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ine decay mediated by photolysis
of nitrate in atmospheric particles: a brown carbon
and organic phase formation pathway†

Xiaomeng Tian, ab Ruifeng Zhang,ab Bo Wei,ac Yalin Wang,d Yongjie Li d

and Chak K. Chan ‡*ab

The massive industrial release of monoethanolamine (MEA) into the atmosphere highlights MEA as a potential

environmental risk. Nitrate (NO3
−) is one of the most abundant inorganic compounds and has been found to

co-exist with amines in ambient particles. The photolysis of NO3
− can produce oxidants (OH radicals, NO2,

O(3P), and N(III)), which lead to particulate MEA decay. Furthermore, MEA degradation products are likely to

yield brown carbon (BrC) due to the formation of carbonyl species. Here, we investigated the aging of

MEA-containing particles mediated by NO3
− photolysis. Particles under different relative humidity (RH) and

initial pH conditions were irradiated with 300 nm UV light. After reactions, the more acidic particles (MEA :

H2SO4 : NaNO3 : HNO3 molar ratio = 4 : 1:1 : 3 and 4 : 0.75 : 1:3) show an increase in pH, while the 4 : 0.5 :

1:3 particles show a decrease in pH. We attributed these contrary pH changes to the combined results of

HONO evaporation which increases the pH against MEA reactions which decreases the pH. NO3
− and MEA

decay rates are more sensitive to the initial pH than RH. Unlike the monotonically slow decay trends at all

RH for the 4 : 0.5 : 1:3 particles, NO3
− and MEA in more acidic 4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles decay

rapidly in the first few hours but followed by a slower decay. MEA reaction mechanisms in the presence of

oxidants produced from NO3
− photolysis were proposed by combining quantum chemistry computations

and speciation of the products. Furthermore, water-soluble BrC and an organic phase were formed as

potential secondary organic aerosols (SOAs). This study reveals the particulate sink of MEA and its potential

in BrC and SOA formation mediated by NO3
− photolysis in the atmosphere, which may give a new insight

into the aging of amines in atmospheric aerosols.
Environmental signicance

Monoethanolamine (MEA) is used in various industrial processes including CO2 capture and it is inevitably released into the atmosphere as leaks. Near-source
concentrations of MEA can reach the ppm level, highlighting the potential environmental risk of MEA. In this study, we investigated the fate of particulate MEA
during nitrate photolysis, and found that particle pH was signicantly altered during the process. This study also revealed the potential of particulate MEA to
form brown carbon (BrC) and secondary organic aerosols (SOAs) during nitrate photolysis. These ndings may provide insights into the understanding of
atmospheric sink and aging of amines.
1 Introduction

The semi-volatile monoethanolamine (MEA) nds wide indus-
trial application as a feedstock chemical,1,2 a corrosion
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inhibitor,3,4 and an acidic gas scrubber (e.g., for H2S and CO2).5–8

In CO2 sequestration, it has been estimated that about 80 kg of
gas-phase MEA is emitted for removing every ton of CO2,
resulting in parts per million (ppm) levels of near-source
concentration.9–11 Gaseous MEA can effectively contribute to
new particle formation and the aging of pre-existing ambient
particles,12,13 and it also can undergo gas-phase oxidation to
produce hazardous species such as formamide and
formaldehyde.14–17 Particulate MEA, on the other hand, is one of
the most abundant amine species in ambient aerosols, in the
concentration range of 0.26–15.31 ng m−3.18,19 A recent eld
study,20 however, observed that the particulate concentrations
of alkyl amines in marine air along the coastline of eastern
China were lower than those predicted from a thermodynamic
Environ. Sci.: Atmos., 2023, 3, 1541–1551 | 1541
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model. These results suggest potential chemical sinks of
amines in atmospheric particles via particle-phase reactions,
which has not been accounted for in models.

With a pH value of −1 to 7 in ambient aerosol particles,21,22

particulate MEA (pKa = 9.5) is predominantly in the protonated
form,21,23,24 instead of the neutral form as in the gas phase. The
electrophilic OH radicals react more efficiently with the neutral
forms of amines than with the protonated forms in the aqueous
phase.25,26 Therefore, the mechanisms and kinetics of particulate
MEA oxidation may differ from those in the gas phase. Moreover,
the oxidation of aqueous alkyl amine produces carbonyl, and
thus further reactions between the amine functional group and
carbonyl group can form potentially brown carbon (BrC).27–32

As one of the most abundant inorganic compounds in the
atmosphere,33 nitrate (NO3

−) can co-exist with amines in ambient
particles.34,35 The photochemically active NO3

− can be photolyzed
to produce a series of oxidants, including OH radicals, NO2, O(

3P),
and N(III) (NO2

−/HNO2).36 These oxidants increase the atmospheric
oxidative capacity and promote the transformation of precursors
into secondary aerosols.37–39 Our earlier studies reported the
formation of secondary aerosols via oxidation of SO2 and glyoxal
promoted by particulate NO3

− photolysis.38–41 In particular, Zhang
et al.38 found an enhanced photodegradation of glyoxal in the
presence of nitrate (i.e., NaNO3 + glyoxal) under irradiation
compared to its absence (i.e., Na2SO4 + glyoxal). Thus, we
hypothesize that NO3

− photolysis may also contribute to the decay
of particulate MEA in the atmosphere, and MEA may show BrC
formation potential due to the possibility of carbonyl formation as
the oxidation product. To the best of our knowledge, no study has
investigated the fate of particulate amine and its photooxidation
products contributing to BrC formation during nitrate photolysis.

The formation of OH radicals from both N(III) photolysis and
MEA oxidation by OH radicals is pH dependent.42 Furthermore,
several studies found that the aging of secondary organic
aerosols (SOAs) are highly dependent on relative humidity
(RH).43–46 Herein, we investigate the particle phase reactions of
MEA during NO3

− photolysis under conditions of different
initial pH and RH values. Decays of NO3

− and MEA as functions
of initial pH and RH values are characterized by Raman spec-
troscopy. Product characterization is performed by Ion Chro-
matography, Mass Spectrometry and Ca(OH)2 solution,
information from which is used to deduce reaction mecha-
nisms that were further supported by quantum chemistry
computation. The formation of BrC as well as an organic phase
during the reactions is also inferred from spectroscopic and
microscopic measurements. Finally, implications on the
chemical fate of particulate MEA, as well as those on atmo-
spheric chemistry and global climate, are discussed.

2 Materials and methods
2.1 Materials

The solutions used in this study were prepared by mixing
monoethanolamine (MEA, 99.5%, Sigma-Aldrich), sulfuric acid
(H2SO4, 95.0%, Acros Organics), sodium nitrate (NaNO3; 99.5%,
Sigma-Aldrich), and nitric acid (HNO3, 69.0–70.0%, AQA) at
different molar ratios, i.e., MEA : H2SO4 : NaNO3 : HNO3 = 4 :
1542 | Environ. Sci.: Atmos., 2023, 3, 1541–1551
0.5 : 1:3, 4 : 0.75 : 1:3, and 4 : 1:1 : 3. Under all conditions, MEA
was predominantly in the protonated form. Hereaer, we
abbreviated particles generated from these solutions as a:b:c:d
particles. All chemicals were used without further purication.
2.2 Photooxidation of MEA, in situ Raman characterization
and offline product characterization

The photooxidation experiments were performed in a custom-
made photochemical ow cell. Raman spectroscopy was
utilized to in situ characterize the variation of particle
composition, as depicted in Fig. S1.† Detailed descriptions of
the in situ Raman spectroscopy/ow cell were given in our
previous studies.38–41 In brief, the premixed solution was
atomized using a particle generator (model 201, Uni-Photon,
Inc.), and the resulting particles were collected onto a trans-
parent hydrophobic substrate (model 5793, YSI, Inc.). RH in
the ow cell was controlled by adjusting the ratio of dry and
wet synthetic air ow rates. Particles were equilibrated at
a given RH for 30 min before the light was on. NO3

− photolysis
was initiated using 300 nm UV irradiation (300 nm light-
emitting diode lamp, M300L4, Thorlabs). The photon ux
received by particles was ∼2 × 1015 photons cm−2 s−1.7,8

Raman features at ∼979, ∼1049, and ∼3400 cm−1 are assigned
to v(SO4

2−), v(NO3
−), and v(OH) from both water and MEA,

respectively. The Raman peak at∼867 cm−1 is assigned to v(C–
C) in MEA48 and was used to characterize the decay of MEA
during the reactions quantitively.

Photochemical reactions changed the composition and
hence the water content of the particles. The absolute Raman
peak area measurement was inuenced by the concentration of
the species as well as the laser intensity. Therefore, we used
sulfate (SO4

2−) as an internal standard to eliminate such effects.
NO3

− and MEA peak areas (A(NO3
−) and A(MEA)) were

normalized by the SO4
2− peak area (A(SO4

2−)) in determining
the molar ratios of NO3

− and MEA to SO4
2− (n(NO3

−)/n(SO4
2−)

and n(MEA)/n(SO4
2−)). However, v(HSO4

−) at ∼1050 cm−1

overlaps with v(NO3
−) at∼1049 cm−1. Furthermore, since the

pKa of bisulfate (HSO4
−) is 1.96, HSO4

− formed from SO4
2− at

low pH complicates the calculation of the molar ratios of NO3
−

and MEA to SO4
2−. To resolve such complications, we obtained

the HSO4
− to SO4

2− peak area ratio (A(HSO4
−)/A(SO4

2−)) as
a function of pH calculated by E-AIM from a set of NO3

−-free
solutions. Detailed calculations of MEA, NO3

−, HSO4
−, and

SO4
2− are presented in the ESI (Text S4†). Ion Chromatography

(IC, Dionex ICS-1100) and Mass Spectrometry (Thermo Scien-
tic Dionex Ultimate 3000 UHPLC system with a Thermo Q
Exactive Focus Orbitrap-Quadrupole mass spectrometer,
UHPLC-MS) were applied for the detection of photooxidation
products of MEA. Detailed information for IC and UHPLC-MS
measurement is described in Text S1–3.†
3 Results and discussion
3.1 Photodegradation of MEA and NO3

− under irradiation

The photolysis of particles at different RH and pH upon 24 h
irradiation exposure was investigated. Triplicate experiments
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Changes of NO3
− and MEA during NO3

− photolysis under
different RH and pH conditions, and error bars represent standard
deviations obtained from triplet experiments. (a and b) Molar ratio of
NO3

− and MEA, n(NO3
−)t/n(NO3

−)0 and n(MEA)t/n(MEA)0, as a function
of irradiation time under various pH conditions respectively; (c and d)
n(NO3

−)t/n(NO3
−)0 and n(MEA)t/n(MEA)0, as a function of irradiation

time under various RH conditions respectively. Phase change occurred
during photolysis experiments at 40% RH and hence only the first 11 h
data were used for analysis.
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were conducted under each set of experimental conditions.
Fig. S2† shows an example of the time evolution of the Raman
spectra for the photolyzed 4 : 0.5 : 1:3 particles normalized by
the peak intensity of v(SO4

2−) at 70% RH. Both the NO3
− and

MEA peaks decreased over irradiation time. Fig. 2 shows
a signicant photodegradation of NO3

− and MEA in all studied
particles under irradiation. Dark control experiments for the 4 :
0.5 : 1:3 particles at 40% RH (initial pH= 6.23) and 70% RH (pH
= 6.94) showed no observable decrease in NO3

− or MEA
(Fig. S3†). Hence, we excluded the possibility of MEA evapora-
tion or reaction with NO3

− for the MEA decay. The observed
MEA consumption under light was attributed to the photo-
chemical reactions of MEA.

We studied the effect of pH on the decay rate of NO3
− and

MEA rst. Although the initial pH of the 4 : 0.5 : 1:3 particles was
RH-dependent, it varied only from 6.23 to 6.94 in different
experiments (Fig. 1). To have a larger range in the initial pH,
H2SO4 was added to the solution to generate 4 : 1:1 : 3 and 4 :
0.75 : 1:3 particles with an initial pH of 0.16 and 0.92, respec-
tively. Fig. 2 shows the amount of NO3

− and MEA normalized to
their initial values (n(NO3

−)t/n(NO3
−)0 and n(MEA)t/n(MEA)0)

during NO3
− photolysis under different RH and pH conditions.

Overall, NO3
− and MEA decay rates are more sensitive to the

initial pH (Fig. 2a and b) than to RH (Fig. 2c and d). Both NO3
−

and MEA decay of 4 : 0.5 : 1:3 particles show a weak dependence
on RH as shown in Fig. 2c and d. This is likely the result of
competing factors such as higher reactant concentrations and
more volatile products such as glyoxal (CHOCHO, one of the
MEA oxidation products, which will be discussed in the next
section) but lower diffusivity of reactants at low RH.30,40,44 Unlike
the monotonically slow decay trends at all RH for the 4 : 0.5 : 1:3
particles, NO3

− and MEA in more acidic (4 : 1:1 : 3 and 4 : 0.75 :
1:3) particles decay rapidly in the rst few hours but followed by
a slower decay with a comparable decay rate to 4 : 0.5 : 1:3
Fig. 1 The pH of particles before (0 h) and after (24 h) the experiment
and the percentage of MEA remaining after the experiment. The
percentage of MEA remaining for the 4 : 0.5 : 1:3 particles at 40% RH
was calculated by using the fitting equation obtained from data in
Fig. 2d. Left of the dashed line shows the ascending pH of the particle
at 70% RH. Right of the dashed line shows ascending RH for 4 : 0.5 : 1:3
particles. Error bars represent one standard deviation from triple
measurements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
particles, as will be discussed in detail next. We focus on the
effect of pH on the decay of NO3

− and MEA in the later
discussion.

3.1.1 Change of particle pH. We measured the change in
particle pH before and aer the reaction under various condi-
tions by using pH indicator papers (Fig. 1).47 At 70% RH, the
more acidic 4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles show an increase
of pH aer the reactions from 0.16 and 0.92 to 2.07 and 3.70,
respectively, while the 4 : 0.5 : 1:3 particles show a decrease of
pH from 6.94 to 3.10. It is interesting to note that the particle pH
aer the experiment did not show a dependence on the amount
of remaining MEA in the particles.

Here we attempt to explain the observed trends of pH based
on the roles of free H+ in MEA oxidation under NO3

− photolysis.
The NO3

− photolysis pathways at pH < 7 in the presence of an
OH scavenger (MEA and its oxidation products, denoted as Org)
under 300 nm irradiation is summarized in Scheme 1.36,49–52 On
the one hand, free H+ plays a role in the formation of OH
radicals during the NO3

− photolysis (R1 and R4). Subsequently,
OH radicals initiate the oxidation of MEA and its oxidation
products in the presence of O2 and yields hydroperoxyl radicals
(HO2) via R6-7. When the particle pH is higher than the pKa of
HO2 (4.8), HO2 dissociates into O2

− and releases H+ back into
the solution. When the pH is higher than the pKa of HONO (3.3)
but lower than the pKa of HO2 (4.8), the formed HO2 reacts with
NO and NO2 via R8 and R9, and ultimately yields NO2

−, which
also releases H+ back to the solution. Under more acidic
conditions of pH < 3.3, R8 and R9 yield HONO instead. The
evaporation of HONO removes H+ from the particle and thus
increases the particle pH. In conclusion, only when pH is less
than 3.3, NO3

− photolysis increases the particle pH by the
evaporation of HONO.
Environ. Sci.: Atmos., 2023, 3, 1541–1551 | 1543
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Scheme 1 Mechanisms for the NO3
− photolysis pathway in the

presence of HO2/O2
− derived from MEA and its oxidation products in

the particles. Org. highlighted in green represents MEA and its oxida-
tion products. The grey dashed box shows the case when the particle
pH is higher than the pKa of HO2 (4.8).

Fig. 3 MEA degradation pathways during NO3
− photolysis. DFT

calculation was applied in the fragmentation process. Products
detected by different methods were boxed in orange (IC), blue
(UHPLC-MS) and green (Ca(OH)2 solution). The symbols “DG′” and
“DG” denote the energy barrier and Gibbs free energy respectively. The
energy unit is kcal mol−1. Noted that due to –NH3

+ group dissociation
and sodiation effects on amide and amino acid, MEA and its degraded
amide and amino acid products in the solution can exist both in the
protonated and unprotonated forms. However, the amine group is not
involved in most of the MEA degradation reactions. For brevity, we
used an unprotonated amine group (–NH2) in the particulate MEA
degradation reaction during NO3

− photolysis. More detailed pathways
for 1, 2-1, 2-2, and 9 are shown in Fig. S6.† a and b on MEA indicate the
CH2 position in MEA.
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On the other hand, some free H+ is also adducted with –NH2

groups in MEA and some of its oxidation products as will be
shown in Fig. 3 later. As an ultimate oxidation product of MEA,
NH4

+ has a lower pKa than alkylamines,13,53 and thus dissociates
more H+ back to the solution than alkylamines. Moreover, the
reaction of aldehydes with –NH2/NH3, which will be discussed
in the following section, leads to the formation of imines (e.g.,
imidazole). This imine formation promotes the dissociation of –
NH3

+/NH4
+ to –NH2/NH3 and releases H+ back into the solution.

Therefore, MEA reactions increase free H+ in the particle and
thus decrease the particle pH.

To summarize, the particle pH during the experiment is
affected by the HONO evaporation via R3 and MEA reactions. In
the more acidic 4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles, the increase
in pH due to enhanced HONO evaporation outweighed the
decrease in pH due to MEA reactions, leading to an increase in
particle pH aer oxidation. In contrast, the pH of the less acidic
4 : 0.5 : 1:3 particles decreased in all the photolysis experiments,
attributable to the oxidation of MEA and reaction with alde-
hydes to form BrC since the evaporation of HONO was minimal.

3.1.2 Effect of initial pH on the NO3
− decay. Fig. 2a shows

a rapid decay of NO3
− in the rst few hours in the more acidic

4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles, followed by a slower decay.
The 4 : 0.5 : 1:3 particles show a monotonically slow decay of
NO3

−, at a rate much lower than the rst stage of decay but
comparable to the second stage of decay of the more acidic
particles. In the studied pH range, the intrinsic NO3

− photolysis
rate constants (R1 and R2 in Scheme 1) are independent of
pH.51,52 However, N(III) (NO2

− and HONO) from NO3
− photolysis

shows a high pH dependence for further reactions.42,52 At low
pH (pH < 3.3), which is likely the case in the rst stage for the 4 :
1:1 : 3 and 4 : 0.75 : 1:3 particles, N(III) evaporates in the form of
HONO (R3).51 Besides, the quantum yield of OH radicals by the
N(III) photolysis pathway (R4) increases at low pH.42,52 These two
reactions inhibited the recombination of photolyzed products
1544 | Environ. Sci.: Atmos., 2023, 3, 1541–1551
to regenerate NO3
− (R2′), and thus contributed to the rapid

decrease of NO3
− in the rst few hours. The most acidic 4 : 1:1 :

3 particles take a longer time to increase the pH and hence
sustain a longer NO3

− fast decay period than the 4 : 0.75 : 1:3
particles as shown in Fig. S4a and b.† On the other hand, in the
4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles, the enhanced OH radical
formation increased the formation of HO2 (R6-7), which further
reacted with NO and NO2 to regenerate the OH radical, NO2 and
HONO (R8, R9 and R10). The regeneration of the OH radical and
NO2 further promoted the recombination to regenerate NO3

−

(R1′). Thus, at low pH, the overall NO3
− consumption in the

presence of HO2 is the combination result of the enhanced
NO2

− decomposition and HONO evaporation against the
enhanced NO3

− regeneration. Although there was a higher
percentage NO3

− loss via NO2
− photolysis and HONO evapora-

tion in the 4 : 1:1 : 3 particles than in the 4 : 0.75 : 1:3 particles,
the increased NO3

− regeneration outweighed the increased
NO3

− loss via R3 and R4 in the 4 : 1:1 : 3 particles. The combi-
nation of NO3

− regeneration against NO3
− loss resulted in the

fastest NO3
− decay in the 4 : 0.75 : 1:3 particles in the rst few

hours.
3.1.3 Effect of initial pH on the MEA decay. Similar to that

of NO3
−, MEA decay shows that the more acidic 4 : 1:1 : 3 and 4 :

0.75 : 1:3 particles have a two-stage MEA decay and the rst-
stage decay rates are larger than that of 4 : 0.5 : 1:3 particles.
The rate of MEA oxidation is affected by both the oxidant
concentrations and particle pH. The enhanced formation of OH
© 2023 The Author(s). Published by the Royal Society of Chemistry
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radicals from NO2
− photolysis may cause rapid MEA decay in

the rst few hours for the 4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles in
Fig. 2b. MEA is considered to be primarily oxidized by OH
radicals produced during the NO3

− photolysis (as Org. in R6 in
Scheme 1). Although the production of OH radicals by NO3

−

photolysis (R1) is independent of pH as discussed in the
previous section, the formation of OH radicals from N(III) (R4)
was promoted at low pH in the presence of an OH scavenger.54

Note that the 4 : 1:1 : 3 particles have a slightly slower MEA decay
than the 4 : 0.75 : 1:3 particles. Lee et al.55 reported a decrease in
the rate constant of amine oxidation by OH radicals at low pH.
Thus, MEA oxidation for the 4 : 1:1 : 3 and 4 : 0.75 : 1:3 particles
involves the enhanced OH quantum yield from the N(III)
photolysis pathway (R4) and the impeded MEA oxidation due to
the protonation under low pH. The inuence of protonation on
MEA oxidation was also reected in the second stage. Aer the
rst few hours, the MEA decay rates of the more acidic 4 : 1:1 : 3
and 4 : 0.75 : 1:3 particles were lower than those of the 4 : 0.5 :
1:3 particles under the same RH as shown in Fig. 2b.

It should be noted that O3 was also formed during NO3
−

photolysis as shown in R5 in Scheme 1. However, O3 mainly
reacts with non-protonated amines with electron-donating
groups.56 Thus, the contribution of O3 to particulate MEA
oxidation in our study is minimal since MEA is fully protonated.
3.2 Photooxidation products and proposed mechanism of
MEA reactions during NO3

− photolysis

MEA photooxidation is initiated through H abstraction by OH
radicals produced from NO3

− photolysis. In the gas phase, both
C–H bonds of MEA are weakened by –NH2 and OH substituents
(electron donation). The OH-initiated oxidation of gas-phase
MEA mainly takes place at the two – CH2–, but not at the –

NH2 or –OH functional group.15,17,57–59 However, in the aqueous
phase, especially at low pH, MEA is predominantly present in
the protonated form of MEAH+. The addition of H+ on –NH2

weakens its electron donation ability to the nearby C–H bonds
(a position) and hampers the electrophilic attack of OH radicals
onto C–H bonds (Fig. S5†). Consequently, OH radicals are more
likely to abstract H atoms from the further located C atoms (b-C)
of protonated MEA.60 As shown in Fig. S5,†H abstraction by OH
radicals from the a-CH2 near –NH2 group (pathway R-1) or the b-
CH2 near –OH group (pathway R-2) leads to different reaction
pathways and thus different oxidation products.16,17,57 UHPLC-
MS analysis of the reacted samples shows that amino-
acetaldehyde (NH2CH2CHO), but no glycolamide (NH2COCH2-
OH), was found, conrming that H abstraction by OH radicals
(R-2) is the dominant pathway. This is consistent with the
thermodynamic and kinetic considerations of the pathways.17

The detailed formation pathway of these products can be found
in Text S6.†

In addition, some secondary oxidation products of MEA by
OH radicals without C–C cleavage, such as NH2CH2CHO,
glyoxamide (NH2COCHO), glycine (NH2CH2COOH) and imid-
azole (a major product formed from CHOCHO and dissolved
NH3,38 step 17), were found in UHPLC-MS analysis. They are
shown in blue boxes in Fig. 3 and listed in Table S2.† Among
© 2023 The Author(s). Published by the Royal Society of Chemistry
these oxidation products, small aldehydes can form BrC with
ammonia and amines, which will be discussed in the BrC
formation section. The formation pathways of these oxidation
products are proposed here and details can be found in Text
S6.†

Besides, small aldehydes, such as NH2CH2CHO formed as
the primary oxidation product of MEA, are easily fragmented
when reacting with OH radicals.61,62 The characteristic peak of
MEA at∼867 cm−1 decreased during NO3

− photolysis (Fig. S2†),
also suggesting that the cleavage of C–C bonds in MEA took
place in our system. We have conrmed formic acid (HCOOH)
and NH4

+ as reaction products by IC analysis (boxed in orange
in Fig. 3). CO2 (boxed in green in Fig. 3) was also found to be
a nal product by bubbling the exhaust of the ow cell to
a Ca(OH)2 solution. Formate was conrmed as an oxidation
product of CHOCHO during NO3

− photolysis (step 14) or the
byproduct during imidazole formation from CHOCHO with
dissolved ammonia (step 17) in our previous work.38,39 Here, we
proposed another HCOOH/HCOO− formation pathway through
the degradation of NH2CH2CHO to formamide (NH2CHO)
(steps 2-1, 3, 4-1/2, 5-1/2, 6, 7-1/2, and 8). HCOOH/HCOO− is
formed by the hydrolysis of NH2CHO (steps 9-1 and 10). The
Gaussian 16 program based on DFT (Text S5†) was used to ll
the remaining reaction pathways from NH2CH2CHO to
HCOOH. The calculated thermodynamic (energy barrier, DG′)
and kinetic (Gibbs free energy, DG) values for each step are
shown in Fig. 3. Detailed oxidation pathways are described in
Text S6.†
3.3 Morphological changes and formation of water-soluble
BrC and an organic phase

Fig. S7† shows the particle morphology as a function of irradi-
ation time under various experimental conditions. Particle
shrinkage with the decrease of the v(OH) peak was observed
under all experimental conditions. It was attributed to the
consumption of highly hygroscopic species of NO3

− and MEA
and the formation of less hygroscopic or volatile photolysis
products. These products were analyzed in the following
discussion. Also, a phase change of the 4 : 0.5 : 1:3 particle at
40% RH occurred aer 20 h of irradiation (black dashed box).
Phase transition was not observed using particles of other
compositions within the RH range studied.

For the data shown in Fig. 2, the selected particles were
simultaneously exposed to continuous focused UV and excita-
tion laser irradiation. The excitation laser lasted for ∼1 min for
Raman analysis once every hour. There are also neighboring
particles that were also irradiated with UV light but were not
examined by Raman analysis. It is interesting to note that an
organic phase emerged in some of these neighboring particles
without Raman analysis under most experimental conditions
within 24 h irradiation, while the studied particle under Raman
analysis itself did not show such an organic phase (Fig. S8†).
The appearance of an organic phase also implied the formation
of low-hygroscopicity compounds in the particles. Taking the
4 : 0.5 : 1:3 particles at 85% RH as an example, Fig. 4 shows the
morphology change of a neighboring particle under 24 h
Environ. Sci.: Atmos., 2023, 3, 1541–1551 | 1545
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irradiation. An organic phase was formed, and it remained even
when the RH was increased to 98% RH, indicating its low
solubility. We have also repeated the experiments using 4 : 0.5 :
1:3 particles at 85% RH for 24 h UV irradiation and then
continually supplied air at the same RH without UV irradiation
for another 12 h. Under dark conditions, the organic phase
continually emerged and grew in particles, and the particles
turned browner and were observable by visual inspection, as
shown in Fig. S9.† The results indicate the continued formation
of BrC and the organic phase formation in the dark.

During the irradiation experiment, both Raman spectra from
the aqueous and the organic phases in the neighboring particles
show the enhancement of a broad Raman background (Fig. 4b
and c). We attributed the enhanced background to the 532 nm
laser-excited uorescent emission of light-absorbing brown
carbon.31,63,64 This broadband increase of the background was
also observed in our previous study of the particulate reaction of
glyoxal with ammonium or aminium.27,38 As discussed earlier,
carbonyl compounds such as NH2CH2CHO, NH3CHO, and
CHOCHO were formed during MEA oxidation. They react readily
with amine (Maillard reaction) to form BrC such as imine,
imidazole and its derivatives,27,38 and these species were found in
our UHPLC-MS analysis and are listed in Table S2.† We also
ascertained the BrC formation potential of MEA and its oxidation
products (Text S7†). Unlike typical studies on C]N type BrC
formation that usually involves two species (carbonyl
compounds and amine or ammonia) as precursors,27,64,65 MEA
itself shows the BrC formation potential when oxidized.

Interestingly, the uorescence background disappeared in
the second Raman scan, which was only ∼30 seconds aer the
rst one, suggesting considerable photobleaching of the
formed BrC by the 532 nm Raman laser. To verify whether UV
irradiation also contributed to the photobleaching of BrC, we
Fig. 4 (a) Changes in the particle morphology of 4 : 0.5 : 1:3 at 85% RH
under 24 h irradiation. (b) Detected Raman signals in the liquid phase at
24 h irradiation of 4 : 0.5 : 1:3 particles at 85% RH for the 1st and 2nd
scans. (c) Detected Raman signals in the organic phase at 24 h irra-
diation of particles with 4 : 0.5 : 1:3 at 85% RH for the 1st and 2nd scans.
(e and f) Morphology and Raman signals of a NH4NO3 + glyoxal
particle at 7 h irradiation at 45% RH, respectively. The portion in the
dotted frame in (c) and (f) is expanded in (d) and (g) respectively. Raman
peaks of the organic phase (red), SO4

2− (light green), NO3
− (blue) and

hydrophobic substrate (dark) are marked.

1546 | Environ. Sci.: Atmos., 2023, 3, 1541–1551
conducted a UV irradiation experiment for 4 : 0.5 : 1:3 particles
under 85% RH for 24 h without Raman laser exposure during
the irradiation. Aerward, Raman scanning was applied to the
studied and neighboring particles to check the uorescence
emission under the same Raman laser exposure frequency. As
shown in Fig. S10,† although an organic phase is formed, the
aqueous phase in the studied particle shows little background
enhancement compared with that in the neighboring particle.
The results indicate that UV irradiation also contributed to the
photobleaching, especially to the water-soluble BrC. However, it
should be noted that UV-induced photobleaching was not as
signicant as that caused by the 532 nm Raman laser. These
results explain why the studied particle under regular Raman
measurements every 60 minutes with ∼1 min Raman laser
exposure each time and focused UV irradiation did not exhibit
uorescence during the NO3

− photolysis experiment.
Fig. 4c and d show the Raman characteristic peaks of the

organic phase in the particle under UV irradiation for 24 h and
then photobleached by the Raman laser by two successive Raman
scans within 1 min. The characteristic peaks of the organic phase
(marked in red in Fig. 4d) were obvious aer the enhanced
background was removed, indicating that unlike water-soluble
BrC, the so-formed organic phase cannot be removed by the
532 nm laser bleaching. Interestingly, the Raman spectrum of the
organic phase in this study is the same as the one obtained from
the photolysis of ammonium nitrate (NH4NO3) and glyoxal
system in our previous study,38 despite different reactant chem-
icals and RH used in these two experiments. Zhang et al.38 re-
ported that the formation of the organic phase was attributed to
the reactions involving the oxidation of products (i.e., imidaz-
oles), generated from the reaction of CHOCHO with dissolved
NH3, mediated by NH4NO3 photolysis. As discussed before,
aldehydes and NH4

+/NH3
+ were found in the oxidation products

of MEA. Thus, the organic phase observed in this study might
have a similar formation pathway to that in Zhang et al., i.e., the
oxidation of BrC leading to the formation of the organic phase. To
further conrm this, NO3

−-induced, OH radical mediated
degradation of BrC was investigated. NaNO3 was added to the
brown solution produced by mixing MEA, NH2CHO, CHOCHO,
NH2CH2COOH, Na2SO4, (NH4)2SO4 and H2SO4 shown in
Fig. S11b† in NO3

− photolysis experiments. Aer 24 h UV irra-
diation, an organic phase appeared in particles (Fig. S13b†) with
the same Raman features (Fig. S14†) as shown in Fig. 4c and f.
Therefore, we attributed the organic phase to the oxidation
products from the water-soluble BrC. The Raman peaks of the
organic phase at ∼450, ∼530, ∼800, ∼1096, ∼1483, ∼1588, and
∼1700, and particularly a distinct sharp peak at ∼3385 cm−1

show the same Raman feature as oxamides (NH2COCONH2) as
shown in Fig. S15.† Detailed formation mechanisms from BrC to
NH2COCONH2 warrant further investigation.

4 Conclusions

In this study, we investigated particulate MEA decay mediated by
NO3

− photolysis under different pH and RH conditions and
found that the decay of both NO3

− and MEA was enhanced in
more acidic particles. This result is contrary to the previous
© 2023 The Author(s). Published by the Royal Society of Chemistry
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kinetic study of amine oxidation by OH radicals from H2O2 in
bulk aqueous phase experiments, where a faster amine decay was
found in the solution with a higher pH.21,24 Besides the different
initial experimental pH and concentration ranges used, NO3

−

instead of H2O2 was used to produce OH radicals in our study.
Different OH radical precursors are primarily attributed to the
different amine decay trends. In the above bulk aqueous phase
experiments, a large excess of H2O2 was used to ensure a stable
OH radical yield during the experiment, and the amine decay rate
thus was mainly inuenced by the protonation degree of amine.
However, in the current particulate MEA oxidation study, the
enhanced formation of OH radicals from NO2

− photolysis led to
enhancedMEA decay undermore acidic conditions. As one of the
most abundant inorganic compounds in the atmosphere,33 NO3

−

has been found in the amine-containing ambient particles.34,35

Thus, the contribution of NO3
− photolysis in the aging of amine-

containing ambient particles should be examined further.
This paper reveals that the particle pH was signicantly

changed during the MEA decay mediated by NO3
− photolysis.

NO3
− photolysis led to an increase in particle pH due to the

evaporation of HONO when the particle pH was below the pKa of
HONO (pKa = 3.3). Conversely, in neutralized particles, the reac-
tion of MEA caused a decrease in particle pH. In a previous MEA
uptake study, we found that ppm-level MEA could effectively
partition into acidic particles to form particulate MEA and
completely neutralize acidic particles within 1 h.13 Combined with
the present study, it is suggested that near power plants with
sufficiently highMEA and particulate NO3

− concentrations,9–11,66–68

the reactions of MEA in the presence of NO3
− photolysis can

potentially promote the reactive uptake of gaseous MEA into the
particle phase, and thus enhance the atmospheric sink of MEA.

Previous studies of atmospheric MEA mainly focused on the
gas-phase reactions, such as gaseous MEA oxidation,15,17,69,70 the
contribution of gaseous MEA in enhancing H2SO4-based new
particle formation and aging of pre-existing ambient parti-
cles.12,13 However, limited study was focused on the fate of
particulate MEA. MEA is predominantly present in the proton-
ated form in ambient aerosols, and the protonation of MEA
weakens the electron donation ability of –NH3

+ to the nearby
C–H bonds (a position) and hampers the electrophilic attack of
OH radicals onto a C–H bonds. Thus particulate MEA follows
degradation pathways different from gaseous MEA. Our results
indicate that the OH-initiated oxidation of particulate MEA
mainly takes place at the b-C position, which gives oxidation
products different from the gas-phase MEA oxidation. Addi-
tionally, the degraded of particulate MEA forms water-soluble
BrC and an organic phase through the reaction of amine with
a carbonyl groups formed during MEA oxidation. This was not
observed in previous bulk aqueous amine oxidation studies due
to the more diluted reactants and the slowed Millard reactions
in the bulk phase.21,24,65 To the best of our knowledge, this is the
rst study to reveal the formation of water-soluble BrC and the
organic phase from the degraded amine.

To better understand the water-soluble BrC and organic
phase formation potential of particulate MEA, we considered
particulate MEA degradation mediated by NO3

− photolysis
under typical meteorological conditions in spring and autumn
© 2023 The Author(s). Published by the Royal Society of Chemistry
in China.71 As discussed earlier, near source ppm-level MEA
could effectively partition into H2SO4 particles and completely
neutralize the H2SO4 particles within 1 h13 Thus, we used fully
neutralized 4 : 0.5 : 1:3 particles as model particles. As shown in
Fig. S16,† aer a 36 h cycle of 12 h day (UV)-12 h night (dark)-
12 h day (UV) (Fig. S16a, b and c†), only shrinkage of particles
without organic phase formation was observed. Later at 44 h of
the following night (dark), an organic phase was rst observed
in the peripheral particles (e.g., particle B in Fig. S16d†). Aer
three day–night cycles of 72 h, an organic phase was formed
even in other particles that did not have an organic phase earlier
at 44 h (e.g., particle A in Fig. S16e†). The typical lifetime of
ambient organic particles is ∼6 days based on model simula-
tion,72 which is sufficient for the water-soluble BrC and organic
phase formation according to our studies. The present study
suggests that MEA oxidation products formed during NO3

−

photolysis in particles can form SOA even in the nighttime.
The formation of BrC in the particles enhanced light

absorption by the particle within the UV and visible wavelength
range, and thus may promote the in-particle photochemistry.63,73

This study highlights the potential formation of brown carbon
(BrC) fromMEAwhen oxidized in particles. Unlike typical studies
on BrC formation involving two species (carbonyl compounds
and amines or ammonia) as precursors in C]N type reac-
tions,27,64,65 our study shows that BrC can also form solely from
MEA aer oxidation. More importantly, our study indicates that
the in-particle reaction of MEA may cause phase separation by
forming an organic phase within the particles. One important
atmospheric signicance of particle phase separation is that it
can affect the chemical composition of the atmosphere by
altering the partitioning of reactive gases between the gas and
particle phases.74–76 For example, particle phase separation can
cause certain reactive gases, such as NOx and amine, to be
preferentially taken up by the aqueous phase over the organic
phase,75,76 which can affect their reactions in the particle and in
the surrounding air. The formationmechanisms from BrC to the
organic phase warrant further investigation, and the results may
give new insight into the SOA formation mechanism.
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