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HIGHLIGHTS

BC absorption enhancement was deter-
mined by an experimental method that
removed aerosol coatings.

Three thermal-optical methods were
evaluated to minimize bias in measure-
ments.

Mass absorption cross-section of
decoated/pure BC was 3.8 m? g~ 1.
Light absorption was enhanced by a fac-
tor of 2 at both urban area and Mt. Tai.
Coating effect was weakly intensified on
regionally aged aerosols at Mt. Tai.
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ABSTRACT

The estimates of radiative forcing of black carbon (BC) remain great uncertainty, largely due to variations in the
absorption enhancement of BC by mixing with organic and inorganic coatings in ambient aerosols. We applied a
two-step solvent treatment method that experimentally removed coating materials in aerosol samples to deter-
mine the BC absorption enhancement. Aerosol samples were collected at Mt. Tai and a severely polluted urban
area (Jinan) in North China Plain (NCP). The mass absorption cross-section (MAC) of BC aerosols was determined
before and after the coating removal. Three thermal-optical protocols, NIOSH, EUSAAR and IMPROVE, were tested
for determining of BC mass and MAC. The EUSAAR protocol gave the optimal values of BC mass concentrations
and MAC. The MAC for decoated BC was 3.8 + 0.9 and 3.8 £ 0.1 m? g~ ! (Average and 1SD) at 678 nm wavelength
at the urban area and M. Tai, respectively, and it was consistent with the theoretical calculation for pure BC. The
MAC for ambient aerosol samples was enhanced to 7.4 + 2.6 and 7.8 + 2.7 m? g~ ' at Jinan and Mt. Tai respec-
tively. Non —-BC coatings could enhance the MAC (Eyac) by a factor of 2 at both the polluted urban area and moun-
tain summit. The light absorption of BC may be rapidly enhanced from air pollution in severely polluted area, and
then it remains relatively constant for aged aerosols at Mt. Tai. Climate model is recommended for amplifying BC
absorption by a factor of 2 in East Asia and other areas with intense industrialization and urbanization.

© 2018 Elsevier B.V. All rights reserved.
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Atmospheric black carbon (BC) or element carbon (EC), together
with organic carbon (OC) is the main carbonaceous component of fine
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particulate matter. BC presents strong absorption from the visible to in-
frared within wavelengths of solar radiation, which has been estimated
at large variations from nearly 0 to +1 Wm™2 (Bond et al., 2013; IPCC,
2013; Shindell and Fowler, 2012). The absorption of BC can be enhanced
from the photochemical production of secondary aerosols or coating ef-
fects (Cheng et al., 2017; Liu et al., 2015; Zhang et al., 2018). Climate
models estimated that light absorption from BC coating could be ampli-
fied by a factor of 1-3 (Chung and Seinfeld, 2005; Flores et al., 2012;
Jacobson, 2013). However, several field campaigns have recently ob-
served the BC absorption enhancement <1.5, which only covers the
lower limit of the model simulations and theoretical estimations
(Bond et al., 2006; Cappa et al.,, 2012; Jacobson, 2001; Liu et al., 2017).

The mass absorption cross-section (MAC) characterizes the light ab-
sorption properties of unit mass of EC (Habib et al., 2008; Schulz et al.,
2006). EC mass can be measured with a thermal-optical carbon analyzer
with a variety of correction and temperature protocols. Three proto-
cols —NIOSH, EUSAAR, IMPROVE —were generally applied, with their
own thermograms yield almost equivalent total carbon (TC) values,
while varying EC distributions were recognized across different proto-
cols (Chow et al., 2001; Reisinger et al., 2008). Main reason for disparity
includes differences in temperature and the duration time in each step,
pyrolyzed carbon (PC, or char), and varying OC/EC split (Vii et al., 2015).
The accurate optical correction of PC based on either one of two under-
lying hypotheses may not hold true since the specific attenuation coef-
ficients of PC is greater than EC (Subramanian et al., 2006), and PC and
EC may co-evolve during the oxidization step under Helium/O, atmo-
sphere (Cavalli et al., 2010).

In this study, a two-step solvent system was employed to remove
non-EC matters in aerosol samples (Cui et al., 2016). This treatment
minimized the PC formation during the thermal-optical analysis, and
thus lowered the bias in EC measurements. We compared the EC mass
before and after the solvent treatment for three thermal-optical proto-
cols to obtain optimal EC. With the corrected EC value, the MAC was cal-
culated for aerosol samples with and without solvent treatment. The
solvent treatment meanwhile removed coating matter on BC, and en-
abled the estimation of the light absorption enhancement of BC from
ambient aerosol coatings (Chen et al., 2017a; Chen et al,, 2017b). Sam-
ples were collected from a severely polluted urban area (Jinan) and
Mt. Tai (Taishan) in North China Plain (NCP), representing for relatively
fresh aerosols and regionally aged aerosols, respectively.

2. Methods
2.1. Aerosol samples

The samples of fine particulate matter (PM, s) were collected at the
Shandong University Monitoring Station (SDUMS, 36.67°N, 117.06°E) in
an urban center of Jinan and at the summit of Mt. Tai (1532 m, 36.25°N,
117.101°E). Jinan, as the capital of Shandong Province in the North
China Plain, suffered from serious air pollution which was driven by
densely population and intense industrialization. Mt. Tai is the highest
mountain in the middle of the NCP, and is representative of regionally
aged air masses.

PM, 5 Samples were collected on 90 mm pre-combusted (600 °C,
4 h) and pre-balanced quartz fibers (Pallflex, Tissuquartz 2500 QAT-
UP) mounted on mid-volume (100 L min~"') aerosol cyclone sampler
(TH150-A, Wuhan Tianhong INST Group). Thirty aerosol samples were
collected during June to July 2016 and July to August 2014 at Jinan
(Table S1) and Mt. Tai (Table S2), respectively. The concentrations of
water soluble inorganic ions (SO%~, NO3, NHZ) in PM, 5 were measured
by a model ADI 2080 online analyzer for Monitoring for AeRosols and
Gases (MARGA, Applikon Analytical B.V., the Netherlands) at 1-h time
resolution. NO, NO,, NO, (=NO, — NO), and O3 were measured by a
NO-NO, analyzer (Thermo, Model 42C) and an Os analyzer (Thermo,
Model 49C). NO,, is defined as the sum of NO, NO,, HONO, HO,NO,,
NOs, PAN, HNOs, N,Os, aerosol nitrate, and other organic nitrates etc.,

including nitrate in PM; 5. The method of measurement of NO, was
shown in the early studies (Wang et al., 2001; Wang et al., 2010).

2.2. Two-step solvent treatment

The two-step solvent treatment was performed with an aerosol filter
filtration-dissolution (AFD) system, which has been developed in our
previous study (Chen et al,, 2017a). Sample filters were in-situ washed
by water and organic solvents to dissolute organic and inorganic mat-
ters, and thus BC was isolated and recovered on the sample filter. This
BC isolation minimized PC formation that may cause bias on the OC/
EC split during thermal-optical OCEC analysis. Moreover, it removed or-
ganic and inorganic coatings on the BC aerosols, and enabled to estimate
the light absorption enhancement from coating effects of BC-containing
aerosols.

2.3. Black carbon measurements with three protocols

A thermal-optical carbon analyzer (Sunset Laboratory, Tigard, OR,
USA) was used to determine the elemental carbon (EC, as the mass-
based proxy for optical BC) and organic carbon (OC) loadings on the fil-
ter. The EC measured by the thermal-optical methods, including
thermal-optical transmittance (TOT) and reflectance (TOR), is opera-
tionally defined as the carbon that volatilizes from quartz filter samples
at elevated temperatures in the presence of oxygen. The three protocols
of NIOSH870, EUSAAR-2 and IMPROVE had difference for the tempera-
ture steps and TOT or TOR correction (Table S3).

In NIOSH870 program, the oven temperature was first increased to
870 °Cin four steps in a pure helium atmosphere to thermally volatilize
the OC in the filter samples. Then, the oven temperature was reduced to
550 °C, and an oxygen/helium (10:90) atmosphere was introduced. The
oven was heated to 870 °C in six steps, which enabled the thermal
oxidization of the EC. The OC might be pyrolyzed (PC) to EC at the
first stage in a helium (He) atmosphere, resulting in a decrease in the
on-line laser transmission signal, which was monitored through the fil-
ter. When entering subsequent oxidized programs to burn the EC and
PC, the split point of the two fractions is defined as the point where
the laser transmission returned to its initial level before the PC was
formed.

IMPROVE utilized reflectance laser for pyrolized carbon (PC) correc-
tion instead of the transmittance correction in NOISH (Birch and Cary,
1996; Fung et al., 2004). IMPROVE also differs from NIOSH on the max-
imum temperature in He phase decreased from 870 °C to 580 °C (Fung
et al.,, 2004).

EUSAAR-2 was derived from NIOSH and IMPROVE, which applied
650 °C as the highest temperature-step in He phase (Cavalli et al.,
2010), and the EUSAAR-2 used TOT correction. The differences of tem-
perature steps and laser correction methods influence on the PC correc-
tion for OC and EC split. Consequently, the EC concentrations from the
three protocol measurements may have large differences.

24. Optical properties
A laser beam of carbon analyzer at wavelength 678 nm measured

the attenuation (ATN) of aerosols on the filter. The attenuation (ATN)
is calculated from the equation:

ATN = —100- In <%> (1)

where [ and [y are the transmittance signal before and after the thermal-
optical analysis during which EC was burned.
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The mass absorption cross-section (MAC) was calculated by the fil-
ter loading of EC (ug cm™2) and ATN.

ATN
MAC = EC-CR(ATN) @)
C, is an empirical factor for multiple scattering effect, and a value of C
= 5.74 determined with standard vehicle aerosols, was suggested for
the filter type, Pallflex, Tissuquartz 2500 QAT-UP (Cui et al., 2016). An-
other artifact, shadowing effect, related to filter-base method and de-
scribed by calibration factor R(ATN) was determined by the
dependency of optical properties of the deposited particles and the
amount of aerosol particles embedded in the filter (Cheng et al.,
2011).. An increase of ATN correlates well (R? > 0.8) with EC loading,
and the shadowing effect was not identified and R(ATN) = 1 for sam-
ples of this study. The BC absorption enhancement due to coatings in
ambient aerosols was established by the ratio of MAC before and after
the coating removal.

MACoriGINAL
e = JACORGINAL 3
VAC = MACretep G)

2.5. Mie theory calculation

The Mie theory on the basis of the shell-and-core model algorithm of
Bohren and Huffman (Bohren and Huffman, 1983) was used to calculate
optical properties of fresh fractal soot at wavelength of 678 nm. Calcula-
tion was made for homogeneous BC particles with diameters between
10 and 100 nm, and with density of 1.8 gcm ™3, and refractive index of
1.95-0.79i which theoretically represents BC with little or no voids
(Bond and Bergstrom, 2006).

Z. Bai et al. / Science of the Total Environment 635 (2018) 1144-1151

3. Result
3.1. EC concentrations

The EC concentrations of NIOSH (ECniosn), EUSAAR (ECgysaar), and
IMPROVE (ECyyprove) methods for original samples were 0.9 + 0.6,
1.5 + 1.0 and 3.0 & 1.3 ug m ™~ in Jinan, respectively, which were higher
than those on Mt. Tai (0.5 + 0.2,0.7 & 0.2 and 1.5 & 0.6 ug m—>). The EC
concentrations varied due to the temperature protocol, with NIOSH pro-
tocol showed the lowest EC values, while ECj\prove Was the highest
(Fig. 1).

The AFD two-step solvent treatment removed majority OC, and the
flat laser signal at the helium stage suggested minimum PC production,
which lowered the negative influence on the OC/EC split (Fig. S1). Con-
sequently, the differences among the three protocols were decreased
after the AFD treatment. The ECgyssar remained almost the same before
and after the AFD OC removal. ECyjosy increased after the AFD treat-
ment, while ECyprove after AFD treatment was only half to the original
sample (Fig. 1).

32.AIN

The ATN measurements of the original samples were similar among
three protocols (ATNNIOSHv ATNEUSSARv and ATNIMPROVE) both at]inan (87
=+ 39, 86 £ 40, 85 + 40) and Mt. Tai (60 + 19, 69 4 22 and 69 &+ 22)
(Fig. 2). After the two-step treatment, the ATN for NOISH, EUSAAR and
IMPROVE were 46 4 27, 47 + 25, 47 4+ 28 at Jinan and 32 + 11, 34
=+ 13,37 £ 15 at Mt. Tai, respectively. The treated sample decreased
in ATN, which was attributed to absorption enhancement from coating.
The three analyzing protocols had influence on EC, while optical mea-
surements were little influenced.
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Fig. 1. The EC concentrations measured with three protocols (NIOSH, EUSAAR and IMPROVE) for original samples (a, b) and after the AFD treatment (¢, d) at Jinan and Mt. Tai. The sample

ID is the same as Table S1 (Jinan), S2 (Mt. Tai).
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Fig. 2. The ATN of the original samples and after AFD treatment measured by NIOSH, EUSAAR, and IMPROVE protocols for Jinan (a) and Mt. Tai (b).

3.3. Mass abortion cross-section

The MAC at 678 nm of original aerosol samples were 13.1 + 2.7
(NIOSH), 7.9 4 1.6 (EUSAAR), and 3.6 & 0.6 (IMPROVE) m? g~ ! at

Sample ID
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Jinan, and 7.4 + 1.0 (NIOSH), 8.1 & 1.5 (EUSAAR), and 3.6 & 0.6 (IM-
PROVE) m? g~ ! at Mt. Tai, respectively (Fig. 3). The EC variations in

254Jinan
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O~ EUSAAR-Treated 151

2_ 1
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Fig. 3. The MAC calculated before (a, b) and after (c, d) the EC correction.

three protocols caused large variations of MAC. After the AFD treatment,
the variations of MAC among the three protocols were smaller both at
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Jinan (4.6 +0.7,3.9 + 1.0,and 3.6 = 0.8 m? g~ ') and Mt. Tai (2.5 & 0.4,
3.8 + 1.0 and 3.0 & 0.7 m? g~ 1), which can be explained by the rela-
tively accurate measurement of EC after the OC removal.

3.4. Enhancement of MAC

The light absorption enhancement of BC (Eyac) from coating effect
was determined by comparing MAC before and after the AFD decoating
treatment (Fig. 4). The Eyac of NIOSH resulted in the highest values (2.9
+ 0.7 (Jinan), and 3.1 £ 0.7 (Mt. Tai) ), IMPROVE appeared to give low-
estdata (1.0 & 0.3 (Jinan) and 1.2 4 0.3 (Mt. Tai)), and EUSAAR (2.1 &
0.6 (Jinan) and 2.2 £ 0.6 (Mt. Tai)) showed the moderate. The BC ab-
sorption enhancement showed large disparity for the same sample.
Therefore, the correction of EC measurements for three analyzing proto-
cols is required.

4. Discussion
4.1. Evaluation of EC for three protocols

Due to minimal pyrolized carbon formation, EC concentrations of the
treated filters for three protocols are more strongly correlated to each
other (R = 0.9, R?> = 0.9, R? = 0.9) than those of the original samples
(R = 0.9,R* = 0.8, R? = 0.7) (Fig. S2). Meanwhile, the relationship be-
tween EC and ATN of the treated samples were higher compared to the
original samples for three protocols (Fig. S3). The EC measurements
with EUSAAR were in good agreement before and after the treatment.
Taken together, we concluded that EUSSAR can get the optimal EC
value for samples at Jinan and Mt. Tai, which agree with the hypothesis
that EUSAAR is the accurate thermal-optical protocol for measuring EC
(Cavalli et al., 2010). It is noted that more investigations should be

Z. Bai et al. / Science of the Total Environment 635 (2018) 1144-1151

made before the application of this result to other areas. EC values of
NIOSH apparently increased after the AFD treatment, while IMPROVE
decreased almost 50% of EC compared with the original samples. The
maximum temperature 870 °C of NIOSH in pure He phase is too high
to cause light-absorbing substances prematurely evolving in the last
He step of this temperature especially when some metal oxides present
in sample, leading to inaccurate OC-EC split as Fung et al. (2004) and
Chow et al. (2001) reported. Cavalli et al. (2010) show that the maxi-
mum 580 °C in He step of IMPROVE protocol do not adequately evapo-
rate all OC, leading to some OC being carried over to He/O, phase and
thus caused the bias of EC or PC. The EUSAAR protocol favors volatiliza-
tion of OC and minimizes PC production under the moderate peak tem-
perature (650 °C) and without EC/PC prematurely evolving before the
oxidation phase. Taken all together, the EC concentrations of EUSAAR
protocol after treatment were recommended for the calculation of
MAC for the three protocols.

4.2. Correction of MAC and Epjac

The MAC and Eyac for Jinan and Mt. Tai were recalculated for three
protocols by the corrected EC results. The corrected MAC of NIOSH
(MACNIOSH)r EUSAAR (MACEUSAAR) and IMPROVE (MACIMPROVE) for Orig—
inal samples were 7.5 + 2.7,7.4 + 2.6,and 7.4 + 2.7 m? g~ ' in Jinan, re-
spectively, which were similar to those on Mt. Tai (6.9 4 2.3,7.8 4 2.7,
and 7.9 + 2.6 m? g~ ). After the AFD treatment, the corrected MACniosh,
MACEusaar and MACivpROVE of pure BCwere3.7 +0.8,3.8 + 0.9,3.6 &
0.8m?g~!inJinan,and 3.5 + 1.1,3.8 £ 0.1,4.0 + 1.3 m? g~ on Mt. Tai,
respectively (Fig. 3).

The MAC of ambient aerosols for Jinan and Mt. Tai were similar to re-
ports in Beijing winter (8.5 + 1.7 m? g~ ') (Cheng et al., 2011), Lhasa
(72 m? g~ 1) (Liet al, 2016), and Shenzhen (6.5 + 0.5 m? g~ ') (Lan
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Fig. 4. The Eyac before (a, b) and after correction (c, d) of EC.
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et al., 2013). Kirpa Ram (Ram and Sarin, 2009) reported the MAC of 11.3
+ 2.2 (Hisar) and 11.2 + 2.6 m? g~ ! (Allahabad) in India, which are
higher than that of Jinan (7.4 & 2.6) and Mt. Tai (7.8 + 2.7 m? g~ !)
(Table S4). This suggests that MAC of ambient aerosols may have re-
gional variations due to differences in emission sources or coating
effects.

The theoretical calculation of MAC for pure BC were in range of
3.9-4.8 m? g~!, with the diameter of 10-100 nm (Table S5). The
MACgusaar of treated BC in Jinan (3.8 £+ 0.9 m? g~ ') and Mt. Tai (3.8
+ 0.1 m? g~ ') was close to these theoretical values. The treated sample
likely represented pure BC without coatings. The MAC at a wavelength
of 530 nm for pure kerosene soot (fresh emission) with a number size
distribution peak near 0.3 pm diameter was found to be 7.5 +
1.2m? g~ ! (Bond et al., 2006). In our previous work (Cui et al., 2016),
we determined that the MAC of fresh vehicle emission was 5.7 +
0.67 m? g~ ! at 678 nm, and after two-step solvent treatment, the
MAC of “decoated” BC decreased to 4.0 & 0.79 m? g~ .. This suggested
light absorption enhancement of fresh emission by co-emitted organic
matters. The fresh pure kerosene soot in Bond et al. work contains not
only BC, but also co-emitted organic carbon (fresh emission) that may
enhance light absorption.

The corrected Eyac were taken by the ratio of corrected MAC. After
the correction, the Eyiac for the samples from Jinan and Mt. Tai were ap-
proximate 2 (Fig. 4). This is close to reports from chamber simulations
(2.0) when shell diameter is twice of core (Shiraiwa et al., 2010). An-
other recent report shows the maximum absorption enhancement
(2.4) for BC particles undergoing rapid aging in Beijing within 4.6 h
(Peng et al., 2016). They are lower than the Eyac of early ambient obser-
vation in Jeju island of South Korea (4.0) (Flowers et al., 2010)
(Table S6).

4.3. Constant absorption enhancement for regionally aged aerosols on Mt.
Tai

The Epac on Mt. Tai (2.0 + 0.3) is only slightly larger that of urban
area Jinan (1.9 £ 0.7). The Eyac in the urban area Jinan show consider-
able correlations with OC/EC (R? = 0.4). Chan et al. demonstrated that
absorption enhancement from coating effect is directly related to the
non-refractory mass to BC mass ratio (Chan et al., 2011). Cheng et al.
suggested that the MAC of BC generated by biomass burning of con-
trolled combustion in the fire lab is ~7.8 m? g~! (532 nm) when the

emission ratios of OC/EC were low (below 0.3) and grows up to
8.8 m? g~ ! at an OC/EC of 1.2, corresponding to a 13% increase relative
to former (Cheng et al., 2016). It is consistent with the results at urban
area that Eyjac show a trend of growth with the increase in OC/EC ratios.
Early study also suggested that Eyac increases rapidly from coating for
relatively fresh aerosols at urban area (Chen et al,, 2017a).

On the other hand, relative constant Eyac were observed for aged
aerosol on Mt. Tai. The backward trajectory analysis suggests that air
masses were from different regions during the sampling campaign
(Fig. S4 and S5), and thus the sources and atmosphere transportation
showed little impact on Eyac variations on the mountain. The Eyjac on
Mt. Tai display little changes as a function of photochemical age (PCA)
(Fig.5a). Longer PCA on Mt. Tai was accompanied by higher aerosol con-
centration (Fig. 5b), suggesting the predominance of secondary aerosols
on Mt. Tai. We compared the observations from Mt. Tai, rural, and urban
campaigns in NCP (Fig. S6). The concentrations of sulfate, nitrate, and
ammonium were lower on Mt. Tai than at rural and urban areas in
NCP (Fig. 6 a, b, ¢). The ratios of NO5/EC and NHZ /EC showed no obvi-
ous difference at the three sites (Fig. 6d, e, f), but SO3~/EC ratio was the
highest for Mt. Tai. The PCA of Mt. Tai were reasonably larger than those
of the urban and rural area in NCP (Fig. 6h, i, g). The diurnal maximum of
PCA for PM, 5 occurred in the afternoon during which sulfate concentra-
tions peaked. Although sulfate coating continuously formed on aged
aerosols on Mt. Tai, the relatively constant Eyac suggests such coating
added little value to absorption enhancement for BC. A chamber exper-
iment showed that absorption can be no further enhanced despite con-
tinued growth of coating thickness and organic mass (Metcalf et al.,
2013). Meanwhile previous studies have suggested that additional ab-
sorption enhancement has almost stopped after an extremely thick
coating is present on an absorbing core owing to the shell shielding
the core from receiving photons (Bond et al., 2006; Cross et al., 2010;
Knox et al., 2009; Lack and Cappa, 2010). The observations on Mt. Tai
suggested that regionally aged aerosols could maintain BC absorption
enhancement at a factor of 2.

5. Conclusion

We applied a two-step solvent treatment method that removed
coating materials in aerosol samples to determine the BC absorption en-
hancement. Three thermal-optical protocols for measurements were
evaluated to minimize the bias on EC mass and MAC. The corrected

4
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Fig. 5. The average of Eyac (@) and aerosol concentrations (b) as a function of photochemical age (PCA, estimated from -log ([NO]/[NOy]) on Mt. Tai.
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Fig. 6. Mean diurnal patterns for rural (Cui et al., 2016), urban (Chen et al., 2017a) and Mt. Tai campaign in NCP. Concentrations of nitrate, sulfate, and ammonium for PM, 5 at Mt. Tai (a),
rural (b) and urban area (c). The ratios of NO3 /BC, SO3~/BC and NHZ /BC for Mt. Tai (d), rural (e) and urban (f). -log ([NOy]/[NOy]) estimated for photochemical aging for Mt. Tai, rural and

urban (g, h, i). Please refer Fig. S6 for the three observation sites.

MACgusaar for decoated BC of 3.8 4+ 0.9 and 3.8 4 0.10m? g~ ' were en-
hanced to 7.4 4 2.6 and 7.8 + 2.7 m? g~ 'of coated BC aerosols in urban
area (Jinan) and Mt. Tai summer, respectively. The decoated BC had sim-
ilar MAC between polluted urban area and remote mountain summit,
and it was consistent with the theoretical calculation for pure BC.
Non-BC coatings on BC core could enhance the light absorption of BC
by a factor of 2 (1.9 £ 0.7 for Jinan and 2.0 4 0.3 for Mt. Tai). Eypac
remained constant for aged aerosol on Mt. Tai where air pollution is pre-
dominated by secondary aerosols. The observations suggest that climate
model can simply amplify the BC radiative forcing by a factor of 2 for
both aerosols in urban areas and aged aerosols in remote and back-
ground environment.
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