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SOOT CARBON

combustion-derived particle type, identified as an impure form of near-elemental carbon

with a graphite-like-structure

In atmosphere, soot carbon assumes an ample variation in morphology (spherules, 

clusters, aggregates, etc) and chemistry (C:H:O) depending on sources and 

combustion conditions

Available techniques are Raman spectroscopy and electron microscopy, but 

absolutely impractical for routine monitoring of this aerosol component

A short introduction

Presenter
Presentation Notes
Soot is a persistent product of incomplete combustion, principally of combustion of fossil fuels and wood It is a ubiquitous component of particulate matter in the fine fraction and appears at measurable levels in even the most remote locations.In the atmosphere, soot carbon assume however an ample variation in physical chemical properties depending on its sources and combustion conditions and therefore exhibits an ample variation.Because of this measurement of atmospheric soot has long been problematic. Probably the only measurement techniques capable of unambiguously identifying this species are Raman spectroscopy and the electron microscopy, but are absolutely impractical for routine monitoring of this aerosol component.
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It has been taken advantage of some characteristic properties of soot carbon

Measurements methods for routine quantification of soot

NEW OPERATIONAL DEFINITIONS as

EC and BC

EC: term conventionally used in conjunction with thermal and wet chemistry 

determinations for the selective measurement of the refractory component 

BC: term implies that this component is responsible for the absorption of visible light 

and generally used when optical methods are applied for its determination

…HOW TO ADDRESS THIS PROBLEM?

A short introduction

Presenter
Presentation Notes
To address this problem, several techniques have been developed and utilized for the quantification of soot carbon on a routine basis, making use of some characteristic properties of this component. These methods have created new operational definition such as elemental carbon or black carbon depending on the key property they are taking advantage of. Elemental carbon is a term conventionally reserved for thermal and wet chemistry determinations and refers to the refractory properties of this component; while black carbon implies that this component is responsible for the absorption of visible light and is generally used in conjunction with optical detection. 
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Thermal Optical Method

o controlled heating of aerosol quartz fiber filter samples

o in an inert atmosphere (He-mode) and then in an oxidizing atmosphere (He/O2-mode)

OPERATIONAL DEFINITIONS:

o Carbon desorbing in He mode is OC

o Carbon combusting in He/O2-mode at high temperature is EC

Ideally, … but

some thermally unstable OC pyrolyses in the

He-mode to form pyrolytic carbon, PC, on the

filter which behaves like native EC
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Presenter
Presentation Notes
Among other methods, a variety of thermal and thermal-optical measurement techniques have been developed to measure organic carbon (OC) and EC. In thermal-optical analysis (TOA), the carbonaceous material in aerosol particles deposited on a quartz-fiber filter is thermally desorbed according to prescribed temperature protocols, first in an inert atmosphere and then in an oxidizing atmosphere. Ideally, organic carbon would desorb in the inert gas stream such as Helium, while EC combusts in the oxidizing atmosphere typically O2 in He at high temperature. A severe drawback is that some thermally unstable organic compounds pyrolyse in the He-mode of the analysis and char on the filter to form pyrolitic carbon (PC) which usually requires an oxidizing atmosphere to evolve off the filter, like native EC. Not accounting for PC formation can very significantly bias the discrimination between OC and EC (e.g. 8 and 12). 
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CHARRING and OPTICAL CORRECTION

He He/Ox
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Presenter
Presentation Notes
To correct for pyrolysis, the light transmission through the sample is monitored before and during the analysis with a red laser beam (TOT). As PC absorbs the laser light, transmission decreases while organic matter chars in the He-mode. When the charred organic carbon PC, and EC are released from the filter in the He/O2-mode, transmission increases, and the point at which the transmission reaches its initial value (pre-pyrolysis) is used to discriminate OC and EC (OC/EC split). An alternative to this approach is the thermal-optical reflectance (TOR) method which uses the reflected laser light to determine the OC/EC split.
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Intercomparison
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Comparability of thermal/thermal-optical methods for measuring the aerosol carbon 
content:

o TC generally measured with good agreement 

o EC  highly variable over more than one order of magnitude

– EC is an operational definition – DIFFERENT METHODS

– Charring correction – IF and HOW

Presenter
Presentation Notes
While these methods generally measure the same amount of total carbon (TC), the discrimination between OC and EC is operationally defined with large differences in the amount of OC and EC measured by different methods. 
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Aim of our work

Comparability of methods for measuring the aerosol carbon content:

o Importance of a common analytical method

o Importance of a common protocol

to ensure comparability of results

o Importance of definition of an unbiased protocol 

to increase accuracy of  results

Presenter
Presentation Notes
…Furthermore, in Europe, there is currently no standard procedure for analysing the carbonaceous aerosol fraction, which implies that data from different laboratories at various sites are most likely not comparable and affected by unknown errors.
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EUSAAR 
EUropean Supersites for Atmospheric Aerosol Research

Aim of the project is the harmonization of  

measurements of aerosol properties of interest 

to air quality and global climate through 

coordinated protocols

o Define a standardised protocol for thermo-optical analysis of OC+EC appropriate for 

variuos sites across Europe

o Get the standardised protocol adopted by the EMEP task force on measurements and 

modelling and WHO Global Atmospheric Watch scientific advisory group

A
IM

S

Presenter
Presentation Notes
The European project EUSAAR integrates 20 high quality European ground-based stations with the objective of harmonizing measurements of aerosol properties of interest to air quality and global climate through coordinated protocols.Within this framework, efforts have been devoted to investigate the causes of differences in the EC measured using different thermal evolution protocols and attempts have been made to assess and then mitigate the major positive and negative biases affecting in the thermal-optical analysis. 
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Method assumptions:

o PC has approximately the same specific cross section as native EC

or

o PC evolves completely before native EC throughout the analysis

Thermal Optical Analysis

BOTH ASSUMPTIONS ARE INCORRECT!

Inherent biases in either direction in the determination of OC and EC

e.g. Subramanian et al. (2006) Aero. Sci. Tech., 40:763-780

Presenter
Presentation Notes
In thermal–optical analyses, the correct discrimination between OC and EC relies upon one or the other of the following two assumptions: 1) PC is assumed to have the same specific cross section as atmospheric native EC. If so, regardless of when PC and EC actually come off the filter during the analysis, desorbed carbon amount beyond the split point is equivalent to the mass of the native EC on the filter. 2) Alternatively, PC is considered to evolve completely before native EC throughout the analysis; in such case, despite possible differences in the specific cross section of PC and EC, the post split point carbon mass represents the true native EC. Previous studies have however demonstrated that neither of these assumptions always holds. PC and EC are found to co-evolve from the He/O2-mode and, even prematurely, from the He-mode at high temperatures; moreover, their specific cross section may significantly differ. There might be, therefore, inherent biases in either direction in the determination of OC and EC. 



9th International Conference on Carbonaceous Particles in the Atmosphere 10

Our work

The optimal thermal-optical protocol should mitigate the occurrence of events during

the analysis that can magnify biases in the OC/EC split

OPTIMISATION CRITERIA:

1- charring is reduced to minimum levels

2- evolution and/or pyrolysis of OC is completed at the end of the He-mode to avoid
that unevolved and uncharred left-behind OC slip into the He/O2-mode

3- premature evolution of light-absorbing carbon is limited during the He-mode to
prevent that the early released light-absorbing species contains native EC

4- multiple desorption steps are designed for the He/O2-mode to ensure that the
position of the OC/EC split point occur where the FID response profile is low

NIOSH and IMPROVE are not satisfactory

Presenter
Presentation Notes
Consequently, the optimal thermal-optical protocol is the one that mitigates the effects of events during the analysis that can potentially even magnify those biases in the OC/EC split. We attempted to satisfy the following optimization criteria: 1- charring is reduced to minimum levels so that possible differences in specific cross section, ,  of PC and EC have a minimum impact on the accuracy of the optical correction and, thus, of the discrimination between OC and EC.2- evolution and/or pyrolysis of OC is completed at the end of the He-mode to avoid that unevolved and uncharred left-behind OC slip into the He/O2-mode. This will, in turn, reduce the uncontrolled risk that a fraction of non-light-absorbing organic carbon evolves even after the OC/EC split and positively biases the measured EC value.3- premature evolution of light-absorbing carbon is limited during the He-mode to prevent that the early released LAC species contains native EC. In such a case the resulting post-split EC might be altered, because of possibly different specific cross section of EC and PC.4- multiple desorption steps are designed for the He/O2-mode to ensure that the position of the OC/EC split point occur where the FID response profile is low; the uncertainty in the split point position will result in a minimum uncertainty in the discrimination of OC and EC.NIOSH and Improve are for different reasons and various aspects not satisfactory. NIOSH and IMPROVE are the two pillar protocol in the thermal-optical method.
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The EUSAAR protocol

Key parameters:

o Steps at low temperature

o He-mode maximum temperature

o Residence time of each temperature step

o Temperature steps in He/O2-mode

Studies performed on aerosol samples collected in Ispra and at various EUSAAR sites 

Presenter
Presentation Notes
With this in mind, key parameters were investigated in designing the EUSAAR_2 thermal protocol and specifically 1) steps at low temperature; 2) the He-mode maximum temperature; 3) residence time of each temperature step; and 4) temperature steps in the He/O2-mode.
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Steps at low temperature

Experiment:

o NIOSH protocol lowest temperature step at 310°C, 60s

o Modifidied NIOSH 200 °C and 300 °C, 120s and 150s, respectively   

NIOSH 1 11.59 2.41 4.27 3.87

Modified NIOSH 1 11.51 2.81 4.20 3.36

NIOSH 2 12.79 2.82 4.54 1.99

Modified NIOSH 2 12.79 3.29 4.60 1.67

NIOSH 3 8.33 1.93 3.05 3.62

Modified NIOSH 3 8.30 2.21 2.98 3.12

PROTOCOL TC ug cm-2 OC ug cm-2

≤ 300 °C > 300 °C

PC ug cm-2

PC formed in the modified NIOSH is 85.6 ± 1.4% of that in the NIOSH method

Low temperature steps reduce PC formation in favor of a more complete carbon evolution and 

improve accuracy of the OC/EC split.

Presenter
Presentation Notes
A set of samples has been analysed using a NIOSH thermal protocol (25) and a modified version of this protocol. The two protocols differ essentially for steps at low temperature; in particular the NIOSH protocol has a single step at 310C of 60 s (see Table 1) whereas two steps at 200C and 300C with a significant longer residence time of 180s and 240s, respectively were implemented in the modified version of the NIOSH protocol. Table  reports the OC, in μg/cm2 units of organic carbon peaks, evolved in the He-mode prior to and after 300C.Runs show that the amount of OC evolving up to a temperature of about 300°C is 15.7 ± 1.3% higher in the modified-NIOSH than in the original NIOSH protocol. The two additional steps allow a larger release of organic carbon prior to a more aggressive heating; the OC amount available for evolution and/or pyrolysis at higher temperatures is, then, lower. Interestingly, the overall amount of pyrolytic carbon formed -estimated by the sample transmittance and assuming a specific absorption cross section of 45 m2/gC (26)- is larger in the NIOSH protocol than in the modified one: on average, PC formation in the modified NIOSH protocol is 85.6%  1.4% of that in the NIOSH method. In other words, the OC that would have evolved at lower temperatures if given more time contributes to enhance charring at higher temperature steps in the NIOSH method. Low temperature steps can favor a more complete carbon evolution and, consequently, reduce charring formation. Because of unequal specific cross section values for PC and EC, a reduction of charring formation improves, in turn, the accuracy of the OC/EC split. 
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Premature Light-Absorbing Carbon evolution
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Which type of light-absorbing carbon does prematurely evolve? 

EC or PC?

Potential biases in the EC determination
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Presenter
Presentation Notes
Here I show a thermogram obtained from the analysis of a PM2.5 aerosol sample collected in Ispra using a NIOSH-type thermal protocol. The formation of light-absorbing pyrolysed carbon (PC) causes the transmission of laser light through the sample to decrease through much of the He-mode of the analysis. The transmission reaches a minimum value partway through the 850C temperature step of the He-mode and then begins increasing, indicating the premature evolution of light-absorbing carbon (LAC). The loss of light-absorbing carbon at high temperature in the He-mode of the analysis is not specific of Ispra samples: many examples are reported in the literature (e.g. 15 and 23).  At high temperatures, mineral oxides that are part of the filter deposit can supply oxygen indeed promoting combustion of LAC in an inert environment.In the event of a loss of light-absorbing carbon in the He-mode of the analysis, the critical issue is to determine the type of this light-absorbing carbon that evolves.If the LAC evolving in the He-mode at high temperature is pure pyrolysed organic carbon this does not produce any bias in OC and EC determination. More recently, Subramanian et al. (23) demonstrated that the light-absorbing carbon evolving in the He-mode can be either native EC or PC or a combination of them. In this case, the premature evolution of EC or of a combination of PC and EC might also be accounted correctly for by the laser response in the He/O2-mode but only if PC and EC have the same specific cross section. However, pyrolytic carbon has been reported to have generally higher specific cross section values than native EC . Under these circumstances, premature evolution of light-absorbing carbon (i.e. EC or a combination of PC and EC) in the He-mode would cause the EC defined by a He4-850 protocol, as NIOSH (Figure 1a), to underestimate the native EC, as compared to the EC obtained by protocols with no occurrence of early LAC loss.It becomes essential to limit, as far as possible, the release of LAC during the He-mode, which could otherwise be counted as OC. A solution is to lower the maximum temperature of this mode. 
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Maximum He-mode Temperature and Premature LAC evolution

Experiment:: 

1. LAC-only samples generation from atmospheric aerosol samples

2. Run using protocols with max T in He of 650 °C, 750 °C and 850 °C

T at which LAC evolution starts and extent of this bias
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LAC evolved:

at 650°C 2.5±2.4% at 750°C 16.2±5.9% at 850°C 21.2±4.4%

Presenter
Presentation Notes
In order to identify the temperature at which premature evolution of LAC starts and to assess the extent of this bias we performed thermal-optical analyses of light-absorbing-carbon-only samplesWe generated LAC-only samples by thermal treatment of PM2.5 ambient aerosol samples according to the method proposed by Yu and Li (19), leading to a mixture of PC and native EC. We run LAC-only samples using a thermal protocol varying the maximum temperature in He of 650°C (Fig. 2a), and He4-750 (Fig. 2b) and He4-850 (Fig. 2c) protocols.An increase of the maximum He-mode temperature causes an increase in the fraction of LAC evolving in that temperature step. On average 2.5±2.4%, 16.2±5.9% and 21.2±4.4% of the total LAC is found to prematurely evolve in He at 650°C, 750°C and 850°C, respectively. These observations imply that the amount of EC measured in the original PM2.5 ambient aerosol samples using He4-650, He4-750 and He4-850 protocols could be biased by extents which are progressively larger as the maximum He-mode temperature increases. Potential biases produced by a protocol with the maximum temperature in the He-mode of 650°C (as the EUSAAR protocol) appear quite moderate, if not negligible. 
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Does OC all volatilize / completely pyrolyse in the He-mode or slip into the He/O2-mode?

Maximum He-mode Temperature and Organic Carbon

Run:

o Anthropogenic and biogenic SOA

o Levoglucosan

o Fulvic acid

T at which OC completely volitilizes / pyrolyses
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Presenter
Presentation Notes
However by lowering this temperature set point, OC might not all volatilize or completely pyrolyse during the He-mode of the analysis and slip into the He/O2-mode instead.Under this circumstance, there would be the uncontrolled risk that a fraction of OC evolves even after the OC/EC split point and is then erroneously measured as native EC. To minimise the potential of this positive bias, we determine which temperature, lower than 850C, would lead, in the He-mode, to a total volatilization or pyrolisis of OC. We analysed, therefore, quartz filters loaded with i) secondary organic aerosol (SOA), both anthropogenic and biogenic, ii) levoglucosan and iii) fulvic acid. The selected species represent some of the major components of the organic carbon aerosol fraction and the filters analysed do not contain EC. The protocol used for these tests has the following temperature steps in the He-mode: at 550°C, at 650°C, at 750°C and at 850°C, each of 240 s. We used the derivative of the laser transmission to trace the formation or release of light-absorbing carbon during the analysis; it is visualised in the thermogram as negative carbon in the He-mode and positive carbon in the He/O2-mode, respectively. Thermograms clearly show that a He-mode temperature  550C, as a maximum, does not make all organic carbon evolve or completely pyrolyse in the He-mode. Let us now consider adding the selected organic species to real atmospheric aerosol samples, and obtain a mixture of OC species and EC. Our findings imply that thermal-optical analysis of these samples using a He4-550 protocol would result in a large fraction of organic carbon evolving in the He/O2-mode, and potentially even after the OC/EC split point. If so, TOT-EC defined by a He4-550 protocol, as IMPROVE, overestimates the native EC as compared to the one defined by protocols with higher temperatures for the He4 step. To prevent this potential positive bias, it is advisable to increase the maximum He-mode temperature from 550C; intermediate temperatures, however lower than 850C, appear more adequate.A large fraction (98%) of levoglucosan evolves and/or pyrolyses by the end of the 650C step. Conversely, thermal-optical analysis of fulvic acid-spiked filters (Fig. 3d) poses severe problems. Only ca. 80% of the carbon from fulvic acid evolves and/or pyrolyses by the end of the 650C step, and at this point of the analysis, C is still evolving with a significant rate -i.e. the FID response is far from zero. Thus, in a protocol with a maximum temperature in He of 650 C, the remaining fraction of fulvic acid would carry over into He/O2-mode. On the other hand, carrying out the analysis to temperature ≥ 650 C leads to a significant release of pyrolysed carbon (See thermogram 3d). At the end of the 750 C step, any estimate of the carbon fraction evolved and/or pyrolysed is impossible, being the carbon peak the sum of OC and prematurely evolved PC. 
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The EUSAAR protocol

STEP T, duration

He1 200°C, 120s

He2 300°C, 150s

He3 450°C, 180s

He4 650°C, 180s

(Helium) Cool down, 30s 

He/O21 500°C, 120s

He/O22 550°C, 120s

He/O23 700°C, 70s

He/O24 850°C, 80s

o Crucial point is the selection of the maximum He-mode 

temperature: T = 650°C yielded the best compromise 

between positive and negative biases

o Temperature plateau durations: FID approaches the 

baseline before the next set-point; Total analysis time 

acceptable for routine monitoring applications

o Mutiple desorption step for the He/O2-mode: OC/EC split 

point occur where the FID signal is low so that 

uncertainties in the OC/EC split determination is minimum

Presenter
Presentation Notes
We condense our findings in an optimased thermal-optical protocolThe critical issue is the selection of the highest He-mode temperature. We demonstrates that this temperature influences the relative biases possibly created by either premature evolution of light-absorbing material (EC or EC and PC), which is more marked at higher temperature, or slipping of non-light-absorbing carbon (OC) in the He/O2-mode, that is enhanced at lower maximum He-mode temperature. When selecting a temperature protocol, one seeks to balance these two competing effects.Among the various protocols considered here, the protocol with the highest temperature step in He at 650 C appeared to yield the best compromise between positive and negative biases and the most accurate estimation of EC aerosol samples collected in Ispra and at various sites within the EUSAAR community and i.e. affected by varying PM source emissions with different aging and load conditions; these studies allowed to a more comprehensive understanding of the thermal-optical behavior of carbonaceous aerosol during analyses. Results allowed to define an optimised thermal evolution protocol, the EUSAAR as follows: step 1 in He, 200 °C for 120 s; step 2 in He 300°C for 150s; step 3 in He 450°C for 180s; step 4 in He 650°C for 180s. For steps 1-4 in He/O2, the conditions are 500°C for 120s, 550°C for 120s, 700°C for 70s, and 850°C for 80s, respectively. 
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Conclusions

o We have reviewed the basic assumptions of TOA and the pillar protocols as NIOSH and 

IMPROVE 

o We have developed an optimised thermal evolution protocol: the EUSAAR protocol

o This protocol minimises potential positive and negative biases and hence increases 

accuracy of OC/EC measurements

o This common analytical protocol represents a relevant step forward for the European 

atmospheric sciences monitoring communities and Networks:

- Introduction to the EMEP (European Monitoring and Evaluation Programme) 

network;

- Setting-up of a OC/EC working group under CEN, the European 

Standardisation Committee.
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