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al characterization of primary and
aged biomass burning aerosols derived from sub-
Saharan African biomass fuels in smoldering fires†

Markie’Sha James,a Vaios Moschos,bc Megan M. McRee,b Marc N. Fiddler, d

Barbara J. Turpin, c Jason D. Surratt ce and Solomon Bililign *ab

The influence of biomass burning (BB)-derived organic aerosol (OA) emissions on solar radiation via

absorption and scattering is related to their physicochemical properties and can change upon

atmospheric aging. We systematically examined the compositionally-resolved mass concentration and

production of primary and secondary organic aerosol (POA and SOA, respectively) in the NC A&T

University smog chamber facility. Mass spectral profiles of OA measured by the Aerosol Chemical

Speciation Monitor (ACSM) revealed the influence of dark- and photo-aging, fuel type, and relative

humidity. Unit mass resolution (UMR) mapping, the ratio of the fraction of the OA mass spectrum signal

at m/z 55 and 57 (f55/f57) vs. the same fraction at m/z 60 (f60) was used to identify source-specific

emission profiles. Furthermore, Positive Matrix Factorization (PMF) analysis was conducted using OA

mass spectra, identifying four distinct factors: low-volatility oxygenated OA (LV-OOA), primary biomass-

burning OA (BBOA), BB secondary OA (BBSOA), and semi-volatile oxygenated OA (SV-OOA). Data

supports a robust four-factor solution, providing insights into the chemical transformations under

different experimental conditions, including dark- and photo-aged, humidified, and dark oxidation with

NO3 radicals. This work presents the first such laboratory study of African-derived BBOA particles,

addressing a gap in global atmospheric chemistry research.
Environmental signicance

African biomass burning (BB) is a major source of particulate emissions, however, there have not been enough, if any, laboratory studies to characterize their
chemical composition. Laboratory studies have been focused predominantly on North American fuels. Quantifying trends in emissions from different regions of
the world and their impacts on atmospheric composition will advance fundamental atmospheric chemistry knowledge for predictive capability of the distri-
bution, reactions, and lifetimes of gases and particles. This work represents one of a series of laboratory studies to identify the chemical compositions of BB
aerosols derived from sub-Saharan African biomass fuels thereby addressing a gap in global atmospheric chemistry research. This paper adds valuable
measurements to the growing body of information on global aerosol properties.
1 Introduction

In recent years, biomass burning (BB)-derived aerosols have
gained increasing attention due to BB-derived aerosol's crucial
role in inuencing Earth's atmospheric chemistry and radiative
forcing, as well as air quality and human health.1 BB aerosols
are emitted from wood and vegetation burning for domestic
echnology, North Carolina A&T State
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1382–1397
use, prescribed res, and wildres.2 BB is a major global source
of primary aerosols, contributing between 59 and 85% of global
black carbon3 and primary organic aerosol (POA).4,5 BB aerosols
can affect the climate directly by scattering or absorbing radi-
ation, resulting in cooling or warming of the atmosphere,
respectively.6,7 OA comprises a complex mixture of organic
compounds and can constitute the predominant fraction of BB
particulate emissions, ranging from 20–90%.8

Africa is a major contributor to BB emissions, contributing
up to 52% of the global carbonaceous BB aerosol burden.2,9,10

Africa's signicant gaseous and particulate emissions
contribute to climate change, health issues, and air quality
concerns on the continent,11 and elsewhere through long-range
transport.12,13 This trend may continue because BB and wood
fuels remain a major source of energy, accounting for 60–86%
of primary energy consumption and up to 98% of residential
© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy production in sub-Saharan Africa.14 Currently, more
than 40% of the population of Africa is without access to elec-
tricity, and 70% is without clean cooking facilities.15 Clean
cooking refers to using modern, efficient, low-emission tech-
nologies and fuels to prepare food.16 This includes cooking
methods that minimize the health and environmental impacts
associated with traditional biomass fuels such as wood, char-
coal, and dung, commonly used in many parts of Africa. It is
projected that Africa will comprise over 25% of the world's
population by 2050, and will likely remain limited in modern
energy access.17 In 2022, more than 990 million people in Africa
lacked access to low-emission technologies and fuels for cook-
ing food.15,16 The future trajectory of African emissions will have
global signicance, as most of these emissions will occur in the
tropics, where they are predicted to have a larger inuence on
atmospheric chemical processes and radiative forcing
compared to northern midlatitudes.18,19 Understanding these
emissions is not only crucial for their impact on Africa's pop-
ulation but also for the entire world and the global climate.

Fuel type, combustion condition, moisture content, and
relative humidity (RH) largely inuence the chemical and
physical properties of these aerosols and are crucial in under-
standing their environmental impacts.20,21 Despite their abun-
dance and environmental signicance, African-derived BB
aerosols remain relatively understudied in comparison to other
regions, leaving a signicant gap in our knowledge.22,23 The
main source of uncertainty in global climate models is the
uncertainty in the optical properties of aerosols; reducing the
uncertainty in Earth system models and chemical transport
models24 requires measuring the optical and chemical proper-
ties of aerosols emitted from African sources.24–26 To improve
the accuracy of these models, it will be necessary to investigate
the dependence of aerosol optical properties and chemical
composition on fuel type, atmospheric aging conditions, the
impact of RH, and the conditions that lead to the trans-
formation of primary gaseous emissions and POA to secondary
organic aerosol (SOA).

Emissions containing a mixture of organic compounds of
different volatilities (i.e., semi-volatile, intermediate, and low-
volatility) are formed by thermal degradation of combusted
fuels. The compound's volatility inuences the distribution of
that compound between the gas and condensed phases.27–29

Semi-volatile organic compounds (SVOCs) can be found in both
the gas and particle phases, and is dependent on atmospheric
conditions and temperature; high temperatures and lower RH
conditions favor the gas phase.30 Low-volatility organic
compounds (LVOCs) have a low evaporation tendency and favor
the particle phase.20,21 POA evolves and participates in oxidation
processes initiated by photochemistry; this process is referred
to as “aging”.31,32 Additionally, SOA is formed when volatile
organic compounds (VOCs) and intermediate volatility organic
compounds (IVOCs) react with atmospheric oxidants, such as
hydroxyl radicals (cOH), ozone (O3), and nitrate radicals ðNO�

3Þ,
to produce less-volatile organic products that either nucleate
into new aerosol particles or condense onto existing aerosol
particles.20,33–37 SOA can also form when water-soluble gasses
participate in multiphase chemistry.38–40
© 2024 The Author(s). Published by the Royal Society of Chemistry
Laboratory and eld studies have demonstrated that aging not
only increases OA mass and oxygenation,41 but also reduces its
volatility. It has been shown that BB contributes less than 70% of
the SOA burden and inuences the seasonal variation of global
SOA.42 A series of laboratory measurements of smoke emission
composition proles from several important North American fuel
types burned under a variety of conditions have been conducted
at the Fire lab at Missoula, MT (e.g., FLAME)43–46 to provide source
proles for classes of res believed to severely impact air quality
in the western and southeastern U.S.43–46 However, there are very
limited studies on fuels for sub-Saharan Africa.47 Data on
the evolution of African BB emissions during atmospheric aging
is limited and investigating the chemical prole of resultant SOA
constituents will help decrease this uncertainty.

Analyzing the complex chemical composition of OA48 is
challenging yet indispensable. Previous laboratory and eld
studies have mainly focused on aming-dominated, high-
temperature res, fresh emissions, and photochemical aging
of BBOA derived from fuels of other regions.4,20,49–51 Recent
laboratory chamber studies have contributed to the under-
standing of BBOA chemical composition.21,52–55

Mass spectrometry has emerged as a common tool for
investigating BB-derived aerosols, including real-time moni-
toring.56 In this study, we used the Aerosol Chemical Speciation
Monitor (ACSM, Aerodyne, Inc. Billerica, MA, USA) which gives
the unique advantage of capturing the rapid chemical trans-
formation of aerosols as they age. Cellulose, hemi-cellulose, and
lignin are present in all biomass fuels53 and produce many
particulate organic compounds upon combustion. The evolu-
tion of these particulate organics were monitored via charac-
teristic OA mass spectral fragment ions (at mass-to-charge
ratios (m/z) 29, 43, 44, 57, 60, and 73) to quantify and identify
BBOA emissions.50,52,57,58 Mass spectral proles, which depict
the fragmentation patterns of different chemical species
present in aerosols, are crucial for identifying and comparing
emissions from specic fuels and regions. These proles
provide a standard reference for laboratory and eld based
BBOA measurements. In this work, we generate primary BBOA
emitted from smoldering-dominated combustion of sub-
Saharan African biomass fuels and investigate its chemical
evolution in laboratory smog chamber experiments, focusing on
the transformation of OA during the transition from night-time
to daytime oxidation environments. We demonstrate the
inuence of elevated RH, aging condition (dark- and photo),
and dark oxidation with the addition of NO�

3 on the fraction of
the ACSM OA mass spectral signal explained by characteristic
fragment ions; specically, f43, f44, f55, f57, f60, and f73.

2 Experimental details
2.1. Fuel details

Combusted fuels are characteristic of sub-Saharan Africa and
include mokala (Acacia erioloba), savannah grass (unknown),
mukusi (Baikiaea plurijuga), eucalyptus (Eucalyptus camaldu-
lensis), wanza (Cordia Africana), mopane branches and leaves
(Colophospermum mopane), and cow dung from Ethiopia.26 The
fuels combusted in this work are commonly used for domestic
Environ. Sci.: Atmos., 2024, 4, 1382–1397 | 1383
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cooking and heating in the region.26 Fuels were dried and stored
under a fume hood until used to ensure a moisture content of
<10% before combustion. Moisture content was veried by
a moisture analyzer (PCE-MA 50x,wood Dale, IL, USA). The
analyzer measures the sample mass pre- and post-drying;
temperature and a time prole is recorded along with moisture
content. These measurements were conducted at New Mexico
Tech. Before each experiment, all wood fuels were debarked.
Table 1 Summary of experiments conducted

Exp. # Fuel type RH (%) MCE Added oxidant

1 Mokala <10 0.77 —
2 Mokala $65 0.75 —
3 Mukusi $65 0.85 —
4 Mopane leaves $65 0.91 —
5 Mopane leaves <10 0.87 —
2.2. Gas and particle measurement

The fuel was combusted for 10 min, introducing gaseous and
primary aerosol emissions into a cyclone (URG-2000-30ENS-1,
URG, Chapel-Hill, NC, USA) with a 2.5 mm cut point and then
sent into the smog chamber via a 1

4-inch stainless steel tube; the
furnace was then detached from the chamber.

The smog chamber was equipped with a suite of instru-
mentation to measure particulate and gaseous emissions
during each experiment, including the differential mobility
analyzer (DMA; Model 3080; TSI Inc., Shoreview, MN, USA)
coupled with a water-based condensation particle counter
(WCPC; Model 3787; TSI Inc., Shoreview, MN, USA), with the
two functioning in tandem as a scanning mobility particle sizer
(SMPS). This measured near real-time aerosol number size
distributions, enabling derivation of total aerosol concentra-
tions, geometric mean diameters, and mass concentrations.

Emissions of gas-phase species measured during each
experiment, included carbon monoxide (CO) (iQ Series 48,
Thermo Scientic, Ramsey, MN, USA), carbon dioxide (CO2) (iQ
Series 410, Thermo Scientic, Ramsey, MN, USA), nitrogen
oxides (NOx = NO + NO2) (iQ Series 42, Thermo Scientic,
Ramsey, MN, USA) and O3 (2B Technologies Model 211 Scrub-
berless Ozone Monitor, Ramsey, MN, USA). These gas-phase
species analyzers, along with the SMPS and quadrupole ACSM
(Q-ACSM, Aerodyne, Inc. Billerica, MA, USA), were operated
online, allowing real-time measurements. More details about
ACSM measurements are provided below.

To ensure a clean chamber environment at the start of each
experiment, the smog chamber was continuously ushed for
over 24 h with air from a zero-air generator (Aadco Instruments,
747-30, Cleves, OH, USA), until a negligible aerosol mass
concentration was reached (i.e., #3 mg m−3 as measured by
SMPS). This cleaning process was conducted with the UV
chamber lights on. In addition, the tube furnace along with the
tubing was cleaned to remove any remaining residue in the
furnace using LC/MS grade methanol.
6 Savannah grass $65 0.88 —
7 Mukusi <10 0.90 —
8 Mopane leaves $65 0.83 Yes
9 Dung $65 0.88 Yes
10 Savannah grass <10 0.82 —
11 Mopane leaves $65 0.83 —
12 Mukusi $65 0.83 —
13 Mukusi $65 0.74 Yes
13 Savannah grass $65 0.93 Yes
15 Mopane leaves $65 0.87 Yes
16 Mokala $65 0.79 Yes
17 Dung <10 0.86 —
18 Mokala $65 0.79 —
19 Dung $65 —
2.3. Burning conditions

A total of 19 burns were conducted under smoldering-dominant
conditions, veried by the modied combustion efficiency
(MCE). MCE, which is calculated using eqn (1) (ref. 59) is
a measure of combustion efficiency. MCE values from all
experiments conducted in this study lie within the range of 0.73
and 0.90, conrmed by past studies as smoldering-dominated
burning conditions.60

MCE = DCO2/(DCO2 + DCO) (1)
1384 | Environ. Sci.: Atmos., 2024, 4, 1382–1397
Burns were repeated for all fuels used in this study,
including experiments where combusted fuel mass was less
than 0.5 g. Results showed consistent MCE values across
replicates, conrming smoldering-dominant conditions. To
determine whether the mass of fuel combusted inuenced the
resulting mass spectra, statistical analyses were performed.
Specically, z-scores and two-sample t-tests (95% condence
interval: a: 0.05). This is reected in Table S2.† The results
indicated no statistically signicant differences in the mass
spectra across replicates, conrming the consistency and reli-
ability of the experimental data.

2.4. Dark oxidation experiments

Each experiment included measurement of primary and pho-
toaged BBOA, and some included dark oxidation by NO3 radi-
cals. To initiate dark oxidation by NO3 radicals, 500 ppb of NO2

gas (Airgas) was injected into the smog chamber at ∼1.2
L min−1, as measured by the NOx monitor. This was immedi-
ately followed by increasing O3 mixing ratios to ∼200 ppb using
an O3 generator (Pacic Ozone, model R-LAB210102). All gas-
phase species concentrations were veried by their respective
gas analyzer (see Section 2.2). 80 min were allotted for the
mixing and production of NO�

3 (with the mixing fan operating at
0.25 of maximum speed for the entire experiment), resulting in
∼250 ppt of NO3 radical. Details of this process are discussed in
detail in the literature.61 For dark oxidation experiments,
oxidants were added to the chamber before humidication and
generation of primary aerosols. Note that not all experiments
reported in this study involve dark oxidation, such experiments
are noted in the summary of experiments in Table S1.† A
summary is presented in Table 1.

2.5. Chamber humidication

The average RH during chamber experiments was either less
than 10% or initially $65%, with the latter decreasing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental laboratory schematic adopted from Pokhrel
et al.60 Particle aging was studied in a 9.0 m3 smog chamber at the
North Carolina Agricultural and Technical State University (NC A&T
University). The setup features a tube furnace that allows temperature
control, where ∼0.050–0.50 gram fuel samples were combusted at
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throughout the experiment and stabilizing around 50% RH. For
experiments conducted at elevated RH ($65%), the smog
chamber was humidied using a technique adopted from
Mouton et al.62 Briey, humidication was achieved by directing
a ow of particle-free zero air through a customized bubbler
(Quark Glass) containing ∼400 mL of type II water which had
<50 ppb of total organic carbon (Thermo Scientic LabTower
TII, 2.0 MU cm). The humidication setup included a round
bottom ask heated by a heating mantle (Chemglass, CG-10000-
07) powered by an analog controller (Chemglass, CG-15005-01).
Insulated 1

4 inch Teon tubing (Swagelok) was attached to the
chamber via a plug valve for ∼45 min until the desired RH
($65%) is reached. Humidication of the chamber occurred
before the introduction of combusted emissions.
450 °C. The chamber has been fully characterized in a prior study.66
2.6. Primary aerosol generation and aging experiments

A variety of sub-Saharan African biomass fuels were combusted
in a Carbolite Gero (HST120300-120SN, Hope, Derbyshire, UK)
tube furnace operated at 450 °C. For each experiment, ∼0.050–
0.500 g of each biomass fuel was weighed on a calibrated
analytical balance and placed into a quartz combustion boat
(AdValue Technology, FQ-BT-03, Tucson, AZ, USA) before being
introduced to the preheated tube furnace. A range of masses
was chosen to check the reproducibility of mass spectra for each
fuel. Mass spectral values were compared between fuels com-
busted under similar experimental conditions. Z-scores and t-
tests were used to determine their statistical signicance, with
95% condence intervals. Results showed consistent MCE
values across replicates, conrming smoldering-dominant
conditions. To determine whether the mass of fuel combusted
inuenced the resulting mass spectra, statistical analyses were
performed. Specically, z-scores and two-sample t-tests (95%
condence interval: a: 0.05). This is reected in Table S2.† The
results indicated no statistically signicant differences in the
mass spectra across replicates, conrming the consistency and
reliability of the combustion process.

Primary emissions were diluted with zero-air at 2.0 L min−1

and injected for 10 min into the ∼9.0 m3 indoor smog chamber
facility at North Carolina Agricultural and Technical State
University (NC A&T University). The indoor smog chamber
features uorinated ethylene propylene (FEP) Teon lining and
two banks of ultraviolet lights (Sylvania, F30T8/350BL/ECO, 3600,
St. Charles, IL, USA) for a total of 64 lamps (32 on each side). To
create a well-mixed atmospheric environment in the chamber,
a mixing fan is turned on to 0.5-max speed before the start of
combustion and reduced to 0.25-max speed throughout the
experiment. Details of the smog chamber facility have been
discussed elsewhere.26,61,63–66

Fig. 1 displays the schematics of the experimental setup. The
OA produced in each experiment underwent two serial stages of
aging: dark- and photo-aging. In each experiment, primary
aerosols remained in the chamber under dark conditions for
approximately 1 h aer the initiation of combustion to allow
sufficient mixing, stabilization, and characterization. This
constituted the “primary” BBOA sample. Immediately
following, 3 h was used to dene dark aging. Aer 30 min of
© 2024 The Author(s). Published by the Royal Society of Chemistry
sampling, UV lights were turned on to initiate photo-aging
conditions of the BB emissions for 2 h. A summary of experi-
mental burns is presented in Table 1. For additional details, the
complete set of experimental conditions is available in Table S1
in the ESI.†

The experimental setup is presented in Fig. 1. Details of the
characterization and construction of the indoor chamber are
reported elsewhere.66 Smith et al.66 also reported particle wall
losses at a rate of 9.46 × 10−3 min−1 for aerosol mass concen-
tration, and we measured a wall loss rate of 2.5 × 10−3 min−1 in
our experiments, which is the same order of magnitude to the
earlier results.

Several experimental conditions were investigated, including
experiments at less than 10% RH, at $65% RH (elevated
humidity), and at elevated RH with the addition of NO3 radicals.
2.7. ACSM measurements

OA chemical and mass concentration data were acquired using
an Aerodyne Q-ACSM, which measures real-time non-refractory
submicron (NR-PM1) mass concentration and chemical
composition of NR-PM1 species that volatilize at 600 °C. The
ACSM reports the aerosol mass concentration of organics,
chloride, ammonia, sulfate, and nitrate; however, in this work,
we report only organic species which occupied over 50% of the
chemical composition of all experiments. The instrument
design and operation have been described in detail by Ng et al.67

Lens alignment, ionization efficiency (IE) calibration, mass-to-
charge (m/z) calibration, tuning, and ow rate calibration were
performed using methods dened by Aerodyne Research (Bill-
erica, Massachusetts) and performed at the beginning of the
experimental series. IE calibration was achieved using ammo-
nium nitrate and ammonium sulfate, where particles were
generated via atomizer and then size selected at 300 nm using
an SMPS. The relative ionization efficiencies (RIEs) are 6.11 for
ammonium and 0.67 for sulfate. The NO3 response factor (RF)
was 9.19 × 10−12. Instrument functionality was checked before
and aer each experiment with special attention to the internal
standard signal at m/z 128, air ion signals, sampling inlet
pressure, and vaporizer temperature. ACSM measurements
Environ. Sci.: Atmos., 2024, 4, 1382–1397 | 1385
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Table 2 Chemical nature of fragment ions

f Potential ions Scientic signicance
Behavior upon
aging

60 C2H4O2
+ Specic to BBOA,

primary aerosols
Decrease

73 C3H5O2
+

43 C2H3O
+ Non-acid organics,

oxygenated organics
Increase

44 CO2
+ Acidic organics or

oxygenated organics
55 C4H7

+ Saturated hydrocarbons Decrease
C3H3O

+ Oxygenated organics Increase
57 C4H9

+ Saturated hydrocarbons Decrease
C3H5O

+ Oxygenated organics Increase
29 CHO+ Oxygenated organics Increase

C2H5
+ Organic hydrocarbons Decrease
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were collected throughout all experiments; a homemade diffu-
sion dryer was placed between the chamber and the inlet of the
ACSM. An assumed collection efficiency of 1 was used for all
datasets presented in this work. The ACSM operated in the
predened acquisition, single scan mode, with a resolution of
22, reporting data points every ∼15 min, with a scan speed of
200 ms amu−1, as suggested by Aerodyne Inc. Specically, data
points for each stage of the experiment were as follows: primary
(4 data points), dark aging (12 data points), and photoaging (8
data points). ACSM data analysis was performed using Igor Pro
8 (Wave metrics, Lake Oswego, OR) using the standard ACSM
Local v1.6.1.7, Global Utils, and Frag Table Data from Aerodyne
Inc. Herein the ACSM is used to distinguish between various
classes of organic species through fractions of characteristic
fragment ions (f), which correspond to chemical markers found
within POA like BBOA, including non-acidic and acidic organic
compounds, saturated hydrocarbons, and oxygenated organic
compounds.51,67,68 Characteristic fragment ions that are specic
to BBOA were used, where f is the signal intensity at a particular
m/z divided by the total OA intensity measured by the ACSM;
these included characteristic fragment ions at m/z 29 (f29), 43
(f43), 44 (f44), 57 (f57), 60 (f60), and 73 (f73). Table 2 presents the
chemical nature and signicance of each f-value fragments in
this study.

All of these fragment ions correlate with compounds derived
from the pyrolysis of cellulose and lignin present in the
vegetation.36,69–71 Characteristic fragment ions at m/z 60 and 73
are especially notable since they have been shown previously to
be specic markers for wood burning and are known to
decrease in value upon aging.21,52,72,73 f-Values reported here
were extracted from mass spectra averaged over a 15 min
interval and will be compared across experiments and aging
phases, serving as a metric for monitoring chemical changes
over time and varying environmental conditions.
2.8. Positive matrix factorization (PMF)

In this work, we performed positive matrix factorization (PMF)
analysis of the OA mass spectra data from the ACSM, for 12
selected chamber experiments (Table S3†). A 4-factor solution
was ultimately selected to deconvolve OA mass spectra
1386 | Environ. Sci.: Atmos., 2024, 4, 1382–1397
produced via the ACSM, as this approach provided the clearest
distinction between sources without excessive factor splitting.
Further information on this selection process is provided in the
ESI.†. These experiments encompass various aging and experi-
mental conditions: primary-, dark-, and photo-aging under both
dry and humid conditions, as well as elevated RH conditions in
the dark with the addition of NO�

3. ACSM data collected from all
experiments were combined into one data matrix to simulate
different atmospheric conditions where multiple biomass fuels
were present. Chosen data sets correspond to experiments
where the mass of the combusted fuel was $0.9000 g. For the
deconvolution of the spectra, organic variable and error time
series matrices were created and exported using PMF Exporting
in ACSM local 1.6.1.6 in Igor9. Source apportionment of ACSM
OA data involved the application of PMF analysis74 utilizing the
PMF evaluation tool.69 Before PMF analysis, fragments with m/z
values # 15 Th were removed from organic mass spectra due to
negative values, and species withm/z values$120 were removed
for PMF analysis since their contribution to the overall organics
signal was negligible, due to signal to noise ratio.75 Previous
studies detailed the selection of factors (P), rotation forcing
parameters (FPEAK), and evaluation of PMF solutions.69,74,76

These practices were adopted for our study. PMF results were
then used to identify the different processes during chamber
experiments. By combining the data sets, representative of
different fuels, it was possible to determine which fuels domi-
nated specic factors and m/z values.
3 Results and discussion

For all experiments, peak aerosol mass concentrations ranged
from 93–2010 mg m−3 (as measured via SMPS), with OA having
the dominant contribution ($50%) as reported for prior BBOA
studies, and with a measured particle density of 1.2 ±

0.1 g cm−3.61 During the characterization period of primary
BBOA emissions, aerosol mass concentrations peaked (see
Table S1†) and decreased over time during each experiment.
3.1. Characteristic fragment ions for primary and aged BB-
derived aerosols

The emission factors (EFs), dened as the OA mass produced
per kg of fuel burned and determined by dividing the mass of
OA produced (g), which is determined by the ACSM, by the mass
of fuel burned (kg) are reported in Table 3. EFs ranged from 1.5
to 5.5 with mukusi having the lowest EF and dung having the
highest. The emission factors EFs are calculated using eqn (2).

Emission factorðEFÞ ¼ MassOA produced

Massfuel burned

¼ ConcentrationOA produced � 9:01 m3

Massfuel burned
(2)

As shown in Table 3, Andreae et al.4 report EFOA of 10.4 ±

9.4 g kg−1 for dung burnt with an average MCE of 0.88 ± 0.04.
Our value of 5.5 g kg−1 was lower by half, on average, but was
well within the range of observed values. Their savanna/
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Mass OA PM produced per gram of fuel, resulting Emission
factors calculated in this work and comparison with work by Andreae
et al.4 a

Fuel
EF (g kg−1)
this work

EF (g kg−1)
Andreae et al.4

Mokala (Acacia erioloba) — —
Mopane leaves
(Colophospermum mopane)

1.86 4.4 � 1.9

Mukusi (Baikiaea plurijuga) 1.52 4.4 � 1.9
Savannah grass (unknown) 3.06 3.0 � 1.5
Dung 5.48 10.4 � 9.4

a Blanks in Table 3 (—) signify the loss of a data le from an ACSM
laptop due to a system crash. Control experiments (RH < 10%) were
used for EF calculations.

Fig. 2 Representative average OA mass spectra from the ACSM of
controlled combustion experiments conducted without the intro-
duction of humidity (RH < 10%) or external oxidants. Note data
represents primary aerosol emissions from burning (A) mokala, (B)
mopane leaves, (C) mukusi, (D) savannah grass, and (E) dung. ACSM
measurements were takenwithin the first hour after combustion and is
representative of data averaged over 15–20 min, which is 1 data point.
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grassland values were slightly lower, at 3.0 ± 1.5 g kg−1 at an
average MCE of 0.94 ± 0.02, which has very good agreement
with our savanna grass value of 3.1 g kg−1. The mopane leaf and
mukusi averaged 1.7 g kg−1, which is somewhat lower than
Andreae's tropical forest value of 4.4 ± 1.9 g kg−1. The errors in
Andreae et al.4 are one standard deviation, so we are within that
for everything except mopane leaves and mukusi, where we are
within two standard deviations. We are also assuming that
100% of our aerosol makes it to the chamber, which is not the
case. These are estimated OA EFs, which can be regarded as
lower bounds.

The difference in EFOA values can be attributed to varying
burn conditions and moisture content (Table S4†). When
compared to dry BB fuel (moisture content 5%), moist BB fuel
showed decreased emissions of PM2.5 and oxygenated organic
compounds (OOCs), due likely to the presence of water in the
system that partially suppressed the production of OOCs.77

While all fuels had a moisture content below 10%, the actual
percentage of moisture varied by fuel, as shown in Table S4.†
Studies have shown that fuel moisture and elevated humidity
can inuence the efficiency of a burn, resulting in an increase in
the production of organic compounds, therefore affecting the
EF of BBOA.52,78,79

Historically, OA levels from primary and aged BB emissions
monitored by ACSM and AMS have been described using BB-
specic f-values.20,37,52,80 The fractions are used as markers for
BBOA, where the fraction is denoted by “f” before the m/z value
(e.g., f29), where the fraction is the signal intensity at a particular
m/z divided by the total OA signal intensity. Notably, f29, f43, f44,
f55, f57, f60, and f73 were enhanced for hardwood (mukusi) and
non-hardwood fuels (dung, mopane leaves, savannah grass,
mokala), when compared to other fragments in the
spectra.20,36,50,71,81–84

Fig. 2 shows the ACSM OA mass spectra from primary
emissions of four fuels combusted at <10% RH and serves as
a reference point for understanding how the mass spectra shi
under varying experimental conditions (e.g., increased RH,
aging, and NO�

3 oxidation). It allows for comparison across
experiments and helps with seeing the evolution of OA species.
These mass spectra at low RH are consistent with previous
© 2024 The Author(s). Published by the Royal Society of Chemistry
wood, grass, and dung burning observations.50,67,72 For example,
for dung we observed that f29 contributed to 2.9% of the total
signal, closely matching the 2.0% reported by Goetz et al.50

Similarly, f44 was the dominant fragment in all experiments
contributing 1.2% of the total signal and reported an average
1.9% of total signal. The lower relative intensities of f-values
$75 in our work agreed with previous ndings. For all experi-
ments, mass spectra include a dominant f44 (CO2

+c) and lower
relative intensities for mass fragments at m/z values $75. f44 is
noted as one of the most reliable markers of oxygenated organic
aerosols, along with the less commonly used f18.85 A prominent
ion signal at m/z 29 was observed across all experiments, which
is associated with C2H5

+ and CHO+ and indicates the presence
of organic hydrocarbons and oxygenated organics, respectively.
f73 is noted to also be attributed to the thermal degradation of
lignin and cellulose, where the fragment ion is likely
C3H5O2

+.54,81,86 However, the unit mass resolution (UMR) of the
ACSM does not allow us to distinguish the exact elemental
composition of this ion.

As shown in Fig. S2,† we also report the ratio of organic ions
f55 to f57 against f60 to identify emissions associated with
primary laboratory aerosols produced from BB and compare
with a recent study, which was the rst to report this frame-
work.50 UMR mapping facilitates the identication and sepa-
ration of emission source types. The similarity of our fraction
values with those reported by Goetz et al.50 conrms that our
laboratory data, which includes a variety of fuels, is comparable
to OA measurements from cookstove-produced OA. Note Goetz
et al.50 reports averaged coordinate values (f55/f57, f60), over
a series of experiments, for hardwoods, dung, grass, and twigs
not sourced from Africa. Despite the geographical and specic
fuel type differences, the coordinate values, (f55/f57, f60), align
well with BB emission proles. The ACSM fragment ions at m/z
55 and 57 are likely associated with C4H7

+ and C4H9
+, respec-

tively, and are relevant to the saturated hydrocarbon series.87

The fragment ion at m/z 60 is typically associated with the
elemental formula C2H4O2

+, which is produced during the
pyrolysis of cellulose and is historically recognized as
Environ. Sci.: Atmos., 2024, 4, 1382–1397 | 1387
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a levoglucosan marker used for identifying BB fuels. This frag-
ment ion at m/z 60 typically has little to no interference from
other OA sources.88
3.2. Effects of RH (humid vs. dry) on primary BBOA
composition

The inuence of RH on OA species in dark laboratory experi-
ments can be seen in Fig. 3. We observe OA through the f44 vs. f60
triangle plot52,82,89,90 comparing values of experiments conduct-
ed under dry and elevated humidity conditions. Values were
extracted from mass spectra averaged over a 15 min interval,
approximately 30 min aer combustion of the fuels. The
atmospheric chemistry of BBOA has previously been shown to
be sensitive to RH, with enhanced oxidation of BB smoke
leading to secondary organic aerosol at high RH.82 The experi-
mental data presented here have a similar trend to those re-
ported by Cubison et al.52 for US fuels. Fig. 3 highlights the
complex, fuel-specic responses of primary BBOA composition
with increased relative humidity (RH). Three of the ve fuels
show an increase in f60 (i.e., mukusi by a factor of 1.25, mopane
leaves by a factor of 1.25, and savannah grass by a factor of 1.22),
while dung andmokala display a decrease by factors of 0.85 and
0.86, respectively. The variability highlights the importance of
considering OA behavior as fuel-specic. The effect of humidity
cannot be generalized across all fuel types. The plot reveals
a general decrease in f44 intensity for most fuel types (i.e.,
mokala, mukusi, and mopane leaves), indicating a reduction in
the contribution of OOA. This could also possibly be because
wall losses of carboxylic acid gases were larger at high RH,
pulling f44 out of particles. The trend is most pronounced in
mukusi, with a 58.4% reduction in the f44 signal. In contrast,
savannah grass and dung report an increase in f44 under
increased humidity, with savannah grass having the most
pronounced increase (42.9%), indicating a unique chemical
response to humidity. For f60 values, the signal intensity tends
to be higher upon exposure to elevated humidity. This is evident
in mukusi, mopane leaves, and savannah grass, with mukusi
experiencing the greatest increase at 33.3%. However, dung and
mokala show decreases in reporting values of −25.0% and
Fig. 3 Primary BBOA composition displayed via f60 versus f44 from
ACSM OA mass spectra of primary BBOA mass under dry (<10% RH,
closed symbols) or elevated humidity ($65% RH, open symbols)
conditions in the dark for all fuels used in this work.

1388 | Environ. Sci.: Atmos., 2024, 4, 1382–1397
−8.3%, respectively, under elevated humidity. These varied
responses to elevated humidity demonstrate the impact of fuel-
specic chemical composition on OA behavior. The variability
highlights the importance of considering OA behavior as fuel-
specic under varying conditions. The effect of humidity
cannot be generalized across all fuel types.

The observed decrease in f44 with increasing humidity could
be tied to the retention of less oxidized species, as suggested by
Zhang et al.91 Under elevated humidity, the presence of water
may alter the chemical pathways, favoring reactions that inhibit
further oxidation, thus leading to lower f44 values. This aligns
with the ndings of Ng et al.,67 where higher humidity condi-
tions favored the formation of less oxidized compounds. Addi-
tionally, while f44 decreases were generally observed, wall losses
could contribute to this trend by preferentially removing more
oxidized, volatile components, although this remains specula-
tive and without direct evidence linking wall losses to f44
reductions in this study.

The variability in f60 across different fuels highlights the fuel-
specic nature of OA responses to humidity. While three fuels
(mukusi, mopane leaves, and savannah grass) show increased
f60 under elevated RH, the remaining two (dung and mokala)
display decreases, suggesting that primary BB markers are
inuenced by the unique chemical composition of each fuel.
The observed trends in f60 suggest that some fuels may resist
oxidation under higher humidity, further supporting the need
for nuanced interpretations of OA behavior under varying
environmental conditions.
3.3. Effects of photochemical aging on BBOA composition

Mass spectra, highlighting the fraction of the total OA mass vs.
m/z for each fuel, are shown in Fig. S3 and S4† that compares f44
and f60 before and aer photo-aging. The results indicate
distinct differences between the fuels when comparing f-values
between dark- and photo-aging. f43 and f44 values increased
upon photoaging for all fuels. The increase at f44 can be
attributed to the enhanced oxygenation of either particulate or
gas-phase (and subsequent partitioning into the aerosol phase)
organics upon exposure to UV light. f44 values have an average
Fig. 4 Scatter plot displaying f60 versus f44 for ACSMOAmass spectra.
Values are representative of dark-aged and photoaged OA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase of 1.5% among all experiments conducted when
comparing dark- and photo-aging conditions, which falls
between the 0.9–4.2% increase reported in Xu et al., represen-
tative of China-sourced fuels.81 Reported f60 values in Fig. 4 are
representative of the mass spectra over 15 min within the 2 h of
the photo-aging period. The decay of f60 is seen in all experi-
ments and indicates the depletion of levoglucosan-related
compounds that contribute to the f60 signal. Additionally, the
production of SOA during photochemical aging potentially
contributes to the reduction observed for f60 and f73. Trends for
f60 and f73, shown here were also observed in the literature, not
representative of African sourced fuels.36,52,81 The f73 trend
across all fuels is as expected with cellulose pyrolysis generating
highly oxygenated species in POA and decreasing with aging.
BBOA markers at f60 and f73, specic to wood-burning aero-
sols,57,72 were also observed in all aging stages of each experi-
ment. f60 and f73 are at their highest values immediately aer
the combustion of each fuel, and they steadily decrease into
stages of aging, which agrees with previous studies.21,50 All fuels
show an elevated signal at f18, with f18 having a signal contri-
bution from oxygenated organic compounds, approximately
equal to f44, with f18 having a signal contribution fromH2O

+ and
signifying a more oxidized aerosol.57,92 f18 should not include an
interference from NH4

+ since that would be included in the
ammonium factor.
Fig. 5 (A–E) Displays the net influence of subsequent photo-aging
that followed dark NO�

3 exposure of BBOA, where values were
calculated by subtracting the mass spectra values of dark-aged (with
NO�

3 present) from photo-aged mass spectra. That is, negative values
have a higher abundance before photo-aging, while positive ones
have a higher value afterwards. (F) f44 vs. f44/f43 for all experiments that
experienced aging with the addition of NO�

3. The gray dashed arrows
here are added to highlight the increasing degree of oxidation upon
photoaging (for 2 h) after the NO�

3-aged BBOA emissions.
3.4. Effects of the addition of NO�
3

For experiments involving the formation of NO�
3, NO2, and O3

concentrations peaked, then decreased over time (between
injection and combustion; see Fig S5†), similar to the ndings
reported by Kodros et al.82,93 Note in this study, oxidants were
injected before the combustion of fuel to avoid ozonolysis of the
primary emissions. Thus, these experiments examine changes
in aerosol composition resulting from night-time ðNO�

3Þ to
daytime (cOH) chemical processing.

Fig. 5A displays a summary of the difference spectra for dark
aging and photoaging. Fig. 5B reports the net inuence of
subsequent photo-aging that followed dark NO�

3 exposure of
BBOA. Upon photoaging, a decrease in f29 and f57 is seen in
mopane leaves and mukusi, possibly due to further oxidation
and/or depletion of chemical species that contributed to the f29
and f57 signal of dark aging of that respective experiment. This
decrease suggests that the compounds responsible for these
signals are being oxidized into more oxygenated products or
depleted through transformation into other non-contributing
forms implying that the aerosol's chemical composition is
evolving.8

The most signicant inuence of photoaging was observed
via f60 and f73 for mopane leaves f60 and f73 show signicant
changes during photo aging reected in the change in differ-
ence spectra, reective of their use in tracing the transformation
of BBOA to SOA. The two serve as indirect indicators of SOA
formation through their decay which signies the production of
more oxidized compounds, also reected in the increase at f44.
This decrease can be attributed to the oxidation of either fresh
BBOA particles or gas-phase organics that lead to the formation
© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2024, 4, 1382–1397 | 1389
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Fig. 6 (A) Time series of mass concentrations of the four factors, the
fraction of mass contribution is reported on the y-axis, and ACSM local
time is presented on the x-axis. (B) Mass spectra displaying a fraction of
signal per factor for the four-factor solution (LV-OOA (Factor 1), BBOA
POA (Factor 2), BBSOA (Factor 3), and SV-OOA (Factor 4)).

1390 | Environ. Sci.: Atmos., 2024, 4, 1382–1397

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

kt
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

1/
02

/2
02

6 
13

.1
1.

28
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of SOA during aging. Thus, mopane leaves that were rst dark
aged with NO�

3 showed the greatest extent of oxidation upon
subsequent photo-aging and decay of f60. Other studies94–96

proposed the use of higher levoglucosan f-values in combina-
tion with established levoglucosan-related markers (f60 and f73)
to monitor the extent of oxidation upon dark and photoaging
with added NO�

3.
All fuels show f43 > f44 and an expected increase of f43 upon

photoaging. The comparison between f43 with f44 has been
proposed to assess the extent of oxidation/aging and to distin-
guish between LV-OOA and SV-OOA. The increasing f44/f43 ratio
is likely indicative of an increasing SV-OOA contribution to the
aerosol upon photochemical aging.

Fig. 5B presents the use of f44 and f43, commonly used in the
literature to monitor the degree of oxidation.55,69,97,98 The 5 fuels
presented each show a clear trend of increasing oxidation upon
photo-aging, where higher f44 values are consistent with LV-
OOA and higher f43 values are consistent with SV-OOA. The
upward shi of the data is dominated by the increases in f44
upon photoaging, highlighting the evolution of OA chemical
composition seen in prior studies.20,55,99,100

Prior studies have also proposed using [NO2
+/NO+] frag-

mentation ratios to quantify organic and inorganic nitrates via
models of the AMS.93–96,100 However, due to the UMR of the
ACSM, resolving organic nitrates from inorganic nitrates was
not possible.
3.5. PMF analysis of OA mass spectra

The identiable factors for the 4-factor solution, include LV-
OOA (Factor 1), primary BBOA (Factor 2), biomass-burning
secondary organic aerosols (BBSOA) (Factor 3), and SV-OOA
(Factor 4). The factor mass contributions are as follows: F1 =

24.7%, F2 = 27.9%, F3 = 26.5%, and F4 = 20.9%. A 4-factor
solution was ultimately selected to deconvolve OA mass spectra
produced via the ACSM, as this approach provided the clearest
distinction between sources without excessive factor splitting.
Further information on this selection process is provided in the
ESI.†. Fig. S6† shows the results of a 4-factor solution based on
exploring the following: %DQ/Qexp vs. factor, f peak, mass
spectra, and interpretation of prominent peaks at m/z values
historically used as BBOA markers.

The mass spectra and time series of factor contributions
(Fig. 6) were analyzed to determine the type of OA factors.
Fig. 6A and B represent the data set described in Section 2.8,
where only one fuel was burned for each experiment in the
experimental series used for PMF analysis. The time series
presented in Fig. 6A, includes markers that representative of
aging conditions on each experimental date, distinguishing
between primary, dark-, and photo-aged emissions. The time
series was used to identify fuels with the highest mass contri-
butions per factor, as well as the aging conditions that consis-
tently exhibited the largest mass contributions. More
specically, Factor 2 was identied as BBOA POA based on the
time series and analysis of the corresponding mass spectra
data. This conrmed that in each experiment, where primary
emissions dominated the mass fraction in the time series,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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supporting the elevated f60 in the mass spectra, characteristic of
primary BBOA. Using this method, we identied the primary
fuel and/or aging perturbation contributor for each factor.
Specically, Factor 1 was dominated by dark-aged mopane leaf
emissions (RH NO�

3) was the largest contributor to Factor 1,
primary mokala emissions (RH $ 65%) had the highest Factor
2, humidied primary BBOAmokala emissions (RH$ 65%) had
the highest Factor 3, and primary mopane leaf emissions (RH$

65%) had the highest contribution to Factor 4.
The following ndings were found via further analysis of

Fig. 6B. F2 represents primary BBOA emissions and decreases in
factor contribution with aging, as expected upon dark- and
photo-aging. F1 and F4 are representative of SOA being
produced because of aging, and we see their contributions
increasing within each experiment upon aging. The results are
further supported by analysis of BB markers f44 and f60 followed
by f43 and f73. Noting an elevated f60 and f73 for F2 and elevated
f44 and f43 for F1 and F4.

F1 and F4 are representative of the effects of photochemical
aging and are further characterized using the comparison
between f43 and f44 to compare the extent of oxidation/aging.
This is also seen in the results published by Reyes-Villegas
et al.90 The method of distinguishing between LV-OOA and SV-
OOA was adopted by Ng et al.97 using ion fragments at m/z 43
and 44. Where f43 > f44 signies less photochemically aged OA,
or SV-OOA, and f43 < f44 signies more aged LV-OOA.

Themass spectrum of F3 has the highest values of f55 and f57,
where the greatest values are observed from mopane leaves and
mokala. There was little to no contribution from cow dung for
these f values. PMF results for F3, BBSOA show an elevated f44
and diluted f60. Exploration of other markers reveals that the f55/
f57 ratio of 1.28 is comparable to the ∼1.2 value for woody-type
biomass reported by Goetz et al.50 It is also worth noting that
a nitrate radical nor dark aging factor could be deconvolved in
the nal solution of this study due to lower sensitivity and the
narrower mass spectral range of the Q-ACSM.
4 Conclusions

Upon aging African-derived BB emissions, chemical changes
(including the formation of SOA) were observed by our ACSM
measurements. The monitoring of chemical changes via f
values obtained from ACSM mass spectra reveals the impor-
tance of fuel type and the presence/absence of light when
assessing the impact of BB emissions on aerosol chemistry. The
difference in behavior under dark- and photo-aging conditions
highlights the role of sunlight in the atmospheric aging of BB-
derived aerosols.

We found that all biomass-burning organic aerosol (BBOA)
samples underwent oxidation when aged. Among the com-
busted Africa-sourced fuels, Mokala exhibited the greatest
extent of oxidation under all experimental conditions, as indi-
cated by the signicant increase in the f44 marker. Additionally,
we observed a consistent decrease in the relative intensity of
BBOA markers f60 and f73, corresponding to levoglucosan,
across all fuels and experimental conditions. This decrease is
© 2024 The Author(s). Published by the Royal Society of Chemistry
primarily attributed to photolysis, with the rate of decline
varying depending on the specic fuel.

The general trend of increased oxidation and decreased
intensity in levoglucosan markers suggests a uniform aging
process across BBOA fuels. However, Mokala's distinct behav-
iour suggests the need for more fuel-specic research to
understand the underlying mechanisms driving these
differences.

By examining the ratios of f55-to-f57 against f60 we were able to
identify distinct clusters, based on fuel-specic mass spectral
proles, corresponding to different fuel types native to sub-
Saharan Africa. The use of UMR mapping in this work rein-
forces its value as a tool in understanding BB emissions,
offering insights into the compositional diversity and source
apportionment of BB-derived aerosols produced in a laboratory
smog chamber setting.

The application of PMF to the OA mass spectra representa-
tive of laboratory-combusted African-sourced biomass fuels is
reported here with emphasis on primary, dark- and photo-aged,
and NO3 radical perturbation under different experimental
conditions. In this study, PMF identied four factors (LV-OOA,
primary BBOA, BBSOA, and SV-OOA) using evidence from time
series, mass spectra, and relevant BB markers. Data does not
support a solution with more than four factors for this data set.
The initial approach to PMF was to identify factors including
those associated with dark aging and aging in the presence of
NO�

3. Unfortunately, the latter was not achievable with the data
sets from the ACSM, attributed to low resolution/sensitivity.

This work represents the rst series of laboratory studies of
near real-time chemical composition changes of BB aerosols
derived from African biomass fuels. Despite the signicant
contributions of BB aerosols from the continent, there have not
been any laboratory studies. Future studies will explore the
molecular-level characterization of aged BBOA upon dark- and
photo-aging via lter samples that correlate with experiments of
this study.

This work will motivate more work in the region to quantity
trends in emissions from least sampled regions of the world.
Our chemical results provided here could be useful to future
eld deployments in Africa that use ACSM results.

Data availability
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