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ABSTRACT: Atmospheric nitrophenols are pollutants of concern
due to their toxicity and light-absorption characteristics and their
low reactivity resulting in relatively long residence times in the
environment. We investigate multiphase nitrophenol formation
from guaiacol in a simulated atmospheric aerosol and support
observations with the corresponding chemical mechanisms. The
maximal secondary organic aerosol (SOA) yield (42%) is obtained
under illumination at 80% relative humidity. Among the identified
nitrophenols, 4-nitrocatechol (3.6% yield) is the prevailing species
in the particulate phase. The results point to the role of water in
catechol and further 4-nitrocatechol formation from guaiacol. In
addition, a new pathway of dark nitrophenol formation is
suggested, which prevailed in dry air and roughly yielded 1%
nitroguaiacols. Furthermore, the proposed mechanism possibly leads to oligomer formation via a phenoxy radical formation by
oxidation with HONO.
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■ INTRODUCTION

Biomass burning (BB) is an important source of atmospheric
organic pollutants, while its contribution to poor air quality is
believed to still increase with global warming due to the
increased incidence of natural fires in arid conditions.1 Among
the most important properties of primary BB emissions is the
potential to form light-absorbing organic aerosol particles also
termed brown carbon (BrC), which, besides their light-
absorbing characteristics, influence the oxidative capacity of
the atmosphere and induce climate change.2−4 Although BrC
is highly variable in sources and identity, its absorptive
characteristics have often been found importantly altered by a
small fraction of nitrated phenols (NPs) connected with BB
sources.5−9 However, the secondary formation of NPs from
their semivolatile aromatic precursors that often result from the
breakdown of lignin during biomass burning is very poorly
understood.10−12

Daytime reactions of differently substituted phenols with
OH radicals in the presence of NOx are generally considered a
dominant pathway of ambient NP formation, followed by the
nighttime NO3-mediated chemistry.10 This, however, is
counterintuitive to observed diurnal profiles from the field,
which often exhibit maximal NP concentrations at night.5,9,10,12

Different scientists tend to explain ambient observations
differently, by rapid daytime chemistry of atmospheric NP
(direct photolysis or induced by reactions with OH

radicals)10,13−15 and/or by additional nighttime sources. The
latter include gas-phase reactions with NO3,

16 heterogeneous
reactions of particulate methoxyphenols with NO2 or NO3
radicals17,18 and different aqueous-phase mechanisms that have
recently been studied in the laboratory environment.19−26

Among the most studied model substances of BB emissions
is 2-methoxyphenol (guaiacol, GUA), a volatile organic
compound that originates from wood lignin and predom-
inantly resides in the atmospheric gaseous phase. As a result of
atmospheric processing, nitrated guaiacol (NG) species
constitute secondary organic aerosols (SOAs) and contribute
to the atmospheric absorption in the near-UV and visible
ranges.27,28 NGs, however, are a minor fraction of aged SOA
mass formed from GUA; organic acids and oligomer formation
have been shown to be predominant under different NOx and
humidity conditions.29−31 Moreover, laboratory SOA pro-
duced in those studies always resembled typical O/C ratios of
aged atmospheric particles (O/C ∼ 1). Although a few
laboratory and chamber studies exist on SOA formation from
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GUA by reactions with hydroxyl radicals (OH), ozone (O3),
and organic triplet excited states (3C*),29−32 aromatic nitration
has not been in focus in any of them.
Within the present study, we put emphasis on the formation

of colored NPs during GUA aging in a polluted NOx
environment affected by intensive BB, which was investigated
by chamber experiments. The multiphase study design was
such that it allowed for the validation of recently proposed
HONO-assisted aqueous-phase mechanisms for the nitration
of BB phenols in the atmosphere.24 Therefore, the applied
conditions were not typical for dark atmospheric processing
because the formation of the most important NO3 radicals was
prevented. We rather focused on a mixture of NO/NO2/
HONO, which under illumination also produces other typical
daytime atmospheric oxidants (e.g., OH radicals). Established
nitration mechanisms were reviewed and discussed in light of
our observations. Dark nitration and the role of water were
specifically addressed, which brought up a new nitration
pathway in the dark, involving HONO.

■ EXPERIMENTAL SECTION
Chemicals. Nine commercially available standard com-

pounds were used for quantification purposes: 2-methoxyphe-
nol (guaiacol, GUA), pyrocatechol (catechol, CAT), pyrogallol
(GAL), 4-nitroguaiacol (4NG), 2-methoxy-5-nitrophenol (5-
nitroguaiacol, 5NG), 2-methoxy-6-nitrophenol (6-nitroguaia-
col, 6NG, Key Organics/BIONET, U.K.), 6-methoxy-2,4-
dinitrophenol (4,6-dinitroguaiacol, (4,6DNG), AKos GmbH,
Germany), 4-nitrocatechol (4NC), and 3,5-dinitrocatechol
(DNC). Purity of all standards was ≥95%. GUA was also used
as a precursor compound in the aerosol chamber experiments.
Additionally, nitropyrogallol was synthesized in an aqueous-
phase photoreactor (for details see Supporting Information
(SI)). Liquid chromatography (LC) and liquid chromatog-
raphy−mass spectrometry (LC−MS) grade solvents and
ultrapure water supplied by a Millipore Milli-Q purification
system were used for solution preparation, extraction, and
mobile-phase preparation.
Experimental Setup: ACD-C Simulation Chamber.

Experiments were conducted in a cylindrical Teflon aerosol
chamber with a volume of 19 m3. The chamber is placed inside
of a thermostated construction, equipped with visible light
sources (16 bulbs were used to obtain actinic fluxes in the
UV−Vis simulating solar irradiation at J(NO2) = 2.6 × 10−3

s−1) and allows for conditions of up to 80% relative humidity
(RH), which is necessary for studies of multiphase chemical
processes in deliquesced particles. The chamber is commonly
equipped with multiple online instruments, such as a scanning
mobility particle sizer (SMPS), a UV photometric O3 analyzer
(model 49i, Thermo Scientific), and a proton transfer reaction
(time-of-flight) mass spectrometer (PTR-(TOF)MS, Ionicon).
Besides, we also used a long path absorption photometer
(LOPAP) to measure gaseous nitrous acid (HONO)
(LOPAP-03, Quma),33,34 an NO/NO2/NOx analyzer with a
blue light photolytic converter (PLC 860, Eco Physics), and a
cavity attenuated phase shift NO2 monitor (CAPS−NO2,
Aerodyne Research, Inc.) for direct NO2 detection. Schematic
representation of the ACD-C aerosol chamber setup is given in
SI.
Experimental Runs Procedures. Before every experi-

ment, the chamber was flushed overnight with purified air (200
L min−1), the air in the chamber was thermostated to 20 °C
and, when appropriate, humidified to approximately 80% RH

(humid conditions). This was done by flushing the chamber
with up to 99% humid air (Nafion-based humidifier was used
to produce it) until the required RH was reached. The
chamber was closed afterward, and the experiment was started.
In the case of experiments performed under dry conditions, the
air contained <5% RH.
An organic precursor was introduced into the chamber by

slow injection of an aqueous solution of the GUA standard
(500 μL in 5 min followed by 5 min flushing) in an inlet with a
200 L min−1 stream of purified air. In this way, droplets that
contained GUA evaporated immediately and only gaseous
GUA entered the chamber (approx. 60 ppb). After GUA
injection, the aerosol was generated by 80 s nebulization of a
mildly acidic aqueous solution of NaNO2 (seed solution; 0.46
g of NaNO2 was dissolved in 50 mL of ultrapure Milli-Q water
and adjusted to pH = 4.5 with concentrated H2SO4). Droplets
of seed solution were dried immediately after nebulization so
that only dry particles of NaNO2/H2SO4 entered the chamber.
Every nonblank experiment started with seed introduction,
which followed GUA injection and flushing.
A set of experiments under different experimental conditions

was conducted: (a) dry dark (DRD; protected from light, <5%
RH), (b) humid dark (RHD; protected from light, 80% RH),
(c) dry illuminated (DRILL; sunlight bulbs turned on, <5%
RH), and (d) humid illuminated (RHILL; sunlight bulbs
turned on, 80% RH). Blank experiments were also performed
in the absence of either GUA or seed particles to evaluate for
direct GUA photolysis and wall losses. Every experiment lasted
for 2 h and was followed by air sampling for offline analyses.

Experimental Methods: Sampling, Sample Prepara-
tion, and Analysis. After a chamber experiment had been
completed, the lights were turned off (if applicable) and the air
was sucked from the chamber (1 h with approx. 30 L min−1)
through two XAD-4-coated glass denuders (URG, Chapel
Hill) with the efficiency to bind volatile organic compounds
(VOC) and oxygenated VOC (OVOC) followed by a holder
with a poly(tetrafluoroethylene) (PTFE) filter for collecting
particles (47 mm, PALL). Only in some additional experi-
ments, Tenax TA cartridges were also used (200 mL min−1 for
5 min) for VOC sampling (with a prefilter for particle
capture).
Denuders were kept airtight before extraction with 50 mL of

methanol, according to the prescribed procedure.35 The
extraction of the denuder and filter samples was always
performed immediately after the sampling. A denuder extract
was rotary evaporated (100 mbar at 20 °C) and dried to
dryness under a slight stream of nitrogen so that the loss of
volatile components was minimized. PM extracts were
prepared by extraction with methanol (two times with 1 mL
of methanol per filter, 30 min agitation at 500 rpm), filtered
through a PTFE syringe filter to remove any particulates, and
dried under a slight stream of nitrogen. Only dry samples were
stored in a freezer until redissolution, filtration, and analysis.
An Agilent 1100 series high-performance liquid chromatog-

raphy (HPLC) system coupled with a diode array detector and
a Bruker micrOTOF mass spectrometer with electrospray
ionization (ESI) were used for the molecular analysis by LC−
MS in a negative ionization mode. The separation of phenolic
components, including their isomeric forms, was achieved on
an Atlantis T3 column (2.1 × 100 mm2, 3 μm) with a water/
acetonitrile + 0.1% acetic acid V/V gradient starting from 95:5
(kept for 5 min) until 80:20 (5−20 min) and 20:80 (20−30
min), and back down to 95:5 (40−41 min) for 15 min
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equilibration before the injection of the next sample. The
column temperature was set to 25 °C. The flow rate and
injection volume were 0.3 mL min−1 and 0.5 μL, respectively.
Before the analysis, every dry sample was redissolved in 100 μL
of methanol and diluted 1:1 with an aqueous solution of 3-
nitrobenzoic acid as an internal standard.
Tenax TA cartridges were analyzed by a thermodesorption

GC-MS (TurboMatrix 650, PerkinElmer). The gas chroma-
tography−mass spectrometric analysis (GC-MS; 5975C Series
GC/MSD, Agilent Technologies) was performed in selected
ion monitoring (SIM) mode. A ZB-5ms column (60 m × 0.25
mm × 0.25 μm) was used at a 1.4 mL min−1 flow rate. The
temperature was increased from 65 to 320 °C by a 10 °C
min−1 ramp followed by a 7 min temperature increase at 340
°C. A 1 μL pulsed split (25:1) injection at 22.8 psi was applied
and 2-trifluoromethylbenzaldehyde was used as an internal
standard.

■ RESULTS AND DISCUSSION
Reaction System Characterization: Initial Conditions.

A multiphase aerosol system in the chamber consisted of: (i)
initially gaseous GUA, (ii) dry or wet NaNO2 particles, and
(iii) a mixture of NO, NO2, and HONO gases (NOy), which
all originated from a NaNO2/H2SO4 seed solution. Note at
this point that NOy speciation was an extremely complex task
due to multiple interferences influencing especially NO and
NO2 measurements, which has already been pointed out by
Yee et al.31 for a similar reaction system. For this reason,
different instruments were used to measure NOx and a series of
blank experiments were performed to possibly eliminate biases
and correctly define experimental conditions. This, however, is
necessary for any atmospheric chamber study where upper-
level or even much higher (ppm) concentrations are often used
as commonly measured in the field.36

Different analyzers all gave different results for NOx
concentrations in the chamber, which also held true for the
observed trends and warranted a special caution. However,
HONO was selectively measured by the LOPAP technique for
which interferences are corrected by a two-channel ap-
proach.33,34 Potential interferences against nitrite-containing
particles were estimated negligible for the small seed particles
used (<500 nm), for which the sampling efficiency is ≤1% and
can be corrected by the two-channel design of the instrument.
Moreover, GUA and HONO do not interfere with the CAPS−
NO2, which detects NO2 by its absorption at 430 nm.37 This
ensures accurate NO2 measurements at least at the beginning
of the experiments. On the other hand, the comparison of
different instruments suggested that HONO gas and/or
particulate nitrite strongly interfere with catalytic converters,
substantially influencing either of the signals (NO, NO2, or
both) depending on the instrument used (data not shown).
Knowing the only source of NOy species in the chamber,

which is acidic aqueous droplets containing NaNO2, and
HONO aqueous-phase chemistry

→ + +2 HONO(aq, conc. ) NO NO H O2 2 (1)

only the data acquired by the PLC analyzer resulted in the
expected equal amounts of NO and NO2, characterizing initial
reaction conditions as 20−25 ppb NO and NO2 in dry air and
15−20 ppb NO and NO2 at 80% RH, in addition to 30−40
ppb HONO independent of RH (measured by LOPAP; refer
here to Figures S1 and S2). The measured HONO
concentrations were an order of magnitude higher than those

typically observed in ambient air, therefore the applied
conditions can be considered a heavily polluted environment
affected by intensive BB events.28,38 On the other hand, NOx
concentrations applied are comparable to polluted ambient
conditions and much lower than those typically used in high-
NOx chamber studies (i.e., hundreds of ppb to ppm NOx
concentrations).31

Despite all of the efforts put in correctly interpreting NOx
data collected with different analyzers, calculations on the
nitrogen mass closure still did not fit. As a result, we found out
that particulate nitrite, NO, and NO2 indeed originated from
aqueous droplets containing equilibrium amounts of HONO
(NO2aq

− + Haq
+ ⇌ HONOaq) that were sprayed into the

chamber, whereas gas-phase HONO must have been addi-
tionally added during nebulization. Therefore, we compared
the pH of bulk seed solution (H2SO4aq ⇌ SO4aq

2− + 2 Haq
+)

before and after 1 h spraying into the air. It turned out that the
pH of the remaining seed solution increased by 1 unit during
the course of spraying, which corresponds to the 90% H+ loss
most likely in the form of HONO (HONOaq ⇌ HONOg).
Thus, 40 ppb HONO in the chamber is attributed to this
process, which also explains why HONO concentration is
independent of the experimental conditions, while NO and
NO2 both decrease at high RH being influenced by the amount
of aerosol liquid water.
Although no suitable thermodynamic model exists to

estimate the composition (and pH) of generated deliquesced
NaNO2 particles, the following can be deduced supporting our
experimental data. Under dry conditions a much more
concentrated aqueous phase is achieved at the beginning of
the experiment, resulting in much faster kinetics of reaction 1
and consequently (i) higher concentrations of NO and NO2
and (ii) less residual PM mass in the chamber. Consequently,
less acidic protons are left in the chamber, which may influence
the pH of aerosol liquid water during the experiment (there is
a very small amount of liquid water and also less acidic
species). On the other hand, at increased RH, droplets are
more dilute and HONOaq decomposition according to reaction
1 is slower, leaving more HONO/NO2

− within the wet aerosol
particles and giving (i) lower gas-phase NO and NO2 and (ii)
larger PM mass. All this is supported by particle measurements
presented in Figure 1. At high RH, the measured dry particle

Figure 1. Particulate mass concentration evolution under different
conditions: dry dark (DRD), humid dark (RHD), dry illuminated
(DRILL), and humid illuminated (RHILL). Dashed lines are blank
experiments without guaiacol in the gaseous phase, and solid lines
denote experiments with the organic species present.
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mass is always larger than that in dry conditions, which is not
due to incomplete drying out before the analysis; see dashed
lines for blank experiments.
Furthermore, levels of HONO in simulation chambers have

been known to be affected by wall effects. Several different
heterogeneous HONO sources have been identified so far,
among others a slow heterogeneous dark reaction 2 between
NO2 and water,39 and the conversion of NO2 into HONO on
light-activated aromatic surface films (reaction 3).40

+ → +2NO H O HONO HNO2 2 3 (2)

+ + →hvNO organics HONO2 (3)

The latter process is especially pronounced at increased
RH21,41 and its effect can be observed as the increase of the
HONO concentration during the RHILL experiment, shown
in Figure S2d. If this HONO increase is due to reaction 2,
which is typically proposed to explain HONO formation in
smog chambers, we would also observe the HONO increase
during the blank experiment in Figure S1d, which is not the
case. Furthermore, the concomitant NO2 increase is due to
NO to NO2 conversion upon organic addition (presumably
oxidation by formed peroxy radicals), which overrides NO2
consumption via HONO formation.
Product Analysis and Phase Distribution. The time

series of the gaseous precursor and NG as measured by online
PTR-MS is shown in Figure 2. As quantification of
nitroaromatic products, in particular, was impossible due to
their affinity to stick to the walls (chamber and pipeline), we
show relative intensities instead of exact gas concentrations. It
is further important to understand that the intensities can only

be compared between the same entity and under the same
experimental conditions, therefore we cannot deduce any
kinetic information from this data.
NG formation was detected under illumination (DRILL and

RHILL conditions) and in dry air in the dark (DRD). In the
RHD experiment, no NG formation was observed by PTR-MS.
In none of the experiments, multiple nitration products were
measured, only mono-nitroguaiacols (mono-NG). GUA
remained nearly unreacted in the dark, whereas it was almost
completely consumed during the course of illuminated
experiments. Moreover, the data in Figure 2 show that trace
amounts of catechol (CAT) were unintentionally injected in
the chamber with the standard solution of GUA. CAT
impurities in the order of 1% are estimated from the signal
intensities. Additional CAT formation is observed in the
RHILL experiment.
Product identification and quantification were further

carried out with use of LC−MS and commercially available
standards. Extraction efficiency was not evaluated for each
specific component; therefore, the results should be considered
as lower-limit concentrations. The main nitrated ring-retaining
products are gathered in Table S1, together with their gas- and
particle-phase concentrations, and the product yields after 2 h
of reaction. GUA was confirmed in the denuder samples with
the highest concentration in the RHD sample and the lowest
concentrations found under illumination (RHD > DRD >
DRILL ∼ RHILL; data not shown).
Our product analysis confirmed that GUA photochemistry is

closely linked to CAT multiphase chemistry, which has already
been observed previously.30,31 Besides trace amounts of CAT

Figure 2. Organic gas mass evolution under different reaction conditions by online PTR-MS: (a) dry dark (DRD), (b) humid dark (RHD), (c) dry
illuminated (DRILL), and (d) humid illuminated (RHILL); guaiacol (GUA-H+ m/z 125.0603) is a precursor compound and catechol (CAT-H+

m/z 111.0446) is its impurity in trace amounts; and isomeric mono-nitroguaiacols (mono-NG-H+ m/z 170.0453) are tentatively identified based
on their m/z. Vertical lines denote the start of the experiment by seed injection.
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in the chamber due to impurities in the GUA standard, CAT
was additionally formed especially during RHILL experiments
(data not shown). Important to note: the chemistry of CAT is
thus considered daytime chemistry in this work, which,
however, does not necessarily mean that secondary reactions
via this pathway require light to be formed.
The partitioning of major phenols between both phases is

presented in Figure 3. In the presence of reactive nitrogen
species, NO, NO2, HONO, and aqueous HONO/nitrite,
initially gaseous GUA is oxidized to various nitration products
with the retained aromatic ring, which either remain in the gas
or partition to the particulate phase. Although solely GUA
nitration increases the product O/C ratio for a factor of 2 (O/
C ∼ 0.6), some of those first-generation products still
preferentially remain in the gaseous phase (4NG, 4,6DNG).
An exception is minor 5NG that was found strongly enriched
in the particulate phase. Due to the lack of experimental
Henry’s constants (note: theoretical estimations based on
group contributions do not distinguish between aromatic
isomers), we cannot comment further on the phase
distribution of different isomeric nitro compounds.
In comparison to GUA, CAT is much more water-soluble

(two orders of magnitude higher Henry’s law constant)42 and
thus distributed more toward the particulate phase. This
increases the possibility of its aqueous-phase aging and implies
the potential for aqueous SOA (aqSOA) formation. Ofner et
al.30 have reported larger SOA yields from CAT than those
from GUA, which even increased at high RH. This is
consistent with our observations. An important fraction of
identified CAT nitration products is found in the particulate
phase (e.g., 4NC), contributing to the produced SOA mass.

Similar has been observed in ambient air, even on hot summer
days.43

In general, it can be concluded that although the first-
generation products seem to retain some prevalence for the
gaseous phase, GUA photooxidation rapidly produces SOA
with a high yield (28 and 42% for dry and humid conditions,
respectively; the density of 1.45 g cm−3 for GUA SOA was
used), which is consistent with other studies of this system.31

Moreover, we found that sole GUA nitration does not produce
substantial SOA mass. Partitioning to the particulate phase is
limited even in the case of 4,6DNG with the O/C ratio of 0.85
being comparable with ring-retaining bicyclic peroxides that
are usually considered as low-volatile highly oxidized molecules
(HOM).44 This implies that airborne compounds with high
oxygen contents do not necessarily form SOA45 but can
conversely act as a gas-phase carbon reservoir, which can be
ascribed to the decreased reactivity of nitrated aromatics due
to deactivating substituent group(s). On the other hand, those
products arising from the CAT route (e.g., 4NC) can be
important constituents of formed SOA mass and can further
substantially contribute to atmospheric absorption by BrC.

Gas-Phase Reaction Mechanisms. GUA nitration
proceeds not only under illumination but also in the dark.
As no significant O3 formation is observed in any of our dark
experiments (Figure S3), this indicates the absence of NO3
radical chemistry, which is considered typical for atmospheric
nighttime conditions.17 On the other hand, OH-assisted
nitration was made possible under illumination, in parallel to
the major phenolic hydroxylation route46 (not discussed here)
and the ipso substitution to CAT formation.
The main source of OH in the chamber was the photolysis

of HONO, which is also an important source of OH radicals in

Figure 3. Aromatics distribution in the multiphase system; gas-phase (yellow) and particulate (green) fractions are shown as determined by LC−
MS (data taken from Table S1).

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00014
ACS Earth Space Chem. 2021, 5, 1083−1093

1087

http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00014/suppl_file/sp1c00014_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00014?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00014/suppl_file/sp1c00014_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00014?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00014?rel=cite-as&ref=PDF&jav=VoR


ambient air.47,48 Besides reaction 1 and the partitioning of NOy
from the aqueous phase, the chain of relevant gas-phase
reactions 4−7 is experimentally supported by the online
measurements. Refer here to Figures S2 and S3, and note that
in the absence of organics, O3 concentrations of <6 ppb O3 are
anticipated upon illumination also according to the Leighton
relationship.

+ → +hvHONO NO OH (4)

+ → +HONO OH NO H O2 2 (5)

+ + → +hvNO ( O ) NO O2 2 3 (6a)

+ → +NO O NO O3 2 2 (6b)

+ →NO OH HNO2 3 (7)

The established organics daytime chemistry initiated by OH
radicals and relevant for our observations is summarized in
Scheme 1.
In general, the attack of the OH radical on the phenolic

moiety results in either the [Ar−OH]• adduct or substituted
Ph• formation. In the atmosphere, the major [Ar−OH]•

adduct is believed to preferentially react with O2 (not in the
focus of this study), whereas minor Ph• can (among others)
react with NO2 forming isomeric nitration products after an H-
atom transfer.49 The latter step, however, has not been clarified

yet, but likely involves water molecules. Moreover, in the real
atmosphere, another source of Ph• is the reaction with
nighttime NO3 radicals,

10 which is, however, not relevant for
our system (refer here to the discussion above). In the case of
Ph• formation, which is a minor pathway of the phenol + OH
reaction, two resonance structures are possible, giving 4NG
and 6NG products.
To date, there have been several mechanisms proposed for

the loss of carbon from substituted benzenes.31 The
substitution of the methoxy group with a hydroxy group is
likely initiated by the ipso attack of OH followed by the release
of methoxy radicals. It has been suggested very recently by
density functional theory (DFT) calculations that the [Ar−
OH]• adduct with OH attached at position 2 is most
favorable.50 Another study showed that although it is
theoretically feasible that OH binds to any aromatic C-atom
in GUA, giving the corresponding isomeric [Ar−OH]• adducts
and products, the OH attack to the hydroxyl-bearing carbon
atom and to positions 2 and 4 are slightly more favorable as to
the other C-atoms.24 Moreover, our study shows that carbon
loss is facilitated at high RH, which further implies the
involvement of water molecules in the process of methoxy
group release, possibly yielding methanol and the OH radical
instead of the methoxy radical. Alternatively, carbon loss can
also be explained by initial H-abstraction from the methoxy
group followed by O2 binding and the elimination of

Scheme 1. Established Daytime OH-Mediated Radical Chemistry for Gas-Phase Phenols: the Case of Guaiacola

aMechanisms of (8) guaiacol nitration and (9) carbon loss are shown.

Scheme 2. Possible Nighttime Gas-Phase NOy Chemistry Mechanismsa

aOnly the second mechanism (11) supports our observations.
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formaldehyde in the reductive NO atmosphere.50 Neither of
those byproducts, however, have been experimentally detected
that the exact mechanism could have been unequivocally
confirmed.
Once CAT has been formed, it can react analogously to (8)

giving the corresponding nitration products to the CAT
precursor (CAT pathway). Moreover, the direct formation of
4NC from GUA has also been proposed in a very recent
study,50 although it is generally believed that [Ar−OH]•

adducts do not combine with NO2.
On the other hand, dark aromatic nitration in the absence of

NO3 radicals has not been established yet. Recently, it has been
speculated by Yee et al.31 that the direct HONO/NOx reaction
with GUA is possible in the dark nitroaromatic formation. As
we only observe it under the dry conditions (Figure 2a), two
gas-phase nitration mechanisms are considered for the
observed chemistry (Scheme 2).
The first mechanism (10) follows the theoretical calculations

performed by Bedini et al.,51 which showed that the formation
of Ph• solely by NO2 is plausible. In aqueous solutions, this
type of reaction has been shown to proceed 3−4 orders of
magnitude faster with a phenolate ion compared to the
protonated molecule.21,52 To the best of our knowledge,
however, this reaction has never been experimentally
confirmed in the gaseous phase, whereas it is possible to
proceed heterogeneously on specific substrate surfaces. Wood-
ill et al.53 observed 4NC formation by the reaction between
NO2 and CAT adsorbed on surrogate particles to tropospheric
aerosols. Nevertheless, they found a higher 4NC product yield
at increased RH (30%), which is contradictory to our
observations. Moreover, Guan et al.54 suggest a similar
reaction mechanism for dark heterogeneous nitration on soot
producing nitrated polycyclic aromatic hydrocarbons (PAH)
and substantial amounts of HONO. NO2 to HONO
conversion has also been observed on solid aromatic films,
which was shown to be photosensitive and again increased
with humidity.55 HONO, however, was consumed and not
formed during the dark experiment in this study (Figure S1b),
preferring the other proposed pathway to be the corresponding
mechanism.
The latter proposed mechanism (11), however, again

originates from solution chemistry, where HONO has proven
itself to be a better oxidant to neutral species than NO2.

25,26 If
its oxidative characteristics are retained in the gaseous form,
HONO can be an important source of Ph• from aromatic
VOC during nighttime. The formed Ph• can then react with
NO2 in the second step forming the corresponding NP. In this
case, the amount of NO formed would be equal to the amount
of HONO consumed (i.e., HONO reduction to NO) and the
produced equivalent of Ph• would again react with a
comparable amount of NO2; −ΔNO = ΔHONO = ΔNO2 is
consistent with our observations (Figure S1b, dashed lines).
Furthermore, oxidation by HONO is expected to be more
important in the case of better reducing agents such as CAT.
In parallel to the nitration of GUA, nitrocatechol (NC)
formation from the CAT impurity was indeed observed in the
dark experiment (Table S1), giving only a 7-times less 4NC
product in comparison to the cumulative concentration of NG
in dry air. From the ratio of both precursor compounds (CAT
impurity is estimated to be in the order of 1% from the ratio of
PTR-MS signals), however, a 100-times lower concentration of
4NC would be anticipated if the reactivity of both compounds,
CAT and GUA, toward HONO was the same.

Heterogeneous Chemistry. Due to a great body of
literature on heterogeneous aromatic nitration mentioned
above, DRD reaction conditions were additionally investigated
for the influence of particles on the observed nitration kinetics.
A filter was placed behind the nebulizer where the produced
droplets were caught before the aerosol entered the chamber.
Consequently, there were no NaNO2 particles in the chamber,
and according to the CAPS−NO2 instrument, only trace
amounts of NO2 (data not shown; note that by reaction 1
similar amounts of NO are also anticipated). As a result,
comparable mono-NG product yields were obtained by
thermodesorption GC-MS with and without NaNO2 particles
(data not shown), which does not favor heterogeneous NO2
chemistry, although it cannot be completely excluded due to
possible effects of chamber walls. It is important to note at this
point that the surface of the chamber walls greatly exceeds the
surface area of aerosol particles in the chamber.
Although many of our observations point to the above-

proposed homogeneous redox mechanism and suggest that
reactions with HONO can be another source of Ph• and NP in
the atmosphere, heterogeneous nitration by the nitrosonium
ion (NO+) on chamber walls followed by oxidation to the
corresponding nitro analogue remains a possible mechanism
for the observed NG formation. The pH of liquid water in the
chamber can be very low especially under dry conditions (only
up to 20 g of water is estimated in the chamber), which could
trigger the formation of NO+ from the protonated HONO
upon H2O elimination and allow for the electrophilic aromatic
substitution reactions to happen. The activation energy of
GUA nitrosation in aqueous solution is, however, very high
(263 and 309 kJ mol−1 for the attack on positions 4 and 6),
which results in very small second-order reaction rate constants
in the order of 102 L mol−1 s−1.23,24 Nevertheless, besides
HONO consumption this mechanism also anticipates NO2 to
NO conversion, which agrees with our observations and
cannot be completely excluded. This, however, warrants
further investigation.

Aqueous-Phase Aging. At increased RH, 50% higher
SOA yields were observed than under the dry conditions
(compare DRILL and RHILL in Figure 1), which implies
aqSOA formation from aromatic precursors when humid
conditions are applied. Among the identified products with
retained aromaticity, especially nitrated CAT analogues (4NC
and nitrated pyrogallol; Table S1) were enriched in the
particulate phase at high RH. This can be explained by the very
recently proposed aqueous-phase CAT chemistry to NC
formation at moderately acidic pH, which proceeds by
HONO oxidation to the corresponding o-quinone and the
consequent conjugated addition reaction with nitrite (12).
Although this is a dark reaction mechanism, it is still active in
irradiated conditions and as CAT forms in daytime chemistry
in our case, we could only observe those products in
illuminated samples. The reaction is schematically presented
in Scheme 3; for the exact mechanism, see Vidovic ́ et al.25,26
Intriguing is also particulate 6NG in illuminated samples

(especially large amounts determined in RHILL samples),
which can be attributed to its sunlight-assisted aqueous-phase
formation or reactive uptake into the aqueous phase during
illumination (note: 6NG is a gas-phase product in the dark; see
Figure 3). Although there has been an extensive investigation
performed on aqueous-phase GUA nitration,23,24,56 those
results do not unequivocally support observations in this
study. Comparable amounts of 4NG and 6NG are anticipated
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according to the bulk-solution studies, whereas we observe
solely the enrichment of 6NG and only trace amounts of 4NG
in the particulate phase.
Absorption Characteristics of the Extracts. In Figure

S4, we show the absorption spectra of the different methanolic
extracts gathered in this study. Usually, only SOA mass is
extracted and discussed in terms of BrC characteristics,
whereas we want to compare denuder and filter extracts and
use those data in support of the proposed nitration
mechanisms.
In general, the most absorbing were RHILL extracts,

followed by DRILL. Under illumination, more absorbing
products were captured in the particulate phase (particles vs
gas ∼ 2). In the dark, BrC absorption was only measured in the
case of the DRD extract, whereas the RHD filter extract
remained (also visually) transparent. Moreover, also more
absorbing gas-phase products formed under the dry conditions
in the dark, exhibiting significant absorption all the way to 500
nm. This observation supports the above-proposed mechanism
of dark gas-phase GUA oxidation by HONO to Ph•. In the
proposed heterogeneous chemistry on chamber walls, only
different NG isomers can form via the electrophilic aromatic
nitrosation−oxidation mechanism. Those, however, all absorb
light below 450 nm (Figure S5). For the extended absorption
in the visible region (>450 nm), expansion of the conjugated
system is required, which could well result from the
recombination of nitrated Ph• species by the HONO oxidation
mechanism. Slikboer et al.57 observed strong absorption
between 400 and 500 nm attributed to the polymerization of
GUA. Similar products have been recently observed in the dark

GUA nitration experiments by NO3 and confirmed in real BB-
affected PM samples.16

Environmental Relevance. In this study, HONO-assisted
phenolic nitration was investigated in a multiphase system of
the ACD-C aerosol chamber, to gain more understanding of
the mechanisms of the secondary nitrophenol, and aqSOA and
BrC formation from BB precursors in the atmosphere. In an
aerosol chamber, as well as in the atmosphere, semivolatile
GUA is mostly a gaseous precursor compound, and its first-
generation nitrated products partition between both phases
dependent on the isomeric form, which results in their limited
contribution to BrC.
In contrast to its dark-experiment partitioning, we observed

6NG enriched in the particulate phase under illumination,
whereas its formation was pronounced at high RH. This could
be attributed to the sunlight-assisted aqueous-phase GUA
processing, as proposed recently.23 Nevertheless, it is hard to
judge whether particulate 6NG in fact resulted from the
aqueous-phase reaction, which is also known to yield 4NG, as
gas-to-particle partitioning constants are not known for the
different isomeric NG.
On the other hand, we observe that GUA hydroxylation or a

carbon loss tend to move the multiphase equilibrium toward
the particulate phase, which implies an improved potential to
form aqSOA and BrC in the atmosphere. 4NC was the
prevailing ring-retaining product found in the particulate phase
with a product yield of 3.6%, followed by nitrated pyrogallol
analogues. All of these are strongly absorbing species in the
near-UV and visible ranges and could importantly contribute
to BrC absorption below 450 nm. The loss of the methoxy
substituent from the ring is evidently linked with high RH and
irradiation, however, secondary reactions to NC products
could also proceed via the dark, possibly aqueous-phase
mechanisms, such as proposed recently.25 Due to the possible
important adverse effects to the climate and human health,
unequivocal confirmation of aqSOA/BrC formation directly
from CAT in the presence of HONO warrants further
investigation.

Scheme 3. Nighttime Aqueous-Phase Nitration of Catechol
as Proposed by Vidovic ́ et al.25,26

Scheme 4. Schematic of the Main Pathways of Multiphase Guaiacol Nitration in the Presence of HONOa

aOnly the products that retained aromaticity are considered.
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In contrast to the general belief, we show that dark NG
formation is also possible in the absence of NO3, which is
repressed at high RH. Based on our observations, we propose a
new dark gas-phase mechanism involving initial GUA
oxidation by HONO to Ph• and subsequent nitration by
NO2, although chamber wall chemistry could not be
unconditionally excluded. The estimated second-order rate
constant for the observed dark NG formation in dry air is in
the order of 10−18 cm3 molecule−1 s−1, which is roughly six
orders of magnitude slower than its competitive OH and NO3
radical reactions with GUA.58 Although typical atmospheric
concentrations of OH and NO3 radicals are in the ppt range,59

whereas ppb level HONO concentrations can be reached in
extremely polluted environments,60 the observed dark nitration
mechanism is still expected to be a minor pathway of GUA
transformation in the environment.
The results presented herein apply to emissions from

incomplete combustion of lignocellulosic biomass that are rich
in GUA and other methoxyphenol species and HONO; e.g.,
smoke produced during wood smoldering by natural fire or
anthropogenic BB. The main nitration pathways as observed in
this study are presented in Scheme 4.
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