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Workshop on black carbon 



What’s black carbon?  
 
“Combustion derived black particulate carbon having a graphitic 
microstructure” by atmospheric scientist of Novakov (1982); 
“Charcoals from biomass burning and soot from fossil fuel and wood 
combustion” by Goldberg (1985).  
 
Thereafter, the soil and sediment  sciences focus mainly on the 
refractiveness of BC. They followed the Goldberg’s definition and 
clarified that there are two formation pathways for BC (Kulbusch et 
al., 1997; Hedges, 2000; Masiello, 2004, Hammes et al., 2007): the 
combustion residues by pyrolysis and the combustion condensates in 
flames via gas-to-particle conversion. 
 
In atmospheric science, people cared more about the light-absorbing 
property of BC and assertively defined  it as soot carbon. 



Classifying carbon in atmospheric science 

Terms describing carbonaceous aerosol including BC are defined 

according to the methods they measured. No any considerations 

are given to how they are formed and what they are. 
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Masiello, 2004  

Bond et al., 2013 

Recent definition in atmospheric science 

The definition is 
much clearer, 
However, is it 
practical? 
Doubtful 



Masiello, 2004 

Hedges, 2000 

In soil and sediment studies, 
BC was considered as the 
refractory part of the 
combustion continuum, and 
it separates BC into two 
subtypes, the combustion 
residues and the combustion 
condensates, based on their 
formation pathways. 
However, there was still no 
method to differentiate 
between them. 



We follow the definition from soil and sediment 
science that two subtypes, char and soot, exist 
with different formation pathways  
 

Soot are submicron particles (< 1 um) formed from the condensation 

of hydrocarbon radicals at high temperature (>600℃) via gas-to-

particle conversion.  

Char is combustion residues by pyrolysis, retaining the morphology 

of their source material, and it has much larger particle size (1-100 um) 

than soot. 

Han et al., 2007a, Chemosphere; Zhang, 
Han et al., 2014, Springer book 



Soot 

Char 

Morphological characteristics for char and soot suggests that 
they are different materials with similar origin (combustion) 



There is no universally accepted method for BC 
quantification. Great differences exist among the different 
methods (and protocols). 
 
 

Differences among the different methods (Hammes, 2007) 

It is suggested that the different 
methods may measure different  
fractions of BC. However they are 
all called BC. 
Thus, the careless use of the 
term BC and no differentiation 
between and soot often lead to 
confusion and sometimes infer 
wrong properties. It is, I think, 
very important for discrimination 
between char and soot in the 
environment. 



Example thermograms for char and soot 
using the IMPROVE TOR method 
 A) Char evolves at the  
EC1 oxidation step ;  
B) Soot with the single peak at EC2;  
C) Carbon black,  
with the peaks mainly from EC2 and EC3 
with negligible EC1.  

Char and soot reference materials 
evolve in different elemental 
carbon fractions in the IMPROVE 
protocols because of their 
different refractiveness 

Han et al., 2007, Chemosphere 

Char 

Soot 

Thermograms for the char and soot 
reference materials 

EC1 

EC2 
EC3 

We tried to find an existing method that can be extended 
to discriminate between char and soot 



Test of the evolution of char and soot reference 

materials under the different peak-inert temperatures 

using the IMPROVE protocol 

Percentages of the EC carbon fractions in total carbon (TC) in the different standard 
reference material (SRM) samples used in this study 

Sample ID 

ECT
2 

EC1-POC (T)
2 

EC2+EC3 

480
1 

520
1 

550
1 

580
1 

610
1 

480 520 550 580 610 480 520 550 580 610 

SRM-2975 70.0±5 84.7±6 84.4±4.9 86.2±3 74.4±3 -19.6±5 -4.4±3 0.2±4 28.0±20 60.8±4 89.5±1 89.1±4 84.2±1 58.2±18 13.6±2 

SRM-1650b 40.2±11 58.0±2 69.2±0.7 56.7±6 63.0±6 -33.7±12 -13.9±2 0.6±3 33.8±17 53.9±2 74.0±1 71.9±0 69.6±1 22.9±25 9.2±4 

Wood char 70.7±3 69.7±13 66.9±6 63.1±10 61.5±8 13.7±2 42.9±10 61.1±5 62.3±9 61.5±8 57.0±4 26.7±3 5.8±1 0.8±1 0.0±0 

Rice char 49.8±3 43.4±9 39.8±8.1 37.0±7 29.0±1 48.2±9 42.4±9 39.3±8 36.6±7 28.4±1 1.6±0 0.9±0 0.5±0 0.3±0 0.5±0 

Mes. char 65.7±5 60.2±3 54.7±1.2 43.7±6 35.1±9 60.2±4 59.4±3 54.3±1 43.4±6 34.7±9 5.5±2 0.8±0 0.4±0 0.4±0 0.4±0 

Pine char 53.7±3 47.2±7 41.5±5.6 16.9±4 17.3±4 53.1±3 46.9±7 42.8±5 16.4±4 16.7±4 0.6±0 0.3±0 0.6±0 0.5±0 0.6±0 

                    

Sample ID 

ECR
2 

EC1-POC (R)
2 

EC2+EC3 

480 520 550 580 610 480 520 550 580 610 480 520 550 580 610 

SRM-2975 90.6±5 93.8±8 88.7±4 88.7±1 79.1±7 1.2±4 4.7±3 4.5±3 30.5±18 65.6±8 89.5±1 89.1±4 84.2±1 58.2±18 13.6±2 

SRM-1650b 49.5±9 71.3±4 76.2±0 61.6±6 69.0±6 -24.4±21 0.6±4 6.6±2 38.8±20 59.8±5 74.0±1 71.9±0 69.6±1 22.9±25 9.2±4 

Wood char 78.9±8 72.5±20 68.1±15 63.1±18 66.8±17 21.8±5 45.8±17 62.2±8 62.3±18 66.8±17 57.0±4 26.7±3 5.8±1 0.8±1 0.0±0 

Rice char 57.3±7 49.2±12 42.8±8 36.1±6 27.9±6 55.7±7 48.2±12 42.3±8 35.7±6 27.3±6 1.6±0 0.9±0 0.5±0 0.3±0 0.5±0 

Mes. Char 80.2±6 77.9±5 80.9±3 58.6±2 37.2±21 74.7±5 77.2±5 80.5±2 58.3±2 36.8±21 5.5±2 0.8±0 0.4±0 0.4±0 0.4±0 

Pine char 79.0±4 67.2±7 57.6±2 29.9±8 23.7±8 78.3±4 66.9±7 57.1±1 29.4±8 23.1±8 0.6±0 0.3±0 0.6±0 0.5±0 0.6±0 
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Reference materials 

Comparison of the percentage of char (EC1-POC, in grey) and soot (EC2+EC3, in dark) and EC 
(the sum of char and soot) in standard reference materials (SRMs) measured with the 
IMPROVE TOR and TOT methods at 550°C and 580°C, respectively. From left to right, the four 
corresponding protocols used for each SRM were TOR at 550°C, TOT at 550°C, TOR at 580°C, 
and TOT at 580°C. 
 

We proposed the  IMPROVE protocol for differentiating 
between char and soot at the peak-inert temperature of 
550 °C using the transmittance correction  

Char and soot are also 
operationally defined: 
Char = EC1 – POC  
soot = EC2+EC3 



Han et al., 2007b,Chemosphere; 2011, ES&T 

Comparison of BC, char, and soot concentrations 
with different acids pretreatment  

10ml, 2 N HCl10ml, 2 N HCl Remove carbonate 

and metals

Remove carbonate 

and metals

10ml 6N HCl and 

concentrated HF 

(1:2)

10ml 6N HCl and 

concentrated HF 

(1:2)

Remove silicate 

and residue metals

Remove silicate 

and residue metals

10ml 2 N HCl
remove fluoriteremove fluorite

Pretreatment 

Filtered 
samples 

Quantification 

Extension of the IMPROVE protocol for the measurement of 

BC in soils and sediments after chemical pretreatment 



Char and soot in 14 Chinese cities during the winter and summer seasons   
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Soot 

Char and soot in PM2.5 have different distribution 
characteristics 

Char concentrations are different in different cities； 
Soot concentrations are almost similar in  different cities 

Implications：char and soot have different transport pathways. Char is of local 
sources, while soot is of regional transport. The local pollution control may be useful 
for char materials, while soot reduction needs a regional activities from different 
regions 

Han et al., Atmos. Environ, 2009a 



A paired observational study from the urban, sub-urban and 
rural sites in North America confirms that soot is of regional 
transport and char is more local 
 

Jeong et al., 2013, ES&T 



Char/soot ratios from different sources in the 
literature 

We also found that char and soot have different 
dominant sources. For example, biomass burning emits 
more char, while vehicle exhausts give more soot. 
Char/soot ratios were suggested to be an  indicator for 
source identification in aerosol studies 

Han et al., 2010, Atmos. Chem. Phys. 

Chuang et al., AE, 2012 



The lower slopes of PM2.5 soot to char correlations in winter and 
fall seasons are in good agreement with the increase in biomass 
burning and coal combustion contributions  

Char and  soot correlations  in different seasons in Daihai , a rural region  

Han et al., 2008, Atmos. Environ. 



Good correlation between char and potassium ion, an indicator of 
biomass burning, further confirms the main source of char from 
biomass burning in rural areas 

Chuang et al., 2013, AE 

Char 



The long-term trend of PM2.5 char and soot 
aerosol variations: the decrease in BC and char 
concentrations and the increase in soot 
concentrations 

西安市2004年黑碳、焦炭、烟炱浓度 

西安市2013年黑碳、焦炭、烟炱浓度 

From 2004 to 2013： 

BC decreased from 8.3 to 5.6 μg m-3 

Char decreased from 6.8 to 3.8 μg m-3 

While soot increased from 1.5 to 1.8 μg m-3 

 

 

Han et al., Atmos. Environ., 2016 

This trend is related to the 
decrease in the emissions of 
biomass burning and coal  
combustion, while the  vehicle 
emissions increased. 



We proposed that char and soot have different 
light-absorbing properties 

Han et al., ACP, 2010 

The light-absorbing capacity 
of char is weak and it is of 
strong spectral dependence, 
tending to absorb strongly in 
the UV spectrum; while soot 
has strong light-absorbing 
characteristics with little 
spectral dependence. 



Jeong et al. (2013,ES&T) confirms that the soot-dominated 
aerosols have a higher positive direct radiative forcing than 
other aerosols 



Stockwell et al., 2016, Atmos. Chem. Phys. Discuss. 

A recent study published in ACPD found that the EC 
concentrations from peat burning are far higher than their 
corresponding BC concentrations (measured by the optical 
method) and they suggests that the existing of char materials, 
which  has a weak light-absorbing characteristics,  is the reason 



If smoldering and flaming fires emit similar BC concentrations, does 
this mean that they have similar effects? 

Flaming fires produce more soot, while 
smoldering fires produce more char. This 
is confirmed from our paleo-fire  study. 
The different emissions are related to the 
local climate : dry  climate  corresponds 
to flaming fires and more soot is 
produced, while wet  climate  
corresponds to smoldering fires and 
more char  is produced. It is related to 
the combustion efficiency.  If  we don’t 
differentiate between char and soot, this 
implies that there  may be no any 
differences in BC emissions. However 
they have totally different environmental 
and climatic implications.  
 

Correlations between smoldering and 
flaming fires with climate 

Han et al., Sci. Rep., 2016 



In China char is the dominant 
part in BC aerosols because 
coal combustion and biomass 
burning are  the main sources. 
This is far different from the 
west developed countries. In 
these countries vehicle 
emission is the main source 
and  thus there should  be 
more soot in BC.  We suggest 
that the direct comparison of 
BC concentrations with no any 
differentiation between  char 
and soot  may “cover”some 
environmental and climatic 
implications of BC. Char and soot concentrations in PM2.5 

from 14 cities of China 

Han et al., Atmos. Environ. 2009 



Protocols Orthogonal Fit    Ordinary Fit t-test 

x y Equation r
2
   

with zero 

intercept  r
2
 p

a 

OC 

       IMPROVE TOR IMPROVE_A TOR y = 1.18x-1.02  0.99 

 

y = 1.13x 0.99 0.22  

IMPROVE TOR EUSAAR_2 TOR y = 0.91x+1.74 0.97 

 

y = 0.99x 0.95 0.89  

IMPROVE TOR IMPROVE TOT y = 1.27x-1.00 0.99 

 

y = 1.22x  0.99 0.05  

IMPROVE TOR IMPROVE_A TOT y = 1.40x-1.60 0.99 

 

y = 1.32x 0.98 0.01  

IMPROVE TOR EUSAAR_2 TOT y = 1.33x-0.72 0.98 

 

y = 1.30x 0.98 0.01  

IMPROVE_A TOR EUSAAR_2 TOR y = 0.77x+2.54 0.97 

 

y = 0.87x 0.95 0.25  

IMPROVE_A TOR IMPROVE TOT y = 1.07x+1.07 0.99 

 

y = 1.07x 0.99 0.46  

IMPROVE_A TOR IMPROVE_A TOT y = 1.18x-0.37 0.99 

 

y = 1.17x 0.99 0.13  

IMPROVE_A TOR EUSAAR_2 TOT y = 1.13x+0.46 0.98 

 

y = 1.14x 0.98 0.15  

EUSAAR_2 TOR IMPROVE-TOT y = 1.39x-3.50 0.96 

 

y = 1.22x  0.95 0.06  

EUSAAR_2 TOR IMPROVE_A TOT y = 1.54x-4.33 0.97 

 

y = 1.33x 0.95 0.01  

EUSAAR_2 TOR EUSAAR_2 TOT y = 1.46x-3.22 0.98 

 

y = 1.30x 0.97 0.01  

IMPROVE-TOT IMPROVE_A TOT y = 1.10x-0.38 0.99 

 

y = 1.09x 0.99 0.42  

IMPROVE-TOT EUSAAR_2 TOT y = 1.04x+0.58 0.98 

 

y = 1.06x 0.98 0.49  

        EC 

       IMPROVE TOR IMPROVE_A TOR y = 0.81x+0.43 0.94 

 

y = 0.84x 0.94 0.17  

IMPROVE TOR EUSAAR_2 TOR y = 1.09x-0.95 0.96 

 

y = 1.01x 0.96 0.93  

IMPROVE TOR IMPROVE TOT y = 0.57x+0.30 0.96 

 

y = 0.60x  0.95 0.00  

IMPROVE TOR IMPROVE_A TOT y = 0.45x+0.58 0.9 

 

y = 0.49x 0.88 0.00  

IMPROVE TOR EUSAAR_2 TOT y = 0.42x+0.41 0.83 

 

y = 0.45x  0.82 0.00  

IMPROVE_A TOR EUSAAR_2 TOR y = 1.34x-1.52 0.95 

 

y = 1.19x 0.94 0.22  

IMPROVE_A TOR IMPROVE TOT y = 0.70x+0.03 0.94 

 

y = 0.70x 0.93 0.00  

IMPROVE_A TOR IMPROVE_A TOT y = 0.56x+0.27 0.95 

 

y = 0.58x 0.95 0.00  

IMPROVE_A TOR EUSAAR_2 TOT y = 0.52x+0.12 0.86 

 

y = 0.53x 0.86 0.00  

EUSAAR_2 TOR IMPROVE-TOT y = 0.52x+0.85 0.92 

 

y = 0.58x 0.9 0.00  

EUSAAR_2 TOR IMPROVE_A TOT y = 0.41x+0.99 0.90 

 

y = 0.48x 0.84 0.00  

EUSAAR_2 TOR EUSAAR_2 TOT y = 0.39x+0.76 0.85 

 

y = 0.44x 0.81 0.00  

IMPROVE TOT IMPROVE_A TOT y = 0.79x+0.27 0.93 

 

y = 0.83 x 0.92 0.10  

IMPROVE TOT EUSAAR_2 TOT y = 0.75x+0.05 0.86   y = 0.75x 0.86 0.01  
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Protocol comparison conducted for EC/OC  analysis in ambient aerosol study in Xi’an 

Han et al., 2016,Atmos. Environ. 



Thanks for your attention 


