rb.nce and dissociation of dissolved organic matter (DOM) due to pH
modifications (Lin et al. 2(17; Jo et al., 2017; Phillips et al., 2017; Roth et al., 2015). It was found that
acidic conditions can activa 2 transition metals and therefore influence ROS generation by DOM, while
deprotonation of DOM under basic environments can lead to intricate electron-transfer processes
(Shahpoury et al., 2021). Furthermore, it has been previously shown that pH can be an important factor in
altering the redox activity and oxidative stress induced by humic substances extracted from soils (Bai et
al., 2020). Given their water-solubility, HULIS can reside largely in the atmospheric aqueous phase,
implicating a more important role of pH in their transformations. Moreover, once inhaled and deposited
into the respiratory system, acidic HULIS in fine particles can be neutralized by the lung fluid, which has

a pH of approximately 7.4.

To date, the roles of acidity/alkalinity in atmospheric transformations of HULIS are mostly overlooked,

and little is known about the consequences for toxicity. Inspired by these knowledge gaps, we



investigated the diurnal aging of aqueous biomass burning HULIS at different pH levels mediated by a
representative basic gas and an alkaline salt. The evolution of HULIS OP as a function of pH was
characterized together with the chemical and light absorption transformations. These studies shed light on
possible dynamic health effects of biomass burning HULIS during their transport and help explain the
related chemical mechanisms. The results are divided into two parts; dark aging processes are presented
in this work, while photochemical aging results will be discussed in a subsequent publication.

2. Methods and Experiments

2.1 HULIS preparation. HULIS were separated from pinewood smoldering burning emissions. Detailed
separation procedures are provided in the supporting information (SI, 1e..* S1, and Figure S1). Briefly,
the carbonaceous emissions were collected via a water-cooling t."op'ag impinger system at room
temperature. HULIS were separated according to Claeys et al (Y017) and Lin et al. (2012). First, the
water-soluble fraction of the smoldering emissions was .vti.cted and filtered through 0.25 pm
polytetrafluoroethylene filters (PTFE, Omnipore™). Then, the <lear water extracts were titrated to a pH
value of 2.0 with HCI (1.0 M). These acidity-modifiec srtions were loaded into pre-rinsed hydrophilic-
lipophilic balance solid-phase extraction cartri”~es (HLB SPE, 3mL, bed wt. 60mg, Supelco®). The
hydrophilic fractions, such as inorganic ions . low molecular-weight polar organics are eluted, while
relatively hydrophobic protonated compo.onds bearing aromatic rings and multiple polar functional
groups are retained by the SPE sorbent. I'.c 'oaded SPE cartridges were rinsed with deionized water to
ultimately elute the hydrophilic comt.onc »ts. Finally, HULIS collected in methanol were dried by gentle
N, flow and reconstituted into dei.nized water. After further filtration with PTFE and quantification of
the total organic carbon conten. (TO)C), the clear HULIS stock solution was stored at 2°C in the absence

of light and oxygen for “urt. er u e within 10 days.

2.2 pH mediation and araeous aging. Two different basic solutions, namely NaOH (1.0 M) and
ammonia solution (1.0 wt.%), were chosen to represent two typical atmospheric pathways to neutralize
aerosol/droplet acidity by mixing with alkaline salts and by uptake of ammonia, respectively. Alkaline
salts in the atmosphere consist mainly of carbonates rather than NaOH, but their activated proton-
mediation mechanism is similar. Most importantly, the application of NaOH rather than carbonates avoids
interference of organic fragments of CO," in the chemical characterization of HULIS. Also, NaOH is a
more efficient alkaline solvent, minimizing contamination from impurities.

The unprocessed HULIS stock solution has an intrinsic pH value of around 3.6. Aliquots of the HULIS

solutions (75 mL) were mediated to pH values of 5.0, 7.0, and 9.0 by drop-wise addition of the basic



solutions. These pH values are typically measured or estimated in humid aerosols and droplets (Pye et al.,
2020). The pH of the solutions was measured using a frequently-calibrated pH meter (AZ8601). Acidity-
mediated HULIS were labeled with a prefix of pHy,on or pHyus: PHyeon 5.0 indicates NaOH-titrated
HULIS solution with an initial pH of 5.0 and so forth, and pH 3.6 indicates the pH of the original HULIS
solution. Although the acidity of the HULIS solutions changed due to aging, it was named according to

their original pH values, unless stated otherwise.

After pH adjustments, HULIS solutions in Pyrex bottles were opened to the ambient atmosphere,
shaken (Bellco Biotechnology, level 5), and kept in the dark (22 °C) for 36 h. O;, NO,, and PM,;
atmospheric contents during HULIS dark aging were monitored and are piosented in Figure S2. To mimic
a diurnal aging process, aliquots of 12-16 h dark-aged HULIS soluti.'ns (.ermed here “aged overnight”)
were further photochemically aged (by photolysis) using a Xenon amp (Newport, ozone-free lamp model
6258). The experimental setup and methods are presented sch=ma.'~ally in Figure S3.

Changes in pH and light absorption induced by dark and 1.>~.ochemical aging were monitored. Some
specific absorbance features, such as the Absorption A .ig trom Exponent (AAE in a wavelength range of
350-450 nm), specific UV absorbance (SUVA,s,), 2 1d u.. ratio of the slope of the 275-295 nm region to
the slope of the 350-400 nm region (Sg), v<re .alcuiated to tentatively describe the aromaticity and
molecular weight changes of HULIS.

2.3 Oxidative potential (OP) assessme .. G of HULIS solutions were monitored via acellular DTT
assay immediately after pH mediatior ~na “uring the entire diurnal aging process. Under dark aging, the
OP evolution was tracked for up t/ 3v h with a flexible resolution of 0.5-6 h. The modified DTT assay
was based on Cho et al. (2005) «~d Lin and Yu (2019a). Accordingly, a mixture of 0.5 mL HULIS
solution, 0.5 mL DTT solv.ion (1.0 mM), and 4.0 mL phosphate-buffered saline (PBS, 0.1 M, pH 7.4,
Chelex 100 Sodium form . ~sin treated) was incubated at 37 °C in a dry bath incubator (MRC-Laboratory
Instruments, UK) fixed on an orbital shaker (Bellco Biotechnology, level 5) for 30 min, during which, the
redox-active compounds in HULIS consumed the DTT via catalytic and noncatalytic pathways. Every 4-5
min, an aliquot (0.6 mL) of the incubated solution was withdrawn and mixed sequentially with 0.6 mL
trichloroacetic acid (TCA, 10% w/v), 0.6 mL 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB, 1.0 mM in 0.1
M phosphate buffer), and 1.8 mL Tris-buffer (Trizma-base, 0.4 M) in a cuvette and left for at least 45 s.
DTNB and residual DTT form a light-absorbing product, 2-nitro-5-thiobenzoic acid (TNB), which has a
characteristic absorption at 412 nm with a molar extinction coefficient of 14150 M cm™. Based on a

PDTT

kinetic study of TNB absorption following incubation, the oxidation potential in raw (O , UM min™)



and mass-normalized consumption (OPPTT, nmol min™' pg™) rates of DTT by HULIS were determined as

follows:
OPPTT = — opPTT CpTT0 1
m - - Oabs
CHULISm Abso—AbsgyLis  CHULISm
E q . 1

where o, is the slope of the background-corrected TNB absorbance versus incubation time, 4bs, is the
initial absorbance extrapolated from the intercept of the linear regression of TNB absorbance versus
incubation time, Absyyrs 1 the background absorbance by HULIS in the cuvette. Cprry is the initial
concentration of DTT in the reaction cuvette, Cyyys,, 1s the HULIS me~, concentration in terms of bulk
organic matter (OM) or TOC in the cuvette. It was assured that less thcn 25% of DTT was consumed
during incubation. The OP2™ of standard 1,4-naphthoquinone (1 +-: ') and hydrogen peroxide (H,O,)
were frequently quantified as positive controls, the average resu ts aic comparable with referential values
(Table 1). OPPTT for deionized water and blank base solut’ s {aqueous NaOH or NH; at pH 9.0) were
measured every day before or after the experiments to cor-ect h'JLIS OP results, see the results in Text

S2 and Figure S4.
2.4 Total peroxide quantification. Total r_rox des (sum of H,O,, ROOH, and ROOR) in HULIS

solutions were quantified as equivalent . O, concentrations (H,Oyeq) via an iodometric
spectrophotometric method (Wang et al.. 292, Wang et al., 2018). Briefly, 1.5 g L' oxalic acid and 1.0
M potassium iodide (KI) stock soluti~=s +~re freshly prepared and bubbled with pure N, prior to use.
Then, 2.2 mL oxalic acid solution. .3 ML KI solution, and 0.5 mL sample were mixed under oxygen-free
conditions and allowed to react at -rom temperature for 1 h in the dark. Oxidation reactions between the
peroxides and excess KI ir a. acidic solution generate stable yellow-colored I5°, which has a specific
absorbance near 350 nm. ' caibration curve was built based on standard H,O, in concentration range of
5-200 puM. Duplicate measurements were conducted for each HULIS sample, the average H,O,eq
indicated the total peroxide concentration. To eliminate interferences with the intrinsic HULIS
absorbance, the initial absorption of a mixture of oxalic acid, KI, and HULIS was measured as
background and subtracted from the final absorbance after blank calibration. The detailed method,
validation, and calibration curve generation are described in Text S3 and Figure S5.

2.5 Chemical characterization. HULIS solutions at initial time and after overnight aging were
withdrawn for TOC and non-refractory organic composition analysis via a TOC analyzer (TOC-V cpy,

Shimadzu) and a high-resolution time-of-flight aerosol mass spectrometer (HR-Tof-AMS), respectively.



For bulk chemical analysis, HULIS solutions were atomized via a TSI nebulizer (model 3076) with pure
N, as supply gas. The generated HULIS droplets were dehydrated through silica-gel diffusion dryers
before characterized by HR-Tof-AMS. High-sensitivity V mode and high-resolution W mode were
alternatively operated. Non-refractory ions detected by the AMS in V mode were grouped into four
families according to their formulas: hydrocarbon ions (C,H,"), oxygenated ions (C,H,0" and C,H,0,"),
and nitrogen-containing fragments (C,H,O,N,"), where x, z, and p >1 and y and i >0. In addition, W-mode
based organic elemental ratios, such as O/C, H/C, and N/C were derived using improved-ambient method
via the PIKA toolkit (PiKa +v1.65 and Squirrel 1.25, http://cires].colorado.edu/jimenez-
group/ToFAMSResources/ToFSoftware/).

Fresh and overnight-aged HULIS solutions were collected for furth 't of line molecular analysis via an
ultrahigh-resolution Fourier-transform ion cyclotron resonance mass spectrometry, equipped with an
electrospray ionization source operating in negative mode (FR1 -FTICR-MS). To remove interference
from salts in the ESI, all HULIS samples were further aciditic? .0 pH 2.0 and prepared using a reversed-
phase polymetric SPE cartridge (60 mg, HLB, Oasis) b ¢1r (e analysis. The cartridges were loaded with 0.5
mL HCl-acidified HULIS, rinsed with 1 mL watc. ana then eluted using 1.5 mL methanol. The final
prepared HULIS samples were diluted 10-fol.. in .nethanol and subsequently analyzed via direct infusion
to classify the molecular weight profiles .nd chernical patterns of the samples. The mass spectra were
externally calibrated with Arginine-clurcer -ignals and internally by homologue series of oxygenated
species identified manually. Pre-proc :ss..~g (m/z-calibration, peak picking at S/N 9, blank correction, and
mass list export) was performed u. ‘'ng usruker Data Analysis 5.0 (Bruker Daltonics, Bremen, Germany).
Elemental composition attribi.‘ions were obtained using self-written MATLAB (MATLAB R2019b)
scripts and performed witt the following restrictions: £1.5 ppm, C,_g0H,.150N0.20¢.12S¢, DBE 0-24, H/C
0.4-2.4, m/z 100-1000, ana filtering of signals with exact m/z deviation <1.0 ppm from the methanol
blank.

To verify the metal-free and non-contamination environment in experiment, the overnight aged pHy,oy
9.0 and pH,;; 9.0 HULIS were also analyzed for elemental metals via Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Agilent 7700s).

All reagents and gases applied in this study were of the highest grade available (see details in Text S4).
DTT assay solutions, such as DTT and DTNB, and the KI stock solution were prepared immediately

before use. The entire diurnal aging experiment was repeated five times with three batches of HULIS.

3. Results and discussion



From the AMS results, the unprocessed HULIS comprises mainly organics and trace amounts of
inorganic salts, namely ammonium and nitrate, contributing to less than 0.5 wt.%. According to the ICP-
MS analysis of dark aged pH 9.0 solutions, elemental metals, such as Al, V, Cr, Mn, Fe, Cu, and Zn were
below the detection limit (<10 ppb), indicating that interference of reactive metals or salts in HULIS
characterization and aging can be neglected. The initial HULIS (pH 3.6) solution contained 0.07 g TOC
L', consistent with atmospheric cloud and fog water values (Birdwell and Valsaraj, 2010; Herckes et al.,
2013). Noteworthy, the pH adjustment before HULIS characterization took less than 10 min, whereas
swift responses to the alkalinity-mediation in absorption, OP, and chemical compositions were observed

for all HULIS. These pH-adjusted HULIS solutions were aged under dari .nd then exposed to irradiation.
3.1 Changes in HULIS light absorption

The light absorption properties of fresh HULIS solutions ar~ .‘mi'ar to field and indoor fire-related
samples (Lin et al., 2017; Sun et al., 2021). The initial spect.a ~resent featureless absorption patterns, as
most brown carbon (BrC) aerosols (Li et al., 2021a). The m~ss +bsorption efficiency (MAE) at 330 nm is
1.30 m* gC”', the absorption wavelength-dependence ( \A.£" in the range of 300-450 nm is 10.2.

As shown in Figure S6, the HULIS solutic.> beoame more absorbing upon both NaOH and NHj
addition. We assumed a constant OC concenti. on in all HULIS samples during pH adjustments. The
calculated wavelength-resolved MAE are a..nlayed in Figure 1A-B. As expected, the absorption spectra
for all samples shifted towards longer v-.v¢.engths and stronger absorption as the pH increased. The
absorption band with a peak at ~34£ am .ecame more pronounced. The stronger absorption is attributed
to deprotonation of electron-dorati.~ functional groups at higher pH values, such as the ionization of
phenolic hydroxyl group, resu.'n¢ in a bathochromic shift and appearance of an absorbing shoulder
(Laskin et al., 2015; Liw =t . 1.. “.017). Besides, the more basic environment can modify the conformation
of molecules from condense | to expanded phase due to electrostatic repulsion generated by the increased
charge, thereby enhancing molecular exposure to light (Pace et al., 2012). Moreover, some secondary
absorbing species may be generated due to alkalinity-favored hydrolysis and oxidation of HULIS. The
changes in the absorption spectra were less pronounced for samples with pH<5.0, indicating that the

deprotonation or exposure of chromophores is suppressed under moderately acidic conditions.

To gain further insights on HULIS changes, several spectral characteristics were calculated. As plotted
in Figure S7, the instant pH adjustment by either NaOH or NH; increased the specific absorbance at 254
nm (SUVA,ss) and Sg while decreasing the AAE. SUVA,s4 is related to n-n* electron transition of
aromatic C=C and C=0 bonds of dissolved organics. The higher SUVA,s, values with increasing pH

suggest higher aromaticity or stronger n-n* transition of HULIS (Zheng et al., 2016). The more prominent



peak at 270 nm for NH; mediation may correspond to n-n* transition of C=0O bond, implying rapid
aromatic carbonyl group/quinoid generation at higher alkalinity. The slope ratio between 275-295 and
350-400 nm, Sg, was inversely correlated to DOM molecular weight (Zhang et al., 2009). The increase of
Sg with pH values implies an overall decrease in HULIS molecular weight. Similar findings have been
revealed for alkaline extracted/treated humic substances (HSs) that bear smaller molecules and higher
aromaticity due to oxic degradation and hydrolysis of HSs (Bai et al., 2020). AAE over the entire visible
range cannot describe BrC absorption with structure. Therefore, we calculated the AAE in a narrow
wavelength range of 350-450 nm. The trends of SUVA,s4, AAE, and Sy with solution pH are in line with
previous studies (Mo et al., 2017). The wavelength-weighted average Mm.*E over 300-400 nm and 400-
550 nm, termed MAE UV and MAE Vis, respectively, were als» ca culated. Both MAE UV and
MAE Vis increased exponentially with solution pH.

After overnight aqueous aging, the absorption and TOC of =" 5.4 HULIS remain unchanged, while the
pH-mediated samples exhibited absorption changes (Figure 1 O and Figure S7) and a decrease in their
pH level and TOC contents (Table S1 and Figure S8) A s shown in Figure S8, no significant changes in
TOC (p<0.05) were detected for HULIS solutior~ w_+h pH in the range of 3.6-7.0, but for basic solutions,
HULIS TOC decreased by 8% and 4% for pHy, . 9.0 and pHyus 9.0, respectively. The loss of TOC at pH
9.0 suggests decomposition of HULIS a..1 evaporation of the generated small molecular species or
formation of carbonates or CO,. Thesc f1 'ings support the observed increase in Sg. The SUVAys,
decrease indicates that dark aging cecicases the aromaticity of HULIS. In addition, overnight aging
flattened the 345 nm shoulder anu the absorption in the near-visible range for all samples, resulting in
lower AAE values. Aged HULS cc ntinued exhibiting an evident exponential-growth trend in absorption
with pH, but behaved d’ffe1 >ntly with respect to NaOH or NH;. HULIS modified by NaOH at pHy.on 7.0
and 9.0 was weakly bleach: d, as observed by the decreased MAE UV and MAE Vis, while in acidic
HULIS solutions (pH 3.6 and pHn.on 5.0), the absorption increased. In contrast, both MAE UV and
MAE Vis increased for all NHs;-mediated HULIS, suggesting secondary BrC formation during dark
aging.

To summarize, a basic environment significantly enhanced HULIS absorption over the entire solar
spectrum. The relatively stable absorption increase after overnight conditioning suggests possible impacts

of HULIS on air quality and photochemistry during the following daytime.
3.2 HULIS OP evolution

For the first time, dynamic changes of the HULIS OP in regard of solution pH and dark aging time
were investigated. The results are displayed in Figure 2. Notably, the aqueous HULIS aged in different



pH, while their OPPTT were measured at pH 7.4 that was maintained by PBS. It was found that pH
mediation modified HULIS OP instantly, especially for solutions with pH>7.0. HULIS OPPT increased
rapidly by more than 35% at pH 9.0, indicating that alkalinity-treated HULIS can readily generate ROS
and properly exert higher oxidative stress. Assuming constant TOC during the short pH adjustment time
(<10 min), OPSFT for all HULIS were calculated and are plotted as a function of initial pH in Figure 2C.
Intrinsic HULIS (pH 3.6) has an OPSFT of 76.9+7.7 pmol min" pg OC™, which is comparable with
values measured in previous studies, as summarized in Table 1. The prompt alkalinity mediation to pH
9.0 increased the HULIS OPSLT to 105.3£9.1 pmol min" pug OC™, on average. It is interesting that the
initial OPSIT for HULIS adjusted by NaOH and NH; both exhibit pei“act exponential increase with
solution pH, and no statistically significant difference (p<0.05) wa. obszerved between the two cases.
These demonstrate that pH values, rather than the alkaline species, >lay a significant role in altering

HULIS OP initially.

After initial adjustment, HULIS OP evolved intricately re.. “.ag to both pH and dark aging time. In
Figure 3A-B, OPPTT for HULIS at pH 3.6 increased s’ov «+* within 36 h, implying a consistent generation
of oxidative-active species in the dark. In centrc-t, a monotonous decrease in HULIS OPPTT yag
measured for pH 9.0 samples, and the decreas ~ v.as rapid in the initial c.a. 6 h after pH mediation, then
slowed down, suggesting a time-dependen. Jepletion of redox-active species. In pH 5.0 and 7.0 solutions,
HULIS OPPTT first increased and then fe.1 2sed, and a lag-phase was observed for lower pH values.
Inspired by these trends, we propos: a jaradigm for pH-dependent HULIS OP evolution in the dark,
suggesting that it behaves in an in. =rse U-shaped pattern with aging time, and alkalinity facilitates both
increase and decrease of HUL'S ,P. More specifically, alkalinity promotes both the formation and
decomposition of redox -act ve s)ecies in HULIS. Under basic conditions (pH 9.0) in this study, only the

descending trend in HULIS )P was captured due to the short OP increasing phase.

The derived pH-dependent HULIS OPPTT evolution kinetics are presented in Figure S9. The results
suggest that NH; mediation may promote more rapid HULIS OPPTT changes than mediation by NaOH at
the same pH level during dark aging. This is possibly due to the buffering effect of NH; that maintained
relatively stable alkalinity for the HULIS solutions over longer aging periods, as the pH of the NaOH-
mediated HULIS solutions decreased more than the NH;-mediated solutions after overnight conditioning

(Table S1).

Collectively, the results produce different endpoint trends for HULIS opPT"

with pH. As shown in
Figure 2D, overnight aging (less than 16 hours) resulted in a HULIS OP trend of pH 5.0>pH 3.6>pH

7.0>pH 9.0 for both NaOH and NH;-mediated solutions. The OPSFT increased to 111.9+7.3 pmol min™



ug oC™! for pPHxaon 5.0 and decreased to 71.3+12.1 pmol min’! ug ocC™! for pHxaon 9.0 HULIS solutions,
with corresponding values of 108.24+8.3 and 51.8+4.0 pmol min™ ug ocC™! for pHxws 5.0 and pHyns 9.0,
respectively.

3.3 HULIS Peroxide transformation

In Figure 3A-B, significant peroxide formation and transformations under dark conditions are observed
for all pH-mediated HULIS samples (pH 5.0-9.0). Moreover, evolutions of H,O,eq are highly correlated
with HULIS OP changes, suggesting the close interaction between HULIS redox activity and ROS
transformation. Similarly, prompt alkalinity addition accelerated H,O eq generation exponentially. As
shown in Figure 3C, H,O,eq in the initial HULIS solution (pH 3.6) wa< b.'ow the detection limit of 1.0
uM. However, it quickly increased to 70.1 uM on average after nt. 9/, adjustments. Even for acidic
environments at pH 5.0, about 7.2 uM peroxides were generate 1 -api.ly. The initial peroxide yields are
high and ranged from 1.2 to 12.0 mmol mol OC™ for HUL:" w.ith varying pH, demonstrating a pH-

determined swift peroxide formation pathway under dark cora. -on.

Previous studies investigated the autoxidation of phe1 o’s, educed humic acids, and soil-extracted DOM.
It was found that H,O, and even OH" are mair S ;roducts in the dark, and deprotonation due to high
pH accelerated the oxidation dynamics and oxy_en uptake rates by phenols and hydroquinones, thereby
promoting ROS and quinoid formation (Bai ~t al., 2020; Bellion et al., 2009; Enache and Oliveira-Brett,
2011; Munday, 2000; Page et al., 2012). O ve all, base additions to freshly emitted HULIS, which contain
high levels of phenol, hydroquinon¢, ana semiquinone moieties, are expected to result in pH-facilitated
autoxidation and rapid H,O, gen<at. . These results imply that atmospheric basification of fresh HULIS
in humid smoke plumes mav he ~* overlooked source of H,O,. The rapid generation of H,O, and other
associated ROS may be '~t1.me tal to regional air quality and human health.

We did not observe clear r :roxide formation in pH 3.6 HULIS even after 36 h of dark aging. In pH 5.0
HULIS solutions, HyO,eq accumulated linearly in the first 12-16 h and leveled off at about 25 uM. In pH
7.0 samples, H,O,eq initially increased rapidly; then the peroxide formation slowed down. After 18-24 h
dark aging, H,O,eq in pH 7.0 HULIS slowly decreased. Interestingly, general depletion of total peroxides
was measured for pH 9.0 solutions, where H,O,eq decreased rapidly in the first 6 h, after which the
peroxide decay decelerated. The differences between H,O,eq evolution for HULIS mediated by NaOH
and NHj; at fixed pH values is insignificant (p<0.05), suggesting that pH plays a more crucial role than
alkaline species in HyO,eq transformations. Similar to the above OP changes, we also hypothesize a pH-
facilitated initial peroxide formation followed by a subsequent decomposition pattern to describe HULIS

peroxide evolution under varying pH environments. As such, overnight aging resulted in a complex trend



of HyO,eq with solution pH. In Figure 3D, the pH 7.0 solution had the highest H,O,eq, implicating that
higher ROS levels accumulate in the following daytime when the HULIS are in neutral or weak basic
conditions. This may promote HULIS photochemical aging and implies potential health impacts.
Together with quinones and electron-deficient alkenes, peroxides are major OP contributors (Jiang and
Jang, 2018). Here, the isolated contributions of the total peroxides to HULIS OP and their changes during
dark aging at different pH were tentatively estimated, assuming H,O, as the major peroxide with standard
OPRIT, of 3.78 pmol min™ nmol™ (Table 1). As shown in Figure 4, the contribution of H,O,eq to pH 3.6
HULIS OP was negligible (within 0.1%). Instant pH adjustment generated peroxides and increased the
H,0,eq contribution to 0.41%, 1.42%, and 2.78% for pH 5.0, 7.0, and 9.v [TULIS, respectively. Although
the HULIS OP and peroxides evolved in complex and correlate1 rianners, the overall peroxide
contributions to OP displayed a gradually increasing trend with tr. e fo - all pH-mediated samples, and the
OP contributions by H,O,eq were higher at higher pH values The e indicate the increasingly importance
of peroxides in HULIS redox activity with dark aging in n.-.ral and alkaline environment. Even so,
peroxides had a minor contribution to HULIS OP. Te«ir.g extensively aged pH 9.0 HULIS as example,
the peroxide contribution to total OP was withi» 7.4, demonstrating other non-peroxide oxidizers (e.g.,

quinones, EDA, etc.) as central figures in dete..ni.ing the oxidative potential of HULIS.
3.4 HR-Tof-AMS based chemical transfo. mation

Bulk chemical transformations of HU _'5 .ue to alkaline mediation and overnight dark aging were
monitored by HR-Tof-AMS. The ini‘'al h'JLIS have an organic O/C ratio of 0.45, H/C of 1.41, and N/C
of about 0.02. The oxygenated fr~g1. ~nts (C,(HyO+ and CxHyO;) contribute 51%, and nitrogen-containing
ions (C,H,O:N,") make 8.7% o. th: bulk sample, indicating that HULIS is a highly-oxygenated matrix
containing a considerab.~ n.mb:r of nitrogen-bearing species (Figures S10-S11 and Figure 5). Common
characteristic ions like carbr nyl (m/z 43, C,H;0") and carboxyl/peroxide (m/z 44, CO,") account for 4.1
and 7.9 wt.%, respectively, of the bulk HULIS. In addition, some specific ions, such as aromatic
hydrocarbons (C,H,", C3H;", C¢Hs', and C;H;", etc.) and phenolic (CeHsO", C¢H40,", C¢HeO,', and
CsHy0,, etc.) ions were detected with fractions in the range of 0.1-3.5%, indicating the presence of a
substantial amount of oxygenated aromatic moieties in the HULIS. This result agrees with recent studies
reporting that phenolic species, and in particular phenol, hydroquinone, catechol, methoxyphenols, and
quinones, contribute to a major fraction of biomass burning-related HULIS and water-soluble BrC (Huo

et al., 2021; Pardo et al., 2021).

The exchange of atmospheric CO, with open alkaline solutions forming inorganic carbonates (CO5>,

HCOjy) should be considered. Based on an open-solution model estimation with input of the measured pH



changes (Table S1) and alkaline concentrations (Aqion version software, https://www.aqion.de/), even for
the case of pH 9.0, overnight exchange with CO, in the ambient air would result in less than 0.02 mM
carbonates and aqueous CO; in the solutions, contributing to less than 0.6 wt.% of bulk HULIS. Thus, the
interference of ambient CO, exchange with the AMS analysis and related calibration were neglected, and
the derived CO," was attributed mainly to organic precursors in HULIS. In addition, background air
quality monitoring indicated a relatively clean environment with daily average 10 ppb O3 and 2 ppb NO,
(Figure S2) where the HULIS solutions were held, indicating that Os-involved aqueous oxidation is of
less importance in this study and that the observed changes in HULIS resulted from autoxidation and
hydrolysis.

pH mediation by both NaOH and NHj; led to prompt bulk HULIS c¢“emr.cal changes that increased the
organic O/C ratios and decreased the H/C ratios with increasin, pH. These changes demonstrate that
oxygen addition and hydrogen abstraction are general re-:tic. pathways that increase the carbon
oxidation state (0S; = 2 X 0/C — H/C) of HULIS. The siu-cs of the O/C vs. H/C ratios in the VK
diagram are close to -1.0 (Figure 5A-5C), implying ce coxyl-generation favored reactions in alkaline
solutions. These can also be verified by a rapid =1 2se 1n the carboxyl and peroxide fractions (f44) with
pH-mediation (Figure 5B-5D and Figure S11). Sivailarly, an increase in carboxyl groups due to hydrolysis
of esters and amides and other oxidation . ~thways in humic substances exposed to neutral and alkaline
oxic conditions have been observed (de 'VIr i =t al., 2016; Kumke et al., 2001). The decrease in carbonyl
fraction (f43) may result from these pa.“ways and also from proper aldol condensation reactions and
enolate transformations of ketones . nd aldehydes in alkaline conditions. The decrease of f43 and increase
of f44 also indicate higher oxy.=na1on levels by HULIS at higher pH. The observed chemical responses
are consistent with HU" IS ligh absorption and OP changes that were more pronounced under alkaline
conditions (pH>7.0). Alth¢ 1igh similar trends appeared for all pH-mediated HULIS samples, NHj

mediation resulted in lower extents of instant chemical changes, especially for O/C and f44 increment.

Overnight aging continued the oxidation of pH-mediated HULIS. The least chemical changes were
observed for the pH 3.6 HULIS. Conversely, in pH 5.0-9.0 solutions, dark aging further increased O/C
and f44 and decreased H/C and f43 in bulk HULIS samples. It is interesting to note that the loss of
nitrogen-containing fragments (C,H,ON,") in NaOH-adjusted HULIS but NH;-mediated solutions
increased C,H,O;N," and N/C ratio (Figures S10-S11), suggesting a decomposition of nitrogen-containing
compounds in alkaline solutions counterbalanced by NH;-involved formation of secondary nitrogen-
containing products. Nitrogen-containing organics (NCO) have been identified as the main chromophoric

groups in BBOA (Fleming et al., 2020; Li et al., 2019b; Zeng et al., 2021), and numerous studies have



found that NHy/NH," promotes chromophoric NCO formation by reacting with biomass burning related
pollutants (Huang et al., 2018; Updyke et al.,, 2012). Accordingly, the different transformations of
nitrogen-containing compounds may account for the above absorption changes, where NaOH-mediated
HULIS were bleached, and absorption by NHj;-mediated HULIS increased in dark aging. Overall,
overnight oxidation yielded more similar results of elemental ratios (O/C and H/C) and carbonyl/carboxyl
fractions for NaOH or NH; mediated HULIS at equivalent pH values. It is evident that higher pH led to
more pronounced changes in HULIS. At pH 9.0, for example, alkalinity addition by NaOH instantly
increased HULIS O/C and f44 to 0.65 and 17.3%, respectively, and decreased H/C and f43 to 1.28 and
3.2%, respectively. The corresponding results due to NH; addition were v.52 for O/C, 1.33 for H/C, 3.5%
for f43, and 15.2% for f44. Overnight oxidation increased O/C to 0.7 9 an 1 f44 to 24.0% for pH.on 9.0
HULLIS, with corresponding results of 0.75 and 21.7% for pHyus 9 0.

3.5 ESI(-)-FTICR-MS analyses

Due to the inherent interference of solution pH with SPF ¢ «wumn elusion and salts in the ionization
source, all HULIS samples were ultimately reprocesse 1 1y acidification and SPE separation before direct
infusion with ESI(-)-FTICR-MS. These prepa~.‘io..~ resulted in the inevitable occurrence of acidity-
favored reactions (hydrolysis and decomposit..v of large-molecular-weight compounds and peroxides),
loss of low-molecular-weight (LMW) prou cts, and final consistency of all samples. Nevertheless, the
results accounting for technique and r-etacl constraints can still depict a part of HULIS' chemical

transformation upon pH-mediated de*k ag ng.

The mass spectra of overnight ag~d HULIS are shown in Figure 6 with intensity-weighted average
elemental ratios. Detailed Van e~ elen diagrams of identified chemical formulas are provided in Figure
S12. The loss of LM\’ ¢ mrounds was observed in the whole mass spectrum of HULIS, where
compounds with molecular ' veights of less than 200 were rarely detected or appeared in low intensities.
Most peaks were observed in the m/z 300-550 range, and a weak shift in the mass spectra towards lower
molecular weights was observed in pH-mediated samples, especially for pH 7.0 and 9.0 HULIS. In
addition, pH-dependent autoxidation was verified for HULIS with increase in average 0S.. Similar trends
of O/C increase and H/C decrease with pH are consistent with the AMS results but with less variability
due to method-oriented chemical selections by ESI-MS. Intensity-weighted average molecular formulas
of m/z around 400-440 were assessed for overnight aged HULIS as Cy;7H255807.7Ng7, Ca2.2H269053Ng6,
and C,osH,37078N¢7 for pH 3.0, pHn.on 9.0, and pHyus 9.0, respectively. Organic decomposition, H-
abstraction, and oxygenation supported by the TOC and AMS results are supported by the loss of carbon
and hydrogen and an addition of oxygen for pH-mediated HULIS compared to the original pH 3.6 sample.



For NH;-mediated HULIS, increase of N/C ratio demonstrates secondary nitrogen-containing species
generation, as was also reflected by the increase of CxHinNp+ and N/C ratios in bulk HULIS upon

prompt NH; addition and subsequent dark aging (Figures S10-S11).
3.6 Suggested mechanism for HULIS OP and peroxide evolution

According to the above results, alkalinity-promoted HULIS autoxidation and decomposition during dark
aging and concurrent HULIS OP and peroxide evolution dictate the pH-dependent transformation of
redox-active compounds in HULIS. As aforementioned, catalytic quinones and noncatalytic
hydroperoxides and electron-deficient alkenes (EDA) are recognized as efficient DTT consumers in
carbonaceous aerosols (Jiang and Jang, 2018). EDA are compounds ti.°t bear electron-withdrawing
groups (EWG, e.g., carbonyl, nitro, carboxyl, etc.) coupled to C=C bu.d<. They are commonly found in
pyrolysis smoke aerosols and in ring-opening products from p".c “rox.dation of aromatic hydrocarbons.
Both peroxides and EDA have relatively short lifetimes dur... avnospheric transport due to their fairly
high reactivity (Jiang et al., 2017, 2016; Jiang and Jang, 2018). The relationship between DTT
consumption and incubation time was suggested to d st'a; uish between catalytic reactions by quinones
and noncatalytic reactions by other oxidizers (Yia. o and Jang, 2018). Well-fitted linear regressions
indicating pseudo-first-order reactions were ovr cved for all HULIS tested in this study, supporting the
assumption of quinone-dominated catalyt.> consumption of DTT. These were also verified by low

contribution of peroxides to HULIS OP i1 71y are 4.

Overall, the evolution of HULIS DP- "' relies on the transformation of these oxidants (quinones,
peroxides, EDA) in pH-mediat~d _»lutions. The proposed chemical mechanisms are summarized in
Figure 7. One of the major pati.vays is the redox-reaction of phenolic compounds, where the oxidation
kinetics can be accelera"=d ~xpnentially by increasing the solution pH (Munday, 2000). Many studies
underlined the enrichment »f quinones, phenols, and other aromatic components with diverse polar
functional groups in freshly-emitted biomass burning HULIS (Huo et al., 2021; Sun et al., 2021). Most of
these lignin pyrolysis-related phenols have high pKa (>9.9) in pure water but the pKa become lower
under alkaline conditions. The lower the pKa, the faster the oxidation these phenols undergo. Therefore,
alkaline conditions promote deprotonation and oxidation of phenols and semiquinones, while quinones
are the main products. Wang et al. (2021) found that o-vanillin became dissociated and gained higher
reactivity with higher pH values. Munday (2000) investigated the alkalinity-catalyzed quinones formation
from autoxidation of naphthohydroquinones, and found that ionization is required. More fundamentally,
Bai et al. (2020) proposed that humic substances in alkaline solutions bear a higher electron-exchange

capacity (EEC), exhibiting stronger electron-donating and accepting capacities. Higher EEC indicates



higher redox activity and stronger catalytic activity in DTT oxidation. Therefore, we hypothesize that
alkalinity-facilitated autoxidation of phenols to form quinones with concomitant formation of H,O, and
other ROS (e.g., OH’, O,"/HO,', etc.) can be an important pathway to explain the increase of HULIS OP
and the high correlation with peroxide content. The burst of OH" with H,O, as an intermediate species in
humic acids oxidation was first reported by Page et al. (2012), where they observed a relatively high OH’
yield during dark aging. These ROS can be involved in further oxidation and decomposition of the
quinone products, leading to the demise of HULIS OP and the peroxide content. Under basic pH
conditions, quinones may undergo oxidative polymerization that reduces the available electron-shuttles in

catalytic ROS generation and DTT depletion (Barriquello et al., 2010).

To support the proposed mechanisms, some possible characteristic ion, relating to phenols (C¢HsO",
C¢Hq0,", and CgHy0O,") and quinone (C¢H,40,") in HULIS solutint.« we ‘e tracked in combination of AMS
and TOC results. In Figure S13, it can be seen that HULI® -an.nles gained more organic matter with
respect to alkalinity adjustment and dark aging. According to ."-. chemical analysis in Figures 5-6 and the
TOC changes in Figure S8, the OM increased as a rest it ~.f oxygen addition, mainly by carboxyl/peroxide
group (f44) formation via oxidation and hydro'>si. orocesses. Instant pH mediation led to increase of
C¢H,O", CcH40,", and C4H¢O," concentratics m HULIS, but a noticeable concentration drop was
observed for CsHoO," in higher pH solution. These observations suggest the decomposition of methoxy or
large molecular phenolic compounds anc gr 1. “ation of quinones and small phenols as a result of alkaline-
facilitated autoxidation. CgHoO,  concenw.~tions in HULIS samples underwent a consistent but more rapid
decrease in alkaline solution (pHZ, 0) in dark aging, while the other three ions kept almost consistent or
gained slight increase in acidic <ol vons (pH< 5.0) but depleted at neutral and alkaline conditions (pH2
7.0), especially at pH © 0, ~onc :ntrations of C(H,O", C¢H4O,", and C¢HgO," decreased significantly in
dark aged HULIS. Interestiigly, C¢HsO" and C¢H,O," concentrations followed roughly the trends of
HULIS OP and H,0,eq with pH at both initial and overnight aging endpoints (Figure 2). We conclude
that quinoid generation and decomposition from alkalinity-catalyzed HULIS oxidation can contribute, at
least partly, to the observed OP and peroxide content evolution. The conversion of phenolic compounds
to quinolinic moieties partly explains the observed H-abstraction and oxygen-addition.

Alkalinity-favored aldol condensation of aldehydes and ketones contributes electron-deficient alkene
(EDA) structures, such as hydroxy-aldehydes and hydroxy-ketones. These EDA products can partly
account for the increase in HULIS OP. Notably, a basic environment generally renders organic molecules
more electron-rich, and electron-shuttles of EDA in ROS generation can be blocked following alkaline

peroxide oxidation. In Figure 7, we show an example of 2-Butenal, where a hydroxy ion and a peroxide



form a hydroperoxide ion that initiates nucleophilic epoxide formation with the C=C bond. Alkaline
peroxide oxidation of EDA and quinoid compounds has been investigated in organic synthesis and
bleaching (Abbot, 1995; Bacher et al., 2018). In short, alkaline peroxide oxidation of EDA and quinones

represent a plausible channel that can lead to HULIS OP decrease.

In this study, we focused on the common effects of alkalinity. However, it is very likely that NH;3 can
initiate more complex reactions, and the exact specific mechanisms behind NH; involved HULIS

evolutions will be discussed in a future study.
4. Conclusions and environmental implications

To date, the role of pH in modifying the atmospheric process of amb’z~t 1, 'mid aerosols and droplets is
less studied. Specifically, basification of acidic species by mixine v, carbonate dust and adsorption-
reactive uptake of basic gases were overlooked in studies of to.i¢c ~»4 chemical transformations. In this
study, HULIS from wood smoldering, as an important fract.on »t environmental pollutants and a proxy
for complex organic matter, was prepared and aged in the aq.<ous phase under different pH (3.6-9.0)
conditions adjusted by adding NaOH or NH;. The initiJ ac dic HULIS were sensitive to pH modification,
exhibiting rapid autoxidation, peroxide generat’uu, an fast increase in OP and absorption upon alkalinity
addition. There was a burst of peroxides (H,C-eq yield of 1.2-12.0 mmol mol’ OC) and an instant
increase in HULIS OPRIT (76.9-105.3 pm¢! min™ pg OC ™) in response to pH mediation. The initial
H,0.eq and OPJIT exponentially incrcareo with solution pH. The pH also modified the subsequent
HULIS evolution. A pH-dependen. vaticrn was suggested to describe the highly-correlated HULIS
OPPTT and H,0,eq changes in th.» . k; that is, alkalinity promotes initial OP and peroxide increase and
then decrease. Moreover, the co.tr.bution of peroxides to the OP increased with aging time for all pH-
mediated HULIS, indica ‘ng 2 1'.g-phase of peroxide evolution and non-peroxide oxidants (e.g., quinones
and EDA) as the major OP - arriers. The lag-phase of peroxides compared to OP changes may arise from
kinetic differences for ROS and non-peroxide redox-active compounds transformations in HULIS, and

from synergetic effects of these oxidizers in DTT depletion.

According to bulk chemical and selective molecular analysis, during dark aging, HULIS underwent
alkaline-favored oxidation, hydrogen abstraction, decomposition, and specific nitrogen-addition in NH;-
mediated solutions. Overnight aging weakly bleached NaOH-mediated HULIS, probably due to organic
acid formation that led to pH decrease and decomposition of chromophores. NH;-mediated HULIS
became more absorbing, partly due to the formation of nitrogen-containing chromophores. Collectively,

alkalinity facilitated autoxidation of freshly released HULIS from smoldering, and specifically the



conversion of phenols and semiquinones to quinones with concurrent formation of peroxides, are
suggested to increase OP and ROS. Further oxidation of quinones and electron-deficient alkenes with
involvement of the ROS, under basic conditions, are suggested to account for the decrease in OP and

peroxides content.

Overall, the neutralization of fresh HULIS under alkaline conditions represents an overlooked oxidation
channel in modifying their redox activity, and contributes to ROS formation (e.g., peroxide, OH’, O,"
/HO,', etc.) under dark aging. Furthermore, the more profound toxicity of inhaled HULIS and their
dynamic evolution in the human respiratory systems can be extrapolatzd considering the slightly basic
(pH~7.4) and oxic conditions of the lung fluid. To test this assumntic.> we incubated HULIS in a
biological PBS solution at 37 °C under oxic dark conditions to mimic *e 'ang fluid environment. Fang et
al. (2019) have applied a lung-deposition model to estimate airb *ne pollutant deposition in the human
respiratory tract and associated OP and ROS generation; the i.+tv>d urban organic aerosol concentration
in the alveoli epithelial lining fluid was in the range of 1.7-;% pg mL" for a typical human with light
working-load and nose-only steady breathing. We a sr.n>d a higher smoke exposure during biomass
burning episodes. Thus, we assume that 30 ug © .~L™" of HULIS represents realistic PM deposition in

PDTT

the lung system. The O and H,O,eq evo. 't'on in PBS solutions and water (used as control) were

monitored during incubation for 6 h. As siown in Figure S14 (Text S5), higher OPPTT

and significant
H,0,eq generation compared to water ;th.s. were observed, and the incubation-time dependence was
similar to the evolution observed m Y > 7.0 solutions. This experiment suggests dynamic and
accumulative impacts of inhaled ,"ULIS on human health, leading to higher OPPTT and H,0,eq and
proper severer oxidative stress .~an 2xpected from the experiments in neutral aqueous solutions. Note that

no antioxidants were ac'dec to 1ae lung fluid proxy (Tong et al., 2018), as the focus is only on the pH

effect.

Our results underline the roles of pH in determining the transformations and impacts of HULIS. They
also suggest that common base-extraction methods to process HULIS or related pollutants should be
applied with more caution when following toxicological and physiochemical characterizations are
conducted (Kleber and Lehmann, 2019; Saito and Seckler, 2014). Furthermore, a higher pH commonly
inhibits dissolution and catalytic activity of transition metals (Zhang et al., 2022), but facilitates the
autoxidation of fresh HULIS. Adding to the complexity of the pH impact is the fact that HULIS are often
exposed to diverse oxidation environments in the course of atmospheric diurnal cycles. pH-adjusted
HULIS that were exposed to light following their nighttime aging exhibited different OP and chemical

evolution. The results of these experiments will be discussed in a separate manuscript.
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Table 1. Summary and literature review of biomass burning related HULIS, 1,4-naphthoquinone, and hydrogen peroxide oxidative potentials.

HULIS (sample comparison)

Reference

Source and method

OP results (nmol min™ pg™”)

Liuetal., 2018

Ma et al., 2018

Dou et al., 2015

Linetal., 2019

Luetal., 2019

Fang et al., 2015

Lin et al., 2011

Lin and Yu, 2019

Biomass burning apportionment 0.076
BB-HULIS apportionment 0.009
Ambient HULIS 0.010-0.015
HULIS (0.1mM DTT method) 'I_ 0.081
HULIS (0.02mM DTT method) 0.006
Ambient HULIS (0.1mM DTT) 0.01-0.02
Rural PM, 5 (0.1mM) 0.03-0.04
Ambient HULIS (0.02mM DT'T, 0.015
0.026-0.068

Ambient HULIS (0.1t M DOTT)

0.077 + 0.008 (OC), 0.046 + 0.005 (OM)

This work BB-HUL'. (u ILM L)
1,4-Naphthoqrino, e (method comparison)
Reference “au -ce and method OP results (nmol min™ pg™)

Dou et al., 2015 _’J.( mM DTT method 0.73
. U.1mM DTT method 3.70
Linetal., 2019 —
0.02mM DTT method 0.76
Cabhrrier and Anastasio, 2012 0.1mM DTT method 3.37
This work t 0.1mM DTT method 3.79+0.18
Peroxide (method comparison)
Reference Source and method OP results (nmol min™' pmol™)

Jiang et al., 2017

0.1mM DTT method

3.0~4.0 (H,0,)

Wang et al., 2018

0.02 mM DTT method

5.31 (H,0,)

This work

0.1mM DTT method

3.78 + 0.53 (H,0,)

Note: OC indicates organic carbon-based OP, OM indicates organic matter-based OP derived from AMS results and TOC content of HULIS solutions. Mixed DTT concentration

in the

incubator

was derived

for

comparison.
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Figure 1. Changes in light absorption for bu:* HULIS after pH adjustment (A-B) and overnight aging (C-
D). Mass absorption efficiencies (MAE) fc. t.e specific wavelengths 330, 405, and 535 nm are presented
as insets in the figures. All pH va'ies .vere measured by a pH meter. The blanks are MiliQ water

mediated by NaOH U NH; to the corresponding pH values.
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Figure 2. pH-dependent dark evolution ~.. HU™IS oxidative potential. (A) NaOH vs. (B) NH; mediated
HULIS dark aging for 36 h. The shas.1 a_zas indicate the endpoint values, representing overnight aged
HULIS OPPTT | The vertical dash<d lL.= indicates the initial time when pH mediation was performed.
Titration time was less than 10 i.-in. The error bars indicate the standard deviation calculated from
duplicate measurements for twe incubations. (C) Instant HULIS OPSFT as an exponential function of the

initial solution pH. (D) Ov.+night aged HULIS OPSIT as a function of solution pH, corresponding to the
shaded areas in (A) and (B).
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Figure 3. pH-dependent total peroxide (}..")eq) formation and transformation in HULIS under dark
aging. (A) NaOH and (B) NHj; adjust :a JTULIS H,O,eq evolution for 36 h. (C) Instant HyO,eq generation
as an exponential function of initi. ! ph. (D) Endpoint H,0,,, concentrations in HULIS as a function of

pH after overnight dark conditi winy, (shaded area in A-B).
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Figure 5. Chemical transformation of HU" IS follc wing instant pH-mediation by NaOH or NH; and from
subsequent overnight oxidation. (A)-(C) ¥ a° K.evelen diagrams of the H/C vs. O/C ratios, the dashed line
depicts generic reaction pathways of corboayl and ketone/aldehyde formation. (B)-(D) The fraction of
carboxyl characteristic fragment (*+4) \". that of carbonyl (f43). These peaks fall within a region typical
for less-oxidized or more-oxidizea ~xygenated organic aerosol (LO-OOA or MO-OOA). These areas are
presented in order to denote¢ the oxidation state of HULIS. Solid symbols indicate chemical changes upon
instant pH mediation, op.n symbols represent measurements after overnight conditioning for pH-
mediated HULIS samples. The color bar indicates the pH of HULIS. Direct changes of elemental ratios
and f44 wvs. f43 as a function of pH were plotted in Figure S11 as a supplement.
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Figure 6. FTICR mass spectra for overnight dark aged HULIS as

elemental ratios and carbon oxidation states are displayed.
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Figure 7. Proposed reactions pathways for *.~ t, "nsiormations of pH-adjusted HULIS due to the observed OPPTT changes and H,Oeq evolution
in the dark. The top panel, marked in red ‘G, increase and peroxides accumulation) and blue zones (OP decrease and peroxide decomposition)
displays the general autoxidation pathways. HULIS and HULISox denote initial fresh and oxidized HULIS, respectively. EWG is short for
electron withdrawing group, such as carboxyl, carbonyl, nitro, etc., coupling to unsaturated C=C bonds to form electron-deficient moieties. LMW
denotes low-molecular-weight products from HULIS hydrolysis and extensive oxidation. The middle green panel presents a summary of literature-
reported alkaline autoxidation of phenol, methoxyphenol, and hydroquinone in quinolinic conversion, radical coupling polymerization, extensive

oxidation, and ring cleavage reactions, peroxides, and other ROS as products that can also be involved in oxidation reactions and facilitate organic



product decomposition. The bottom gray panel includes alkaline aldol condensation reaction forming electron-deficient alkene (EDA) compounds

and proper decomposition of EDA via alkaline peroxide epoxidation with 2-Butenal as an example.
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