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ABSTRACT

A lack of information on the radiative effects @fractory black carbon (rBC)
emitted from biomass burning is a significant gapour understanding of climate
change. A custom-made combustion chamber was osgidhtilate the open burning
of crop residues and investigate the impacts of €@ and mixing state on the
particles’ optical properties. Average rBC mass iaredliiameters ranged from 141 to
162 nm for the rBC produced from different typescobp residues. The number
fraction of thickly-coated rBC varied from 53 to%4 suggesting that a majority of
the freshly emitted rBC were internally mixed. Bymgparing the result of observed
mass absorption cross-section to that calculateth Wlie theory, large light
absorption enhancement factors (1.7-1.9) were fdandoated particles relative to
uncoated cores. These effects were strongly pebitisorrelated with the percentage
of coated particles but independent of rBC core.si¥e suggest that rBC from open
biomass burning may have strong impact on air poluand radiative forcing

immediately after their production.
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1. Introduction

Black carbon (BC) is produced during the incomplatembustion of
carbon-containing materials, and it is the domindight-absorbing form of
atmospheric particulate matter for visible andanéd wavelengths of light (Bond et
al., 2013). Light absorption by anthropogenic BQtipkes can perturb the Earth’s
radiative balance and in so doing cause warminfj alal surface dimming on both
regional and global scales (Ramanathan and Carelijch@08; Booth and Bellouin,
2015). Climate modeling studies indicate that B@his second largest contributor to
current global warming after carbon dioxide (@Jacobson, 2001; Bond et al.,
2013). In addition, BC plays an important role @mz& pollution through its impacts
on the aerosol-planetary boundary layer (Ding €t28116). Further, BC is associated
with adverse impacts on human health and crop yi@ldllefsen et al., 2009; Li et al.,
2016), and it also has been linked to reductionspiiecipitation and negative
influences on terrestrial and aquatic ecosysterash@s et al., 2006; Hodnebrog et al.,
2016).

Estimates from modeling studies indicate that tinect radiative forcing caused
by BC is about +0.71 W ) but the uncertainty of the estimates is large)%9
ranging from +0.08 to +1.27 W fm(Bond et al., 2013). One of the difficulties in
making reliable estimates of BC radiative effestshiat the calculations are sensitive
to whether the particles are treated as internaltyexternally-mixed with non-BC
materials (Bauer et al., 2010). Furthermore, thalgo are still uncertainties
concerning the effects of BC mixing state on lighsorption. Both laboratory studies
and field measurements have shown that partidigist Bbsorption can be enhanced
by the internally-mixed BC. For example, Liu et @015) demonstrated clearly that
coatings can substantially enhance light absorptigith the magnitude strongly
depending on extent of the BC coatings and theirces. Wang et al. (2014a)
reported an absorption enhancement of 1.8 in aiteadllurban city of China due to the

large percentage of coated BC particles. Peng .e{2806) found an absorption
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amplification factor of 2.4 for BC patrticles aftérey aged several hours. In contrast,
however, Cappa et al. (2012) observed a small Borgbion enhancement of only 6%
at two sites in California, and the effect increhseeakly with photochemical aging.
Lan et al. (2013) similarly found that coated BCrtigdes only amplified light
absorption by ~7% in an urban atmosphere of SotuthaC These discrepancies may
be attributed to several factors, such as parideZe, shape, and coatings as well as
the emission sources. Our understanding of howB@emixing state affects the
particles’ light absorption is still limited.

Biomass burning is one of the largest sources forilBthe global atmosphere
(Bond et al., 2013). In China, open biomass burnmgn especially important
contributor to BC and estimated to be 137 Gg in2(Qiu et al., 2016). Of the
biomass sources, the burning of crop residues, f&cg, wheat, and corn) has its most
significant impact on BC emissions during the sumangumn harvest seasons. The
traditional method of “slash and burn” agricultural often used to clear fields of
leftover plant residues and return nutrients to Hml. Although the Chinese
government has taken measures to prohibit the dyoening of agricultural crop
residues, local enforcement of the regulationstié sneven. According to the
agricultural fire map from Zha et al. (2013), thenbers of total agricultural fire sites
in China were 5514 in 2009 and 4225 in 2010, ar@P&8&f them were distributed in
the agricultural regions. Moreover, recent studliage shown that crop field burning
activities not only led to local air pollution balso had effects on regional air quality
through the transport and dispersal of pollutabts@ et al., 2016).

Studies on BC emissions from open burning of cempdues in China have been
presented in previous publications (Chen et all72@nd references therein), but
limited investigations have specifically focused the effects of the BC size and
mixing state on particles’ optical properties. liststudy, a custom-made combustion
chamber was used to simulate the open burningvefrakerepresentative types of crop

residues. We demonstrate substantial light absorgnhancement of refractory BC
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(rBC) in fresh biomass-burning emissions relativeimcoated particle cores. Through
detailed physicochemical analyses, we show thatatb&orption enhancement is
strongly related to the amounts of coatings orrB( particles. The results contribute
to our understanding of the optical properties BE rparticles produced through

biomass burning.
2. Experimental methods
2.1. Combustion chamber experiment

Test burns were conducted in a custom-made conoloustiamber at the Institute
of Earth Environment, Chinese Academy of ScientEeEECAS) to simulate the open
burning of crop residues. The combustion chambar+8 ni cavity container with a
length, width, and height of 1.8, 1.8, and 2.2 espectively. The chamber has 3 mm
thick passivated aluminum walls to withstand higimbustion temperatures inside
the chamber. The combustion chamber is equippedh it thermocouple, a
thermoanemometer, and an air purification systendildion sampler (Model 18,
Baldwin Environmental Inc., Reno, NV, USA) was milkd downstream of the
chamber to dilute the smoke before sampling. Aeitie of the instrumental setups
of the experiments is shown in Fig. 1. Tian et @015) provided a detailed
description of the structure and evaluation of dumbustion chamber.

Samples of rice, wheat, corn, cotton, and soyb#aw &nd stalks were collected
from seven major Chinese crop producing provinees.,(Shandong, Shaanxi, Hunan,
Henan, Hebei, Jiangxi, and Anhui), which accourited-40% of total mass of those
crops in China in 2015 (China Statistical Yearbd2X16). Meanwhile, Ni et al. (2017)
have pointed out that there are no significantedéihces in PMs chemical source
profiles for the same crop residues from diffemegfions. The samples were stored at
a stable temperature of ~20 °C and relative humidft 35-45% for at least one
month before burning. Aliquots of ~52 g were weighand the samples were burned

on a platform inside the combustion chamber forl&bminutes. The smoke emitted
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from each test burn was first diluted with the tidn sampler and then sampled by
several on-line instruments downstream. The ditutiatio was ~20-25 for most
burning cases. A total of 57 tests were conducgetbllows: 9 for rice straw, 10 for
wheat straw, 11 for corn stalks, 15 for cotton kstaland 12 for soybean stalks.

Detailed information on each test burn is summarinelrable 1.
2.2. Quantification of rBC mass, size and mixing state

The mass, size, and mixing state of rBC particlesewdetermined with a
single-particle soot photometer (SP2, Droplet Measent Technology, Boulder, CO,
USA), which uses a laser-induced incandescencéhtomeasurements (Schwarz et
al., 2006; Gao et al., 2007). An rBC particle thaters the instrument is heated by an
intra-cavity Nd: YAG laserX = 1064 nm) to its vaporization temperature, arat th
causes the emission of thermal radiation, whicinéasured by two types of optical
detectors. The peak incandescence signal is propalto the rBC mass, and it is not
affected by the particle morphology or mixing stggéwik et al., 2007). In this study,
the peak intensity of the incandescence signal seaverted to rBC mass using a
standard fullerene soot sample (Lot F12S011, Aksak, Inc., Ward Hill, MA, USA).
An atomizer (Model 9302, TSI Inc., Shoreview, MNSA) was used to generate BC
particles from the fullerene soot. After the pdetsc passed through a diffusion
silica-gel dryer, they were size-selected with ffedential mobility analyzer (Model
3080, TSI Inc.) before the instrumental analysi®ie Tuncertainty of the SP2
measurements is ~20%. Detailed descriptions ofS#R2 calibration procedures can
be found in our previous publications (Wang et2014a; 2014b).

The mass-equivalent diameters of rBC cores wemlzded from the measured
rBC masses by assuming the rBC particles were sph@res with a density of 1.8 g
cm® (Bond and Bergstrom, 2006), and the values rafrged ~70 to 700 nm (see Fig.
2). It is important to note that the rBC core simesasured in this way do not include
the contributions of non-rBC materials to the udeti diameter because those

materials are vaporized as described above. ThermB€3> fraction outside the lower
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and upper particle size limits for the SP2 (~10%gswestimated by fitting a
log-normal distribution to the measured rBC mags-diistribution (Wang et al.,
2016a).

The rBC mixing state was characterized by the ilmg-tbetween the peaks of
incandescence and scattering signals. The lagdooers because coatings have to be
removed from the rBC core before incandescent teatypes of the cores are reached.
Fig. 3 shows that the lag-times displayed a bimddstibution with ~2 ps separating
two distinct populations for all types of crop ehses emissions. The rBC-containing
particles with lag-times <2 ps were classified asaated or thinly-coated while those
with lag-times >2 pus were considered to have siggmt amounts of coatings and
therefore classified as thickly-coated particlesafiy et al., 2016b). The degree of
rBC mixing is expressed as the number fractiorhadkty-coated rBC and calculated

as the percentage of rBC-containing particles Vaightimes >2 ps.
2.3. Light absor ption measurements

The light absorption coefficient (B) of particles was directly measured with a
Photoacoustic Extinctiometer (PAX, Droplet Measueei Technologies, Boulder,
CO) atA = 870 nm, which uses intracavity photoacoustibinetogy. A laser beam in
the acoustic chamber of this instrument heats dmepted light-absorbing particles,
and this heating produces a pressure wave thatestéd with a sensitive microphone.
Additionally, PAX also can simultaneously measughtl scattering coefficient (&)
with a wide-angle integrating reciprocal nephelanenh the scattering chamber.
Before the biomass-burning experiments, ammoniulfatsuand freshly-generated
propane BC were used to calibrate thg,8nd Bys respectively. The light extinction
coefficient (Bx = Bscat + Bapgd Ccan be calculated from the laser power of the PAX
thus, a correction factor can be established fréwa telationship between the

calculated Bys(= Bext - Bsca) @and the measured,8 The equation of & is given by:

1 I —
Bext = —m X lng X 106 [Mm 1] (1)
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where 0.354 is the path length of the laser beaouth the cavity in meters; 46 a
conversion factor to express,&in Mm™; | is the average laser power before and/or
after calibration; and | is the laser power durgalibration. Because the scattering
produced by BC cannot be negligible, thg s calculated by subtracting;& from
Bext The Bcarshould be calibrated first following the same lmadtion steps of Bs A
linear relationship is then established betweemetidn-minus-scattering coefficient
and measured B The slope of the linear regression is used asdhection factor
inputted into the PAX as the new absorption fadtorthis study, the same steps of

absorption calibration were repeated until theaxiron factor was stable within ~5%.
2.4. Calculation of modified combustion efficiency (M CE)

The combustion conditions during each test burneweharacterized by
calculating the MCE, which is a function of theatele amounts of carbon emitted as

CO;, and carbon monoxide (CO) (Kondo et al., 2011):

A[CO,]

MCE = o aicol @)

where 2[CO;] and 2[CO] are the excess mixing ratios of £€&nd CO, respectively,

which are calculated by subtracting the combustiosamber background, that is, the
air measured before ignition, from the values otgdiduring the test burn. Real-time
CO, and CO mixing ratios were measured with a nondsspe infrared CQanalyzer
(Model SBA-4, PP System, Amesbury, MA, USA) and @ @nalyzer (Model 48i,

Thermo Scientific Inc. Franklin, MA, USA), respeatly.
3. Results and discussion
3.1. Sizedistributions of rBC cores

The mass-equivalent diameters of the rBC corehefburning residues were
well represented by mono-modal lognormal distridmsi (Fig. 2), and this finding is
consistent with previous observations from botlotatory and field biomass-burning

studies (Schwarz et al., 2008; May et al., 2014]oreet al., 2014). Fig. 4a shows the
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distributions of rBC mass median diameters (MMDgkach test burn for the five
types of crop residues emissions. The rBC MMDs wetmd in relatively narrow
ranges, varying from 129-152, 136-159, 137-204+-183, and 132-163 nm for rice,
wheat, corn, cotton, and soybean residues, respgctwith corresponding arithmetic
mean values (x standard deviation, SD), also inoini41 (x 7), 150 (+ 8), 162 (+
19), 147 (= 7), and 149 (£ 9). The student®sts for the rBC MMDs from the
different types of fuels showed that there wasatisdically significant difference at a
probability for chance occurrence of <5% (p = 0)0b2tween rice straw and corn
stalk emissions while the differences for othereypf crop residues emissions were
not significant (p = 0.15 to 1.0).

The type of combustion, that is, whether the fgdlaming or smoldering, can
lead to distinct differences in the propertiesttd emitted particles (Ni et al., 2015).
The MCE values for the different test burns, whach a measure of how efficiently
the fuels are burned (Yokelson et al., 1996), rdnfyjem ~0.79 to 0.95, and this
reflects the amount of variability in completenessombustion from burn-to-burn. A
MCE >0.9 is characteristic of the flaming phase levtla MCE <0.9 represents the
smoldering phase (Reid et al., 2005). Fig. 5 shthas the MMDs of the emissions
correlated either weakly or insignificantly withettMCEs (r = -0.55 to 0.27 and p =
0.08 to 0.84), suggesting that the smolderingamihg conditions had limited effects
on the rBC core sizes. May et al. (2014) simildolynd no clear relationship between
MMDs and MCEs for the burning of some individuabmi species in a laboratory
combustion study. It should be noted that thereewer test burns occurred under the
condition of MCE >0.95 in this study. Liu et al.O®4) reported that the single
scattering albedo (scattering/(absorption + sdat@r from biomass burning
dramatically decreased with the increasing MCE witdarger than 0.95, implying
that large fraction of rBC may be produced. MoreCrparticles favor rBC-rBC

coagulation, and thereby leads to increases ina®€ size. Thus, the bad correlation
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between MMDs and MCEs in this study may be alsateel to the relative weak
rBC-rBC coagulation under MCE <0.95.

Compared with previous biomass-burning observatioasle with an SP2, our
average MMDs fall within the lower limits of ~1408@ nm from laboratory-based
biomass-burning experiments reported by May e(2014). However, the average
MMDs found in our study are considerably smallearththose for aircraft
measurements (altitudes: ~1.8-5.0 km) made in lssrbarning plumes in the
ambient atmosphere (Kondo et al., 2011; Sahu ef@12; Taylor et al., 2014). For
example, Kondo et al. (2011) found that MMDs weré7-4197 nm in fresh
biomass-burning plumes (age <1 day) that originétech North America and 176—
238 nm in aged biomass-burning plumes (age: 2-3)dagm Asia. Taylor et al.
(2014) reported MMDs of 194 nm (age: ~1 day) ané &f (age: ~2 days) in two
biomass-burning plumes from a Canadian boreal fo&shu et al. (2012) observed
MMDs of 172-210 nm for biomass-burning plumes emtered over different
regions of California. In addition to the fact tluhifferent types of biomass (e.g., crop
residues versus various forest vegetation) canyoedlistinct MMDs, the larger
MMDs in ambient biomass-burning studies may be edéated to their higher MCEs
compared with our laboratory study. In most case$y an active flaming fire (e.g.,
MCE >0.95) can produce enough heat to convect limagto higher altitudes, and
the high MCE is favor to rBC-rBC coagulation leaglito relative large MMDs.
Moreover, another possible reason for the largerD8Nh the studies of the ambient
atmosphere compared with our laboratory studyas dtmospheric aging/coagulation
processes may cause growth in rBC cores in thd &islthe particles in most of the

ambient studies were sampled a day or more aarphoduction.
3.2. Mixing State of rBC

Freshly emitted rBC particles are typically extéisnanixed with other aerosol
components, but they become internally mixed thhoyhysicochemical aging

processes in the atmosphere (China et al., 20h5pidmass-burning plumes, rBC
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particles are thought to become coated with otheterials in the first few hours after
emission (Akagi et al., 2012). A more efficient bimg phase (flaming; MCE >0.9)
will favor production of rBC relative to organicrasol, while less efficient burning
condition (smoldering; MCE <0.9) will tend to pramu more organic aerosol
compared with rBC, leading to large formation ofckhy-coated rBC particles
(Kondo et al., 2011; Collier et al., 2016). As simoim Fig. 4b, the average number
fraction of thickly-coated rBC is comparable amordjfferent types of
biomass-burning emissions, with arithmetic mear&D+(in %) of 64 + 2, 62 + 2, 63
+ 3,53 £ 7, and 58 £ 6 for burning straw or statksice, wheat, corn, cotton, and
soybean, respectively; and this shows that the pBicles were coated even though
they were freshly emitted.

To investigate the potential influence of the MCE d8C mixing state, the
number fraction of thickly-coated rBC is plottedaagst MCEs in Fig. 6. Except for
the emissions from rice straw burning, the thickbated rBC number fraction was
found to be significantly anti-correlated (r = -8.% -0.65, p = 0.002 to 0.03) with the
MCEs. This implies that when crop residues burrsnmoldering fires, more coated
rBC particles are produced compared with the dadiproduced by flaming fires.
The larger implication of this finding is that difences in the types of both fuels and
fires may affect the optical properties of the gés that are produced, and this in

turn could influence their impact on radiative fisxand hence climate.
3.3. Light absor ption enhancement

The mass absorption cross-section (MAC, expressed i) relates rBC mass
concentrations to light absorption, and it is of¢he key variables used in radiative
transfer models (Bond et al., 2013). In our stuyMAC of rBC ath = 870 nm
(MACg;q was calculated by dividing the absorption coéffit measured with the
PAX by the rBC mass concentration detected with tBB2 (MAGz =
absorption/rBC). Fig. 7 shows that ~90% of the M#Avalues for all burning cases

mainly fell within a relatively narrow range of 685 nf g, which are comparable
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with the values of 5.7-8.37wj* that are influenced by biomass-burning emissians i
previous studies (Kondo et al., 2009; Subramaniaal.£2010; Laborde et al., 2013;
Wang et al., 2015). Average MA& (x SD) for the rBC particles from rice, wheat,
corn, cotton, and soybean burning were 7.6 + 0%+/0.6, 7.2 £ 0.6, 7.0 £ 0.3, and
7.4 + 1.3 M g*, respectively. The-tests showed that the differences in MAC
among the various crop types were not statisticgtipificant at a probability of 5%
(p = 0.06), suggesting that the absorption capaditihe rBC normalized by mass was
independent on the type of plant matter burned.

Based on the assumption of spherical for unco&€dparticles, Mie theory was
used to calculate the MA% of uncoated rBC particles (MA&o uncoatel USING the
core sizes of rBC measured with the SP2. More ldetagarding the Mie algorithms
can be found in Bohren and Huffman (2008). For ated rBC, we used a refractive
index of 1.85 - 0.7ilatA = 550 nm, which is in the middle of the range ssjed by
Bond and Bergstrom (2006). Mie theory was firstlegopto estimate the MAC values
of uncoated rBC ath = 550 nm, and then those values were converted to
MAC 70 uncoatedbased on an rBC absorption Angstrom exponent ©f (llack and
Langridge, 2013). The average absorption enhandewescalculated by comparing
MAC 7o for rBC with and without coatings (Enhancement AG4;¢/ MAC 570, uncoatek+

Large absorption enhancements were found in thehfreiomass-burning
emissions, with average values of 1.9 £ 0.1, 1814 1.7 £ 0.2, 1.7 £ 0.1, and 1.8 £
0.3 for straw or stalks of rice, wheat, corn, cofteand soybean emissions,
respectively (Fig. 4c). These observations sugtpdtlight absorption for relatively
fresh rBC is enhanced compared with that for urembagrticles. The refractive index
of rBC is a key input parameter in the Mie modeld ave bounded our calculations
using the lowest (1.75-0.53 and highest (1.95-0.V9 refractive index values
suggested by Bond and Bergstrom (2006). This was tlo evaluate the sensitivity of

absorption enhancement calculations to the parairatien of the refractive index,
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and the results show that the difference betweentlo extreme cases was within
~15%.

To further investigate the potential impacts of rBGrphology and mixing state
on light absorption, we plotted the absorption eweanent values against the number
fraction of thickly-coated rBC and against the MMD%s shown in Fig. 8(a—e),
except for the rice straw case, absorption enhaecemas positively correlated (r =
0.72 to0 0.79, and p = 0.003 to 0.009) with the nenflaction of thickly-coated rBC,
suggesting that the magnitude of the light absomp&nhancement was strongly
affected by the amounts of coatings on the pasticléere is a good explanation for
this; that is, light absorption caused by coate@ 8“enhanced” because the coatings
act as a lens that refracts more light to the gaiti core, which is called “lensing
effects” (Lack and Cappa, 2010). Previous studeegelshown that even if for the
same amount of coatings, BC embedded within agbamif non-BC compounds can
cause larger enhancement for MAC than the onehatato the surface of a non-BC
particle (Fuller et al., 1999; Scarnato et al.,20The poor correlation for rice straw
emissions here may be due to the different intarr@aphology of rBC compared with
other crop residues emissions. However, this spéounl needs further evidence in the
future work. In addition to the coating amount, tB& core size may also affect the
absorption enhancement, because it provides acsudeea to receive the incident
light. Fig. 8(f-}) shows that there was no clealatienship between absorption
enhancement and MMDs, suggesting that the absarpibancement of coated rBC
particles is independent of the rBC core size atrimge of ~129-204 nm. Thus, light
absorption enhancement of rBC-containing partictespparently affected by the

“lensing effects” of the coatings.
4. Conclusions and atmospheric implications

We investigated the physicochemical properties B marticles produced in
laboratory studies of open biomass burning, andmaim focus of this work was on

the optical properties of the particles and howy tivere affected by coatings on the
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particles. Our results showed that average rBC s ranged from 141 to 162 nm
for different types of crop residues emissions reéigas of whether the fires were in
the smoldering or flaming phase. Large number iwast of thickly-coated rBC (53—
64%) were found in the freshly emitted particlesiaB®lering crop residues tended to
produce more coated rBC than flaming fires. Thaaye rBC MAGy, for different
kinds of crop residues varied from 7.0 to 7.6 git. Thet-tests showed that light
absorption capacity of the rBC particles was indeleat of the types of crop residues
that were burned. By comparing the result of obsgMACs7o with SP2 and PAX to
that calculated with the Mie theory, it indicatdat freshly emitted biomass-burning
rBC particles had large light absorption enhanceémemmmpared with uncoated
particles, with values of 1.7-1.9. The absorptiothacements were positively
correlation with the number fraction of thickly-¢ed rBC, but there was no clear
relationship with the rBC core size. This implidgtt absorption enhancement of
internally-mixed rBC is the result of “lensing effe” caused by the coatings.

For this study, there are at least three key impibas for our findings (1) the
open burning of crop residues may cause strongtiyp®dilirect radiative forcing
immediately after their production because a ldrgetion of the freshly emitted rBC
particles have substantial coatings that causeeased light absorption; (2) the
enhanced optical properties of rBC could contribue significant ways to
stabilization atmosphere through heating in thengtiary boundary layer and in so
doing depress the development of the planetary demyrnlayer which could increase
the likelihood and severity of haze events; andtlig)presence of coatings and large
absorption enhancement in rBC from fresh biomasaibg emissions implies that
atmospheric aging may have limited effects on rBGtlabsorption although changes
in the chemical composition of coatings with tirauld still affect how the particles
interact with light. Each of these topics will bapgortant for further research on the

effects of biomass-burning emissions on the Eartidsative balance and climate.
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Table 1. Summary experiments of open burning of crop ressdu

Crop residues

. ) Test
Crop producing provmcenu

Rice straw
Wheat straw

Corn stalk

Cotton stalk

Soybean stalk

Anhui, Hunan, Shandong,9
and Jiangxi

Henan and Shaanxi
Hebei, Henan, Hunan,
Shandong, and Shaanxi
Anhui, Henan, Hunan,15
and Shandong
Anhui, Henan, Hunan,
and Shaanxi 12

. Dilution Combustion
Weight (g) ) i ]
ratio time (min)
50.2-55.3 20-26 4-8

51.2-53.5 20-25 9 7-

50.1-55.2 22-25 5-9
53.1-56.7 26-38 4-12
51.6-57.7 15-35 4-10




594  Figure Captions

595 Fig. 1. Schematic of the instrumental setups of the erpents.

596 Fig. 2. Average mass size distributions of rBC in volunggiiealent diameters for
597 different crop residues emissions. The solid limepresent single mode
598 lognormal fits.

599 Fig. 3. Frequency distributions of the incandescenceitagg for ~1.1x16-1.5x1¢

600 arbitrary-selected rBC patrticles from different égpof crop residues emissions.
601 The light grey and light yellow regions represdm tincoated or thinly-coated
602 rBC particles and the thickly-coated ones, respelti

603 Fig. 4. Distributions of (a) rBC mass median diameter (MM{®) number fraction of
604 thickly-coated rBC (Rc), and (c) light absorption enhancement{E for
605 different types of crop residues emissions.

606 Fig. 5. Relationship between rBC mass median diameternaodified combustion
607 efficiency for five types of crop residues emission

608 Fig. 6. Relationship between number fraction of thicklyamal rBC (Fsc) and
609 modified combustion efficiency for five types obgrresidues emissions.

610 Fig. 7. Frequency distribution of rBC mass absorption €mmsction (MAC) for five
611 types of crop residues emissions.

612 Fig. 8. Scatterplot of absorption enhancement versus (ad@)ber fraction of

613 thickly-coated rBC and (f—j) rBC mass median diaandor different types of
614 crop residues emissions. The solid line fits weedcudated by orthogonal
615 regression.

616



HEPA  Activated
Flowmeter  Filter  Charcoal

Valve & @ dilution air
Venting Fan @ .
. Air Compressor
DS Heating Tube
Thermoanemometer g
CO: sensors Dilution Sampler
O

Q=)

£ Dilution tunnel

Biomass burning L/ :
Flowmeter
—

e
2[0] [0 20
5 :té - Sample Sp2
:OI\’ Lamp Electric Fan & m Flowmeter Manifold
Q Pump

PAX870

Tilting Stage Pump ¢ Make-up Flow
for Balance

blower HEPA Filter

Valve CO Analyzer




dM/dLog(D) (arb.u.)

(a) Rice straw (b) Wheat straw (c) Corn stalk (d) Cotton stalk (e) Soybean stalk

ARRA T T s — 1 [ — T 30 — o [ ]
ol | 24
- 16k ) L |
- 13k | L .
Bl M . NV) - L Bl P s
2 3 456 6 2 3 456 2 3 456
100 100 100 100

Volume equivalent diameter (nm)



Rice
—— Wheat
— — Comn
---=-- Cotton

2000

1500 -

Kouanbarg

10

6

Lag-time (us)

4



MMD (nm)

FrBC (%)

Ea_bs

200

160

120

70

40
2.5

2.0

1.5

1.0

()

90th
— 75th can
50th
== =3 S e
™
= == B |
|

0

CL

I
Rice

l
Wheat Corn

Crop residues

| |
Cotton Soybean




1%
%3
f=4

g (a) Rice strlaw I (b) Wklleat stravlv ' (c) Com sllraw ' d) Couonl straw ' (e) Soybean sul'aw
el y = 84.79 +65.54x y=164.38-17.12x y = 509.62 - 402.16x y =385.61-257.11x y = 110.73 + 42.02x
{L‘: r=027,n=9 r=-0.07,n=10 r=-0:55,n=11 r=-0.39,n=15 1=0.19,n=12
g 180Fp=0.48 Fp=0284 rp=008 Fp=0.15 Fp=056 b
<
3 1401 B - - B B
% ° ® o0 °
2
2 100 1 1 1 1 1 1 1 1 1 1
0.80 0.84 0.88 0.75 0.80 0.85 0.90 0.80 0.85 0.90 0.90 0.93 0.96 0.75 0.85 0.95

Modified combustion efficiency



1:‘rBC (%)

75

(a) Rice s;raw I (b) \Vlheat stlraw ©) CornI straw ()] Cottoln straw (e) Soybean ;traw
65- @ hd e®¢ | = L ® =
° P4 .\‘o:-'.g. \
55k - - =
451 y=78.85-17.45x F y=93.32-36.77x Fy=133.34-81.19x Fy=160.71-113.14x 4
r=-0.26,n=9, r=-0.69,n=10 r=-0.65n=11 r=-0.73,n=12
3 p=049, ) p=003 ) p=0.03 ) ) p=0.007
0.80 0.84 0.88 0.75 0.80 0.85 0.90 0.80 0.85 0.90 0.90 0.93 096 0.75 0.85

0.95

Modified combustion efficiency



18

| |
o™l o

—

Kouanbaiyg

<
—

m g )

MAC (



Absorption enhancement
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Highlights:

e Insignificant correlations were found between rBC MMDs and combustion

conditions.

e The fraction of thickly-coated rBC was anti-correlated with combustion

conditions.

e Large absorption enhancements were found in fresh biomass-burning emissions.



