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Abstract: The evaluation of the equivalent black carbon (eBC) concentration is very important,
especially in environmental sciences. Light absorbing carbon (LAC), also presented as equivalent
black carbon (eBC), is generated from the partial combustion of fossil fuels and biomass. The scientific
interest in eBC is large because its contribution to the PM, 5 fraction is high, especially in urban
areas. This study presents yearly variations in eBC concentrations observed in Krakow, Poland. The
transmissions of light at different wavelengths were measured by a multi-wavelength absorption
black carbon instrument (MABI). Absorption coefficients and concentrations of eBC were calculated.
Samples of the PMj 5 fraction were collected from 1 February 2020 to 27 March 2021 every third day
in Krakow, Poland. The concentrations of eBC from fossil fuel combustion and biomass burning
were in the range of 0.82-11.64 ug m~3 and 0.007-0.84 ug m~3, respectively. At the same time, PM; 5
concentrations varied from 3.14 to 55.24 pg m 3. The eBC contribution was a significant part of PM; 5
mass and we observed a seasonal variation in eBC concentrations during the year, with the peak in
winter (5.3 £ 1.8 pug m—3). The contribution of BC from biomass burning to PM, 5 mass was in the
range of 4%-5% with the highest value for winter. The eBC concentration during workdays was 21%
higher than during weekend days.
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1. Introduction

The main contributors to particulate matter (PM) consist of carbon (organic carbon
(OC), elemental carbon (EC) or black carbon (eBC)), ammonium sulfate and nitrate (sec-
ondary inorganic aerosols (SIA)), other ions, and chemical elements, including heavy
metals and other organic and inorganic components. All these components influence the
properties of PM.

The largest contributor to air pollution and global change is the emission of carbona-
ceous particles, which are produced during the combustion of biomass and fossil fuel [1].
Black carbon (eBC) is the fraction of the carbonaceous aerosol produced during incomplete
fossil fuel combustion [1-3]. Moreover, eBC is characterized by the strong absorption of
all wavelengths of solar radiation [1,4,5]. Based on the fact that light absorption particles
can warm the atmosphere, scientists consider BC as the second most critical reason for
global warming in terms of direct impact [6,7]. Consequently, eBC not only impacts the
general climate but also causes indirect effects—for instance, it reduces local visibility and
is responsible for the appearance of brown hazes in a city [5,8]. According to the “Report
to Congress on Black Carbon”, most of the global eBC emissions came from Asia, Latin
America and Africa while major sources were from open biomass burning, residential
buildings and transportation [5]. Although eBC has a strong harmful impact on the envi-
ronment, the lifetime of eBC in the atmosphere is several days. A reduction in eBC can be
achieved by strategies targeting lower eBC emissions connected with the identified sources
of eBC, global air pollution management, and policy-making [2,5]. Since research on black

Atmosphere 2022, 13, 539. https:/ /doi.org/10.3390/atmos13040539

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13040539
https://doi.org/10.3390/atmos13040539
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-8636-2771
https://doi.org/10.3390/atmos13040539
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13040539?type=check_update&version=1

Atmosphere 2022, 13, 539

20f11

carbon is constantly being improved, there is some inconsistency in the terminology. Bond
and Bergstrom (2006) indicated that scientists use different names for “Black Carbon”, for
instance, “soot”, “light absorbing carbon”, “elemental carbon”, “refractory carbon” and
“graphitic carbon” [1,4]. These nomenclatures are connected with composition, optical
properties, particle morphology and measurement techniques.

Over the years, different measurement techniques and instruments were used to
describe and determine the eBC mass. These techniques are usually based on light ab-
sorption or thermal measurements. The instruments which are commonly used range
from the aethalometer to Multi-Angle Absorption Photometry (MAAP) or photoacoustic
instruments. The instruments, as well as techniques and recommended terminology, are
widely discussed in review papers by Petzold, A. et al., Bond, T.C., Bergstrom, R., and
Lack, D. etal. [1,4,9,10].

Consequently, eBC analysis is especially important for the PM; 5 fraction. The EU
report presented eBC concentrations of PMjg and ultrafine fractions for some European
cities [3]. There are a limited number of papers presenting the results of eBC concentrations
in Poland [11].

The aim of this study is to present yearly variations of eBC concentrations in fine
fractions of PM in Krakow, Poland, together with demonstrating the method for its deter-
mination. The results of light absorption coefficients and BC mass concentrations were
obtained for different wavelengths in the presented work. The calculation is based on the
Lambert-Beer law: I

0

T= exp(oy * X). 1)

where respectively, o; is the absorption coefficient of the aerosol particles, Iy and I are the
unexposed intensity and the exposed transmission intensity, X is the length of the sampled
air column [12].

This is one of the first such studies in Poland. The information about eBC concentra-
tions plays a crucial role in evaluating its impact on air quality in the city.

2. Sampling and Method
2.1. Sampling Location

The sampling campaign was conducted in the research station located at the AGH
University of Science and Technology in Krakow (50°04'00.5” N, 19°54’46.8” E). This
station is equivalent to the urban background station. Next to the sampling place, there are
housing estates and a two-lane dual carriageway. The sampling place is about 2 km from
the city center.

2.2. Sampling

Sampling was performed between 1 February 2020 and 27 March 2021 for 24 h every
three days (start and stop at 8 a.m.—110 samples in total). Some of the sampling days
were omitted due to a temporary suspension of the research. PM; 5 samples were collected
on Teflon filters (GE’s Whatman, PTFE 46.2 mm, 2.0 pm), by the use of a low-volume
(2.3 m? hfl) sampler (Sequential 47 /50-CD with Peltier cooler, Sven Leckel GmbH, Berlin,
Germany). The concentration of the PM; 5 fraction was determined. The PM; 5 mass of the
filters was measured before and after sampling. The filters were stored at 20 =1 °C and a
humidity of 50 £ 5% for 24 h before weighing.

2.3. Multi-Wavelength Absorption Black Carbon Instrument

The Teflon filters were analyzed for black carbon by MABI. Multi-wavelength Ab-
sorption Black carbon Instrument (MABI) measures light transmission at seven different
wavelengths: 405 nm (UV), 465 nm, 525 nm, 639 nm, and infrared 870 nm, 940 nm, and
1050 nm. MABI was developed by the Australian Nuclear Science and Technology Organi-
sation (www.ansto.gov.au- accessed on 1 February 2021). This instrument consists of the
optical assembly and electronic case. The instrument optics include, among others, the
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multi-wavelength light source (7 LEDs), sampler holder, and photo-detector. In the instru-
ment, the opaque glass is used to scatter the scattered light back through the filter to the
detector [13]. The calibration is performed automatically two times before measurements,
checked after every five samples measured and saved by the MABI software application.
The transmission of samples before and after sampling was measured by MABI.
The transmission of unexposed filters was measured at each wavelength from the filter
substrate—the obtained data is called Iy. The measurements were repeated on the same
filter after sampling (exposed filters) to have the transmission at each wavelength from
filter substrate and collection particles—this data is called I. Based on these values (I and
I), the exposed filter area and sampled air volume, the light absorption coefficients b,

(Mmfl) were determined at each wavelength with the following equation:

Daps = 102.3.111{110}, ©)
where [y and [ are the light transmission through an unexposed filter and an exposed
filter. Parameter A is the collection area of the exposed filter (cm?) and V is the volume of
sampled air on the filter (m?).

The black carbon (BC) mass concentration (ngm %) was obtained using a mass ab-
sorption coefficient ¢ (m?g~1) at each wavelength from:

, ®)

5. 3.
BC (ngm_3) _ A~ln{10] _ 10 Dabs

eV I €

The MABI manual presents tests, results, and mass absorption coefficients for differ-
ent types of filters. Following the study presented by Atanacio et al., David D. Cohen,
Taha et al. [12-14], Equation (3) was presented below and the value of the mass absorp-
tion coefficient e for A = 639 nm was assumed as ex—g39 nm = 6.0 m? g~ !, which was
recommended for 47 mm Teflon filters by ANSTO. Furthermore, eBC concentrations were
calculated from the formula 3 for A = 639 nm. The authors assumed a scattering correc-
tion (C) and loading correction (R) based on the deep discussion presented in [13]. Value
6.0 m? g~! was evaluated taking into account the scattering effect and loading effect. In
our study, values of the loading effect (R = 0.57) were similar to that given by Cohen [13].
The mass absorption coefficient for each wavelength was estimated using the following
calculation formulas, where Ay = Ag39 nm:

e(M) = e(Np)-gradient (:\\j) 4)

Figure 1 shows In(Ilo/I) plot for A = 405 nm versus In(lo/I) for A = 639 nm. The
gradient obtained for the wavelength 405 nm versus In(lo/I) for A = 639 nm was used to
determine the mass absorption coefficient by Equation (4). The value of the mass absorption
coefficient for A = 639 nm was taken from the report written by Cohen and it was equal to
6.0 m? g1 [13]. Repeating the plots of Figure 1 for all wavelengths between 405 nm and
1050 nm, mass absorption coefficients for each wavelength were determined and were in
the range 4.4 to 8 m? g~!. The uncertainty of epsilon was 1%. BCy, concentrations were
calculated by subtracting the BC concentration of 1050 nm from the BC concentration for
405 nm.
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Figure 1. The plot of In(ly/I) for A = 405 nm versus In(lp/I) for A = 639 nm, where
gradient (%) = 1.32,and &(Ay5) = 7.97 m2g~! for the sampling from the Krakow site.

3. Results and Discussion
3.1. Mass Absorption Coefficients () and Absorption Coefficients (b,ps)

The raw data obtained by MABI were calculated according to the methodology de-
scribed above and were transformed mass absorption coefficient (¢), equivalent black
carbon (eBC) mass concentrations. The mass absorption coefficient for wavelength is
presented as:

e(A) =a-A7E, ()

where a, a are constants and « is the absorption angstrom exponent.

Figure 2 shows the mass absorption coefficient values for each wavelength. The
fitted coefficients were a = 285 and « = 0.6. The correlation was very strong with power
dependence and the coefficient of least squares R? > 0.99. The shape of the fit curve was as
expected, and the mass absorption coefficient values were within the range of 4.4-8 m? g~
which is consistent with the recommendations [14]. An analysis of 8 years of aerosol
data at Mascot in Sydney yielded a value of ¢ = 7 &= 3 m? g™}, which agrees well with the
experimentally determined value for the black carbon samples [12].
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Figure 2. The mass absorption coefficient (¢) versus wavelength (A) obtained for sampling from the
Krakow site.



Atmosphere 2022, 13, 539

50f11

In Figure 3, the light absorption coefficients (b,ps) fluctuated during the whole sam-
pling time. The light absorption coefficient had higher values for February, March, Novem-
ber, December and January than for the June—July periods. This suggests that during the
cold season there were increased emissions of eBC, for instance, from coal combustion in a
residential area. The shape of the curve and values for light absorption coefficients (byps)
can be compared, and it is similar to the value b,ps given by research from Greece, 2017 [2].
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Figure 3. The light absorption coefficients (b,,s) at seven wavelengths (nm) for sampling from
Krakow during February 2020-March 2021 in 107¢ m~1.

3.2. The E-Black Carbon Concentrations (eBC) and the Black Carbon Related to Biomass
Burning (BCbb)

The red curve in Figure 4 is the equivalent black carbon estimate from MABI using
639 nm data. These data include, among others, smoke components, diesel, fossil fuels,
etc. The values were obtained by subtracting the BC in ug m 3 (1050 nm) data from BC in
g m~3 (450 nm) data; the green curve represents mainly BCpp, from biomass burning. The
transmission of particulate matter in the range of wavelengths from 405-1050 nm strongly
depends on a range of different particle diameters. Solid, spherical particles with a diameter
of 100 nm to 300 nm are formed at high temperatures, such as in fossil fuels combustion.
However, particles formed at a lower temperature, such as in biomass burning, can be larger
and non-spherical. The carbon particles generated by low temperature absorb at ultraviolet,
whereas high temperature absorbs more in the infrared [13]. Michalik conducted studies
on scanning electron microscopes with EDX particles collected in Krakow [15,16]. He
presented that particles also have a small size (the range of nanometers) and spherical
nature when they originate from fossil fuels combustion, whereas larger particles (in
the range of micrometers) originate from biomass burning. Considering the number of
the particles, submicron particles strongly dominated with a high content of ultrafine
particles (nanoparticles). Tar ball-type particles were relatively common in the studied
samples in Krakow, while soot was the dominant component. Soot was present as small as
well as bigger agglomerates [15,16]. The eBC and BCy}, (biomass burning) concentrations
were in the range of 0.82-11.64 g m~3 and 0.007-0.84 g m~3, respectively. At the same
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time, PMj 5 concentrations varied from 3.14 to 55.24 g m~3. This means that eBC, on
average, accounts for 19%-24% of PM; 5. However, the values of BC from biomass burning
were similar to values obtained by Christian et al. in Calaca, where mean values were
0.67 ug m 3 for the 2019 winter [17,18]. It can be seen in Figures 4 and 5, that the values of
BC increased during March (2020, 2021), November, December (2020) and February (2021),
but in May, June and July they were lower, and this was the effect of emissions from fossil
fuel combustion. Moreover, windless weather and low temperature are responsible for the
lack of air movement and the accumulation of pollution in one place, which should follow
the concentration of PM; 5 and eBC in the city. Interestingly, the low values of concentration
of eBC for February 2020 were confirmed in a low concentration PM; 5
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Figure 4. Comparison of daily concentrations between eBC and BCyy, in ug m 2 and temperature
in °C for sampling from Krakow during February 2020-March 2021. The values of temperature
were taken from the webpage: http://meteo.fis.agh.edu.pl/ (accessed on 8 December 2021)-"created
by author”.

The exposed filter from 25 February 2021 (25-02-2021 in Figure 4) was the blackest,
which is visually evident when compared with all exposed filters, and this is a confirmation
of the highest eBC values for that day.

Figure 6 presents the seasonal concentration, where the seasons consist of: spring—March,
April, May (2020); summer—]June, July, August (2020); autumn—September, October,
November (2020); winter—December (2020), January, February (2021). The mean values
of eBC concentration are the highest for winter and the lowest for summer. Furthermore,
eBC presented a high concentration in winter (5.3 + 1.8 g m~3) to be compared with
2.2 £ 0.5 ug m~3 in summer. The PM2.5 concentration was equal to 28 4- 0.2 ug m 2 and
13 + 0.2 ug m~3 for winter and summer, respectively. The values—concentrations of
BCpp—show seasonal variations with the highest value in winter (0.4 £ 0.3 pgm’?’) and the
lowest in summer (0.2 £ 0.1 pg m~3). In winter, biomass burning can be used for heating
purposes. The study was performed by Tobler et al. for the same site, however, the PM1 frac-
tion was determined at a much higher average value of BC concentration for 2018/2019 for
traffic and biomass burning together with coal combustion, and was equal to 6 pg m 3 and
7.5 ug m~3, respectively [19]. The values of eBC and BCy,, obtained in the present study are
close to the values measured for Zabrze in 2019 (southern Poland—located near Krakow) by
Ziola et al., 2021, and were equal to 4.70 + 3.13 pg m 3 and 1.75 =+ 1.26 ug m ™2 for the heat-
ing and non-heating season, respectively [11]. Manohar et al. obtained eBC for 2019/2020
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for the PM2.5 fraction at a Liverpool site with values in the range of 0.2-6 pg m 3 [20].
Kebe et al. measured an eBC concentration value equal to 3.6 + 0.5 pg m ™~ for the PM2.5
fraction for 2018/2019 at Dakar in Senegal [21].
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Figure 5. Mean monthly concentrations of eBC and BCy,, together with PM, 5 in pg m~3 for sampling
from Krakow during 2020-2021.
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Figure 6. Seasonal concentrations of eBC and BCy, in pg m 3.

Based on Figure 7, it can be seen that the concentration of eBC was higher for workdays
than weekends by around 21%. It can be in connection with more intense traffic during
workdays than on weekends.
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Figure 8 presents the daily concentrations of PM; 5 and eBC during 14 months. Espe-
cially during the cold period (November, December, January, February, March). However,
the concentration of PM; 5 had lower values in May, June, and July (also in Figure 5). In
this season, the values of eBC were in the range of 2.2-3.7 pg m 3, whereas during winter
it was in the range of 2.5-11.6 pg m 3. The variability in eBC concentrations was higher
during winter than in summer.
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Figure 8. Daily concentrations of PM; 5 and eBC nug m3.

Table 1 also shows that eBC concentrations followed those of PM, 5. In winter, the
values of PM; 5 and eBC were picked in comparison to other seasons, and the values in
summer were the lowest.
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Table 1. Mean concentrations of PM, 5 equivalent black carbon, black carbon related to biomass
(BCgg) in ng m~3 with standard deviation, and relative contribution of eBC to PM, 5 in % for the
season, year and full sampling period.

Period PM, 5 (ug m—3) eBC (ugm—3) BCpyp, (ug m—3) eBC/PM, 5 (%)
Spring 16.5+0.2 3011 0.3+£0.1 20+ 8
Summer 12.6 = 0.1 22+0.5 02+0.1 19+ 5
Autumn 192 +£0.7 42+ 1.6 0.22 +0.16 24 +9
Winter 27.6 £ 0.2 53+1.8 04+0.3 21+ 8
Annual 182+ 0.6 35+15 0.25 +0.15 21 +£10
Full period 184 £+ 0.6 36+15 0.3+0.2 21 £ 10

In Table 1, the eBC represents the values of concentration (ug m~3) which were
obtained for A = 639 nm; the BC,,—the values were obtained for A = 405-1050 nm. The
annual period of mean sampling was from March 2020 to February 2021, and the full period
was from February 2020 to March 2021. The presented results show that BCy,p, has higher
values in winter than summer and autumn, which was connected to increased emissions
from biomass burning in the cold period. The values for eBC, which were obtained in this
study, were similar to the result from the previous study presented by Cruz et al., which
was carried out during one year in 2018, and by Reche et al. in 2009 [22-24].

Moreover, reported in this study, the eBC concentration for 639 nm was similar to
that given by Atanacio et al., 2020. The analysis, which is presented in Figure 9, shows
the relationship between eBC versus PM; 5, which was confirmed by a correlation. Based
on this graph, it can be concluded that about 19% of PM, 5 mass belongs to eBC. Similar
events were also observed in other studies, where the ratio BC/PM, 5 was equal to 21%
and 13% in Liverpool and Newcastle, respectively [17,25].

14
12 y = 0.19x L2
R?=0.82
_ 10 Y
T o
E 8 * /‘0‘/{ L4
3 L 2
: 6 * ry 3 *
@ . ’ > & * L 2
4 .‘ ~
5 | (3
O T T T T T 1
0 10 20 30 40 50 60
PM, ; (ng m-3)

Figure 9. Regression of concentration eBC versus PM; 5 for the full period.

4. Conclusions

To develop a strategy for lowering the concentration of black carbon in air particulate
matter, it is crucial to determine its sources firstly. The optical absorption method allows
for assessing concentrations of equivalent black carbon together with the contribution of
different sources to eBC. The present study describes seasonal variations of eBC concentra-
tions together with the methodology for the determination of eBC concentrations in the
PM, 5 fraction. What is more, we present the result with an extensive analysis of the annual
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period. Our work proves that fossil fuel contribution to PM; 5 mass is higher in winter
than in warm seasons. Furthermore, eBC concentrations were equal to 5.3 + 1.8 ug m 3
and 2.2 4 0.5 pg m 3 in winter and summer, respectively. The contribution of fossil fuel is
higher than biomass burning during the whole sampling period. The annual contribution
of eBC to PM; 5 mass was equal to 21%. Moreover, the variability of the concentrations of
eBC and biomass burning were lower during May, June and July than in the cold period.
Our study presents results from the year 2020/2021, just after introducing the ban on using
coal and wood for heating purposes in Krakow, in September 2019. Future research in
which equivalent black carbon will be measured for PMj; 5 fraction for the year 2018/2019
for the same site will be very useful.
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