10

11

12

13

14

Atmospheric Brown Carbon on the Tibetan Plateau:
Regional Differences in Chemical Composition and Light

Absorption Properties

Jianzhong Xu?, Anusha Priyadarshani Silva Hettiyadura?, Yanmei Liu?, Xinghua Zhang?,

Shichang Kang*#, Alexander Laskin??

IState Key Laboratory Cryopheric Sciences, Northwest Institute of Eco-Environment and
Resources, Chinese Academy of Science, Lanzhou 730000, China

2Department of Chemistry, *Department of Earth, Atmospheric and Planetary Sciences, Purdue
University, West Lafayette, Indiana 47907-2084, United States

“CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100085, China

Corresponding author:

Alexander Laskin (alaskin@purdue.edu) and Jianzhong Xu (jzxu@Izb.ac.cn)



mailto:alaskin@purdue.edu
mailto:jzxu@lzb.ac.cn

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

ABSTRACT

In-this-study—fFine particular matter (PMz.s) filter samples were collected from two high-altitude
remote sites located in the southern (QOMS) and northern (WLG) regions of the Tibetan Plateau
(TP) to explore the regional differences in brown carbon (BrC) properties. Chemical differences
in BrC composition representative of these two areas were inferred from molecular-level analysis
of the PM25 samples using high-performance liquid chromatography coupled with photodiode
array and high-resolution mass spectrometry detectors. The results show that more polar BrC
chromophores were abundant in QOMS samples, while contributions from beth-polar and less
polar chromophores were comparable in WLG samples. A higher mass absorption coefficient of
BrC was observed at QOMS than at WLG. Strong BrC chromophores in QOMS samples were
identified as oxygenated aromatics and nitrophenol compounds, while organosulfate compounds
were found in the WLG sample. The results of this study indicate the regional differences on
BrC chromophores and provide insights into their sources and chemical processes, which should
be considered for predictive understanding and modelling the radiative forcing of aerosol on the

TP.
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INTRODUCTION

Brown carbon (BrC) is a fraction of atmospheric organic aerosol that absorbs UV-Vis light and
is reflected by the yellow to brown color of bulk aerosol samples.®2 BrC is widely distributed in
the atmosphere and has significant effects on air quality degradation and radiative forcing of
climate.®># Primary BrC is directly emitted from various sources, while secondary BrC is formed
by atmospheric ageing reactions of primary emissions and gases.? 2" references therein Bjgmags
burning is the main source of primary BrC at the global scale.> ® Oxidation of volatile organic
compounds from biogenic and anthropogenic emissions can also lead to the formation of various
secondary BrC products.”® The light absorption properties of BrC are further affected by
chemical or physical processes of atmospheric ageing such as those driven by photolysis,©
oxidation,** changes in pH,*> 13 air temperature,'* and relative humidity.'®> All of these ageing

processes contribute to the complex chemical composition and physical properties of BrC.*®

Light absorption by BrC has a strong wavelength dependency characterized by high values of an
absorption Angstrém exponent (AAE) greater than 2.* Therefore, the light absorption by BrC is
measured with either online multiwavelength optical instruments (e.g., PASS-3 and
aethalometer) 17 or offline UV-vis spectrophotometers after extracting PM filter samples with
different solvents.!® 1% However, the bulk light absorption of BrC does not provide information
on the molecular-specific light absorption properties of individual BrC chromophores, which are
important for predictive understanding of the sources and evolution of BrC in the atmosphere.
Molecular-specific characterization of BrC is commonly performed using an analytical chemistry
platform that includes chromatographic separation of BrC compounds with high-performance

liquid chromatography (HPLC), characterization of their light absorption with a photodiode array
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(PDA) detector, and chemical composition with high-resolution mass spectrometry (HRMS)
assisted with soft ionization techniques such as electrospray ionization (ESI) or atmospheric
pressure photoionization (APPI).2> A number of recent studies have adopted this method to
characterize BrC compounds from ambient or laboratory-generated samples. For example, Lin,
et al. 2%; 2017 and Fleming, et al. ?? analyzed aerosol samples from biomass burning-influenced
airmass and found significant contributions from nitroaromatic chromophores. Wang, et al. 23
and Yan, et al. 2* analyzed ambient urban samples in China and found distinct nitrogen- and
sulfur-containing BrC as the important light absorbing components in those samples. Lavi, et al.
25 and West, et al. ?° investigated laboratory-generated BrC compounds from biomass burning
and ethane fuel combustion, respectively, providing their chemical composition and insights into
their formation mechanisms. Recently, Lin, et al. ?° and Hettiyadura, et al. 2’ utilized this
platform with different ionization techniques to characterize polar and nonpolar BrC

chromophores in ambient and laboratory-generated biomass burning samples.

The Tibetan Plateau (TP) has an average altitude of 4000 m a.s.l and a surface area of 2,500,000
km2, which makes it the highest and largest plateau on Earth. Changes in the climate and
atmospheric environment on the TP due to the impact of regional aerosols have been reported in
previous studies.?® 2° These effects are mainly due to the enhanced anthropogenic emissions
from rapidly developing industrial activities and fast-growing populations in the surrounding
regions and the favorable atmospheric circulation that transports these pollutants to the TP area.*
30 Inherent to the wide variability of emission sources, a very complex composition of regional
aerosols has been reported in the TP area.3!3® Of particular note, a high fraction of water soluble

BrC has also been reported at the TP.3** Owing to the large surface area of the TP, the chemical
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and physical properties of aerosols are substantially different across the northern and southern
parts of the TP divided by the Tanggula Mountains (Figure S1). The northern TP is dominated
by airmasses from Central Asia and Inland China, while the southern TP is heavily influenced by
airmasses arriving from South Asia. In our previous study, we evaluated the overall chemical
composition of the PM2s aerosols at QOMS and WLG sites and assessed the bulk chemical
composition and optical properties of water-soluble organic carbon (WSOC) at these two sites
using HRMS and UV-Vis spectroscopy, separately. We showed that the light absorption of
WSOC at the southern site is greater compared to that at the northern site. Consistently, HRMS
analysis showed significant differences in the elemental composition of WSOC at the two sites.®
In the current study, we utilized HPLC-PDA-HRMS platform to provide molecular composition
and the optical properties of individual water-soluble BrC chromophores at the TP for the first
time. Furthermore, the current study shed light on sources and formation pathways of the major
BrC chromophores at the southern and northern TP, suggesting the regional influences on

aerosol chemistry and radiative forcing in the TP.

METHODS AND MATERIALS

Sample collection

Figure S1 shows a regional map and the locations of two high-altitude observatories: the
Waliguan Baseline Observatory (WLG) and Qomolangma Station for Atmospheric
Environmental Observation and Research (QOMS), where particulate matter (PM25s) filter
samples were collected. Explicit details of field sampling at each station have been reported in
eur-previous publications.3 3% 3537 Briefly, PMz2s filter samples were collected at QOMS during

April — May 2016 and at WLG during July 2017, which were representative periods of typical
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high aerosol loading episodes at each of the sites. Samples were collected on prebaked quartz
filters (47 mm diameter, Tissuquartz 2500 QAT-UP, PALL Life Sciences) with a low volume
PMg:s filter sampler (16.7 L min, model PQ200, BGI, USA) at two-day frequency. After
collection, samples were sealed and kept below 0 °C during transport using a cooler with blue ice
and then refrigerated at —20 °C in our laboratory. In this study, a few high mass concentration
filters were combined into two samples at WLG (named as WLG1 and WLG2) and three
samples at QOMS (named as QOMS1, QOMS2, and QOMS3) for further measurement based on

their air mass trajectory analysis (Table S1 and Figure S2).

HPLC-PDA-HRMS

WSOC fractions of aerosol samples were extracted using ultrapure water by sonication, and the
obtained extracts were later analyzed using an HPLC-PDA-HRMS platform.® The water extract
samples were first concentrated and desalted using solid phase extraction (SPE) cartridges
(DSC18, Supelco, 3 mL). The procedure for SPE can be found elsewherein-eurpreviouspaper.
The solution in acetonitrile of SPE eluent was concentrated using N2 gas (99.995% purity) and
reconstituted in 200 pL dimethylsulfoxide (DMSO) to make a final solution ready for HPLC-
PDA-ESI-HRMS analysis. For comparison, one of the WLG samples was also extracted using
acetonitrile and concentrated directly using N2 gas for further analysis using the same WSOC
strategy. The using of DMSO was to facilitate dissolving and mixing of the extract with the

initial mobile phase solvents that consist of 99.5% (MAZv/v) water.2

Chemical speciation of WSOC components was performed using an HPLC-PDA-(ESI+)-HRMS

platform. The platform consists of a Vanquish HPLC system equipped with a PDA detector and
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a high-resolution Q-Exactive-HF-X Orbitrap mass spectrometer equipped with an lonMAX
ionization source configured as ESI (all modules are from Thermo Scientific, Inc.). The HPLC
flow eluted from the column was divided equally between PDA and HRMS for the analysis.
Separation was performed on a reversed-phase column (Luna C18(2), 150 X 2 mm?, 5 pm
particles, 100 A pores, Phenomenex, Inc.). The measurement conditions for the mass
spectrometer can be found in our previous paper.2’ UV-Vis absorption spectra were measured
using a PDA detector over the wavelength range of 200 — 680 nm. The shift of retention time
(RT) between PDA and HRMS signals was determined using three chemical standards (benzoic

acid, salicylic acid, and 2,5-dihydroxybenzoic acid) with known UV-vis spectra.

Data Processing

Xcalibur (4.0, Thermo Scientific) software was used to acquire raw HPLC-PDA-HRMS data.
The HPLC-PDA data were further processed using Thermo Xcalibur to produce 3-D maps of
light absorption chromatograms and 2-D UV-vis light absorption spectra at selected RT ranges.
Chromatographic construction and peak deconvolution of HPLC-HRMS data were performed

using MZMine (V2.51, http://mzmine.github.io/), an open-source software. A list of peaks with

intensities above the 10 S/N threshold value was extracted for the data analysis. The obtained list
of experimental m/z values was processed using home-built Microsoft Excel macros to remove
C*2 isotope peaks and group the peaks into homologous groups based on CH2 and H2 using

Kendrick mass defects.38 3°

Formula assignment for one member in each homologous group identifies all other members of

the group. The elemental formulas of ions representative of homologous groups were assigned
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using Molecular Formula Calculator (V1.1, https://nationalmaglab.org/user-facilities/icr/icr-
software). The chemical constrains for formula assignments were as follows; C>0, H>0, O>0,
0<N<3, 0<S<1, and 0<DBE/nc<0.9 (DBE: double-bond equivalent). The DBE was calculated
using the following equation: DBE = ¢ — h/2 + n/2 +1,%° where c, h, and n correspond to the
number of carbon, hydrogen, and nitrogen atoms in the formula, respectively. Deprotonated ions
[M-H] were assigned in negative ion mode; protonated [M+H]* and sodiated [M+Na]" ions were

assigned in positive ion mode.

Calculation of the mass absorption coefficient (MAC,) of BrC
The total MAC corresponding to BrC in each sample was calculated based on HPLC-PDA
datasets using the equation shown below:?’

A; (MAU sec) X F(mL min 1) x In(10)

MAC(m*g™) =
AT = Tem) X ey (ng) X 60(sec min D) X 10

where A, (1AU sec) is the area of the HPLC-PDA chromatogram at wavelength 4 from 0 — 60
min; F(mL min™1) is the flow rate of the HPLC; I(c¢m) is the path length of the PDA optical cell
(1 cm); m,;(ng) is the injected mass of a sample calculated by the concentration of water

soluble organic carbon (WSOC) and injected volume; In (10) converts the absorption coefficient
from base-10 to natural log; and 10 is the combined conversion factor between different units.
The A; (AU sec) of each sample was background subtracted using the light absorption by the
LC mobile phase. Note that the mass concentration of WSOC used in the equation can be higher
than the actual concentration due to the potential loss of highly polar organic compounds such as
small organic acids that might have been lost during the SPE process. The total MAC of each
sample was then fractionated to 3 RT ranges (0 — 3 min, 3 — 30 min, and 30 — 60 min) based on

the relative light absorption recorded by the PDA in the wavelength range 280 — 500 nm.
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RESULTS AND DISCUSSION

Figure 1 shows the 2D heatmaps of the HPLC-PDA chromatograms over retention times of 0 —
60 min for QOMS and WLG samples at the same color scale. There are two notable features for
BrC light absorption: (1) stronger light absorption was observed for QOMS samples; (2) more
BrC chromophores eluted during the first 30 min of RT in QOMS samples than in WLG
samples. These results indicate the presence of more polar BrC chromophores in the QOMS
samples than in the WLG samples. To compare the light absorbance at the QOMS and WLG
sites quantitively, figure 1 also shows the total MAC,. of water soluble BrC in each sample and
their three RT ranges. The ranges of RT used in this study are marked in figure 1 and indicate
highly polar (0 — 3 min), polar (3 — 30 min), and moderately/intermediately polar (30 — 60 min)
compounds based on the relative absorption of broad classes of BrC components operationally
defined for each of the RT ranges. For example, highly polar compounds may be relatively small
molecules with multiple -OH and -COOH functional groups, while moderately/intermediately
polar compounds may be larger molecules with carbonyl functionality, mostly like oxidized
diterpenoids or oxidized lignin products.** The average total MACaos value of 0 — 60 min at
QOMS (0.35 + 0.10) was approximately two times higher than that at WLG (0.20 + 0.08), which
was mainly contributed by the higher MACaos values for the 0 — 3 and 3 — 30 min RT regions.
The MACao0s value of 30 — 60 min at WLG (0.09 + 0.05) was significantly higher than that at
QOMS (0.04 + 0.02). Correspondingly, the average contribution of MAC2s0-400 during 30 — 60
min at WLG was higher than that at QOMS (30% vs. 11%). These results further suggest the
relatively higher contribution of less polar BrC chromatophores was presented at WLG than
QOMS. The extraction using acetonitrile for the same WLG sample (WLG2_ACN) indeed

showed an enhanced MACaos value (0.11 vs. 0.09) during 30 — 60 min and higher contributions



195  of MACa2s0-400 during the same RT period (33% vs. 25%, Figure 1) compared to WLG2. The

196  indexes of atomic oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C), and aromaticity index
197 (Al calculated based on assigned formulas for these two sites show an increasing trend for Al
198 and H/C and a decreasing trend for O/C with RT (Figure S3), which are consistent with the non-
199  polar compounds eluted at longer RT in reversed-phase LC.
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Figure 1. HPLC-PDA 2D heatmap chromatograms recorded for QOMS and WLG samples are
shown in the left panel. Vertical dashed lines group PDA features into three RT regions. Six light
absorption peaks were marked (four for QOMS3, one for WLG2, and one for WLG2_ACN) and
an unmarked peak with RT at ~40 min was likely an impurity in the system. The right panel
indicates MAC values of water-soluble BrC with contributions fractionated between three
broadly defined classes of chemical components (highly polar, polar, and moderately polar)
associated with each of three RT ranges. The inserts indicate the relative contributions of the
three classes to the total MAC. AAE values were calculated in the wavelength range of 300 — 400

nm.

Figure 2 shows MACaos values of BrC determined for QOMS and WLG samples mapped in the
AAE vs. 10g10MACa0s nm space along with four BrC classes suggested by Saleh.*? The BrC of all
samples presented here corresponds to the weak BrC (W-BrC) class. This result is comparable
with the results of BrC reported previously (gray symbols in Figure 2) for other TP field sites
(marked in Figure S1). The large error bars in previous datasets are likely a result of seasonal
variations. For example, the result from the pre-monsoon period at NamCo is close to the result
of QOMS with higher MACaos values, while the result from the monsoon period at NamCo is
close to the result of WLG with a lower MACa0s value.** Because of the distinct seasonal
variations in sources of aerosols arriving at the TP,** these results suggest different abundances
of BrC chromophores during different seasons and locations on the TP. The southern sites during
the non-monsoon period were impacted by regional biomass burning emissions, and they had
higher MAC values, while the northern sites during the monsoon period were impacted by

emissions from inland China.®® Higher MAC and AAE values were observed for the WLG sample
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extracted in acetonitrile, suggesting abundant water insoluble BrC components. In addition, the
position of BrC from the WLG sample is also close to that of snow samples collected from

Western China “® in recent years, supporting their similar BrC properties and sources.
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Figure 2. Optical properties of BrC mapped in the AAE-logi0MAC4os space following the
approach of Saleh #2. Shaded areas indicate “very weakly (VW)”, “weakly (W)”, “moderately
(M)”, and “strongly (S)” absorbing BrC classes. Black squares indicate black carbon (BC), and
colored circles show the optical properties of the QOMS and WLG samples. Gray markers
indicate BrC from the TP and West China reported in previous studies 3* 4 and unpublished
data. The calculation of AAE for all datasets is based on the same wavelength range of 300-400

nm.
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Figures 3a and b show ESI-MS spectra of species eluted over the entire 3 — 60 min period and in
each of two RT regions of 3 — 30 min and 30 — 60 min, respectively. Overall, the QOMS and
WLG samples show the appearance of the most abundant peaks below 300 Da. Additional peaks
between 400 and 700 Da in positive mode appear in the WLG samples, while they are not
observable in the QOMS samples. The larger molecules observed in the WLG sample are
consistent with the relatively abundant less polar molecules observed in the light absorption
measurement. This can also be illustrated by the average formula composition and molecular
weight (MW) calculated for each of the MS spectra, i.e., C15.63H21.602.43No.69S0.21 (MW = 264.4
Da) and Ci7.43H236202.64Nos0S0.30 (MW = 292.9 Da) in ESI+ mode, for QOMS and WLG,
respectively. Figure 3c shows the averaged molecular composition for each case. The total MS
was dominated by CHO and CHON category formulas in the QOMS and WLG samples (>65%),
but relatively higher fractions of CHOS formulas were also observed in the WLG sample (20%
vs. 13% on two mode average). For each RT period, higher contributions of N- and S-containing
formulas were observed during 3 — 30 min RT for all the samples consistent with their high
polarity, while higher contributions of CHO formulas and less N- and S-containing formulas
were observed during 30 — 60 min RT, which were potentially reduced species owing to their
less polarity. Similar molecular compositions were also found for the potential BrC components
inferred from the diagrams of DBE vs. nc plotted for all identified species and those eluted

during each of two RT periods (Figure S4).
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Figure 3. ESI(+) and ESI(-) mass spectra of WSOC components eluting over entire and
fractional retention times (RT) shown for (a) QOMS and (b) WLG samples, respectively. (c) The
corresponding fractions of formulas assigned in ESI(+) versus ESI(-) ionization modes for

combined QOMS and WGL samples.

Since a few stronger light absorption chromophores were observed in QOMS and WLG samples
with distinct peaks in the HPLC-PDA chromatograms (marked with numbered legends in the left
panel of Figure 1), the molecular composition and their potential sources were elucidated in
detail by combining HPLC-HRMS and HPLC-PDA data based on the method of Lin et al.?* Note
that peaks 1 to 4 were from QOMS samples, peak 5 was from water extraction on WLG2, and
peak 6 was from acetonitrile extraction on the same WLG2 (Figure 1). The peak selection was
based on the subtraction of the 2D heatmap of the QOMS sample from WLG or WLG2_ACN
from WLG2 (Figure S5). Figure S6 also shows the UV-Vis spectra for these peaks from PDA

chromatograms. The plausible formulas and structure for these six peaks are shown in Table 1,
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and their potential sources are discussed below. Peak 1 is assigned to C7HsNOa (i.e., methyl 2-
nitrobenzoate), which is a likely product of ethylbenzene/NOx and was observed from biomass
burning influenced air mass in other studies.” #: 8 The comparison of the UV-Vis spectra
between PDA and C7HsNOa supports this identification (Figure S6). The neutral formula for
peak 2 is CisH2003, which is consistent with ketolimononaldehyde (KLA, CoH1403) or its
isomers.*® Peak 3 is assigned to CisH2202, which has been found in other studies.®%->2
Considering on its UV-Vis spectrum, this compound is assigned to 3,5-di-tert-butyl-4-
hydroxybenzaldehyde (Figure S6). Williams, et al. °2 suggested that this compound could
originate from the oxidation of biogenic volatile organic compounds (VOCSs) or anthropogenic
VOCs. The BrC chromophore associated with peak 4 is C14H21NOs, and it was detected in both
ESI(+) and ESI(-) modes. This compound is likely 2,6-di-tert-butyl-4-nitrophenol based on the
similarity of their UV-Vis spectra (Figure S6). This compound is commonly formed by reactions
of nitrogen oxides and biomass burning OA.%! Peak 5 is assigned with formular C10H160sS,
which may be related to reactive uptake of biogenic volatile organic compounds (BVOCs) in the
presence of acidic sulfate aerosol.>® Recently, Fleming, et al. °* identified this chromophore by
evaporating the products of the ozonolysis of D-limonene in the presence of sulfuric acid. A high
influence of anthropogenic emissions with a high contribution of sulfate in the northern TP is
frequently observed during summer periods.®® The neutral formula for peak 6 is C16H200s, which
is possibly a product of di-n-butyl phthalate.>® The partitioning coefficient (XlogP3) for these
BrC molecule (Table 1), an index of hydrophobic parameter increased with the RT, indicating
higher hydrophobicity of the BrC chromophores eluted at longer RT.>® Overall, three of the six
major BrC features assigned consist of CHO with a relatively lower oxygen number (2-5). Only

peaks 1, 4 and 5 were assigned to nitrogen- and sulfur-containing BrC. All of these major BrC
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chromophores are either known oxidation products of biomass burning OA or SOA derived from
biogenic VOCs (QOMS)*" or SOA derived from anthropogenic emissions influenced by BVOCs

(WLG).

Overall, based on the results of HPLC-PDA-HRMS analysis, chemical differences in BrC
composition were elucidated for aerosol samples collected at QOMS and WLG located in the
southern and northern areas of the TP, respectively. Our results indicate BrC chromophores at
the QOMS site were mainly related to biomass burning emission, while at the WLG site they
were more influenced by anthropogenic emission source. Reported observations are useful for

evaluating the regional difference on aerosol chemistry and radiative forcing.
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Details on filter samples used in the study (Table S1), location map for two sampling sites in
this study and other comparing data sites on the Tibetan Plateau (Figure S1), cluster analysis of
72h air back trajectories at each site (Figure S2), variation of metrics of assigned molecular
with retention time (Figure S3), potential brown carbon identified through plots of DBE vs.
number of carbon atoms (nc) (Figure S4), subtraction of PDA data for QOMS and WLG
samples (Figure S5), and UV-Vis spectra of 7 peaks marked in the 2-D PDA chromatogram

(Figure S6).
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Table 1. Summary strong BrC features identified in HPLC-PDA plots. XlogP3 obtained from

pubchem.ncbi.nlm.nih.gov is shown as a measure of hydrophobicity.

Peak#  Mass RT  ESI mode Neutral Suggested DBE XlogP3*
measured  (min) (+-) formula Structure
1 180.0294 2224 - C7HeNOs - [ g 6 17
2 285.1481 26.83 + C18H2003 /K[% 9 /
\ ,
3 235.1691 48.24 + Ci15H2202 ﬁk 5 4.4
4 252.1592 53.60 +/— C14H21NO3 >L©/k 4 4.7
5 247.0644 13.63 - C10H1605S1 $ 3 /
.jJ/‘\/\‘\
6 315.1200 395 + C16H2005 O 7 /

* XlogP3 is the logarithmic value of octanol-water partitioning coefficient (P) of a compound
computed by XLogP3 3.0 (PubChem release 2021.05.07); a higher XlogP3 indicates higher
hydrophobicity.*



